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A Revolutionary PDPA/LDV System



or

Advanced Laser Diagnostic Systems for Spray Analysis

LaVision’s SprayMaster system family is based on non-intrusive light scattering and 

fluorescence techniques. SprayMaster provides instantaneous spatial and temporal 

resolved information about spray formation 

and fluctuation:

- spray angle, tip penetration, spray symmetry

- droplet size (D ) imaging (Figure 1)32

- fuel mass flux distribution 

- fuel distribution: liquid & vapor phase 

- absolute particle (droplet) size calibration

- spray flow fields

Figure1: droplet size distribution
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SprayMaster inspex dvanced spray 

vision system for online and in-situ spray 

inspection. The modular system design 

allows light sheet illumination as well as 

backlight or bright field configurations. 
The system provides real-time information 

about spray geometry as well as droplet 

density and droplet size 

is an a

(D ) distribution.32

FluidMaster is a non-intrusive 

laser based measurement 

system for the quantitative 

visualization of mixing 

processes in liquids. Laser 

Induced Fluorescence (LIF) 

techniques are applied using 

laser light sheet illumination. 

Figure 2: SprayMaster inspex

Figure 3: LIF image of turbulent 
mixing

Figure 4: FluidMaster for high speed imaging
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Micro-fluidics competence center
for electronically controlled
nebulization in pharmaceutical and
perfuming fields

Microflow Engineering SA is a Swiss project oriented R&D company
with prototyping and small volume production and assembly
capabilities.

Its main fields of application are in the dispensing of pharmaceutical
liquids for non-invasive therapies and in the area of fragrance
nebulization for personal perfuming and for ambient air scenting
and air quality improvement.

Techniques employed: Sputter depositions, photolithography, dry
etch, KOH wet etching, deep silicon etching.

Figure 1: Optical view of the nebulized droplets using ultrasonic pressure waves. The chip is 11mm by 11mm.

The company is oriented towards electronically controlled generation
and dispensing of single and nebulized droplets which are in the
range of pico, femto- and sub-femtoliter volumes for a single
droplet.

Jaquet-Droz 1
CH-2007 Neuchâtel
Ph:  +41 (0)32 720 51 61
Fax. +41 (0)32 720 57 89
www.microflow.ch
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Conference Events

Welcome Reception

Registration and a welcome reception will be held Sunday evening, September
2, from 17:00 - 18:30 at the Faculties Club of the Swiss Federal Institute of
Technology (ETH).

Registration

Registration will be available Monday, September 3 through Wednesday, Sep-
tember 5 beginning at 7:30.

Work in Progress Posters

Work in Progress Poster authors are requested to be personally present at their
posters to discuss their work with interested persons during lunch and the 
afternoon break on Monday, September 4 and Tuesday, September 4, and
during lunch on Wednesday, September 5.

ILASS - Europe Annual General Meeting

The Annual General Meeting for ILASS-Europe will be held on Monday, Sep-
tember 3. beginning at 17:20 in the lecture hall E7.

Exhibition

The exhibition will be open daily from Monday September 3, through Wednes-
day September 5. Make use of the knowledge, expertise and instrumentation of
the exhibitors daily during morning and afternoon breaks and lunch.



Conference Events

Banquet

The conference banquet will be held on Tuesday evening, September 4 after an
evening concert at the Fraumunster cathedral with the fascinating windows by
Chagall and Giacometti at the nearby Kongresshaus. We will depart for the ban-
quet at 17:45 from the ETH and will walk to the Fraumunster cathedral.

City Hall Reception

The city hall reception will be held on Monday, September 3 at the Stadthaus
of Zurich. We will depart at 18:45 from the ETH and will walk to the Stadthaus.
So, you too will have a chance to see numerous indications of bygone days,
which document the early international significance of the city. The city hall
reception will be held from 19:00 to 20:00.



PROGRAM AT A GLANCE
Sunday, September 2

Registration and Welcome Reception 17:00 - 18:30

Monday, September 3

Lecture Hall E7 Lecture Hall F7 Lecture Hall F5

Welcoming Remarks

Plenary Lecture

Engine Sprays I Spray Transport
Phenomena

Agricultural Spray

Break

Lunch

Engine Sprays II Fundamentals of
Breakup and
Atomization I

Break

Engine Sprays III

ILASS - Europe Annual General Meeting

AM

PM

Fundamentals of
Breakup and

Atomization II

Spray Combustion

Cryogenic Droplets
and Sprays

Spray Combustion



PROGRAM AT A GLANCE

Tuesday, September 4

Lecture Hall E7 Lecture Hall F7 Lecture Hall F5

Plenary Lecture

Spray Modeling I Spray Diagnostics I Fundamentals of
Breakup and

Atomization III

Break

Lunch

Spray Modeling II Spray Diagnostics II Atomizer Design
and Performance I

Break

Spray Modeling III Spray Diagnostics III Atomizer Design
and Performance II

ILASS - Banquet

AM

PM



PROGRAM AT A GLANCE

Wednesday, September 5

Lecture Hall E7 Lecture Hall F7 Lecture Hall F5

Plenary Lecture

Spray Impact on
Walls and Films

Medical and
Electrostatic Spray I

Atomizer Design
and Performance III

Break

Lunch

Spray Deposition Medical and
Electrostatic Spray II

Spray Diagnostics IV

Spray Impact on
Walls and Films

Conference Closes

AM

PM



PROGRAM AT A GLANCE

Thursday, September 6

Laboratory Tour ETHZ

Swiss Federal Institute

Break

AM

Laboratory Tour PSI

of Technology
Paul Scherrer Institute

PSI Villigen

Conference Closes



PROGRAM



Monday, September 3 Lecture Hall E7

7:30 – 8:15 Registration

8:15 – 8:30 Welcoming Remarks
B. Ineichen
Swiss Federal Institute of Technology, Zurich, Switzerland

Plenary

8:30 – 9:15 Why Sprays Matter
M.K. Eberle
Swiss Federal Institute of Technology, Zurich and Director of the
Paul Scherrer Institute, Villigen, Switzerland

9:15 – 9:40 Break



Monday, September 3 Lecture Hall E7

Engine Sprays I
Chairperson: G. Wigley

9:40 – 10:05 Optical Investigation of Diesel Spray and Auto-Ignition in a
Small Direct-Injected Diesel Engine
B. Maunoury*, T. Duverger*, K. Mokaddem* and F. Lacas**
*P.S.A Peugeot Citroën, route de Gisy 78943 Velizy-Villacoublay
Cedex, France
**EM2C, CNRS &ECP,Grande Voie des Vignes 92295 Chatenay-
Malabry Cedex, France

10:05 – 10:30 Droplet Velocities in a Sliced Diesel Spray
A. Cronhjort
Internal Combustion Engines, Royal Institute of Technology, SE –
100 44 Stockholm, Sweden

10:30 – 10:55 Gas-Dissolved Gasoline Spray – An Experimental Study
A. Rashkovan*, V. Kholmer** and E. Sher*
*Department of Mechanical Engineering, Ben-Gurion University
of the Negev, Beer-Sheva, Israel
**The Negev Academic College, Beer-Sheva, Israel

10:55 – 11:20 High Speed Photography of GH2 /LOX Coaxial Injection during
Ignition
J. Sender, V. Schmidt and M. Oschwald
DLR Lampoldshausen, Space Propulsion, 74219 Hardthausen,
Germany

11:20 – 12:45 Lunch, and Exhibits



Monday, September 3 Lecture Hall E7

Engine Sprays II
Chairperson: St. Arndt

12:45 – 13:10 Influence of Ambient Pressure on Transient G-DI Sprays
M.A. Comer*, P.J. Bowen*, S.M. Sapsford** and C.J. Bates*
*Division of Mechanical Engineering, Cardiff University, Queens
Buildings, The Parade, PO Box 925, Cardiff, CF24 OYF, UK
**Ricardo Consulting Engineers, Bridge Works, Shoreham-by-
Sea, West Sussex, BN43 5FG, UK

13:10 – 13:35 Study of the Atomisation Process in a GDI Spray by Laser Light
Extinction and Phase Doppler Techniques
L. Allocca, F.E. Corcione and G. Valentino
Istituto Motori, CNR - Via Marconi, 8, 80125 Napoli, Italia

13:35 – 14:00 Endoscopic Investigation of the Spray Propagation in a Direct
Injection Spark Ignition (DISI) Engine
K. Schänzlin, T. Koch and K. Boulouchos
Institute of Energytechnology, I.C. Engines and Combustion
Laboratory, ETH Zurich, CH - 8092 Zurich, Switzerland

14:00 – 14:25 A New Facility for Investigating G-DI Sprays under Simulated
Engine Conditions
M.A. Comer*, P.J. Bowen*, S.M. Sapsford** and C.J. Bates*
*Division of Mechanical Engineering, Cardiff University, Queens
Buildings, The Parade, PO Box 685, Cardiff, CF24 OYF, UK
**Ricardo Consulting Engineers, Bridge Works, Shoreham-by-
Sea, West Sussex, BN43 5FG, UK

14:25 – 14:50 Physical and Numerical Effects on Spray Formation of a
Pressure Swirl Injector for DISI Engines
M. Kettner , J. Fischer, J.Gindele and U. Spicher
Institute for Reciprocating Engines, University Karlsruhe,
Germany

14:50 – 15:30 Break, Exhibits, and Work in Progress Poster



Monday, September 3 Lecture Hall E7

Engine Sprays III
Chairperson: J. Domnick

15:30 – 15:55 Through the Diesel Nozzle Hole – A Journey of Discovery II
C. Soteriou*, R. Andrews*, N. Torres*, M. Smith* and
R. Kunkulagunta**
*Technology Department, Customer Solutions Centre, Delphi
Diesel Systems, Hoath Way, Gillingham, Kent ME8 0RU, UK
**now with Ford Motor Company

15:55 – 16:20 Influence of Ambient Pressure on the Transient Characteristics
of Air-Assist Automotive Fuel Injectors
D.W. Morris*, P.J. Bowen*, S.M. Sapsford** and M.R. Gold**
*Division of Mechanical Engineering, Cardiff University, Queen's
Buildings, The Parade, PO Box 685, Cardiff, CF24 TA, UK
**Ricardo Consulting Engineers, Bridge Works, Shoreham-by-
Sea, West Sussex, BN43 5FG, UK

16:20 – 16:45 Ignitability of Fuel Spray (Effect of Droplet Diameter
Distribution on Spray Ignition Phenomenon)
Y. Noguchi, K. Terashima, M. Takahashi and N. Tokuoka
Department of Mechanical Engineering, Keio University, 3-14-1
Hiyoshi, Kohoku-ku, Yokohama, Kanagawa 223-8522, Japan

16:45 – 17:10 Study on Wear Mechanism by Carbon Black Primary Particle
Contaminated in Engine Oil
H. Adachi*, R. Kato*, N. Tokuoka*, H. Yamamoto** and
M. Sasaki**
*Department of Mechanical Engineering, Keio University
3-14-1 Hiyoshi, Kohoku-ku, Yokohama 223-8522, Japan
**Department of Material Engineering, Mitsubishi Motors Co.
10 Ohkura-cho, Nakahara-ku, Kawasaki 211-8522, Japan

17:20 – 18:30 ILASS – EUROPE Annual General Meeting



Monday, September 3 Lecture Hall F7

Spray Transport Phenomena
Chairperson: G. E. Cossali

9:40 – 10:05 Spray Structure of High Pressure Gasoline Injectors : Analysis
of Transient Spray Propagation and Spray-Gas Momentum
Transfer
S. Arndt*, K. Gartung* and D. Brüggemann**
*Robert Bosch GmbH, P.O. Box 106050, 70049 Stuttgart,
Germany
**LTTT University of Bayreuth, 95440 Bayreuth

10:05 – 10:30 Experimental and Computational Studies of Sprays Confined in
a Tube
H.M. Abduljalil, S.J. Walmsley and A.J. Yule
Atomization and Sprays Research Group, Department of
Mechanical Engineering, UMIST, PO Box 88, Manchester
M60 1QD, UK

10:30 – 10:55 In-Vitro Study of the Flow Characteristics and Particle
Trajectories in an Upper Airway Model
H.K. Versteeg and G.K. Hargrave
Wolfson School of Mechanical and Manufacturing Engineering,
Loughborough University, Loughborough, Leicestershire, UK

10:55 – 11:20 Generation and Analysis of Impact Driven Water and Diesel
Fuel Jets in the Supersonic Range
K. Pianthong, S. Zakrzewski, B.E. Milton and M. Behnia
School of Mechanical and Manufacturing Engineering, The
University of New South Wales, Sydney, 2052, Australia

11:20 – 12:45 Lunch, and Exhibits



Monday, September 3 Lecture Hall F7

Fundamentals of Breakup and Atomization I
Chairperson: A.J. Yule

12:45 – 13:10 Cavitation Enhanced Flash Atomization of Hydrocarbon Liquids
T. Gemci*, K. Yakut*, N. Chigier* and T.C. Ho**
*Spray Systems Technology Center, Carnegie Mellon University,
Pittsburgh, PA 15213, USA
**Corporate Strategic Research Labs., ExxonMobil Research and
Engineering Co., Annandale, NJ 08801, USA

13:10 – 13:35 An Eulerian Modeling of Primary Atomization in Coaxial
Injectors
S. Jay, F. Lacas and S. Candel
Laboratoire E.M.2.C., Grande Voie des Vignes, 92290 Châtenay-
Malabry, France

13:35 – 14:00 Pressure Effect on Coaxial Recessed Atomization
A. Dunand, J.L. Carreau, L. Guyot, L. Prévost, and F. Roger
Laboratoire de Combustion et Détonique CNRS UPR 9028,
University of Poitiers, ENSMA, 1 avenue Clément Ader, BP
40109, 86961 Futuroscope Chasseneuil Cedex, France

14:00 – 14:25 Atomization of Non-Newtonian Liquids by Axial Hollow Cone
Pressure Swirl Nozzles
M. Breitling, S. Nonnenmacher, S. Schütz and M. Piesche
Institute of Mechanical Process Engineering, University of
Stuttgart, Böblinger Straße 72, D-70199 Stuttgart, Germany

14:25 – 14:50 Investigation of Different Phenomena of the Disintegration of a
Sinusoidally Forced Liquid Jet
F. Geschner, F. Obermeier and H. Chaves
Institute für Fluidmechanik und Fluidenergiemaschinen, TU
Bergakademie Freiberg, Lampadiusstrasse 2, D-09596 Freiberg,
Germany

14:50 – 15:30 Break, Exhibits, and Work in Progress Poster



Monday, September 3 Lecture Hall F7

Fundamentals of Breakup and Atomization II
Chairperson: A. Lozano

15:30 – 15:55 Influence of the Surface Tension on the Atomization of Water
F. Bühler*, U. Gärtner* and S. Clement**
*University of Applied Sciences Esslingen, Kanalstraße 33,
D – 73728 Esslingen, Germany
**University of Applied Sciences Esslingen, Küblerstraße 5,
D – 73079 Süssen, Germany

15:55 – 16:20 Analysis of the Drop Size Distribution of Sprays Produced by
Plain Cylindrical Jets: Application of the Maximum Entropy
Formalism
H. Malot and Ch. Dumouchel
UMR 6614 CORIA, Université et INSA de Rouen, Laboratoire de
Thermodynamique, Site Universitaire du Madrillet, B.P., 76801
Saint Etienne du Rouvray Cedex, France

16:20 – 16:45 Effect of Solid Particle Size on Suspension Atomization
B. Mulhem, U. Fritsching, G. Schulte and K. Bauckhage
University of Bremen, Chemical Engineering Department,
Badgasteiner Str. 3, 28359 Bremen, Germany

16:45 – 17:10 Atomization of Superheated Suspensions with Different Solids
and Solid Concentrations
S. Wellner and K.-E. Wirth
Universität Erlangen-Nuremberg, Cauerstr. 4, 91058 Erlangen,
Germany



Monday, September 3 Lecture Hall F5

Agricultural Sprays
Chairperson: L. Bendig

9:40 – 10:05 Simulation of Agricultural Spraying Flows Through CFX Model
A. Elkhalfi*, C. Sinfort**, V. Polveche** and B. Bonicelli**
*UFR de Mécanique Appliquée, Département de physique, Faculté
des Sciences et Techniques –Saiss, Route d'Imouzzer BP 2202 Fez,
Morocco
**Cemagref, BP 5095 F – 34033 Montpellier, France

10:05 – 10:30 Droplet Sizing on Agricultural Sprays- a Comparison of
Measuring Systems using a Standard Droplet Size Classification
Scheme
A. Herbst
Federal Biological Research  Centre for Agriculture and Forestry,
Division for Application Techniques, Messeweg 11/12, D-38104
Braunschweig, Germany

10:30 – 10:55 Evaluation of Charged and Uncharged Spray Deposition
Characteristics on Plant Canopy
G.N. Laryea and S.Y. No
Department of Agricultural Machinery Engineering, Chungbuk
National University, Cheongju, 361-763, Korea

Spray Combustion
Chairperson: L. Bendig

10:55 – 11:20 Electrostatic Particle Separators: Design via Analytical Models
L. Rubino, J.S. Shrimpton and R.I. Crane
Imperial College of Science, Technology and Medicine,
Department of Mechanical Engineering, Exhibition Road, London
SW7 2BX, UK

11:20 – 12:45 Lunch, and Exhibits



Monday,September 3 Lecture Hall F5

Spray Combustion
Chairperson: O.J. Haidn

12:45 – 13:10 Spray Dispersion in a Counter-Swirling Double-Annular Airflow
at Gas Turbine Conditions
J. Becker*, D. Heitz** and Ch. Hassa*
*DLR – German Aerospace Center, Institute of Propulsion
Technology, Linder Höhe, 51147 Cologne, Germany
**currently at: ABB Turbo Systems, Baden, Switzerland

13:10 – 13:35 Effects of Swirler with Turbulence Generator on the
Characteristics of Mixing and Combustion
J.M. Seo*, G.S. Lee**, S.Y. Moon*** and C.W. Lee***
* Department of Mechanical Engineering Graduate School,
Kyungpook National University, Daegu, Korea
**Department of Mechanical Design, Kumi College, Kumi , Korea
***Department of Mechanical Engineering, Kyungpook National
University, Daegu, Korea

13:35 – 14:00 Experimental and Numerical Study to Predict Spray Ignition
V. Quintilla*, M. Cazalens*, R. Lecourt** and G. Lavergne**
*SNECMA-Site de Villaroche/YKC, 77550 Moissy-Cramayel,
France
**ONERA-Centre de Toulouse/DMAE, 2, avenue Edouard Belin,
31055 Toulouse cedex 4, France

14:00 – 14:25 An Experimental Study of Lean Partially Prevaporised and
Premixed Turbulent Spray Combustion
Y. Michou, C. Pichard, C. Chauveau and I. Gökalp
Laboratoire de Combustion et Systèmes Réactifs, Centre National
de la Recherche Scientifique, 45071 Orléans cedex 2, France

14:25 – 14:50 Parametric Study of Jet Spray Behavior in a High Pressure Air
Cross Flow
A. Cavaliere*, C. De Simone* and R. Ragucci**
*Dip. Di Ingegneria Chimica – Università Federico II
**Istituto di Ricerche sulla Combustione – C.N.R., P. Tecchio,
80 – 80125, Napoli, Italy

14:50 – 15:30 Break, Exhibits, and Work in Progress Poster



Monday, September 3 Lecture Hall F5

Cryogenic Droplets and Sprays
Chairperson: I. Gökalp

15:30 – 15:55 Modeling of Spray Formation and Mixing for Application in
Cryogenic Combustion Simulations
E. Bodèle*, I. Gökalp*, S. Zurbach** and D. Saucereau**
*Laboratoire de Combustion et Systèmes Réactifs, Centre National
de le Recherche Scientifique, 1C, Avenue de la Recherche
Scientifique, 45071 Orléans cedex 2, France
**SNECMA Moteurs, Groupe SNECMA, BP 802- Forêt de
Vernon, 27208 Vernon, France

15:55 – 16:20 Modeling of Turbulent LOX/H2 Combustion under Cryogenic
and Elevated Pressure Conditions
D. Schlotz, M. Brunner and E. Gutheil
Interdisziplinäres Zentrum für Wissenschaftliches Rechnen,
Universität Heidelberg, Im Neuenheimer Feld 368, 69120
Heidelberg, Germany

16:20 – 16:45 Experimental and Numerical Investigation of Cryogenic Jet
Atomization
J. Telaar*,G. Schneider*, R. Branam**, J. Hussong*** and
W.O.H. Mayer*
*German Aerospace Center DLR Lampoldshausen, Space
Propulsion Division, D-74239 Hardthausen, Germany
**Guest Scientist from Air Force Research Laboratory, Propulsion
Directorate 4 Draco Drive, Edwards AFB, CA 93524-7160
working at DLR Lampoldshausen
***German Aerospace Center DLR, Institute of Combustion
Technology, D-70569 Stuttgart, Germany

16:45 – 17:10 Gas Atomisation of Polymeric Materials
D. Watkinson***, R. Hughes*, G. Sims**,  A.J. Yule*** and
C. Zhou*
*Novel Technical Solution Ltd., Campus Ventures Centre,
University of Manchester, Oxford Road, Manchester, England
**Materials Sciences Centre, UMIST, Manchester, England
***Deparment of Mechanical, Aerospace and Manufacturing
Engineering, UMIST, Manchester, England



Tuesday, September 4 Lecture Hall E7

Plenary

8:00 – 8:45 Modeling Sprays in Diesel Engines: Progress and Challenges
J. Abraham
School of Mechanical Engineering, Purdue University, West
Lafayette, IN/USA

8:45 – 9:15 Break



Tuesday, September 4 Lecture Hall E7

Spray Modeling I
Chairperson: M. Ledoux

9:15 – 9:40 Tsallis Generalized Entropy and Maximum Entropy Formalism
for Spray Drops Size Distribution Function Prediction
M. Dobre and L. Bolle
Université catholique de Louvain, Unité TERM - Place du Levant,
2, 1348 Louvin-la-Neuve, Belgium

9:40 – 10:05 Effects of Droplet Size and Air Velocity on the Mixed Convective
Burning of a Liquid Droplet
P. Balakrishnan**, T. Sundararajan* and R. Natarajan*
*Department of Mech. Engineering, Indian Institute of Technology
- Madras, Chennai - 600 036, India
**QuEST, Schenectady, NY-12305, USA

10:05 – 10:30 Numerical Study of the Temperature Field of Unsteady Moving
Droplets and of the Surrounding Gas
M. Hase and B. Weigand
Institute of Aerospace Thermodynamics, University of Stuttgart,
Pfaffenwaldring 31, 70569 Stuttgart, Germany

10:30 – 10:55 Sensitivity Analysis of Spray Models in DI Diesel Engines
M. Küng, Y. Wright, A.G. Tomboulides and K. Boulouchos
Laboratory of Internal Combustion Engines and Combustion
Technology LVV, Swiss  Federal Institute of Technology,
Clausiusstr. 33, CH-8092, Zurich, Switzerland

10:55 – 11:20 Diffusive Mass Transfer From Free and Pendant Drops
G. Brenn* and A.L. Yarin**
*University of Erlangen-Nürnberg, Lehrstuhl für
Strömungsmechanik, Cauerstrasse 4, 91058 Erlangen, Germany
**Technion – Israel Institute of Technology, Faculty of
Mechanical Engineering, Technion City, Haifa 32000, Israel

11:20 – 12:45 Lunch and Exhibits



Tuesday, September 4 Lecture Hall E7

Spray Modeling II
Chairperson: J.C. Champoussin

12:45 – 13:10 Multiphase Modeling of Diesel Sprays with the
Eulerian/Eulerian approach
E.v. Berg*, A. Alajbegovic*, R. Tatschl*, C. Krüger** and U.
Michels**
*AVL List GmbH, A-8020 Graz, Austria
** DaimlerChrysler AG, Stuttgart, Germany

13:10 – 13:35 Study of Liquefied Petroleum Gas (LPG) Spray
Modeling
A.P.F. Yoong and A.P. Watkins
Thermofluids Division, Department of Mechanical, Aerospace &
Manufacturing Engineering, UMIST, Manchester, M60 1QD, UK

13:35 – 14:00 Modelling of the Mass Transfer Processes in the Chemisorption
of Flue Gas Components by Sprays
Ch. Weiss*, H. Maier* and K. Bärnthaler**
*Institute for Process Technology & Industrial Environmental
Protection, University of Leoben, Peter -Tunner-Straße 15, A-8700
Leoben , Austria
**Babcock Borsig Power/Austrian Energy, Waagner-Biro Strasse
105, A-8021 Graz, Austria

14:00 – 14:25 Problems of Calculation of Two-Phase Flows Produced by a
Spray Nozzle
N.N. Simakov and D.O. Bitev
Yaroslavl State Technical University, Moskovskii prospekt 88,
Yaroslavl, 150023 Russia

14:25 – 14:50 Numerical Simulation of Flow in Pneumatic Extension Nozzles
F.-O. Albina and M. Perić
Fluid Dynamics and Ship Theory Section ,Technical University of
Hamburg-Harburg,Lämmersieth 90, D-22305 Hamburg, Germany

14:50 – 15:30 Break, Exhibits and Work in Progress Poster



Tuesday, September 4 Lecture Hall E7

Spray Modeling III
Chairperson: J. Abraham

15:30 – 15:55 Simulation of Unsteady Cavitating Flows in Diesel Injector with
an Improved VOF Method
R. Marcer and J.M. LeGouez
PRINCIPIA R.D., Zone portuaire de Brégaillon, 83507 La
Seyne/Mer, France

15:55 – 16:20 Influence of the Inflow Conditions on the Direct Numerical
Simulation of Primary Breakup of Liquid Jets
M. Klein, A. Sadiki and J. Janicka
Fachgebiet Energie– und Kraftwerkstechnik, Technische
Universität Darmstadt, Petersenstr. 30, D–64287 Darmstadt,
Germany

16:20 – 16:45 Roles Played by the Interfacial Shear in the Instability
Mechanism of a Viscous Liquid Jet Surrounded by a Viscous Gas
in a Pipe
S.P. Lin
Department of Mechanical and Aeronautical Engineering,
Clarkson University, Potsdam, NY 13699-5725, USA

16:45 – 17:10 Lagrangian – Eulerian Coupling Source Terms
F. Pit* and J.C. Champoussin**
*Université de Pau et des Pays de l’Adour, ENSGTI / UPPA 64000
Pau, France
**Ecole Centrale de Lyon, LMFA UMR CNRS 5509, 69131
Ecully Cedex, France

17:10 – 17:35 Direct Numerical Simulation of the Atomization of a Liquid Jet
A. Leboissetier*,** and S. Zaleski**
*Renault, Research Division, Technocentre, 1 avenue du Golf,
78280 Guyancourt, France
**Laboratoire de Modélisation en Mécanique, Université Pierre et
Marie Curie (Paris VI), 8 rue du Capitaine Scott, 75015 Paris,
France

ILASS Banquet



Tuesday, September 4 Lecture Hall F7

Spray Diagnostics I
Chairperson: C. Tropea

9:15 – 9:40 Applicability of Different Fluorescent Dyes for 2D Temperature
Measurements in Dense Sprays using Planar Laser Induced
Fluorescence
C. Kornmesser, A. Braun and V. Beushausen
Laser-Laboratorium Göttingen e.V., Hans-Adolf-Krebs-Weg 1,
37077 Göttingen, Germany

9:40 – 10:05 Investigation of Fuel Sprays by Means of Stereoscopic Particle
Image Velocimetry and Highspeed Visualization
B. Richter, G. Rottenkolber, M. Hehle, K. Dullenkopf and
S. Wittig
Institut für Thermische Strömungsmaschinen, Universität
Karlsruhe, Kaiserstr. 12, 76128 Karlsruhe, Germany

10:05 – 10:30 Spray Imaging Systems for Quantitative Spray Analysis
T. Berg*, H. Voges*, T. Müller**, V. Beushausen** and G.
Grünefeld***
*LaVision GmbH, Gerhard Gerdes Str. 3, D-37079 Goettingen,
Germany
**Laser Laboratorium Goettingen, Hans-Adolf-Krebs-Weg 1,
D-37077 Goettingen, Germany
***RWTH Aachen, LTFD, Schinkelstrasse 8, D-52062 Aachen,
Germany

10:30 – 10:55 A New Technique for Multi -Phase Spray Analysis at High Loads
F. Landwehr, H. Wiggers and P. Walzel
Universität Dortmund, Mechanische
Verfahrenstechnik/Chemietechnik, Emil -Figge -Str.68, 44227
Dortmund, Germany

10:55 – 11:20 PDA Analysis of a Poly-Disperse GDI Fuel Spray with Dropsize
Class Discrimination
G. Wigley* and G. Pitcher**
*Aeronautical and Automotive Engineering, Loughborough
University, Leicestershire, LE11 3TU, UK
**Powertrain Research, Lotus Engineering Ltd, Hethel, Norwich,
UK

11:20 – 12:45 Lunch, Exhibits, and Work in Progress Poster



Tuesday, September 4 Lecture Hall F7

Spray Diagnostics II
Chairperson: V. Beushausen

12:45 – 13:10 Investigation of Impinging Diesel Spray Applying Optical
Methods of Measurements
D. Blondel*, I.V. Roisman**, C. Tropea** and S. Wenzel**
*DANTEC Dynamics, Tonsbakken 16-18, DK-2740 Skovlunde,
Denmark
**Chair of Fluid Mechanics and Aerodynamics, Technical
University of Darmstadt, Petersenstrasse 30, 64287 Darmstadt,
Germany

13:10 – 13:35 X-Ray Vision of Fuel Sprays
C.F. Powell*, Y. Yue**, A.G. MacPhee*, S. Narayanan*, R.
Cuenca**, J. Wang*
*UPD, Argonne National Laboratory, Argonne, IL 60439 USA
**ES, Argonne National Laboratory, Argonne, IL 60439 USA
J.K. Schaller
Robert Bosch, GmbH, D-71701 Stuttgart, Germany
M.W. Tate*, M.J. Renzi*, A. Ercan*, E. Fontes**, S.M.
Gruner *,**
*Department of Physics, Cornell University, Ithaca, NY 14853,
USA,**CHESS, Cornell University, Ithaka, NY 14853, USA

13:35 – 14:00 Generalized Scattering Imaging: A 2-D Technique to Measure
Size and Optical Properties of Droplets in Sprays
R. Calabria and P. Massoli
Istituto Motori – C.N.R., Via Marconi 8, 80125 Napoli, Italy

14:00 – 14:25 Droplet Evaporation Measurements in a Continuous Droplet
Stream Inside a Wind Tunnel
S. Krüger and G. Grünefeld
Universität Bielefeld, RWTH Aachen, Germany

14:25 –14:50 Global Rainbow Thermometry with Spatial Filtering for Average
Spray-Droplet Size and Temperature Measurement
M.G. De Giorgi*,**, J.P.A.J. van Beeck*, L. Zimmer*** and
M.L. Riethmuller*
*von Karman Institute for Fluid Dynamics, Chaussée de Waterloo
72, B-1640 Rhode-Saint-Genèse, Belgium
**University of Lecce, Department of Engineering for Innovation,
Research centre for Energy and Environment (CREA), Via per
Arnesano, I-73199 Lecce, Italy
***National Aerospace laboratori, CFD Technology Center,
7-44-1 Jindaiji-Higashi, Chofu Tokyo 182-8522, Japan

14:50 – 15:30 Break, Exhibits, and Work in Progress Poster



Tuesday, September 4 Lecture Hall F7

Spray Diagnostics III
Chairperson: B. Ineichen

15:30 – 15:55 Convective Vaporization of Freely Moving Fuel Droplets in a
Hot Air Flow
M. Ochs*, J. Gass** and L. Reh***
*Swiss Federal Institute of Technology (ETH), Institute of Energy
Technology, Laboratory for Thermodynamics, 8092 Zurich,
Switzerland. Present address: Ernst Schweizer AG, Bahnhofplatz
11, 8908 Hedingen, Switzerland
**Swiss Federal Institute of Technology (ETH), Institute of
Energy Technology, Laboratory for Thermodynamics, 8092
Zurich, Switzerland.
***Swiss Federal Institute of Technology (ETH), Institute of
Process Engineering, 8092 Zurich, Switzerland

15:55 – 16:20 Alteration of the Irradiance Field when Performing Laser
Diagnostics in a Corrugated Liquid or Supercritical Jet
A. Cessou, O. Werquin and D. Stepowski
CORIA-CNRS UMR6614, Université & INSA de Rouen, Site
Universitaire du Madrillet, Avenue de l’Université, B.P. 12, 76801
Saint Etienne du Rouvray Cedex, France

16:20 – 16:45 Internal Fluid Flow and Spray Visualization for a Large Scale
Valve Covered Orifice (VCO) Injector Nozzle
Y. Laoonual**, A.J. Yule* and S.J. Walmsley*
*Atomization and Sprays Research Group, Department of
Mechanical Engineering, UMIST, PO Box 88, Manchester, M60
1QD, England
**Department of Mechanical Engineering, Imperial College,
London, England

16:45 – 17:10 Comprehensive Hydraulic and Flow Field Documentation in
Model Throttle Experiments under Cavitation Conditions
E. Winklhofer*, E. Kull**, E. Kelz*** and A. Morozow***
*AVL List GmbH, Hans List Platz 1, A 8020 Graz, Austria
**Siemens VDO Automotive AG, Regensburg, Germany
***Institut für Experimentalphysik, TU Graz, Austria

ILASS - Banquet



Tuesday, September 4 Lecture Hall F5

Fundamentals of Breakup and Atomization III
Chairperson: Ch. Dumouchel

9:15 – 9:40 Atomization of Super-High Injection Pressure Liquid Jet
N. Tamaki, M. Shimizu and H. Hiroyasu
Department of Mechanical Engineering, Kinki University, 1,
Umenobe, Takaya, Higashihiroshima, Hiroshima, 739-2116, Japan

9:40 – 10:05 Experimental and Numerical Study of Atomisation of Hollow
Cone Liquid Sheet. Application to Gasoline Direct Injection
E. Topenot*, D. Le Visage*,C. Radenac*, G. Trémoulière* and
J.-L. Carreau**
*Le Moteur Moderne, 9 rue Benoît Frachon, F - 91127 Palaiseau
Cedex, France
**Laboratoire de Combustion et Détonique, 1 Av. C. Ader,
B.P. 40109, F - 86961 Futuroscope Cedex, France

10:05 – 10:30 Numerical and Experimental Investigations of Cavitating Flow
in High Pressure Diesel Nozzles
C. Baumgarten*, Y. Shi*, R. Busch** and G.P. Merker*
*Institut für Technische Verbrennung, Universität Hannover,
Welfengarten 1A, 30167 Hannover, Germany
**DaimlerChrysler AG, 70546 Stuttgart, Germany

10:30 – 10:55 Effects of the Electrohydrodynamic Forces on Characteristics of
Spray
S.D. Kwon*, S.Y. Moon** and C.W. Lee**
*Department of Mechanical Engineering Graduate School
Kyungpook National University, Taegu, Korea
** Department of Mechanical Engineering, Kyungpook National
University, 1370 Sankyuk-dong Puk-gu Taegu, Korea (702-701)

11:20 – 12:45 Lunch, Exhibits, and Work in Progress Poster



Tuesday, September 4 Lecture Hall F5

Atomizer Design and Performance I
Chairperson: P. Walzel

12:45 – 13:10 Application of Liquid Sprays to Achieve Isothermal Compression,
Part 1
P. Stephenson*, H. Abdallah*, A. Powell*, A. Jasuja** and
Kung Ng***
*Innogy plc, Windmill Hill Business Park, Whitehill Way,
Swindon, Wiltshire SN5 6PB, England
**School of Engineering, Cranfield University, Cranfield,
Bedford, MK43 OAL, UK
***Computational Dynamics Limited, 200 Shepherds Bush Road,
London W6 7NY, UK

13:10 – 13:35 Influence of the Inner Flowfield of Flat Fan Pressure Atomizers
on the Disintegration of the Liquid Sheet
K. Heukelbach and C. Tropea
FG Strömungslehre und Aerodynamik; Technische Universität
Darmstadt, Petersenstr. 30; 64287 Darmstadt

13:35 – 14:00 Optimization of Water Mist Efficiency for the Extinction of
Turbulent Premixed Flames
B. Mesli and I. Gökalp
Centre National de la Recherche Scientifique, Laboratoire de
Combustion et Systèmes Réactifs, 1C, Avenue de la Recherche
Scientifique 45071 Orléans Cedex 2, France

14:00 – 14:25 Waves on the Air Core/Liquid Interface of a Pressure Swirl
Atomizer
D. Cooper and A.J. Yule
Dept. Mechanical Engineering, UMIST, PO Box 88, Manchester,
M60 1QD, UK

14:25 – 14:50 Research and Development of Swirl Atomizer Spray Angle
Control Methods
V. Bazarov*, N. Hinckel** and G. Guerin***
*Moscow State Aviation Institute (MAI), Address: 4,
Volokolamskoye Shosse Moscow 125871, Russia
**Brazilian Institute for Space Science (INPE), 1758, Av. dos
Astronautas, Sao Jose dos Campos SP, CEP 12201-970, Brazil
*** 16 rue de la Gate 35350 Saint - Meloir des Onders, France

14:50 – 15:30 Break, Exhibits and Work in Progress Poster



Tuesday, September 4 Lecture Hall F5

Atomizer Design and Performance II
Chairperson: K.U. Münch

15:30 – 15:55 Application of Liquid Sprays to Achieve Isothermal Compression,
Part 2
H. Abdallah, M. Coney, and P. Stephenson
Innogy plc, Windmill Hill Business Park, Whitehill Way, Swindon,
Wiltshire SN5 6PB, UK

15:55 – 16:20 Experimental Study of the Pressure Distribution and Flow
Pattern Inside Y-Jet Atomizers
A.L. Pacifico and J.I. Yanagihara
University of São Paulo, Dept. of Mechanical Engineering, Av.
Prof. Mello Moraes, 2231 – 05508-900 – São Paulo, SP, Brazil

16:20 – 16:45 Ultrasonic Generation of Microscopic Droplets
F. Barreras*, H. Amaveda** and A. Lozano*
* LITEC/CSIC, Maria de Luna, 3, 50015-Zaragoza, Spain
** Centro Politécnico Superior de Ingenieros, Area de Mecánica de
Fluidos, Universidad de Zaragoza, Maria de Luna, 3, 50015-
Zaragoza, Spain

16:45 – 17:10 Spray Characteristics of a Rotating Disk Atomizer
M.A. Ahmed and M.S. Youssef
Mechanical Engineering Department, Assiut University, Assiut
71516, Egypt

ILASS - Banquet



Wednesday, September 5 Lecture Hall E7

Plenary

8:00 – 8:45 Controlled Atomization and Applications using Ink-Jet Printing
Technology
D.B. Wallace
V.P. Technology Development MicroFab Technologies, Inc.,
Plano, TX/USA

8:45 – 9:15 Break



Wednesday, September 5 Lecture Hall E7

Spray Impact on Walls and Films
Chairperson: F. Obermeier

9:15 – 9:40 Impact of a Drop on a Liquid Film: Description of Crown
Propagation
I.V. Roisman and C. Tropea
Technische Universität Darmstadt, Fachgebiet Strömungslehre und
Aerodynamik, Petersenstraße 30, 64287 Darmstadt, Germany

9:40 – 10:05 Droplet Impaction on a Heated Surface at High Weber Numbers
S.W. Akhtar and A.J. Yule
Atomization and Sprays Research Group, Department of
Mechanical Aerospace and Manufacturing Engineering, UMIST,
PO Box 88, Manchester, M60 1QD, England

10:05 – 10:30 Quantifying Interfacial Thermal Resistance during Molten
Microdroplet Surface Deposition by Combining Numerical
Simulations with Transient Measurements
D. Attinger and D. Poulikakos
Laboratory of Thermodynamics in Emerging Technologies,
Institute of Energy Technology, Swiss Federal Institute of
Technology, ETH Center, 8092 Zurich, Switzerland

10:30 – 10:55 The Development of a Fine Spray against a Thermally Stratified
Atmosphere
A.Vouros, Th. Panidis and D.D. Papailiou
Laboratory of Applied Thermodynamics, Mechanical Engineering
and Aeronautics Department, University of Patras, GR265 00
Patras - Rio, Greece.

10:55 – 11:20 Fluid Dynamics and Solidification in the Pile-Up of Picoliter
Droplets
S. Haferl and D. Poulikakos
Institute of Energy Technology, Laboratory of Thermodynamics in
Emerging Technologies, Swiss Federal Institute of Technology,
ETH Center, Zurich 8092, Switzerland

11:20 – 12:45 Lunch, Exhibits, and Work in Progress Poster



Wednesday, September 5 Lecture Hall E7

Spray Deposition
Chairperson: D. Poulikakos

12:45 – 13:10 Computational Simulation of Electrohydrodynamic Deposition of
Water-Based Charged Droplets
M.R. Jahannama, A.P. Watkins and A.J. Yule
Themofluids Division, Dept. Mechanical Eng., UMIST, PO BOX
88, Manchester M60 1QD, UK

13:10 – 13:35 Single Droplet and Spray Impact of Shear-Thinning and
Bingham Fluids onto Solid Walls
C. Böhm*, D.A. Weiss* and C. Tropea**
* DaimlerChrysler, Research and Technology, P. O. Box 23 60,
D-89013 Ulm, Germany
**FG Strömungslehre und Aerodynamik, TU Darmstadt,
Petersenstraße 30, D-64287 Darmstadt, Germany

13:35 – 14:00 Simulation of Electrospray Deposition and Evaporation
O. Wilhelm, L. Mädler and S.E. Pratsinis
Institute of Process Engineering, ETH Zurich, Sonneggstrasse 3,
8092 Zurich, Switzerland

14:00 – 14:25 Experimental Analysis of Electrohydrodynamic Deposition
Characteristics of Water-Based Charged Droplets
M.R. Jahannama, A.P. Watkins and A.J. Yule
Thermofluids Division, Dept. Mechanical Eng., UMIST, PO BOX
88, Manchester M60 1QD, UK

14:25 – 14:50 Oblique Drop Impact and Surface Spreading on Deep Fluids
G. Leneweit*** , R. Koehler** and K.G. Roesner*
*TU Darmstadt, FG Strömungslehre und Aerodynamik,
Petersenstr. 30, D-64287 Darmstadt, Germany
**Carl Gustav Carus-Institut der Gesellschaft zur Förderung der
Krebstherapie e.V., Am Eichhof, D-75223 Niefern-Öschelbronn,
Germany

14:50 – 15:15 Analysis of Droplets Impinging on Hot Radiative Surface
A. Amoresano, G. Langella and C. Noviello
Dipartimento di Ingegneria Meccanica per l'Energetica Università
di Napoli “Federico II”, Via Claudio 21, 80125 Naples, Italy

15:45 – 16:00 Conference Closes



Wednesday, September 5 Lecture Hall F7

Medical and Electrostatic Sprays I
Chairperson: W. Balachandran

9:15 – 9:40 Spray Dynamics and Deposition of Inhaled Medications in the
Throat
T. Gemci*, T.E. Corcoran**, K. Yakut*, B. Shortall* and N.
Chigier*
*Carnegie Mellon University, Mechanical Engineering Department
**Spray Systems Technology Center, Pittsburgh, PA 15213, USA

9:40 – 10:05 Numerical Simulation of the Behaviour of Sprays Produced by
High Speed-Rotary Bells with External Charging
J. Domnick, A. Scheibe and Q. Ye
Fraunhofer-Institute for Manufacturing Engineering and
Automation, Nobelstr. 12, D-70569 Stuttgart, Germany

10:05 – 10:30 Electrostatic Liquid Jet Break-Up by a Pulsating DC Field
A. Speranza*, M. Ghadiri** and M. Newman***
*Department of Chemical and Process Engineering, University of
Surrey, GU2 5XH, Guildford, Surrey, United Kingdom
**Department of Chemical Engineering, University of Leeds,
Leeds, LS2 9JT, UK
***Supply Chain Research, Unilever Research, Port Sunlight,
Quarry Road, East Bebington Wirral, CH63 3JW, UK

10:30 – 10:55 Electro Hydrodynamic Atomisation of Inhalation Medicine
K.B. Geerse*, J.C.M. Marijnissen and P. Zanen**
*DelftChemTech, Particle Technology Group, Delft University of
Technology, Julianalaan 136, 2628 BL, Delft, The Netherlands
**Department of Pulmonary Diseases, University Hospital Utrecht,
Heidelberglaan 100, 3584 CX Utrecht, The Netherlands

10:55 – 11:20 The Spray of Charged Drop in an Electric Field
A.N. Zharov, S.O. Shiryaeva and V.A. Koromyslov
Yaroslavl State University, 150000, Russian, Yaroslavl,
Sovetskaya, 14

11:20 – 12:45 Lunch, Exhibits, and Work in Progress Poster



Wednesday, September 5 Lecture Hall F7

Medical and Electrostatic Sprays II
Chairperson: N. Chigier

12:45 – 13:10 Characterisation of Electrohydrodynamic Spraying under the
Influence of an AC Field Superimposed on a DC Field
Z. Huneiti and W. Balachandran
Department of Systems Engineering, Brunel University, Uxbridge,
Middlesex, UB8 3PH, UK

13:10 – 13:35 Analysis of Respirable Aerosols using Laser Diffraction
P. Kippax, A. Rawle, D. Higgs and R. Norris
Malvern Instruments Limited, Enigma Business Park,
Grovewood Road, Malvern, Worcs WR14 1XZ, UK

13:35 – 14:00 Developmental Study of Supersonic Air Assist Four-Fluid Spray
Nozzles
S. Miyashiro*, H. Mori** and H. Takechi*
*Anan National College of Technology, Minobayashi, Anan
774-0017, TOKUSHIMA, Japan
**Fujisaki Electric Co., Ltd., Tatsumi-cho, Anan 774-0001,
TOKUSHIMA, Japan

14:00 – 14:25 Experimental Study on Electrohydrodynamic Behaviour of the
Spray Generated by an Annular Slit Atomizer
P. Miao, L. Miranda and W. Balachandran
Department of Systems Engineering, Brunel University, Uxbridge,
Middlesex UB8 3PH, UK

14:25 – 14:50 The Classification of the Modes of Electrostatic Dispersion of
Liquids
S.O. Shiryaeva, A.I. Grigor'ev and D.F. Belonojko
Russia,150000, Yaroslav, Sovetskaya, 14 Yaroslavl University,
Dept. of Phisics

15:45 – 16:00 Conference Closes



Wednesday, September 5 Lecture Hall F5

Atomizer Design and Performance III
Chairperson: D.B. Wallace

9:15 – 9:40 Descaling with High Pressure Nozzles
L. Bendig*, M. Raudensky** and J. Horsky**
*Lechler GmbH + Co. KG, Ulmer Strasse 128, D-72555
Metzingen, Germany
**Brno University of Technology, Faculty of Mechanical
Engineering, Czech Republic

9:40 – 10:05 Experimental and Numerical Study of Simplex Nozzles
U. Maatje*, E. von Lavante*, F.-O. Albina** and  M. Peric**
*Institute of Turbomachinery, University of Essen, Schuetzenbahn
70, D-45127 Essen, Germany
**Fluid Mechanics and Ship Theory Section, Technical University
of Hamburg-Harburg, Lämmersieth 90, D-22305 Hamburg,
Germany

10:05 – 10:30 The Effect of Test Rig Geometry on the Performance of an
Airblast Atomiser
B. Caines*, K. Brundish*, J. Gregory** and C. Wilson*
*Combustion and Environment Group, Air Systems Sector, DERA,
Farnborough, Pyestock, UK
**Rolls-Royce plc, PO Box 3, Filton, Bristol, UK

10:30 – 10:55 Effect of Geometry of Rotating Disks and Cups on Spray
Characteristics
M.A. Ahmed and M.S. Youssef
Mechanical Engineering Department, Assiut University, Assiut
71516, Egypt

10:55 – 11:20 Electrohydrodynamic of Charge Injection with Applied Bulk
Convection
A. R. Rigit and J.S. Shrimpton
Imperial College of Science, Technology and Medicine,
Department of Mechanical Engineering, Exhibition Road, London
SW7 2BX, UK

11:20 – 12:45 Lunch, Exhibits, and Work in Progress Poster



Wednesday, September 5 Lecture Hall F5

Spray Diagnostics IV
Chairperson: A. Cessou

12:45 – 13:10 PIV Flow Measurements in Pressure Swirl Atomizers
P. Broll and P. Walzel
Mechanical Process Engineering, University of Dortmund,
Germany

13:10 – 13:35 Deconvolution Technique to Determine Local Spray Drop Size
Distributions - Application to High-Pressure Swirl Atomisers
S. Boyaval and Ch. Dumouchel
UMR 6614 – CORIA, Université et INSA de Rouen
Laboratoire de Thermodynamique, Site Universitaire du Madrillet,
B.P.12, 76801 Saint-Etienne du Rouvray Cedex, France

13:35 – 14:00 Numerical Simulation of  a Planar Liquid Sheet in a Co-Flowing
Air Stream
M. Kutzbach, P. Berthoumieu, J.-L. Estivalezes and
G. Lavergne
ONERA-Centre de Toulouse DMAE, 2, avenue Edouard Belin,
31055 Toulouse cedex 4, France

14:00 – 14:25 Fuel Film Thickness Measurements under Diesel Engine
Conditions
U. Meingast and U. Renz
RWTH Aachen, Lehrstuhl für Wärmeübertragung und
Klimatechnik, Eilfschornsteinstrasse 18, 52056 Aachen, Germany

14:25 – 14:50 Images of Air Bubbles Included in a Cylindrical Liquid Jet :
First Steps for Improving the Characterization of the Cavitation
Phenomenon
J. Yon and J.-B. Blaisot
CORIA-UMR 6614, Université de Rouen, Site Universitaire du
Madrillet, B.P.12, 76801 Saint-Etienne du Rouvray Cedex, France



Wednesday, September 5 Lecture Hall F5

Spray Impact on Walls and Films
Chairperson: F. Obermeier

14:50 – 15:15 Description of Spreading, Receding and Single Vertical Jetting of
a Drop Impacting a Dry Wall
R. Rioboo, I.V. Roisman and C. Tropea
Technische Universität Darmstadt, Fachgebiet Strömungslehre und
Aerodynamik, Petersenstrasse 30, 64287 Darmstadt, Germany

15:15 – 15:40 An Analysis of Cylinder Wall Wetting on Premixed Lean Diesel
Combustion Spray
Y. Nishijima , Y. Asaumi and Y. Aoyagi
NEW A.C.E. INSTITUTE CO., LTD., 2530 Karima Tsukuba-shi
Ibaraki Pref. 305-0822, Japan

15:45 – 16:00 Conference Closes



WORK IN PROGRESS POSTER SESSION

Monday, September 3 through Wednesday, September 5

No.:1 RESCALING PROPERTIES OF A GDI SWIRLED SPRAY
L. Araneo
Politecnico di Milano, dipartimento di Energetica, via La Masa 34,
Milano, Italy

No.:2 MEASUREMENT OF THE AIRFLOW ENTRAINED BY THE
HOLLOW CONE SPRAY ISSUED FROM AN INJECTOR FOR
GDI ENGINES
V. Ferrand, A. Arbeau, L. Ben and R. Bazile
Institut de Mécanique des Fluides de Toulouse, UMR
CNRS/INPT-UPS 5502
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OPTICAL INVESTIGATION OF DIESEL SPRAY AND AUTO-
IGNITION IN A SMALL DIRECT-INJECTED DIESEL ENGINE

B. Maunoury, T. Duverger, K. Mokaddem * and F. Lacas**

* P.S.A Peugeot Citroën, route de Gisy 78943 Velizy-Villacoublay Cedex, France
** EM2C, CNRS & ECP, Grande Voie des Vignes 92295 Chatenay-Malabry Cedex, France

This paper presents a study of physical phenomena occurring during the motor stroke into a
passenger class DI Diesel engine running at middle charge conditions. It exposes optical
investigation of injection and combustion processes performed in a small direct-injection Diesel
engine. Laser Induced Fluorescence (LIF) and by Mie scattering techniques have been employed
to provide a better comprehension of the interaction between spray, the walls and the
aerodynamic motion in a realistic combustion chamber of a small DI Diesel engine. Auto-ignition
sites and first instant of the combustion have also been studied to qualify the late atomisation
process.

A new phenomenological analysis of injection and auto-ignition is established into a
transparent 4 cylinders DI Diesel engine, equipped with a distributor Bosch VP37 pump and
inclined, 5 holes, VCO injector. LIF experiments on liquid phase of standard Diesel fuel have
revealed strong interaction “spray/combustion chamber wall” and “spray/air motion”. The first
detected reaction sites have allowed a more precise comprehension of the strong primary
atomisation in the vicinity of the injector nozzle, and simultaneous combustion and LIF has
provided a better understanding of the end of injection phenomena and some specific
comportment linked to the injection technology employed.
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DROPLET VELOCITIES IN A SLICED DIESEL SPRAY

Andreas Cronhjort
Internal Combustion Engines
Royal Institute of Technology

SE - 100 44 Stockholm, Sweden

Abstract

This paper gives a summary of particle image velocimetry (PIV) measurements performed in a sliced diesel spray.

The slicing of the spray was necessary to achieve good image quality in the more dense regions of the spray. The

images were double exposed to allow auto-correlation based velocimetry. The exposure time of each exposure was

100 ns, as that was the shortest possible exposure with the camera used. The illumination was achieved with a

flashlight located at the opposite side of the spray, consequently the droplets were visible as dark shadows. The long

exposure time limited the possibilities to measure high velocities, and therefore the velocities in the very rapidly

moving spray core could not be measured, as the images were smeared out in the direction of the velocity. The

resulting velocities were compared to velocities in the corresponding unsliced spray in the points where both sprays

gave velocity data. The results were also compared with computer simulations. Some disagreements were found,

and possible reasons for these are discussed.
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GAS-DISSOLVED GASOLINE SPRAY - AN
EXPERIMENTAL STUDY

A. Rashkovan*, V. Kholmer** and E. Sher*
*Department of Mechanical Engineering

Ben-Gurion University of the Negev, Beer-Sheva, Israel
**The Negev Academic College, Beer-Sheva, Israel

Abstract

A low-pressure fuel injector has been designed to produce a spray having a lower SMD than that
obtained with a common fuel injection system for the same injection pressure. In the present design, a
mixture of gasoline and dissolved CO2 is sprayed. The downstream part of the injector is made of a
small unit that consists of an inlet orifice, an expansion chamber, a discharge orifice, and swirling
ducts. When the mixture enters the expansion chamber, a part of the dissolved gas is transformed into
tiny bubbles that grow inside the expansion chamber. When the mixture is discharged through the
discharge orifice, these bubbles undergo a rapid flashing process while the liquid bulk disintegrates into
small droplets. In the present work, we investigate experimentally the effect of the design parameters
(geometrical proportions and injection pressure) on the SMD. The SMD is measured with a laser
particle size analyser (Malvern X-Mastersizer).

For atomizers without an expansion chamber we have found that for pure gasoline, within the
present specific range, the SMD depends almost linearly on the injection to ambient pressure
difference. A higher pressure results in a lower SMD. For the gasoline-CO2 mixture, the SMD exhibits
unstable behavior and the results are evidently less conclusive.

For atomizers that include an expansion chamber, the effect of the CO2 seems to be negative for low
injection to ambient pressure difference. Under these conditions, the residence time inside the
expansion chamber is relatively long enough to allow the formation of large bubbles (growing and/or
coagulation). For injection to ambient pressure differences over 2.3MPa, a considerable advantage of
the gasoline-CO2 mixture atomization over the to pure gasoline atomization is observed. A factor of
two (halving the SMD) may be achieved at high injection to ambient pressure difference around 3MPa.
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HIGH SPEED PHOTOGRAPHY OF GH2/LOX COAXIAL
INJECTION DURING IGNITION

J. Sender, V. Schmidt and M. Oschwald
DLR Lampoldshausen, Space Propulsion

74219 Hardthausen, Germany

Abstract
The current investigation was setup to visualize the spray pattern during various phases of ignition. Ignition was

initiated by focusing a single shot of a pulsed  laser into the combustion chamber. Thus ignition time as well as the
position  of ignition was well defined. A high speed camera (RotaMIR) was setup to take images at time intervals of
25 µs (40 kHz) triggered with an adjustable delay by the ignition laser. The shadow-graph setup applied a battery of
10 flashlights for illumination, which were repeatedly triggered as needed. Half a millisecond could be recorded
within one run. By varying the delay time between ignition and start of optical recording total observation time was
1ms.

The experiments were  performed at the same operating condition as in [1]. Injection settings for stationary
conditions, reached after 5 ms, at combustion chamber pressure of pc = 0.15 MPa were: LOX mass flow

LOXmD  = 36 g/s and H2 mass flow 
2HmD = 8 g/s resulting in injection velocities of 

2Ov = 27 m/s and 
2Hv = 491 m/s

respectively. The propellants are injected into the combustion chamber at a temperature of 85 K.
From the images it can be seen that the shadow-graphs show the same phenomenology as the laser light sheet

images taken earlier [1] at exactly the same time steps. With increasing pressure
• the fluid is jammed forming a helix-like shape at the injector side (Fig.1)
• and further downstream the LOX post is being disrupted leading to several isolated lumps of fluid when

the pressure maximum is reached (Fig. 2).
From the data the initial phase of the ignition process and the change of the spray pattern during the transient

ignition process can be observed. The initial pressure peak during ignition leads to blockage and disruption of the
LOX jet close to the injector.

References
[1] V. Schmidt, J. Sender, and M. Oschwald. Simultaneous observation of liquid phase distribution and fame
front evolution during the ignition transient of a LOX/GH2- combustor. Journal of Visualization, July 2001.

    
Figure 1: LOX at t = 615µs Figure 2: LOX at t = 1065µs
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INFLUENCE OF AMBIENT PRESSURE ON TRANSIENT
G-DI SPRAYS
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Abstract
This paper discusses characterisation of a G-DI pressure-swirl injector at elevated ambient pressure

conditions typical of those encountered under normal G-DI  strategies.  Elevated ambient conditions are
provided by a new high-pressure, high-temperature optical spray cell, and data are resolved temporally and
spatially using optical and post-processing techniques described fully in previous publications.  Droplet-size, 3-
components of velocity, relative mass flux and spray geometry are all resolved on a spatial and temporal basis, to
facilitate a complete description of the spray history for each ambient pressure; this data may be used directly for
appraisal of two-phase numerical spray models. By integrating data temporally, spatially, or both, correlations
are derived as functions of ambient pressure for various spray phenomena such as rate of penetration, spray
angle and global Sauter Mean Diameter, against which previous equations using other optical techniques can be
compared.  There is not universal agreement regarding the influence of ambient pressure for pressure-swirl
sprays. Over the range of pressures considered, quasi-linear trends are observed for the decrease of cone-angle (≈
20% maximum) and penetration, and increase in global SMD (≈ 40% maximum). At each pressure, penetration
histories derived from both PDA and high-speed photography reveal non-linear trends, which may be
approximated to two quasi-linear regimes similar to those reported previously for diesel injectors. Reduction in
the influence of ‘pre-spray’, secondary spray from pintle-bounce, and swirl flow are also recorded as ambient
pressure is systematically increased.
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STUDY OF THE ATOMISATION PROCESS IN A GDI SPRAY BY
 LASER LIGHT  EXTINCTION AND PHASE DOPPLER

TECHNIQUES

L. Allocca, F. E. Corcione and G. Valentino
Istituto Motori, CNR - Via Marconi, 8

80125 Napoli - Italy

Abstract
An experimental investigation on a swirled-type injector for GDI engines has been carried out in an optically

accessible vessel at ambient temperature and atmospheric pressure. The injected fuel, non-evaporative EXXSOL
D40 having the same density as that of gasoline, has been sprayed at 7.0 MPa with an injection duration of 3.0 ms
using a GDI Magneti Marelli apparatus.

Time resolved size and velocity measurements have been carried out by the phase Doppler analyzer (PDA)
technique at different locations within the spray. The PDA system has been used to acquire, simultaneously,
droplets size and the radial and axial components of droplets velocity. The cycle-resolved data, buffered in a PC via
a DMA interface, have been analysed off-line by the ensemble averaging procedure. Estimation of the atomization
degree in the near nozzle region has been performed by the laser light extinction technique.

The main results of the investigation have provided a velocity distribution representative of a hollow-cone
structure in the first stage of the injection followed by a refilling process of the central region at later time. A small
scale droplets recirculation, close to the nozzle tip, has been evidenced as well a clockwise rotation vortex located
on the external boundary of the spray. Decreasing values of D10 have been found during the initial non-stationary
injection phase, followed by a flat profile with diameters ranging from 2 to 5 µm.

Laser light extinction has provided a measurement of the tip penetration and discharge coefficient in the region
up to 5 mm from the nozzle. High extinction degree has been found at the nozzle exit both along the spray axis and
at different radial coordinates with no breakup length.
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ENDOSCOPIC INVESTIGATION OF THE SPRAY PROPAGATION
IN A DIRECT INJECTION SPARK IGNITION (DISI) ENGINE

K. Schänzlin, T. Koch and K. Boulouchos
I.C. Engines and Combustion Laboratory, ETH Zurich

Abstract
To investigate the propagation of liquid gasoline inside a direct injection spark ignition (DISI) engine, an

endoscope-based imaging system has been developed and implemented at the Internal Combustion Engines and
Combustion Laboratory (LVV) at ETH Zurich. With this endoscopic technique it is possible to provide optical
information of the liquid phase distribution in the combustion chamber of a single-cylinder research engine at
different times after start of injection. One advantage of this specific endoscope is that only one bore is required for
both illumination and detection of the signal. The system consists of an ICCD camera, an endoscope and an adapter
with water-cooling including a sapphire window to ensure protection against cylinder pressure and temperature.   

In this paper, results of investigations of the spray propagation in a spray guided DISI engine are shown. The
physical behaviour of the spray propagation has been investigated under a wide range of variations of parameters as
there are swirl, rail pressure and start of injection timing for stratification and throttle position for homogeneous
charge. Based thereupon, the influence of these parameters on spray propagation has been understood and the
experiments provide data for validation of numerical simulations.

A

A
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A NEW FACILITY FOR INVESTIGATING G-DI SPRAYS UNDER
SIMULATED ENGINE CONDITIONS

M.A. Comer*, P.J. Bowen*, S.M. Sapsford** and C.J. Bates*
*Division of Mechanical Engineering, Cardiff University, Queens Buildings, The Parade,

PO Box 685, Cardiff CF24 OYF, UK
**Ricardo Consulting Engineers, Bridge Works, Shoreham-by-Sea,

West Sussex, BN43 5FG, UK

Abstract
Appropriate optical diagnostic techniques for measuring transient behaviour of G-DI sprays under atmospheric

conditions have been previously developed and results published. This paper describes the design and
commissioning of a new facility that allows application of these techniques under controlled, elevated ambient
conditions corresponding to the ambient density range associated with G-DI engine cycles. The primary aim of this
research programme is to provide reliable, accurate benchmark verification data against which 2-phase numerical
predictions for G-DI engine injection may be appraised in a systematic manner.

There are two primary candidates if cycled-resolved data over many injections are required : A reciprocating
system such as the so-called ‘research engine’, or the option presented in this paper, a continously-purged, constant-
volume, optical spray cell. Practical considerations for both options include minimisation of window fouling, and
the influence of the purge flowfield and optical access.

The design consists of a vertically-oriented, 125mm-diameter cylindrical measurement section, with a removable
chamber lid into which the injector is located, spraying vertically downwards. Four optical-quality plane windows of
height 200mm allow sufficent measurement access along the spray length – at least 90mm downstream. Three
windows are positioned orthogonally for laser sheet Mie or fluorescence based diagnostics, whilst the fourth is
offset to allow PDA droplet sizing measurements utilising first-order refraction. The design specification - currently
2.5MPa at 673K - is dependent upon window size, but can be readily increased by reducing optical access. An
annular window air-curtain has been devised serving the simultaneous purpose of continuously purging the cell,
whilst also minimising window wetting. CFD analysis indicated that this system was likely to preserve optical
access, whilst minimising the flowfield influence in the measurement regions, which proved to be the case in
practice.

Commissioning results are presented and discussed for PDA and high-speed photography at elevated ambient
conditions, demonstrating the rig’s capabilities.
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PHYSICAL AND NUMERICAL EFFECTS ON SPRAY
FORMATION OF A PRESSURE SWIRL INJECTOR FOR DISI

ENGINES

M. Kettner, J. Fischer, J. Gindele and U. Spicher
Institute for Reciprocating Engines, University Karlsruhe, Germany

E-mail: maurice.kettner@ifkm.uni-karlsruhe.de

Abstract
Recently many manufacturers are considering new combustion systems to improve fuel economy and engine

emissions for new emission regulations. Among them the gasoline direct injection engine is promising to
improve fuel economy essentially. To meet future emission standards with gasoline direct injection engines it is
important to have detailed knowledge of spray characteristics and mixture preparation to achieve a reliable
process. In DISI engine development the spray behaviour is one of the main elements and will be examined in
this work. Modern CFD tools help to understand and to optimise the inner engine process. Further the numerical
simulations accelerate the development process. Therefore it is necessary to define an appropriate spray model
with a real behaviour in all operation points of the engine.

Current GDI engine concepts usually use pressure swirl injectors to achieve a good atomisation and wide
spatial spray distribution even with low injection pressures.

The hollow-cone spray of a commercial high-pressure swirl injector was generated with the CFD code
StarCD and verified by spray measurements. The defined spray model can then be implemented in CFD engine
models.

There are numerical and physical effects concerning the simulated spray. Numerical effects result from
droplet initialisation parameters and mesh structure. Physical effects appear at different ambient pressures,
injection pressures as well as at various fuel and ambient temperatures.

Out of several obtained numerical and physical influences on spray characteristics, requirements for an
appropriate numerical spray model were carried out.

Finally the interdependence of  fluid and gasphase was examined with CFD and PIV measurements to
interprete the changes in spray structure under various ambient conditions. This comparison helps to understand
the global spray behaviour. Further it intensifies the confidence to the spray model and its use for the whole
engine operating range.
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Fig 1a    An example of the multiple vortex
      structure of the spray. Window A.

Fig 1b  As Fig 1a with the dominant
            structures outlined.
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THROUGH THE DIESEL NOZZLE HOLE –
A JOURNEY OF DISCOVERY II

C. Soteriou, R. Andrews, N. Torres, M. Smith and R. Kunkulagunta*

Technology Department, Customer Solutions Centre, Delphi Diesel Systems,
Hoath Way, Gillingham, Kent ME8 0RU, UK

Abstract
An overview of the main points of the authors’ previously published work is presented, together with some new
findings on the fundamental structure of diesel sprays.  The objectives have been to improve the understanding of
the detailed behaviour of fuel flow in the tip of the diesel nozzle and to link this with the characteristics and
development of the spray in the engine cylinder. Actual injection nozzles have been studied under both transient and
steady state flow conditions.  Understanding of the nozzle performance has been significantly enhanced by
investigations with simplified geometries and large scale transparent models.  Flow cavitation and its contribution to
spray quality is covered.  The characteristics of single hole nozzles are discussed, including their limitations and the
spray singularity known as hydraulic flip.  Laser light sheet
illumination has been used to study cavitation details, such as
the occurrence of small bubbles or large voids and plug
cavitation.
Establishing the existence of significant multiple flow fields in
the nozzle tip was an important step in understanding the flow
in the nozzle tip.  Adjacent fields can contain significant
differences in flow characteristics.  Accordingly, the cavitation
detail is influenced by the flow field, such that the level and
type of cavitation can vary significantly between adjacent flow
fields.
In the previously unpublished work, high resolution images
taken with a fast shutter camera reveal a basic structure in
diesel sprays that is different from conventional perception (Fig
1). This is shown with a large scale acrylic nozzle and also with
a standard common rail injector running in an optical engine.
Images of the transparent model show that this spray structure
is caused by the flow patterns set up inside the nozzle tip.
The main findings are as follows, and apply to both sac type
and VCO nozzles.   The flow upstream of the nozzle hole
consists of a number of flow fields containing multiple large
vortices.  Vortices also form from the entry edge of the hole
and extend down the length of the hole.  As a result, the flow
within the hole consists predominantly of multiple spiraling
flow fields, under both cavitating and non-cavitating
conditions.  The vortex motion remains after the fuel has left
the hole, such that the sprays also consist largely of intertwined
vortices.  Optical engine tests show that the vortex motion
remains in the spray up to and including the vapour phase.
Finally, it was only possible to reveal the multiplicity of the
spiral structures and to understand their cause and origin, by
studying the transparent model.
An awareness of this structure is important for the interpretation
of measurements and the development of more accurate CFD
and experimental techniques.

                                                          
*now with Ford Motor Company
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Abstract
Two different fuel injection systems are being applied to direct injection spark ignition engines with

the aim of creating a stratified charge. These are the single fluid injectors which run at fuel presures of
at least 50 bar, and dual fluid injectors which run at lower fuel pressures with atomization being aided
by an air supply.  The fuel economy and emission advantages associated with these types of engines are
well documented, and engines utilising both single and dual fluid injectors have recently beeen brought
to the market. Injectors are required to consistently produce a well atomized (d10< 15 µm) compact
spray with low penetration rates. In order to create stratified charge, these spray characteristics must be
produced at the increased pressures found when injecting late into the cylinder - the most common
method of achieving charge stratification.

This paper examines the effect of increased ambient pressure on the spray of a dual fluid (or air-
assist) injector. A high-pressure/high-temperature rig (described in detail in an associated paper) was
used to simulate the conditions found during the compression stroke of a direct injection stratified
charge engine. The injector operates using a fuel-line pressure of 7.2 bar and an atomising air pressure
of 6.2 bar, and was of the ‘internal-mix’ type, whereby the fuel is injected into a pre-chamber of
pressurised air before being released into the ambient environment. Similar systems have been used in
small capacity 2 stroke engines to provide rapid charge mixing.

The pressure of the ambient air is critical for the operation of the air-assist injector, since both the
velocity of the air emerging from the injector and the liquid:air ratio are important dual fluid injector
parameters. Both are reduced by the increased ambient pressure. The spray was interrogated at ambient
pressures of 1,2,3 and 4 bar using phase averaged PDA and high speed photography as exemplified in
Figures 1 a & b.  The highest cylinder pressure considered to be practicable was 4 bar and the mass of
fuel delivered per injection was 13.5 mg for all cases presented.

Injecting into air at 1 bar ambient pressure the injector was found to produce a very well atomized
compact spray with lower penetration than single phase injectors. Droplets with d10 and d32 of less than
10 microns were measured throughout the spray, with a relatively small cone angle and highly
turbulent vortices on either side of the spray head.

As the ambient pressure increases, the penetration of the spray reduces considerably and the cone
angle increases. The droplet sizes increase, with d32 increasing much more than d10. The reduced
penetration is adventageous in GDI combustion systems but the large increase in dropsize is
derogatory. This is especially true of d32 because it gives an indication of the time a droplet needs to
evaporate.

This paper discusses the general phenomenological features of this variety of air-assist G-DI sprays,
and how these vary with ambient pressure.



a)t~2.8ms after SOA
Pa=1 bar

b) t~2.8 ms after SOA
Pa=4 bar

Fig 1) High speed photography (top)  & phase averaged PDA results (bottom)
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IGNITABILITY OF FUEL SPRAY
(EFFECT OF DROPLET DIAMETER DISTRIBUTION ON SPRAY

IGNITION PHENOMENON)

Yasushi NOGUCHI, Koji TERASHIMA, Masafumi Takahashi and Naochika TOKUOKA
Dept. of Mechanical Engineering, Keio University

3-14-1 Hiyoshi,Kohoku,Yokohama,Kanagawa 223-8522, Japan

Abstract
Ignitability of fuel spray is affected by the inhomogeneity of fuel spray. In order to obtain the effect of

inhomogeneity of fuel spray, we attend to the difference of ignition probability by both the spatial arrangement of
spray droplets and dispersion of its diameter.

A large number of trials to ignite both the mono-dispersed and poly-dispersed methanol spray by a discharge
spark ignition system were carried out. In each ignition trial, we recorded a spray image around the electrodes just
before ignited and classified the flame pattern into 5 by visual observation.

The relation between instantaneous fuel spray concentration and ignition probability was examined by changing
the reference area to make clear the area size around the electrodes in which spray characteristics affect strongly on
the ignition probability. Further, inhomogeneity of fuel spray affecting on ignition probability is analyzed
quantitatively by the inhomogeneity index.

As results, ignition probability of poly-dispersed fuel spray is higher than that of mono-dispersed fuel spray
although the instantaneous concentration of fuel spray is the same. The size of reference area for evaluation of
ignition phenomenon is almost the same regardless of diameter distribution. From the classification of observed
flame, it becomes clear that the difference is caused by the increase of propagation probability by small droplets in
poly-dispersed fuel spray. From analysis of inhomogeneity of fuel spray by inhomogeneity index, characteristic
scale of number density unevenness of poly-dispersed fuel spray is larger than that of mono-dispersed fuel spray.
And in case of mono-dispersed fuel spray, it can be estimated the effect of spatial inhomogeneity on ignition
phenomenon by using inhomogeneity index, but in case of poly-dispersed fuel spray, it is necessary to evaluate
ignition phenomenon by modified inhomogeneity index in due consideration of concentration unevenness.
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Abstract
Increase of soot contaminated in engine oil caused by EGR system accelerates the diesel engine wear,

especially in the valve train. Considering diesel engine wear in the valve train, it is thought that relation between
primary particle diameter and oil film thickness is very important because lubrication condition is severe. From this
point of view, it was tried to make clear the effect of relation between primary particle diameter and oil film thickness on
wear by using C.B as the substitution of soot. C.B. can be changed its concentration and primary particle diameter
independently. Firstly, it was confirmed previously that C.B. was possible to use as the substitution of soot.
Secondly, the oil film thickness of used oil was measured by ultra thin film interferometry. Thirdly, the relation
between primary C.B. particle diameter and oil film thickness was discussed. Further, surface of the wear scar was
observed in high magnification. From these results, the mechanism of wear was suggested. Consequently, these
results were obtained.

(1) It is confirmed that C.B. without surface-treatment can be used as the substitution of soot.
(2) From the results of wear test and measurement of oil film thickness, wear scar diameter was maximum

when mean diameter of C.B. was approximately equivalent to the oil film thickness. This result suggests
that abrasive wear is caused by the primary particle.

(3) From the results of wear test and observation of the wear scar, it is found that the wear mechanism can be
classified into two stages according to progress of wear. At first, metal contact is dominant and rough
grooves are observed. Following that, abrasive wear is dominant and many fine smoother grooves are
observed which those widths are roughly equivalent to the mean diameter of primary particle.
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Abstract

Gasoline direct injection is currently supposed to be a promising technology for improving the fuel economy of
spark ignition engines along with good engine performance. To achieve this a high compression ratio is applied
together with a lean combustion strategy during part load operation (stratified charge). At full load operation homo-
geneous charge is desired. The fuel spray however has to be suitable for both, full load and part load operation of the
engine. While full load operation involves an early start of injection and moderate thermodynamic conditions, part
load operation brings along high gas pressures (3 MPa) and temperatures up to 500°C as a late start of injection is
beneficial. Furthermore due to a short distance between piston and fuel injector results in spatial restrictions. To
cope with this complex situation, detailed understanding of spray propagation and spray-gas interaction is necessary.

In this work particular interest is given to spray-gas momentum transfer, which is considered a key subject for ex-
haust emissions. Several properties accounting for the spray structure are discussed: spray penetration, spray cone
angle, air-entrainment and induced gas velocity. For that purpose different experimental methods are applied along
with Euler-Lagrangian spray simulation. Concerning the experimental investigations particle image velocimetry
(PIV) is used to record high resolution vector maps of the gas velocity field. Discharge characteristics (mass and
momentum flux) are estimated by means of a high-speed strain gage sensor and the three dimensional spray struc-
ture is analysed by means of a tomographic approach. All investigations are carried out in stagnant environment for
a rail pressure of 5 MPa. Two ambient pressure levels (120 kPa and 560 kPa) are examined.

Three atomization concepts are compared: high pressure swirl injection, high pressure multihole injection and an
annular orifice injection. The swirl spray provides a good quality of atomization at moderate system pressure and is
characterized by strong air entrainment. Increasing ambient pressure attracts the droplets towards the centerline of
the spray and generates a cylindrical spray structure instead of a hollow cone. In case of the multihole spray a very
robust spray pattern is observed. This creates a spatial vapor distribution which is very robust and consists of indi-
vidual vapor branches rather than forming a complex cloud structure. The spray released from the annular orifice
injector is characterized by a pure hollow cone structure regardless whether ambient pressure is high or low .

FIGURE 1 PIV measurement of gas velocity, a) swirl spray, b) multihole spray, c) annular orifice spray,
rail pressure 5 MPa, atmospheric conditions
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Abstract
The case of an axi-symmetric spray confined in an airflow in a pipe is a basic flow pattern for which there are

remarkably few experimental results. Characteristics of sprays within a confinement tube, with a co-flowing airflow,
have here been studied in detail using the Phase Doppler technique which allows the droplet size and a velocity
component to be measured simultaneously. Two hollow cone atomizers have been investigated acting individually
within an acrylic confinement tube, of 192mm internal diameter, to which a suction can be applied at the exit. PDA
measurements have been taken along 12 axial planes downstream of the nozzle exit. Radial distributions of drop
size, drop axial velocity and diameter-velocity correlations have been obtained at each axial position. The velocity
of the gas, in the presence of the dispersed phase, has been determined from the data, by seeding the tube with a fine
spray, produced using a twin-fluid atomizer, and measuring the fine droplet behaviour. The situation has been
simulated using the Computational Fluid Dynamics code STAR-CD using the Lagrangian droplet parcel tracking
technique. It is found that choice of spray initial conditions for the CFD model is fundamentally important to
provide accurate predictions and a methodology is developed based upon backward extrapolation of data obtained
25mm downstream from the nozzle. Comparisons between the experimental and predicted radial distributions of
drop size and axial velocity have been made, and generally the predictions are seen to match the experimental data
well.
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IN-VITRO STUDY OF THE FLOW CHARACTERISTICS AND
PARTICLE TRAJECTORIES IN AN UPPER AIRWAY MODEL
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Abstract

Inhaled air in the upper airway flows through the following anatomical structures: (i) oral cavity and oropharynx;
(ii) epiglottis; (iii) larynx; (iv) trachea; (v) left and right main bronchi. It is well-known that the geometry of the
upper airway has a major effect on the internal flow characteristics and on the deposition patterns of medical
aerosols. CFD is increasingly used to examine this problem, but good quality validation data are scarce.

It would seem to be attractive to consider the relevant transport processes separately in the above anatomical
structures, but the flow characteristics are known to be sensitively dependent on inlet flow conditions. The fluid
engineering literature contains numerous examples of strong interactions, particularly in flows with large streamline
curvatures: e.g. bend/bend interactions and turning/diverging passages. Recirculating flows and jet flows are also
highly susceptible to details of downstream geometry and boundary conditions. Work by Ehtezazi et al (Leicester
Royal Infirmary/Leicester University), based on MRI scanning during inhalation, has also revealed complex
dynamic variations of the shape of the oral cavity and oropharynx when comparing tidal breathing, inhalation via a
pMDI and inhalation with a (high resistance) Turbohaler. In the larynx region and further downstream, however, the
dynamic effects on the passage shape were found to be more modest.

In this paper we present the findings of an in-vitro study of flow characteristics and aerosol particle behaviour in
a section of the upper airway located just upstream from the larynx down to and including the bifurcation of the
trachea into the main bronchi. To enable us to investigate a wide range of upstream conditions and geometry details,
we have developed a physical model of modular construction. This allows easy interchange of components to
explore the effects of geometry variations on the flow structure. To facilitate CFD validation we have designed the
model to minimise the number of parametric shape variables, whilst maintaining a geometrically realistic
representation.

We give results of steady flow tests under laminar and turbulent flow conditions using high speed imaging,
Particle Image Velocimetry (PIV) and Phase Doppler Anemometry (PDA) to characterise the flow and particle
behaviour in our model. We report the main flow structures and highlight the interplay between geometry and flow.
We also examine the relationship between particle trajectories and flow structures with particular emphasis on
geometrical interaction effects.
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Abstract
This paper reports work on supersonic jets of both water and diesel fuel, the very high velocities being

obtained by using the impact of a projectile from a powder gun. In previous work in the current program,
experiments were aimed at maximising the performance of the ballistic range and jets of high supersonic
velocities (> 2000 m/s, Mach number M = 6) were reported. Results from high-speed shadowgraph photography
show clear visualization of the jets and their strong leading edge shock waves. Further experiments are now
available at lower velocities around 600 m/s (M = 1.9). These show significantly different jet shapes, particularly
in the jet head and a detached (rather than attached) leading edge shock wave. These comparisons are shown in
the paper. A one-dimensional analysis of the multiple, reflected shock waves inside the liquid sac and nozzle
during the process of supersonic jet generation is presented. The impact pressure, particle velocity, and effect of
shock wave reflection inside the nozzle cavity on the liquid jet velocity are investigated. These, when compared
to the measured values allow the nozzle coefficient of velocity to be estimated. Supersonic liquid jet velocities
from various input conditions can then be predicted. This study provides a better understanding of the
relationship between the supersonic liquid jet generation process, liquid jet velocity and leading edge shock
characteristics. It provides a clearer picture of each stage of the generation of supersonic jets and the surrounding
air flow. Additionally, the contribution of the strong leading shock wave to the auto-ignition of diesel fuel jets at
atmospheric condition can be assessed.
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Abstract
This paper reports on the cavitation-enhanced flash atomization of a hydrocarbon liquid (n-hexadecane, C16H34)

by adding a lighter hydrocarbon (n-butane, C4H10). The results are contrasted with those obtained from atomizing
pure hexadecane. The amount of the propellant gas (nitrogen) and injection temperature were varied to adjust the
atomization severity. Breakup pattern and spray quality were characterized by taking images at the nozzle exit. It is
found that the butane-hexadecane solution can give a much finer spray at a lower atomization severity than does
pure hexadecane at a higher atomization severity. For a given mean drop size, the presence of the flashing fluid
(butane) can markedly reduce the propellant gas to liquid ratio.

Figure 1 shows the experimental equipment consisting of a pressurized binary liquid cylinder, a pipe line heater, a
pressurized cylinder of nitrogen, and the atomizer. Figures 2 compare the atomization of pure hexadecane with the
5% n-butane propellant addition at two different flow rate ratios of nitrogen propellant gas to liquid and at the
injection temperatures Tinj of 120°C. Primarily the increase in cavitation (lowering cavitation number) can be
observed by increasing the propellant gas flow, which causes an increased volumetric flow rate and injection
velocity.  An increase in the injection temperature causes an increase in the injection velocity due to the increased
total volumetric flow rate caused by boiling. For the single liquid atomization case the increase in the injection
temperature does not cause enough flash boiling to increase the volumetric flow rate at the specific thermodynamic
condition of the liquid and gas propellant mixture at the injection pressure and temperature.

6
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FIGURE 1. The experimental setup of boiling and cavitation enhanced atomization (left frame) and the nozzle
and orifice geometry (right frame).

a) 100% hexadecane
r = 5, Pinj = 20 psig

b) 95/5 hexadecane-butane
r  = 5, Pinj =22 psig

c) 100% hexadecane
r = 10, Pinj = 21 psig

d) 95/5 hexadecane-butane
r = 10, Pinj =23 psig

FIGURE 2. Effect of n-butane on hexadecane atomization for QN2/Qliq=5 (left two frames) and QN2/Qliq=10 (right
two frames) at Tinj=120°C.
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Abstract
The modelling of a cryogenic flame requires an accurate knowledge of the atomisation properties at high

pressures. Some previous numerical simulations with a Lagrangian approach have shown that the characteristics of
the spray at the outlet of the injector strongly influence the reaction rate. The main purpose of this approach is to
describe accurately the dispersion of the liquid phase (sizes and shapes of the liquid structures) as well as the
interactions between liquid elements and the surrounding gaseous environment. The liquid phase is considered as a
continuous dense gas medium where the modelling of mass, momentum and energy transfers requires an extra
equation describing the surface density evolution.

Many physical phenomena may be described in terms of surface evolving in a turbulent flow. Among them,
turbulent mixing layers, turbulent premixed or diffusion flames have already been studied with the use of a surface
density transport equation.

Some theoretical results are first established in the case of the temporal evolution of an interface with a velocity
differential separating two fluids of different densities. The governing parameters are identified and an expression for
the surface density evolution is proposed. Then, we discuss the quantitative effects of these parameters thank to
numerical simulations in the case of two fluids injected in a coaxial injector. A comparison between the break-up
length estimated numerically from the surface density field and the experimental or theoretical correlation shows
good agreement. This method also enables us to predict and to locate the vapour mass fraction. Thus, this approach
seems well suited for the description of physical phenomena responsible for primary atomisation. Nevertheless, the
modelling of the turbulent dispersion of the liquid phase still needs to be improved to perform a full description of
the spray.
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Abstract
It is well known that recessing the liquid tube of an injection element improves cryogenic flame stabilisation.

Studies dealing with the effect of the recess are mainly conducted under combustion conditions [1, 2, 3] and
interpretations are based on the combustion regime. Given this, it struck us as interesting to study the recess in
water/air conditions. In order to establish the optimum value of the recess ( R ), we investigated the coaxial
atomisation from five injectors whose geometry only differs in the distance separating the liquid and gas tube exits.
This study also deals with the effect of chamber pressure (Pc) - tests were conducted at pressures equal to 0.1 and 0.5
MPa. The main results were: a better momentum transfer between the gas and the liquid with an increasing recess
value and different spray behaviours according to recess length. The ambient pressure seems to decrease the recess
effect spatially and cancel it for the largest values.
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Abstract
A mathematically-founded model is presented which describes the atomization of liquids by the

aid of an axial hollow cone pressure swirl nozzle in dependence on nozzle geometry, liquid properties
and flow parameters. With this model, it is possible to predict the Sauter mean diameter of the resulting
droplets exactly and reliably for Newtonian and non-Newtonian fluids with pseudo-plastic behaviour.
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Abstract

It is well known that theatomizationof a liquid exiting a nozzleis stronglyinfluencedby theinteractionwith the
surroundingair. Thisaerodynamicinteractionof thejet with theair hasbeenstudiedextensively boththeoretically
(linearstability analysis)andexperimentally. However, theatomizationprocessis initiatedby finite perturbations
which aregeneratedalreadywithin andupstreamof thenozzle.In technicalreality theseperturbationsaremostly
of stochasticnature,e.g.producedby cavitation andturbulence,andarenot well known or quantifiable.This has
impededthedevelopmentof a predictive modelfor atomization.Theaim of thework presentedhereis to mini-
mizetheperturbationsproducedby the injectionsystemandnozzleby anappropriatedesignandthento impose
well definedperturbationsthat allow to observe their effect on the jet. This work is a continuationof previous
investigationsthat classifiedthe differentphenomenawhich wereobserved. The presentresultsconcentrateon
finding limits betweenthedifferentphenomenaandregimesandto reducethelargeamountof experimentaldata
to givea coherentphysicalpictureof thephenomena.In particulara regimehasbeenfoundfor which at a critical
level of disturbanceamplitudeandfor very descretemodulationfrequenciesdropletsareproduceddirectly at the
nozzleexit. Thewavelengthof thedisturbanceis muchsmallerthanpredictedby linearstability theory, resulting
in dropletsof aboutaseventhof thenozzlediameter.
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Abstract
Surface tension is an important parameter in atomization processes. The project investigated the influence of the

surface tension of mixtures of water and surfactants on the droplet spectrum. The mixtures were atomised by
hollow-cone nozzles (single fluid nozzle) and by Laval-nozzles (two fluid nozzle, water/air).

The surface tension has been modified by adding different concentrations of surfactants. The concentration varied
between 50 ppm and 1000 ppm in the experiments with the hollow-cone nozzle.
The Laval nozzle has been tested with one concentration at different ratios of air to water pressure.

The actual surface tension has been measured by a bubble pressure tensiometer which allows for the
measurement of the time-dependent surface properties down to characteristic surface ages of 1 ms. This period of
time is typical for atomization processes investigated in this project.

The measurements with the nozzles were carried out at different combinations of flow rate and driving pressure.
The resulting droplet spectra have been determined by a Malvern system which characterized the sprays down to a
diameter of 1µm.

Several statistical screening parameters such as Dv 10, Dv 50, Dv 90 and Dv 99 have been documented with this
system in order to identify the influence of the surfactants on the atomization process. Measurements have also been
carried out in order to characterize the spatial spray structure.

A comparison of the different measurement shows no significant effect of the surface tension on the spray. The
value of the classical surface tension (related to ages of the surface of the order of several seconds) which is
significantly altered in some cases does not correlate to the atomization result.
The sprays remain unchanged in the limits of the uncertainty of the measurement.

A direct correlation between the spraying results and the surface tension is given at surface ages of the order of
some Milliseconds.

Due to its diffusion coefficient the surfactants did not saturate the fluid surface remaining the surface tension
more or less unchanged.

The saturation the surface takes periods of time which are much longer than the characteristic time of the
atomization process. Therefore the chemical additives have no significant influence on the spray.
Further experiments will be carried out with different types of fuel in order to collect fluid data which allow for a
modelling of atomization in combustion prozesses.
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Abstract
This paper investigates the physical relevance of the parameters introduced by the M.E.F. to represent spray

drop size distribution. According to a recent application of the M.E.F., volume-based spray drop size distribution
can be represented by a three-parameter generalized gamma function. In the present study this function is applied
to represent drop size distribution of sprays produced by different cylindrical liquid jets. The eight jets selected
in this study can be divided into two categories according to the evolution of the physics of the atomization
process when the jet velocity is increased. It is found that the evolution of the mathematical distribution
parameters with the jet velocity is strongly related to the evolution of the physics of atomization. Thus, the
application of the M.E.F. appears to be not only a fitting procedure but a formalism from which the development
of atomization model can be conducted.
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Abstract
Model suspensions based on water and glycerol/water mixtures with various suspended glass particle

fractions are atomized by means of a external mixing twin-fluid atomizer. From drop size analysis it is found that
the solid particle size has the main influence on the drop size distribution. The atomization of the suspension
with large solid particles shows a bimodal distribution, whereby the solid particles separate from the liquid
drops. At lower operating conditions (We, ALR) the liquid drop diameter is controlled by the solid particle size,
whereby the suspension with relative small solid particles produces smaller liquid drops than the suspension with
large solid particles. At higher operating conditions the transfer of the aerodynamic energy to the suspension jet
controls the resulting liquid drop diameter. These diameters are equal to the diameters of liquid drops produced
by the atomization of the pure liquid. On the other hand the atomization of the suspension with small solid
particles show a monomodal distribution, in which the solid particles can not separate from each other and the
drops in the spray cone are suspended drops (liquid drop including solid particles); their diameter is controlled
by the transfer of the aerodynamic energy to the suspension jet.
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Abstract
The effect of the superheated atomization of water-solid-suspensions is investigated with two different solids,

aluminia and zeolith. The particle size distributions of the powders seems to have no influence for the droplet
size distributions of the suspension sprays. The shapes of the solid particles intensify the atomization by
disintegration of the jet to smaller droplets if surface roughness and crevice are given. The concentration of the
solid in the suspension influences the spray geometry. The volume of the spray cone increases with an increase
of solid concentration. It was perceived that internal scattering of the jet is given for all superheating, ∆TS. The
nucleation is assumed to be heterogeneous. Particles in a fluid increase the probability for heterogeneous nucleus
and an influence of the particle concentration and surface shape is verified in the region near the dense core.
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Abstract
The CFX model is used to predict the behaviour of droplet sprays in the agricultural field and to

understand the spraying flows. The air spray exposed in Weiner and Parkin (1993) was the first numerical
test of CFX model. This experiment, which is a reference, was simulated under the same conditions as
with Weiner and Parkin's. Good results were obtained by three-dimensional simulations. However, the
two-dimensional solutions show some disparities with available measurements. These differences also
present in the results of Weiner and Parkin, remain however acceptable. The second experiment validated
by CFX model is the simulation of droplet spray tested in the Cemagref laboratory. In this experiment, a
fan nozzle is used to split up the liquid into droplets. The size and the speed of the drops are measured
thanks to a laser particle analyser. The fan nozzle produces droplets of variable sizes. To use
measurements corresponding to a given size, we have therefore done a classification of droplets according
to their volume diameters. For the numerical study presented here, we have retained four classes of drops
representative of their spectrum.

The CFX model in multiphase mode was carried out for each class. The results of simulations are
discussed and compared to the available measurements. For each class of droplets, the CFX model results
are in qualitative agreement with the measurements.
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Abstract
Droplet size spectrum is one of the most important criteria in application of pesticides. Although protocols for

droplet sizing on agricultural spray nozzles are quite robust, it is known that there are differences in measuring
results dependent on functional principle and individual adjustment of the sizing system used. That is why the
International Spray Classification System was established on the basis of the droplet size classification system
created by the British Crop Protection Council (BCPC) [2]. Droplet size measuring results from several
laboratories shall be comparable with the help of this scheme by means of reference nozzles.

At Federal Biological Research Center for Agriculture and Forestry (BBA) the robustness of the international
classification scheme was tested for several droplet sizing principles: Phase Doppler Anemometry (PDA), Laser
diffraction (LD) and Particle/Droplet Image Analysis (PDIA). Several candidate nozzles were chosen to be
classified using the scheme.

Classification results were found to be almost independent from the measuring system. Only one nozzle was
categorized by the PDA system different from the others. However, the decision was only just on the border in
some cases. So generally, there might by different classification results for other nozzles, too.

For the nozzles that were tested within this project, the spray classification results were nearly independent
from whether the classification was based on the whole spectra or on the volume mean diameter VMD.

Significant differences in measuring results from several droplet sizing systems were found. Differences
increase with droplet size. This region of droplet size spectra recently gets more important for environmental
protection reasons. That is why a reference system is essential especially for the comparison of droplet sizing
results from coarse nozzles. In the USA the International Spray Classification System was extended by an “extra
coarse” class using an additional reference nozzle. This should be introduced generally in order to increase the
sensitivity of the system for coarse nozzles. Then the International Organization for Standardization should by
applied to for giving this de facto standard an official status.
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Abstract
Evaluation of sprays deposition on plant and ground loss has been a difficult task to overcome due to plants

morphology and geometrical shapes. A weighing technique has been applied to overcome the difficulties in spray
deposition evaluation. In this experiment an electrostatic pressure-swirl nozzle was developed and tested with a
Faraday cage to find out the optimum charge to mass ratio at various flow rates. A charge to mass ratio of
0.27mC/kg at 4 kV of applied voltage and a liquid flow rate of 0.69ℓ/min were selected for the experiment. The
experimental result showed that the charged spray increased the rate of deposition by 1.3 to 2.3 folds as compared to
the uncharged spray when the distance was increased from 0.5 to 2.5 m from the nozzle tip to the plant canopy, due
to the wraparound effect. There was no significant difference in ground loss. This may be due to the amount of
deposition on the leaves surfaces, the repellent and coalescent behaviours of the droplets. There was also a reduction
in estimated drift for the charged spray as distance was increased from the nozzle tip. The charged spray
characterizes a technique for effective utilization of material and pollution control. The experiment showed a
revealing result of the need for selection of nozzle height in electrostatic sprays application for orchard sprayer.

FIGURE 1.  Experimental Setup
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ELECTROSTATIC PARTICLE SEPARATORS: DESIGN VIA
ANALYTICAL MODELS

L. Rubino, J. S. Shrimpton and R. I. Crane
Imperial College of Science, Technology and Medicine, Department of Mechanical

Engineering, Exhibition Road, London SW7 2BX, UK

Abstract
Recently, a great deal of attention has become focused on the issue of particulate emissions (PM) from

internal combustion (IC) engines. Particulates and especially those in the ultra-fine (< 100 nm) and
nanoparticle (< 50 nm) size range are of great concern for human health because they can penetrate deep
within the lung causing severe respiratory problems [1,2]. Progressively more restrictive regulations on
automotive PM emissions and health concerns have focused attention towards particle size measurements
and number concentrations in the exhaust pipe of not only diesels but also gasoline engines. Gasoline PM
emissions are of great concern because of their small sizes (D< 0.1 µm), the high percentage of gasoline
vehicles in the passenger car market and the high nanoparticles emissions at high loads and speeds [2,3].

This paper seeks to investigate the effect of diffusion and electrophoresis for the separation of particles
below 1 µm from gaseous particulate laden streams characteristic of IC engine vehicle exhausts when an
electrostatic field (E) is applied. We identify separately and compare the effects of Brownian dispersion
and electrophoresis on particle deposition in laminar cylindrical exhaust pipe geometries to guide the
design of electrophoretic separators for gasoline PM control applications. The geometry we consider is that
of a cylindrical pipe of radius R0 and a test section of length ZL as shown in Figure 1.

FIGURE 1. Schematic of particle separator for gasoline PM emissions control (not to scale).

We show that for an exhausts pipe geometry (ZL, R0) and laminar flow conditions, the contribution to
particle separation due to diffusion is more effective for particles with D<10-8 m regardless of mass fraction
and it is higher at low Reynolds number. The contribution to separation due to electrophoretic effects is
function of the exhausts particle load. For typical gasoline vehicle exhausts PM loads [3], the
electrophoretic separation efficiency reaches 100% for 10-9 ≤D ≤10-8 m at all Re but decreases as D>10-8 m.
This implies that even with small % of particles naturally charged, space charge densities increase as
particle load increases and nanoparticles, using a continuum assumption, are efficiently separated.
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[1] Pope, C.A., Thun, M.J., Namboodriri, M.M., Dockery, D.W., Evans, J.S., Speizer, F.E., and Heath,

C.W., “Particulate Air Pollution as a Predictor of Mortality in a Prospective Study of U.S. Adults”,
American Journal of Respiratory Critical Care Medicine, Vol. 151, pp. 669-674, 1995.

[2] Kittelson D.B., “Engines and Nanoparticles: a Review”, J. Aerosol Science, Vol. 29, No. 5/6 pp 575-
588, 1998.

[3] Graskow, B.R., D.B. Kittelson, M.R. Ahmadi, J.E. Morris, "Exhaust Particulate Emissions from a
Direct Injection Spark Ignition Engine" SAE Paper No. 1999-01-1145, 1999b.
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 DOUBLE-ANNULAR AIRFLOW AT GAS TURBINE CONDITIONS
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Abstract
The dispersion of a Jet A-1 kerosene spray generated by plain-jet-in-crossflow injection into the inner annulus of

a counter-swirling double-annular airflow was investigated experimentally. Tests were conducted at 6 bar and 12 bar
ambient air pressure at 750 K air temperature and at the corresponding cold test conditions in terms of air density,
with an additional excursion to very high air density (9.3 bar at 290 K). The total air velocity was 114 m/s and the
fuel flow through the 0.457 mm diameter plain jet nozzle was selected so that the fuel-to-air momentum flux ratio
q (=(ρliq⋅uliq

2)/(ρair⋅uair
2)) was q = 4.6 . The airflow was characterized by Laser-Doppler-Anemometry (LDA) and the

spray dispersion was investigated by Phase-Doppler-Anemometry (PDA). Comparison of the spatial distribution of
the liquid fuel flux at different axial positions shows that at 6 bar, the spray, which is generated in the inner annulus,
drifts through the shear layer, resulting in thorough tangential dispersion. However, at 12 bar, the spray remains
largely in the inner part of the annulus, so that its interaction with the shear layer and dispersion are much poorer.
This is attributed to the fact that atomization at high pressure is finer than at low pressure. The fuel flux weighted
average of the SMDs at all measurement nodes was 15.3 µm at 6 bar and 13.0 µm at 12 bar at the same axial
position. The spray at 12 bar hence has lower overall inertia and a higher ability to follow the streamlines of the
airflow. It does not experience the same centrifugal forces as its counterpart at 6 bar, so that radial displacement at
12 bar is lower and the spray remains largely "trapped" in the inner annulus. This "trapping effect" is discussed in
detail by means of a swirl Stokes number analysis.
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Abstract
Distributions of mixture, temperature, and concentration of emissions are investigated, using the swirler with

turbulence generator with the purpose of enhancing the mixing and combustion efficiency and reducing the
emissions. Several swirlers with the variation in the size of the turbulence generator are designed and manufactured
to generate many small-scale eddies in the combustor. The mixing of the combustor in the radial direction is
significantly improved in the cold test as the area of the turbulence generator is increased. The temperature in the
combustor is measured at the locations of 3cm and 6cm away from the exit of the swirler, using K-type
thermocouple. The distributions of mixture and the temperature become more uniform as the area of turbulence
generator becomes larger.
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Abstract
During flight, many events such as ingestion of ice, water or exhaust gas can induce engine extinction. In this context, a

time dependant 0-dimensionnal model has been developed to predict the ignition of a spherical group of fuel droplets when it
is submitted to the spark inside the combustor. The energy released by the spark contributes to progressively increase the
temperature inside the cloud of droplets. After a heating phase, each liquid drop evaporates creating fuel vapors inside the
kernel. The fuel then reacts with the gaseous oxidizer and after the chemical reactions runaway, ignition occurs. The developed
model uses a numerical method to solve the continuity, species and energy conservation equations. The formulation of these
governing equations takes into account the different physical phenomena involved (energy injection, heat and vaporization of
the fuel droplets, chemical kinetics, turbulent transfers). 

Parallel to the numerical study, an experimental set-up composed of a plenum chamber, an industrial injection system, a
turbo-engine spark-plug and a windowed combustion chamber has been used to visualize the ignition phenomenon close to
high altitude conditions (ambient temperature for air and kerosene, pressure of one atmosphere). A first set of experiments has
been performed to determine the range of ignition of the kerosene spray (equivalence ratio, air pressure drop and spark-plug
position). Then, in the most favorable conditions, a second set of experiments has been carried out to visualize the ignition
phenomenon. Impressive pictures have been obtained and processed. In the paper, results from the experimental work are
going to be given and analyzed in a way to show how such results can be used to better describe the ignition phenomenon with
the numerical model.
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Abstract
Lean, partially prevaporised and premixed turbulent spray flames of n-heptane/air mixtures are studied

experimentally at room ambient conditions of temperature and pressure. The effect of three important
parameters for the structure of this kind of flame is investigated : these parameters are the global equivalence
ratio, the droplet residence time in the prevaporisation tube and the initial spray droplet mean diameter.
Measurements are performed for three equivalence ratios (Φ = 0.72, 0.79 and 0.87), for two residence times (21
and 49 ms) and for three initial droplet mean diameters (D32 = 10, 20 and 25 µm). For all flames, phase Doppler

anemometry (PDA) is used to characterise the droplet velocities and diameters. The mean progress variable C
of the reaction is obtained from planar laser induced fluorescence (PLIF) measurements. From the PDA results,
the local average vaporisation rate K of the droplets can be estimated. The centreline variation of K is discussed

versus the normalised axial position Z/D and versus the mean progress variable C  in terms of the three
parameters previously cited. It is observed that the average vaporisation rate depends mainly on the initial mean
droplet diameter of the spray and on the spray turbulence intensity. The influence of the global equivalence ratio
is explained in terms of the flame height and thus can be eliminated by using the mean progress variable as
parameter. The average vaporisation rates within the spray flame are compared to those obtained for the
vaporisation of single droplets under various conditions of surrounding temperature and turbulence intensity.
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Abstract
The aim of this paper is to investigate how the features of the atomization process of a liquid jet injected into a high-

pressure air cross flow depends on parameters such as air velocity, liquid velocity and diameter of the nozzle.
The experimental set-up consists of a fully optically accessible tunnel, with a square cross section of 25 X 25 mm, in

which the jet is injected perpendicularly to the air cross flow.
The main features of the spray morphology have determined by means of a tomographic visualization technique and

the general evolution of the spray in some typical cases is presented in the paper. It is shown as the jet evolution is
significantly influenced by the onset of a stripping atomization mechanism marked by the peculiar morphology of the
spray cross section.

Trajectories of the liquid jet for various test conditions were observed by means of a shadowgraphic system using a
low-pressure xenon flash lamp synchronized with a 1 M-pixel CCD digital camera. The different behavior of the
atomization process induced by the stripping mechanism led to a bi-stable evolution of jet trajectory in dependence of
the prevalence of the liquir or air velocities effects. This feature can be hardly modeled by the interpolating function
proposed in the literature. As a consequence, a stronger effort to gain a deeper understanding of the fluid dynamic,
involved in the jet break-up in presence of an air cross flow, is still required in order to build-up a more realistic model
of the jet trajectory evolution.
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Abstract
A model for secondary atomization of liquid oxygen (LOX) droplets by aerodynamic shear forces has been

developed. This model, based on an experimental study, is used to simulate, the breakup of an isolated droplet
and the formation of an entire spray of secondary droplets issued from an initial Rosin-Rammler distribution. A
3-D lagrangian CFD code for multiphase turbulent reacting flows (code THESEE of the SNECMA) is used for
the computation of dynamic and scalar fields, heat and mass transfers, and droplets trajectories. The elaboration
of the model from experimental data is first presented (more details about the construction of this model are in
refs. [4] and [9]). This includes the determination of the breakup regimes, deformation and breakup initiation
times and distribution in size and number of secondary droplets. The simulation of the breakup of an isolated
droplet is then presented and compared with experimental data. Preliminary results of the simulation of the
formation of a spray at 1 MPa in the MASCOTTE cryogenic combustion test facility operated by ONERA are
then presented and discussed.
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Abstract
The paper concerns the modeling of turbulent liquid oxygen/hydrogen spray combustion for elevated

subcritical pressure and cryogenic inlet temperature conditions. In particular, the combustion in a single
injector combustion chamber is modeled where experimental data are available for gas phase temperature
and both droplet size and velocities. The model uses an Eulerian–Lagrangian formulation for the gas and
the liquid phase, respectively. Detailed models for droplet heating and vaporization in a convective flow
field are employed, and detailed gas phase reactions are accounted for through use of a flamelet model
for turbulent spray combustion. The results show a very good agreement between experimental and
computational spray characteristics. The computed gas phase temperature lies above the experimental
values which is associated with CARS single shot measurements and incomplete data for the initial
conditions of the combustion process.
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Abstract
Understanding the complex environment of the rocket combustion chamber involves a good understanding of the

injection phenomena. This understanding allows the rocket designer to employ time and cost saving modeling tools
to better design a higher performing rocket engine. The rocket engine performance is highly dependent on the
injection processes within the chamber. This project looked at injection processes in the supercritical regime of the
injected fluid, cryogenic nitrogen, in order to better understand realistic conditions in the rocket engines of today.
The investigation considers test conditions from 4.0 to 6.0 MPa at two different injection velocities and
temperatures. Experimental data taken by Raman imaging and shadowgraphy are compared to computational
models for these various test conditions. The test data allow comparisons of density, potential core length, length
scales and jet spread angle. The results validate the computational models fairly well. This agreement allows further
research to use the models to predict injection behavior under these operating conditions. Further comparisons were
made between the various test cases using the computational models considering the effects of pressure, velocity
and temperature variations on the cryogenic jet.



ILASS Europe 2001 Zurich 2-6 September 2001

GAS ATOMISATION OF POLYMERIC MATERIALS
D. Watkinson***, R. Hughes*, G. Sims**, A. Yule*** and C.Zhou*

*Novel Technical Solutions Ltd, Campus Ventures Centre, University of Manchester,
Oxford Road, Manchester, England

(+44) (0)161-275-5110, nts@campus-ventures.co.uk
**Materials Science Centre, UMIST, Manchester, England

(+44) (0)161-200-3587, geoffry.sims@umist.ac.uk
***Dept. Of Mechanical, Aerospace and Manufacturing Engineering, UMIST,

Manchester, England,
(+44) (0)161-200-3724, david.watkinson@umist.ac.uk

Abstract
This paper describes the experimental development of a process to atomise semi-crystalline, high viscosity

materials by use of high velocity gas jets.  The process has evolved by a combination of experimental work and CFD
(Computational Fluid Dynamics). The process is currently at the stage where semi-continuous to continuous
operation is being developed.  Many methods exist for the manufacture of polymeric powders, the more common
processes use cryogenic grinding of polymer chips/beads.  Atomisation units exist on a small scale and these
methods utilise a ram extrusion process of a fixed volume of molten polymer thus making this a batch process.  Gas
pressures used for this latter process for atomisation are an order of magnitude greater than that used in the process
described here.  This paper describes the unit and how it has been tested with polymers, copolymers and elastomers;
achieving a reasonable degree of success on all materials, i.e. sufficiently high yields of near spherical particles.
This will open up and introduce new market areas for polymer powder manufacturing businesses.  The viscosity,
shear and temperature relationships for polymers create much more challenging problems than the case of spraying
for metal powders. Careful control of these phenomena is required to give break up followed by a pre-determined
cooling regime for particle formation.  CFD is used to predict velocity and temperature fields in the atomisation
chamber.  Current models are based on the STAR-CD code and allow the computation of the trajectories and
environments of the polymeric material as well as the atomising gas flow field.



Spray Modeling I
Chairperson: M. Ledoux



ILASS-Europe 2001 Zurich 2-6 September 2001

TSALLIS GENERALIZED ENTROPY AND MAXIMUM ENTROPY
FORMALISM FOR SPRAY DROPS SIZE DISTRIBUTION

FUNCTION PREDICTION

M. Dobre and L. Bolle
Université catholique de Louvain
Unité TERM - Place du Levant, 2

1348 - Louvain-la-Neuve - Belgium

Abstract
In sprays theoretical characterization, a difficult step is to find the most likely drops size probability distribution

with respect to the known mean diameter and with the type of atomization. The classical procedure consists of
fitting an analytical function (for ex. Rosin-Rammler) on experimental data. Another more logical and more
physical meaningful approach is to apply the maximum entropy formalism (M.E.F.), a widely used method which
allows to choose among all the possible probability distributions the most suitable to the available knowledge about
the phenomena. The classical M.E.F., states that, when given some information about a stochastic process (for ex.,
given the mean diameter of the spray) the probability distribution that agrees the best with that information is
obtained by maximizing Shannon's entropy ( ( ) lni i iS p k p p= ∑ ) subject to the given constraints (written in form
of conservation laws). Shannon's entropy , besides other required properties, is additive. Additivity is not a
necessary condition for a function to be a measure of uncertainty of a probability distribution. Several authors
suggested some other non-additive (non-extensive) forms of entropy. Tsallis introduced a generalized pseudo-

additive function : ( ) ( )( ) 1 1q i
q
iS p k p q = − −∑ 

 
. Tsallis entropy is  applied to an increasing number of physical

problems. It has been showed that generalized entropy predicts well physical systems involving long-range
interactions (anomalous diffusion, granular systems,…). Violent break-up in sprays, fragmentation with high
energies, leads to long-range interactions between liquid elements. Spraying regimes where high energies are
involved (high pressure or high velocity) may be well depicted by power law distributions as obtained from the
Tsallis entropy. An atomizer working at low pressure will follow an exponential Shannon law but when increasing
pressure the distribution tends to power Tsallis law, revealing scaling. Tsallis nonextensivity parameter q may also
be used  in order to classify break-up regimes in sprays.
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Abstract
In the present work, a constant property theoretical model based on the finite element method has been developed

to study the effects of droplet size and air velocity on the mixed convective burning of a liquid droplet. The
complete Navier-Stokes equations have been solved to predict the convective flow field. The energy and species
transport equations have been simplified by using the Shvab-Zeldovich variables β1  and β2 . Lewis number is
assumed to be unity and the effects of radiation are neglected. A single component fuel (methanol) is considered,
and the gas phase is taken to consist of only three species (fuel, oxygen and products). The gas phase density is
calculated by assuming an ideal gas mixture in the buoyancy term and in the other terms, it is treated as a constant.
It is observed that the mass burning rate and  flame shape predicted by the present model match very closely with
those measured in a porous sphere experiment. The results indicate that for a given air velocity, as the diameter
decreases, the local mass flux increases at all angular distances. They also indicate that the local mass flux increases
marginally with increase in air velocity at the front stagnation point, but the rate of evaporation on the rear side of
the droplet is not affected. It is seen that for a constant air velocity, the difference between the mass burning rates
with and without free convection increases with droplet diameter. It is also observed that the mass burning rate for
the downward airflow is less than that of the upward airflow, and the difference between both the mass burning
rates marginally increases with diameter. For the diameter range studied (2 - 8 mm), the buoyancy driven flow
enhances the mass burning rates by 15 to 33% for upward airflow and 15 to 27% for downward airflow.
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Abstract
The rate of heat transfer from the surrounding gas to droplets in sprays is a critical design parameter of many

technical spray systems as for instance in automotive engines or gas turbines. In these processes the considered droplets
respectively liquid ligaments are in many cases strongly deformed and the droplet velocity is heavily unsteady. Due to
the resulting nonlinear effects on the heat transfer, such processes have only been studied rarely in the past.

In the present study, unsteady moving, spherical droplets with different droplet velocity, diameters and viscosities
have been investigated in a fully three-dimensional computation in a first step. The deformation of the droplets occurs
only due to the surrounding gas stream. The programs efficiency for the computation of strongly deformed droplets has
been presented already in the past.

To perform this study, an inhouse 3D numerical program for the transient simulation of the dynamic behavior of
incompressible two-phase flows has been extended to the computation of heat transfer. The program uses the VOF-
method for the calculation of the two-phase flow. In the full paper the governing equations and the implemented
numerical model are described. Numerical results for a transient heat conduction problem of a nearly rigid sphere show
good agreement with analytical solutions. An investigation of grid independency shows that for high viscosity fluids
the energy transport is weakly dependent on the resolution for coarse grids whereas for low viscosity fluids very fine
meshes have to be used because of the highly complicated internal flow structures in the droplets. Finally, the influence
of different initial droplet velocities on the time dependent temperature evolution is shown.
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Abstract
Previous work in our group involves the study of spray dynamics, evaporation and com-

bustion in Diesel engines. A number of CFD simulation studies on heavy-duty DI-Diesel en-
gines have been carried out with respect to the influence of the ETAB spray break-up model
parameters (Extended Taylor Analogy Breakup) on transient spray behavior, including spray
penetration, drop size distribution and evaporation. The simulations reported here are non-
reactive and were performed with a KIVA III-based code, after first identifying a working
resolution range through spatial and temporal resolution studies for the engine configuration
we investigated. In addition, we compared the results from these KIVA III-based simulations
with results obtained using the StarCD commercial code with different atomization and break-
up models.

The objective of this work is to investigate the spray structure and fuel mixture formation
(and at a later stage the ignition behavior) in a 1l-Iveco, heavy-duty truck engine geometry
with a bowl-in-piston chamber. The investigation consists of a parametric study and is the
basis for future spray model validation with experimental data. Besides spatial and temporal
resolution studies, we performed model parameter variation studies with the spray break-up
and atomization model. Three parameters of the ETAB break-up model were varied; one in-
fluences the spray-angle of the primary break-up and the two other the secondary break-up
process. Only the secondary break-up parameters were found to significantly influence the
spray behavior, particularly the spray droplet evaporation. For the StarCD code, we performed
a preliminary evaluation of the performance of its break-up and atomization models and com-
pared them with the KIVA results.  Optimal model parameters were selected for future com-
putations, based on the sensitivity of the results at different resolutions. The results obtained
suggest that the necessity to carry out such studies, prior to production runs, persists for all
engines, which have not been previously simulated.
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Abstract
Drops submerged in a continuous medium or hanging from a capillary occur in many industrial processes like

dripping, liquid jet breakup and electrostatic spraying. The mass transfer between the drops and the ambient medium
is often the purpose of the processes, so that it is important to know the characteristic mass transfer number Sh as a
function of the Reynolds and Schmidt numbers of the ambient medium. The famous correlation for evaporating
spherical droplets Sh=2+0.552 Re1/2 Sc1/3 derived by Frössling (1938) is one example for such a function. The
constant value of 2 on the right-hand side of this correlation represents the purely molecular / diffusional transfer
from the spherical drop. However, drops may assume surface shapes which deviate from a sphere. In acoustic
levitation, for example, single drops are positioned in a standing ultrasound wave for investigating their evaporation
behavior. These drops are squeezed by the sound pressure and therefore exhibit a spheroidal shape. In the present
paper we derive the mathematical expressions for the local and global Sherwood numbers of diffusional mass
transfer from free oblate and prolate spheroidal and from pendant hyperboloidal drops. The global results replace the
value of 2 in correlations like the above by Frössling. The results of the derivations furthermore consist in analytical
expressions for the diffusional Sherwood numbers as functions of the aspect ratio of the drops and, in the case of the
pendant drops, of the location of a reference level. The calculations show that the local Sherwood numbers are
largest in zones of largest curvature of the drop surface. Furthermore we find that the product of drop surface and
Sherwood number increases with the aspect ratio of the drops, which manifests an enhancement of evaporation due
to droplet stretching or compression.
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MULTIPHASE MODELING OF DIESEL SPRAYS WITH THE
EULERIAN/EULERIAN APPROACH

E. v. Berg*, A. Alajbegovic*, R. Tatschl*, C. Krüger** and U. Michels**
*AVL List GmbH, Graz, Austria

Phone: ++43-316-787-1902, Fax: ++43-316-777, E-mail: Eberhard.von.Berg@avl.com

**DaimlerChrysler AG, Stuttgart, Germany

Abstract
Fuel sprays in simulations of internal combustion engines are usually modeled based on the Lagrangian treatment

of representative parcels of droplets tracked in the surrounding gas flow field also known as Discrete Droplet Model
(DDM). This method is especially suitable for dilute sprays, but has shortcomings with respect to modeling of dense
sprays. Thus an alternative approach is pursued at AVL based on the Eulerian/Eulerian method treating different
size classes of the spray droplets as separate, interpenetrating phases. Within each computational cell the droplet
phases are characterized by their mean diameter and volume fraction. For each phase mass, momentum and energy
conservation equations are solved as well as corresponding equations for turbulent kinetic energy and turbulent
energy dissipation. The model is part of AVL‘s CFD software package FIRE. It uses face centered differencing
schemes, which allows easy treatment of arbitrary polyhedral cell shapes and arbitrary interfaces between different
regions of the calculation domain. The implemented momentum transfer models take into account drag, turbulent
dispersion as well as lift from Saffman and Magnus forces. Regarding mass transfer between the phases, basic
models for evaporation, secondary breakup and collisions have been implemented. Evaporation mass transfer is
described according to differences of vapor pressure. For secondary breakup a rate approach from the standard
WAVE breakup model is implemented. The collision model takes into account coalescence, bouncing as well as
splashing.  The model has been applied to Diesel injection using simplified but typical conditions.  Effects of inlet
conditions, various drag formulations and mass exchange models have been tested. The model fits into an overall
conception for modeling of engine sprays which is based on the  Eulerian/Eulerian multiphase approach in the near
nozzle region and the application of the Lagrangian DDM in the other parts of the combustion chamber.
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STUDY OF LIQUEFIED PETROLEUM GAS (LPG) SPRAY
MODELING

A.P.F. Yoong and A.P. Watkins
Thermofluids Division

Department of Mechanical, Aerospace & Manufacturing Engineering
UMIST, Manchester M60 1QD, UK

e-mail: paul.watkins@umist.ac.uk

Abstract
Most current LPG vehicles use either carburetted fuel distribution or multi port (MPI) fuel injection systems.

With direct injection, better fuel efficiency could be achieved due to the ability to control the amount and timing of
fuel injection. However with direct injection, knowledge of the fuel spray characteristics becomes essential to ensure
proper air and fuel vapour mixing. The successful implementation of gasoline direct injection, for example, relies on
careful piston geometry design to produce the desired spray characteristics in order to obtain a stratified charge
around the spark plug during lean combustion. The work described here aims to extend spray modelling methods to
LPG fuel in order to predict its evaporating and non-evaporating sprays characteristics.

During direct injection the major difference between LPG and conventional fuels, including gasoline and diesel,
is that under certain possible engine conditions the LPG will flash evaporate. To account for this effect, the heat and
mass transfer equations have been extended. During initial flash evaporation, the Lewis number should be much less
than 1 so that there would be a net heat loss from the liquid drop that would reduce the bulk temperature of the
liquid down to the saturation temperature. As the liquid temperature drops, the Le number should increase until it
essentially settles at unity when the liquid temperature is at the saturation temperature. The temperature of the
droplet surface falls immediately to the saturation temperature at the particular ambient pressure. An approximate
form for the mass diffusivity is used, so that when the droplet temperature is below boiling temperature, the Lewis
number is greater than unity. When the droplet is flash evaporating, the bulk droplet temperature is greater than the
boiling temperature and so the Lewis number is less than one. As the droplet temperature approaches the boiling
temperature, the Lewis number approaches unity.

A set of experimental results on non-evaporating and evaporating LPG sprays are compared with the simulated
results. An axisymmetric non-uniform grid of 60 lines in the axial direction by 30 lines in the radial is used. The
experiments on evaporating sprays were carried out by injecting the liquid fuel into a heated environment. The
injection pressure is kept constant while the trapped pressure is varied. The simulated and experimental penetration
length results for a flash evaporating case are presented in Fig. 1 while those for non-flash evaporating cases are
shown in Fig. 2. The experimental data shows a large reduction in the penetration length in Fig. 1 compared with the
non-flashing cases. This is due to the rapid evaporation of the liquid that reduces the size of the liquid drops and thus
shortens the spray penetration.
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Figure 1. Flash Evaporating LPG Spray Penetrations
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MODELLING OF THE MASS TRANSFER PROCESSES IN THE
CHEMISORPTION OF FLUE GAS COMPONENTS BY SPRAYS

Ch. Weiß*, H. Maier* and K. Bärnthaler**
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Abstract
A numerical model has been developed to simulate the hydraulics and the mass transfer processes in a wet

scrubber of a flue-gas desulfurification plant. In addition to modules for handling of nozzle specific spray input
data, droplet interaction with walls and scrubber internals, the absorption process of sulfur dioxide in the slurry
droplets is modeled. The droplet internal chemistry of the sulfur dioxide / limestone slurry system is taken into
account. In the simulation of a chemisorption process in a spray tower the ability to realistically describe the gas
velocity field and the scalar concentration field of the contaminant is demonstrated. Simulation results are
compared with concentration measurements in a scrubber of a power plant flue-gas cleaning unit.

An Euler-Lagrange approach with momentum two-way coupling for the description of the gas and spray motion
is applied including an empirical  spray/wall interaction model. Additional scalar transport equations for each
gaseous component being absorbed or desorbed are solved together with the gas phase momentum and
continuity equations. The droplet parcels in the flow domain act as local sinks for the scalar transport variables,
which are balanced specifically in each control volume. The mechanism of SO2-absorption at the interface is
mainly liquid-side controlled. Therefore the species transport into the slurry droplets can be described using a
penetration model with an exposure time texp. The chemical absorption in the limestone slurry is taken into
account by enhancement factors and reaction rates for the hydrolysis of CO2 and limestone dissolution. The
description for the reaction equilibria of the ionic reactions following the absorption step includes an activity
coefficient model based on the Pitzer/Debye/Hückel-theory. The equilibrium calculation is formulated as the
solution of a nonlinear optimization problem. The results are stored in a look-up table which is linked with via a
search routine to the CFD-simulation. The computational time-efficient implementation allows to monitor the
development of inhomogeneous concentration fields of the contamination in the absorber cross sections.
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PROBLEMS OF CALCULATION OF TWO-PHASE FLOWS
PRODUCED BY A SPRAY NOZZLE

N.N. Simakov and D.O. Bitev
Yaroslavl State Technical University, Moskovskii prospekt 88, Yaroslavl, 150023 Russia,

phone: (8-085-2) 44-06-79, e-mail: simakov.phys@staff.yastu.yar.ru

Abstract
One way of intensifying of a heat and mass transfer between gas and liquid phases is to increase an interphase

surface by spraying the liquid into the gas by a nozzle.
A calculation of the heat and mass transfer process in such a heterogeneous system is usually based on one of

the hydrodynamic models of a two-phase flow - the model of mutually penetrating continuous media or the model
of a turbulent gas jet, carrying admixture of another dispersed phase. Such a model has to be closed by adding the
equations, describing the interphase heat and mass transfer.

To choose the best model an experimental investigation of the two-phase flow produced by a spray nozzle was
recently carried out at YSTU. Water was sprayed by a mechanical nozzle with a diameter 2 mm at the pressure 3,
5 or 9 atmospheres. Droplet dimensions, droplet flux velocity and density, gas pressure and velocity in different
points of the flow were measured.

The experiment shows that neither one of the described models takes into account all the details of the two-
phase flow under consideration. In particular

1)  The stream is very turbulent, so that droplet speed dispersion is up to 25 % of its average value. The flow
becomes self-similar (as in a turbulent gas jet) at some distance from the nozzle (approximately 300 mm). These
two aspects of the flow are not taken into account by the first model.

2)  Mass fluxes for the liquid and gas phases are comparable in the self-similar zone. Their speeds are
considerably different and at the droplet-flow boundary this difference is up to several times. Near the nozzle
there is a noticeable decrease in the gas pressure (up to 10 Pa). These three aspects of the phenomenon are not
taken into account by the second model.

3)  Moreover a qualitative behavior and a magnitude of the interphase interaction force are different from the
well-accepted ones. It is found that there is a crisis of a gas resistance to droplet motion which arises at Reynolds
numbers Re∼102, much smaller than the usually cited Re∼105. It is also found that the droplet resistance
coefficient scales as C∼Re-2.

All this leads us to a conclusion that some combination of the two described models should be used for the
hydrodynamics modeling of the considered two-phase flow. A mathematical model can be based on equations of
classical hydrodynamics – continuity and momentum equations for each phase. Gas momentum equation should
not only account for the described peculiarities in a behavior of the interphase interaction forces but also take into
consideration a presence of the pressure gradient and turbulent friction inside this phase. The latter can be
accounted for in the same way as it is done in the Prandtl model for a turbulent jet.
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NUMERICAL SIMULATION OF FLOW
IN PNEUMATIC EXTENSION NOZZLES

F.-O. Albina and M. Perić
Fluid Dynamics and Ship Theory Section, Technical University of Hamburg-Harburg,

Lämmersieth 90, 22305 Hamburg, Germany

Abstract
Monosized droplets can be produced with pneumatic extension nozzles in which an air flow stretches a

capillary jet. The resulting jet diameter is much smaller then the diameter of the capillary tube used and smaller
droplets are obtained after Rayleigh breakup. This paper presents results of simulations of the two-phase flow in
such nozzles for a given pressure drop of 90 Pa. Special attention is paid to the unsteady air flow which arises
from detached vortices and its influence on the breakup process.
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SIMULATION OF UNSTEADY CAVITATING FLOWS IN DIESEL
INJECTOR WITH AN IMPROVED VOF METHOD

R. Marcer and J.M. LeGouez
PRINCIPIA  R.D., Zone portuaire de Brégaillon 83507 La Seyne/Mer, France

Abstract
Progress in Diesel spray modelling highly depends on a better knowledge of the instantaneous injection velocity

and the hydraulic section at the exit of each injection hole.
Additionally a better identification of the mechanisms which cause fragmentation at high injection pressure is
needed. This necessitates to precisely compute the multiphase flow which arises within the injectors due to the
presence of cavitation.
For that aim, in the context of a GSM (Groupement Scientifique Moteurs) project which involves RENAULT, PSA
and IFP, PRINCIPIA has been working on the development of a multiphase Navier-Stokes model (code EOLE)
using an improved VOF type interface tracking method able to calculate the liquid-vapour interface evolution,
tacking into account the mass transfer process at the interface cavity.
The model allows to describe numerically the onset and development of cavitation within Diesel injectors, as well as
the spray break-up at the nozzle exit induced by the cavitation.
Numerous validations on measurements have been already carried out on parameters such as discharge coefficient,
injection velocity, visualisations of the cavitation shape, emission frequency of vapour cavities originating from the
break-up of the cavitation films,….
The reliability of the code allows us to use it for industrial applications.
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Abstract
The Direct Numerical Simulation (DNS) of liquid jets exhausting into a gaseous atmosphere is a useful tool for

investigating the mechanisms leading to disintegration. However the imposition of physically realistic inflow
conditions for spatially developing Direct Numerical Simulations is still an unsolved problem . Considering that this
issue is closely connected to the influence of the turbulence inside the nozzle on primary jet breakup, we use in the
present paper an inflow generator, which reproduces the turbulence spectra as well as first and second order
statistics e.g. from a given experiment, to investigate these aspects. It was found that the fluctuation level and the
energy spectra as well as the mean velocity profile have an important influence on the modulation of the jet
interface. Increasing the initial fluctuation level or increasing the length and time scales imposed at the inflow leads
to a stronger excitation of the jet interface while the optimum wavelength  remained constant. Comparing two
simulations with a top hat and a channel flow mean velocity profile, the excitation in the channel case was stronger
and the optimum wavelength the half of the top hat case. The minimum wavenumber in all simulations was
approximately one nozzle diameter and always the antisymmetric mode was preferred.
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ROLES PLAYED BY THE INTERFACIAL SHEAR IN THE
INSTABILITY MECHANISM OF A VISCOUS LIQUID

JET SURROUNDED BY A VISCOUS GAS
IN A PIPE

S.P. Lin
Department of Mechanical and Aeronautical Engineering

Clarkson University, Potsdam, NY 13699-5725, USA

Abstract
The role of interfacial shear on the onset of instability of a cylindrical viscous liquid jet in a viscous gas

surrounded by a coaxial circular pipe is elucidated by use of an energy budget associated with the disturbance.  It is
shown that the shear force at the liquid-gas interface retards the Rayleigh mode instability which leads to the
breakup of the liquid jet into drops of diameter comparable to the jet diameter, due to capillary force.  On the other
hand the interfacial shear and pressure work in concert to cause the Taylor mode instability which leads the jet to
breakup into droplets of diameter much smaller than the jet diameter.  While the interfacial pressure plays a slightly
more important role than the interfacial shear in amplifying the longer wave spectrum in the Taylor mode, the shear
stress plays the main role of amplifying the disturbances of shorter wavelength.
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LAGRANGIAN – EULERIAN COUPLING  SOURCE TERMS

F. Pit* and J.C. Champoussin**
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Abstract
In a lot of engineering applications of sprays (fuel injection in engine as well as agricultural sprays), the

continuous phase is gaseous and the dispersed one is liquid. The Eulerian - lagrangian approach is often used to
describe such turbulent, two-phase flows (reacting or not). The major difficulty of the classical formulation concerns
the link between the two phases. In particular, coupling sources terms (CST ) appear in the governing eulerian
equations which describing the gaseous phase.
If the dispersed phase moves in a turbulent flow, the mean CST are written with Reynolds average. If the dispersed
phase evolves in a turbulent reacting flow, the mean CST are written with Favre average.
Then, the flow’s characteristics can be divided in two kinds: the basic variables (mass, momentum, enthalpy,
species) and the others (the turbulent kinetic energy, its dissipation, the specie variance, the correlation between two
unlike quantities). The CST of the first category are well know (DESJONQUERES (1987)) and the second only
identified in the case of Reynolds average.
The formal analysis developed here, provides an exhaustive and comprehensive inventory of these CST, written from
the general form with Favre average to the particular form with Reynolds average.
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Abstract
In this paper, we investigate the transient nature of the atomization process of a diesel jet at the very beginning of

the injection cycle and in the near vicinity of the injector nozzle. Using a Volume Of Fluid code with Piecewise
Linear Interface Construction, two-dimensional and three-dimensional Direct Numerical Simulations are performed
to study the mechanisms of the atomization of a high speed liquid jet and to acquire data (very difficult to obtain
experimentally) such as atomization length, liquid core shapes, drop size distributions, spray angle and velocity
profiles. Our simulations show that both liquid turbulence upstream of the nozzle and aerodynamic shear stresses
control the primary atomization rate (hence the liquid core length) and the initial spray angle through the
development of Kelvin-Helmholtz instabilities at the liquid-gas interface.
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APPLICABILITY OF DIFFERENT FLUORESCENT DYES FOR
2D TEMPERATURE MEASUREMENTS IN DENSE SPRAYS

USING PLANAR LASER INDUCED FLUORESCENCE
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Abstract
Non-intrusive, laser-based measurements of spatially and temporally resolved temperature fields in liquid

sprays and micro droplets provide valuable information for numerous technical and modelling applications
including fuel injection, spray cooling and spray drying. Furthermore, the temperature is considered to be among
the governing variables for numerical simulations of the mixture preparation and the combustion process.

In this work we examine the feasibility of temperature dependent planar laser induced fluorescence (PLIF) of
different tracer molecules for temperature field measurements in isooctane and ethanol sprays.  In this survey we
examined three different measurement techniques: The first technique utilizes the temperature dependent
spectral shift of the fluorescence emissions of some special tracer molecules.  The second technique is based on a
temperature dependent intensity variation of the tracer fluorescence, whereas the third technique benefits from
particular spectral properties of exciplexes formed in the liquid. All tracer molecules are first investigated in a
bulk solution in order to calibrate the temperature dependent variations in the fluorescence emissions. Since it is
known that in some cases laser induced emissions in small droplets can show distinct variations from bulk
behaviour caused by morphology dependent resonances (MDR´s), the fluorescence emissions of the tracer
molecules in single micro droplets are imaged and compared to the bulk spectra. Only if an acceptable
consistency could be achieved the corresponding thermometry technique was applied to determine 2D
temperature distributions in sprays. The results exhibit a great potential for the two-tracer and the exciplex
thermometry to measure liquid phase temperatures in dense sprays.
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Abstract 
For an optimization of mixture preparation in spark ignition (SI) engines, which is especially important during 

cold start and warm up, detailed knowledge of the two phase flow in the intake manifold is of particular importance. 
One of the most crucial effects with respect to mixture formation is the spray propagation from the injector together 
with the interaction of the spray with the surrounding air flow. Therefore, these topics were investigated thoroughly 
in the present study comparing two different injector concepts. One is a production multipoint injector (MPI) and the 
other is a "flash boiling" injector (FBI), that preheats the fuel to achieve smaller droplets and an enhancement in 
vaporization due to the increase of the vapor pressure. Preliminary motor tests have shown that the "flash boiling" 
effect in the spray formation during cold start conditions leads to lower raw emissions. 

In order to understand the basic effects of atomization, data with very high temporal and spatial resolution was 
taken applying a highspeed CCD-camera equipped with a long distance microscope. With this setup the primary 
atomization process and the initial spray formation could be visualized successfully. Additionally the fuel droplet 
propagation and the induced air flow were analyzed using Stereoscopic Particle Image Velocimetry (SPIV). By 
means of several cross sectional planes with three dimensional velocity distributions a complete model of the spray 
can be assembled. The main goal of the present study was to improve the basic understanding of the spatial 
distribution of the two different injectors and particularly to improve the knowledge about the potential of the "flash 
boiling" effect to reduce engine emissions during cold start. Additionally detailed data could be provided to support 
and validate numerical prediction techniques. 
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**Laser Laboratorium Goettingen, Hans-Adolf-Krebs-Weg 1, D-37077 Goettingen,
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***RWTH Aachen, LTFD, Schinkelstraße 8, D-52062 Aachen, Germany

Abstract
Spray imaging systems based on Mie-scattering and Laser Induced Fluorescence (LIF) techniques are

presented. With these systems multi-parameter measurements from light sheets are possible with high spatial
and temporal resolution. The combination of different techniques allows a comprehensive characterization of
the spray process. Some of the following spray parameters can be measured simultaneously: spray
patternation, liquid mass distribution, planar droplet size (D32) imaging, phase separation, flow fields, mass
flux,  high speed imaging and high speed Particle Image Velocimetry (PIV).
Scanning the light sheet allows global spray characterization.
Spray imaging techniques are powerful diagnostic tools for the development of smarter spray systems as well
as for quality assurance applications. Spray imaging results are presented investigating fuel sprays,
pharmaceutical and paint sprays, respectively.



ILASS-Europe 2001

A NEW TECHNIQUE FOR MULTI - PHASE SPRAY
ANALYSIS AT HIGH LOADS

F. Landwehr, H. Wiggers and P. Walzel
Universität Dortmund

Mechanische Verfahrenstechnik / Chemietechnik
Emil - Figge - Str. 68

44227 Dortmund, Germany
Tel.: (049) - (0)231 - 755 - 5954
e-Mail : mv@ct.uni-dortmund.de

Abstract
The measuaring of the local density distribution in liquid / gas multiphase flows at low liquid loads can be

mesuared by several well known techniques. But, e.g. at high fluid loads PDA measurements are problematic
because of multiple refraction  of the focused LASER light. Under this conditions it is not possible to measure
with any kind of transmission technique. On the other hand tomography techniques are often not able to resolve
such multi - phase flows in time and space sufficiently.
Our goal is the development of a new measuring technique which is able to resolve droplets and filaments in
high loaded multi - phase flow e.g. near nozzle outlets. The developed sensor is built of an optical single - mode
fibre with a diameter of dfibre=3,7µm. This fibre is used for transmitting and receiving the LASER light
simultaneously. During a measurement the optical sensor is placed directly with parallel orientation into the
multiphase flow or jet. If  a drop impinge on the sensor a part of the outcoupled LASER light is reincoupled. The
received LASER light shows an intensity modulation because of the multi reflection of the outcoupled light at
the inner surface. By means of a frequency analysis of the intensity modulated reflected LASER light it is
possible to calculate drop- and jet- diameters.

Zurich 2-6 September 2001
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PDA ANALYSIS OF A POLY-DISPERSE GDI FUEL SPRAY
WITH DROPSIZE CLASS DISCRIMINATION

G. Wigley* and G. Pitcher**

*Aeronautical and Automotive Engineering, Loughborough University, Leicestershire, UK
**Powertrain Research, Lotus Engineering Ltd, Hethel, Norwich, UK

Abstract
This work describes the application of a dropsize class discrimination filter to a PDA data set obtain for a GDI

spray. The PDA data set consisted of the droplets’ axial and radial velocity components, diameter and time history.
The spatial measurement scan extended from 5 mm to 50 mm downstream from the nozzle in 5 mm increments and
radially out into the spray periphery. A maximum of 50,000 data samples were collected at each point unless, on the
spray periphery, the data acquisition time would have exceeded 1000 injections.

The initial data analysis considered the time averaged axial and radial velocity profiles and velocity-size
correlations as the dropsize class filter was varied from 0 to 5, 5 to 10 microns then up to 40 to 50 microns in filter
widths of 10 microns diameter. This particular GDI spray was then considered to be composed of two different
dropsize classes, 0 to 10 and 10 to 20 to microns diameter, during the fully developed phase for the spray cone.

Further analyses considered the independent behaviour of these two dropsize class distributions to resolve the
detailed dynamics of the spray. For the smaller dropsize class both the axial velocity and sample distribution profiles
exhibited maxima on the spray axis. Below the fully developed cone a second droplet population peak in the sample
distribution indicated the development of the entrainment and recirculation on the periphery of the spray. For the
larger dropsize class the analysis highlighted the hollow cone nature of the spray but the vector flow field map
indicated that below the fully developed spray cone this dropsize class moved axially downstream.
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INVESTIGATION OF IMPINGING DIESEL SPRAY
APPLYING OPTICAL METHODS OF MEASUREMENTS
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**Chair of Fluid Mechanics and Aerodynamics, Technical University of

Darmstadt
Petersenstrasse 30, 64287 Darmstadt, Germany

Abstract
In this work diesel spray impingement has been studied experimentally. Images of the phenomena

were obtained using a CCD camera. The clouds of the secondary particles produced by the impact onto
a target were observed. It was shown that already at the initial stage of the impact a liquid film is
created on the wall surface. The thickness of this film is much larger then the drop average diameter. A
new mode of producing secondary droplets was recognized, which is usually not taken into account in
the modeling of the spray impact: interactions of impacting drops with the chaotically oscillating film
produce liquid finger-like jets which then break up onto secondary droplets. Moreover, the destruction
of the free film ejected from the target was observed. Next, the distributions of the drops before and
after impact were measured with the help of the phase Doppler technique. The influence of the
impingement angle, the ambient pressure and the injection pressure on the impact is investigated.
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Abstract
The detailed understanding of automotive fuel sprays has been recognized as an important step for increased

combustion efficiency and reduction of pollutant emissions in internal combustion engines. Knowledge of the region near
the spray nozzle is vital to understanding the spray process, as characteristics in this region determine the degree of
atomization achieved further downstream. Despite significant advances in measurement systems over the last 20 years,
the near-nozzle region has remained uncharacterized in experiments designed to acquire quantitative information. In the
near-nozzle region, multiple scattering from the large number of droplets not only limits the penetration of visible light to
the spray core but also makes a realistic interpretation of the scattering data difficult. Therefore, quantitative evaluation of
spray in this region is not feasible with most of the techniques utilizing visible light as a probe.  In the present work, a
time-resolved radiographic technique has been developed for probing the fuel distribution and dynamics close to the
nozzle of a fuel injector. The measurements were made using radiography of monochromatic synchrotron-generated
radiation at the Advanced Photon Source and at Cornell High Energy Synchrotron Source, allowing quantitative
determination of the fuel distribution in this optically impenetrable region with a time resolution of better than 1 µs. The
measurement can be performed while varying several parameters, including injection pressure, injection duration, and
ambient gas compositions. Thus far, we have made a number of discoveries including identifying a liquid/gas mixture
core in high-pressure diesel spray plumes and high-pressure fuel sprays being supersonic under nominal engine
conditions.  With the advent of a new, fast x-ray 2-D pixel array detector (PAD), more detailed dynamical information on
the high-pressure sprays has been investigated with unprecedented detail.  In addition, direct radiographic images of
shock waves produced by the supersonic fuel sprays have been observed.  These quantitative measurements constitute the
most detailed near-nozzle study of a fuel spray to date.

* This work and the use of the Advanced Photon Source are supported by the U.S. Department of Energy, under
contract W-31-109-Eng-38. Cornell High Energy Synchrotron Source is supported by the US National Science
Foundation agreement DMR-9713424.
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Abstract
Generalized Scattering Imaging out-of-focus technique was extended to absorbing droplets. Droplets' diameters

were inferred from the spacing between intensity oscillations in out of focus images in case of very absorbing fluids.
The detection of fringes is related to the droplet opacity and the technique works fine for droplets' absorption as high
as kD=0.4. In addition, information on droplet absorption was also inferred by measuring the visibility of fringes.
The technique was experimentally tested on calibrated droplets of known absorption in isothermal and evaporating
regimes.
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Abstract
The evaporation of one-component mono-disperse microdroplets with a size of approximately 90 microns was

investigated. The droplets were embedded in the air flow of a windtunnel. The velocity magnitude of the laminar
air flow was adjustable within the range of 0-10 m/s. For the generation of the mono-disperse microdroplets an
appropriate aerosol generator was built. Besides its narrow droplet size distribution a small and aerodynamic
shape of the generator was requested in order to assure that the air flow is not strongly disturbed. To improve the
long time stability of the flow the windtunnel was additionally equipped with a control loop. The source of
microdroplets was characterized and evaporation measurements were performed. The evaporation rate of
different liquids as well as the dependence of the evaporation rate on the surrounding air flow were investigated
with this set-up.
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Abstract
Progress in Global Rainbow Thermometry (GRT) is reported. GRT aims at measuring the mean size and temperature

of spray droplets. In the paper, a flat fan water spray is studied, at two different pressures, 3 bar and 1.5 bar, and at three
different vertical positions, 20 cm, 30 cm and 40 cm from the nozzle exit. Axial and radial droplet size and temperature
profiles have been measured for these conditions. The mean droplet diameter obtained from the rainbow pattern has
been compared with the one measured by phase-Doppler Anemometry. The droplet temperature has to equal the
ambient one, as evaporation can be neglected. An improvement of the set-up is the presence of a spatial filter, selecting
a well-defined probe volume in the spray, thus allowing measurement of local mean quantities.

Numerical simulations have been performed using the droplet size distribution coming from PDA, to obtain a
simulated global rainbow. Droplet diameters obtained from this rainbow were larger than the experimental ones from
GRT. An explanation could be the presence of non-spherical droplets, which do contribute to the PDA droplet size
distribution but not to the global rainbow pattern. However, GRT seems to be able to indicate a so-called non-sphericity
factor, which is the ratio of non-spherical to spherical droplets, present in the probe volume. The non-sphericity factor
increases significantly for the lower pressure, far away from the spray nozzle. Considering this factor, new simulations
are performed using a corrected droplet-size distribution from PDA, i.e. without an amount of larger droplets related to
the non-sphericity factor. Following this procedure, the difference between the experimental results from Global
Rainbow Thermometry and the numerical results is considerably decreased.

From the GRT results, droplet size has been found to increase along the radial position towards the spray envelope
border. Looking to the influence of the injection pressure, the mean diameter decreases if the injection pressure
increases. This is in agreement with the results obtained by PDA. The accuracy for the droplet size measurements by
GRT is estimated to be ±10%. Data processing analysis has shown an accuracy of GRT in terms of temperature
measurements of ±5 °C, the latter being independent of the droplet size distribution.

Experimental set-up for Global Rainbow Thermometry. Droplet diameter, obtained from Global Rainbow
Thermometry, “exp(GRT)”, for different axial positions.
“Sim_all” and “Sim_sph” are the diameters obtained from
simulations using the entire and corrected droplet size
distributions from PDA, respectively, applying the non-
sphericity factor from GRT.
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Abstract
In the present work, the convective vaporization of freely moving droplets consisting of pure liquids as well as

of a real fuel was investigated experimentally and numerically.
Monodisperse droplets were injected laterally into a circular free jet of heated air at atmospheric pressure.

Droplet diameter, velocity, and trajectory were measured with a phase Doppler anemometer (PDA). The initial
conditions of the droplet and the boundary conditions of the airflow could be determined accurately.

Measurements were performed with droplets of n-octane, n-tetradecane, and a light heating oil, each liquid with
two initial droplet diameters (about 45 µm and 62 µm) and in airflows with two air temperatures (about 300 °C and
500 °C). The initial droplet Reynolds numbers were about 10 and the mass transfer numbers were up to 3 (Stefan
flow is not negligible). The database is available under http://www.ltnt.ethz.ch/combustion/droplet/droplet.html.

For the pure droplets, good agreement with the measurements was achieved using the uniform temperature
model for the droplet, the film model with variable film thickness (Abramzon and Sirignano), the 1/3-rule for
calculating the properties of the air-vapour mixture, and a Nu- and Sh-correlation considering the important
behaviour as the droplet Reynolds number tends toward zero (Clift et al.).

For the vaporization of petroleum droplets, a new model was developed. The experimentally verified one-
component model described above is incorporated in the multicomponent vaporization model. The light heating oil
is described as a mixture of Single Carbon Number (SCN) groups (Riazi et al.). The initial composition of this SCN-
mixture is determined from the measured distillation curve of the petroleum. The new model describes the droplet
vaporization as the vaporization of a petroleum fraction consisting of only some of the SCN groups. The agreement
with the experimental data is good. Calculation time is only about 30 % higher than for pure droplets.
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Abstract
The main purpose of our work was to investigate the LOx jet structure in a high pressure LOx/GH2

combustor. This work takes place within a national French research program on combustion in rocket engine.
Experiments were performed on the MASCOTTE high pressure cryogenic combustor at ONERA.

Spontaneous Raman scattering of O2 is used to map the instantaneous structure of the LOx jet. The specific
experimental set-up adapted to measurement under reacting condition and high pressure is presented. The
particular issues were to avoid the induction of non-linear radiative effects (optical breakdown, stimulated
Raman scattering) that can occur as high energy pulsed laser are used, and to eliminated the flame self emission.

With this experimental set-up well-contrasted images have been obtained but the particular conditions of
the cryogenic combustor (high pressure and high temperature) have caused some difficulties for optical
diagnostics. Especially the paper is devoted to the deflection experienced by the incident laser through strong
density gradients encountered closed to or within the LOx jet. This light deflection is observed under
supercritical condition as well as subcritical regimes. To complete these observations, experiments have been
performed with substitute fluids (water and air) under atmospheric pressure. These tests in corrugated liquid jets
show that fluorescence or Raman emission can be detected from regions that should not be reached by a laser
excitation propagating in a homogeneous medium.
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INTERNAL FLUID FLOW AND SPRAY VISUALIZATION FOR A
LARGE SCALE VALVE COVERED ORIFICE (VCO) INJECTOR
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Abstract
This paper describes an experimental investigation of the internal and external fluid flow characteristics of

simplified diesel VCO injector nozzles. The investigation was performed using a large-scale model to allow
observation of the fluid flow within the nozzle hole. Nozzles with four different entry conditions were investigated,
these were: plain (or square edge), counterbore, rounded inlet and bevelled inlets of different angles. For each case
the transient fluid flow was investigated using a high-speed motion imaging system. The images obtained of the
internal nozzle flow and emerging jet show that for the plain, counterbore and 120o bevel angled nozzles, cavitation
occurs once a critical pressure has been reached. As the injection period progresses the cavitation zone oscillates and
then moves towards the nozzle exit, at which position it becomes stationary. When this occurs the situation is
referred to as ‘supercavitation’. This results in the best atomization observed in these experiments. As the injection
period progresses further, either total hydraulic flip or imperfect hydraulic flip occurs. For the particular case of the
counterbore nozzle with a length to diameter ratio of 10, total hydraulic flip does not occur, instead supercavitation
continues until the end of the injection period. This design is thus particularly suitable for maintaining good
atomization. Nozzles with less abrupt inlets tend to generate thin layers of cavitation near the wall, with imperfect
hydraulic flip. These nozzles are particularly susceptible to the formation of an axial vortex, which provides a
hollow cone spray. Data are presented on the limiting flow parameters for different flow regimes and the dynamics
of the movements of the cavitation zones.
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Abstract
Throttle flow phenomena are documented for conditions before and after the start of cavitation. The throttle

flow properties are described in the conventional way with data for mass flow versus pressure drop. Such
hydraulic characterisation is in widespread use to assess flow properties of high pressure fluid systems. As
cavitation areas start to restrict parts of the throttle channel, there is considerable modification of the flow
characteristics. The paper reports on the detailed optical study of the flow and cavitation phenomena in a
transparent, quasi 2-dimensional throttle. The transition from liquid, into liquid – vapor flow, and the interaction
of the liquid flow regimes with cavitation gas regimes are documented. Measurements of the vapor field
distribution, of the pressure field in the liquid and of velocity profiles provide a precise and comprehensive
documentation of the flow phenomena involved in cavitating flow situations.
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Abstract
The purpose of this study is clarification
of the disintegration process of the liquid
jet at super-high injection pressure
(Pi=200 MPa, 2000 bar).  Effects of
geometric shapes of nozzles on the spray
characteristics at super-high injection
pressure were investigated.  Two kinds of
injection nozzle; sharp edge nozzle
(Nozzle-S) and round nozzle (Nozzle-R)
with nozzle hole diameter D=0.3 mm
similar to a diesel nozzle, were used.  The
inlet pipe diameters D0 were varied from
0.5 mm to 6.0 mm.  The hole length-to-
diameter ratio L/D were used 4 and 20.
Figure 1 shows the effects of the inlet
pipe diameter D0 on disintegration
behavior of the liquid jets.  As shown in
Fig.1 (a), when the injection pressure Pi
is relatively small of 20 MPa (200 bar),
the spread of the spray is wide at D0=0.5
mm.  The spread of the sprays becomes
narrow with an increase in D0.  On the
other hands, when the injection pressure
Pi is extremely large of 200 MPa (2000
bar), the sprays atomize considerably, the
disintegration behaviors of the sprays are
the almost same, independent of D0.
From these results, it was clarified that
when the injection pressure Pi is
relatively small of 20 MPa (200 bar), the
disintegration behavior of the spray is
considerably influenced by D0. To the
contrary, when the injection pressure Pi is
extremely large of 200 MPa (2000 bar),
atomization of the liquid jet is
independent of D0.

FIGURE 1. Effects of the inlet pipe diameter D0
           on disintegration behavior of the liquid jets.

(b) Pi=200 MPa (2000 bar)

(a) Pi=20 MPa (200 bar)
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Abstract
Recent developments in Gasoline Direct Injection, or Direct Injected, Spark-Ignited engine, deal with

atomisation mechanism knowledge. This technology uses injector which provides a hollow cone liquid sheet due
to a swirler inside the nozzle.

Thus, experimental investigations as well as Computational Fluid Dynamics calculations are presented here to
improve understandings of the second wind-induced atomisation process. Effects of liquid properties and
ambient pressure are depicted for the same flow rate. We use phase Doppler measurement technique to obtain
diameter and velocity droplets in the hollow cone jet. Dimensionless numbers, such as Reynolds and Weber
numbers, are expressed by the help of experimental data. Then, we compare their values to understand the role of
each parameter. We observe that the stream-wise velocity decreases while the mean droplet diameter increases.
We guess that secondary atomisation is less important in case of weak aerodynamic forces and coalescence
phenomenon.
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Abstract
Measurements of the nozzle flow in real size sac hole nozzles are compared with numerical results in order to get

a better understanding of the flow structure and particularly of the distribution of  cavitation and liquid at the nozzle
orifice. A common rail injection system with pressures ranging from 65 MPa to 120 MPa was used. The back
pressure was fixed to 0,1 MPa. A high resolution and high speed CCD-camera equipped with a long-distance
microscope was utilized to investigate the flow inside and outside the nozzle. The measurement technique was
shadowgraphy, the liquid injected was diesel fuel. Standard diesel injection nozzles were equipped with single hole
transparent acrylic nozzle test caps to visualize the cavitating flow in the injection holes.  One nozzle with a central
hole and three other ones with non-axissymmetric geometries were used. In the last three cases the angle between
the needle axis and the injection hole axis was fixed while the position of the holes relative to the bottom of the sac
hole was changed. This results in a different curvature of the streamlines at the inlet of the injection hole and
strongly influences the location of cavitation which again can lead to asymmetric spray cones near the orifice.

For the numerical calculations a code based on the continuum model was used, which was developed at the
University of Wisconsin. The numerical model treats liquid and vapour as a fully compressible continuum.

The comparison of the flow structure inside the injection holes and the spray angle near the nozzle shows that the
distribution of cavitation and liquid regions at the hole exit has a strong influence on primary break-up. New models
of cavitation-induced primary break-up have to take this into account by modelling cavitation and fluid regions in
the dense spray as two interacting zones.
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Abstract
The distributions of the SMD and behaviors of 2% NH4H2PO4 water solution and the tap water spray discharged

from a fan-spray twin fluid type nozzle are measured and observed. The spray characteristics, according to the
variation in the applied voltages, are demonstrated using the PMAS (Particle Motion Analysis System), the CCD
camera and PDPA (Phase Doppler Particle Analyzer) respectively. The preliminary experiments are executed to
select an optimum condition for solidifying a galvanized coating layer in the uncharged condition before carrying
out the main experiments. The liquid and air pressure of 0.07 MPa and 0.15 MPa can be considered the optimum
conditions to use in the main experiment. As the applied voltage increases, the frequent range of relatively large
droplets diminishes. Thus, the distributions of drop diameter are more uniform than they are in the uncharged
condition. The axial velocity mean velocity decreases with the increasing applied voltage and the decreasing the size
of mesh. This is explained by recognizing that repulsive forces among droplets with the charges of the same sign
cause them to be uniform.
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Abstract
Innogy plc is developing a reciprocating piston compressor, into which water is injected in order to cool the

air and make the compression as near to isothermal as possible.  Computational fluid dynamics (CFD) is being
used to predict the droplet dynamics and heat transfer within the very dense water spray. Since the CFD model
is not able to simulate the primary atomisation process, it requires information concerning the initial spray
angle, droplet sizes and velocities injected by the two types of nozzle over the pressure range of the compressor.
To obtain the necessary input information, an experimental investigation of individual hollow cone and flat fan
nozzles in the pressure range of 1 to 14 bars was undertaken at Cranfield University using a chamber fitted with
optical windows to enable laser access. CFD models of individual nozzles were run at Innogy using the Star-CD
code provided by Computational Dynamics Ltd.  The results, both experimental and predicted, suggest that the
initial atomisation process of the hollow cone nozzle is strongly influenced by the ambient air pressure, but that
the initial atomisation process of the fan spray is less sensitive to ambient pressure, up to 14 bar.  The
downstream development of the spray is dependent on ambient air pressure in both cases.
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Abstract
In this work the influence of the inner flow conditions of flat pressure atomizers on the disintegration of the

resulting liquid films were studied. High resolution LDV measurements provided information in the nozzle about
the velocity profile and the turbulence level in the mean flow direction. Three nozzle types were used, all having the
same Re and We number at a fixed operating condition. Through structural differences, disturbances were
introduced into the flow. The resulting effects on the disintegration phenomena of the free film could then be related
to the respective turbulence levels. For the nozzle with no disturbances, the channel flow was found to be laminar or
only just turbulent. The liquid film instability was comparable to that predicted by linear analysis, characterized by
the gradual growth of surface waves driven by aerodynamic forces. For the nozzle that produced higher turbulence
levels in the boundary layer of the channel flow, the free film showed the same behavior as the undisturbed one, as
long the Re number stayed below a value of about 3000. Above this value the turbulence level in the outer flow
region increased strongly and the free film roughened in an irregular manner immediately after the nozzle exit.
Qualitatively, these waves did not grow spatially and the film did not disintegrate over its entire length. For the
nozzle with the highest turbulence level, the free film roughened even for the lowest Re numbers. These instabilities
still did not cause the film to disintegrate. Only for very high Re numbers of about 5000, ligaments started to detach
from the liquid bulk. These phenomena were related to first signs of cavitation in the nozzle. At intermediate
disturbance levels,  the turbulence clearly exhibited a stabilizing effect on the free liquid film.
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Abstract
The main objective of the present study is the optimization of the water mist efficiency for turbulent premixed

methane/air flame extinction. An experimental set-up has been developed for this purpose. In particular, an air blast
atomizer to produce and control the water mist was inserted into an opposed jet burner system. Phase Doppler
Anemometry is used for the characterization of the water mist. Typical water mist mean droplet diameters D10 are in
this study around 4 µm. The flame extinction limits were determined with and without the addition of the water
mist. Different parameters related to the flame and to the water mist are varied ; the equivalence ratio, the mean
strain rate applied to the flame, the water flow rate and the application time of the water mist. A new parameter
defining the water mist extinction efficiency was introduced and used in the interpretation of the results. It has been
found that the efficiency of the water mist depends strongly on these parameters. Rich flames are more difficult to
extinguish than leaner ones. Furthermore, the extinction efficiency of water mist increases with the increase of the
water flow rate. However, this effect reaches a plateau and further increases do not affect flame extinction, possibly
due to the reduction of water droplet vaporization rates by water vapor saturation. The influence of water mist
application time as a function of the injected water flow rate is also studied. There exists a critical value of water
flow rate below which the extinction is impossible ; in addition, there exists an optimum water flow rate where
extinction is obtained with a minimum application time corresponding to a minimum amount of water.
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WAVES ON THE AIR CORE/LIQUID INTERFACE OF A
PRESSURE SWIRL ATOMIZER
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Dept. Mechanical Engineering,  UMIST
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Abstract
Previous work at UMIST had involved the measurement of the internal flow field in a pressure swirl

atomizer using LDA, this work was presented at an earlier conference Cooper, Chinn and Yule [1].
At the same time high speed video was also utilised to analyse ‘waves’ that appeared to be present on

the air core/liquid interface and which also seemed to propagate via the outlet orifice to the spray cone
itself.

At low flow rates, with a two inlet port atomizer, the air core appears as a double helix with the helix
angle becoming shallower as the flow rate increases.  At specific location the air core diameter fluctuates
between a minimum and maximum diameter with a frequency depending on the flow rate but typically at
0.428 l/s the period is 0.038 seconds (13Hz).   These fluctuations also appear in the outlet orifice as a
thinning of the liquid film so that, at times, the liquid film breaks down entirely.    The fluctuations are also
propagated through to the spray cone where they take on the appearance of waves on the surface of the
liquid cone before it breaks down into droplets. It is hypothesised that the thickness of the spray cone itself
is varying due to the action of the liquid film breakdown in the exit orifice that, in turn, promotes breakup
of the liquid sheet into droplets.

Measurements were also taken with a laser beam being deflected by the fluctuations on the air core so as
to fall upon a photodetector, the output of which was analysed by means of a FFT routine to produce a
frequency spectra.

The spectra showed a significant peak at a frequency that was almost the same as that detected by the
HS video.  To check this a sample of the tangential LDA data was also subjected to a FFT routine which
gave an output comparable with the frequency information obtained from the HS video.

Reference
[1]   D.Cooper, J.J.Chinn and A.J.Yule, Experimental Measurements and Computer Predictions of the
Internal Flow in a Pressure Swirl Atomizer,   15th ILASS-Europe Conference,  5th – 7th July 1999,
Toulouse, France.
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Fig 1              Two video frames of air core     0.038 sec interval
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RESEARCH AND DEVELOPMENT OF SWIRL ATOMIZER
SPRAY ANGLE CONTROL METHODS

V. Bazarov*, N. Hinckel**, G. Guerin***
*Moscow State Aviation Institute (MAI)

Address: 4, Volokolamskoye Shosse Moscow 125871, Russia
**Brazilian Institute for Space Science (INPE)

1758, Av. dos Astronautas, Sao Jose dos Campos SP, CEP 12201-970, Brazil
*** 16 rue de la Gate 35350 Saint - Meloir des Onders, France

Abstract
Ability of spray angle control in swirl atomizers is of immense significance in different areas of atomization

technology - from carry of a spray and its moistening area, formation of combustion zone in gas turbine engines
till providing of oxidizer and fuel spray cones intersection in liquid-propellant rocket engines. Classical theory of
swirl atomizer unambiguously ties spray angle to so called "geometrical characteristics" of swirl atomizer, which
strongly limits spray angle value.

The Paper describes new methods of swirl atomizer spray angle control, which were not foreseen in swirl
atomizer theory. These methods allow to change spray angle in wide range independently from liquid mass flow
rate and also to stabilize the angle value in the required range during deep mass flow rate variations in
controllable swirl atomizers.

The influence of profiled nozzle surface on the spray angle of the rotating liquid flow was studied. It was
stated that independently from the form of the atomizer vortex chamber, wide range of outflow spray angles
might be provided with reasonable nozzle profiling.

Radial velocity component in swirl movement is usually neglected in classical description of the vortex
chamber flow. Theoretical studies of liquid swirl movement in a vortex chamber taking into account the radial
component of liquid velocity showed its strong influence on the spray angle. Experimental studies of spray angle
control by means of changing the radial velocity component in the vortex chamber were fulfilled in Moscow
Aviation Institute (Russia), Propulsion Engineering Research Center of The Pennsylvania State University
(USA) and in Brazilian Institute for Space Science (INPE). Gained results were used for optimization of
injectors for LOX-ethanol propellants dedicated for Space Shuttle Orbital Maneuvering Engines non-toxic
upgrade according to NASA Program 9-NRA-BE-96-1, for mixing of oxidizer and fuel flows in bi-propellant
swirl atomizers in Russian and Brazilian low thrust reaction control liquid rocket engines.
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APPLICATION OF LIQUID SPRAYS TO ACHIEVE
ISOTHERMAL COMPRESSION, PART 2

H. Abdallah, M. Coney and P. Stephenson
Innogy plc, Windmill Hill Business Park, Whitehill Way,

Swindon, Wiltshire SN5 6PB, UK
Tel 44 (0)1793 896261 Fax 44 (0) 1793 893711

Email: mike.coney@innogy.com

Abstract
Innogy plc is developing a reciprocating isothermal compressor, in which the air is cooled with intense water sprays

simultaneously as the compression takes place. Another paper at this conference (Part 1) described an experimental
investigation carried out at Cranfield University, which provided information on spray penetration, cone angle,
velocity and drop size data for a range of different atomisers, nozzle differential pressures and cylinder pressures.
These data were used to develop and validate a CFD model of individual hollow cone and fan spray nozzles, suitable
for application to an array of nozzles in the compressor. The present paper (Part 2) describes the experimental
demonstration of quasi-isothermal compression of atmospheric air at a pressure ratio of 25:1 and speeds of 100 and
200 rpm, using an array of 18 nozzles in a “Proof-of-Concept” compressor. 72% of the theoretical work saving
attainable with ideal isothermal compression at this pressure ratio was achieved at 100 rpm and 63% at 200 rpm. The
design of a Prototype compressor of much greater flow capacity is also described in which the speed is increased to
600 rpm, the inlet pressure is increased to a maximum of 8 bars and the final pressure increased to a maximum of 100
bar. The water flow is increased to match the increased air flow by the use of 360 nozzles. CFD analysis predicts a
work saving of up to 60% of the theoretical maximum for a provisional nozzle arrangement of this large compressor
but it is expected that this performance can be improved by an optimised design. An experimental facility is under
construction to test these predictions and to develop the design.
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EXPERIMENTAL STUDY OF THE PRESSURE DISTRIBUTION
AND FLOW PATTERN INSIDE Y-JET ATOMIZERS

A.L. Pacifico and J.I. Yanagihara
University of São Paulo, Dept. of Mechanical Engineering 

Av. Prof. Mello Moraes, 2231 – 05508-900 – São Paulo, SP, Brazil
Tel: +55 11 3818 5561 Fax: +55 11 3813 1886

Abstract
In this research work, the effects of the operational and geometrical parameters on pressure distribution and flow

pattern in Y-jet atomizers were studied using an experimental apparatus working with air and water. The results
show that the mixing point pressure is very dependent on the diameter ratio of the mixing duct and the air port and
the water supply pressure ratio. A correlation to predict the mixing point pressure was developed and showed a good
agreement with the experimental data. With this correlation it is possible to predict the occurrence of the critical
condition for the air flow at the exit of its port. In a second group of results, the influence of geometrical and
operational parameters on the pressure distribution inside the mixing duct were analyzed. The main result found was
that for air liquid ratio between 0.1 and 0.2 this pressure distribution can be taken as linear. The pressure levels at
the end of the mixing duct suggest a choked flow generate by the friction inside it or the presence of oblique
expansion waves out of its end. Finally, using a two-phase map, it was found that the flow pattern inside Y-jet
atomizers is a transition between the annular flow and the wispy-annular flow.
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ULTRASONIC GENERATION OF 
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F. Barreras*, H. Amaveda** and A. Lozano*
*LITEC/CSIC, Maria de Luna, 3, 50015-Zaragoza, Spain
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**Centro Politécnico Superior de Ingenieros, Area de Mecánica de Fluidos
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Abstract
Since the early work by Wood and Loomis in 1927 demonstrating the possibility to generate a cloud of droplets

by means of ultrasonic waves, this procedure has attracted a large interest. An experimental study has been
performed to improve the understanding of the ultrasonic atomization of aqueous liquids when excited with waves
in the MHz range. In the present experiments, small volumes of water have been atomized using a PZT 4
piezoceramic disk excited with a sinusoidal wave coincident with the 1.65 MHz resonance frequency and variable
amplitudes ranging from 15 to 48 V. In some of the experiments, the temporal evolution of the process has been
analyzed. To visualize the spray, images have been acquired with very high magnification, illuminating with a short
duration pulsed laser and recording the dispersed light and/or the induced fluorescence of a dye added to the water.
Appropriate lenses have been used to enable high resolution at a distance from the flow. Droplet size distributions
have also been calculated with a Malvern diffractometer. Typical size distributions present a maximum peak around
4 µm. In agreement with previous studies, droplet size appears to be relatively independent of the forcing amplitude,
although atomized flowrate increases with voltage. Under the conditions in this study, droplet formation cannot be
accurately described by the simplified surface wave theory usually invoked to explain these processes. Although
surface capillary waves are observed, their wavelength does not coincide with that predicted by Kelvin´s formula.
This suggests that cavitation might be the main mechanism controlling the atomization. It is also noticeable that as
the remaining liquid mass deposited over the ultrasonic transducer decreases, the atomization characteristics change,
and a second peak of larger droplets (~60 µm) appears in the size distribution function. This phenomenon is related
to the change in the curvature of the liquid surface.
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SPRAY CHARACTERISTICS OF A ROTATING
DISK ATOMIZER

M. A. Ahmed and M.S. Youssef
Mechanical Engineering Department, Assiut University

Assiut 71516, Egypt

Abstract
The characteristics of spray droplets produced by the disintegration of liquid ligaments formed at the edge of a

rotating disk have been experimentally investigated. The Phase Doppler Particle Analyzer (PDPA) has been used to
measure the size, velocity, density and mass flux of spray droplets. Experimental tests were carried out to study the
effect of the following variables on the spray characteristics: the speed of rotation in the range of 8,000 to16, 000 rpm in
steps of 2000 rpm; the liquid flow rate in the range of 2 to10 L/hr in steps of 2 L/hr; and the values of rotating disk
diameters of 4, 8, and 12 cm.  Average droplet size and droplet velocity have been correlated with rotational speed,
liquid flow rate, rotating disk diameter, and the down stream tangential distance. The results indicated that average
diameters such as Sauter mean diameter (d32) increased by an increase of the down stream tangential distance and liquid
flow rate.  Similarly, a decrease of rotational speed and rotating disk diameter resulted in d32 being increased.  In
addition, it was found that droplet velocities decreased by an increase of the tangential distance and liquid flow rate, or
by a decrease of rotational speed and rotating disk diameter.
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IMPACT OF A DROP ON A LIQUID FILM: DESCRIPTION OF
CROWN PROPAGATION

I. V. Roisman and C. Tropea
Technische Universität Darmstadt, Fachgebiet Strömungslehre und Aerodynamik

Petersenstrasse 30, 64287 Darmstadt, Germany

Abstract
The impact of a drop on a wetted wall with a relatively high impact velocity, leading to the formation of a

crown-like jet, is studied theoretically. Four main regions of the drop and film are considered: the perturbed
liquid film on the wall inside the crown, the unperturbed liquid film on the wall outside the crown, the vertical
axisymmetric jet (crown), and the free rim bounding this jet. The theory of Yarin and Weiss [J. Fluid Mech.
283:141-173 (1995)] for the propagation of the kinematic discontinuity is generalized here for the case of
arbitrary velocity vectors in the inner and outer liquid films on the wall. Next, the mass, momentum balance
and Bernoulli equations at the base of the crown are considered to obtain the velocity and the thickness of the
crown at the wall. Furthermore, the dynamic equations of motion of the crown are developed in the Lagrangian
form. An analytical solution for the crown shape is obtained in the asymptotic case of such high impact
velocities that the surface tension and the viscosity effects can be neglected in comparison to inertial effects.
The edge of the crown is described by the motion of a rim, formed due to the surface tension. The theoretical
predictions of the height of the crown are compared with experiments. The agreement is rather good in spite of
the fact that no adjustable parameters used.
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DROPLET IMPACTION ON A HEATED SURFACE
AT HIGH WEBER NUMBERS

S.W. Akhtar and A. J. Yule
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Department of Mechanical Aerospace and Manufacturing Engineering, UMIST
PO Box 88, Manchester, M60 1QD, England

Tel +44 161 2003162, Fax +44 161 2003723
E-mail: sw.akhtar@talk21.com

Abstract
This paper describes the results of visualisations and PDA measurements for droplet impaction and reatomized

droplet characteristics that are produced at high impact Weber numbers and realistic droplet sizes for impaction on a
hot surface. Previous work has used very large droplets and low Weber numbers. A 3.0mm diameter flat stainless
steel surface is heated to temperatures 140oC<Tw<400oC. The spray is produced from a near monosize droplet
generation system based on an 80mm diameter rotary cup, enclosed in a cylindrical casing which has a small
aperture. Droplet sizes in the range 20µm<D<160µm, are used, impacting with velocities 5ms-1<U<18ms-1. A
Kodak Ektapro High Speed Motion Analyser (Model 4540) system, along with a 30X magnification mono-lens is
used to visualize the impaction process. Based on these visualisations, a family of qualitative models of impaction is
developed, which depend upon Weber number and surface temperature. These models are novel and more detailed
than in previous work and cover wider ranges of impact Weber numbers (i.e. 100<We<750). Weber number is found
to be the principal parameter for droplet spreading characteristics, for two relatively broad temperature ranges. PDA
data for reatomized droplet characteristics are obtained using measurement positions at 1.2±0.2mm from the surface.
These data showed total numbers of reatomized droplets per impaction to be about 3.5 times those seen in
visualisations. However, the overall reatomized droplet characteristics are in agreement with the visualisation
results. Based on visualisations and PDA measurement results, correlation equations are presented for reatomized
droplet numbers, angles of flight and diameters as functions of droplet Weber number and surface temperature.
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QUANTIFYING INTERFACIAL THERMAL RESISTANCE
DURING MOLTEN MICRODROPLET SURFACE DEPOSITION

BY COMBINING NUMERICAL SIMULATIONS WITH
TRANSIENT MEASUREMENTS

D. Attinger* and D. Poulikakos
Laboratory of Thermodynamics in Emerging Technologies, Institute of Energy Technology,

Swiss Federal Institute of Technology, ETH Center, 8092 Zurich, Switzerland.
*Present address : Seyonic SA, Puits-Godet 12, 2000 Neuchâtel, Switzerland

Abstract
Understanding and controlling the deposition of a molten microdoplet on a colder substrate with simultaneous

heat transfer is of central importance to novel technologies like electronic microchip manufacturing [1], but the
physics of involved interfacial phenomena is still poorly understood. For instance, the transient resistance to heat
transfer at the droplet-substrate interface still cannot be quantified theoretically. Serious obstacles to its
determination are the very short time and length scales involved (of the order of microns and microseconds). In the
present paper, a numerical modeling for droplet impact and solidification based on the Navier-Stokes and energy
equations [2] is used in order to reproduce transient visualization measurements [3] of the deposition of a eutectic
Pb-Sn microdroplet on a multilayer wafer. The resistance to heat transfer at the droplet-wafer interface and the
surface energy of the molten microdroplet are determined by matching numerical and experimental results.

References
1. Hayes, D. J., and D. B. Wallace. 1998. Solder Jet Printing: Wafer Bumping and CSP Applications. Chip Scale

Review 2(4):75-80.
2.Waldvogel, J. M., and D. Poulikakos. 1997. Solidification Phenomena in Picoliter Size Solder Droplet

Deposition on a Composite Substrate. International Journal of Heat and Mass transfer 40(2):295-309.
3.Attinger, D., Z. Zhao, and D. Poulikakos. 2000. An Experimental Study of Molten Microdroplet Surface

Deposition and Solidification: Transient Behavior and Wetting Angle Dynamics. Journal of Heat Transfer
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THE DEVELOPMENT OF A FINE SPRAY AGAINST A
THERMALLY STRATIFIED ATMOSPHERE
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Laboratory of Applied Thermodynamics, Mechanical Engineering and Aeronautics

Department, University of Patras, GR265 00 Patras - Rio, Greece.
Tel :[+30] (0)610 997 242, Fax: [+30] (0)610 997 271, e-mail: panidis@mech.upatras.gr

Abstract
The development of a fine spray of controlled initial characteristics against the thermally stratified turbulent

environment of a free convection flow generated over a heating horizontal surface is studied. Measurements of the
droplet characteristics and the temperature field for two different sprays interacting with the thermal field generated
by a constant heating rate surface are presented. Measurements for the corresponding reference cases, namely the
two sprays in isothermal environment and the thermal field in the absence of the spray influence are also presented.
Droplet characteristics, including droplet velocities and the corresponding statistics as well as droplet size and
volumetric flux, have been obtained with a phase Doppler anemometer. Mean temperature distributions and
statistics as well as power spectra characterizing the turbulent thermal field have been obtained with a fine
thermocouple.
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FLUID DYNAMICS AND SOLIDIFICATION IN THE PILE-UP 
OF PICOLITER DROPLETS 

 
S. Haferl and D. Poulikakos 

Institute of Energy Technology, Laboratory of Thermodynamics in Emerging 
Technologies, Swiss Federal Institute of Technology, ETH Center, Zurich, Switzerland 

 
    The impact of molten droplets on various types and shapes of surfaces is encountered in many engineering 
processes, such as  rapid prototyping, spray forming, spray coating and precision solder droplet dispensing in the 
manufacturing of microelectronics. A significant effort has been recently devoted to the investigation of molten 
droplet impact phenomena. The reason for this activity is the inherent importance of an in-depth understanding 
of these phenomena for the successful development and implementation of a host of emerging technologies such 
as the ones stated above. Most existing work has been focused on the investigation of droplet impact on planar 
substrates. Little information can be found in the scientific literature on droplet impact on non-planar substrates. 
The limited work published to date in this challenging field consists of either simplifying computational models 
without experimental validation [1], or non-transient experimental work with some approximate analytical 
modeling [2,3].  
    This work presents for the first time an investigation of the thermofluidic phenomena during the axisymmetric 
pile-up (deposition one upon another) of molten picoliter size liquid metal droplets on a substrate, based on both 
theoretical/numerical modeling as well as validating, transient experimental results as exemplified in Fig. 1. In 
terms of non-dimensional numbers, the orders of magnitude of the corresponding Weber and Reynolds number 
in the investigated experimental and numerical range are O(1), and O(100) respectively (based on intial droplet 
diameter and impact velocity). On the experimental side, the order of magnitude of the dimensional diameters of 
the investigated droplets is O(80 µm). The dimensional velocities of the produced droplets are in the range of 1.1 
– 1.8 m/s. The dimensional time for completion of solidification from the instance of impact on a presolidified 
droplet is in the range of 200 - 400 µs. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1: Finite element simulation and experimental visualization of pile-up impact stages for picoliter size solder 
microdroplets. The impact parameters are for both cases: Re = 363.9, We = 4.17, Fr = 3025.2. The dimensional 
velocity and diameter are vo = 1.51 [m/s] and  do = 76.83 [µm]. 
 
References: 
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Figure 1
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COMPUTATIONAL SIMULATION OF
ELECTROHYDRODYNAMIC DEPOSITION OF WATER-BASED

CHARGED DROPLETS

M.R. Jahannama, A.P. Watkins and A.J. Yule
Thermofluids Division, Dept. Mechanical Eng., UMIST

PO BOX 88, Manchester M60 1QD, UK
Email: m.jahannama@stud.umist.ac.uk, paul.watkins@umist.ac.uk, andrew.yule@umist.ac.uk

Abstract
A deposition model is employed to numerically simulate charged and uncharged drop deposition on an

electrically earthed disc target. The study considers the same procedures as reported in the previous work but
extends its scope by incorporating a drop deposition submodel to estimate drop residue on a disc target with a
geometrical configuration as shown in Fig. 1. Also developed in the model are the grid generator and solid target
boundary conditions. The target is treated as a solid object and standard wall functions are used based on the log-law
formula. The electrostatic data reveal that the introduction
of charged drops into the domain leads to the production
of attractive electric fields between the charged drops and
both upper and under sides of the target (Fig. 2). The
electrostatic force analysis indicates a drastic increase in
the electric image and Coulomb forces in the target
vicinity. The ratio of image to Coulomb force reveals that
the Coulomb force conveys the major contribution to the
electrostatic dynamics of a charged drop. The spray axial
velocity follows the same pattern as the electric forces
exhibiting higher drop velocities in the near-target region
in agreement with the experimental data (Fig. 3). The drop
residue results show the applicability of the deposition
model for predicting the quantity and the trend of the
measured data. The deposition results also confirm the
direct effect of charging voltage on an increase in the
number of deposited drops. The air flow displays the
creation of a recirculation region at the target underside
beside the atomizing and entrainment zones formed in the
domain.
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SINGLE DROPLET AND SPRAY IMPACT OF SHEAR-THINNING
AND BINGHAM FLUIDS ONTO SOLID WALLS

C. Böhm*, D. A. Weiss* and C. Tropea**
*DaimlerChrysler, Research and Technology, P. O. Box 23 60, D-89013 Ulm

**FG Strömungslehre und Aerodynamik, TU DA, Petersenstraße 30,
D-64287 Darmstadt, Germany

Abstract
A commercially available code is used to numerically simulate single drop and spray impact of shear-thinning

fluids and idealised Bingham fluids. The code is based on the volume-of-fluid method. It has previously been
adapted to simulate a spray by insertion of droplets into the computational domain with time. Viscoelastic or
thixotropic effects are not taken into account so far.

For non-Newtonian fluids the code has been verified for simple stationary flows, where an analytical solution is
known or could be found. The numerical solution agrees very well with the analytical one in both of the examined
cases.

The preliminary results on single drop impact of shear-thinning fluids have been extended to investigate the
influence of additional quantities. Results for single drops of Bingham fluids show the formation of a virtually
unsheared cone-like zone, its base is situated at the solid wall, and its axis coincides with the axis of impact. The
zone is solid-like, the remaining part of the drop slides down along the lateral edge of the cone until motion is
stopped by viscous dissipation. The contact angle in the final state is clearly different from the observed value for
corresponding fluids under absence of a yield stress; furthermore, a small depression formed at the upper pole of the
impinging drop during the impact process never smooths out. Both are manifestations of residual stresses in the fluid
at rest. The behaviour approaches the one of Newtonian fluids in the limit of vanishing yield stress. In practical
situations it may be difficult to separate the pure Bingham behaviour from a possible contact angle hysteresis.
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SIMULATION OF ELECTROSPRAY DEPOSITION AND
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Abstract
Electrostatic Spray Deposition (ESD) is investigated intensively in the recent years for production of

particles and functional surfaces with precisely controlled properties. Compared to other deposition techniques
ESD bears the advantage of high deposition efficiency since the droplets are driven towards the substrate by
electrical forces. The simple setup, the wide choice of precursors, and the easy control of product stoichiometry
and morphology are further benefits.

The theoretical description of simultaneous migration, mass and heat transfer of charged spray droplets
emitted from an electrified nozzle towards a heated plate or substrate is developed in this work. The simulation
describes a process for controlled deposition of a thin electrolyte film made of yttria-stabilized zirconia (YSZ)
used in solid oxide fuel cells (SOFC). In this study the precursors (yttrium nitrate and zirconium
acetylacetonate) are dissolved in ethanol. The solvent/solute ratio of the droplet reaching the substrate is one of
the most important parameters for the quality of the growing dense thin film. If the ratio is either too low or too
high inhomogeneity leads to cracks and the film is not utilizable as electrolyte. In order to obtain dense and
homogeneous films the salt concentration should be close to precipitation within the droplet. Here, the model is
used to describe evaporation and transport of the droplets from the needle to the plate enabling thus process
and quality control.
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EXPERIMENTAL ANALYSIS OF ELECTROHYDRODYNAMIC
DEPOSITION CHARACTERISTICS OF WATER-BASED

CHARGED DROPLETS

M.R. Jahannama, A.P. Watkins and A.J. Yule
Thermofluids Division, Dept. Mechanical Eng., UMIST

PO BOX 88, Manchester M60 1QD, UK
Email: m.jahannama@stud.umist.ac.uk, paul.watkins@umist.ac.uk, andrew.yule@umist.ac.uk

Abstract
The spray deposition of charged and uncharged droplets on an electrically earthed target is experimentally

investigated. A particle tracing method in association with spectrophotometry analysis is employed to calibrate and
quantify the drop residue. The charged sprays show a greater amount of deposition on the target (Fig. 1) due to the
creation of an extra attracting electric field between the droplets and the target compared with uncharged sprays. The
larger charging voltage and atomizing air pressure increase drop residue by introducing larger attracting force and
mass flux in the target vicinity. The farther axial positioning of the target relative to the nozzle exit shows a decrease
in the deposition-voltage gradient implying the dependency of electro-deposition improvement on the drop
population delivered to the target vicinity by spray
aerodynamics. The spray hydrodynamics indicates the
accumulation of a greater number of large and very small
droplets within a charged spray in the near-target region in
addition to the possession of higher axial velocities (Fig. 2)
than an uncharged spray. The charged spray patterns show
an attracting nature to the target (Fig. 3) whereas there is a
nil dynamic interaction between the uncharged spray and the
target.

The experimental layout employed in this work
comprises an air-atomizing induction-charging nozzle for
spraying droplets onto an electrically earthed metal disc
positioned co-axially with the nozzle axis. A metal bar
holder covered by an insulating PVC material sustained the
target vertically. Tests were carried out in a Faraday
chamber, i.e. a cubicle of 2.5 m dimensions, which isolated
charged sprays from electric fields existing in the ambient
surrounding.  A standard tracer-tagged preparation
consisting of 1.5 g fluorescent tracer particles, 0.1 g NaCl,
1.0 mL Triton X-100 non-ionic surfactant, all mixed into 1 L
of distilled water, was used
as the working spray liquid.
The examination of spray
deposition concerned the
spraying of 1 mL test liquid
onto the target. The
deposited mass was diluted
into 50 mL of the base
liquid, i.e. spray liquid with
no fluorescent tracer, by
washing it off the target.
Then, the washed-off
sample was applied to a
single-beam, visible and UV
light spectrophotometer to
measure the solution light
absorbance.
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OBLIQUE DROP IMPACT AND SURFACE SPREADING ON
DEEP FLUIDS
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Abstract
Oblique drop impact on deep fluids is studied for a wide Weber number range (15 ≤ We ≤ 1030). The

impact angle α is varied between 3° and 64° with respect to the target fluid surface, the drop and target
consisting of the same fluid. The following results hitherto unknown are found for the impact of single drops:
1. In the range of parameters studied always coalescence takes place. Only for α < 16° rebouncing is found

after initial coalescence in some impact events, but even in the range α < 16° most drops coalesce
permanently.

2. For We < 140 and α < 23° the drop volume spreads evenly on the target fluid surface with no visible
immersion of drop fluid into the target fluid. Outside this range partial immersion of drop fluid can be seen,
for larger α it occurs in the rear part of the crater, for higher We in the front part of the spreading drop.

3. The spreading patterns of the drop fluid are visualized with dyed drop fluid once it has come to rest after
impact. The drop volume spreads out forming patterns of high complexity in many cases and strong
sensitvity to the impact conditions (We, α). Pattern formation shows to be very reproducible for similar
impact conditions.

4. Characteristic changes in the evolution of drop spreading indicate that the normal component of the impact
velocity is of primary importance in pattern formation. Below a critical level of the Weber number WeN
(formed with the normal velocity) the internal pressure front caused by the impact produces a capillary wave
on the drop surface. Above this critical level of WeN a lamella is ejected from the drop volume that seems to
be the cause for an abrupt change in the spreading patterns.

5. For impacts of multiple droplets permanent coalescence is only found for We < 340. For We > 340
secondary droplets are ejected at all α considered, but droplets are also ejected at lower We in some cases.
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FIGURE 1. Morphology of spread drops at rest after impact. a Classification into groups of similar spreading
patterns in the We-α plane. b Visualizations of different spreading patterns.
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ANALYSIS OF DROPLETS IMPINGING ON HOT RADIATIVE
SURFACE

A. Amoresano, G. Langella, C. Noviello
Dipartimento di Ingegneria Meccanica per l'Energetica, Università di Napoli “Federico II”

 Via Claudio 21 - 80125 Naples, Italy
Phone: 00390817683273 - Fax: 00390812394165- E-mail:  amoresan@unina.it

Abstract
The behaviour of a single droplet impinging on a solid surface depends, as reported in literature [x], on wall

temperature, droplet  velocity and surface tension. The ratio of the last two parameters is described by the Weber
number.
The droplet morphology during and after the first impact depends on the thermal conditions of the hot surface. We will
have splashing, rebound, or disintegration of the droplet if the wall temperature is near or far from the Leidenfrost state.
If the surface is moderately hot (400 – 600 K) and the radiative flux from the surface is negligible it is possible to
consider the initial droplet radius quite equal to the radius before the impact.
If the hot surface is a solid  body with high emissivity the behaviour of the impinging droplet is different to the first
case. The droplet impinges on the surface and breaks in a lot of smaller droplets in 3- 4 milliseconds.
Furthermore in the presence of irradiative surface with ε≈1 and temperature surface about 900-1000 K taking in account
the Stefan - Boltzman law the radiative flux isn’t negligible: In order to understand the behaviour of the droplet it is
necessary to measure the radius just an instant before the impact.
The complex phenomenon of heat transfer between drop and plate has been analized in its simplest phase to be
modelized that is the phase before and after impact, when there isn’t conduction heat transfer through vapour cushion
that is formed immediately at impact.
The results from the simple model of heat and mass transfer in this phase have shown to be well tuned with
experimental results achieved by a fast CCD cameras acquisition device.
The more interesting aspect of this analysis seems to be the behaviour of secondary droplets which are generated at
impact with hot surface. For fuel, their radius can be small enough to feel the effect of radiative heat transfer with
intriguing evaporation  phenomena.
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Abstract
This study presents the CFD simulation results from a cadaver based throat model used to study the inhalation

spray dynamics and deposition in the larynx and trachea. The advantage of pulmonary drug delivery through
inhalation has recently led to the development of a series of new aerosol medications. For some medications this
route is utilized because it offers topical treatment of specific lung conditions while limiting the whole-body effects.
Flow conditions within the larynx and trachea affect the delivery of inhaled medications to the lungs.  Deposition in
these regions is considered undesirable and has been shown to be a particular problem for pediatric patients.  All
previous CFD simulations of the throat are based on simplifying the larynx and trachea as a circular or elliptical pipe
with a constriction. For this study, a posterior pharynx, larynx, and trachea was obtained from a cadaver (female,
aged 84). Then the throat was suspended from a ring stand and a positive mold was then produced using
polyurethane. This cadaver based rubber model was cut into slices of 3 mm thickness. These slices were scanned to
produce digital images and subsequently to obtain coordinates for the computational CFD mesh generation. The
CFD simulation was performed using the KIVA-3V code. The chosen inlet air velocity was based on an
approximate adult breathing condition with a steady flow rate of 18 liters per minute. This fluid flow condition
corresponds to a Reynolds number of 1754 based on the tracheal diameter and tracheal velocity. Figures 1 and 2
show the dimensions of the positive cast model and the computational mesh created from this cadaver throat model.
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FIGURE 1. Dimensions of the cadaver based positive cast.



FIGURE 2.  Computational mesh based on measurements of a cadaver throat model
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NUMERICAL SIMULATION OF THE BEHAVIOUR OF SPRAYS
PRODUCED BY HIGH SPEED-ROTARY BELLS WITH

EXTERNAL CHARGING

J. Domnick, A. Scheibe and Q. Ye
Fraunhofer-Institute for Manufacturing Engineering and Automation

Nobelstr. 12, D-70569 Stuttgart, Germany

Abstract
Recently, the authors have presented results on the simulation of electrostatically supported high speed rotary bells

used in painting in the automotive industry [1]. Applying an extended version of FLUENT which includes the static
electric field and the space charge effect due to the charged droplets, transfer efficiency and film thickness distribution of
the coating process of flat plates could be estimated to a high degree of accuracy. In the present contribution the obtained
results are transferred to the case of high speed rotary bells with so-called external charging. This charging mechanism,
using electrodes to produce a flux of free ions interacting with the paint droplets is mainly applied in the case of water
based conductive paints. Hence, the existing program for direct charging atomisers has to be extended further, consider-
ing the following features:

• calculation of the static local density of ion current and the corresponding space charge field
• calculation of particle trajectories taking into account the transient charging within the flow domain

In principle, the space charge field is calculated solving an additional conservation equation for the flow of ions. For
the time dependent charging of the paint droplets existing models are applied using additional corrections factors based
on experimental results of the local currents.

Current results indicate a good agreement of the main features of measured and calculated static film thicknesses,
e.g. the general geometry and the extension. This is also true for the transfer efficiency. Consequently, also the dynamic
film thickness profiles, produced by the atomiser moving over a flat target, are very similar. As the next step, the pro-
gram will be verified with respect to the sensitivity to parameter changes of the atomiser and more complex target
geometries. Future applications of the program are not limited to the calculation of the coating process only. A potential
task may also be the development of improved atomizers.
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Abstract
The effect of a pulsating DC field on the break-up of a highly viscous and conductive liquid jet is addressed.

Aqueous solutions of PVA have been used as the working liquid. Solution with two different viscosities (0.04 Pa s
and 0.14 Pa s) have been prepared. The influence of the physical properties of these solutions on the wavelength of
the travelling axisymmetrical superficial jet wave has been investigated, and the resulting size distributions of the
droplet have been quantified. Within a range of frequencies it is possible to control the wavelength of the wave to
produce a train of monodisperse droplets. The formation of monodisperse droplets occurs near the upper limit of the
frequency of the pulsating DC field, when using an appropriate electrode design. Models proposed in literature to
predict the optimum wavelength and frequency are compared with the experimental results and good agreement is
found. The electro-spraying technique is demonstrated to be a valid method to atomise liquids having a high
viscosity.
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Julianalaan 136, 2628 BL, Delft, The Netherlands.
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Abstract
Monodisperse aerosols show therapeutic advantages, but they are difficult to generate. A new method ,electro

hydrodynamic atomisation, is described. A high voltage is applied to a nozzle through which a solution is pumped,
containing dissolved drug. At the nozzle tip a liquid cone is formed and a stream of monodisperse droplets is re-
leased. The droplet diameter is governed by the density, conductivity and the flow rate of the fluid. The droplets are
charged, and need to be neutralised. Therefor a corona discharge system is used.

Methylparahydroxybenzoate (MPBH) was used a model drug and additional data generated using beclometh-
asone dipropionate (BDP). At a flow rate of 1 ml.hr-1 and 0.5% MPBH 1.58 µm particles were produced with a
geometric standard deviation of 1.18. Increasing the flow rate to 3 ml.h-1 and the concentration to 3% resulted in
4.55 µm particles with a GSD of 1.29. The experiments with BDP resulted in similar particles sizes. The mass of
BDP was found to range between 1.42 and 6 µg/litre air. Aqueous solutions can not be sprayed using this set up.
This method can be used to deliver anti-asthma drugs to patients.
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THE SPRAY OF CHARGED DROP IN AN ELECTRIC FIELD

A.N. Zharov, S.O. Shiryaeva and V.A.Koromyslov
Yaroslavl State University

150000, Russian, Yaroslavl, Sovetskaya, 14

Abstract
Regularities of the disintegration of a charge liquid drop in an external electric field are studied on the base of

Onzager principle of the minimum energy dissipation rate. Zones of physical parameters are marked where the
daughter drops emission occurs from one vertex parent drop from two opposition vertexes and where emission is
absent at all.
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CHARACTERISATION OF ELECTROHYDRODYNAMIC
SPRAYING UNDER THE INFLUENCE OF AN AC FIELD

SUPERIMPOSED ON A DC FIELD

Z. Huneiti and W. Balachandran
Department of Systems Engineering, Brunel University,

Uxbridge, Middlesex, UB8  3PH, UK

Abstract
In this paper, the stabilising effects of the AC field superimposed on the DC field are explained in terms of the

system characteristic time constants. The importance of the charge convection relative to the charge conduction
in terms of the parametric time constants is also examined. The break up process of Electrohydrodyinamically
driven jets of conducting liquid is analysed in the parametical limits of the system and the charge relaxation
effects. Comparisons between the experimental and theoretical results are reasonable. It has been shown that the
AC frequency needed to control the break up mechanism is a function of the system time constants.
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Abstract
Aerosol inhalation is widely accepted as one of the most important routes for systemic drug delivery. Drug

delivery via the respiratory system offers many advantages to patients and can in some cases provide an
alternative to intravenous treatments. Acceptance of such a delivery system requires accurate targeting of the
aerosol to specific deposition sites within the respiratory tract. One of the most important factors in defining
the delivery efficiency is the aerosol particle size.

Cascade impaction is currently the accepted method for measuring the particle size of respirable aerosols. The
particle fractionation method used in impactors is believed to correlate well with the behaviour of aerosols
within the respiratory tract. However, measurements made on impactor devices are limited in terms of the
particle size range which can be measured, the measurement time resolution and the air flow rates which can
be used. It is also not possible to change the airflow rate through the impactor during measurements.

In this paper we present a method for measuring the particle size of respirable aerosols using the technique of
laser diffraction. A new device has been developed which is compatible with standard inhaler and nebuliser
testing equipment Rapid data acquisition at speeds of up to 2500Hz (one measurement every 0.4ms) allows the
dynamics of atomisation and drug delivery to be studied for the first time. It is also possible to make
measurements under variable flow rate conditions such as those experienced during breathing, allowing the
particle size changes which occur within the aerosol plume to be monitored under the same conditions as
would be experienced during use by the patient. We present recent studies where aerosol development for m-
DPI and nebuliser devices has been monitored, both under constant flow rates and with the measurement
device attached to an artificial respiratory system.
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Abstract
A new spray drying nozzle(special quadruplet fluid spray nozzle) has been developed by one of the authors for

drug manufacturing and it has succeeded in manufacturing a large quantities of several microns particles(SMD).
The flow visualization results indicate that the two under-expanded air jets generate shock and expansion waves
alternately on each side of the nozzle edge and reach the edge tip, where they collide, unite, and spout out while
shock and expansion waves are again formed in the mixed jet. When the edge surfaces are supplied with water, the
water is extended into thin film by the air jet and intensely disturbed. At the nozzle tip, it is torn into ligaments,
which are further atomized afterwards in the flow of shock and expansion waves. At the spray tip, the friction with
ambient air shears the droplets furthermore, and they decrease further in size. Some varieties of this nozzle for
laboratory use are also shown and they have produced droplets of a few microns diameter(SMD).
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EXPERIMENTAL STUDY ON ELECTROHYDRODYNAMIC
BEHAVIOUR OF THE SPRAY GENERATED BY AN
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Department of Systems Engineering, Brunel University, Uxbridge,
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Abstract
Electrostatic atomization has been attracting worldwide interest for over a century due to its inherent
advantages over other atomization techniques. For example, electrostatic atomization can generate very
fine spray with a narrow size distribution in a controllable way. Another important characteristic feature is
that the spray generated by electrostatic atomization is charged. This makes it possible to manipulate the
trajectory of the spray by an appropriate arrangement of auxiliary electrodes. This is extremely useful for
targeting deposition and painting, guided pesticide and herbicide spray in order to reduce the contamination
to the environment as well as save materials and chemicals. However electrostatic atomization also has a
disadvantage of an incapability of handling high flow rates. Quite a lot of effort has been made to overcome
this disadvantage. Annular slit nozzle is one of the measures which can handle comparatively high flow
rates compared with a single tubular nozzle, while still keeping the advantage of producing charged fine
spray. Therefore fully understanding of the electrohydronamic behaviour of the spray generated by annular
slit nozzle is of interest.

Balachandran and Bailey studied liquid dispersion process generated by centrifugal and electrostatic forces
[1]. They deduced an equation to calculate the wavelength of the standing wave governing the ligament
formation of liquids along the edge of a spinning disk. The equation is written below:
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where ε0 is permittivity of vacuum [C2/Nm2], E is electric field strength [V/m], T is the surface tension of a
liquid [N/m], ω is rotational speed [m/s], D is the disc diameter [m] and ρ is the density of the liquid
[kg/m3].

If the effect of the centrifugal force is taken off from above equation, i.e. the ω is zero, a similarity of the
spray process can be found between the spinning disk and an annular slit atomizer. Then equation (1) can
be simplified to be:
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This is the equation governing the spacing between neighbouring ligaments of a liquid along the edge of an
annular slit nozzle.



The theoretical calculation using Balachandran and Bailey’s equations after the centrifugal force is omitted,
showed that the wavelength, hence the ligament spacing changes from about a few millimeter to a few tens
of millimeters when the applied potential varies between 30kV and 15kV for spraying pure ethanol. This is
in a good agreement with experimental observation using high speed CCD imaging technique.

Experimental results show that both applied potential and flow rate have significant influence on the spray
process. The droplet size, size distribution and charge to mass ratio can be well tailored in micrometer sized
range by proper combination of applied potential and liquid flow rate. The liquid flow rate which an
annular nozzle can handle is several orders of magnitude higher than flow rate a single tubular nozzle can
handle in the similar size range [2].

Reference
[1] Balachandran W and Bailey A G. The dispersion of liquids using centrifugal and electrostatic forces.
IEEE Trans. on IAS. 1A-20, No.3, 1984, pp682-686.

[2] Balachandran W, Miao P and Xiao P. Electrospray of fine droplets of ceramic suspensions for thin film
preparation. Journal of Electrostatics, 50, No.4, 2001, pp249-263
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Abstract
The new unified classification for experimental modes of electrostatic dispersion of liquids is

proposed. The main principle of classification is a comparison of relaxation and technological time
scales which characterizes the phenomenon of electrostatic dispersion of liquids. The main goal of
introducing classification is the ability to forecast the form of realization phenomenon apriori on the
basis of knowledge of the physical properties of liquids, mass flow rate and electric field intensity in the
vicinity of liquid meniscus of the tip of the capillary.
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Abstract
Descaling of steel in hot rolling processes is an application of high-pressure spray nozzles. The impact force and

pressure of theses nozzles can be determined using Newton's 2nd and 3rd axiom. This allows calculating the impact
pressure approximately by a simple formula. Direct measurement of the impact is possible with a force transducer,
scanning the area of direct impingement of the spray. Droplet size of the spray jet seems to be a secondary factor,
because pure mechanical considerations lead to a sufficient model of the impact. However, measurement of the area,
covered by the spray, shows that the water film of the jet has been disintegrated, when impinging on the surface, but
has not been atomized completely. This can be proved by short-time photos. Different investigations substantiate the
hypothesis, that thermal shock due to high gradients of surface temperature changes under the spray is a dominant
physical mechanism of descaling, especially for secondary scale. That is why two additional types of experiments
are necessary to characterize the influence of the water jet on the hot surface, which is the measurement of the heat
transfer coefficient of the impinging water and the descaling test under laboratory conditions. The study of
metallurgical and surface quality parameters of the steel before and after the test allows quantifying the descaling
efficiency.
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Abstract
Simplex nozzles are commonly used as swirl atomizers due to their favourable atomization characteristics.

They produce hollow conical liquid sheet with gaseous core extending all the way through the swirl chamber to
the top surface. Their geometry is relatively simple, yet the flow field associated with them is complex and there
is little knowledge of it. Therefore, the present authors decided to study several models of typical pressurized
simplex nozzles operated with water or glycerin in air. The studies were carried out using numerical simulation
methods. All of the nozzles considered in the present study were also investigated experimentally. In the present
work, special attention was paid to details of the flow fields in both the liquid and the gas phases, with emphasis
to unsteady effects that could possibly develop.
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Abstract
Fuel injector technology is having an increasingly important influence on gas turbine combustor

performance and is a critical component in achieving low engine emissions, combustion stability and
altitude relight performance targets.

It is difficult to gain appropriate optical access to make measurements on the spray when the fuel
injector is installed in the combustor and hence the characterisation of fuel sprays is undertaken on
specially designed spray rigs. In order to maximise flexibility and reduce the cost of testing a fuel
injector, the baseplate geometry surrounding the fuel injector in the test rig has historically been kept as
simple as possible (often as a flat plate.) Increasingly, velocity profiles resulting from fuel injector
spray tests are used to provide input boundary conditions for computational fluid dynamics (CFD)
models, which are used to predict combustor performance. Therefore, it is critical to the accuracy and
validity of these predictions that the character of the spray produced by the rig is representative of the
spray in the combustor.

This paper presents the results of a study undertaken to investigate the sensitivity of airblast
atomiser performance to surrounding geometry. The study was conducted at isothermal, atmospheric
conditions and investigated aerodynamic and fuel droplet characteristics.

The spray from a three stream prefilming airblast atomiser was imaged using laser sheet illumination
and a digital camera. The fuel injector was set at a range of axial positions with respect to the
surrounding baseplate geometry, at several scaled engine conditions. It was found that two distinct and
stable fuel cone angles could exist, depending on axial location. In order to reduce the sensitivity of the
cone angle to axial penetration, more realistic baseplate geometry was added, and the effect examined.
Further investigation was performed with the introduction of combustor geometry in the form of side
walls. A detailed analysis of the mechanisms driving the fuel cone angle, and the effect of the added
geometry was also performed.

The results obtained show that the stability and fuel spray cone angles were closely coupled to the
surrounding geometry, with large changes in stability and fuel cone angle found. This result shows that
spray measurements will be biased by both baseplate and side wall geometry. The paper also details the
mechanisms behind the cone angle changes. The work recommended that future fuel injector
performance and characterisation measurements should be performed with realistic geometry.
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EFFECT OF GEOMETRY OF ROTATING DISKS
 AND CUPS ON SPRAY CHARACTERISTICS

M. A. Ahmed and M. S. Youssef
Mechanical Engineering Department, Assiut University,

Assiut 71516, Egypt

ABSTRACT:
Effect of geometry of rotating disks and cups on spray characteristics has been experimentally investigated.  The Phase

Doppler Particle Analyzer (PDPA) has been used to measure the velocity, diameter, density, and mass flux of spray droplets.
Rotating disks with different edge angles (α) in the range of 0.0o to 60o and 0.0o to -60o and with 2 mm edge depth serrated
with different numbers of pitch values (s) in the range of 0.92 to 2.70 mm were used.  Also, rotating cups with different cone
angles (θ) in the range of 15o to 60o, and different ratios of base diameter to top diameter in the range of 0.03 to 0.86 were
used.  Furthermore, a rotating cup-like cylinder with different aspect ratio (h/R) in the range of 0.1 to 1.3 was used.. All tests
have been carried out at a rotating speed of 12000 rpm, a liquid flow rate of 8 L/hr, and 70 mm disk and cup diameter. Results
indicated that no significant difference in the range of size and velocity of spray droplets has been observed with varying edge
angle except for edge angle of –15 degrees, where the most uniform droplet size could be obtained.  In addition, increasing the
number of teeth slightly increase the droplet size range.  Meanwhile, it was found that increasing cone angles and ratios of base
diameter to top diameter has no clear effect on the variation of size and velocity range of spray droplets. However, for rotating
cup-like cylinder, increasing of aspect ratio tends to increase the range of the size and velocity of spray droplets.
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ELECTROHYDRODYNAMIC OF CHARGE INJECTION WITH
APPLIED BULK CONVECTION
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Engineering, Exhibition Road, London SW7 2BX, UK

Abstract
Research has been conducted over the past decade in the UK at UMIST and Brunel University [1-4] and now at

Imperial College on the charge injection technique for atomizing insulating hydrocarbon liquid jets. Kim and
Turnbull [5] first developed the concept, but a low flow rate limited the usefulness of their “atomizer.” Kelly [6],
who developed his ‘Spray Triode,’ solved these problems by grounding the orifice plate and a specialized charge
emitter, found to be superfluous for the present work, was employed. The present investigation extends the work to
a third nozzle design and Fig. 1 shows the key differences of these three designs.

FIGURE 1. Variation of the generic charge injection design for (a) Version 1, (b) Version 2 and (c) Version 3.

The effect of fluid properties, near nozzle geometry and the applied flow at the optimum point of operation for the
charge injection atomizer were investigated and compared with previous prototypes and work of other authors. We
investigate the efficiency of the atomizer, defined as the ratio of spray to injection current, and the relationship
between the maximum electric field on the jet surface and spray charge density at the optimum point. The results
confirm previous work that more viscous liquids may produce sprays with larger specific charge. The results also
show that at the optimum point of operation in a super-critical regime, a surface electric field of Er ∼ 3.0 ±0.1 MV/m
at the jet surface is likely. This implies that the operation for this type of charge injection atomizer in the super-
critical regime is always limited by the electric field and that air breakdown is responsible for the charge limit. The
variation in the results for the different atomizer geometries show that it is possible to modify the radial charge
density profiles and enhances the spray charge density. In addition, an empirical and previously derived jet break up
model is shown to apply to an extended range of data.
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PIV FLOW MEASUREMENTS IN PRESSURE
SWIRL ATOMIZERS

P. Broll and P. Walzel
Mechanical Process Engineering, University of Dortmund, Germany

p.broll@ct.uni-dortmund.de, p.walzel@ct.uni-dortmund.de

Abstract
After investigating the relation between nozzle geometry and discharge coefficient at different Reynolds

numbers (different liquid viscosities) our experimental work goes on with detailed measurements of the flow
inside the nozzle by the means of PIV. Although various new publications discuss the disintegration of liquid
sheets, experimental work on the flow inside the nozzles is rather rare. Efforts to predict the flow characteristics
inside the nozzle by using CFD are mostly reduced to a two-dimensional axissymmetrical case. Three-
dimensional computations of the two phase flow developed into a real challenge for the existing CFD software.
Detailed knowledge of the flow could help to verify and improve the existing solver software.

Although the knowledge to forecast the disintegration process of a liquid sheet and the formed droplets
improves constantly, they depend on the boundary condition at the nozzle’s orifice set by the internal flow. For
that reason the predicted droplet diameters always will be as precise as the predicted initial condition at the
orifice.

The experiments carried out show that there are conditions in which no air core exists inside the nozzle but
still a hollow conical liquid sheet is formed outside the nozzle (Fig. 2). This phenomenon occurs only at low
Reynolds numbers which exist at high liquid velocities or very small nozzle diameters. So one of the objectives
is to determine the range of parameters in which the disappearance of the air core can be observed and its impact
on the flow.

The general relation between the droplet diameter and the condition of the liquid sheet at the orifice can be
described as:

• the higher the sheet velocity
• the thinner the liquid sheet the smaller are the droplets
• the bigger the cone angle of the sheet

To compare different nozzle geometries in terms of efficiency these three values have to be measured in a
range of Reynolds numbers. A combination of the measurands makes it possible to compare different nozzle
geometries.
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Since ϕ  is a measure of frictional loss in the nozzle and κ  describes the spray cone angle and the sheet

thickness, a smaller value of 22ϕκ  represents a more efficient geometry at a given Reynolds number since
existing theories for the sheet break up then propose smaller drop sizes.

The full paper will discuss results of the present investigation for nozzles having various ratios of dl ,
different numbers of inlet ports for a wide range of Reynolds numbers. Right now three dimensional simulations
of the two phase flow are in preparation. If results will be available till summer a comparison between
measurements and CFD will be presented.



Reynolds number since existing theories for the sheet break up then propose smaller drop
sizes.

The full paper will discuss results of the present investigation for nozzles having various
ratios of dl , different numbers of inlet ports for a wide range of Reynolds numbers. Right
now three dimensional simulations of the two phase flow are in preparation. If results will be
available till summer a comparison between measurements and CFD will be presented.
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Fig. 1. A schematic picture of a pressure swirl atomizer with fully developed air core

Fig. 2. Hollow conical liquid sheet without an air core inside the nozzle
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DECONVOLUTION TECHNIQUE TO DETERMINE LOCAL
SPRAY DROP SIZE DISTRIBUTIONS – APPLICATION TO

HIGH-PRESSURE SWIRL ATOMIZERS.

S. Boyaval and Ch. Dumouchel
UMR 6614 – CORIA – Université et INSA de Rouen
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Site Universitaire du Madrillet, B.P.12

76801 Saint Etienne du Rouvray Cedex, France

Abstract
This paper reports the last part of a study on the drop size distribution of sprays produced by high-pressure

swirl atomizers dedicated to gasoline direct injection. This last part focuses on the deconvolution of line-of-sight
forward diffraction measurements of the spray drop size distribution in order to understand the variation of the
mean drop diameter D43 in the head of the spray. First, the spatial resolution of the deconvolution technique is
improved by developing a continuous deconvolution procedure. Second, this new procedure is applied on a
series of four GDI injectors. The results show that the variation of the mean diameter D43 in the head of the spray
is related to the presence of the pre-spray. Furthermore, the deconvolution technique allowed the determination
of the pre-spray drop size distribution. It is found that the pre-spray drops are still a problem in GDI application
and that there are very much a function of the injector geometry.
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NUMERICAL SIMULATION OF A PLANAR LIQUID SHEET
IN A CO-FLOWING AIR STREAM
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31055 Toulouse cedex 4, France
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martin.kutzbach@onecert.fr
gerard.lavergne@onecert.fr

Abstract
Air-blast atomization of a planar liquid sheet in a co-flowing air stream is studied numerically by using the

commercial software FLUENT. Results are compared to available experimental data to examine the applicability
and performance of FLUENT’s Volume of Fluid algorithm. The flow under investigation is a thin laminar
Couette-Poiseuille flow, consisting of water, with adjacent flat plate boundary layer air flows at each side. In
order to consider the effect of different air inflow turbulence levels, simulations are conducted by assuming
either laminar or fully developed turbulent flow. The Volume of Fluid method is used with geometric interface
reconstruction in combination with a CSF surface tension model. Turbulence is modeled by a realizable к-ε
turbulence model.
Wave motion of the liquid sheet is observed in analogy to experiments. Results from two-dimensional
calculations agree very well with experimental data for moderate air free stream velocities.  Global oscillation
frequencies agree best for low air free stream velocities, while spray angles found agree well for high air
velocities. Frequencies and spray angles are strongly influenced by the form and state of inflow boundary layers,
whereas wavelengths are found to depend only weakly upon air inflow turbulence.  Since three-dimensional
effects play a decisive role in liquid sheet breakup, especially for high air velocities, a three-dimensional
calculation is conducted and first results presented.
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FUEL FILM THICKNESS MEASUREMENTS
UNDER DIESEL ENGINE CONDITIONS

U. Meingast and U. Renz
RWTH Aachen, Lehrstuhl für Wärmeübertragung und Klimatechnik

Eilfschornsteinstraße 18, 52056 Aachen, Germany

Abstract

The process of liquid film deposition on a wall is investigated under diesel engine conditions using an in-
jection chamber. A fiber-technique based on laser-induced fluorescence (LIF) is used to non-intrusively measure
the local and time resolved film thickness during impingement of a diesel fuel spray onto a surface. Here a small
quartz window allows access to the processes. The boundary conditions are varied from atmospheric gas pres-
sure and temperature to pG = 3.8 MPa and TG = 600 K, respectively. The maximum wall temperature achieved is
TW = 500 K.

Laser light is guided by an optical fibre to the measurement position. The aromatic components in the diesel
fuel will be excitated and emit fluorescence light which is detected by a photomultiplier. The intensity of its
signal UPM gives information about the film thickness δFilm. Using the Lambert-Beer Law we find a relation

PM Fluo 0 FilmU I I ×d: : . As the correlation between fluorescence intensity and film thickness is a function of
quantum yield, extinction, concentration of fluorescing molecules and the temperature there is a need of calibra-
tion. An almost linear behaviour can be found at low temperatures. Nevertheless the trend towards higher tem-
peratures of up to 500 K shows a significant increase of the fluorescence emissivity, which is taken into account
for data correction at experiments at higher wall temperatures.

Comparing the data derived from spray measurements under diesel conditions at two different gas and wall
temperatures but identical gas densities Figure 1 shows the development of a film at different radial distances
averaged over 15 injections.

FIGURE 1. Film thickness at different positions at TW = 400 and TW = 500 K

A significant film is built up at TW = 400 K with a maximum thickness of about 50 µm at the centre of the
spray (0 mm) during the impingement period. At TW = 500 K and a gas temperature which is also increased by
100 K. The deposited mass is significantly reduced due to evaporation and boiling effects and only a very thin
film is detected.

Concluding these effects is seems to be unlikely that a wall film exists under even more evaporative condi-
tions in a real diesel engine, like it is assumed in most of the numerical models used for CFD-prediction of the
spray/wall interaction. Only at cold start conditions with very low wall temperatures significant wall films might
exist.
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Abstract
It’s now commonly admitted that cavitation has a strong influence on diesel spray formation. This phenomenon

is supposed to be responsible for the turbulence increase in the injection nozzle that directly acts on the atomization
process. Laser light scattering is commonly used to show the presence of air cavities in the dense core of the spray.
Nevertheless, no direct interpretation of this type of images can be achieved and consequently the quantification of
cavitation is not yet possible. The work exposed here, consists in the observation of light scattering images from a
liquid jet containing air bubbles. These observations make us think that it is not possible to rebuild bubble shapes
from light scattering signal, which is characterized by spotlights. A simple model explains the presence of these
spots and it is shown that light scattering at an angle of  90° is surely not the best choice to visualize gas cavities in a
jet.
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DESCRIPTION OF SPREADING, RECEDING AND
SINGLE VERTICAL JETTING OF A DROP IMPACTING A
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Abstract
The models presented here describe the impact of a liquid Newtonian drop on a dry, non-wettable surface.

They take into account the inertial effects, the viscous drag, the surface tension and the wettability. The theory
predicts the maximum diameter of the drop, the temporal expansion of the rim at the wall and the temporal
elevation of the central jet. An approximation for the number of waves along the rim of the lamella is also
proposed.
The evolution of the drop diameter of a liquid drop impacting onto a dry wall, the instability of the rim, as well
as the formation of the central jet are studied experimentally and theoretically. In the theoretical model of the
rim motion its mass and momentum balance equations are considered taking into account the inertial effects in
the fluid, surface tension, viscous drag and wettability. The model predicts the evolution of the drop diameter
well, in spite of the fact that no adjustable parameters were used in the model.
Two different types of the rim instability are identified. The first type corresponds to the variations of the
height of the rim and appears as capillary waves along the rim centerline. The second type corresponds to the
instability of the rim in the radial direction leading to the formation of lobe-like jets.
Finally, the quasi-two-dimensional theoretical model for the estimation of the vertical motion of the single jet
following the receding phase of the impact is proposed. The model accounts for the viscous drag, surface
tension and the gravity effects.
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AN ANALYSIS OF CYLINDER WALL WETTING
ON PREMIXED LEAN DIESEL COMBUSTION SPRAY

Y. Nishijima, Y. Asaumi and Y. Aoyagi
NEW A.C.E. INSTITUTE CO., LTD.

2530 Karima Tsukuba-shi Ibaraki Pref. 305-0822, Japan

Abstract
Premixed lean diesel combustion (PREDIC) achieves very low NOx emissions as a result of early fuel injection.

Another consequence of such early injection is an increase in the amount of fuel spray reaching the cylinder walls.
This results in higher fuel consumption and THC emissions. However, the mechanism of cylinder wall wetting has
not been analysed. This paper deals with the mechanism analysis and quantitative analysis of cylinder wall wetting
in PREDIC.

As the test apparatus, we use a visualization engine that has a remodeled cylinder with a quartz glass window.
Laser Induced Fluorescence (LIF) is used with continuous light for photographing a series of wall wetting
phenomena by the spray in one cycle.

According to the photographs, some fluorescence is emitted on the cylinder even after piston rising during
compression stroke. This means that the expanded spray came into the crevice between the piston top land and the
cylinder to wet the cylinder wall. Once the fuel remains on the cylinder wall, the fuel would not be used in
combustion. Even when the piston would come down to include the wall wetting fuel in a combustion chamber, the
gas temperature would drop only to vaporize the fuel. This would result in unburned fuel emissions, for example,
THC.

Moreover, the wall wetting fuel film thickness was determined by a calibration between the fuel film thickness
and the fluorescence intensity. Determined fuel quantity decreases by half with the injection start timing changing,
which corresponds to the THC emission tendency in the engine test.
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RESCALING PROPERTIES OF A GDI SWIRLED SPRAY

L. Araneo
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Abstract
The aim of this work is to study the evolution of a GDI spray when the air condition changes in a wide range of

density values. Iso-octane is used as model fuel and is injected at 70 bar into still air at ambient temperature, in a range
of absolute pressure values ranging from 0.2 to 8 bar, representative of the conditions that could be found in a modern
direct injection gasoline engine.

Stroboscopic photographic images are taken at different delays from the injection trigger to study the evolution of the
spray. Laser Doppler anemometry is used to visualise the air pattern around the spray and to calculate the local and
global entrainment properties of the spray.

The structure of the spray, under the action of the air entrainment and of the internal depression, changes from a
hollow cone collapsing into a full cone. Similar patterns can be recognised with very different scale at different ambient
density. At low air pressure the aerodynamic actions are weaker, and a much wider field of view (100 x120 millimetres)
is necessary to capture the pattern change that is seen only at larger distance from the injector.

The influence of the air pressure on the spray penetration is much weaker than on the spray width, and can be
explained by the different behaviours of the two different spray structures. The hollow cone spray is more efficiently
slew down by the air drag at high air density, but it collapses immediately into a narrower full cone spray which
penetrates more easily in the surrounding air, leading to a balance between the two effects.

The aim of this study is to find out a correlation which can predict, in a dimensionless time-length scale, the
evolution of a GDI spray
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MEASUREMENT OF THE AIRFLOW ENTRAINED BY THE HOLLOW
CONE SPRAY ISSUED FROM AN INJECTOR FOR GDI ENGINES

V. Ferrand, A. Arbeau, L. Ben and R. Bazile
Institut de Mécanique des Fluides de Toulouse, UMR CNRS/INPT-UPS 5502,

Allée du professeur Camille Soula, 31400 Toulouse, France

Abstract
Air entrainment induced by the hollow cone spray issued from an injector for Gasoline Direct Injection engines

was characterised using the PIV technique. The mass flow rate of entrained air was calculated from the mean
velocity fields through a cylindrical control surface. The axial evolution of the entrainment coefficient is given and
the effects of ambient pressure on the structure of the airflow are discussed.

Introduction
This experimental work is linked with the recent development of Gasoline Direct-Injection engines and is

dedicated to the study of the airflow entrained by the hollow cone spray issued from an injector for GDI engines.
The spray produced by the injector is a dense, non-stationary, two-phase flow that interacts with the surrounding air.
The mechanism of air entrainment, due to the momentum exchange between the drops and the gaseous phase, is an
important phenomenon responsible for droplets vaporisation and mixture formation [1].

By application of the PIV technique, measurements of air velocity near the spray edge have been performed and
have been used to calculate the mass airflow rate entrained by the jet. The axial evolution of the entrainment
coefficient [2] is presented and the effects of the ambient pressure are discussed.

Experimental Set-Up
The injector (Siemens DKDI) is connected to a high-pressure pump and is electrically driven. The liquid (a non-

evaporating soddart solvent) is injected with a pressure of 8 Mpa, during 2 ms. The injector is discharging in a
pressurised chamber (Pmax = 1.2 Mpa) equipped with large optical access. The PIV measurements are performed
with a pulsed Yag laser (Spectra Physics, λ = 532 nm, f=10Hz, E= 2*150mJ). The position of the injector and the
direction of the laser sheet are optimised (see figure 1) in such a way that the liquid phase is not intercepted by the
incident beam. In this configuration the contribution of the drops to the scattered light is minimised and the PIV can
be applied in the vicinity of the spray edge.

Both the laser and the camera (Sensicam, 1280*1024 pixel, and 12 bits numeric) are synchronised with the
injection device to acquire PIV images 1300µs after the start of injection.

Results and Perspectives
The mean velocity fields of entrained air (figures 2-a/ and 2-b/) are calculated by averaging 100 instantaneous

PIV fields acquired in the upper part of the liquid jet (Z<40mm). In this „quasi-static“ region, the spray induces a
quasi-parallel airflow, perpendicular to the edge of the jet. The structure of the airflow is similar to the entrainment
induced by a single-phase jet [3] or a droplet-laden jet [4], even if the basic mechanisms are different. [5].

Increasing the ambient pressure from 0.1 Mpa  to 0.5 Mpa  does not modify the structure of the airflow but leads
to a strong reduction of the entrainement process. A direct comparison of  the velocity vectors shows that the
entrained air velocity decreases approximately by a factor two. To quantify precisely the pressure effect, the mass
flow rate and the entrainment coefficient, Ke [6], have been calculated  through a cylindrical control surface. The
axial evolution of Ke is reported on Figure 3. Contrary to Diesel jets [7], air entrainment induced by GDI sprays
seems to be characterised by a constant value of Ke.

Measurements for pressures higher than 0.5 Mpa are in progress to complete the data base and to carry on with
the analysis of momentum exchange between phases.
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Figures

Figure n°3 :
Axial evolution of the entrainment coefficient, Ke, for
two values (1 bar, 5 bar) of the ambiant pressure

2-b / Ambiante pressure :5 bar

2-a / Ambiante pressure : 1 bar

Figure n°2 :
Mean Velocity field of entrainment air

Figure n°1 :
Visualisation of the spray 1.3 ms after the start of
injection. The PIV field of view is superimposed
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EXPERIMENTAL STUDY OF THE CAVITATION IN THE
DIESEL INJECTION ORIFICES AT HIGH PRESSURE

I. Baz, J.L. Marié, R. Point, M. Lance and J.C. Champoussin
Ecole Centrale de Lyon, LMFA UMR CNRS 5509, B.P. 163, 69131 Ecully Cedex, France

Abstract
In direct injection engines, spray atomization depends mainly on the cavitation in the internal flow. Some

previous work on this topic can be found in the literature (1)-(6). Most of these studies were carried out at low
injection pressure. The objective of this study is to characterize the cavitation at high injection pressure up to 120
MPa and provide a data base for numerical simulation of such flow. This work is sponsored by the CNRS, PSA
PEUGEOT-CITROËN and RENAULT.

For the moment, shadowgraphy technique has been applied to investigate the cavitation in the spray hole of
real size Diesel injection nozzles. This technique allows a qualitative characterization of the cavitation. Other
photographic techniques will be applied later, like Laser tomography, to quantify the cavitation films and the
cavitation bubbles inside the injection orifices.

The experiments were performed with Bosch Common Rail system for generating unsteady injection
conditions. A transparent tip with sac and axial spray hole, drilled in quartz to allow optical access and high
injection pressure, is mounted  over a standard type nozzle. The transparent tip supports an injection pressure up
to 120 MPa. The hole diameters of used nozzles vary in the range of 0.2 to 0.5 mm with length/diameter = 4.

To allow predictions of the flow behaviour in the injection orifices, the experimental conditions must be
controlled appropriately. Then, a measurement of the sac pressure, the injection rate and the needle lift, has been
carried out on a nozzle tip drilled in stainless steel and having the same geometry of the transparent one. The
measurement of the sac pressure was performed with a small quartz pressure transducer. The sac pressure was
measured by Goney et al. (7) with another technique using the strain information on the nozzle wall detected by
a strain gage.

The maximal values of pressure measured in the sac chamber correspond to 60-70 % of the rail pressure. A
delay between the needle lift and the increasing of sac pressure has been detected (fig 1).

The optical set-up used for the shadowgraphy consists of  a xenon arc lamp as light source in combination
with a long-distance-microscope and an ICCD camera with a short exposure time down to 5 ns and high optical
resolution (1280x1024 pixels).

The foremost visualizations of this study are presented on figure 2. They show that the cavitation occurs in
two steps. At the beginning  of the injection phase, bubbles appear in the sac (fig 2a) due to cavitation at the
needle seat. After a certain level of the needle lift, the flow in the sac is quasi-steady and the inception of
cavitation takes place at the inlet edges of the spray hole (fig 2b).
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  Figure 1  Prail = 900 bar; hole : d = 0.4 mm – l/d = 4
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Figure 2  Prail = 300 bar ; hole : d = 0.5 mm – l/d = 4
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ANALYSIS OF SHEAR FLOW INDUCED PRIMARY JET
BREAKUP UNDER GASOLINE PORT INJECTION CONDITIONS
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Abstract
This paper describes implementation of an aerodynamic primary jet breakup model into the CFD code FIRE. This

takes into account the feedback between disintegration process and the features of the surrounding gas flow field.
First sample calculations under port injection conditions have been performed yielding promising results. These
predict spray angle and droplet size distribution in the right order of magnitude.

Introduction
Standard models for liquid jet breakup as, e.g., the WAVE or TAB model [1] based on aerodynamic mechanisms

do not predict sufficiently drop formation during gasoline port injection. For these conditions low velocities of some
10 m/s as well as low densities of the air flow are typical. Thus cavitation and jet turbulence are not expected to be
dominant effects. However, more detailed and comprehensive aerodynamic breakup models based on extended
instability analysis taking into account effects of the shear flow in the near jet boundary layer  seem to be a
promising alternative approach. Basic modeling for this is available in the literature [2]. But, for an evaluation under
realistic conditions the feedback with the surrounding gas flow field has to be considered also. Thus, the model
described in [2] has been implemented into the FIRE CFD code to analyze the potential of shear layer effects for
prediction of primary breakup under low velocity and low air density injection conditions.

Model features
The most important feature of the new primary breakup model (PBM) is the inclusion of the shear flow within the

spray cone into the instability analysis. The classical treatment of Kelvin-Helmholtz instability only takes into
account the velocity difference between the jet and its surrounding. In contrast to this the extended analysis
additionally includes the shear flow gradient, profile curvature, boundary layer thickness as well as occurrence of
inflection points. These effects may cause damping as well as enhancement of the instability of the jet. The former is
caused by reduced shear due to velocity profile formation and downstream flattening of the profiles by mixing and
momentum transfer from the droplets to the gas flow. On the other hand occurrence of inflection points in the shear
layer is known to cause instability in single phase parallel shear flows [3]. This acts as an additional instability
mechanism, which may also couple with surface wave formation and cause jet disintegration. Decisive for this is
whether the necessary type of shear layer profile can establish under the specific injection conditions.

A normal mode analysis is used to calculate the spectrum of waves, which may grow under the respective flow
conditions. From these the wave with maximum growth rate is taken as representative for local droplet formation
assumed to occur at the coherent liquid core surface. The drop detachment process is modeled based on an energy
balance at the detached mass element. This takes into account the work of external friction forces and the kinetic
energy stored in the growing wave which must be sufficiently high to overcome the surface energy needed to create
additional surface due to breakup. The unknown distribution of energy contained in the growing wave into energy
needed for surface formation and initial kinetic energy of the detached droplets is treated by stochastic choice
between the respective limiting cases.

The detached droplets induce a gas flow in the surrounding of the jet which again influences wave growth and
droplet formation. Thus, two way coupling between the instability model and the flow field is necessary. A further
requirement for application of the model is a fine resolution of the gas flow field at the surface of the coherent liquid
core region near the nozzle. This causes a conflict with the cell size needed for application of the Discrete Droplet
Model  (DDM) [3] which is used to describe the droplet phase by Lagrangian tracking of representative parcels of
drops. If the cell size is reduced at fixed number of parcels small cells containing only a few or no parcels
deteriorate the stochastic convergence of the solution in general [4]. Further the velocity profiles detected from the
CFD solution become irregular due to inhomogeneous distribution of the representative parcels in the cells
surrounding the jet.  Thus, an optimum between profile resolution and convergence has to be found, since the
alternative of simply increasing the number of parcels also increases calculation time considerably.

Under port injection conditions relative velocities between gas and injected fuel as well as ambient density are
low. This favors formation of long waves, which may cause coarse breakup of the jet in downstream regions due to
large wave amplitudes penetrating the cross section of the jet core.  This effect is also promoted by downstream
flattening of the gas flow velocity profiles due to momentum transfer from the droplets. Thus coarse breakup from
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large waves also including helical disturbance modes is taken into account.  The breakup processes in general and
especially breakup into coarse ligaments are accompanied with complex surface deformation processes. With
respect to application of the model in the frame of large calculations covering the whole intake port the details of the
droplet shape formation during coarse breakup are not modeled here. Instead, a simple approach by taking a limiting
jet core radius proportional to the wavelength is used to detect coarse breakup at the downstream core region. Below
this threshold value coarse breakup is assumed yielding drops of approximately the remaining core diameter.

The coupled calculations are performed determing the shape of the liquid core by subsequent drop detachment
from the core surface according to the local flow field properties. Along the core surface droplet sizes, mass flow
rate and start velocities are calculated assuming fixed flow field properties taken from the last time step of the gas
flow field calculation. The released mass is transformed into parcels for further treatment within the DDM idealizing
the jet core as a line source in direction of injection. The radial direction of injection is chosen randomly. The
resulting droplet mass flow modifies the flow field calculated in the next time step via momentum transfer. The
corresponding shear flow profiles are detected and transferred to the surface instability model after applying a
smoothing procedure to cure the problems with inhomogeneous droplet distribution mentioned above. Then the
procedure is repeated yielding correspondingly modified mass detachment and droplet properties to be used in the
next time step of the flow field calculation. A detailed description of the calculation procedure can be found in [5].

Results
The model has been tested for port injection conditions with injection velocities of about 30 m/s and a nozzle hole

diameter of 0.25 mm. Injection is performed into stagnant air at atmospheric pressure and room temperature. Fig. 1
shows the overall appearance of the spray cone with colors denoting the particle sizes produced. No additional
secondary breakup model is activated. The calculated spray cone half angle is about 3 degrees lying below the
experimental range of 4 to 5 degrees. However, the calculation domain used here has 8-mm length only. Thus,
turbulent dispersion may cause further increase of the spray angle far downstream. Fig. 1 also shows the gas flow
induced by momentum transfer from the droplets. In this picture the grid refinement in the upper part of the
calculation domain near the middle axis needed to resolve the profiles sufficiently can be seen as well. Further the
formation of an inflection point in the velocity profiles can be detected. Details of the profiles are shown in Fig. 2.

Irregularities in the profiles taken from the FIRE flow field are treated by matching an analytic profile of ncos -
type with characteristic data points from the FIRE flow field. Both sets of profiles are depicted in Fig. 2a for a series
of calculations along the line source representation of the jet core showing only small differences. The steepest
profile belongs to the first parcel release location near the nozzle, the flattest profile corresponds to the last
downstream release location at the jet core tip. The picture in Fig. 2b shows a snapshot of the droplet sizes produced
along the jet surface. The trend of increasing droplet size in downstream direction according to flattening of the
velocity profiles can be recognized. The non-monotone regions are caused by the stochastic distribution of the
kinetic energy from unstable surface wave growth between the droplet formation process and initial kinetic energy
of the detached droplets.  The coherent liquid core region extends to about 2 mm with the last bar in Fig. 2b
attributed to coarse breakup. The typical experimental droplet size of about 0.09 mm is depicted in Fig. 2b as dashed
line. This is taken from PDA measurements at about 15 mm below the nozzle. Thus the calculated values seem to
overpredict the droplet size, however, at least the right order of magnitude is met by the calculations. For final
conclusions and evaluation of the model more calculations over a larger range of experimental conditions are
necessary.

Further Work
Further work on the breakup model introduced will deal with continued analysis of effects from model

parameters with respect to match the experimental data with as universal parameter settings as possible. The
modeling of drop detachment from the core surface as well as from its leading edge has to be refined also.
Additionally a coupling with a Eulerian /Eulerian multiphase spray model seems promising with respect to avoid
poor profile resolution based on the DDM approach. Finally applications to GDI and Diesel conditions are planned
to check the range of applicability of the model.
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FIGURE 1.Spray cone formation and induced gas flow field from coupled calculation of primary breakup model
and FIRE spray calculation for injection velocity of 30 m/s and 0.25 mm nozzle diameter.

a)                                                                                       b)

FIGURE 2.a) Radial velocity profiles establishing at liquid core surface: raw data and smoothed values
b)  droplet sizes calculated from primary breakup model along line source in

direction of injection compared with typical experimental size

 1mm
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CONTROLLING LIQUID SHEET BREAKUP
BY VIBRATIONAL EXCITATION

G. Brenn, Z. Prebeg and D. Rensink
University of Erlangen-Nürnberg, Lehrstuhl für Strömungsmechanik,

Cauerstrasse 4, D-91058 Erlangen, Germany

Abstract
The present work treats the breakup of fan-shaped liquid sheets as produced by flat-fan atomizers and reports

about work in progress on a technique for controlling this breakup process. Flat fan atomizers are widely used for
producing fan-shaped sprays with relatively large droplets and high momentum, e.g. for the purpose of cooling and
cleaning of solid surfaces, and they can distribute the liquid volume flux rather uniformly, so that they are of interest
for applications like pesticide spraying in agricultural applications. For many such applications, a control of the drop
size in the sprays is desired. In conventional operation of prefilming atomizers, the instability mechanism which
leads to the sheet breakup is not capillary, but the aerodynamic interaction with the surrounding gas. In contrast to
the breakup of axisymmetric jets, influences from controlled infinitesimal disturbances of the sheet therefore have
no influence on the sheet breakup. Influences imposed to control the breakup of sheets must rather be due to
macroscopic pulsations of the liquid feed flow to the nozzle.

Some decades ago, Dombrowski and his group reported about work in this field [1-3]. In these papers, however,
no information about the working conditions of the atomizer, e.g., excitation amplitudes and frequencies or liquid
flow rates, was given. The aim of the present work is to develop this technique to a state that ranges of relevant
parameters are known for which the technique can be applied. The criterion for a proper performance of the
technique is that the droplets produced by the sheet breakup exhibit a narrowest possible size distribution.

It is part of the present technical development work to find an apparatus which provides strong enough
excitations for controlling the breakup of the sheets into ligaments and, eventually, into droplets. The search for a
suitable technical realization of this technique led to the apparatus depicted in Fig. 1. The atomizer (5) is fixed to an
aluminum tube (2) through which the liquid is supplied. The whole tube, together with the atomizer itself, is
vibrated in the axial direction, i.e. up and down in the present arrangement, by the movable part (4) of the
loudspeaker to which it is connected. Due to the response behavior of the loudspeaker as a function of the driving
voltage and the frequency, vibration amplitudes are of the order of tenths of microns. The whole setup is mounted
on a rigid bench (9) which practically does not vibrate [4].

The system behavior found in test series showed that the instability mechanism responsible for the sheet breakup
was observed at frequencies around some kilohertz. A comparison with the most unstable disturbance frequencies in
temporal Kelvin-Helmholtz instability of two-dimensional liquid sheets showed that the frequencies there are far
lower than those found suitable for the present technique. From this we conclude that the mechanism we excite with
our technique is not Kelvin-Helmholtz instability, but a capillary instability which develops from the edges of the
sheet. For the suitable frequencies we found, the development of this instability can be very regular, so that the drop
size distributions are very narrow. Accordingly we see that, in order to keep the influence of the Kelvin-Helmholtz
instability small, the Weber number of the sheet, i.e. the flow rate of liquid through a given atomizer, must be kept
small enough to ensure that our technique works. Therefore, with our technique the atomizers are run at flow rates
around the lower end of the flow-rate range termed suitable by the manufacturer.

Figure 2 is an example photograph of a breakup process controlled by the vibrational excitation of the sheet. The
atomized fluid in this case is a mixture of 52/48 weight percent water/glycerol, i.e., a fluid with about 6 times the
dynamic viscosity of water. The fluid is fed to the nozzle at a time-average flow rate of 12.5 l/h. With the slit width
of the atomizer of 400 µm this corresponds to a Weber number of 224. The excitation of the sheet is characterized
by the frequency of 4.8 kHz and the vibration amplitude of 0.18 µm. Due to the up-and-down motion of the tube and
the atomizer, pressure pulsations are produced in the tube which modulate the flow rate through the orifice. This
modulation leads to the regular structures seen on the liquid sheet and in the drop systems produced by its breakup.
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Figure 1: The loudspeaker with the gasket (1), liquid supply Figure 2: Sheet of a 52%/48% water/glycer-
tube (2), kernel (3), mounting plate (4) on the movable part,            ol mixture at flow rate 12.5 l/h, sheet thick-
the flat-fan atomizer (5), and the housing and base plate parts          ness 400µm, excitation frequency 4.8 kHz,
(6)–(9). vibration amplitude 0.18 µm, We=224.

The work-in-progress poster will provide new results of a thorough visualization study and phase-Doppler
measurements in the droplet streams seen on the photographs. The results will show that the drop size PDFs in each
drop stream are Gaussian, i.e. not skewed as found in sprays produced by stochastic breakup of sheets. The
presentation as a whole will document the present state of advancement of the development of this technique and
specifies most recent findings in terms of ranges of operation of the technique.
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PRODUCTION OF MEDICINE MICROPARTICLES BY
ELECTRO-HYDRO-DYNAMIC ATOMIZATION

T. Ciach, J. Wang, K. Geerse and J. Marijnissen
Delft University of Technology, Particle Technology Group, Julianalaan 136,

 2628 BL Delft, The Netherlands

Abstract
A new method of medicine-loaded microparticles production by electro-hydro-dynamic atomization

(EHDA) is presented here. Micro-particles are made of medicine and a carrier. As a carrier and protective
cover of vulnerable drugs biodegradable polymers are used. Modification of carrier properties and spray
parameter enables to control the release rate of protein drugs inside the human body.

Recent progress in medicine, biotechnology and genetic engineering yields a variety of protein drugs, an
important class of therapeutic agents, hormones, vaccines and antigens. However, most of these new drugs
have a short lifetime in vivo, requiring multiple treatment. They are also unstable in biological fluids. Since
these drugs have high molecular weights they are not well adsorbed from the gastrointestinal tract. For these
reasons the new methods of preparation of protein medicines and other more suitable drug delivery
techniques are needed. Specially prepared protein microparticles, covered with protective layers of
biodegradable polymer are suitable for oral uptake and inhalation. In case of frequent medicine uptake
inhalation is much more convenient than taking injections, for example administering insulin. However to
use this method particles should be fairly small. Standard atomization techniques either produce too big
particles or employ high mechanical stresses, which destroy vulnerable peptides. Therefore utilization of
electro-hydro-dynamic atomization to generate small drug containing microspheres is employed.

METHOD
Particles are obtained in a standard electrospray setup (fig.1). As a precursor a solution of protein and

carrier agent is used. In sprayed solutions the concentration of proteins was much smaller than the
concentration of the carrier.

The solution is supplied to the spraying device by a syringe pump. The spraying nozzle is connected to the
high voltage source. Particles are collected on a grounded substrate. The diameter of the produced particles is
a function of the spraying parameters and properties of the solution itself. The size of the obtained particles
varies from 0.5 to 10 micrometers.

Fig. 1. Fig. 2.

CONCLUSIONS
New method of making peptide loaded micro spheres for drug delivery was established. Presented

technique offers a possibility of production of small, encapsulated particles from vulnerable peptides. Such
particles are especially suitable for pulmonary drug delivery systems. Choosing the grade of the carrier
polymer can modify the release rate of active substances from microspheres.
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CHANGES OF SPRAY CHARACTERISTICS OF FLAT FAN
NOZZLES DURING WEAR TEST DEPENDENT ON TIPS
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Abstract

Introduction

Because the quality of spray distribution is highly dependent on nozzle conditions it is important to know the
wear characteristics of the nozzle and how wear affects the liquid distribution. The modern sprayers are equipped
with an automatic flow control system (constant flow rate per hectare). With continuous wear of nozzles a constant
flow rate per hectare is only possible by reduction of liquid pressure. Laboratory experiments for nozzles found in
the literature are mainly conducted with abrasives. The objectives for this study were to compare the wear rate for
different nozzle materials, and to determine the changes in spray quality. A largely automated testing equipment for
measuring of nozzle characteristics is in completion.

Material and Methods

Lechler LU 120-05 flat fan nozzles made of three different materials - plastic (POM), stainless steel and ceramic
were investigated 350 hours at 0,2 MPa liquid pressure. Martoxid® (aluminium oxide) was used as abrasive material
in a 2 % suspension with an exchange rate of 24 hours. The test stand consists of a 600 L isothermal tank (16 ±2ºC)
agitation pump, feeding pump, pressure regulation and four nozzle pipes for testing a total of 20 nozzles. During the
gravimetric measurement of the nozzle flow rate, the pressure was recorded continuously to calculate the true mean
value for correction. The coefficient of variation of spray distribution (CV) was determined on a patternator (0,1 m
grooves) at 0,2 MPa liquid pressure. The characteristics of the droplet spray spectra (VMD ) were determined with
an Droplet and Particle Size Analyser (AWK) at liquid pressures of 0,2; 0,3 and 0,4 MPa, and additionally for the
worn nozzles with the corresponding pressures for constant flow rate.

Results and Conclusions

The results indicate that there is some difference in the spray characteristics between new and worn nozzles.
Whereas the differences between nozzle materials are very distinct in respect of flow rate increase the influence on
droplet spectra and spray distribution are not dramatic. With the used abrasive material (Martoxid®) ceramic was the
most resistant material regarding the flow rate increase, followed by POM and stainless steel. The slight differences
in the CV value between the nozzle materials and with continuing wear, indicate that CV is not sufficient for
characterization of the nozzle wear rate. The 10 % flow rate increase as a limit of nozzle wear is not valid for flat fan
nozzles in respect of spray quality.
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STUDY OF THE COMBUSTION MECHANISMS IN THE ENERGY
RECOVERY OF USED OILS

M. Ferreira, J. Teixeira and J. Martins
Dep. Eng. Mecânica, Universidade do Minho, Campus de Azurém,

4810-058 Guimarães, Portugal

Abstract

The disposal of used oils, in particular those resulting from engine lubrication, is currently a problem of major
concern. Data from 1999, accounts to 60,000 ton/year of used oil disposed in Portugal.

Amongst the technical solutions available, the energy recovery through combustion or re-refining back to a virgin
base oil are those preferable. Although there is considerable debate on the merits and drawbacks of either solution
[1], the combustion solution is still one with great potential. The reasons are two-fold: a) it represents the use of an
energy resource with a high heating value (aprox. 44MJ/kg) thus reducing the demand on conventional fuels; b) the
economic benefits relatively to the re-refining solution [2].

Presently, the combustion approach is based upon the use of conventional liquid fuel burner. However, this
solution has various problems of concern, which result from the fuel characteristics: high viscosity, carbon deposits,
particulate. These characteristics yield a problematic atomization (previous heating) and subsequent deficient
combustion resulting in soot and gaseous emissions.

It is well understood that pollutant formation can be mitigated through correct combustion, which in turn depend
upon the atomization of the liquid. Of particular interest is the NOx formation, which is closely related with the
droplet size [3].

A previous work [4,5] has provided a very comprehensive characterisation of an effervescent atomizer. Because
of the internal dynamics of the nozzle, the results have shown than a very fine spray can be produced even at very
low operating pressures (typically at 2-3 bar) and with no previous heating required. The outer orifice is fairly large
(2 mm) and the nozzle obstruction is likely to be reduced. These characteristics make the effervescent atomizer very
promising for used oil atomization.

The proposed research aims to investigate the application of an effervescent atomizer in the combustion of used
oils. The combustion technique will be developed in order to keep the emission levels to a minimum [6] and in order
to achieve these goals, various parameters will be evaluated. Flame ignition depends upon the rate of vapour
diffusion from the droplet surface into the gas phase [7] and a criteria assuming a quasi-steady gas phase will be
determined for the fuel oil taking also into account the vapour fuel accumulation [8]. The emission levels are
controlled by the flame structure inside the combustion chamber [9] and a detailed investigation of flame
temperature, species concentration will be undertaken. An important aspect is that concerning the interaction of the
fuel spray with the gas flow, which is strongly controlled by the inlet swirl. It is understood that [10] low slip ratios
between the dispersed and continuous phase are crucial in order to achieve a complete combustion and reduce
pollutants. The fuel droplets residence time are also controlled by the gas flow pattern inside the chamber. For this
purpose, the supply of primary and secondary air to the flame is of paramount importance. In this way, local levels
of excess air may be controlled in such a way that emission levels can be reduced. Therefore, and in addition to the
benefits of a fine spray (relevant in heavy oils combustion) various strategies are envisaged in order to reduce the
formation of NOx (both thermal and chemical): staged combustion, reburning and exhaust gas recirculation.
Reductions of up to 60% may be anticipated. The formation of CO and unburned HC’s can also be controlled in the
same manner, though a trade off between these species and NOx has to be found. It is expected that no post
combustion techniques will be required to achieve acceptable levels of emissions. In any case, the gas absorption
technique in wet scrubbers may prove adequate for both soot and gaseous emissions [11] as a simpler alternative to
either catalytic or non-catalytic conversion. A recent area of development is that concerning the excess enthalpy
flames. Although various alternatives are available [12] that using a porous matrix is the most promising. Amongst
the benefits reported, one should mention the ability to operate low heating value fuels, lower emissions (shorter
combustion periods) and flame stability over a wider range of air-fuel ratios. However, the long term feasibility of
such option for liquid fuels such as used oils, remains to be tested.
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The objectives of the project are as follows:

- Design and construction of the furnace and heat exchanger

- To study the ignition conditions, flame stability, flame length and flame temperature

- To study the flow inside the furnace in order to optimize the combustion

- To study the emissions and their relationship with the combustion conditions

- Modeling of the spray and flow conditions inside the chamber and comparison with experimental results

- Design of the flue gases cleaning scrubber
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ANALYSIS OF GLOBAL CHARACTERISTICS OF DISI
SPRAYS DUE TO AERODYNAMICAL EFFECTS

J. Fischer, M. Kettner, J. Gindele and U. Spicher
Institute for Reciprocating Engines, University Karlsruhe, Germany

Abstract
Gasoline direct injection is one of the most promising ways to reduce fuel consumption and

to improve pollutant emissions of spark ignition engines. Direct injection is more efficient
than homogenous lean-burn, variable valve timing or supercharging with reduction of
displacement. The ultimate goal is to produce a stratified-charge lean-burn engine with
largely unthrottled operation for maximum fuel economy. In spite of intense world-wide
effort, many problems still exist today. Especially the stable ignition of the stratified charge
over a large operating map is unresolved. To meet future emission standards with gasoline
direct injection engines it is important to have detailed knowledge of the spray characteristics
in order to achieve a reliable process.
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Figure 1:  Spray visualisation at different ambient and injection pressure, 2ms after start of
injection

The hollow-cone spray from a high-pressure swirl injector for a direct-injection spark-
ignition (DISI) engine was investigated inside a pressure vessel with optical visualisation
techniques (see Fig. 1) to get a database for the validation of the numerical simulation (CFD).
Additionally these investigations help to get a basic understanding of the general spray/air
interaction process and the spray collapse at various ambient pressures.

To analyse the global spray characteristics in dependency of ambient pressure and
temperature a visualisation technique with back illumination was used. The pictures have
been evaluated in detail to get information about different characteristical values as illustrated
in Fig. 2. As can be seen the influence of the ambient pressure on the spray width is not
linear. For the use in engines it is vital to know that the spray propagation changes
fundamentally in the relevant pressure range and also to be able to explain the coherences.
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Figure 2:  Geometrical parameters of the spray at different ambient pressure

Further investigations were done with the Particle Image Velocimetry (PIV). In this
investigation PIV is used to measure the interaction of the induced air flow and the droplet
movement. For this the standard PIV is extended to the two phase flow using fluorescing
seeding particles to be able to separate the scattered light and the fluorescence. Because of the
highly reproducible injection in the vessel the measurement of the two phases was made
successively. Fig. 3 shows the measured gas velocity 2,0ms after start of injection with
different injection pressures and ambient pressures at 25°C ambient temperature.
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Figure 3: Induced gas velocity at different pressure, 2,0ms after start of injection

Additionally the velocity of the spray droplets in a zoomed area of the spray were
measured. The analysis of the droplet velocity with PIV is only possible at the outer area of
the spray. In the centre region the droplet density is too high so that no correlation could be
done. The measured velocities in the surface of the spray cone were analysed in detail. The
measurements show that the radial velocity component of the droplets decrease much faster
than the axial velocity. That leads to the assumption that the air flow assists the axial droplet
movement and decreases the radial velocity of the spray.
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DROPLET FORMATION IN HIGH FREQUENCY AC FIELDS
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Abstract
The use of electric fields in droplet formation was demonstrated for DC, pulsing DC and low frequency AC fields

[1-5]. Mono sized droplets and bubbles were produced in different liquid-liquid and gas-liquid systems for low
dispersed phase flow rates.

With the use of an high frequency (45 kHz) AC field, with voltages up to 20 kV, it was also possible to form
mono-sized droplets in liquid-liquid systems, as isododecane/water and toluene/water [6, 7]. This technique was
equally successful in dispersing high viscous liquids, as Silicone Oil, in water (see Fig. 1) and will be demonstrated.

Figure 1.   Dispersion patterns with increasing voltage for Silicone Oil 550 (η = 220 mPas, upper row of images)
and Silicone Oil DC200 (η = 1000 mPas, lower row of images) in distilled water.

The droplet formation process was investigated under varying conditions, as applied voltage, capillary geometry,
conductivity of continuous phase, for different liquid-liquid systems and results will be given. An optical double flash
system was used for determination of droplet size and velocity. The images were analysed with the use of digital
image processing software.

As a result, the applied voltage had the strongest influence on droplet size, together with the capillary geometry.
Not only the inner diameter of the nozzle affects the droplet size, but also the shape of the tip. For example, two
stainless steel capillaries with the same inner diameter but a different shape of the tips (conical and flat) were used
and resulted in different droplet sizes, whereby the conical capillary leads to smaller Sauter-diameters in comparison
to the flat one (see Fig. 2). Here the trend of the electric field lines at the tip is different, which changes the electric
force acting on the droplet. The relation between exposed cross-sectional area of liquid and cross-sectional area of
capillary was considered in a correlation for droplet size and will be presented.

5 mm
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Figure 2.   Sauter-diameter with respect to the applied voltage for different capillaries for isododecane droplets in
distilled water.

Regarding droplet velocity, no acceleration of droplets was detected in the AC field in comparison to findings in
an DC field [8]. It is possible to describe the measured droplet velocities by known correlations from literature [9-11]
(see Fig. 3).
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Figure 3.   Experimental velocities of toluene droplets in water in an AC field in comparison to water droplets in
toluene in an DC field.
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Abstract
The angular distribution of laser light scattered at spherical droplets can be used for 2-dimensional instantaneous

droplet sizing in sprays by light sheet illumination and a detection system out-of-focus. The method working well in
non reactive flows, e.g. water sprays, has been applied to a burning LOX/GH2-spray. The results do not allow to
evaluate the Mie-scattering pattern and thus LOX-droplet sizing based on Mie-scattering is not possible in our
experimental situation of a turbulent, reactive two-phase flow. It is assumed that distortions of the spherical shape of
the LOX-droplets prevent the formation of a regular Mie-scattering pattern.

Mie-scattering and droplet sizing by out-of-focus imaging
At a scattering angle of around 90° the Mie-scattering pattern is mainly controlled by the interference of the

reflected and the refracted rays of first order. Interference results in a regular pattern of maxima in the scattering
intensity as a function of the scattering angle. A simple geometric approximation given by C. Mounaim-Rouselle et
al. [1] shows that the droplet diameter d is proportional to 1/∆θ where ∆θ is the angular distance between two
maxima: d ∝ 1/G(θ) x 1/∆θ. G(θ) is rather independent from the refractive index near 90°. Imaging a droplet out-of-
focus illuminated by a laser beam results in a droplet image whose diameter is controlled by the defocalization ∆
(figure 1). The intensity in the defocused droplet image is modulated due to the angular modulation of the scattered
light (figure 2). The orientation of the fringes is perpendicular to the scattering plane. Evaluating the fringe spacing
in out-of-focus droplet images therefore allows to determine droplet size.

Application to water droplets in sprays

The method has been verified at water droplets of well known size. An out-of-focus image of droplets in a water
spray illuminated by a light sheet delivers the instantaneous droplet size distribution in a plane in the spray (figure
3). In dense spray regions the image may suffer from overlap of the out-of-focus images or scattering of the laser
beam at multiple droplets (figure 4). Overlap and secondary scattering result in interference patterns that show no
well defined fringes or the fringe orientations are not perpendicular to the scattering plane. In either case an analysis
of the droplet size is not possible since the scattering geometry is not known.

Application to LOX droplets in a burning LOX/GH2-spray
The micro-combustor at DLR Lampoldshausen [2] is a small scale test facility for basic investigations of

LOX/GH2-spray combustion. The flame and flow field has been investigated in former work by several methods
[3,4] aimed to build up a data base for comparisons with results of numerical simulations. A crucial parameter for
modeling the spray flame is the droplet size distribution. It was the aim of this work to determine droplet sizes in the
LOX/GH2-flame by the Mie-scattering method. Details of droplet images obtained in the spray flame are shown in

Figure 1: Imaging of laser illuminated droplets in out-of-
focus mode

Figure 2: Image of a laser illuminated
droplet in out-of-focus mode
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figures (5) and (6). As can be seen droplet images show no interference fringes or their orientation is not
perpendicular to the scattering plane. Droplet sizing based on interference fringes is therefore not possible in the
reactive LOX/GH2-flow.

Following reasons for the failure of the method are possible: (i) secondary scattering, (ii) overlap of droplet
images, (iii) temperature (refractive index) gradients in the droplets, (iv) non spherical shape of the droplets.

Although there is no definite experimental proof, we assume that the most probable explanation of the negative
experimental finding is that the droplets are not spherical in the flow. First they may be produced in the shape of
ellipsoids in the fragmentation process of the LOX-core and are probably not relaxed to a spherical shape in the
measurement volume. Second the forces experienced by the droplet in the turbulent flow may distort its surface and
prohibit the generation of an interference pattern as predicted by the Mie-theory.

This explanation would have some relevance in respect to the application of other methods which determine
droplet sizes based on Mie-theory like PDPA.
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Figure 3: Out-of-focus image of water droplets in a
dilute spray

Figure 4: Out-of-focus image of water droplets in
a dense spray

Figure 5: Detail of out-of-focus image of a burning
LOX-spray

Figure 6: Detail of out-of-focus image of a burning
LOX-spray
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Abstract
The primary breakup of a fluid injected by a Common-Rail injector under moderate to high rail pressures using two
different nozzle geometries at atmospheric conditions is investigated. Both nozzles are one hole nozzles with
diameters in the range of real sized diesel engine nozzles. The first nozzle has a sharp inlet, the second nozzle inlet
is strongly rounded. Backlight visualizations show higher spray cone angles and smaller ligaments in the near nozzle
region due to increased turbulence levels at the nozzle exit for the sharp inlet nozzle. A High Speed Camera has
been used to study the transient behavior of the spray cone angle during the opening and closing phase of the
injection cycle. Especially for the rounded inlet nozzle the difference between the wider and more disintegrated
sprays during these phases compared to the quasi-stationary phase becomes obvious. The axial velocities inside the
dense spray regions are measured using a correlation velocimeter technique. Measurements at different radial
positions close to the nozzle show a block profile for the rounded nozzle. The nozzle with sharp edges gives a more
parabolic profile possibly due to higher losses in the shear layers due to enhanced turbulence and cavitation.

Experimental Setup and Results
A standard commercial Common-Rail system is used. Hydro grinding is used to round the inlet edge of one nozzle
strongly and to wear any restrictions on the surfaces (HG-Nozzle) [1]. The HG-Nozzle has a diameter of 180 µm,
whereas the untreated sharp-edged nozzle (S-Nozzle) has a diameter of 200 µm. Due to the increased discharge
coefficient of the HG-Nozzle, both nozzles have the same mass flux at constant pressure conditions. The fluid used
is BOSCH-Standard-Test-Oil with Diesel-like properties. The back pressure is 0.1 MPa at room temperature. In the
final poster experiments at higher back pressures will be presented.

The experimental set-up for the backlight visualizations consists of a PCO-CCD-camera with an Infinity long-
distance-microscope, (1280x1024 pixel, field of view: 1,4x1,12 mm), and two Nanolite sparklights (duration
approx. 20 ns). The setup is shown in Fig. 1. With this setup two images within a minimal interval of 200 ns can be
recorded. This allows the future evaluation of the images using a Droplet Tracking Velocimetry Code under
development. An example overlay of two images is given in Fig. 2.

Fig. 3 shows the influence of the rail pressure pR and the nozzle shape on the atomization of the spray in the
near nozzle region. The HG-Nozzle at pR = 30 MPa shows a non-disintegrating jet. Reproducible patterns are found
on the jet surface, which have a wavelength of 0.25*dNozzle and could be the result of Kelvin-Helmholtz instabilities.
The breakup mode for the same rail pressure is completely different for the S-Nozzle. The sharp inlet edge produces
more disturbances in the nozzle, which lead to the formation of ligaments very close to the nozzle. For higher rail
pressures, the spray cone angles increase for both nozzles and the sprays show fewer differences.

Spark-Flashlights (Nanolite)

Optical Fibre  

Lenses
Injector

Microscopic Lens

Dual-Frame CCD-Camera

CR-Injection-

system (pi,max

=135 MPa)

Trigger Unit

(PC)

Image-Pro-

cessing-PC

FIGURE 1. Experimental setup backlight
visualization technique

FIGURE 2. A dark-bright overlay of the outer spray
region of two images with ∆t = 230 ns



Measuring the spray cone angles in at least 30 images at every rail pressure results in the spray cone angle
distribution in Fig. 4. One half of the spray cone angle is the angle between the the spray axis and a line from the
edge of the nozzle hole to the spray at a distance of 1 mm. Summing the angles for the left and the right side in the
pictures gives the full spray cone angle. Comparing the deviations of the two nozzles for the half angles shows the
larger values for the S-Nozzle at rail pressures beyond 60 MPa. The reason for the constant values of the HG-Nozzle
may be found in the hydro-grinding process, which removes tiny obstacles in the flow path and gives lower
turbulence levels due to reduced cavitation.

FIGURE 3. Effect of rail pressure and nozzle
geometry on the spray structure
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For the investigation of the opening and closing phase of the injection a High-Speed-Camera (Ultra8+1) has been
used. Fig. 5 shows the opening phase of the HG-Nozzle at two different rail pressures. Especially at pR=30 MPa the
spray shows a strong transition from a slower, disintegrated spray in the opening phase to the relatively smooth jet in

the quasistationary phase. A similar behavior is
found for pR=80 MPa, but the transition is faster
and the differences are smaller for this well
atomized spray. Due to the lower spray velocity
the residence time in the area under investigation
is higher and the breakup processes can still be
observed. In addition the needle opening and the
transient development of the flow in the sac-hole
contribute to the disturbances in the nozzle flow.

The set-up of the correlation velocimeter is

described in detail in [2]. It allows onedimensional
transient point measurements with a temporal
resolution of 20 µs and a spatial resolution of
7 µm. By time averaging those transient
measurements during the quasistationary phase of
the injection at several radial positions, radial
profiles of the axial velocities in the near nozzle
region are obtained. These profiles are shown in
Fig. 6.. Because the technique relies on light
scattered by ligaments in the disintegrated spray,
the measurements at the HG-Nozzle with the
smooth jet at low rail pressures have been
difficult. They where obtained at an axial distance
of 300 µm from the nozzle exit. For the S-Nozzle
measurements 100 µm from the nozzle-exit have
been possible. The profiles show higher velocities
and a more parabolic profile for the S-Nozzle,
possibly due to the flow acceleration in the
cavitation induced vena contracta.
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FIGURE 5. Opening phase of the HG-Nozzle

FIGURE 6. Axial velocities 100 µm (sharp S-Nozzle) and
300 µm downstream (round HG-Nozzle) of the nozzle
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Abstract
The work reported here is concerned with the converged swirling liquid sheets or ‘tulip’ shaped jets formed

from pressure swirl atomizers at low flow rate conditions and is mainly motivated by the application of liquid-liquid
coaxial swirl atomizers used in rocket engines [1]. While operating such twin-fluid atomizers at typical mixture
ratios, the fuel spray discharged from the outer orifice forms a converged jet in the absence of the inner oxidizer
spray. Since the flow behavior of the outer jet will influence the fuel/oxidizer mixing and the overall combined
spray characteristics [1], it has a direct influence on the combustion performance. In this context, an experimental
investigation has been conducted to document the flow behavior of converged swirling liquid jets. Converged
swirling liquid jets are similar to that of non-swirling jets except for the addition of swirl in the former. Converged
non-swirling liquid jets are studied well in literature as ‘water-bells’ [2,3] and ‘annular liquid jets’ [4,5], and all
these investigations have emphasized the role of dynamic pressure of trapped air inside the jet in the overall
behavior. Parlange [3] indicated that the effect is more severe for thin and fast moving liquid sheets as encountered
in pressure swirl atomizers due to the presence of strong vortex motions caused by the moving liquid sheet and its
swirling effect. The results reported here are mainly on the measurement of inner air core pressure measured at the
orifice exit with varying flow conditions. An interesting feature of this variation is that it identifies the regions of
prominent jet flow features like the oscillating jet and steady jet regions, which are important for the practical
injector designers.          

The experiments are carried out in a standard spray test rig using tap water as the liquid. The schematic sketch
of the injector assembly is shown in Fig. 1. The swirling liquid sheet is discharged from the outer orifice by forcing
the liquid to flow through a helical swirler as indicated in Fig. 1 and the central orifice is used as the pressure tap for
the measurement of inner air pressure. The measurement is obtained as the pressure difference across the liquid
sheet, ∆P using a differential pressure transducer having a full scale range of 20 Pascal with resolution 0.01 Pascal.
The mean value of ∆P, (∆P)mean is estimated by taking the average of 19 instantaneous values noted down
continuously over a time span of 3 minutes. Instantaneous images are obtained using a 16mm movie camera. The
flow conditions are represented in terms of Weber number, We as defined in literature [6] and the various swirl
atomizer configurations are distinguished by the atomizer constant K also defined in Ref [6].

Figure 2 is a photographic illustration showing the liquid sheet contours with the increasing We for the
atomizer configuration with K = 0.0073. At lower values of We, multiple converging sections are observed as seen
in the first few frames, mainly due to the competition between the centrifugal, surface tension and pressure

FIGURE 2. Jet profiles with increasing We. Sequence is
from left to right and top to bottom. We = 9.4, 12.6, 15.9,
19.2, 22.7, 26.1, 29.7, 33.2, 36.8, 40.5, 44.2, 51.6.

FIGURE 1. Schematic of the injector assembly.
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difference forces at different downstream locations from the orifice exit. As We increases, the converging sections
gradually collapse and the liquid sheets start breaking up into droplets due to the Kelvin-Helmholtz instability [7]. A
typical experimental variation of (∆P)mean with We is shown in Fig. 3 for different atomizer configurations. The
variation indicates 4 prominent zones, two maxima (I & III) and two minima (II & IV), and is covered by four
segments A, B, C and D as shown in the figure (K = 0.0073).
Segment ‘A’: The collapse of the 3rd

converging section is observed in
this segment. In other words, the
breakup location of the liquid sheet
in the third converging section
approaches the second convergence
points with increasing We. In this
process, the droplet concentration
near the convergence point increases
and gradually starts blocking the
opening at the convergence point.
At the same instant these droplets
entrain air from the inside to the
outside region of the liquid sheet
depending on their size and
velocities. This entrainment
gradually reduces the pressure
inside and hence increases ∆P as
seen in the segment ‘A’ of Fig. 3.
The complete collapse of the third
converging section is observed at We close to the peak I and a dense droplet cloud is seen at the second convergence
point.
Segment ‘B’: Following the collapse of the third converging section, the second section opens up and the breakup
location gradually moves towards the orifice with increasing We. Consequently the droplets are also gradually
shifted away from the axis. This increases the pressure inside the jet due to the increasing contact between the inner
and outside air, and thereby decreases ∆P as seen in the segment ‘B’. Close to the minimum II, the second
converging section is fully opened and the breakup location of the liquid sheet is found to be closer to the middle of
the second converging section (see the photograph corresponds to We = 31.5).
Segment ‘C’: The process involved here is similar to the one discussed for the segment ‘A’. Here the second
converging section approaches its ‘complete collapse’ with increasing We. Closer to the peak III, the second
converging section is fully collapsed and a dense droplet cloud is seen at the first convergence point.
Segment ‘D’: This segment is similar to ‘B’. The opening up of the first converging section with the increasing We
makes the pressure inside the jet to approach the ambient pressure and result in a variation seen in ‘D’ of Fig. 3.

Experimental data on the instantaneous variation of jet convergence lengths obtained using movie camera
shows that the jet oscillates widely (±18% variation in mean length) closer to the zones I & III and the steady jets
(less than ±4% variation in mean length) are observed closer to the zones II & IV. At flow conditions near the peak
zone I & III, the droplet concentration is more at the convergence point as mentioned earlier. Since the droplets
entrain air from the inner region, the jet shape alters instantaneously as per the variation in the instantaneous ∆P.
This sudden change in the jet shape modifies other forces acting over the liquid sheet and result in a new equilibrium
by further changing the jet shape. This process repeats intermittently for ever. Since the droplet formation from the
liquid sheet breakup and its entrainment characteristics are unsteady in nature, there has been no steady jet
oscillations observed here and a random variation in the convergence length is noted. At the flow conditions nearer
the minimum zone II, the droplets are distributed far away from the jet axis as the liquid sheet breakup occurs closer
to the maximum jet diameter location and hence no oscillations are observed as the core pressure becomes
insensitive to the events at the break-up location.

We thank Prof. Dr. C. Tropea, Technische Universität Darmstadt  for making this presentation possible.
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FIGURE 3. Typical variations of ∆P for the converged swirling liquid jets
discharged from different pressure swirl atomizer configurations.
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Abstract

Introduction

The last couple of decades, a considerable amount of research effort has been put in the
technique of ElectroHydroDynamic Atomization (EHDA). The EHDA technique is a technique to
produce very small, highly charged droplets from a liquid. With this technique, the size of the
produced droplets can be controlled while the size distribution can be nearly monodisperse
depending on the applied conditions. Together with the charge on the produced droplets, these
properties make EHDA an ideal technique for a tremendous number of applications. The
technique has however one disadvantage for which, despite all research efforts, no solution has
been found yet: the amount of liquid that can be processed is very limited (in the order of ml/hr).

To produce small droplets from a mass flow through a nozzle, the EHDA technique uses an
electric field . In short, the electric field induces stresses in the liquid which transform the
droplets at the outlet of the nozzle into cone-like shapes. From the tip of such a shape, a small
highly charged jet emerges, which breaks up into small droplets. Those droplets form a spray.
This is the reason why the EHDA technique is sometimes also referred to as “electrospray”. A
more detailed description of the EHDA technique can be found in (Grace J.M. and Marijnissen
J.C.M., 1994). They distinguish between several “spraying modes”. For the so-called Cone-Jet
mode a nearly monodisperse size distribution is produced and the size of the produced droplets
can be predicted:  (Hartman et.al., 1998) and (Gãnán-Calvo A.M. et. al., 1997) both give scaling
laws that relate the produced droplet size to the material properties of the used liquid.

A vast amount of experimental data on EHDA can be found in literature. It is however only
from the last couple of years that a lot of authors use the same kind of setup when investigating
the EHDA technique. This setup basically consists of a capillary and a ring or a plate between
which a high voltage is applied. However, the dimensions of the component parts are different for
most authors. This results in different electric fields at the nozzle tip, making comparing different
experimental data difficult. However, comparing data obtained with totally different setups is
even more difficult, so the use of the setup mentioned before might be a good compromise.
Except for the simplicity of the system, there is no good argumentation in literature why this
setup should be used in the EHDA research. It is therefore very likely that configurations exist
which have a better defined electrostatic behavior.

To improve the system, it is necessary to study the electrostatic variables (electric field,
polarity etc.). This has been done by a few authors (see for example Borra et.al.,1999). However
only some general considerations to improve EHDA performance are given and no nozzles are
designed to test whether those considerations are correct.
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Current Research

This research tries to find the nozzle configuration that gives the best control over the EHDA
process. It also tries to figure out whether one specific configuration can give that control for all
possible liquids or whether liquids with different material properties have different optimal
configurations.

The starting point of this research was that only one requirement has to be met: the resulting
configuration should be usable. Therefore both needle type and capillary type nozzle are being
considered. The latest results will be presented at the conference.
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In the work-in-progress poster the current state of the experimental and theoretical study on the evap-

oration of optically levitated mixture droplets will be shown. On ILASS 2000 we presented results at

room temperature [1]. Now we started to investigate the inuence of the ambient temperature on the

evaporation rate.

In order to perform the experiments the observation chamber, in which the droplets are levitated optically,

has been modi�ed. Now the upper region can be heated and temperature pro�les as shown for example in

Fig. 1 are obtained along the vertical axis of the observation chamber. The droplets are brought into the

chamber using a droplet on demand generator. The vertical location, at which the droplets are levitated

�rst, is indicated in Fig. 1. In this position the temperature is relatively low. Then the droplet is moved in
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Fig. 1: Vertical temperature pro�le along observation chamber. The dotted vertical gray line indicates

the position, at which the droplets are brought into the chamber. The solid vertical gray line indicates

the observation position.

the observation position with a higher ambient temperature in shifting the lens upwards, which focusses

the laser beam. The evaporation rate is measured using the techniques described in [1].

In order to take account for higher evaporation rates, which are observed at higher ambient temperatures,

the measurement techniques are improved. Especially the frequency has been increased, at which size

measurements from the light scattered in the forward direction can be performed. Now up to seven

measurements per second are possible. Measurements with this technique have been performed at di�erent

ambient temperatures. As an example two results are shown in Fig. 2. In this �gure the square of the

dimensionless radius (r=r0)
2 is shown as a function of time t

� = t=r
2

0
. The negative slope of these curves
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Fig. 2: Representation according to the d2-law of the evaporation of two hexadecane droplets at di�erent

ambient temperatures.

gives the evaporation rate �v. As expected, the evaporation rate increases dramatically with ambient

temperature.

Theoretical calculations even for mixture droplets have been performed using the model described in [1].

Results for the evaporation rate �v for pure hexadecane are shown in Fig. 3 as open symbols. These
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Fig. 3: Evaporation rate �v as a function of ambient temperature. Shown is the comparison between

theoretical and experimental results. The solid gray line is a best �t to the theoretical results.

theoretical results are compared with measurements indicated by the closed symbols. As can be seen,

the theoretical and the experimental data agree quite well. However, for the poster more detailed data

will be available.

In future work the investigation will be extended to mixture droplets. Preliminary results will be shown

on the poster.
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Abstract
The integration behavior of a charged liquid thread in nano-size was numerically analyzed using molecular

dynamics simulation in three dimensions.  In the present study, argon, methane, propane and hexane were chosen as
working liquid, which consisted of the Lennard-Jones molecules.  The intermolecular force governed the motion of
the molecules were caused by the Lennard-Jones and the Coulomb potentials.  The equation of the molecular motion
for the liquid thread was numerically solved using the Leap-Frog technique under the periodic boundary conditions.
In particularly, the disintegration behavior of the thread and following ultrafine droplet formation process for liquid
hexane were examined in detail; distribution profile of electric charge and electric charge quantity of the thread.
Consequently, the results obtained in the present study could simulate successfully the interfacial behavior (e.g.
whipping motion, ligament formation, so on.) for the charged liquid thread, which was observed in the experiments.

Introduction
Liquid atomization and spray systems have received considerable attention because of their wide range of

application, e.g., for powder processing, heat/mass exchange, and spraying of the fuel.  Recently, a charge injection
technique to atomize low conductivity liquid as hydrocarbon fuels has been proposed and developed by many
researcher [2-4].  It is well known that charged drops have favorable characteristics regarding self-disintegration due
to high charge density resulted from decreasing their size of evaporating or burning drops as well as redistribution of
self-position among the drops due to electrical repulsive force.  UMIST’s reseach group has reported a lot of
excellent research results.  Understanding on molecular level for disintegration behavior of a charged liquid jet is
necessary to design electrical aided atomizers and establish atomization technique of low conductivity liquid.  The
present study focuses on the unstable motion of a vapor-liquid interface in a charged circular liquid thread, which is
most basic and important phenomenon in electrostatic atomization.

Procedure for molecular dynamics simulations
The basic equations and the computational procedure are based on typical molecular dynamic simulations [1].  In

the present system, two kinds of intermolecular potentials are considered; the Lennard-Jopnes type and Coulomb
potentials.  The combined intermolecular potentials are used as,
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The first term in Eq. (1) is the Lennard-Jones potential, in which εij is intermolecular energy between the charged
and the uncharged molecules, and second term is an additional potential resulted from induced polarization of
uncharged molecules, where rij is the distance between the i and the j molecules, and σ is the distance between two
molecules contacted, α andεr are polarizability and permittivity, respectively.  Specific charge density of the thread is
given by Rayleigh model as.
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where Q, M, ρl and γ are charge quantity, mass, density and surface tension, respectively, and r is droplet radius.
    The molecular dynamics simulations were performed using a number of molecules placed initially in a cubical
box termed a fundamental cell with periodic boundary conditions in all three dimensions.  To prevent an O(M2)
computation due to interactions between all pairs of molecules, the potential was cut off at a distance r=2.5σ, where
M denotes the molecular number.  A minimum image convention technique and a standard neighbor list to keep
track of which molecules were actually interacting at a given time interval 0.002τ were used, whereτ=√(mσ2/48εij) is
the representative time scale and the mass, m, of the molecule is taken as the representative mass scale.  The
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computational time was close to O(M).  The motion of the molecules was based on the Newton’s equation and was
numerically solved using a Leap-Frog algorithm with a time step of 0.002τ.  As the initial conditions, the molecules
in a vapor phase were distributed in a fundamental cell and the molecules in a liquid phase were distributed within
the cylindrical region, which corresponded to the liquid thread using random numbers.  The cylindrical region was
set in the center of the cell.  The initial velocities of charged and uncharged molecules were decided using normal
random numbers, so that the velocity of each molecule had a Maxwell distribution.  The achievement of the
equilibrium state was confirmed by obtaining the radial distribution function and by observing the temperature of
the system.

Results and discussions
A simulation cell used in the calculation is shown in Fi.g. 1.  Figure 2-a and 2-b show two typical snap shots of a

charged liquid thread and an uncharged one, respectively., and the dots in the figure indicate hexane molecules.  The
moving behavior of the charged thread, where electric charge calculated by Eq. (2) are distributed on the surface of
the thread, are shown in Fig. 2-a.  The initial shape of the cylindrical thread is disturbed with lapse time; the
molecules begin to move and after 80 ps, the shape of the thread forms significantly whipping pattern, and after 120
ps, the thread disintegrates and flies off in different directions.  On the other hand, an uncharged thread in Fig. 2-b
keeps a cylindrical shape even in 120 ps.  The effects of charge distribution and charge quantity on the shape of the
thread were also examined.  Consequently, the thread changed different unique shapes and disintegrated into
different patterns depending on the
charge distribution and quantity.

     Figure 1. Simulation cell

Figure 2-a. Charge liquid thread   Figure 2-b. Uncharged liquid thread
(surface distribution)
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Abstract
As experimental study has shown, under fairly high intensity of filtration of two immiscible liquids

(water-oil) through grainy checkers homogeneous emulsion is formed at the outlet of the latter. It has
been found that determining factors are dynamic pressure at the inlet into the checker ∆p, its thickness
L, inner structure and grain dimension d, and relationship of liquids consumption and their physical-
chemical properties. The leading mechanism of emulsion formation is defined by development of
instabilities of interphase boundaries of liquids separation either according to theory of Raley-Taylor,
or according to Kelvin-Gelmholz.

Under insufficiently great ∆p transitional current from laminar to turbulent, as well as turbulent
current of two immiscible liquids in grainy checkers form channel structure. Experiments proved that
achieving ∆pкр there occurs resistance crisis in a grainy checker with forming  rough emulsion. The
latter is compared with mechanism of surface destruction of channels of greater viscosity liquid with
less consumption and forming of dispersion component in dispersion medium of less viscous liquid.
Energy balance of the process of emulsion forming in grainy checker has been drawn up, taking into
consideration the work of external forces, kinetic energy of emulsion, its losses for viscous friction,
surface energy of dispersive component and its energy losses for viscous separation of drops on inter-
phase surface of two immiscible liquids when they flow along canal mould. Conditions of emulsion
formation start have been defined, they are being proved  by experimental data. The generalized
calculated dependencies ∆p = f(vf) were found.

It is known that emulsion quality, its stability in particular, is mostly determined by dimensions of
dispersive inclusions. Assuming that dimension of the latter may be defined by dependence
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there were received representations for the speed of dissipation of turbulent vortex ε2 of dispersive
medium. In case of surface mechanism of channels destruction from general representation of semi-
empirical theory of turbulence there follows:
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where ∆v is pulsation velocity and 3
2 pek sddL ⋅⋅= , where de is the diameter of moistened channel

of a grainy checker, sp is saturation of emulsion viscous component. Then µ9
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case of volume destruction of disperse component in the developed regime of emulsion formation
model Prandle-Kolmogorov of the second kind is accepted:
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where ε - coefficient of grainy checker, v2 – pulsation velocity of dispersive phase, νpw – emulsion
kinematic viscosity, Re and Rekr – Reinold’s numbers. The received calculated dependencies are
experimentally proved and show that for the system “water-oil” in a grainy checker: L = 0,4 m,
d=3,25⋅10-3 m, ∆pkr=9,8⋅103 N/m, sp=sw=0,5, de=1,5⋅10-3 m, dk

sur≈2⋅10-4 m and dk
v≈2,4⋅10-5 m with

Re/Rekr ≈ 2. Thus, the offered calculated dependencies on defining dimensions of dispersive
component of emulsion enables to control emulsion quality, produced in grainy checkers and devices.
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Abstract
Experimental study has shown that under fairly high intensity of filtration of two immiscible liquids

through grainy checkers it is possible to obtain homogeneous emulsion. It has been found that
determining factors of this process are dynamic pressure at the inlet into the checker ∆p, its thickness L
and inner structure, relationship of liquids consumption and their physical-chemical properties. The
leading mechanism of emulsion formation in the checker is defined by development of instabilities of
interphase boundaries of liquids separation either according to theory of Raleigh-Taylor or according to
Kelvin-Gelmholz.
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Abstract

A new phenomenological analysis of injection and auto-ignition is established in an optical accessible 4-cylinders
DI Diesel engine of the production size class equipped with an inclined 5 holes injector. Measurements are
obtained at representative motored conditions for partial load. The penetration of the liquid phase is visualised in
the whole combustion chamber by simultaneous Laser Induced Fluorescence (LIF) and Mie scattering techniques.
The auto-ignition process is analyzed by a spectrally resolved direct imaging of the chemiluminescence process.
Images are obtained by two video intensified cameras, independently triggered.

It is observed that initially the liquid phase penetrates almost linearly with increasing crank angle then the tip of
the jet slows down before interacting with combustion chamber’s wall. This first investigation has allowed a more
precise comprehension of the flow field generated by inclined injector when interactions wall-spray and swirl-spray
take place. In a second step, chemiluminescence imaging, coupled with LIF, revealed strong primary atomisation
of sprays near to the injector nozzle.

Introduction

It is well known that liquid and vapour phase fuel penetrations are key parameters in the optimisation of
production DI Diesel engines. Along with these parameters, a better comprehension of auto-ignition is also needed
for the optimisation of Diesel engine and its modelling advancement.

During these last few years, several investigations have been made on the injection process in transparent DI
Diesel engine. However, one can notice that there is only limited information about injection and auto-ignition
performed into the same optical engine. Dec (see 1, 2, 3) has proposed a conceptual model of DI Diesel combustion
based on investigations on vapour and liquid phases and auto-ignition process in a heavy duty class Diesel engine.
Although this configuration has allowed important insights in the comprehension of the Diesel injection, we can
remark that the possible interaction between the combustion chamber walls and the liquid phase and the effects of
the aerodynamic motion on spray development are not taking into account.

This paper presents a study of physical phenomena occurring during the motor stroke into a passenger class
DI Diesel engine running at middle charge conditions. It exposes optical investigation of injection and combustion
processes performed in a small direct-injection Diesel engine. Laser Induced Fluorescence (LIF) and by Mie
scattering techniques have been employed to provide a better comprehension of the interaction between spray, the
walls and the aerodynamic motion in a realistic combustion chamber of a small DI Diesel engine. Auto-ignition
sites and first instant of the combustion have also been studied to qualify the late atomisation process.

Experiment description

The optical-access engine used in this study is a 2litters four cylinder, direct-injection, 4-stroke diesel engine
based on a P.S.A. Peugeot Citroen DW10-series production engine. The first cylinder has optical-access facilities
and the three others are in a common configuration. The design of this engine utilises a classic elongated piston
with piston-crown window for the optical-access combustion chamber. It provides a full view of the combustion
bowl and was the window used for all the data presented in this investigation. Figure 1 presents a schematic view



of the optical-access cylinder. This engine is equipped with the Bosch distributor-type pump VP 37 injection
system, and Table 1 summarises specifications of engine and fuel injector.

The engine is motored and its speed controlled by an electrical motor. An optical shaft encoder with 720
pulses per revolution provides the crank angle (CA) position to synchronise injection, laser triggering and video
capture. All data presented in this paper are obtained at an engine speed of 1400 rpm.

Figure 1. Schematic view of optical-access chamber.

Engine base type DW10, 4 cylinders DI Diesel Fuel injector type Bosch for distributor-pump VP37

Displacement 500cm3 per cylinder Angle of fuel-jet axis (from horizontal) 20°

Combustion chamber diameter 42 mm Number of holes 5

Compression ratio 17.6 : 1 Hole diameter 200 µm

Bore / Stroke 85 x 88 mm Orifice VCO (Valve Covered Orifice)

Table 1. Specifications of the optical-access engine and the fuel injector

Measurements are performed at a base operating condition that is representative of diesel engine conditions. A
quantity of 8.5 mm3 of standard Diesel fuel is injected. The start of injection (SOI) is set between 20 crank angle
degree before top dead centre (20 CAD BTDC) and top dead centre (TDC). The engine is in natural aspiration, the
intake air and pressure are 298 K and 90 kPa respectively. This resulted in a estimated TDC temperature and
density of 860 K and 17.6 kg.m-3 for the motored engine assuming a polytropic coefficient of 1.38.

Figure 2. Principe of both LIF and Mie scattering visualizations.
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The penetration of the liquid phase is visualized in the whole combustion chamber by simultaneous LIF and
Mie scattering techniques. A tracer (2,5-bis-(5-tret-butyl-benzoxazol-2-yl)-thiopen also known as BBOT) is
dissolved with a concentration of 100mg per litter of standard Diesel fuel. A previous study(see 4)shows that this
tracer increased eightfold fuel fluorescence intensity without any damage on Diesel fuel properties. This doped fuel
is exited by a tripled Nd:Yag at 355 nm wavelength, with an energy of 43 mJ per pulse. And the fluorescence is
collected between 370 nm and 470 nm. Due to important oxygen quenching effect and to the compression ratio
used (17.6 : 1), the vapour phase distribution can not be derived from the LIF experiments on BBOT. To be sure
that images collected are representative of the liquid information and are not polluted by the residual vapour
signal, Mie scattering diagnostic is performed simultaneously. It is based on a flash-lamp emitting 19 mJ of white
light during 10 µs. The combustion chamber is illuminated by the piston-crown window (porthole in fused silica,
with anti-reflection coating for 355 nm). Imaging is performed according to the same access. In order to avoid
noise induced by incident light beam of the Mie scattering signal, the flash-lamp illuminated the combustion
chamber by the back of the elongated piston. Figure 2 exposes the experimental set-up.

Results and discussion

We now expose the experimental result. At first, we expose basic results about extreme engine points to show
tendencies on injection and cylinder pressure. Figure 3 shows the pressure and needle lift data acquired with
injection timing at TDC and 20 CAD BTDC respectively. For this two cases the liquid penetration takes place into
the combustion chamber (SOI at TDC) or during the compression time (SOI at 20 CAD BTDC) when higher and
higher air motion is engulfed in the bowl.
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Figure 3. Cylinder pressure, injection pressure and needle lift for 1400 rpm, 10mg injected for the both start
of injection (SOI)

Images acquired by the both LIF and Mie scattering techniques are first consider in order to validate the
quenching hypothesis that only liquid phase. Then, results are discussed in terms of spray penetration, interaction
with wall and air motion, and about cycle to cycle and spray to spray fluctuations.

Figure 4. Synchronous images obtained by LIF (left) and Mie scattering (right) for TDC start of injection

Figure 4 shows for the same cycle, images obtained simultaneously by LIF and Mie scattering. The LIF picture
presented has no post-treatment. On the other hand, for Mie scattering images, we subtracted the mean noise (on
40 acquirements) induced by the reflection of the flash lamp on the windows environment. Despite the fact that the
images are not identically centred and do not have the same magnification, one can observe that there is a strong



similarity between the two signals: pictures of both LIF and Mie scattering nearly give us, in first approximation, a
identical distribution of information. A more precise post processing confirmed this conclusion. The noise induced
by transformation in order to obtain the same magnification is in the order of the difference noticed between both
techniques.

We will now focus on liquid penetration during injection according to the defined engine conditions. The
pictures’ means recorded permit us to evaluate the general spray profile during the injection process. We can
estimate, with a temporal resolution of the order of the crank angle degree (119 µs at 1400 rpm), the penetration
velocity and determine the effects of the injection timing on the liquid penetration. The sprays contour during the
injection are extracted from the mean images(see fig. 5).

Figure 5. Sprays contour before wall interactions for TDC SOI (left) and 20 CAD BDTC SOI (right)

One can notice a different spray comportment from one injection timing to another. The liquid penetration
contours for an injection timing at TDC are thinner than those depicted for an injection timing at 20 CAD BTDC.
For this last timing the start of injection occurs in a lower temperature and density environment resulting in a
larger spray angle. As the injection process will go on, the density in the combustion chamber will increase rapidly
during the compression stroke resulting in a lower liquid phase penetration. For the reference case (SOI at TDC),
the start of injection occurs in a higher density environment resulting in a thinner spray angle. Consequently, the
whole injection process will take place during the expansion stroke resulting in rapid decrease of the chamber
density and thus a higher liquid penetration as depicted in Figure 5. One can notice the impact of the liquid phase
on the combustion chamber walls. These impacts phenomena that were not expected to occur are supposed to be
generated by the high weighted fraction present in the normal fuel which do not have a sufficient evaporation rate
and finally splash on the bowl boundaries.
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Figure 6. Means sprays penetration and velocity depending on start of injection

We can also remark on Figure 6 (left) the change on the slope of the liquid penetration profile close to the re-
entrant ring for the SOI 340 CAD curve. On Figure 6 (right) this influence is shown to first decrease the liquid
velocity and after to accelerate the penetration until the bowl boundaries are reached. This effect is generated by
the squish motion (see 5) near TDC which perturbs the liquid evolution resulting in a decrease of its velocity near
the re-entrant ring. As the liquid phase enters in the combustion chamber it is engulfed in the squish toroidal
vortex generated in the bowl resulting in an acceleration of the penetration towards the walls of the chamber. The
fact is not noticeable for the SOI 360 CAD curve as the effects of the squish motion do not influence the liquid



phase for this timing of injection. We can also remark that the axial speed penetration increases during the first
250 µs of the injection process (2 CAD). The fact is strongly dependant upon the injection rate profile at the
nozzle. At the beginning of the injection process only a small amount of fuel is reaching the nozzle holes. The rise
of the injection pressure is slow resulting, at these very first instant, in a generation of large fuel droplets with
weak velocity. As the injection process will go on, the amount of fuel reaching the holes will increase and the
injection pressure will reach its maximum (32 MPa) value resulting in small droplets generation with higher
velocities. After the first phase the spray slows down due to the evaporation and atomization processes and density
effects.

One can also notice on figure 5 that the liquid penetration is influenced by the air motion into the combustion
chamber at the injection timing (swirl). Although the deviation is not identical on the five sprays, we can notice a
same tendency for a given studied operation point. For the TDC injection timing, the sprays started to be deviated
at nearly half their maximal penetration (corresponding to 363 CAD). This fact is induced by a decrease of the
axial velocity at 363 CAD along with a strong influence of the swirling air.

The measured level of swirl is 2,7 and remains constant until the impact of sprays on bowl walls
(corresponding to 366 CAD) resulting in a noticeable spray deviation(see 6).For the 20 CAD BTDC injection,
this deviation appears latter and only two CAD before the wall impact (corresponding to 347 CAD). This
phenomena is due to the influence of the swirl motion : former laser Doppler anemometry (LDA) data have
indicated that the tangential air velocity is about 20 m.s-1 which corresponds to a swirl number of 3,7 at this CAD.

The technology of injection employed for this study induced some specific conclusions. Here, simple guided
needle and inclined injector showed their limits in hole to hole and cycle to cycle variations terms, as described in
previous studies(see 7, 8, 9). Individual images on figure 7 reveal that the liquid penetration varies strongly from
one hole to another. Variation of the penetration and the shape of each spray from one injection to another are also
noticeable by fluctuation computations (variance/mean²).

min max

Individual image
Fluctuation calculation

(variance/mean² for 40 cycles)
Individual image

Fluctuation calculation
(variance/mean² for 40 cycles)

SOI = TDC, image at 366 CAD SOI = 20 CAD BTDC, image at 345 CA
Figure 7. Spatial and temporal inhomogeneous distribution of sprays

The differences are induced by the holes geometry. Each hole has a specific inclination with respect to the
nozzle axis. This fact generates different hydraulic flow within the holes and thus strong variations from one holes
to another du to dependant cavitation effects.

To better understand the mechanism controlling the end of injection, the liquid phase and the combustion sites
have been simultaneously imaged for the TDC injection timing. One can notice on figure 8 (left) that synchronous
LIF and natural emission of the flame visualization reveals areas where vaporisation has been performed leading to
combustion. Reactions sites are located between two sprays, where strong atomisation has been reached. A fine
analysis of recorded couple of pictures reveals that the liquid phase stops penetrating in the combustion chamber as
the needle closes the injector hole. The LIF image indicates also at the nozzle exit an important amount of liquid
fuel for which the vaporisation process seems more difficult to perform. With the fall of the injection pressure (less
than 15 MPa), the amount of fuel reaching the holes decrease and bigger droplets are thus generated, with lower
velocities. The primary atomisation is reduced and the vaporisation becomes harder to perform.

Investigation of first chemical reaction sites has allowed a better understanding of the primary atomisation of
the first amount of injected Diesel fuel. One can notice on the figure 8 (right) that auto-ignition phenomena occurs
in the vicinity of the injector nozzle during the injection process. This latter fact indicates a strong atomisation of
first amount of injected fuel induced by the turbulent effects generated on the edge of the liquid jets. First droplets



are push over the core and recirculate close to the hole orifice. Aerodynamics motion induced by the spray
penetration improves the mixing of this first amount of fuel with the ambient air.

Liquid phase Combustion luminosity Auto-ignition with shadow tip liquid distribution

369 CAD 365.5 CAD

Figure 8. Synchronous liquid phase an combustion visualization at the end of injection (TDC case) and
auto-ignition and shadow tip spray localization

Conclusion

In conclusion, a complete investigation of injection, and beginning of combustion processes has been
performed into a transparent 4 cylinders DI Diesel engine, equipped with a distributor VP37 pump and inclined, 5
holes, VCO injector.

LIF experiments on liquid phase of standard Diesel fuel have revealed strong interaction “spray/combustion
chamber wall” and “spray/air motion”.

The first detected reaction sites have revealed a strong primary atomisation in the vicinity of the injector
nozzle, and simultaneous combustion and LIF has provided a better comprehension of the end of injection
phenomena and some specific comportment linked to the injection technology employed.
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Abstract

This paper gives a summary of particle image velocimetry (PIV) measurements performed in a sliced diesel spray.

The slicing of the spray was necessary to achieve good image quality in the more dense regions of the spray. The

images were double exposed to allow auto-correlation based velocimetry. The exposure time of each exposure was

100 ns, as that was the shortest possible exposure with the camera used. The illumination was achieved with a

flashlight located at the opposite side of the spray, consequently the droplets were visible as dark shadows. The long

exposure time limited the possibilities to measure high velocities, and therefore the velocities in the very rapidly

moving spray core could not be measured, as the images were smeared out in the direction of the velocity. The

resulting velocities were compared to velocities in the corresponding unsliced spray in the points where both sprays

gave velocity data. The results were also compared with computer simulations. Some disagreements were found,

and possible reasons for these are discussed.

Introduction

The internal regions of a diesel fuel spray are challenging subjects for measurements. Interesting parameters inside

the spray are, among others, droplet sizes and velocities. Due to the dense nature of a diesel spray, it is difficult to

look inside it, as the outer parts of the spray tend to obscure the view into the spray center. However, there are

several ways to get information about the droplets inside a spray, one is to take a photograph inside the spray, and

then retrieve information about the droplets from the image. Anyhow, as with all kind of image analysis, the image

quality is crucial for the result. By cutting away obscuring parts with a mechanical slicing device, the image quality

is significantly enhanced. Similar investigations have been done before, more or less successfully, for example by

Ishikawa et al. [1], Sangeorzan et al. [2], Nakayama [3], Gåsste et al. [4] and Rantanen [5]. This paper presents

results from PIV measurements in a sliced diesel spray, and includes a comparison with the corresponding unsliced

spray, as well as computational fluid dynamics (CFD) simulations. The slicing concept and the equipment used in

the present paper are described in more detail by Cronhjort [6], and the computer simulations are more extensively

described by Cronhjort and Konstanzer [7].

Experimental Equipment

The spray was injected into a closed vessel, filled with air. The temperature in the vessel was 300 K and the

pressure 3 MPa. The low temperature was chosen to avoid temperature gradients close to the glass windows, as

these would have degraded the spatial resolving power of the optics. The pressure was adjusted to achieve a gas

density of the same order of magnitude as in a truck engine. A fuel injection system, extensively described in [8]

and [9], provided the spray and generated an injection trace according to Figure 1. The nozzle used was a dedicated

one with only one orifice, heading forward. This was necessary to avoid contamination of the windows with diesel

droplets. The orifice diameter was 110 µm. The liquid used in the spray experiments was diesel fuel with key

properties according to Table 1. The slicing device used is shown in Figure 2. The optics used were a long-distance

microscope, with a transverse magnification of approximately 10.8 times, or 0.646 µm/pixel in conjunction with the

black-and-white Sensicam solid-state camera which was used. The modulation transfer function of the optics falls to

50 % at about 50 line pairs per millimeter for paraxial rays, and if that is considered as being the nominal resolution

of the system, the calculated depth of field for paraxial rays is about 120 µm. The camera has a detector size of 1280

times 1024 pixels, and a 12 bit analog-to-digital converter (ADC). As the transverse magnification of the optics was

quite high, binning was used to increase the signal-to-noise ratio of the camera. The shutter is of solid-state type and
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Figure 1. Pressure trace and needle lift generated

by the injection system.

Density................................................... 848 [kg/m3]

Viscosity............................................... 4.26 [mm2/s]

Surface tension ..................................... 27.8 [mN/m]

Sulfur ..................................................... 300 [mg/kg]

Table 1. Key properties @ 30 °C for the liquid used.

Figure 2. Assembly of the slicer. The dash-dotted

thin lines indicate the maximum available aperture

and the currently used one, respectively.

Figure 3. Double-exposed images of the spray. In the left image, which is taken without the slicer, out-of-

focus droplets blur the image, thus making image velocimetry difficult. The image to the right is taken

through the slicer, adjusted to 100 µm wide slit. The droplets are moving upwards in the image, and the auto-

correlation shows a strong peak at 18 m/s, as indicated by the arrow. The dark area in the lower part is the

trailing edge of the slit. The images are exposed 4 ms after start of injection at z  = 20 mm and r  = 1 mm.

adjustable between 100 ns and 1 ms. The shutter allows for multiple exposures, and this feature was used to achieve

double exposures. The light source used was a xenon flash-light with a flash duration of approximately 3 µs,

measured at 50 % output intensity.

Results and Discussion

As visualized in Figure 3, the slicer enhances the image quality considerably, and this image enhancement allows

for the velocimetry algorithm to easily extract velocity information. Anyhow, the slicer affects the original spray in

some ways, both droplet velocities and size distribution are changed to some extent. According to the simulations

the gas velocity increases significantly when the spray enters the slit. However, this increase lasts for quite a short



Z-coordinate [mm]

V
el

oc
ity

 [m
/s

]

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0
50

60

70

80

90

100

110

120

130

140

150

160
64 µm droplets
32 µm droplets
16 µm droplets
8 µm droplets
Gas velocity

Z-coordinate [mm]

V
e
lo

ci
ty

 [m
/s

]

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0
65

70

75

80

85

90

95

100

105

110

115

120
64 µm droplets
32 µm droplets
16 µm droplets
8 µm droplets

Figure 4. Average velocities as simulated in the slit. The droplets enter the slit at Z = - 2 mm, and exits from

the slit at Z = - 1 mm. These Z coordinates are relative to the geometrical centerline of the slicer and are not

to be confused with the z  coordinate, which indicates the distance downstream from the nozzle.

period of time, and the droplet velocities are not significantly affected, as shown in Figure 4. This increase also

causes the droplets to experience increased weber numbers for a short period of time, and these high weber numbers

may distort large droplets, as was observed in some of the images, or even cause them to break up into smaller ones.

Distorted large droplets are clearly visible in Figure 3. Additionally, the droplet size distribution might be biased as

the small droplets are more likely to follow the gas field as it deviates just in front of the slit entrance. To evaluate

the usefulness of the slicing concept, the spray was photographed both with and without the slicer, and the velocity

data obtained were compared.

The images were exposed on a grid starting 10 mm downstream from the nozzle exit and up to a distance of

30 mm downstream, with an axial grid spacing of 5 mm. In the radial direction the grid started at the spray

centerline and the radial position was incremented in steps of 1 mm until only a few droplets were visible, which

occurred at a radius of 4 mm. At every point 100 images were taken every 500 µs. Thereafter the images were

analyzed and the resulting median velocities plotted in vector plots, shown in Figure 5 and Figure 6.

The thin lines surrounding each vector tip indicate the standard deviation of the images contributing to that

vector. The color of each vector indicates the fraction of the 100 underlying images that were accepted by the

software and thereby actually used when the median value was calculated. A green vector means that all of the

images were accepted, a red one that none of them was. Typically, some of the images close to the spray center line

were too blurred to be successfully evaluated. Close to the spray boundary, on the other hand, many images showed

only a few droplets, which also caused the evaluation algorithm to fail. If shorter exposure times could be used, the

upper velocity limit would probably increase, and hence the difference in measured velocity with and without the

slicer would decrease. A larger depth of field would also be desirable, as the spray diverges after exiting the slit.

From the vector plots it is obvious that the number of vectors obtained was significantly higher when the slicer

was applied. Also, as can be seen from the colors of the vectors, the fraction of the images accepted was higher in

the sliced spray. In both cases, the accepted fraction decreases close to the nozzle and close to the spray boundary.

When moving too close to the nozzle, no images were good enough to evaluate with the current software.

According to the simulated velocities shown in Figure 4, the measured droplet velocities were expected to be

lower when the slicer was applied, but as shown in Figure 7, which shows velocity differences between the sliced

and the unsliced spray, this was in general not the case. However, some possible explanations for this discrepancy

could be found according to the following reasoning.

A diesel spray typically contains clouds of increased droplet density, and if the velocity is measured in a local

high-droplet-density environment, the high density of droplets will result in the following two things. Firstly, the

measurement without the slicer is more likely to fail, compared to the one with the slicer, and secondly, the droplet

velocity will be higher, as the large cloud of droplets will not be as affected by the drag force from the surrounding

gas, as would just a few droplets. What is really important to understand at this point, is the fact that these two

phenomena are correlated. Thus, the probability to get a velocity result from an image is depending on the velocity
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Figure 5. Measured velocities using the mechanical slicer. The colors of the arrows indicate the accepted

fraction of the images in that point. A green arrow corresponds to a high fraction, and a red one to a low

fraction. The area around each arrow tip indicates the standard deviation of the accepted images in that

point. For further details, please see the text.



Time = 0500 µs

-1 0 1 2 3 4 5
0

5

10

15

20

25

30

35 200 m/s
Time = 1000 µs

-1 0 1 2 3 4 5
0

5

10

15

20

25

30

35 200 m/s

Time = 1500 µs

-1 0 1 2 3 4 5
0

5

10

15

20

25

30

35 200 m/s
Time = 2000 µs

-1 0 1 2 3 4 5
0

5

10

15

20

25

30

35 200 m/s

Time = 2500 µs

-1 0 1 2 3 4 5
0

5

10

15

20

25

30

35 200 m/s
Time = 3000 µs

-1 0 1 2 3 4 5
0

5

10

15

20

25

30

35 200 m/s

Time = 3500 µs

-1 0 1 2 3 4 5
0

5

10

15

20

25

30

35 200 m/s
Time = 4000 µs

-1 0 1 2 3 4 5
0

5

10

15

20

25

30

35 200 m/s

Figure 6. Measured velocities in the unsliced spray.

itself, and this correlation function is not the same with and without the slicer. This above reasoning might explain

why the velocities measured with the slicer are higher. This difference will of course be larger as we get closer to
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Figure 7. Velocity difference between the sliced and the unsliced spray. The left graph corresponds to the

time 1 ms after start of injection, the right one to 2.5 ms after start of injection.

the nozzle, as the droplet density increases, and accordingly the measured velocity difference increases, as shown in

Figure 7. However, it should be noted that this is an issue associated with the velocity evaluation algorithm rather

than the slicer.

Additionally, the gas entrainment in the spray might be affected by the slicing device, and that would change

the velocity of the droplets in the spray before they actually reach the slicer. However, as the size of the slicing

device is small compared to the size of spray, this is not assumed to contribute significantly to the observed change

in the measured velocity.

Conclusion

According to the current investigation, the slicer enhances the image quality significantly, even though it might

affect the droplet velocities and sizes. However, it is still considered beneficial, as it facilitates velocimetry in

regions within the spray where it has not been practically applicable before. To increase the number of accepted

images, and thereby the reliability of the data, shorter exposure times should be adopted, as well as a larger depth of

field.
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Abstract

A low-pressure fuel injector has been designed to produce a spray having a lower SMD than that obtained with a
common fuel injection system for the same injection pressure. In the present design, a mixture of gasoline and
dissolved CO2 is sprayed. The downstream part of the injector is made of a small unit that consists of an inlet
orifice, an expansion chamber, a discharge orifice, and swirling ducts. When the mixture enters the expansion
chamber, a part of the dissolved gas is transformed into tiny bubbles that grow inside the expansion chamber. When
the mixture is discharged through the discharge orifice, these bubbles undergo a rapid flashing process while the
liquid bulk disintegrates into small droplets. In the present work, we investigate experimentally the effect of the
design parameters (geometrical proportions and injection pressure) on the SMD. The SMD is measured with a laser
particle size analyser (Malvern X-Mastersizer).

Introduction

In order to limit unburned hydrocarbons emissions to an acceptable level, a well-designed gasoline direct
injection system ensures that the fuel is vaporized before the spark onset. In addition, a complete evaporation of the
fuel can make the ignition process more robust [1]. Previous studies have shown that an essential feature for a
gasoline direct injection is to produce fine spray having an SMD of 25µm and less. An elevated fuel pressure in
combination with swirl nozzle is a widely used technique for gasoline direct injection systems. The required fuel
injection pressure for achieving an SMD of 15 to 25 µm is 5to 13MPa [2].

Another technique to achieving the desired fuel spray characteristics is based on flash boiling phenomena that
involves atomization of fuel containing dissolved gas. This technique has never been fully realized. The need for
better direct fuel injection systems, which enhances atomization and increases initial spray angle for rapid fuel-air
mixing along with reduction of spray penetration [3], provides a new opportunity to consider the gas-dissolved
atomization method. A number of studies have been performed on atomization and combustion of diesel fuel
containing dissolved CO2 [4, 5, 6]. It was found that as compared to pure diesel fuel spray, better characteristics
could easily be achieved due to the flash boiling process. A lower ambient pressure and higher CO2 mole fraction
[4], promote smaller SMD.

Zhen et al. [5] studied the flow pattern of diesel fuel containing dissolved CO2 in a hole-type injector with
different aspect (L/D) ratios. They found that cavitation phenomena along the sharp edges of the orifice affect the
atomization performance of the injector by changing the inside orifice flow pattern. They also indicated a positive
effect of increasing the L/D ratio on the atomization results [6].

Zeigerson-Katz and Sher [7,8] studied the influence of the expansion chamber on amplifying the effect of flash
boiling phenomena on the atomization characteristics of a liquid containing dissolved gas. The authors determined
the essential role of the expansion chamber on the flashing phenomenon and therefore the role of the expansion
chamber on decreasing the SMD. Geometrical parameters of the chamber were optimized with respect to their
maximum effect on the atomization of the mixture.

In the present work we study experimentally, the use of a combined unit that consists an expansion chamber
together with a swirl atomizer for improving spray characteristics of gasoline containing dissolved CO2.

Experimental Apparatus

The experimental apparatus for determining the limiting solubility values of gaseous CO2 in gasoline as a
function of the built up pressure is presented in Fig 1. Pure CO2 was filled in vessel C by opening needle valves 1
and 3. The desired pressure was regulated by diaphragm valve attached to the high-pressure (5MPa) container A,
containing pure CO2. After valve 1 closing and reaching the steady state conditions determined by the container
temperature and pressure, needle valve 4 was opened. Pure CO2 flowed to container B where certain amount of
gasoline was filled. Container B was shaken to reach the maximum amount of CO2 dissolved in gasoline. The



determination of the CO2 mass fraction is based on the Redlich-Kwong equation of state under the assumption of
constant mixture
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FIGURE 1. Solubility experiments apparatus

volume. The results of the solubility experiments are presented in Fig 2. In all experiments a volume of 500 ml of
gasoline was used. In addition, an experiment using 300 ml of gasoline was made to verify the results (also depicted
in Fig. 2).
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FIGURE 2. CO2 mass fraction in gasoline at ambient temperature

Fig. 3 shows a schematic layout of the experimental facility. It consists of compressed N2 and CO2 containers,
pressurized N2 and CO2 lines, a compressed gasoline/gasoline-CO2 mixture container, a swirl-type atomizer and a
spray measurement system. High-pressure N2 and CO2 (pressure up to 5MPa) are used to compress the gasoline or
gasoline-CO2 mixture and to drive out the mixture horizontally downward through the swirl-type atomizer into the
ambient atmosphere. Each high-pressure gas branch includes pressure regulator. Pressure readings are taken by
digital high precision pressure gauge. The sampling distance (the laser beam location) is set in all experiments to 30
mm downstream.

The present swirl-type atomizer is a Cone Jet T, 3X, Spraying Systems Co. with orifice discharge diameter of
0.85 mm. It includes internal cylindrical expansion chamber (Fig. 4). The pressurized gasoline or gasoline-CO2
mixture is forced to enter into it through a circular hole of 0.5 mm in diameter, expands and discharges through the
0.85 diameter swirl orifice. The expansion chamber L/D ratio is varied (table 1) to facilitate the investigation of the
relationship between the characteristics of the generated spray pattern and the expansion chamber design.
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FIGURE 3. Injection experimental apparatus

The spray measurement system is a laser particle size analyzer (Malvern Mastersizer-x system). In principle, the
spray droplets placed in the path of a helium-neon laser beam (2mW, 632.8nm) diffract light in the beam as a
function of their size or cross-sectional area. The total diffracted light from the different particles is received onto a
series of concentric, radial photodiode-array detectors. In this manner, the fraction of light diffracted to each
photodiode detector depends both on the sizes of the droplets and on the volume of droplets of each size. Analysis of
the detectors’ output yields a size distribution by volume from which a mean size can be derived. The estimated
measurement error of the atomizer geometry and its position is within +2%.
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Chamber L [mm] D [mm] L/D
1 7.6 9.3 0.82
2 10.9 9.3 1.17
3 10.9 6.4 1.7
4 17.7 9.3 1.9
5 10.9 4.7 2.32
6 10.9 3.2 3.41

Table 1.  Expansion chamber dimensions

Results and Discussion

Six types of combined atomizers, each consists of an expansion chamber and swirling ducts (table 1) have been
studied under a series of different operation conditions. An aspect ratio has been defined (L/D) to characterize the
expansion chamber geometry, where L and D are the chamber length and diameter, respectively. In addition, a
simple swirl atomizer that doesn’t include an expansion chamber has been tested for comparison.
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FIGURE 5. Results for a simple swirl atomizer

Fig. 5 shows the effect of pressure difference on the SMD for atomizer without an expansion chamber. It seems
that for pure gasoline, within the present specific range, the SMD depends almost linearly on the injection to
ambient pressure difference. A higher pressure results in a lower SMD. An increase from 1.5MPa to 3MPa injection
to ambient pressure difference, results in a decrease from 22 to 15µm in the spray SMD. The results for the
gasoline-CO2 mixture, seem to exhibit unstable behavior (which has also been supported by visual observations),
and are evidently less conclusive.
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Figures 6-11 demonstrate the effect of the pressure difference on the SMD for atomizers with different expansion
chambers. Apparently, the effect of the CO2 seems to be negative for low injection to ambient pressure difference.
However, for injection to ambient pressure differences over 2.3MPa, a considerable advantage of the gasoline-CO2
mixture atomization over the to pure gasoline atomization is observed. Visual observations revealed that under low
pressures, the spray is unstable possibly due to the presence of large bubbles in the emerging jet. It is possible that
under these conditions, the residence time inside the expansion chamber is relatively long enough to allow the
formation of large bubbles (growing and/or coagulation). This in turn results in the formation of some large droplets
that directly contribute to a higher SMD. The positive effect of the CO2 is prominent at high injection to ambient
pressure differences, and seems to increase with the pressure. A factor of two (halving the SMD) may be achieved at
high injection to ambient pressure difference around 3,000kPa.
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Figures 12-15 present the effect of the expansion chamber geometry upon the SMD. In each figure, the solid line
shows the SMD obtained w/o an expansion chamber for the same injection to ambient pressure difference
(correspond to the hollow circles in Fig. 5). It seems that for higher injection to ambient pressure differences (above
2.38MPa), a higher aspect ratio results in a lower SMD. Though not shown, it is expected that the positive effect of
the dissolved CO2 will be diminished (and perhaps will be reversed) at higher aspect ratio when the residence time
of the tiny bubbles inside the expansion chamber is long enough to allow the formation of large bubbles.
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Conclusions

For atomizers without an expansion chamber we obtain the following: a) for pure gasoline, within the present
specific range, the SMD depends almost linearly on the injection to ambient pressure difference. A higher pressure
results in a lower SMD. For the gasoline-CO2 mixture, the SMD exhibits unstable behavior and the results are
evidently less conclusive.

For atomizers that include an expansion chamber, the effect of the CO2 seems to be negative for low injection to
ambient pressure difference. Under these conditions, the residence time inside the expansion chamber is relatively
long enough to allow the formation of large bubbles (growing and/or coagulation). For injection to ambient pressure
differences over 2.3MPa, a considerable advantage of the gasoline-CO2 mixture atomization over the to pure
gasoline atomization is observed. A factor of two (halving the SMD) may be achieved at high injection to ambient
pressure difference around 3MPa.

Nomenclature
P pressure
∆P          injection to ambient pressure difference
L expansion chamber length
D expansion chamber inner diameter
SMD Sauter mean diameter
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Abstract
High speed photography and optical diagnostic techniques, described and used earlier [1] for observation of

stationary conditions, are used to characterize the phenomenology of the ignition transient of a LOX/GH2
combustion process. Ignition is initiated by coupling a focused laser pulse at a fixed location into the combustion
chamber. The diagnostics sequence is triggered by the laser, so both location and starting time of the ignition are
well defined. Electronic trigger units are used to control the delay of ignition and starting of observation to record
the evolution of the flame front and the spray pattern. The flame front is measured by observation of the
spontaneous emission of the OH-radicals. The developing spray pattern is recorded with high speed photography in
line-of-sight view mode. It is shown that during the ignition transient the combustion chamber is partially filled with
premixed gas that burns during a very short period leading to a sudden pressure peak and disrupting the LOX-flow
during that period. Velocity plots, resulting from the evaluation of the high speed images, confirm that behavior.

Introduction
Ignition during flight and re-ignition of cryogenic LH2/LOX rocket upper-stage engines is a desired feature of

future launchers, such as the European Ariane family. This would result in optimized stage performance, higher
payload and therefore better position in the economical competition. The need  to guarantee reliable ignition and to
minimize the energy necessary for ignition motivates the ongoing investigation of the ignition process of LOX/GH2-
spray flames.

Former investigation at the M3-test facility [1]  applied simultaneous recording of single exposures during one
test run from laser-light sheet illumination and spontaneous flame emission at predefined delays after ignition. Thus
obtaining one image pair per ignition a series of figures was obtained which allowed to analyze the very first 4 ms of
the ignition process. Imaging areas and combustion chamber dimensions are shown in Figure 1.

Experimental Setup
The current investigation was setup to confirm the findings based on results from numerous single shot

experiments and visualize the spray pattern during ignition. The experiments were  performed at the same operating
condition as in [1]. Injection settings for stationary conditions, reached after 5 ms, at combustion chamber pressure
of pc = 0.15 MPa were: LOX mass flow LOXmD  = 36 g/s and H2 mass flow 

2HmD = 8 g/s resulting in injection
velocities of 

2Ov = 27 m/s and 
2Hv = 491 m/s respectively. The propellants are injected into the combustion chamber

at a temperature of 85 K. The flow conditions and typical non-dimensional parameters are listed below

Weber number We = ( )
22222 OO

2
OHH /dvv σρ ⋅+ = 8.22 103

Reynolds number
2ORe = ( ) ν/dv ⋅⋅ρ = 2.79 105

Momentum ratio J = ( ) ( )
22 O

2
H

2 v/v ⋅⋅ ρρ = 0.119

Mixture ratio rof = 
22 HO m/m DD = 4.0

Velocity ratio Vfo = 
22 OH v/v  = 18.2

A high speed camera (RotaMIR) was setup to take images at time intervals of 25 µs (40 kHz) triggered with an
adjustable delay by the ignition laser. The shadow-graph setup applied a battery of 10 flashlights for illumination,
which were repeatedly triggered as needed. The camera consisted of a continuously rotating mirror which exposed
the film mounted on a scaffold. A high speed sequence of half a millisecond duration could be recorded within one
run. By varying the delay time between ignition and start of optical recording total observation time was 1 ms. The
imaging area and the chamber dimensions are shown in Figure 2.

20 ms after opening the main valves when stationary conditions were reached, ignition was initiated by
focusing a single shot of a pulsed  laser into the combustion chamber (see Figure 3). Using two digital delay
generators the test bench, its ignition system and the detection systems have been synchronized (see Figure 5). A
maximum jitter smaller then 100 ns was achieved by this way. The experiment’s sequence was started by the test



bench computer, which used together with all other systems the trigger-control-unit’s (TCU) system clock as master.
A photo-diode is used to sense for the flashes of the nano-light. Exact measurement of the times of ignition and the
image exposure is done by recording the signals coming from the photodiode and the ignition laser with a digital
storage oscilloscope, triggered by the Q-switch signal of the ignition laser. The position of the ignition laser focus
inside the combustion chamber was located at the same position as it was set for the experiments in [1].

Results
Three phases during the ignition transient are identified, which are named in the following as ''Primary

Ignition'', ''Explosive Phase'' and ''Flame Stabilization''. Figure 12 is a compilation of images showing in the upper
the spontaneous OH-emission, in the middle the liquid phase obtained by light sheet and in the lower part high-
speed shadow-graphs of each sub-image.

Flame Emission
The OH-emission intensity is plotted using false color representation in logarithmic scale. The first phase is

characterized by a slow increase in emission intensity. The first image shows the ignition laser pulse hitting the
LOX-spray. A small flame kernel is generated in the outer mixing region of the spray. This kernel extends with
small growth rates until 0.35 ms after ignition while moving slowly downstream. At 0.5 ms after ignition a sudden
increase in emission intensities (see Figure 6) indicates the rapid burning of premixed gases that had filled the
chamber since opening the main valves. Intensity values 10 times higher than during the first phase are measured
throughout the observed areas. After another 0.5 ms, i.e. 1 ms after ignition, the emission intensity decreases
reaching those measured during the first phase. This indicates that the combustion process stabilizes, finally
establishing stationary conditions after 5 ms. At the end of this period the flame fully en-folds the LOX-spray and is
anchored at the injector tip.

Liquid Phase Distribution
The liquid phase distribution is shown by light sheet images within the same time span as OH-emissions. For

the high speed photography sequence only the first two phases, until 1 ms after ignition, are available. Again the
first image shows the focused ignition laser beam, confirming that the synchronization worked well. During the first
phase the LOX-spray is rather dense, which results in blurred regions for the light sheet images. The shadow-graphs
also show the larger diameter of the spray compared to the second phase. This is due to unburned mist of tiny
droplets. In the regions with flame, the LOX mist is completely vaporized, leaving ligaments and larger droplets.
During the second phase the flame spreads throughout the observation area and reduces by vaporizing the LOX-mist
the apparent diameter of the remaining liquid phase in the shadow-graphs. This leads to an increase of the
combustion chamber pressure pc (see Figure 6). On both images series, showing the liquid phase, the fluid can be
seen to be jammed forming a helix-like shape near the injector (see Figure 10). At about 0.8 ms after ignition the
shadow-graphs show that the fluid is going to be disrupted (Figure 11), leaving isolated lumps of fluid behind when
the maximum pressure is reached. During the last period the liquid phase stabilizes forming a continuous spray of
rather large droplets and ligaments.

LOX velocities
The double frame buffer of the camera used for the light sheet images made it possible to evaluate droplet

velocities. Due to the unburned mist during the first phase velocities could not be calculated. In the second phase,
most of the droplet are visible only on one of two images, indicating that there is a significant lateral velocity
component. Therefore, velocities could only be calculated for the period of flame stabilization where the
fluctuations of the flow field decrease again. The development of droplet velocities along the line formed by the
ignition laser beam is shown in Figure 7. The beginning of the spray forming during stabilization phase is
determined by high LOX velocities. Values about 2 times higher than the injection velocity are measured due to
low droplet densities and the acceleration by the high speed annular H2-flow at the observed line 45 mm
downstream the injector. The velocities near the center line are little higher than in the outer regions of the spray. At
about 2.5 ms after ignition the averaged velocities vary around the calculated injection velocity of about 27 m/s.

Velocity of Surface Structures
In subsequent images in the series of frames obtained with high speed photography the displacement of surface

structures of the LOX-jet is clearly visible. Figure 8 are examples of the same frame area in two images obtained
with a time difference of 25 µs. From the translation of the surface structures observed during the time between the
two exposures the velocity of these structures can be determined.

The displacement has been measured by calculating the cross correlation coefficient kcc between the first image
I1, translated by displacements dx and dy, and the second image I2:
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 has been determined, where dt was the time between two subsequent exposures.
Figure 9 shows stream-wise velocities at 714 µs after ignition. Starting with high velocities of 50 m/s due to

acceleration by gaseous hydrogen the LOX slows down to about 35 m/s. Due to a gap of the LOX-jet (Figure 11) no
values could be evaluated between 27 mm and 34 mm. At about 50 mm the fluid accelerates again indicating that
the LOX-jet will form a second gap here (see Figure 11).

Discussion
Three phases are distinguished as described earlier: OH-emission, light sheet and shadow-graph images (Figure

12) show that it takes about 0.4 ms during the primary ignition phase to provide enough energy for complete
ignition of all premixed gases. After this explosive phase the flame stabilizes and combustion chamber pressure
declines to values for stationary conditions. It could be shown that during the second phase with increasing chamber
pressure the LOX-post is partially blocked and jammed to a helix-like shape and forming several gaps when the
pressure maximum is reached.

Summary
From the data the initial phase of the ignition process and the change of the spray pattern during the transient

ignition process can be observed. The initial pressure peak during ignition leads to blockage and disruption of the
LOX jet close to the injector.
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Figure 1: Combustion chamber size and imaging areas for single shot images [1].

Figure 2: Imaging area for high speed shadow-graphs.



Figure 3: Optical setup for high speed shadow-graphs using RotaMIR.

Figure 4: Shadow-graph setup Figure 5: Timing of image acquisition

Figure 6: Mean value of OH emission intensities (integration time 10 µs) and interpolated combustion
chamber pressure



Figure 7: Instantaneous LOX droplet velocity distribution at the line formed by the ignition laser beam during
observation time

Figure 8: Lower edge of the LOX-jet in the region
about 50 mm downstream the injector, 717 µs (upper part)
and 742 µs (lower part) after ignition

Figure 9: Velocities  of LOX-jet contours by
auto-correlation from images 717 µs and 742 µs
after ignition

Figure 10: LOX at t = 615µs after ignition Figure 11: LOX at t = 1065µs after ignition



Figure 12: Flame evolution (upper sub-image), light sheet (middle sub-image) and high speed (lower sub-
image) camera images taken during ignition phase
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Abstract
This paper discusses characterisation of a G-DI pressure-swirl injector at elevated ambient pressure conditions

typical of those encountered under normal G-DI  strategies.  Elevated ambient conditions are provided by a new
high-pressure, high-temperature optical spray cell, and data are resolved temporally and spatially using optical and
post-processing techniques described fully in previous publications.  Droplet-size, 3-components of velocity,
relative mass flux and spray geometry are all resolved on a spatial and temporal basis, to facilitate a complete
description of the spray history for each ambient pressure; this data may be used directly for appraisal of two-phase
numerical spray models. By integrating data temporally, spatially, or both, correlations are derived as functions of
ambient pressure for various spray phenomena such as rate of penetration, spray angle and global Sauter Mean
Diameter, against which previous equations using other optical techniques can be compared.  There is not universal
agreement regarding the influence of ambient pressure for pressure-swirl sprays. Over the range of pressures
considered, quasi-linear trends are observed for the decrease of cone-angle (≈ 20% maximum) and penetration, and
increase in global SMD (≈ 40% maximum). At each pressure, penetration histories derived from both PDA and
high-speed photography reveal non-linear trends, which may be approximated to two quasi-linear regimes similar to
those reported previously for diesel injectors. Reduction in the influence of ‘pre-spray’, secondary spray from pintle-
bounce, and swirl flow are also recorded as ambient pressure is systematically increased.

Introduction
The last 5 years or so has seen renewed interest in gasoline injection engines as automotive vehicle power plant

in the quest for improved efficiencies and emission performance. This development has been facilitated by the
introduction of electronic injector control, coupled with improved design tools for charge preparation and the
combustion system. However, G-DI engines have provided considerable technical research challenges, not least
concerning the fuel injection system, where now an understanding of the very transient spray behaviour is
advantageous. These sprays need to be characterised quantitatively on a spatial and temporal basis within an engine
environment to allow development towards optimised performance. In a series of previous papers [1,2,3] suitable
techniques for providing such data under atmospheric conditions have been reported and subsequently appraised
against predictions from a 2-phase Euler-Lagrangian numerical model. Here the aim is to extend this systematic
development to consider of the influence of ambient pressure on spray development for conditions relevant to G-DI
operation.

The family of injectors often used in conjunction with G-DI engines is the pressure-swirl variety. Previous
studies have considered the influence of ambient density on the performance of pressure-swirl atomisers, most
considering traditional global spray parameters such as cone angle, rate of penetration and global mean droplet size
[4]. Whilst the data presented in this paper is used to compare against such previous correlations – integrating
spatial-temporal results where necessary – the two primary objectives of this research has been first to provide data
in sufficient detail to allow direct appraisal of Computation Fluid Dynamic models, and secondly to interpret this
detail appropriately in order to provide generalised non-dimensional spray correlations.

Experimental Facilities and Operating Conditions
In order to understand and independently appraise the influence of ambient variables on G-DI spray

characteristics, a facility for systematically considering simulated engine conditions has been developed [5]. The
range of operating environments currently provided by this facility was carefully chosen to ensure that the range of
injection conditions encountered in G-DI operation can be attained. For the results presented in this paper, the
ambient pressure is varied from 0.1-0.6MPa, corresponding to ambient densities between 1.23-7.38 kg/m3. The
injector utilised is a representative pressure-swirl injector previously proposed for G-DI application.

The diagnostic hardware comprises a 2-component Phase-Doppler Anemometry system with a 5W Argon-Ion
laser source. A detailed description of the optical components and processing technique employed has been reported
previously [3], so only a very brief summary is provided here. Two components of velocity and droplet size data are



retrieved at the appropriate scattering angle corresponding to first-order refraction for the unleaded gasoline fuel
utilised. Spatial data is obtained using a remote-controlled traverse system, and temporal information is retrieved
using the cycle-resolved technique established previously [3] optimised to ensure no interference between
successive sprays. The methodology employed to obtain the third droplet velocity component involves a 90 degrees
rotation of the injector. Appropriate spatial and temporal increments have also been established previously.  The
spatial plane extends some 90mm downstream from the orifice exit – more than adequate for the practical G-DI
application - and is wide enough to enclose the whole spray envelope. High-speed visualisation is also utilised to
complement these more detailed measurements, and to provide a more direct means of quantifying some of the
global spray trends. The high-speed cine speed was nominally operating at 6000 fps.

Results
The data generated comprises image sequences of the spray development and temporal and spatial data for

droplet size, 3 components of velocity and fuel mass distribution. Figure 1 shows  typical  temporally-resolved PDA
data for the elevated pressure conditions considered at one spatial location. Figure 2 shows one representative image
from each of the 4 raised density conditions considered. The complete data-set comprising information such as these
for each raised density condition and each time interval is obviously very extensive, and not possible to present in
this paper. Hence, the following analysis and discussion is derived through reference and interpretation to this
complete data-set.

(a) Axial veloctiy        (b)        Droplet diameter
FIGURE 1. Typical transient droplet diagnostic data for different ambient pressures : Centreline, 45mm
downstream

FIGURE 2. One spray image taken approximately 1.5 ms after SOI
 for each of the 4 ambient pressure cases (increasing  pressure from left-right, top-bottom)

0 1 2 3 4 5 6 7 8 9 10 11 12
Time (ms)

-10

0

10

20

30

40

50

60

A
xi

al
 V

el
oc

ity
 (m

/s
)

0.1 MPa Abs.
0.2 MPa Abs.
0.4 MPa Abs.
0.6 MPa Abs.

0 1 2 3 4 5 6 7 8 9 10 11 12
Time (ms)

0

2

4

6

8

10

12

14

16

18

20

22

D
ia

m
et

er
 (m

ic
ro

ns
)

0.1 MPa Abs.
0.2 MPa Abs.
0.4 MPa Abs.
0.6 MPa Abs.



Analysis and Discussion
Influence of Ambient Pressure on Transient Spray Characteristics

The time-resolved measurements for the 0.1MPa case facilitates characterisation of this particular injector, and
also provides a benchmark against which the effects of increasing ambient density may be appraised. The first spray
ejected, the so-called the ‘pre-spray’, comprises poorly atomised fuel moving at high axial speeds in excess of
100m/s.  There is a moderate degree of swirl identifiable for this injector in the main body of the spray following the
pre-spray, with maximum tangential velocity in the order of 10 m/s. The peak tangential velocity remains stable
around 3mm from the central axis throughout the spray duration. The development of a central air-core is observed
via the accompanying hollow central section in the relative mass flux plots, and the head vortex is weaker than
observed for other pressure-swirl injectors. The largest droplets are measured in the leading pre-spray, and the main
body of the spray contains droplets of diameter 5-15 microns. After 2.75ms, droplets of size 5-10 microns pervade
the whole spatial domain. Between 10-40mm downstream during the main injection, the majority of the fuel is
almost contained within an effectively thin rotating pipe section.  The hollow cone collapses after about 1.75ms, and
a secondary injection is identifiable on the fuel  mass flux plots at around 2ms after SOI, comprising larger (15-
25µm) droplets

With increase in ambient density, all velocity components  generally reduce. Pre-spray axial velocities roughly
halve over the range of pressures considered, and the peak velocity is appreciably nearer the central axis. Droplets
increase in size, particularly in the spray central region and pre-spray. The characteristic Rankine vortex structure
idenfiable via the tangential velocity component becomes less structured, and the extent of the hollow cone,
prevalent at lower pressures, reduces.

Influence of Ambient Pressure on Penetration and Head Vortex
The general characteristics of G-DI pressure-swirl sprays under atmospheric conditions have been described in

detail previously [3].  In summary, the main features include injection delay, a characteristic ‘pre-spray’ - which in
time gets subsumed by the main spray, formation of toroidal head vortices, and pintle bounce. The emphasis in this
section is to describe how these characteristic features are generally influenced by increased ambient density. As
ambient pressure increases, the pre-spray becomes less influential and its effects are visually unidentifiable earlier.
The main head vortex appears relatively later in the injection, and its size is considerably reduced compared to the
equivalent spray at lower pressures, indicating that entrainment and mixing is less efficient at higher ambient
densities. Finally, pintle bounce is less dominant at higher densities, indicating that secondary spray injection is
mitigated at elevated ambient pressures.

The non-dimensionalised data for penetration/time characteristics at all four ambient density conditions are
presented in Figure 3. The most notable effect of increased ambient pressure is a reduction in penetration after t = 1
ms after SOI.  In the early phase of penetration, up to t = 0.8 ms after SOI, each case appears to penetrate at
approximately equal rates.  However, it should be noted that the earliest visible penetration recorded increases with
progressively higher ambient pressure.  This could be attributable to zero-time errors on  the cine film, or the
transient response of the injector being affected by the ambient pressure due to external forces on the needle
assisting the opening mechanism.  Further study would be required to resolve this issue.

Between 0.85 and 1.75 ms, the penetration rates of the individual plots are less ordered than in the first phase
of penetration.  For a short period, the two lower pressure cases continue an approximately linear penetration until
about 1 ms, after which the rate decays to that found in the later phase of penetration.  For the two higher pressure
cases the rate change occurs immediately after 0.85 ms, then linearises after 1.75 ms. Several authors have observed
bi-model penetration characteristics for diesel injectors – essentially simple orifice pressure atomisers. Here a
similar characteristic is identified for a pressure-swirl atomiser. 

A simple empirical relationship between penetration, time and ambient pressure is now sought.  Initially a tri-
modal penetration function was considered to accommodate the non-linear central phase, but was discarded in
favour of a simpler bi-modal correlation which represents the data reasonably well for most of the data.

The following empirical equation has been formulated and found to represent the first linear section of the
penetration rate characteristic, where variables have been conveniently non-dimensionalised :

))63.98751.6(t)03375.0001339.0((S1 −′+′+′−=′ ρρ      (1)

The second linear phase of the penetration continues in each case until the fuel has penetrates at least 95mm
downstream from the injector. The following correlation is derived for penetration as a function of non-
dimensionalised ambient density and time :

)3.97418.8t008073.0(S2 +′−′=′ ρ                (2)

Note that the gradient of penetration with respect to time in this equation is independent of ambient density, whereas
a weak dependence is noted for the first linear phase.



Figure 3 presents the complete set of data points together with correlations for penetration.  The correlations
have been extended into the middle phase region between 0.8 and 1.75 ms to assess their performance against the
data.  In general, the ‘knee’ of the plots is reasonably well positioned except for the 0.4MPa case, which has the
worst errors of the four cases.  In all cases there is a slight penetration over prediction by the correlations in this
region.  However, the correlations  provide a simple but effective method of predicting the changing behavior of
spray penetration with ambient density for this pressure-swirl injector.

FIGURE 3. Temporal SMD Data and Correlation FIGURE 4. Penetration vs. ambient pressure at 2ms

Influence of Ambient Pressure on Cone Angle
Most previous studies of the influence of ambient density on spray cone angle [6, 7, 8, 9, 10, 11, 12] have

reported a reduction in cone angle with increasing ambient density. Several correlations have been proposed, with
De Corso and Kenemy [6]  proposing cone angle is inversely proportional to PA

1.6, whilst Neya and Sato [8] suggest
a PA

1.2 inverse proportionality.  Lefebvre [4] notes that in both studies the angles were not measured close to the
injector, and hence deems these correlations inappropriate for use in the near nozzle region.

Ortman and Lefebvre [7] investigated this characteristic spray parameter for simplex atomisers for ambient
pressures up to 1 MPa using a radial patternator.  A sharp decrease in cone angle is observed as ambient pressure is
increased above standard atmospheric, but the rate of contraction then decreases to a limiting value of cone angle.

One exception to this previous body of data is presented by Evers [13], who notes an increase in cone angle
and increase in vortex cloud formation with increase in ambient pressure.  These anomalies maybe suggest that the
purge system employed in Evers’  pressure chamber may have adversely affected the results obtained, and if so,
emphasise the need for analysis of the flow fields generated in such systems.

In the current study, cone angles are measured in the near-nozzle region using ciné film images taken
approximately 1.2 ms after SOI.  By this time, the internal flow, and hence the cone angle, are considered stable.
Figure 2 shows images at a particular time during injection for each of the pressure cases investigated.  The cone
angles are calculated by constructing tangential lines from an assumed origin upstream of the orifice exit plane to
the outer most edge of the spray envelope in the near orifice region.  The assumed origin was located 0.75 mm
upstream of the orifice to take into account the orifice diameter.  Dodge and Biaglow [11]  adopt a similar approach
when characterizing sprays produced by a 80o Hago simplex nozzle. AngleThey propose a correlation between cone
angle (in degrees) and ambient density of the form:

OA

A918.08.792
ρ
ρθ −=        (3)

thereby suggesting a linear relationship between cone angle and ambient density.

FIGURE 5.  Effect of Ambient Density on Cone
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Figure 5 shows the results of the measurements from this study. In the range investigated, these results also
suggest a linear relationship between spray cone angle and ambient density.  The best-fit line for the data points
results in the following correlation:

OA

A104.114.342
ρ
ρθ −=                        (4)

where θ is again in degrees.  The gradient of this equation is very similar to that of equation 3 - the intercept is lower
due to the nominal cone angle difference of the injector.  The similarity in gradient is noteworthy considering the
injectors are of different design, and nominal cone angles differ by a factor of about 2.  This perhaps implies some
generality for the influence of ambient density on spray angle for pressure-swirl injectors.

Effect of Ambient Density on Global Droplet Size Characteristics
It appears that the influence of ambient pressure on the temporal variation of SMD has not been widely

studied.  Hence, the temporally and spatially resolved data generated in this study have been integrated to present a
single SMD which can then be compared to previous time/spatially averaged correlations. For each pressure
condition, individual droplet sizes from the entire spatial and temporal data-set have been integrated, and are
presented in Figure 6.  This shows that for this particular injector and the range of conditions investigated in this
study, the global SMD bears a positive linear relationship with ambient pressure:

SMD′ = 0.0396 + 0.004028ρ′          (5)

FIGURE 6. Averaged SMD/ambient density variation

An increase in SMD with ambient pressure is consistent with several previous studies; it is generally attributed
to the increased probability of droplet coalescence due to the reduction in spray cone angle.  For example, Neya and
Sato [8] studied water sprays injected into ambient pressures ranging from 0.1MPa to 0.5MPa, and suggest that

SMD varies as 27.0
AP . As well as coalescence, they point out that the primary atomisation mechanisms will also be

affected by ambient pressure variation and hence contribute to the size increase. In complete contrast, there is also
some work which suggests that the SMD from Simplex injectors shows an inverse relationship with ambient
pressure.  Dodge and Biaglow [11] studied a continuous spray produced by a moderately high capacity pressure
swirl atomiser injected into ambient pressures ranging from 0.1 to 0.6 MPa.  They deduce that SMD varies as

53.0
A
−ρ . Wang and Lefebvre [14] performed an investigation of the effect of ambient pressure on a diesel oil spray

produced by a series of Delavan pressure swirl injectors using the diffraction-based Malvern particle size analyser.
SMD was reported to increase with ambient pressure up to 0.4 MPa, beyond which the SMD decreased or remained
constant.  Although no such trends are observed in the current study, it is possible that for this particular injector and
fluid, the SMD may plateau or reduce at higher ambient pressures than considered within the remit of this
programme.  However, it must be concluded at this stage that the linear trend derived from the current extensive
data-set is in conflict with this widely quoted reference.

Conclusions
A comprehensive data-set comprising temporally and spatially resolved spray diagnostics for the influence of

ambient pressure  has been generated using a new high-pressure optical spray cell, and optical diagnostic techniques
established previously for G-DI sprays under atmospheric conditions. The range of ambient pressures chosen are of
direct relevance to G-DI operation. Over the range of ambient conditions tested (0.1-0.6MPa), the main findings are:
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• As ambient pressure increases, axial and tangential velocities reduce, the ‘pre-spray’ becomes less prominent,
as does the head vortex, which appears relatively later in the injection;  pintle-bounce is also reduced.

• Penetration decreases almost linearly with increase in ambient density, with maximum reduction of about 20%.
• Penetration-time characteristics reveal two quasi-linear trends, with a non-linear region inbetween.; correlations

of the data have been proposed. Penetration speed is effectively independent of ambient density in the later
linear region, i.e. after about 1.75ms.

• The spray cone angle narrows linearly with increase in ambient density, in agreement with all but one previous
study in this area. Maximum reduction is about 20%. The rate of cone-angle reduction is similar to that
proposed for a pressure-swirl injector studied previously, possibly indicating some generality.

• Increasing the ambient pressure generally increases the SMD throughout the injection, with a maximum of
about 30µm. Increased coalescence probability is likely to be contributing to this trend.

• The temporally and spatially integrated SMD is shown to increase quasi-linearly with ambient pressure, in
contrast to a previous study using time and spatially averaging diagnostics, where a quadratic behaviour was
proposed, exhibiting a peak between 0.3-0.4 MPa.

• The quality of the data obtained has shown that the new spray cell performs to design, providing excellent data
and providing confidence for further studies at conditions of raised pressure and temperature.

Nomenclature
P Ambient Pressure
S Penetration
SMD Sauter Mean Diameter
t Time
ρ Density
Subscripts
1,2 First (second)  phase of correlation
A Air
A0 Air at NTP
Superscript
′ Non-dimensionalised variable
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Abstract
An experimental investigation on a swirled-type injector for GDI engines has been carried out in an optically

accessible vessel at ambient temperature and atmospheric pressure. The injected fuel, non-evaporative EXXSOL
D40 having the same density as that of gasoline, has been sprayed at 7.0 MPa with an injection duration of 3.0 ms
using a GDI Magneti Marelli apparatus.

Time resolved size and velocity measurements have been carried out by the phase Doppler analyzer (PDA)
technique at different locations within the spray. The PDA system has been used to acquire, simultaneously, droplets
size and the radial and axial components of droplets velocity. The cycle-resolved data, buffered in a PC via a DMA
interface, have been analysed off-line by the ensemble averaging procedure. Estimation of the atomization degree in
the near nozzle region has been performed by the laser light extinction technique.

The main results of the investigation have provided a velocity distribution representative of a hollow-cone
structure in the first stage of the injection followed by a refilling process of the central region at later time. A small
scale droplets recirculation, close to the nozzle tip, has been evidenced as well a clockwise rotation vortex located on
the external boundary of the spray. Decreasing values of D10 have been found during the initial non-stationary
injection phase, followed by a flat profile with diameters ranging from 2 to 5 µm.

 Laser light extinction has provided a measurement of the tip penetration and discharge coefficient in the
region up to 5 mm from the nozzle. High extinction degree has been found at the nozzle exit both along the spray
axis and at different radial coordinates with no breakup length.

Introduction
The Direct Injection of fuel in Spark Ignition (DISI) engines is one of the markers of the historical

development of internal combustion engines resulting in a concept of a new quality. This concept has changed from
noise/power unit to the relationship with the surrounding environment in terms of fuel consumption and pollutant and
noise emissions. The DISI is the most promising way to meet this demand offering the engine system the multimode
operation, homogeneous and stratified charge, depending on its load operation. In fact, at low loads the engine
generally works lean. Fuel is injected during the compression stroke and forms a stratified charge by the interaction
with the air motion and the combustion chamber wall. On the contrary, at high loads a stoichiometric mixture is
required. In this case the deposition of fuel on the combustion chamber wall must be avoided to prevent an excessive
pollutant formation [1,2,3].

Thus, the mixture preparation process for DI gasoline engines is very important because a wrong control of spatial
and temporal air-fuel mixing could cause an instable combustion or misfiring conditions. The combustion quality,
and with it the engine performances, is directly related to the atomization process in the cylinder, which, for a given
combustion chamber geometry, is determined by the spray characteristics produced by the layout of the injector
nozzle. Therefore, deeper understanding of the spray characteristics is fundamental to optimise the fuel injection and
a lot of efforts of the international scientific community have been oriented to the study of the fuel injection system
design and to the proper diagnostic techniques to investigate the spray and mixture formation processes [4,5,6,7,8].

Recently, high injection pressure swirled-type injectors have been used because of their ability to realize a good
compromise between atomization and fuel penetration into the combustion chamber. These injectors generally
generate a hollow-cone with a liquid sheet at the nozzle exit. Papers in literature have evidenced lack of experimental
data, in terms of size and velocity, near to the nozzle exit and also some doubts about the presence of a breakup
length in the emerging spray [9,10].

Aims of the present work are the investigation of the spatial and temporal evolution of a hollow-cone spray
generated by a swirled-type injector and controlled by a Magneti Marelli ECU. The jet has been investigated both
near the nozzle exit by the laser light extinction to highlight droplets atomization or liquid presence, then
downstream by the PDA, providing detailed information about velocities map and size in the region 5-40 mm along
the axis and the radial coordinate 0-30 mm.



Experimental Techniques and Facilities
A GDI Magneti Marelli electronically controlled system, with a high pressure swirled injector delivering a

conical spray, has been used. The nozzle exit has been 0.55 mm in diameter with a nominal flow rate and cone-angle
of 7.4 g/s and 80°, respectively, at 10 MPa injection pressure. A far cone-angle of 68°, at spray completely
developed (t >1.5 ms) and at a distance greater than 30 mm from the nozzle, has been measured. A gasoline-like
non-volatile calibration fluid in non-evaporative conditions, EXXSOL D40 (ρ =762 kg/m3, ν=1.05 cSt  at T=40°C)
has been used. The injection pressure of 7.0 MPa has been investigated with 3 ms injection duration at atmospheric
pressure and ambient temperature [11,12.13].

A two channel phase Doppler analyzer (PDA) system has been used to acquire, simultaneously, droplets
size and the axial and radial components of the droplets velocity. The system layout has been equipped with an
argon-ion laser, a 310 mm focal length transmitting optics and modular collecting optics, working in forward
scattering mode, have been located at an off-axis of 30°. A single aperture, a 0.25 mm slit, has been used in the
receiver to limit the scattered light to the detectors. The transmitting and collecting optics have been mounted on an
x-y-z translation stage that allows the positioning of the probe volume within the spray. The axial coordinate z has
been varied up to 40 mm from the spray nozzle and the radial coordinate r in the range 0 to 30 mm.

A synchro-unit device, driven by an optical encoder connected to the pump shaft, has been used to trigger the
ECU of the injection system and the PDA processor. The system has allowed the reconstruction of the velocity and
size data with the injection timing with a temporal resolution of 100 µs. The cycle-resolved data have been buffered
in a PC via a DMA interface and analyzed off-line by the ensemble averaging procedure.  Further details on the
experimental apparatus and procedures are reported in [7,14].

Laser light extinction measurements have been carried out up to 5 mm from the nozzle tip and at different radius r
within the spray with a spatial resolution of 1 mm. A 30 mW laser source, with a wavelength λ = 832 nm, and a FPT
100 Fairchild photodetector have been solidly positioned on a x-y-z translation stage to cover the region under
investigation without misaligning. The laser beam intensity has been attenuated by a 1.6 Neutral Density (ND) filter
allowing the photodetector to work in the linear range, avoiding saturation. The detected signal has been recorded by
a Tektronix TDS 684 B–1GHz bandwidth digital scope at 10 µs temporal resolution. The extinction apparatus has
been calibrated using a 1 mm thickness liquid sheet of  EXXSOL D40 in a flat quartz case. The emerging laser beam
has produced a negligible reduction of the incident light, due both to the windows case and the fluid sheet [8,15].

Results and Discussion
VELOCITY AND SIZE MEASUREMENTS - This paragraph illustrates the spray evolution and its interaction with the

ambient gas in the vessel. The fuel injected by the swirled-type injector is characterized, at early time, by a strong
component of the axial velocity with respect to the radial ones producing a pre-spray with large droplets and high
momentum. At later time, because of the strong rotational momentum induced by the fuel inlet tangential ducts, the
liquid emerges from the discharge orifice as an annular sheet that spreads radially outward to form an initial hollow-
cone spray. The spray develops downstream interacting with the gas and producing recirculation zones both in the
outer and inner regions of the hollow-cone structure [7,12,16,17].

A complete characterization of the spray evolution in terms of velocity and size distributions will be reported in
this section providing detailed results in the recirculation regions already highlighted by photographic techniques
[7,11]. In fig.1 time-resolved axial velocity profiles, at different radial distances, are reported for injection pressure
and duration of 7.0 MPa and 3 ms, respectively. The first appearance of the data at different delay with respect to the
axes origin, associated with the start of injection, is due to the flight time of droplets to reach the sampling volume.
At the top right of fig. 1 the velocity profiles, at a radial distance of 5 mm, are reported. For distances from the
nozzle at z=5 and 10 mm, the velocities are characterized by a fast increase up to a plateau of about 40 m/s, lasting
for the entire injection period. At the end of injection a similar fast decrease of the profiles is observed; this gradients
give an evidence of the boundary zone of the fuel in the hollow-cone. At higher axial distances (z= 20 and 30 mm),
the velocity  profiles are still well defined but with lower maximum values (30 m/s). Both the fronts and tails of these
profiles have a lower slope with respect to the previous locations meaning that they are located on a region out of the
anulus. The velocity profiles obtained at r=10 mm (bottom left of fig. 1) show a similar behaviour with maximum
values of about 30 m/s while at r=20 mm low negative velocity peaks appear both at 20 and 30 mm from the nozzle
denoting the formation of a vortex (bottom right of fig. 1).

Particularly interesting results have been obtained along the spray axis at z=5 mm (top left of fig. 1). In fact, the
profile of the axial velocity shows initial negative values with a peak of 15 m/s at 1 ms after the start of injection
denoting droplets recirculation towards the nozzle tip. This effect can be explained by the sharply defined hollow-
cone structure near the nozzle and the local high velocity values producing a low pressure zone that carries particles
into the centre of the spray. This behaviour has been reported by Chigier [18] for swirling annular jet injectors and
investigated by Wigley [19] and Pitcher [9] using a PDA technique. Farther from the nozzle (z=10 and 20 mm), the
profiles show the same trend, as at z=5 mm, but with positive values denoting a small scale vortex located very close
to the nozzle tip. The axial velocity increases during the injection process up to 40 m/s reached at the end of the
injection. The low velocities in the central part of the injection are attributed to the distribution of the fuel that



initially moves mainly in the anulus region. In the second part of the injection, because of the refilling process of the
hollow-cone, higher velocity values are produced [7].
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FIGURE 1. Axial velocity profiles versus injection time at different locations within the spray.

The space- and time-resolved velocity vectors distribution, obtained as resultant of the axial and radial
components, is shown in fig. 2. The dotted line here reported represents the measured far cone angle limit (68°). The
plot at t=1.0 ms shows meaningful velocities near the 68° limits and negligible intensity vectors at the centre,
confirming the hollow-cone structure of the spray. The droplets are distributed  in a region up to 25 mm from the
nozzle. At later time (1.5 and 2.0 ms) the velocity intensity increases with the appearance of  recirculating vectors on
the external boundary of the spray. Close to the nozzle, at r=0 mm, an upward velocity vector appears. In the plots
from 2.5 to 3.5 ms the spray develops downstream and the clockwise vortex changes the rotation axis position with
the injection time. The inner part of the spray starts to refill with droplets as depicted by the higher intensity vectors.
Finally, after the end of injection (4.0 to 5.0 ms), the velocity vectors decrease in modulus due to the absence of
further incoming fuel and to the drag effects of the gas in the chamber.

The envelope of the velocity vectors, along the radial coordinate at z=15 mm and t=1.5 ms after the start of
injection, shows a quasi-parabolic profile with negligible velocity values at the spray axis and spray boundary. This
profile moves downstream at later time. In fact, it is possible to find the quasi-parabolic envelope at z=20 mm and
2.0 ms, at z=25 mm and 2.5 ms and along the radius at z=30 mm and 3.0 ms. The same radial locations, examined
0.5 ms later, show a velocity profile envelope with its maximum shifting towards the spray axis, denoting the
droplets refilling from the periphery.

Time-resolved mean diameter (D10) of the droplets in the spray has been estimated by the PDA technique using
the ensemble averaging procedure. As reported on the left side of fig. 3, D10  profiles along the spray axis show a
decreasing behaviour in the first stage of the injection, a flat zone in the middle part and an increasing trend after the
end of the injection. The high values at the beginning are representative of the pre-spray presence characterized by
droplets of large diameters. The values range from 10 to 18 µm depending on the distance from the nozzle. The flat
zone, corresponding to the flat velocity profile of fig.1, shows particle diameters around few microns and is
representative of an high atomisation degree reached during the stationary pressure injection period.
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FIGURE 2. Space- and time-resolved velocity vectors distributions at 7.0 MPa of injection pressure.

At z=5 mm, diameter values of 1-2 µm are measured limited by the present configuration of the PDA system.
Finally, the increasing diameters at the end of the injection are representative of bigger droplets delivered during the
non-stationary needle closure phase (post-injection [11]). Similar trends have been obtained at r=5 mm as reported
on the right side of fig. 3. In this figure the absence of the initial decreasing trend is evident because the pre-spray is
confined only in the axial region. The average values of D10 are greater than the corresponding ones observed at r=0
mm. Measurements, carried out at farther values of the radial coordinate, have highlight large droplets diameters up
to 25 µm.

In fig. 4 the D32 profiles versus injection time are reported for the locations at r=0 and r=5 mm. The trends are
quite similar to those obtained for the D10 in fig. 3 with slightly higher average values.
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FIGURE 3. Time-resolved D10 profiles at different locations within the spray.
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FIGURE 4. Time-resolved D32 profiles at different locations within the spray.

EXTINCTION MEASUREMENTS - The GDI spray measurements in the region close to the nozzle (up to 5 mm) have
provided no valid data by the PDA technique. In fact, the high density of droplets in that region has produced a
strong obscuration of the collecting optics resulting in a poor accuracy of measurements with a very low percentage
of valid data. To overcome that lacking of information, the laser light extinction technique has been applied to
investigate the atomization of the jet and the presence of large droplets or clusters.

The method here used has been derived from the ref. [20] and is based on the extinction of a laser light beam
passing through an atomized transient spray (extinction principle). The amount of light lost in passing through the
spray is proportional to the fragmentation degree of the liquid fuel and, with suitable hypothesis on the density
distribution along the optical path, to the fineness of the spray, commonly defined by the “mean droplet size” called
Sauter mean diameter (SMD) [21]. The limits of the method are in the impossibility to determine the number of the
droplets and their individual sizes but it is very useful to compare the atomization degree of spray in different
conditions (i.e. injection and ambient pressure) or in different locations and time of the same spray.

A collimated light beam of intensity Io is extinguished to an intensity I through a cloud of fluid because of the
light scattering and absorption from the droplets. According to the Bougher-Lambert-Beer’s law the intensity of the
transmitted light depends on the incident ones according to  I = Io e-τ   being  τ  the “turbidity” of the optical media
thickness. τ is defined by:

∫=
L

ext dl K
0

τ

where L is the total beam length across the spray and Kext the extinction coefficient. If Kext is constant along the whole
spray path, the turbidity equation writes: τ = Kext L. Kamimoto et al. [20] have demonstrated for turbidity values
approaching 4, typical of a diesel spray, that the multiple scattering from droplets can be neglected. In the range of
validity of Mie theory,  Kext is proportional to the particle radius [8]. Extinction measurements through the spray have
given indication about the fragmentation degree of the fuel emerging from the nozzle and the breakup length, the
penetration of the tip and the nozzle discharge coefficient. In fact, at 7.0 MPa of injection pressure, the simultaneous
acquisition of the injection command and the extinction signals has enabled to evaluate the flight time of fuel into the
probe volume at different distances form the nozzle. Consequently, extinction signals have given the spray tip
penetration immediately at the exit of the nozzle, assuming negligible the electrical signals transmission time with



respect to the injection timing. The fuel emerges 180 µs after the start command and covers the range investigated in
80 µs (fig. 4). The initial velocity of the droplets and the discharge coefficient φ (φ=u/(2∆p/ρ)1/2)  are 62.5 m/s and
0.46, respectively, being u the droplet axial velocity, ∆p the pressure drop and ρ the fuel density. The low value of
the discharge coefficient is typical of swirled type injectors that produce a reduction of effective discharge area to an
anulus section and in a hollow-cone spray structure [18,22]. Rizk and Lefebre [23] have studied the hydrodynamic
behaviour of the fuel within the nozzle exit duct hypothesizing a relationship between φ, the exit hole diameter, the
total area of the fuel adducing duct and the swirl chamber diameter resulting a value of the discharge coefficient
varying in the range 0.4 – 0.6.

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280
-1

0

1

2

3

4

5

6

∆ t

αdi
st

an
ce

 fr
om

 th
e 

no
zz

le
(m

m
)

time (µs)

start of
injection

   
0 1 2 3 4 5 6 7

0.0

0.2

0.4

0.6

0.8

1.0

1.2
Pinj=7 MPa

r=0 mm

 End of
injection

 Start of
injection

N
or

m
al

iz
ed

 e
xt

in
ct

io
n 

si
gn

al

Injection time (ms)

 z=2 mm
 z=3 mm
 z=4 mm
 z=5 mm

FIGURE 4. Tip penetration evaluated from the
extinction signals within 5 mm from the nozzle.

FIGURE 5. Extinction measurements along the spray
axis at different distances from the nozzle.

The extinction measurements performed along the spray axis at different distances from the nozzle, at 7.0 MPa
and 3 ms of injection pressure and duration, respectively, are shown in fig. 5. The signals are normalized to the
incident light intensity taking into account both the length of the optical path through the spray and the ND=1.6
filter. The plots highlight a fast extinction of the incident laser beam as the fuel crosses the light and persists so long
as the injection duration. A second small extinction peak appears after the end of injection, at z=2 mm from the
nozzle, because of the post injection phenomenon as described in ref. [12].

The measurements have given different extinction levels varying in a monotonic way for increasing distances
from the nozzle with a higher atomisation degree of the spray close to the nozzle. The strong extinction degree
obtained at z=2 mm can allow the assumption of a complete atomization of the jet and no breakup length presence at
least up to that distance. The extinction signals show periodic structures during the injection duration with a linear
scaling amplitude with the distance from the nozzle. This behaviour may be associated to droplets density variations
induced within the spray during its evolution.

Conclusion
An experimental investigation, on an electronically controlled swirled-type injector for GDI engines, has

been carried out in an optically accessible vessel at ambient temperature and atmospheric pressure. Non-evaporative
EXXSOL D40 has been sprayed at 7.0 MPa with an injection duration of 3.0 ms.

Time resolved size and velocity measurements have been carried out by the phase Doppler analyser (PDA)
technique at different locations within the spray. Estimation of the atomization degree in the near nozzle region has
been performed by the laser light extinction technique. The following results can be pointed out:

- the time- and space-resolved velocity profiles well define the hollow-cone structure in which the fuel is
confined. High velocity values with a plateau of 40 m/s are measured;

- negative velocities, with a peak of 15 m/s, have been found just under the nozzle in the first millisecond
indicating a recirculating zone carrying particles towards the nozzle tip;

- the velocity vector distribution highlights a vortex formation on the external boundary of the spray which
axis travels downstream with time. Moreover, the hollow-cone structure shift down in time replaced by a
full-cone ones due to the droplets refilling phenomenon;

- the mean diameters decrease, in the initial phase of injection, to few microns remaining constant during the
entire injection duration. The SMD shows slightly increased analogous trends;

- extinction measurements, immediately at the exit of the nozzle, have enabled the estimation of droplets
velocity and the nozzle discharge coefficient;

- the emerging fluid is completely atomized close to the nozzle exit with no evidence of a breakup length.

Nomenclature
ρ fluid  density ν cinematic viscosity



λ laser wavelength
I emerging light intensity
Io incident light intensity
τ optical media turbidity
Kext extinction coefficient
L spray optical path
φ discharge coefficient

u fluid axial velocity at the nozzle exit
∆p pressure drop across the nozzle exit
z axial coordinate in the spray
r radial coordinate in the spray
D10 mean diameter
D32 Sauter mean diameter
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Abstract
To investigate the propagation of liquid gasoline inside a direct injection spark ignition (DISI) engine, an

endoscope-based imaging system has been developed and implemented at the Internal Combustion Engines and
Combustion Laboratory (LVV) at ETH Zurich. With this endoscopic technique it is possible to provide optical
information of the liquid phase distribution in the combustion chamber of a single-cylinder research engine at
different times after start of injection. One advantage of this specific endoscope is that only one bore is required for
both illumination and detection of the signal. The system consists of an ICCD camera, an endoscope and an adapter
with water-cooling including a sapphire window to ensure protection against cylinder pressure and temperature.   

In this paper, results of investigations of the spray propagation in a spray guided DISI engine are shown. The
physical behaviour of the spray propagation has been investigated under a wide range of variations of parameters as
there are swirl, rail pressure and start of injection timing for stratification and throttle position for homogeneous
charge. Based thereupon, the influence of these parameters on spray propagation has been understood and the
experiments provide data for validation of numerical simulations.

Introduction
Today, gasoline direct injection for spark ignition engines is a highly discussed and widely investigated subject.

Until now particularly the spray guided combustion is not sufficiently understood. The advantage of the gasoline
direct injection concept with stratification is the lower fuel consumption in comparison to conventional gasoline
engines, and here mainly in the low load region. Fuel savings of typically 10% in European driving cycle and up to
20% in selected conditions are possible by implementing this technique using available off-the-shelf automobile
hardware. The complexity concerning the combustion process and mixture formation and the potential of fuel
savings is the reason for the high interest which has been brought to this engine in industry and in research labs.

At the Internal Combustion Engines and Combustion Laboratory (LVV) of ETH Zurich, a one cylinder direct
injection spark ignition (DISI) engine has been investigated to understand the physical behaviour of the combustion
process. To achieve that goal, first of all as presented in this paper, the spray propagation in the cylinder is
investigated. Spray propagation and mixture formation are dominant factors of the DISI, because they determine the
engergy conversion rate and both pollutant emissions and engine efficiency. The influence of a variation of several
parameters, as there are swirl, rail pressure and start of injection timing in the stratification mode as well as the
throttle position in the homogeneous charge case, is presented in this paper. The result of these investigations serves
as a basis for detailed validation of 3-D simulations.

Literature Review
Endoscope-based techniques have been widely applied for investigations of the liquid fuel propagation inside the

cylinder of diesel engines [1-5]. Only few reports are known for direct injection spark ignition engines [6], whereas
here an endoscope-based observation-technique with external laser illumination for LIF was used. Wherever an
endoscope with external illumination has been applied, it has been necessary to use at least two bores, namely one
for illumination and one for observation [2]. By interpreting images obtained in this way, it was sometimes
necessary to take a varying illumination of the object into account. In [3] a laser through a fibre was used as light
source. It is reported, that this could cause difficulties due to a very localized illumination. Moreover the direction
and the divergence of illumination had to be fitted to the direction of observation. Although the endoscope usually
has a small diameter, often one of the exhaust valves had to be replaced by the endoscope [7]. Normally, an
additionally triggered stroboscopic illumination has been applied [8]. Therefore, a synchronization between camera,
stroboscope and engine has been necessary. If an extended optical access is necessary, changes in combustion
geometry, thermal boundary conditions, flow field and lubrication are often inevitable. Window fouling of the
oprical access can be an additional problem as well.

A

A



Experimental Set-up

Direct Injected Spark Ignition Engine
The engine investigated in this study is a one-cylinder research engine. It has a bore of 89.9mm and a stroke of

86.6mm with a compression ratio of 10. Due to the fact, that both, an injector and a spark plug had to be placed in
the cylinder head, one exhaust valve had to be replaced. Consequently, the engine has two inlet valves and only one
exhaust valve. The two inlet valves and the channels to the inlet valves are separated, in order to close one valve for
the maximum swirl condition and to open both channels for the low swirl case.

The engine is equipped with both a conventional injection into the inlet channel and an additional jet guided high
pressure direct injection system with continuously variable rail pressure between 50 and 100 bar. The hollow cone
injector generates a nominal angle of 78°. Two bores of M14x1.25 are drilled in extension of the pent roof under an
angle of 14° against horizontal. One of those bores is used for pressure indication purpose, while the other bore is
chosen for optical access. The engine operation variables such as cylinder pressure, temperature at various engine
ports, fuel consumption rate, speed, torque etc. are monitored with a highly automated computer based diagnostic
system.

Endoscopy
The liquid phase of the fuel directly injected into the cylinder is investigated by an endoscope based method,

which has been developed and implemented at LVV. The advantage of this technique is that the optical system is
designed such that the original operation characteristics of the engine, like heat loss, turbulence, and geometry are
preserved. This is possible by using only one bore for both illumination and detection of the signal. The endoscope-
based measurement system consists of an ICCD camera, an additional lens, the endoscope and an adapter with
water-cooling and sapphire window. The adapter, which was designed and constructed in our lab ensures the
protection of the endoscope against the cylinder pressure and the high temperatures in the cylinder.

Optical access into the engine is provided by one of the M14x1.25mm bores, which is situated in the vicinity of
the spark plug in order to investigate the processes around the spark plug (Figure 1a). Due to the fact, that
illumination and signal detection is in-line, that means that the backscattered light is detected, a geometrically
uniform illumination of the spray is achieved. The endoscope consists of a glass lens system for detection and an
additional light fibre system which is situated concentrically around the lens system. Through these fibres,
illumination is realized by means of a continuous 300W xenon cold light with an additional light fibre. The front
part of the endoscope can be changed quickly in order to vary the aperture angle and consequently to investigate
several regions of the combustion chamber. In the investigations described here, a lens with an aperture angle of 85°
is used (Figure 1a). Thus, it is possible to survey almost the whole burning chamber at once and to investigate the
fuel propagation inside the cylinder. The Princeton Instruments (ICCD 576 G/RB) ICCD – camera is adapted to the
endoscope by an additional Storz lens with varying focal length between f= 70 and f=140mm to focus on the nozzle
plane.

Figure 1: a) Schematic View of the mounting situation (left) and b) the observed region (right)

The management of the exposure time is done by a controller (Princeton Instruments Model no. ST- 1385) in
combination with a trigger level, which is generated by the angle encoder of the engine. The encoder gives a signal
every 0.4° CA. The exposure time is typically determined to 0.212 ms, which translates into 2.5° CA at 2000 rpm.
This duration is the best compromise between short exposure time and high frame quality. The exposure time is
sufficiently short to help to understand qualitatively the physical effects under variation of several operation
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parameters like for example swirl or fuel rail pressure and on the other hand long enough to provide adequate
temporal resolution.

Figure 1a depicts a schematic view of the cylinder head. The inlet (IV) and the exhaust (EV) valves are marked.
Additionally, the positions of the spark plug and the injection nozzle are shown. In Figure 1b a view of the observed
region is given. Using this method therefore, the spatial location of the spray propagation in relation to the spark
plug is observed. Additionally, the injection nozzle, the inlet valves, the piston and the pent roof are drawn
schematically. The spark plug is marked as a line because only the projection of the electrodes is visible. The piston
is also shown by using an ellipse due to the 14° inclination of the endoscopic view against horizontal.

Results
In this section, the impact of several operating parameters on the spray propagation is shown. In all variations, a

standard operating condition is used for comparison. This condition is characterized by 2000 rpm, indicated mean
pressure IMEP= 0.2 MPa and maximal swirl. The injection pressure is fixed to pRail = 75 bar and the electronic start
of injection (SOI) is chosen at 74°CA BTDC with an injection duration of 1.6 ms. The investigations are made
under motored conditions in order to observe the fuel propagation also after the fictitious ignition point. For
comparison purposes, at the end, the spray propagation in a homogeneous charge situation is also shown.

Variation of Rail Pressure
The fuel rail pressure was varied from 60 bar to 90 bar in steps of 15 bar. During this variation, the injection

timing remained constant. From Bernoulli’s law, it is obvious that there has to be higher fuel mass injected per
stroke with higher pressure, which is here about 10% between the standard case and the variations. Figure 2 reveals,
that a variation of rail pressure affects both the evaporation behaviour and the early penetration of the spray. For the
higher pressure case, the spray shows a deeper penetration into the burning chamber for times shortly after start of
injection, which is explained by the higher fuel velocity at the nozzle exit. Consequently, the aerodynamic resistance
is lower with increasing rail pressure and for higher rail pressure the spray propagates wider into the chamber. It is
expected, that with smaller droplets, which are a product of higher rail pressure, propagation decreases. For the
hollow cone spray shown in this study, the initial fuel velocity has apparently a dominant effect on spray
propagation. At later timings after SOI (Figure 2, the last two frames of the series) it is shown that with higher
pressure, evaporation is better. Due to the fact, that smaller droplets are generated. In addition, also the spatial
distribution of the droplets may have an influence on evaporation, since in the high pressure case, evaporation may
also be better due to the wider spread out of the spray. Also the turbulence intensity is increased by the higher
pressure, which leads once more to better evaporation conditions in the high pressure case.

Figure 2: Variation of Rail Pressure
from above to bottom:  pRail = 60 bar, 75 bar, 90 bar

Variation of Swirl
A variation of swirl has a dominant effect on the cycle-to-cycle variations and on the specific fuel consumption.

In this study, swirl was varied by closing one of the two inlet channels. The situation with one channel closed
resembles the maximal swirl case, two open inlet channels represent the low swirl situation. It can be well



recognized from Figure 3 that a variation of swirl influences the spray propagation and its compactness. In the high
swirl case, the fuel spray is well confined, while in the lower swirl case, the spray is blown out into wider and
deeper regions of the combustion chamber. Here, the spray isn`t concentrated around the spark plug, but it is spread
out into regions far down stream. This will have consequences concerning the ignition conditions and the flame
propagation. The flame kernel growth will be positively influenced by the local turbulence intensity, which is higher
in the high swirl case, and by the local air-fuel-mixture in the region of the spark plug, which is there near
stoichiometry. Because the flame will only burn in locations where sufficient fuel has been spread out it follows that
in the low swirl case the flame will finally burn in wider regions and stratification is much weaker. Besides this,
evaporation (Figure 3, the last two frames of the series) and the turbulent flame speed will be faster in the high swirl
case due to higher turbulence intensity, which in general leads to better burning quality. The reduced radial
penetration in the high swirl case as well as the better mixture formation and the higher turbulence level have also
been detected in 3-D two phase flow simulations [9].

Figure 3: Variation of  Swirl
above: high swirl case; bottom: low swirl situation

Variation of Start of Injection
A variation of the start of injection has a dominant effect on the spray propagation. In the early injection case, the

density in the engine is lower than for a late start of injection as can be seen from Figure 4. It is visible from Figure
5 that in the first case the spray propagates deeper in the combustion chamber as under late injection conditions.

Figure 4: Temperature, Density and Pressure of the unburned Gas Phase at the Start of Injection (SOI)

By choosing an earlier injection time, the aerodynamic resistance is consequently lower and the spray penetration
is higher. The temperature rise of about 50 K in the case of  the late injection timing in comparison to the early
timing accelerates evaporation (Figure 4). Here also the spatial distribution of the spray may have an impact on
evaporation, but this effect isn’t as dominant as the temperature density effect.
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Figure 5: Variation of start of injection (SOI)
from above to bottom: 82°CA, 74°CA, 66°CA

Variation of the Cylinder Pressure by Means of the Throttle Position with Homogeneous Charge
In this investigation, the electronic injection duration for the homogeneous charge realization is chosen to be the

same as for the investigations above (stratification) but injection starts at 330°CA BTDC in order to achieve a
homogeneous charge. Two different throttle positions are investigated. In one case, the throttle is nearly closed
which would allow the engine to run at similar load but with an air-fuel-ratio of λ=1. In the other case, there is no
throttling so that the higher air pressure influences directly the density and consequently the aerodynamic resistance
against injection. From Figure 6 it is visible that at wide open throttle position, the penetration of the fuel is lower
than under nearly closed throttle conditions. In this Figure, part of the spray on the left side is hidden behind the
open inlet valve. Evaporation is slightly faster in the nearly closed throttle condition. Also, the fuel has spread out
widely where the condition for evaporation may be better.

Figure 6: Variation of throttle position
above: wide open throttle;  bottom: nearly closed throttle

Conclusions
In the paper, the application of a new design of an endoscopic DISI spray engine investigation technique has been

shown. In the challenging engine environment the endoscopy has worked remarkably well and allowed us to draw
plausible conclusions concerning the in-cylinder spray propagation and mixture formation process by variation of
several physical parameters as there are swirl, injection timing and rail pressure in the stratification mode as well as
throttle position in the homogeneous charge case. The influence of these parameters on spray propagation and
evaporation is mainly understood. It can be summarized that beneath the investigated parameters the variation of the
swirl has the most important influence on the performance and stability of the high pressure process. Low swirl
leads to high cycle-by-cycle variation and worse efficiency. Furthermore a variation of the injection phasing
influences local mixture preparation and therefore is of decisive importance for thermodynamic optimal ignition



timings. Among all investigated parameters it turned out that the injection pressure is of subordinate relevance
concerning process stability and efficiency. The complex influence of these determining parameters on spray
propagation and mixture formation and the knowledge of the subsequent processes inflammation and combustion
are indispensable for a deep understanding of the high pressure process inside a direct injection spark ignition
engine. Additionally the endoscopic survey of the spray delivers valuable information for further intensive
combustion research, namely endoscopic flame investigation and the ion current sensing method. Both of these
techniques have been used extensively at LVV and are in good agreement with the spray propagation results as well
as the interpretations drawn therefrom. In addition the results help to interpret and confirm numerous 3D
computations of the injection process, which habe been performed in parallel.
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Abstract
This paper presents results of examinations about numerical spray modelling and experimental spray
analysis for pressure swirl injectors of DISI engines. The first part describes a method to build up a
spray model for the numerical simulation. Numerical consequences arising out of cell size and mesh
structure which affect the spray behaviour were pointed out in this context. The validation of the
numerical spray model with optical measurements is shown. In addition the physical spray behaviour
under various ambient conditions were investigated in detail. Therefore the interdependence of droplet
and gas motion were carried out with CFD and laseroptical measurements.

Introduction
Recently many manufacturers are considering new combustion systems to improve fuel economy and
engine emissions for new emission regulations. Among them the gasoline direct injection engine is
promising to improve fuel economy essentially. To meet future emission standards with gasoline direct
injection engines it is important to have detailed knowledge of spray characteristics and mixture
preparation to achieve a reliable process [1]. Most DISI engines with mixture stratification are very
sensitive in mixture placing and timing. Developing DISI engines the spray behaviour is one of the
main elements and will be examined in this work. Modern CFD tools help to understand and to
optimise the inner engine process. Therefore it is necessary to define a spray model with a real
behaviour in all operation points of the engine.
Current GDI engine concepts usually use pressure swirl injectors to achieve a good atomisation and
wide spatial spray distribution even with low injection pressures. Beside that the spray has a relatively
short penetration which reduces wall impingement effects.
The hollow-cone spray of a commercial high-pressure swirl injector was generated with the CFD code
StarCD and verified by spray measurements. The defined spray model can then be implemented in
CFD engine models. There are numerical and physical effects concerning the simulated spray.
Numerical effects result from droplet initialisation parameters and mesh structure. Physical effects
appear at different ambient pressures, injection pressures as well as at various fuel and ambient
temperatures.

Methodology
As shown in figure 1  pressure swirl injectors utilise the tangential velocity in swirl chamber near the
nozzle exit to create a conical spray formed by centrifugal force.

Figure 1:  Schematic functionality of a pressure swirl injector [2]



StarCD uses the Lagrangian method to calculate the interaction of the liquid phase with the
surrounding gas phase. To reduce the calculation effort, droplets are arranged in parcels, each
containing a number of droplets with identical properties. The rate of liquid volume in each cell volume
is limited to 40 %. So this method is unsuitable to simulate the fluid dynamics of the fuel inside the
injection nozzle. Alternatively the spray is initialised by droplets placed near the nozzle exit. In this
work the spray was initialised with position, number, velocity vector (cone angle) and diameter of the
droplets. This parameters depend mainly on nozzle geometry and operation parameters. Unfortunately
the initial parameters have to be found by iterative approach because of two reasons: Mathematical
models for the primary break-up are still insufficient and optical measurements are difficult to apply
due to a high droplet density near the nozzle exit.

Numerical Effects
A first spray model, based on user subroutines, was used to work out the influence of the cell size on
the droplet dispersion. Figure 2 shows the droplet dispersion in Cartesian meshes of different cell sizes.

4m m 3m m 1m m

Figure 2: Droplet dispersion in a Cartesian  4-mm-, 3-mm- and 1-mm mesh (view: injection axis) for
    pamb = 1 bar, Tamb = 25 °C, Tfuel = 25 °C, t = 2 ms

It can be seen that the droplet dispersion becomes more homogeneous with smaller cell sizes but leads
to an increase in CPU time.
The vaporized fuel concentration of identical spray setups in different Cartesian meshes with 1 mm and
4 mm cellsize is shown in figure 3. In the fine mesh the concentration contour is more slender and
achieves a larger penetration length than the concentration in the coarse mesh. The concentration
gradients increase with decreasing cell size. This effects are confirmed in the examinations of [3].
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Figure 3: Concentration field of vaporized fuel in a with 1mm and a 4-mm-cellsize-mesh.
Further investigations were carried out with different mesh structures as shown in figure 4. The most
simple mesh in this study was the Cartesian mesh cube with characteristic cell size of 2 mm. The
direction of the spray cone axis is parallel to the grid structure. The injection axis of a second Cartesian
mesh cube was diagonal orientated. Another Cartesian mesh was created with a global cell size of 4
mm and a local refinement (1,33 mm cell size) in the region of spray dispersion. Near the “nozzle exit”
the mesh was even refined with a cell size of 0,7 mm. The last mesh consists of a cylinder out of a
radial orientated unstructured mesh (2 mm cell size).
The droplet dispersions resulting from the identical spray model injected in the different meshes 2 ms
after start of injection are shown in figure 5. Obviously there are preferred directions of the droplet
movement, depending on the mesh structure. The droplets seem to be unable to cross cell borders in
case of a very narrow angle (less than 3°) between droplet velocity vector and cell border. So the spray
in the simple Cartesian mesh has an orthogonal structure. The diagonally injected spray is the most
inhomogeneous. In the radial orientated unstructured mesh, the droplets stir along radial “channels”
[4]. The most homogeneous spray was obtained with the locally refined Cartesian mesh. Supposedly
the most effective prevention against inhomogeneous droplet dispersion is a fine grid. Especially
refinement in the region of the initial droplet position prevents from early redirection due to cell
orientation.
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In a Cartesian mesh cube with 3 mm cell size the initial droplet position (nozzle exit) was varied. One
calculation started with a cell centre position. A second calculation was performed with the injection
point placing on a cell vertex. The effects on the droplet dispersion shown in figure 6 were
considerable. In the first case the droplets prefer moving along the orthogonal cell rows. In the second
case the droplets were redirected immediately and they obviously keep away from the cellborders.

Injection point cell centre Injection point cell knot 

Figure 6: Effects of the injection point on the droplet dispersion 2 ms after start of injection

Spray Initialisation
Additionally the influence of the initial droplet diameter on the spray formation was examined. The
results of sprays with various initial droplet diameters are shown in Figure 7:
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Figure 7: Spray shape with different initial droplet diameter, pamb = 6 bar,

           Tamb = Tfuel = 25 °C, t = 2 ms
Decreasing droplet size leads to a contraction of the cone angle. The liquid phase which is separated
into smaller droplets has a larger liquid surface area in total and droplets with less inertia. For this
reason the droplets will be redirected easily in the gas motion (figure 10). By using the Reitz-Diwakar
Break-up model [5], the spray becomes more insensitive to oversized initial droplet diameters. Large
droplets collapse into smaller ones until they reach a stable diameter. The criterion for the occurrence
of droplet break-up in the Reitz-Diwakar model is the Weber number We [6]. The Weber number
results from the ratio of drag and surface tension forces.

( )
d

ddA DvvWe
σ

ρ
2

2�� −
≡

ρ density
v velocity
D diameter
σ surface tension coefficient

Subscripts
A ambient
d droplet

As mentioned in [5, 7] droplets collapse into smaller droplets if We exceeds the limit of 6.
To get a database for the validation of the numerical spray, optical visualisation techniques such as
back illumination were used in a pressure vessel under various conditions. The global spray behaviour
in StarCD was validated with these experimental data. Figure 8 shows the comparison between the
numerical spray structure and the experimental results from a back illumination measurement.
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Figure 8: Droplet distribution of simulation and experiment by comparison at ambient pressures of
                   1 bar and 6 bar,  Tamb = 25 °C, Tfuel = 25 °C, t = 2 ms
Both sprays, simulated and calculated, show a contraction of the cone angle with increasing ambient
pressure (6 bar). But compared to the measured spray the calculated spray forms larger vortex zones
which lead to an extended spray width. Due to that the simulated penetration is shorter than the
measured.
The spray parameter describing the global droplet distribution under various ambient pressures are
diagrammed in figure 9.

Figure 9: Spray parameters for pamb = 1 bar, Tamb = 25 °C, Tfuel = 25 °C, t = 2 ms
Penetration and primary cone angle of simulation and measurement have nearly the same behaviour
while secondary cone angle and spray width of simulation and experiment differ noticeable. Because of
the larger vortex regions in the simulated sprays as explained above, spray width and secondary angle
exceed the measured values.
The spray behaviour of pressure swirl atomisers is associated with an initial Pre-spray formed like a jet
spray. The Pre-spray is characterised by larger droplets with a prevailing high axial velocity. This
results from a small reservoir at the nozzle exit, a so called sac volume, which contains fuel with
negligible swirl velocity from the previous injection. Fuel mass flow, cone angle and the air core
diameter were adjusted during injection time to simulate the Pre-spray effect.
The final initial spray parameters are diagrammed in Figure 10. Thereby the initial droplet velocity
adopted a random number between 70 and 100 m/s.

Figure 10: Parameters for droplet initialisation
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Physical Effects
For engine applications it is essential to know that the spray propagation changes fundamentally in the
relevant pressure range. To get a better understanding of the general spray-air-interaction process at
various conditions the spray induced surrounding flow field is simulated by CFD and measured by PIV
at various ambient pressures (figure 11).

Figure 11: Induced gas velocity 2,0ms after start of injection at different pressure, simulation (left) and
                  PIV-measurements (right); Tamb = 25 °C, Tfuel = 25 °C, t = 2 ms
As shown in Figure 11 the droplets induce an entrainment flow of surrounding gas into the spray core
which takes along (small) droplets.
With increasing ambient pressure a higher momentum transfer between gas phase and droplets occur
due to the higher density of the gas phase. So a stronger gas flow which moves into the spray cone
exists and reduces the radial penetration of the droplets. With the prevailing axial droplet penetration
the gas flow follows the axial direction. This leads to axial orientated spray structure with a
considerable contraction of the cone angle at high ambient pressure. [8]

Conclusion
The paper shows several influences on spray characteristics and out of it requirements for an
appropriate numerical spray model.
The spray shaping factors in the spray simulation are mainly divided into three categories: A suitable
mesh should be used for the calculation to prevent remarkable numerical inaccuracies in droplet
dispersion and vaporisation. The initial spray parameters have to be specified carefully to provide
capable droplet properties for the droplet-gas-interaction which forms the spray structure. Especially
for DISI engine application operating with injection during the compression stroke it is important to
know about the changes in the spray structure due to the variation of ambient conditions like the gas
pressure. A contraction of the spray cone angle results of the interaction of droplet and gas flow,
intensifying with increasing gas density.
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Abstract
An overview of the main points of the authors’ previously published work is presented, followed by new findings on
the fundamental structure of diesel sprays.  The objectives have been to improve the understanding of the detailed
behaviour of fuel flow in the tip of the diesel nozzle and to link this with the characteristics and development of the
spray in the engine cylinder. Actual injection nozzles have been studied under both transient and steady state flow
conditions.  Investigations with large scale transparent models and simplified geometries have significantly
enhanced the understanding of the characteristics.  Flow cavitation and its contribution to spray quality is covered.
The characteristics of single hole nozzles are discussed, including their limitations and the spray singularity known
as hydraulic flip.  Laser light sheet illumination has been used to study cavitation details, such as the occurrence of
small bubbles or large voids, and plug cavitation.  The existence of  multiple flow fields in the nozzle tip and their
influence on the spray are also covered.
Finally, high resolution images taken with a fast shutter camera reveal a basic structure in diesel sprays that is
different from conventional perception.  This is shown with a large scale acrylic model and with a standard common
rail injector running both in a spray chamber and an optical engine.  Images of the transparent model show that this
spray structure is caused by the flow patterns set up inside the nozzle tip.

Introduction
      Major improvements in the overall performance of diesel engines have been achieved in recent years but there
are strong driving factors for further progress.  Future emissions legislation will necessitate further reductions in
NOx, soot particulate, the soluble organic fraction (SOF) of the particulate and HC.  Improvements in fuel economy,
specific power, torque, NVH and overall value will increase the popularity of the diesel engine.  The insight gained
by the investigations outlined in this paper is guiding the design of nozzles towards delivering the optimum balance
of these requirements.
      Different means to reduce emissions are being explored throughout the industry.  Tullis & Greeves [1, 2] have
addressed the problem at source by reducing engine out emissions.  Their investigations have shown that the fuel
injection system plays a major role in improving the combustion processes thus reducing emissions.
      The nature of the flow through the nozzle hole is a vital factor in delivering good performance from fuel
injection systems.  The flow detail is still not fully understood.  This indicates the potential for further improvements
to the combustion processes [3], if more characteristics of the flow through the nozzle tip and the emerging spray
can be revealed.
      Aerodynamic break up of the fuel injected from the nozzle affects only the periphery of the spray and its
interaction with the surrounding gas.  It is now recognised as a secondary and less significant factor in diesel spray
atomisation than was previously thought.  Evidence [4] indicates that the primary factors inducing atomisation are
associated with the internal characteristics of the spray.  The internal structure, however, is difficult to study.
Access to the core of the spray, for either visualisation or measurement devices, is distorted or obstructed by the
periphery of the spray.  Advancements have been made but the techniques remain limited.  CFD and DNS
calculations have not yet shown the required detail.
      The use of large scale transparent physical models of nozzles has allowed the authors a different approach, by
tracing the origin of the spray structure back upstream inside the nozzle hole and sac.  The knowledge so obtained
has been combined with a qualitative study of the spray in order to understand some important factors of the spray
characteristics.  Wherever feasible, the results from the scaled up models have been validated against production
components.  Fig 1 is an example of this and shows the abnormal behaviour which could be produced at low lift by
early designs of VCO nozzles.  It shows that the large scale model has reproduced the three different spray types of
an actual nozzle part way through its lift.  The model is running at the equivalent instantaneous pressure drop and
needle lift as the transient spray and the needle has been positioned eccentrically.
      In addition to studying  large models  and production  nozzles,  the  authors have  used special  components  with
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simplified geometry, in order to clarify and facilitate a particular investigation.  The limitations of such tests are well
understood.  Fig 2 defines the different nozzle geometries.

Structure of the Paper
      The first five of the following sections provide an overview of the authors' previously published work.
Cavitation - in the nozzle hole and its affect on the spray are covered in this section.
Single Hole Nozzles - the advantages and limitations of these simplified components are discussed and some
reasons are offered which may explain why some tests detect large intact liquid elements or droplets in the centre of
the spray.
VCO Nozzles - describes the possible abnormal sprays at low needle lift and their causes.
Cavitation Detail - covers the different forms which cavitation takes: large voids, a mass of small bubbles and plug
cavitation.
More Complexity - Multiple Flow Fields - the initial study of multiple flow fields upstream of and inside the
nozzle hole is outlined.
Standard Nozzle Geometry with Microphotography - covers new findings on the flow pattern inside the nozzle
tip and on the spray structure with a high specification camera.
Vortex Precession and Spray Breakup – provides some more details on the spray development and breakup.
Discussion - offers some comments on the new findings.
Concluding Remarks - the main points are summarised.

Cavitation
      The results of earlier investigations by the authors demonstrated, both in photographs and on video film, the
beneficial effect of cavitation inside the nozzle hole on the atomisation of the emerging fuel [5, 6].  It was clear that
the main ability to atomise the fuel was coming from within the jet itself, rather than an interaction with the
surrounding air.  When cavitation bubbles are present, then clearly the liquid fuel has already been broken up to
some extent before it leaves the hole and the two phase fluid exiting the hole is less dense (see Fig 8 of ref 6).  The
reaction of the bubbles as they enter the cylinder may further contribute to atomisation.  This cavitation is now
recognised as a major factor in diesel atomisation and this has been shown in many studies [5, 7, 8 and references
therein].

Fig 1  Early design of VCO nozzle at low lift under transient conditions plus large scale model at equivalent
          steady state running conditions with needle positioned eccentrically.   [The two sprays without
          singularity are hidden].
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      For standard nozzles, cavitation in the nozzle holes occurs for part or most of the injection period, at most speeds
and loads [7].  During injection, the level of cavitation depends on the running conditions, the time relative to the
start and end of injection and the injection system.  It was also shown that developed cavitation produces choking in
the nozzle.  This indicates the presence of two phase flow over the entire cross section of the hole.
      The characteristics of the coefficient of discharge (Cd) across the nozzle hole [5, 6] were established.
During normal engine running, the Cd varies with the level of cavitation and is essentially independent of the
Reynolds number.

Single Hole Nozzles
      Diesel nozzles for direct injection usually have between four and eight injection holes.  Although each hole is
circular, it has long been known that it produces different characteristics from the simple geometry (plain orifice)
nozzle.  This is due to the influence of the flow path past the needle valve seat and into the hole.  The characteristics
of experimental single hole nozzles are easier to observe and measure.  There are two main types: the simple
geometry nozzle (Fig 2) and the nozzle with a standard tip but containing only one hole.  Significant guidance has
been achieved from studying the internal flows up to the point of hydraulic flip.  Hydraulic flip [5, 7] is a spray
singularity, the transition to which is accompanied by a flow discontinuity.
      Except at low levels of cavitation, both types of single hole nozzle are prone to hydraulic flip (Fig 10 of ref 6).
When this occurs, the cavitation in the jet is either eliminated or reduced and atomisation is significantly impaired.
In large scale models, total hydraulic flip is produced and the effect is clear to the observer.  Hydraulic flip also
occurs in real size nozzles.  In these cases, the flip is usually imperfect due to minor imperfections of manufacture
and imperfect hydraulic flip is not so obvious to the observer.
      When either total or imperfect hydraulic flip occurs the jet is completely uncharacteristic of standard diesel
sprays, is poorly atomised and may contain large intact liquid elements.  It is therefore possible that some spray
measurements, which detect large drops or intact liquid ligaments at the core of the spray, have been taken under the
condition of hydraulic flip.
      Although hydraulic flip is predominant in the single hole nozzle once the cavitation is developed, it does not
occur in all cases.  It is less likely to occur under transient running conditions and is less common at lower needle
lifts and in standard tip nozzles with the hole at an angle to the nozzle axis.  Hence, some useful information may be
obtained with a single hole nozzle, if spray measurements can be taken in the absence of hydraulic flip.  However,
the authors' investigations show that results with a real size single hole nozzle cannot be transposed to the
production multihole nozzle.
      Understanding the hydraulic flip phenomenon (Fig 13 of ref 7) was only possible with a large scale, single hole,
transparent model.  This understanding enabled the authors to identify a significant spray characteristic of
production VCO nozzles – partial hydraulic flip.

VCO Nozzles
      Fig 1 shows an unequal spray pattern from an early design of VCO nozzle at low lift.  This shows two sprays
without singularities, one with partial hydraulic flip and two hollow cone sprays.  Full details of the characteristics
and causes of these sprays are given in refs [5, 6].  In brief, the hollow cone spray has a wide angle, no significant
cavitation and air from the downstream chamber in the centre of the cone.  It is induced by a particular type of swirl
in the flow entering the hole when the needle valve is not concentric with the nozzle seat.  In partial hydraulic flip,
only a portion of the hole flips.  When viewed from the appropriate angle, the jet close to the hole has a smaller
diameter than the hole.  However, there is still a significant amount of cavitation in the spray, which sets it apart
from sprays with total or imperfect hydraulic flip.  Furthermore, the partial hydraulic flip results in a lower flow rate
and reduced penetration.

Fig 2  Nozzle geometries tested.
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Fig 3  Cavitation types in  the single  flow field  of a simple
          nozzle. In the multiple flow fields of a diesel nozzle tip,
          the different types can occur simultaneously in adjacent
          flow fields in the same injection hole.

      A significant advantage of the large scale model was the ability to choose the degree of eccentricity of the needle
valve.  The sprays in Fig 1 were taken with the needle valve positioned eccentrically.  When the needle was
positioned concentrically, the hollow cone sprays were not present but partial hydraulic flip occurred in two of the
holes.

Cavitation Detail
      Laser light sheet illumination of the
development of cavitation revealed some
interesting detail.  For simple geometry
nozzles, the detail of the cavitation depends on
the flow rate [7], at all but the lowest levels of
cavitation.  At low flow rate, the cavitation
forms as relatively large voids with some small
bubbles.  At higher flow rates, the cavitation
mostly consists of a homogeneous mass of
small bubbles, with some larger pockets of gas
at higher cavitation numbers.  It is likely that at
lower levels of turbulence the large voids can
grow.  Higher levels of turbulence may destroy
these, resulting in small bubble cavitation.
      For standard nozzles the cavitation detail is
more complex.  Arcoumanis et al [9, 10] have
compared the cavitation structures inside the
holes of real sized and scaled up transparent
nozzles.  They conclude that the results for the
large nozzle are substantially the same as the
real size one but there are some differences in
the detail.  More recent unpublished work by
the authors has shown that the detail is affected
by the condition of the entry to the hole, as is
reported by Marcer et al [11].  It is possible that
at least some of the detail difference noted in
[10] is due to slight differences in the hole
entry edge between the real size and the scaled
up nozzle.

      The authors’ work with the laser light sheet on simple geometry nozzles also showed a complex interaction
between the cavitation at different stages of development, and both the boundary layer and the turbulence in the
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Fig 5 More complex geometry nozzle – twist.

hole.  In addition, it identified the occurrence of a particular type of cavitation which was termed plug cavitation.
This was marked by a change to a significantly more dense and apparently more turbulent cavitation.
      Fig 3 summarises the different types of cavitation detected.  The flow field produced in the simple geometry
nozzle is essentially a single one.  The multiple flow fields detailed in subsequent sections of this paper also
produced these different types of cavitation.  In these cases, however, the different types of cavitation were observed
simultaneously in adjacent flow fields within the same injection hole.  It is believed that this was due to different
local flow conditions existing within adjacent flow fields.

More Complexity – Multiple Flow Fields
      Inserts were introduced upstream of the hole (Fig 2) in order to increase the geometric complexity to produce
multiple flow fields and so take a simple step closer to the actual nozzle geometry.  This work included an
investigation of variable orifice nozzle characteristics [8], but the findings were of significant importance to the flow

and spray characteristics of standard
nozzles.  The inserts produced some
significant secondary flow fields (Fig 4).
Spiralling flow was a particular feature of
the multiple flow fields.  Inside the hole,
one or two vortex structures were produced
(Figs 5, 6) and the number depended on the
position of the insert.  In these figures, a
moderate degree of cavitation provided a
simple means of three dimensional
visualisation.
      This study indicated the existence and
nature of plug cavitation within a more
complex flow structure.  The plug appears
to form, grow and remain confined within
one flow field.  Further work is required to
understand fully the significance and
implications of plug cavitation on the
injection spray.

Standard Nozzle Geometry with Microphotography
      This section covers the new findings with high resolution, reduced exposure photographic equipment.  The
investigation included transparent models of the tip of a nozzle, scaled up by a factor of twenty.  The internal
geometry of the model is the same as a standard production nozzle (Fig 2).  The external faces are designed in order
to facilitate optical access for a camera and laser light sheet or beams, whilst ensuring that the outlet from each hole
remains unsubmerged.  Fig 7 shows a sketch of part of the acrylic nozzle tip.  The windows identify which portions
are enlarged in Figs 9-11.  The fourth hole is not shown on the sketch for clarity.  On this design level of the model,
the conical portion immediately downstream of the hole does not allow good optical access.  The results shown are

for a four hole minisac
nozzle, but the essential
findings inside the hole and
in the spray hold true for
nozzles with greater
numbers of holes, hemisac,
conical sac and VCO type
nozzles.
      Fig 8 shows an example
of multiple string cavitation
in the sac.  Arcoumanis et al
[12] first captured and
presented these filaments of
cavitation which exist
upstream of the nozzle hole,
both in sac type and VCO
nozzles.  This was an
important step, not just from
a cavitation point of view,
but more importantly
because of what it indicated
with regard to the flow
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Fig 6  More complex geometry nozzle – twin vortices.



Fig 9   Two vortices set up from the
            hole entry edge. Window C.

structure within the sac.  It was evidence of the complex multiple flow fields in the approach to the hole.  The string
cavitation marks the low pressure in the centres of a number of vortices.

      Fig 8 also shows how these vortices enter the
nozzle hole.  Inside the hole stronger vortex structures
are set up from the edge of the hole entrance.  An
example of this is given in Fig 9, which has much in
common with the twin vortices which occurred with
the insert work already shown in Fig 6. The different
vortices inside the hole sometimes remain separate
and sometimes become intertwined (Fig 10 for
example).  There are also instances where one vortex

appears to be engulfed by another, as was the case in the insert
work (Fig 5).
      The multiple vortex motion inside the hole produces a spray
which consists largely of vortex structures.  Fig 11 shows an
example of this, with at least two vortex structures visible.
Vortex motion can also be seen in the spray when the flow is
non-cavitating.
      The results described so far are for sprays under non-
evaporating conditions.  Investigations using Delphi common

rail FIE on an
optical engine [13]
have shown that this large scale spiralling motion in the spray exists
under evaporating conditions (Fig 12).  Other examples can be
detected in Plates 1 and 4 of reference [13].  These examples show that
the spiralling
motion continues
into the vapour
phase.
      Other re-
searchers have
noted the possi-
bility of a vortex
motion in the
spray.  Kosaka et
al [14] suggest
that a large scale
vortex motion
would explain

the droplet distribution measured by themselves [15] and
Gulder et al [16].  In this way, the larger droplets would be
centrifuged out to the edge of the spray with the smaller ones
remaining in the core.  Furthermore, it has been suggested that
the low momentum fuel at the very start of injection may form
a coil shape as it leaves the hole [4, 17].

Vortex Precession and Spray Breakup
      The investigation of the sprays and the internal flow has indicated that the structures shown in Figs 11 and 12 are
the result of a precessing motion.  Fig 13 shows further examples of precessing vortices in the spray and the sketch
attempts to indicate a simplified core vortex.  This figure shows the sprays as they exit the hole.  The precession
develops a wider diameter and looser pitch as it travels further from the hole, as part of the spray breakup process.
Fig 12 is a clear example of this.  The development of the precessing motion is conducive to the merging of vortices.

Fig 7  Sketch of part of the acrylic tip, indicating the
          windows used for Figs 9-11.
          (4th hole not shown).

Fig 8   Multiple string cavitation in the
                nozzle sac (view from below).

Fig 10   An example of intertwined vortices
            inside the nozzle hole. Window B.



      The vortices in the spray are more readily detectable when
they precess.  In cases where the precession is only slight, the
structure is more difficult to understand.  An example of this is
given in Fig 14.  These are transient sprays from the common
rail injector taken in a spray observation chamber.  The
structure of the spray on the left is readily detectable, due to
the large precessing and intertwined vortex motion.  The
structure of the spray on the right is less clear.  The experience
gained studying the sprays from the large model has helped in
identifying this structure.  There are two vortex structures

visible.  Close to the nozzle, they are tightly coiled and remain
separate from each other.  The precession is small.  Further
away from the nozzle, the precession increases, the pitch
becomes longer and the two structures intertwine.  There are
clear analogies between the structure of the spray and the
trailing vortices from the wings of aircraft [18].

Discussion
      The increased accuracy of the photographic technique has revealed a basic structure in the spray that is different
from conventional perception.  Studying the large transparent model showed that the spray structure is caused by the
flow patterns set up inside the nozzle tip and is not a result of aerodynamic effects.  Moreover, this basic structure
exists throughout the injection period, both with cavitating and non-cavitating flow, and into the vapour phase of the
spray.
      The question of why the vortices do not break down as soon as the fuel leaves the hole merits some
consideration.  The centrifugal force may be offset to some extent by the effects of the low pressure in the core
together with higher external pressure.  The precessing motion may be another factor.  However, the trailing vortices
behind large aircraft can persist for 15 miles [18].  Furthermore, there are many examples in other fields of the

Fig 11a   An example of the multiple vortex
      structure of diesel sprays. Window A.

Fig 11b  As Fig 11a with the dominant
           structures outlined.

      Fig 12   An example of the vortex motion in evaporating
                    diesel sprays, taken in an optical engine.

Cut out with a
simplified core
vortex indicated

Fig 13  Further examples of the multiple vortex structure of diesel sprays  – a simplified core vortex
             indicated within the precession.



significant forces which neighbouring vortices exert on each other [19].  It is likely that vortex stability and
neighbouring forces are the most significant factors maintaining the structure when the fuel has left the hole.
      Cavitation in multiple flow fields is another area of interest.  The results indicate that different types and levels

of cavitation exist simultaneously in adjacent flow fields within an injection hole.  This feature, coupled with the
twisting nature of the flow paths, implies a complex distribution of the level of atomisation within the spray.
      CFD and DNS have provided some useful trends and indications, but these experimental results have
emphasised that they are not yet sufficiently accurate to replace experimental tests to any significant degree.  To
date, these calculations have not shown the characteristics which have now been revealed in this work.  These
findings will hopefully guide and speed future developments in three dimensional numerical modelling.  Moreover,
since this structure also exists with non-cavitating flow, there is the advantage of being able to sort out the structure
in the first instance, before including the complications of two phase flow.
      Finally, it is expected that future developments in experimental measurement techniques and the interpretation
of results will be enhanced by an awareness of this basic structure.

Concluding Remarks
1. Cavitation inside the nozzle hole is a major factor producing atomisation of diesel sprays.
2. The onset and development of cavitation are dependent on the cavitation number, that is, the relative pressure

drop across the hole.
3. The type of cavitation is dependent on the flow rate and the condition of the hole entry edge.
4. In the multiple flow fields within a diesel nozzle hole, different types of cavitation can occur simultaneously in

adjacent flow fields.
5. The flow upstream of the nozzle hole consists of a number of flow fields containing multiple large vortices.
6. Vortices also form from the entry edge of the hole and extend down the length of the hole.
7. As a result, the flow within the hole consists predominantly of multiple spiralling flow fields, under both

cavitating and non-cavitating conditions.
8. The vortex motion remains after the fuel has left the hole.
9. The sprays also consist largely of precessing vortices.
10. The precession, interaction and merging of the vortices are characteristics of the spray development and

breakup.
11. Optical engine tests show that the vortex motion remains in the spray up to and including the vapour phase.
12. It was only possible to reveal the multiplicity of the vortices and to understand their cause and origin, by

studying the transparent model.
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Abstract
Ignitability of fuel spray is affected by the inhomogeneity of fuel spray. In order to obtain the effect of

inhomogeneity of fuel spray, we attend to the difference of ignition probability by both the spatial arrangement of
spray droplets and dispersion of its diameter. 

A large number of trials to ignite both the mono-dispersed and poly-dispersed methanol spray by a discharge
spark ignition system were carried out. In each ignition trial, we recorded a spray image around the electrodes just
before ignited and classified the flame pattern into 5 by visual observation. 

The relation between instantaneous fuel spray concentration and ignition probability was examined by
changing the reference area to make clear the area size around the electrodes in which spray characteristics affect
strongly on the ignition probability. Further, inhomogeneity of fuel spray affecting on ignition probability is
analyzed quantitatively by the inhomogeneity index.

As results, ignition probability of poly-dispersed spray is higher than that of mono-dispersed spray although the
instantaneous concentration of fuel spray is the same. From the classification of observed flame, it becomes clear
that the difference is caused by the increase of propagation probability by small droplets in poly-dispersed spray.

Introduction
In understanding the ignition phenomenon of fuel spray, most of studies can be classified roughly into two

categories, i.e. studies focused on macroscopic characteristic of fuel spray [2], and on individual droplet and
interactions [3]. In the actual spray, droplets diameter distributes wide in diameter and droplets disperse un-
uniformly in space. Further interaction among droplets is complicated. Therefore, it is difficult to apply the results
obtained by such fundamental studies to spray ignition phenomenon.

In this study, it is aimed to clarify the relation between droplet diameter distribution and ignition characteristics.
The correlation between fuel spray conditions just before ignited and flame state appeared.

Experimental apparatus and conditions
The schematic arrangement of experimental

devices is shown in Fig.1 and the experimental
conditions in Table 1.

The fuel spray is diffused spatially in a mixing
chamber, and led to the ignition point. The generating
and diffusing conditions are controlled to make the
distribution of time-averaged spray concentration in
radial direction as uniform as possible. After that, a
large number of ignition trials were performed.

In this experiment, the distribution of time-
averaged spray concentration at any point within 30mm
in diameter around spark electrodes is more than
80wt% of maximum concentration.

For the measurement of an instantaneous
concentration and droplet positions, the light scattering
images were taken just before ignited with pulse laser
sheet. Moreover, gaseous fuel concentration of the
mixture was measured by the spillover method [4]. Fig.1: Experimental apparatus
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Table 1: Experimental conditions

Flame Pattern
In this study, flame was classified into the following 5 patterns by visual observation, and the flame pattern 1

and 2 were defined as successful ignition.

Flame Pattern 1: Flame propagated over 50mm in diameter.
Flame Pattern 2: Flame propagated over 30mm in diameter.
Flame Pattern 3: Flame propagated until approximately 30mm in diameter.
Flame Pattern 4: Flame kernel was observed but not propagates.
Flame Pattern 5: Flame kernel was not observed.

The definition of inhomogeneity index and evaluation of number density unevenness
It is supposed easily that the spatial inhomogeneity of fuel spray gives the great influences to the flame

propagation. In this study, inhomogeneity of fuel spray is estimated by using the inhomogeneity index defined by
Czainski [5]. The inhomogeneity index means the complexity of dispersion layer and is defined as the ratio of
deviation of fuel droplets number in each cell to one of droplets distributed randomly. The inhomogeneity index H is
expressed as follows:

In original definition [5], it was calculated with the projection area of the particles. However, the number of particles
was used instead of projection area in this research since the instantaneous droplet size is unmeasurable. Moreover, it was
calculated from the 2-dimentional distribution of droplets although the fuel spray distributed 3-dimensionally.

When the inhomogeneity index is larger than 0, droplet distribution is more uneven than one being random. On

VALUEITEM
Mono-dispersed fuel spray Poly-dispersed fuel spray

Fuel Methanol
Droplet Diameter (SMD) 116[µm] 118[µm]

Definition of Mono-dispersed Spray More than 80wt% within ±10%of droplet diameter
Spray Velocity 0.46[m/s] 0.42[m/s]

Time-averaged fuel spray concentration 0.0080[kg/m3] 0.0081[kg/m3]
Gaseous fuel concentration 0.042[kg/m3] 0.047[kg/m3]

Temperature Normal temperature
Pressure Normal pressure
Igniter Discharged spark system

Ignition Point Centre of fuel spray
Discharge Duration 50ms (0.8J)

Ignition Trial More than 1000 times
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the contrary, when it is smaller than 0, droplet distribution is more uniform than the case of being random. If the
droplet distribute at random, it becomes 0. 

It is possible to evaluate the scale of inhomogeneity by changing cell size. When the cell size is large, large
scale of inhomogeneity is evaluated. When the cell size becomes equal to the characteristic scale of droplets cluster,
the inhomogeneity index indicates maximum, because the deviation of droplet number in each cell becomes
maximum. 

Results and discussions
Effect of instantaneous concentration of fuel spray on ignition probability

The ignition probabilities against the instantaneous concentration of fuel spray are shown in Fig.3. The ordinate
represents ignition probability and the abscissa the instantaneous fuel spray concentration. The instantaneous fuel
spray concentration in this case is calculated by reference area E.

It is evident form Fig.3 that the instantaneous concentration has large dispersion even if the time averaged fuel
concentration is kept some values. Some moment it is higher and other moment lower than the average fuel spray
concentration since inhomogeneity exists in fuel spray. Fig.3 also shows that spray ignition is probabilistic
phenomenon because both successful ignition and failed one are exist at the same instantaneous concentration. This
suggests that the ignition probability is affected not only by the dispersion of instantaneous concentration but also by
the probabilistic factors, such as spatial inhomogeneity of fuel spray, droplet diameter distribution, etc..

Ignition probability of poly-dispersed fuel spray is higher than that of mono-dispersed fuel spray under the each
instantaneous fuel concentration, especially when the instantaneous fuel spray concentration is low. This result
suggests that when instantaneous fuel spray concentration is low, ignitability of fuel spray is strongly affected by
droplet diameter of fuel spray.

Fig.3: The tendency of ignition probability with instantaneous concentration

Fig.4: The difference of frequency distribution of flame pattern
The frequency of flame patterns by mono and poly-dispersed fuel spray is shown in Fig.4. The frequency of
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Flame Pattern 4 of poly-dispersed fuel spray is very low, compared with that of mono-dispersed fuel spray. In case
of poly-dispersed fuel spray, flame propagates, if fuel spray is sparked and flame kernel generates. It is supposed the
existence of small droplets.

The effect of reference area on ignition probability
In order to evaluate the inhomogeneity of fuel spray, it is necessary to clarify how large reference area shall be

for expressing the ignitability of fuel spray most appropriately. If the concentration of spray is evaluated within the
optimum reference area, the gradient of ignition probability curve shows steep most. In this research, the fuel spray
is sparked to generate flame by discharged spark ignition system, and flame propagates from spark kernel to the
surrounding area. Therefore, reference areas in different size were defined around the spark point, and difference of
ignition probability curves with instantaneous concentration calculated from each reference area was examined.
Reference area A is smallest and is the distance of electrodes multiplied by the distance of the mixture passing
through during discharge duration. Reference area E is the maximum of recorded image. The size of each region is
shown in Fig.5. 

The relation between the ignition probability and instantaneous concentration in each reference area were
obtained and the variations of ignition probability with instantaneous concentration were approximated by the
cumulative normal-distribution curve. Fig.6 shows the relation between the size of reference area and standard
deviation of probability curves. When the standard deviation is larger, the ignition probability curve is more gradual.
Each key in Fig.6 shows the results both mono-dispersed fuel spray and poly-dispersed fuel spray.

In both spray, according to the increase of reference area, the deviation of ignition probability decreases
suddenly first and approaches to some constant value at around reference area 0.001m2, which is almost the same of
reference area C(26.8mmx38.3mm). 

Those results suggest that it is necessary for evaluation the ignitability that the reference area is at least more
than 0.001m2.

Fig.6: Relation between size of reference area and the standard deviation of ignition probability curves
The effect of inhomogeneity of fuel spray on ignition phenomenon

Reference Area (W)x(H)[mm] Area [mm2]
A 5.4x20.2 109
B 16.1x29.3 471
C 26.8x38.3 1026
D 37.5x47.4 1777
E 48.2x56.5 2723
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Fig.5: Spatial arrangement of reference areas
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The effect of spatial inhomogeneity of poly-dispersed and mono-dispersed fuel spray on ignition phenomenon
is clarified by using inhomogeneity index. The change of averaged inhomogeneity index along scale factor of all
trials is shown in Fig.7, and difference of that of successful ignition and failed one in Fig.8. Those results are
obtained from the reference area E(48.2mmx56.5mm).

In each figure, the ordinate is the inhomogeneity index and the abscissa is the scale factor. Here, the scale factor
means the side length of each cell for calculating the inhomogeneity index. In this study, the maximum size of
recorded image was divided up to 128×128 cells. Therefore, the relation between number of cells ĸ and scale factor
k is expressed as,

         ./128 κ=k                                                     (4)

In each case of Fig.7 and Fig.8, lengths of each cell are 0.38mm x 0.44mm when the scale factor=1. The
inhomogeneity index at scale factor A indicates the intensity of inhomogeneity of number density unevenness at
observation scale.

It is clear from Fig.7 that in case of mono-dispersed fuel spray, gradient of inhomogeneity index becomes
gradual from scale factor 32, and in case of poly-dispersed fuel spray, gradient of inhomogeneity index keeps
constant up to scale factor 64. This result suggests that mono-dispersed fuel spray has characteristic scale of number
density unevenness around scale factor 64(24mm x 28mm), but one of poly-dispersed fuel spray is larger than that
of mono-dispersed fuel spray.

Fig.8 shows that in case of successful ignition by mono-dispersed fuel spray, inhomogeneity index becomes
maximum around scale factor 32. On the contrary, in case of failed ignition, inhomogeneity index increases with
increasing of scale factor. This result suggests that mono-dispersed fuel spray has appropriate number density
unevenness for ignition around scale factor 32. But in case of poly-dispersed one, regardless of successful ignition
or failed one, inhomogeneity index increases with the increase of scale factor, since the size of appropriate number
density unevenness for ignition is beyond measurable area in this experiment. 

In case of poly-dispersed fuel spray, difference between inhomogeneity index of successful ignition and of
failed one is smaller than that of mono-dispersed fuel spray. It is thought that the effect of concentration is not
accounted in the former case. Ignition phenomenon is influenced by number density, concentration, droplet diameter
etc.. In this study, inhomogeneity index indicates number density unevenness, and in case of mono-dispersed fuel
spray, number density unevenness is equal to concentration unevenness. However, in case of poly-dispersed fuel
spray, number density unevenness is not equal to concentration unevenness since droplet diameter distributes for a
wide range. Therefore, in case of poly-dispersed fuel spray, it is necessary to measure the size of each droplet and its
position, and evaluate ignition phenomenon by modified inhomogeneity index in due consideration of concentration
unevenness.

Fig 7: Difference of inhomogeneity index
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Fig 8: Difference of the inhomogeneity index between ignition and non-ignition cases

Conclusions
    The influence of droplet diameter distribution of fuel spray on ignition phenomenon was investigated.
The results can be summarized as follows.
(1) The influence of droplet diameter distribution on ignitability of fuel spray is very strong, and ignitability of

poly-dispersed fuel spray is higher than that of mono-dispersed fuel spray.
(2) The size of reference area for evaluation of ignition phenomenon is almost the same regardless of diameter

distribution.
(3) Characteristic scale of number density unevenness of poly-dispersed fuel spray is larger than that of mono-

dispersed fuel spray.
(4) In case of mono-dispersed fuel spray, it can be estimated the effect of spatial inhomogeneity on ignition

phenomenon by using inhomogeneity index, but in case of poly-dispersed fuel spray, it is necessary to evaluate
ignition phenomenon by modified inhomogeneity index in due consideration of concentration unevenness.
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Abstract
Increase of soot contaminated in engine oil caused by EGR system accelerates the diesel engine wear,

especially in the valve train. Wear of metal is affected by many factors such as soot concentration, particle diameter
of soot, oil film thickness, oil characteristics, etc.. Effects of soot on metal wear were discussed from the point of
view of soot concentration, particle diameter of soot and oil film thickness. As it is very difficult to change the
particle diameter of soot artificially, Carbon Black (C.B.) was used as a substitution of soot. It is easy to change the
concentration and particle diameter of C.B.. Wear test was carried out by using four-ball wear tester. Consequently,
it was made clear that relation between oil film thickness and particle diameter of C.B. is very important on wear. As
the results of the observation of surface of the wear scar by SEM, the existence of abrasive wear, which was
attacked directly by soot and C.B. particle, was suggested.

Introduction
The use of diesel engine has increased due to higher fuel efficiency and lower running cost compared with gasoline

engine. In the meanwhile, an environmental problem in the global scale attracts attention. Therefore, the regulation of
exhaust gas emission for diesel engines is becoming more severe in Japan day by day. The EGR system is one of the most
effective and the simplest way to reduce NOx. However, adoption of EGR system for diesel engine is generally considered
to cause some adverse effects such as increase of engine wear, especially valve train wear [1], because diesel soot
intermixing into oil increases and affects the lubricating system [2]. It is expected to make clear the effects of wear by soot
in engine oil and to investigate the countermeasures. 

Many researchers have suggested the relation between soot and wear. Narita et al. [3] pointed out that there
would be some correlation between wear mechanism of valve train and not only soot concentration but also oil film
thickness or soot particle diameter, and soot existed in oil film of contact point wore metal direct. Yosida et al. [4]
pointed out the wear by the oil starvation, that soot makes a barrier to restrict oil supply into the contacts, as a result
metal itself contacts and increases. Further, Cheng C. Kuo et al. [5] showed the groove on the M-11 crosshead
which has the widths close to the primary soot particle diameters and reported the relation between these widths and
primary soot particle diameter. Kagaya et al. [6] proposed crrosive wear which is caused by sulfuric acid attached on
soot. From these reports, it is evident soot promotes the wear directly and/or indirectly. 

Considering diesel engine wear in the valve train, it is thought that relation between primary particle diameter
and oil film thickness is very important because lubrication condition is severe. From this point of view, it was tried to
make clear the effect of relation between primary particle diameter and oil film thickness on wear by using C.B. (by
Mitsubishi Chemical Co.) as the substitution of soot. C.B. can be changed its concentration and primary particle
diameter independently. Firstly, it was confirmed weather C.B. was possible to use as the substitution of soot. In this
test, the wear diameter and wear surface condition by soot and C.B. were compared. Secondly, the
Elastohydrodynamic lubrication (EHL) oil film thickness of used oil was measured by ultra thin film interferometry.
Thirdly, the relation between primary C.B. particle diameter and oil film thickness was discussed. Further, surface of
the wear scar was observed in high magnification. From these results, the mechanism of wear was suggested.

Experimental method
Wear test

Wear test was carried out by using Shell-Four-ball wear tester. This method is generally used for evaluation of wear.
According to the pre-examination, results of Shell-Four-ball wear tester and of actual engine were agreed. Fig.1 illustrates the
main part of wear tester. It consists of three fixed balls and one rotating ball. These four balls are immersed in oil. The test
conditions are shown in Table 1. This condition is same as one of valve train in diesel engine. The steel ball was used for test.



Glass

FIGURE 1. Shell-Four-ball wear tester

Table 1. Wear test condition

Observation of the wear scar surface and measurement of its diameter
The wear test by Shell-Four-Ball wear tester was repeated three times for each condition and the wear scar diameter was

calculated from scars of 9 balls, which were fixed. Each scar was measured one direction and another direction right angle to
first one. Therefore, the wear scar diameter is the mean value of 18 diameters. The deviation of mean diameter of each ball
was less then 3%. Surface analysis of the wear scar was carried out by high-resolution scanning electron microscope (SEM).
Magnification was at 10000 or 50000 times.

Test oils
Dispersing C.B. sufficiently into engine oil, the mixture which was organized by C.B. particle and engine oil

was agitated by homoginizer for the constant duration [7].

Measurement of oil film thickness [8]
Measurement of oil film thickness was made by means of ultrathin film interferometry. The principle of optical

interferometry is shown in Fig.2. Light is shone into the contact area through the transparent flat. Some of this light
is reflected from the underside of the glass disc and some passes through any oil film and is then reflected back from
the steel ball. From interference of these lights, oil film thickness was measured.

Air

FIGURE 2. Principle of optical interf
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No. 1 2 3
Contaminated particle C.B. Soot

Engine oil SAE 10W-30 API CD
Surface-treatment With Without

Mean primary particle diameter [nm] 23.0 23.0 29.9
@313K 197.9 156.7 86.3Kinematic viscosity

[mm2/s] @373K 41.6 42.5 13.1
C.B. or soot concentration [%] 3.48 8.81 3.93

Table 2. Properties of test oils

FIGURE 3. Test duration and wear scar diameter
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FIGURE 5. Results of oil film thickness [9]

At high speeds, more than around 0.1 m/s, the two used oils give very similar behavior to the new oil. Oil film
thickness is liner to rolling speed in logarithmic scale. This result is according to EHL theory. It is found that oil
film thickness of used oil is equal to one of new oil at high shear stress region. However, at low speeds less than
around 0.1 m/s, used oils behavior in different way from new oil. In case of No.4 oil, oil film thickness becomes
thick as rolling speed decreases because small soot particles are clogged in lubrication Oil film thickness of No.4F
oil (filtered oil) also becomes thick because of soot particles which were not removed by centrifugation dissolution.

Effect of primary particle diameter and oil film thickness on wear
The wear tests by C.B. oils (No.5-No.7) whose primary particle diameter are different and new oil were carried

out on the condition shown in Table 1. Properties of each test oils are shown in Table 4. C.B. concentration was set
to 2%. The wear test result is shown in Fig.6.

No. 5 6 7
Contaminated particle C.B.

Engine oil SAE 10W-30 API CD
Primary particle diameter [nm] 61.6 48.6 23.0

@313K 85.9 89.3 156.7Kinematic viscosity
[mm2/s] @373K 13.3 17.8 42.5
C.B. concentration [%] 3.48 4.46 4.71

Table 4. Properties of test oils

FIGURE 6. Primary particle diameter and wear scar diameter

Oil film thickness is about 29.9 nm, which is calculated by the equation derived by Hamrock and Dowson
[11]. It is found that when mean particle diameter of C.B. is approximately equivalent to the oil film thickness, the
wear scar diameter is maximum. This result suggests the increase of wear is caused by the primary particle
abrasively.

Relation between wear scar diameter and test duration
The wear tests under different duration were carried out to investigate the progress of wear. Test oils were C.B.

oils No.5-7 and new oil. The test conditions except test duration are shown in the Table 1. Test duration was set up
from 5 to 60 minutes. C.B. concentration was set to 2%. Relationship between the test duration and the wear scar
diameter is shown in Fig.7.
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FIGURE 7. Test duration and wear scar diameter

The wear scar diameter suddenly increases within 15 minutes after test started and the increase rate of wear
decreases after 15 minutes in all cases. The wear mechanism can be classified into two stages. First stage appears
until 15 minutes after test starts, and it is caused by the metal contact because of a point contact and high contact
pressure. It can be considered that this period is under the mixed lubrication condition. After it, the second stage
appears. In this stage, the increase rate of wear scar diameter decreases because a contact area becomes wider and
contact pressure decreased as the result of the progress of wear. It can be considered that the oil film thickness
becomes thick in this stage. Consequently, the amount of wear decreases in this period. 

Observation of surface of the wear scar
The wear scars by new oil and C.B. oils No.5-7 (test duration is 60 minutes) are shown in Fig.8. In case of new

oil (a), the rough grooves scooped by metal contact were observed. On the other hand, when the C.B. particles were
contained, many smoother grooves were formed. Furthermore, the fine streaks of which width were roughly
equivalent to C.B. particle diameter, were observed on the wear scar (b)-(d). This result means that these fine streaks
were scraped directly by primary particles and suggests the existence of the abrasive wear which the primary
particles scrape the metal directly. And it also suggests that the abrasive wear is one of main factors on wear under
that condition, though the amount of metal loss by abrasive wear is little.

The history of stream formation by No.6 oil is shown in Fig.9. At first stage of wear test, the rough grooves
that may be formed by metal contact were observed on the wear scar in 5 minutes (a). But after 15 minutes, the rough
groove disappeared and the fine streak of which width was equivalent to C.B. particle diameter was found (b).
Furthermore, as test duration progressed, it was confirmed that the fine streaks became deeper and clearer (c), (d). It
shows that metal contact is dominant at the beginning of test. It is thought that the abrasive wear occurs in this
period but grooves by the abrasive are deleted by metal contact. Subsequently, the abrasive wear increases and
dominates with test time. The abrasive wear was observed in all cases at the second stage. Series of phenomena
were also observed in No.5 and No.7 C.B. oils.

(a) New oil (60 min)      (c) No.6 (48.6nm, 60 min)

(b) No.5 (61.6nm, 60 min)      (d) No.7 (23.0nm, 60 min)
FIGURE 8. SEM Photographs of the wear scar
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FIGURE 9. SEM Photographs of the wear scar (No.6, 48.6nm)

Conclusion
To confirm the effect of primary particle diameter on wear, Carbon black (C.B.) whose primary particle

diameter was different, was used as the substitution of soot. It is confirmed that C.B. without surface-treatment can
be used as the substitution of soot. From the results of wear test and measurement of oil film thickness, the wear scar
diameter was maximum when mean diameter of C.B. was approximately equivalent to the oil film thickness. This
result suggests that abrasive wear is caused by the primary particle. From the results of wear test and observation of
the wear scar, it is found that the wear mechanism can be classified into two stages according to progress of wear.
At first, metal contact is dominant and rough grooves are observed. Following that, abrasive wear is dominant and
many fine smoother grooves are observed, which those widths are roughly equivalent to the mean diameter of
primary particle.
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Abstract

Basic flow field characteristics in the spray region of high pressure gasoline sprays are examined by experimental
studies and Euler-Lagrangian spray simulation. Particular concern is given to spray-gas momentum transfer and its
impact on spray structure, which is a driving potential for the efficiency of mixture preparation systems. Three at-
omization concepts are compared: high pressure swirl injection, high pressure multihole injection and an annular
orifice injection.
Concerning the experimental investigations different measurement techniques are applied for the analysis of the
spray behavior. Particle image velocimetry (PIV) is used to record high resolution vector maps of the gas velocity
field while discharge characteristics (mass and momentum flux) are estimated by means of a high-speed strain gage
sensor, mounted directly in front of the injector orifice. The three dimensional spray structure is analysed by means
of a tomographic approach. All investigations are carried out in stagnant environment for an operation mode of
5 MPa. Two ambient pressure levels (120 kPa and 560 kPa) are examined.

Introduction

Gasoline direct injection is currently supposed to be a promising technology for improving the fuel economy of
spark ignition engines along with good engine performance. To achieve this a high compression ratio is applied
together with a lean combustion strategy during part load operation (stratified charge). At full load operation homo-
geneous charge is desired. The fuel spray however has to be suitable for both, full load and part load operation of the
engine. While full load operation involves an early start of injection and moderate thermodynamic conditions, part
load operation brings along high gas pressures (3 MPa) and temperatures up to 500°C as a late start of injection is
beneficial [1]. Furthermore due to a short distance between piston and fuel injector results in spatial restrictions. To
cope with this complex situation, detailed understanding of spray propagation and spray-gas interaction is necessary.
Particular interest is given to spray-gas momentum transfer, which is considered a key subject for exhaust emissions
by different authors [2]. Several properties accounting for the spray structure are discussed: spray penetration, spray
cone angle, air-entrainment and induced gas velocity.
Up to now a couple of different experimental methods have been established to measure spray propagation and
spray structure. State of the art methods are shadowgraphy, laser light sheet technique and phase doppler anemome-
try (PDA). Nevertheless it is worth considering further techniques. In the present work particle image velocity (PIV)
is suggested as a suitable technique for obtaining two dimensional gas velocities in the immediate vicinity of the
spray.

Injector specimen

Three different prototype injectors are taken into account, including a swirl injector, a multihole injector and an
annular orifice injector. With a main interest in assessing the fundamental qualities of the three concepts, the same
operating parameters are applied in each case. The characteristics in common are given in table 1.

nominal spray cone angle 90 ° time of injection 1.5 ms
fuel supply pressure 5 MPa ambient pressure 120 / 560 kPa
static flow rate 12.5 ccm/s fluid n-heptane

TABLE 1. Operating characteristics of swirl injector, multihole nozzle and annular orifice injector



Figure 1a shows the principle of a high pressure swirl injector for gasoline engine application. The liquid fuel is
forced through several eccentric channels inside a swirl disc which is located upstream of the needle seat. This re-
sults in a strong centrifugal force. Due to this force a swirling liquid sheet is discharged from the injector’s orifice,
allowing fine atomization at moderate system pressure (5-10 MPa). In our work a standard swirl injector is used
which has an orifice diameter of 0.48 mm and 6 internal swirl channels.
The multihole injector considered in this study has a flat shaped head pierced with 6 uniformly spaced nozzle holes.
Each hole creates an individual narrow volume jet. Since the hole pattern can easily be changed without severely
affecting the quality of atomization, multihole injectors are promising for customizing different spray shapes. Even
sprays of asymmetrical shape are feasible.
A schematic sketch of an annular orifice injector is shown in figure 1c. According to this concept the nozzle flow is
set off by shifting the needle in the outward direction. This results in a conical crevice which forms an annular liq-
uid sheet. The sheet thickness is directly controlled by the needle lift, rather than being created by centrifugal forces.
Precise needle guidance therefore guarantees constant sheet thickness and thus good quality of atomization. Due to
the absence of a sac volume an initial spray slug does not occur.

FIGURE 1 Mode of operation : a) swirl injector, b) multihole injector, c) annular orifice injector

Investigation procedure

A crucial factor for the preparation of high pressure sprays is spray-gas momentum transfer. This transfer
determines the spatial distribution of the liquid fuel, promotes air-entrainment and directly affects the rate of evapo-
ration. Unfortunately it is difficult to describe spray-gas momentum transfer in terms of quantitative investigation. In
this work momentum interaction is discussed from two complementary viewpoints. The first one is to consider the
discharge characteristics of the injector (mass flow rate, discharge momentum) which is the origin of momentum
interaction. The second one is to reveal the spray structure and its corresponding gas velocity field which are results
of momentum interaction.

Discharge rate measurement
In a first approach an atmospheric test rig is used to analyse the discharge characteristics. The rig consists of a fast
strain gage sensor (Kistler XFL-125 5 N) which is attached perpendicular to the spray axis 1.5 mm below the injec-
tor orifice (figure 2). Hence during injection the spray is deflected towards the radial direction and exerts a vertical
force, which is recorded as a function of time.
Apart from judging the accuracy of injector operation, additional information is available from this device. Based on
the conservation of mass and momentum of an incompressible fluid, injection mass rate and axial jet velocity can be
calculated as a function of time. Both are useful information for setting up CFD Spray simulations. Figure 3 shows
the mass rate diagram of a typical swirl injector. Comparing the diagram to time resolved shadowgraphy indicates,
that the first lobe of the diagram corresponds to the pre-jet of the spray. The pre-jet is a unique feature of swirl in-
jection. It occurs temporarily and is caused due to poor swirling flow at the onset of injection. For a system pressure
of 5 MPa and an injection of 1.5 ms the mass rate diagram typically includes a pre-jet fraction of 8-12 % of the
injected mass. Increasing the system pressures results in smaller pre-jet fractions.

10 mm

1,2 ms 1,2 ms 1,2 ms



FIGURE 2 a) Setup for discharge sequence measurement b) close up image

Figure 2b shows the close-up image of a multihole nozzle spray impinging 75 µs after start of injection is triggered.
Since the distance between injector orifice and strain gage sensor is larger than the cross-section inside the injector,
it is likely to assume that the sensor itself does not affect the mass rate severely. To confirm this, an additional
measurement is carried out. A high precision piston is attached to the fuel tank and provides the amount of fuel
which is supplied during each period of injection. Comparing both cases ‘sensor attached’ and ‘sensor removed’
yields essentially the same results (difference less than 3 %).

FIGURE 3 Mass rate diagram of swirl injector operating at system pressure 5 MPa

Particle image velocimetry
Particle image velocimetry (PIV) is a powerful non-intrusive technique for recording two dimensional velocity
fields of transient flows. It is based on double-shot images of tracer particles which are statistically dispersed in the
flow. In this work PIV diagnostic is used to analyse the gas velocity field generated by spray-gas momentum trans-

fer. The experimental setup is given in figure 4. It consists
of a double pulse laser (Nd:Yag 50 mJ, pulse seperation
50 µs) and a lens system which is required to create a flat
laser light sheet. A high resolution CCD camera (PCO-
Sensicam) is applied to record the images. Evaluation of
the double-shot images is done by using PIV software
(DaVis, LaVision). In order to fade out measurement noise
a mean image derived from 30 individual shots is reason-
able.
As spray droplets can serve as tracer particles themselves,
no artificial tracer is applied in this investigation. Instead of
this multiple injections are carried out to produce a uniform
cloud of tracer droplets before taking the double-shot im-
age. In regions where the droplet concentration is very
high, gas velocity can not be processed reliably. To over-
come this gap numerical simulation is necessary.
All experimental studies are carried out inside a stagnant
investigation chamber at pressure levels of 120 kPa and
560 kPa respectively. The period of injection is 1.5 ms. To
avoid liquid obscuration of the chamber windows, a slight
nitrogen flow is imposed alongside the window surface.
Up to now the computational effort for spray PIV analysis
is rather high and requires large amounts of disc space.
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Numerical simulation
Three dimensional numerical calculations (Fire [3]) are performed for evaporating sprays in isotropic gas turbu-
lence. The computational model is based on the particle tracking method. According to this approach the gas flow is
treated in an Eulerian frame of reference while the spray droplets are described from a Lagrangian point of view.
Phase coupling is achieved by source terms in the governing equations.
Just as in the experimental investigation a single component fuel (n-heptane) is assumed to account for evaporation.
The droplet size distribution and the droplet start velocities are defined according to PDA data instead of using a
breakup model. High pressure breakup modeling is beyond the scope of this work. It would require a general model,
that equally suits the three nozzle types although the mechanisms of atomization are quite different from each other.
In case of the swirl nozzle a two stage spray is assumed. The first stage is representing the pre-jet which is consist-
ing of poorly atomized droplets (Sauter mean diameter 26 µm). The second stage of the numerical spray corre-
sponds with the main part of the swirling spray with an overall Sauter mean diameter of 19 µm. The calculations are
carried out on a high resolution grid to avoid obscuration of finely shaped flow structures (51x51x51 cells repre-
senting a cubic block of 0,083 m3 ). As numerical simulation and PIV diagnostic both provide a quantitative de-
scription of the gas flow field, it is obvious to consider both as mutual efforts. While PIV supplies measurement data
for CFD modeling, computational analysis is necessary to examine the gas velocity field inside the opaque spray.

Results and discussion of basic spray characteristics

Influence of ambient pressure
A very fundamental characteristic of swirl injector sprays is the strong dependence of the spray structure on the
magnitude of ambient pressure. While atmospheric pressure yields a conical spray similar to figure 1a, elevated
pressure (> 3 MPa) causes a cylindrical spray shape surrounding the centerline tightly. Strictly speaking this phe-
nomenon does not affect the spray angle close to the nozzle orifice, but rather occurs farther downstream of the
nozzle (distance z > 15 mm). Furthermore momentum transfer is restricted to the centerline region of the spray as
PDA and laser light sheet technique reveal a full cone spray pattern instead a hollow cone structure,. In case of at-
mospheric pressure most of the liquid mass is found close to the lateral surface of the conical spray. Except small
droplets are accumulated towards the center of the spray. This leads to a local Sauter mean diameter which is lower
than in the outer region of the spray.
Neither multihole spray nor annular orifice spray are subject to backpressure influence. Although penetration is
decreasing with ambient pressure the spray shape does not change significantly. Thus it can be concluded that back-
pressure sensitivity is closely related to the nature of the swirling sheet, which is determined by centrifugal forces
rather than geometrical orifice design.

Spray induced air flow
Recirculating air flow is a characteristic feature of high pressure injection. It is caused for essentially two reasons.
First local pressure gradients and secondly air displacement, which is imposed by the close spacing of the liquid
droplets. While swirl spray and annular orifice spray generate a similar type of vortex, multihole sprays produce a
flat shaped type of recircualtion of moderate intensity (figure 8). The strongest vortex is observed in case of the
swirl spray. This is also evident from figure 5-7 particularly since a different velocity range is depicted for the swirl
spray (color bar 0-20 m/s instead of 0-10 m/s). In figure 5-7 the internal spray structure is shown as a background
image. It can clearly be seen that the annular orifice injector produces a pure hollow cone structure. Inside this hol-
low cone structure a reverse flow arises which is directed towards the nozzle. Due to this reverse flow a very vorti-
cal gas flow is developed after the end of injection (figure 7b). Although the multihole spray produces reverse flow
as well, significant vortices can not be observed after the end of injection. In case of the swirl nozzle the situation is
different. The angular dispersion of the droplets is larger allowing small droplets to be entrained into the spray core
where an intense gas flow occurs which is directed in the downward direction.
On account of aerodynamic interaction spray droplets rapidly loose momentum. Especially small droplets are gath-
ered by the recirculating vortex to form a toroidal cloud in the spray periphery. In case of the swirl spray this torus
occurs at the leading edge of the spray (figure 5). For the annular orifice spray the torus is located closer to the noz-
zle upstream of the spray head (figure 1, 7).
After injection has finished the gas flow starts to decay. In case of the swirl spray the trailing edge catches up with
the leading part of the spray. Liquid mass gradually accumulates on the centerline of the spray. The temporal evolu-
tion of this process is visible from the tomographic analysis given in figure 9. The tomographic technique is based
on individual laser light sheet images which are processed to obtain a three dimensional representation of the liquid
fuel distribution [4]. Apart from influencing the spatial distribution of the liquid phase, spray induced gas flow is
decisive for the vapor phase as well. In particular it affects air-entrainment, the rate of evaporation and the spatial
distribution of the fuel vapor. Figure 8 shows the vapor clouds from numerical calculation. The vapor distribution is
given in terms of isosurfaces which are corresponding to an equivalence ratio of 0.5 and 0.75 respectively. Each of
the sprays has a very specific vapor structure. Unlike the swirl spray which forms a plump vapor cloud the annular
orifice spray produces a vapor sheet. For the multihole spray a robust structure is observed consisting of separate
vapor branches due to the straight direction of the gas flow.



FIGURE 5 PIV measurement of gas velocity, swirl spray, rail pressure 5 MPa, atmospheric conditions

FIGURE 6 PIV measurement of gas velocity, multihole spray, rail pressure 5 MPa, atmospheric conditions

FIGURE 7 PIV measurement of gas velocity, annular orifice spray, rail pressure 5 MPa, atmospheric conditions
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FIGURE 8 Perspective view of vapor distribution and gas velocity field from numerical calculation
a) swirl spray, b) multihole spray, c) annular orifice spray

FIGURE 9 Tomographic analysis of liquid concentration, swirl spray, rail pressure 5 MPa
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Conclusion

Understanding the characteristic benefits of different spray types is a major enhancement for the development of
efficient mixture preparation stategies. In this work three different types of high pressure gasoline injectors are com-
pared. For this purpose several experimental techniques including discharge rate measurement and spray PIV are
used along with numerical simulation. A procedure like that seems reasonable, since transient flow field character-
istics are strongly governed by spray-gas momentum transfer.
The swirl spray provides good quality of atomization at moderate system pressure and is characterized by strong air
entrainment. Increasing ambient pressure attracts the droplets towards the centerline of the spray and generates a
cylindrical spray structure instead of a hollow cone. In case of the multihole spray a very robust spray pattern is
observed which is aligned in straight lines. This creates a spatial vapor distribution which is very robust and consists
of individual vapor branches rather than forming a complex cloud structure.
The sprays released from the annular orifice injector are characterized by a pure hollow cone structure regardless
whether ambient pressure is high (560 kPa) or low (120 kPa). Inside the hollow cone structure a recirculating flow
occurs during the period of injection. This results in a reverse flow which is directed towards the nozzle.
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Abstract
The case of an axi-symmetric spray confined in an airflow in a pipe is a basic flow pattern for which there are
remarkably few experimental results. Characteristics of sprays within a confinement tube, with a co-flowing airflow,
have here been studied in detail using the Phase Doppler technique which allows the droplet size and a velocity
component to be measured simultaneously. Two hollow cone atomizers have been investigated acting individually
within an acrylic confinement tube, of 192mm internal diameter, to which a suction can be applied at the exit. PDA
measurements have been taken along 12 axial planes downstream of the nozzle exit. Radial distributions of drop
size, drop axial velocity and diameter-velocity correlations have been obtained at each axial position. The velocity
of the gas, in the presence of the dispersed phase, has been determined from the data, by seeding the tube with a fine
spray, produced using a twin-fluid atomizer, and measuring the fine droplet behaviour. The situation has been
simulated using the Computational Fluid Dynamics code STAR-CD using the Lagrangian droplet parcel tracking
technique. It is found that choice of spray initial conditions for the CFD model is fundamentally important to
provide accurate predictions and a methodology is developed based upon backward extrapolation of data obtained
25mm downstream from the nozzle. Comparisons between the experimental and predicted radial distributions of
drop size and axial velocity have been made, and generally the predictions are seen to match the experimental data
well.

Introduction
With applications, such as in combustion, spray drying, coating and cooling systems, spraying of liquids into

ducts in co-flowing air has attracted the attention of a number research workers [1-9]. However, detailed knowledge
of confined spray behaviour under different running conditions is still unsatisfactory. The objective of this study is
to obtain detailed measurements for sprays in a co-flowing airflow in a pipe, operating at a number of liquid
pressures and air velocities. In practical applications of such a situation there may be a temperature difference
between the spray and the surrounding gas. However, in this study the liquid and gas phases have both been
considered at ambient temperatures, as even this basic situation is lacking data. In combustion and spray drying
configurations there is a need to minimise spray impact on the wall, whilst in, for example, pipe treatment for anti-
corrosion, an even coverage by liquid over a given length of pipe may be required. The configurations used in the
present experiments include examples of both situations. Pressure swirl atomizers are the most commonly used
atomizers for this configuration and hollow cone atomizers have been chosen for investigation in this study. The
spray characteristics of such atomizers have been studied previously [10,11], however, these studies generally
concerned spraying into an ambient environment. In this study data concerning both the spray and gas behaviour
have been obtained for two Spraying Systems Corp. pressure swirl atomizers, operating at pressures of 1MPa and
2MPa, with co-flowing air velocities of 6m/s and 12m/s. The first, nozzle-1, has a 0.5mm diameter orifice, a
nominal spray cone angle of 600 and liquid flow rates of 0.18 and 0.25l/min at injection pressures of 1 and 2MPa
respectively. The second, nozzle-2, has a 1mm diameter orifice, a nominal spray cone angle of 800 and liquid flow
rates of 0.36 and 0.50l/min at the same injection pressures. Due to space limitations only the results for an injection
pressure of 2MPa are presented in this paper. A second aim of this study is to assess the capabilities of
Computational Fluid Dynamics for modelling this situation. To this end the CFD code STAR-CD has been used to
model each of the spray situations. Comparisons for the two nozzles, both operating at 2MPa with an airflow of
12m/s, are reported in the second section of this paper.

Experimental apparatus
The apparatus, shown in figure 1, was designed to produce a uniform air mean velocity profile at the inlet to the tube
with low turbulence level, and it allows visualisation of the spray and PDA measurements along both axial and



radial directions. The nozzle was positioned with its exit 50mm downstream of the inlet plane of the confinement
tube, which is an acrylic tube of 192mm internal diameter, 4mm thickness and 1000mm length. The air inlet tube,
which has a 202mm internal diameter and is 600mm long, is calibrated using the venturi flow-meter principle, to
measure, and thus control, the air flow rate. Both tubes have bell-mouthed contractions at their inlets to assist the
creation of uniform velocity profiles. A Kranzle HD13-230 high-pressure water pump is used via a hose of 9.5mm
bore, which is much greater than the orifice diameters of the nozzles to avoid excessive pressure drops. To ensure a
steady water flow, a surge tank is fitted to damp out fluctuations. Suction is provided, via 27m of 150mm internal
diameter pipe, by a centrifugal fan, remotely positioned to avoid noise and vibration. The cyclone connected to the
rear of the chamber removed most of the droplets from the air leaving the confinement tube.

A Dantec PDA was used with transmitting optics of 400mm focal length, beam separation 38mm, and laser
beam diameter 1.35mm, giving 37 fringes with a fringe spacing of 481.5µm. The receiving optics (310mm focal
length) were mounted 30o off axis rather than 73o, which is the Brewster angle for water droplets in air [12]. This
increased the scattered light intensity and reduced refraction effects through the tube walls, but increased the probe
volume length to 1.5mm approximately. The effects of curvature of the tube wall on both the transmitting and the
receiving beams had to be considered. The transmitting beams were set in the horizontal plane containing the axis of
the tube, so this problem is reduced to a situation of studying ray tracing of laser beams through a rectangular box,
assuming that the laser-beam diameter is much smaller than the radius of the circular tube [13]. PDA measurements
were obtained at 12 downstream axial locations: 25, 50, 75, 100, 125, 150, 175, 200, 250, 300, 400, and 500 mm. At
the first eight locations the measurements were taken at 5mm intervals along the radial direction, and for the
remaining locations measurements were taken at 10mm intervals. The air velocity was measured at each point when
spraying, by using a twin-fluid atomizer to inject a fine spray into the upstream plenum chamber, and measuring the
velocity of the fine droplets. Measurements were obtained for both atomizers operating at a pressure of 2MPa with
and without the fine seeding switched on. The spray produced from nozzle 1 at an injection pressure of 2MPa will
be called spray 1 and that from nozzle 2 at the same pressure will be called spray 2.

Experimental results
Figure 2 shows the radial distributions of numerical mean diameter for both airflow velocities. The two nozzles

produced drop size distributions that are typical of pressure swirl atomizers and the co-flowing air produced a spatial
separation of drop sizes. Near the nozzle the spray is hollow with larger droplets at the periphery, due to their higher
momentum, and smaller droplets in the middle of the spray, due to their entrainment towards the centre line. The
radial drop size profiles become more uniform as distance downstream is increased. For all the sprays the mean
droplet diameter at the edge of the spray increased with distance downstream, partly due to droplet collisions, which
were observed prior to the spray hitting the wall. Once the spray hits the tube walls the mean droplet size at the
edges of the spray decreases, due to preferential deposition of the largest droplets. Detailed measurements of the
behaviour of the liquid film formed on the wall are presented in [14] and cannot be reported here due to space
limitations. Even at 500mm downstream from the nozzle, the furthest distance considered in these experiments, the
mean droplet diameter is larger at the edges of the spray than at the centre. The mean drop size at the centre of the
spray increases with axial distance, due to droplets collisions and larger droplets gradually being entrained to the
centre of the spray. It can be seen from figure 2 that as expected the spray spreads more rapidly at the lower co-
flowing air velocity, and that at this velocity the local values of mean droplet size are slightly larger at the edges of
the spray, probably due to the removal of fewer small drops by the ‘winnowing’ effect. The narrower initial spray
angle for nozzle (spray) 1 can be seen, however in spite of the smaller orifice and lower flow rate for this nozzle
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there is no clear difference between the overall drop size distributions that they produce and the drop sizes
remaining at 500mm downstream are essentially identical for the two cases. Measurements with a special collection
device [14] showed that typically 50% of  the sprays by volume was deposited on the wall by 400mm downstream.

The liquid and gas phase mean velocity profiles are presented in figure 3, where the air velocity was obtained
from droplets smaller than 10µm with fine seeding and using an increased aperture in the receiving optics to detect
the smallest droplets. Close to the nozzle (x=25mm) it can be seen that the liquid phase has a higher velocity than
the gas phase, but with the droplet velocities for spray 2 being lower than those for spray 1. As downstream distance
increases the droplets lose momentum to the gas phase and the high momentum large droplets impact at the wall, so
that the liquid velocity reduces to become equal to that of the gas. For all cases this has occurred by 300mm
downstream. This process occurs more quickly for spray 2 than spray 1, due to the lower velocity of the droplets in
the spray and the wider spray angle. For spray 1 droplets first hit the wall at x=200mm for Va=12m/s and at
x=150mm for Va=6m/s, similarly for spray 2 droplets hit the wall at x=150mm and x=100mm at Va=12m/s and 6m/s
respectively.

Figure 4 shows the mean velocity of different droplet-size classes as a function of their radial and axial
distances from the nozzle for spray 1 at an air velocity of 12m/s.  These profiles show that the droplets lose their
initial momentum, gaining the same velocity as the co-flowing air, according to their diameters. Droplets of less
than 40µm have velocities equal to the gas phase by x=100mm, for drops of less than 80µm this occurs by
x=200mm. At approximately x=300mm all the drops are travelling with the velocity of the air. Thus, at any
downstream location the velocity of any individual drop is a function of its diameter, agreeing with the conclusions
of Chin et al[10].  Note that one can also observe from these profiles how the larger droplets diffuse radially with
increasing x.
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FIGURE 2. Profiles of measured droplet number mean diameter at (a)Va=12m/s and (b)Va=6m/s
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CFD modelling
The CFD code STAR-CD has been used. The gas phase is modelled using the Eulerian continuum equations,

and turbulence has been included via the standard k-ε model. The liquid phase is modelled as a spray of discrete
droplet parcels, each parcel containing many spherical, non-interacting droplets with the same size, velocity and
temperature. By injection of sufficient of these droplet parcels the entire spray can be represented in a
computationally efficient manner. The trajectories of the droplets are calculated by solving the Lagrangian equations
of motion.

The spray has been modelled in a steady state manner, which does not allow for inter-droplet collisions and
droplet-boundary interaction to be calculated. Droplet secondary break-up can be modelled, however the Weber
number of the droplets is too low for such break-up to occur. Due to the symmetry of the situation the spray was
modelled in a pseudo-two-dimensional manner. A cylindrical co-ordinate system grid was used, that was 1 cell, of
50, thick in the tangential direction, and velocity calculations were performed in the axial and radial directions. The
grid was 96mm x 700mm in the radial and axial directions respectively with 48 x 350 cells. The results have been
shown to be independent of any further refinement of this grid. The axis of the grid is modelled as a symmetry
boundary and the outer boundary is modelled as a wall. The inlet plane is modelled as a constant uniform velocity
inlet of 12m/s, and the outlet plane is modelled using a zero gradient condition. The two side planes of the cell slice
are modelled using symmetry boundary conditions. The spray is injected on the grid axis 50mm from the inlet
boundary, and an area of cells 6mm x 50mm behind the injection point are removed from the grid to represent the
presence of the nozzle.

Usually in spray models primary atomization is not modelled, due to the physical complexity of the processes
involved. Instead droplet parcels are introduced to the model with properties so as to best represent the outcome of
primary atomization. This is the approach adopted here. Due to the dense, fast spray produced near to the nozzle it is
here very difficult to obtain droplet properties experimentally. Therefore, in this model experimental data obtained
25mm downstream from the nozzle have been used to deduce the initial properties of the droplet parcels introduced

FIGURE 4. Velocity profiles of different drop size classes, for spray 1 with an air velocity
of 12m/s
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FIGURE 3. Mean velocity profiles for air and drops in sprays 1and 2 at PL=2MPa and (a)Va=12m/s
and (b)Va=6m/s
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to the model. The droplet initial conditions have been refined by comparison of the model predictions with
experimental data, for nozzle 1 at 2MPa with a 12m/s air velocity. The optimum modelling method obtained for this
case has then been used for the remaining spray cases. Thus the optimum conditions are prescribed as follows.

Firstly the spread of the spray, 25mm downstream of the nozzle, is determined from the volume flux
distributions obtained using the PDA data. For the purposes of the model it is assumed that the spray is confined
within a region in which 95% of the volume flow rate is contained, e.g. between 5mm and 15mm from the nozzle
axis for spray 1. It is assumed that the droplets introduced to the model initially follow a number of discrete
trajectories. The trajectories are obtained by assuming the droplets are injected at the centre of the nozzle (the nozzle
orifice dimensions being negligible compared to the tube diameter), dividing the spread of the spray into 10 sectors,
between the radial positions 5mm and 15mm, at 25mm downstream and introducing the droplet parcels along the
edges of these sectors. There are 20 initial trajectories (‘drop paths’) associated with spray 1. The liquid volume
flow rate associated with each of these paths is provisionally calculated from the PDA volume flux data, assuming
that each path corresponds to a region of ±½0 about the path. These values are then normalised by dividing by the
sum of the measured volume flow rates for each of the paths, and the corrected volume flow rates for each path were
obtained by multiplying the normalised values with the actual nozzle volume flow rate. To convert these volume
flow rates into a number of droplets the drop size distribution corresponding to each path, measured at 25mm
downstream, is used to calculate the percentage, by volume, of each drop size class for each individual path. These
values, together with the volume flow rates for each path, are used to calculate the number of droplets of each size to
be introduced along each path. In general, for each drop size and path, these droplets are introduced in 100 parcels.
Finally the initial absolute velocity of each of the droplets is considered to be the same. This velocity is calculated
based upon the nozzle velocity coefficient (the ratio of the actual discharge velocity to the theoretical velocity
corresponding to the total pressure differential across the nozzle). Values of 0.7 and 0.6 were used for nozzle 1 and
nozzle 2 respectively. These velocity coefficient values were calculated based on the geometry of the nozzles [15].
This calculated velocity is divided into axial and radial components according to the initial angle of each path.

CFD predictions
In this section the predictions that have been obtained for sprays 1 and 2 with an air velocity of 12m/s are

presented. Figure 5 shows comparisons of the experimental and predicted radial distributions of numerical mean
diameter, for both spray cases, at three axial positions. Figure 6 shows comparisons of the experimental and
predicted radial distributions of mean liquid axial velocity component, and figure 7 shows the predicted volume flux
distributions.

Only the first 200mm are considered because, further downstream, the assumption of the model that droplets
rebound from the wall (which is generally incorrect) adversely affects predictions. From figures 5-7 it can be seen
that, in general, the model predictions match the experimental data well. For both spray cases the numerical mean
diameter is, generally, seen to decrease with increasing distance downstream, at the spray periphery, but remain
nearly constant at the centre. An exception to this, in the experiments, is at 200mm downstream where the mean
drop size on the axis increases. The model, however, does not predict this and in general predicts too large droplets
at the edge of the spray at this axial plane. The magnitude of the predicted axial liquid phase velocity matches the
experimental data, with the radial profile decreasing in magnitude and increasing in uniformity with distance
downstream. However, near to the nozzle the velocity on the centre line is over predicted. Finally, the predicted
volume flux distributions are representative of a hollow cone spray, with a low flux at the centre, increasing to a
peak and decreasing again towards the edges of the spray.
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FIGURE 5: Comparisons of experimentally measured and predicted radial distributions of
numerical mean diameter for (a) spray 1 and (b) spray 2, with Va = 12m/s, dashed lines indicate
model predictions



Conclusions
In conclusion we have presented examples from a detailed set of data, including droplet size and axial velocity

component, obtained for two pressure swirl atomizers operating in a confined manner with co-flowing airflows of
two velocities. The data show that the velocity of the co-flowing airflow affects both the spread of the spray and the
radial drop size distributions. It has also been shown that the velocity of the droplets is a function of diameter. A
droplet initialisation method has been developed to model these sprays in a steady state manner using two-phase
CFD. It is seen that the model predictions match the experimental data well.
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FIGURE 7: Radial variation of volume flux for (a) spray 1 and (b) spray 2
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Abstract
In this paper, the characteristics and shock wave phenomena associated with supersonic liquid jets (water and

diesel fuel) in the range from low supersonic to high supersonic speed are explored. Supersonic diesel fuel jets from
a variety of nozzle types were visualised with some special supersonic jet characteristics and leading shock wave
profiles being identified. A one-dimensional analysis of the multiple, reflected shock waves inside the liquid sac and
nozzle during the process of supersonic jet generation is presented. The impact pressure, particle velocity and effect
of shock wave reflections inside the nozzle cavity on the liquid jet velocity are obtained. The jet outflow
characteristics and its leading edge shock wave in air were assessed for their potential for auto-ignition using fuel
with cetane numbers from 50-100. The contribution of the strong leading edge shock wave to the auto-ignition is
discussed. At this stage, under normal atmospheric conditions, no auto-ignition was found experimentally for jets at
2000 m/s. Further investigation is needed at slightly elevated conditions.

Introduction
Supersonic or high-speed liquid jets have many well known technological and scientific applications such as

material cutting technology, cleaning, mining and tunneling. Recently, high-speed liquid jets, especially ones in the
high subsonic range, have been considered for the improvement of atomisation and combustion in direct injection
(DI) diesel engines. A hydraulically actuated, 230 MPa, unit injector has been developed and operated at UNSW in
a diesel engine [1]. Here, the jet remains just subsonic due to the high air temperature. The characteristics of a 250
MPa fuel spray injected into a high pressure vessel (2MPa of Argon) at ambient temperature has also been studied
[2] giving a supersonic jet velocity of about 600 m/s, with shock waves around the jet. With increasing injection
pressure and strength of the accompanying shock wave, it was found that the Sauter mean diameter (SMD) of
droplets in the spray became smaller with a corresponding decrease in the ignition delay time [3-4].

Using special techniques, such as high-speed ballistic impact, even higher speed jets up to the high supersonic
or hypersonic range are possible. Such jets need fundamental studies (e.g. the jet generation process, shock wave
characteristics, auto-ignition possibility etc.) In 1958, Bowden and Brunton [5] presented a new technique to
generate a high-speed liquid jet, this being basically a simple momentum exchange method. The liquid was
contained in the cavity of a stationary nozzle and sealed by a thin rubber disk. A high-speed projectile was then fired
so as to impact on the rear surface of the liquid packet, accelerating the liquid through the nozzle to a high velocity.
A liquid jet velocity of 1050 m/s was obtained. O’Keefe, et al. [6] presented a development of the method for the
production of very high velocity liquid jets, a water jet velocity of 4.58 km/s being achieved by a 1.77 km/s ballistic
velocity. They described the motion of the water column in the converging tapered section by applying the one
dimensional, unsteady equations of compressible fluid flow. However, the effect of shock wave reflection within the
nozzle was not considered. Visualization of the supersonic water jets was also presented. Further analysis of the jet
nozzle flow was presented in 1973 by Ryhming [7], his model mainly focusing on one dimensional, incompressible
flow. Glenn [8] described the mechanics of the impulsive water cannon numerically by including the effect of liquid
compressibility. This is an extended study of Rhyming’s work and included comparison of the calculation with
experiment. However in both Glenn’s and Rhyming’s studies, the experiment were slightly different to the Bowden-
Brunton method, the water packet being initially accelerated by a piston in a constant cross-section tube before
being passed through the empty, converging nozzle. As with O’Keefe’s study, the effect of shock wave reflection
within the nozzle was not considered. The basic equations and notions behind guided acoustic shocks were derived
and applied to the liquid jet generated by the Bowden-Brunton method by Lesser [9]. Although, most researchers
realized that during the generation of supersonic liquid jets there must be either a simple strong shock wave or a
multiple shock wave reflection inside the nozzle cavity, none clearly described or analyzed it in detail. The
mechanics of the shock reflection in this situation is very complex and there is still insufficient knowledge on the
details. Field and Lesser [10] investigated experimentally and theoretically the mechanics of the emergence and flow
of a supersonic liquid jet. They believed that self-combustion of an oil jet may occur when it reaches a high
supersonic speed. This provides an attraction to the study of supersonic liquid fuel jets to combustion engineers
engaged in extreme conditions (e.g. SCRAM jets, DI diesel engines). Shi [11] studied the generation of both water
and fuel supersonic liquid jets and their characteristics. For a high velocity diesel fuel jet (more than 2 km/s), he also
found that smoke covered the test chamber at the completion of a run and suggested that self-ignition was the cause.



This paper reports further work on the study of supersonic liquid jets [12-13], both water and diesel fuel. High-
speed shadowgraph photography clearly shows the jets both at low and high supersonic speeds and their strong
leading edge shock waves. A one-dimensional analysis of the multiple, reflected shock waves inside the liquid sac
and nozzle during the process of supersonic jet generation is presented. The impact pressure, particle velocity and
effect of shock wave reflection inside the nozzle cavity on the liquid jet velocity are investigated. The contribution
of the strong bow shock wave to the auto-ignition of diesel fuel jets at atmospheric conditions is also assessed.

Visualisation Method and Results
The generation, velocity measurement and velocity maximization of impact driven supersonic liquid jets has

been presented in previous work [12]. In this study, the goal is to capture the appearance of the supersonic diesel
fuel jet and its shock wave. The schematic arrangement of the shadowgraph system is shown in Fig. 1. The trigger
signal for the argon light source is from a high temperature pressure transducer (PCB 112A05) which is located
between the exit of the launch tube and the entrance of the flight tube. The signal from the pressure transducer is
amplified before passing through a delay where it triggers the argon light source at the appropriate time. In the
experiment, the system operates with a power to the spark gap of 3 J, 0.2 µs light duration and 0.07 µs rise time.
Two lens are used in this system to collimate the light beam from the light source through the test section. The test
section window is made of transparent polymethyl methacrylate (PMMA). The film holder is placed on the other
end of the test section, which is 25 cm away from the target object. High-speed Polariod, 3000ASA, was used in
these tests, the air conditions in the test chamber being atmospheric (≈20°C).
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FIGURE 1. Schematic arrangement of shadowgraph system

   
FIGURE 2. Stages of generation of a low supersonic velocity water jet, Vj = 600 m/s

The experimental apparatus described above can successfully capture a shock wave and jet image through various
stages of its progress through quiescent air. Fig. 2 shows the life cycle of a typical water jet traveling at 600 m/s,
from the initial impingement into quiescent air to the disintegration of the core jet into droplets. The initial stage,
Fig. 2(a), shows that the formation of the bow shock is almost instantaneous. This is due to the fact that the
narrowing of the orifice in the nozzle sends compression waves into the liquid, helping sustain the front of the liquid
packet and preventing premature dispersion. Hence acceleration is very rapid. This, to a lesser extent, is aided by the
supporting diaphragm. The second stage, Fig. 2(b), shows a bulbous, characteristic “mushroom” effect caused by the
high density behind the shock manipulating the jet front. It does not have enough energy to push through the
increasingly dense medium and is therefore forced to remain in the less dense regions upstream of the shock. Such a
shock standing away from the liquid head is expected to occur at speeds of between Mach 1 and 2 (or slightly
higher). The third stage, Fig. 2(c), still shows the bulbous head but a tail at the nozzle exit is starting to form where

(a) (b) (c) (d)



the shear layers are more stable and the velocity gradients smaller. The final stage, Fig. 2(d), shows parallel jet sides
as the shock wave diminishes and the tail is increasingly prominent. The head is still rounded but probably contains
more atomised liquid than the core jet. A side effect of the generation of liquid jets by impact momentum transfer is
the possibility of repeated shock reflections within the liquid in the nozzle internal geometry. This would cause the
emerging jet to pulsate forming a rippled shock front. The clean shock in these experiments suggests that there is
little, if any, significant shock reflection in the nozzle.

        

FIGURE 3. Stages of supersonic diesel fuel jets from a straight cone nozzle, d = 1.0 mm, Vj = 1800 m/s;
(a) early stage after just leaving the nozzle, ∆t = 22 µs  (b) middle stage, ∆t = 41 µs (c) later stage, ∆t = 64 µs

        

FIGURE 4. Supersonic diesel fuel jets from straight cone mild steel nozzles; (a) d = 0.7 mm, Vj = 2000 m/s,
∆t = 37 µs  (b) d = 0.5 mm, Vj = 1850 m/s, ∆t = 41 µs (c) d = 0.5 mm, Vj = 1850 m/s, ∆t = 44 µs

                                                                       

FIGURE 5. Stages of supersonic diesel fuel jets from a curved profile nozzle, d = 1.0 mm, Vj = 1850 m/s;
(a) exponential nozzle, ∆t = 20 µs (b) exponential nozzle, ∆t = 60 µs  (c) hyperbolic nozzle, ∆t = 76 µs

Fig. 3 shows the various stages of development of a high supersonic diesel fuel jet emerging from a straight
cone mild steel nozzle with 1 mm. orifice diameter. The delay period ∆t is measured from the moment the jet leaves
the orifice to the triggering of the shadowgraph system. At the early stage, Fig. 3(a), a shock wave is clearly present
in front of the supersonic jet and seems to be attached, not detached as found in low supersonic velocity jets, whilst
the jet itself still remains intact. In the middle stage, Fig. 3(b), the core jet can barely be distinguished because it is
surrounded by fine particles of diesel fuel. Alongside the body of the fuel jet, a second shock wave is clearly
observable. This is a common characteristic found in this study of the supersonic diesel fuel jets generated from
straight cone nozzles (this can also be seen in Figs. 4(a)-4(c)). The jet head is not a classical “mushroom” shape,
instead, it is somewhat sharp and rippled. In the last stage, Fig. 3(c), the second shock wave starts to dissipate. A
fine droplet shroud covers the main core and jet body before dispersing in the test chamber. Supersonic diesel fuel
jets from smaller nozzle orifice diameters (0.7 mm and 0.5 mm) are shown in Figs. 4(a)-4(c). The jet from the 0.5
mm orifice nozzle has a significantly smaller core. It also provides better atomization and a smaller droplet size.

ripple
head

second
shock wave

(b) (c) (a)

 (a)  (b)  (c)

   (a)    (b)   (c)

Hyperbolic
profile

Exponential
profile



However, the penetration and strength of jets from a smaller orifice is not as strong as that of the jet from a bigger
diameter orifice (i.e. 1 or 2 mm). Fig. 5 presents visualization of supersonic jets from curved profile nozzles. In the
early stage, the supersonic diesel fuel jet looks similar to that from the straight cone nozzle. However, at later stages,
the jet remains more intact with strong penetration but less atomization and mixing. This suggests that it will be of
more benefit for application to jet cutting or penetration than to engine injection. Surprisingly, there is no sign of a
second shock wave occurring in most of the curved profile nozzle experiments, suggesting that there is no
significant multiple shock wave reflection during its generation process.

One Dimensional Analysis of Jet Generation
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FIGURE 6. Diagram of the shock wave system in a simple nozzle and its x-t diagram

A diagram of incident, reflected, and transmitted shock waves in a simple nozzle is presented in Fig. 6. Initially,
the buildup pressure in region 2, in the liquid packet, is calculated as previously presented [12]. A more complicated
situation arises during the shock reflection and transmission at the nozzle end wall and orifice entrance. Once the
incident shockwave hits the end wall, a reflected shock wave must return to the left with a shock wave transmitted to
the right. The reflected shock wave travels backwards with velocity of Cr3 with a particle velocity of Upr3. At the
same time, at the entrance of a collimator or nozzle orifice, the transmitted shock wave travels at a velocity of C4
with particle velocity Up4. This particle velocity and the pressure behind the transmitted shock wave (i.e. in region 4)
generate the supersonic water which exits the collimator end to the atmospheric air. From the situation shown
diagrammatically in Fig. 6, when applying the continuity and momentum equations to all associated shock waves,
and the relationship for particle velocities, the following equations are obtained,

2 3 3 3 3( )r r prC C Uρ ρ= −                            (1)

1 4 4 4 4( )pC C Uρ ρ= −                            (2)

3 3 4 4p pQ U Uρ ρ=                             (3)
2 2

3 2 2 3 3 3 3( )r r prP P C C Uρ ρ− = − −               (4)

         2 2
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where, in each region, ρ is density. Up is particle velocity, P is the pressure, Q is the area ratio of the nozzle, a is the
local sound velocity and C is the shock wave velocity. All variables in equations (1)-(10) can be solved
simultaneously, the liquid jet velocity then finally being estimated by the following equation,

2 4
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4

2
j p

PV U
ρ

= +                                                                              (11)

The process described is for one complete cycle on the shock wave reflection and transmission in the cavity ahead
of the nozzle. In practice, from results observed in the experiments, after the initial impact, the projectile will not
stop or bounce back immediately. It continues driving into the water packet with reduced velocity, assumed to be
equal to the current liquid particle velocity. This projectile final velocity becomes an input velocity to the next cycle



in the calculation. After the reflected shock wave hits the projectile, it reflects back to the right and a new cycle
starts again. Typical results are shown in the x-t diagrams in Fig. 6. Water properties in each region in the x-t
diagram are shown in Table 1. Note that water was used in the calculation as its compressibility characteristics are
well known. Some small differences will exist with diesel fuel.

Region P
(GPa)

ρ
(kg/m3)

Up
(m/s)

a
(m/s)

C
(m/s)

Vj
(m/s)

1 0.0001 1000 0 1480 0 -
2 1.664 1293 614.3 2803 2709 -
3 4.772 1521 14.19 4694 3390 -
4 3.408 1400 986.9 3958 3454 2417
5 6.161 1578 180.7 5293 5055 -
6 7.697 1628 8.114 5780 5458 -
7 7.236 1569 542.2 5653 5042 3085
8 8.073 1639 39.46 5871 5859 -
9 8.439 1649 1.918 5949 5907 -
10 8.413 1603 127 5944 5907 3242
11 8.517 1651 7.97 5964 5965 -
 12 8.593 1653 0.2829 5979 5972 -
13 8.593 1608 18.73 5978 5981 3269
14 8.609 1654 1.606 5981 5980 -

Table 1. Liquid properties in each region of the x-t diagram for projectile impact velocity of 1100 m/s, Q = 64
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    FIGURE 7. Comparison of water jet velocity                   FIGURE 8. Jets with clear second and third shock waves

The relationship between water jet velocity calculated by this one-dimensional analysis and the nozzle orifice
diameter is presented in Fig. 7. The water jet velocity decreases as the nozzle orifice becomes larger. For zero orifice
diameter, the jet velocity is calculated only from the pressure in the cavity after shock wave reflection, that is the
particle velocity is zero. In the experiments, it was found that the average water jet velocity from the 0.5 mm orifice
was lower than that of the 0.7 mm orifice. The measured jet velocity from the experiment is lower than the
estimation from the 1D analysis and much lower that Lesser’s theory. The overall jet velocity obtained
experimentally in this study is an average jet velocity from the first 3 pulses. Comparing this to the result from the
analysis gives a coefficient of discharge, CD value of 0.61, 0.69, 0.63 for 0.5 mm, 0.7 mm, and 1.0 mm nozzles
respectively. This figure is in a reasonable range for a normal intermittent jet in a conical nozzle, when the
compressibility of liquid and other losses are included [14-15]. Also, the results from this analysis confirm that
multiple shock wave reflection is occurred inside the nozzle during the jet generation process. Fig. 8 clearly shows
the second and third shock waves occurring in the jetting process.

Auto-ignition Investigation
Some researchers [10-11] have claimed that auto-ignition occurred for a 2000 m/s fuel jet injected into a low

temperature and pressure atmosphere. Theoretically, auto-ignition is possible because of the high temperature and
pressure behind the bow shock. With high injection pressure and intense shear layer of the jet, the droplet mean
diameter is much smaller than that of a typical fuel spray which reduces ignition delay time. However, the high
temperature and high pressure conditions only exist in the region directly behind the normal part of the shock wave.
The ignition delay of the fuel jet at these conditions (gas phase equivalence ratio, temperature, pressure) must be less

3rd shock wave

2nd shock wave

1st shock wave



than the shock wave dissipation time. Correlations of the important physical properties on ignition delay have been
reviewed [16]. The ignition delay time was estimated (for the normal shock wave condition) and indicates the
minimum time that the conditions behind the leading edge shock wave must be maintained for ignition. Although it
is quite short, of the order of 40-50 µs, auto-ignition may be possible. However, the question remains as to whether
the gas phase equivalence ratio of 1 exists locally and whether gas flow to the cooler region behind the oblique
shock negate these factors.

  

FIGURE 9: Photographs of test chamber (a) before (left) and (b) after (right) the experiment

The experimental investigation showed that a blanket of smoke always covers the test chamber after every
injection of diesel fuel jet at a velocity of around 2000 m/s. Fig. 9 shows the area around the test chamber before and
after the experiment, the smoke blanket after the injection being clearly visible. However this does not confirm that
auto-ignition has occurred, as it might be fuel vapour or pyrolysed fuel. Thus, in these experiments, the test chamber
gas was analyzed. Combustion gases (i.e. CO2, CO) have not been found, although a small amount, about 10 ppm,
of HC and NO existed in the test chamber after each test. Diesel fuel has a cetane number of about 50. To
investigate further, fuels with a cetane number up to 100 (n-hexadecane) were tested to improve the ignition quality.
Again no CO2 or CO was found. However, increased HC and NO, around 50-60 ppm, was found with the higher
cetane number fuel. From this and the visualization (Figs. 3-5) it seems that auto-ignition has not occurred.

Conclusions
Various stages of development of supersonic liquid jets (water and diesel fuel) have been studied experimentally
using a single stage powder gun. Their characteristics and behavior have been captured with the aid of a
shadowgraph technique. The liquid jet and its bow shock wave depend on its velocity and the nozzle geometry. The
jet generation process is investigated using a one dimensional shock wave analysis. Results show good agreement
with experiment. Shock-induced auto-ignition of a supersonic diesel fuel jet at a velocity of 2000 m/s at atmospheric
conditions was investigated. At this stage, auto-ignition was not found for fuels ranging in cetane number from 50 to
100.
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Abstract
This paper reports on the cavitation-enhanced flash atomization of a hydrocarbon liquid (n-hexadecane, C16H34) by
adding a lighter hydrocarbon (n-butane, C4H10). The results are contrasted with those obtained from atomizing pure
hexadecane. The amount of the propellant gas (nitrogen) and injection temperature were varied to adjust the
atomization severity. Breakup pattern and spray quality were characterized by taking images at the nozzle exit. It is
found that the butane-hexadecane solution can give a much finer spray at a lower atomization severity than does
pure hexadecane at a higher atomization severity. For a given mean drop size, the presence of the flashing fluid
(butane) can markedly reduce the propellant gas to liquid ratio.

Introduction
Flash boiling occurs when a liquid is rapidly depressurized to a pressure sufficiently below the saturation

pressure to initiate bubble formation and subsequent flashing. This process has been used to enhance atomization
where the conventional pressurized liquid injection cannot achieve the desired fine sprays. Many prior studies of this
atomization process dealt with pure liquids (e.g. Brown and York [1]; Park and Lee [8]). Park and Lee identified two
flashing modes with transparent nozzles. One is what they called the internal mode characterized by the formation of
two-phase flow inside the nozzle. The other is the so-called external mode where the phase change occurs outside
the nozzle. They suggested a critical L/D (length-to-diameter ratio) of 7 for the transition between the two modes.

Flash boiling atomization can also be achieved by dissolving a flashing liquid (or liquid propellant) in the base
liquid to be atomized (e.g. [11]). When the initially subcooled binary liquid is suddenly depressurized sufficently
below the bubble point, the liquid propellant will flash (or boil). Kessler et al. photographed flash atomization of
single and binary hydrocarbon fuels [4].

Essentially, flash boiling atomization is initiated through in situ bubble nucleation followed by bubble growth.
Oza investigated the mechanisms responsible for flash boiling and observed the spray images of propane, methanol,
and indolene fuel injections with an electromagnetic injector [7]. Kitamura et al. studied the ejection of water and
ethanol to a vacuum chamber through a long nozzle (L/D > 50) [5]. They identified a critical superheat-temperature-
difference, above which complete flashing occurred with no remaining segments in the liquid phase. The Superheat-
Temperature-Difference (superheat degree) was defined as the difference between the measured temperature of the
liquid leaving the nozzle and its bubble-point temperature corresponding to the outside pressure. Two-phase effluent
flashing occurred at a lower superheat degree value.

If the internal flow conditions are such that stable cavitation bubbles can form (Knapp et al., 1970), then such
bubbles should promote the atomization of the base liquid. Hitron et al. used this cavitation-enhanced flashing
mechanism to interpret their results on the atomization of an acetone-water solution, with acetone serving as the
flashing fluid [3]. With an L/D of 7, they were able to distinguished cavitation-enhanced atomization vs. boiling-
enhanced atomization. Extending Hitron et al.'s work, Gemci et al. performed parametric studies and found that the
presence of the flashing fluid can markedly reduce the amount of propellant gas [10]. He and Ruiz investigated the
cavitation effect on atomization [2].

The acetone-water system used by Hitron et al. [3] and Gemci et al. [10] may not be a representative model
system for many atomization processes of practical interest. In light of this, we in this study use a hydrocarbon
model system, n-butane and hexadecane. Specifically, we address the effects of the low boiling n-butane, propellant
gas (nitrogen), and the nozzle internal conditions on hexadecane atomization. The SMD data are reported as a
function of cavitation number and superheat degree.



Experimental Equipment
As Fig. 1 shows, the experimental equipment consists of a pressurized binary liquid cylinder, a pipe line heater,

a pressurized cylinder of nitrogen, and the atomizer. The 95wt% n-hexadecane and 5wt% n-butane solution was
made via blending under special conditions because butane is a vapor at ambient temperature. Upstream of the
nozzle orifice, the heated binary liquid solution and the propellant gas were fed into a mixing chamber (Fig.1, right).
To create stable cavitation bubbles, we used a sharp angle orifice plate with a relatively long L/D of 7. This was
based on Hitron et al.'s study [3] which indicated that among the three L/Ds (1.4, 2.4, 7) used, L/D = 7 gave the most
pronounced cavitation effect.

The injection inlet pressure Pinj was measured with a pressure gauge, located at the nozzle inlet. The
temperatures of N2 and liquid mixtures were measured by a thermocouple located in the mixing chamber of the
atomizer (Fig.1, right). Nitrogen was used as the propellant gas instead of air for safety reasons. Images of the spray
breakup and the spray pattern were taken at the nozzle exit with the Greenfield Speedview #700 system. This was
also used for drop size measurements (Fig. 2) taken at 3 cm downstream of the nozzle exit. Table 1 lists the test
conditions. Two N2–to-liquid flow rate ratios, defined as r = QN2/QLiq, of 5 and 10 were used to study the effect of
the propellant gas on the atomization of pure hexadecane and the butane-hexadecane solution. For each r, the
measurements were conducted at three different injection temperatures  (Tinj) of 80°C, 100°C, and 120°C.

6

1 - orifice plate 2 - thermocouple 3 - liquid inlet
4 - housing 5 - mixing chamber 6 - nitrogen inlet
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FIGURE 1. Experimental setup (left) and details of the nozzle and orifice geometry (right).
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FIGURE 2. Experimental setup for the imaging system (Greenfield Speedview #700).



r = QN2/QLiq QLiq
[ml/min]

Tinject

[°C]
Pinject, [psig]
hexadecane

Pinject, [psig]
hexadecane/n-

butane
5 40 80 8 19
5 40 100 10 20
5 40 120 20 22

10 40 80 14 20
10 40 100 16 22
10 40 120 21 23

TABLE 1. Test conditions.

Results and Discussions
Jet Breakup and Spray Images

The task here was to examine the extent to which the flashing fluid can promote liquid atomization with a
reduced amount of the propellant gas. Note that the injection temperature Tinj for the binary mixture was kept well
below the boiling point of the base liquid to be atomized. This means less heating energy and more stable
atomization compared to the single-phase cases at the same injection conditions. To study the flashing and
cavitation effect on the atomization of hexadecane with and without the butane addition, r, Pinj, and Tinj were varied
for the spray imaging and drop size measurements.

Figures 4, 5, and 6 compare the atomization of pure hexadecane with that of butane-hexadecane solution at two
different r values and at Tinj = 80°C, 100°C, and 120°C, respectively. The butane addition improves the atomization
at all injection temperatures. Increasing Tinj for the binary liquid causes a higher injection pressure than that for the
pure liquid. Also, cavitation can increase injection pressure and velocity.

a) 100% hexadecane
r = 5, Pinj = 8 psig

b) 95/5 hexadecane-butane
r = 5, Pinj =19 psig

c) 100% hexadecane
r = 10, Pinj =14 psig

d) 95/5 hexadecane-butane
r = 10, Pinj = 20 psig

FIGURE 4. Atomizations of pure hexadecane and butane/hexadecane solution at Tinj = 80oC.

a) 100% hexadecane
r = 5, Pinj = 10 psig

b) 95/5 hexadecane-butane
r = 5, Pinj = 20 psig

c) 100% hexadecane
r = 10, Pinj =16 psig

d) 95/5 hexadecane-butane
r = 10, Pinj = 22 psig

FIGURE 5. Atomizations of pure hexadecane and butane/hexadecane solution at Tinj = 100oC.

a) 100% hexadecane
r = 5, Pinj = 20 psig

b) 95/5 hexadecane-butane
r  = 5, Pinj =22 psig

c) 100% hexadecane
r = 10, Pinj = 21 psig

d) 95/5 hexadecane-butane
r = 10, Pinj =23 psig

FIGURE 6. Atomizations of pure hexadecane and butane/hexadecane solution at Tinj = 120oC.



In the pure hexadecane case, one notices some small disturbances, but the jet by and large is smooth and stable
at 80oC.  Increasing Tinj from 80°C to 120°C improves atomization for both the single and binary liquids. The
improvement for the binary case is more pronounced than for the single liquid case. In the latter case, the primary
breakup regions get shorter by increasing Tinj. At the highest injection temperature of 120oC, the binary liquid forms
a spray essentially at the nozzle exit for r = 5 or 10.  Presumably, this is caused by intense bubble formation.

To see the effect of the propellant gas (nitrogen), we simply compare the left two images (a and b, r = 5) with
the right two images (c and d, r = 10) in Figs. 4-6. The increase in the propellant gas flow moderately enhances
hexadecane atomization and there are no visible jet ligaments (compare images a and c in Figs. 4-6). Significant
flashing does not occur at 80oC. As Tinj increases, the primary breakup lengths and ligaments get shorter. The effect
of r on the atomization of the binary liquid can be seen from images b and d in Figs. 4-6.

To get a feel for the trade-off between the gas and liquid propellants, one simply compares images b and c in
Figs. 4-6. A most significant observation can be made with Tinj = 120oC: the binary liquid at r = 5 (Fig. 6b) gives rise
to a finer spray than the pure liquid at r = 10 (Fig. 6c). The two cases have similar injection pressures (Table 1).

Qualitatively, the above results can be summarized as follows.  A propellant liquid can enhance the atomization
of the heavy base liquid. As such, it can be used to reduce the amount of propellant gas for the same level of
atomization intensity in the nozzle. For a given propellant liquid, the injection temperature is a dominant variable for
controlling the spray quality. Over the conditions tested, the finest spray is obtained at the highest Tinj of 120oC.

Spray Characteristics
Figures 7, 8 and 9 show the cumulative drop-size distributions. The effect of the liquid propellant (butane) can

easily be seen for r = 10 and Tin j = 120°C.  As Fig. 7a shows, with pure hexadecane, the drop sizes vary between
154 µm and 572 µm. Adding 5% n-butane decreases the drop size to the 22 - 131 µm range (Fig. 7b).  Figures 7b
and 8b indicate that r does not have a strong effect on the spray quality; increasing r from 5 to 10 for the binary
liquid at 120°C reduces the median drop size from 50.2 µm to 43.2 µm.

Figures 7a and 8a show the power of the liquid propellant. The binary solution at r = 5 and 100oC (Fig. 8a)
gives smaller drops than the single-component case at r = 10 and 120oC (Fig. 7a), both at essentially the same Pinj.

a)  100 wt% Hexadecane,
r = 10 and Tinj=120oC
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b) 95/5 hexadecane-butane, 
r = 10 and Tinj=120oC
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FIGURE 7.  Effect of n-butane on the cumulative size distributions r = 10 and Tinj = 120°C.

a) 95/5 hexadecane-butane,
r = 5 and Tinj = 100oC
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b) 95/5 hexadecane-butane,
r = 5 and Tinj = 120oC
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FIGURE 8.  Effect of injection temperature on the cumulative size distribution for the binary liquid atomized
at r = 5; Tinj = 100°C for Fig.8a and Tinj = 120°C for Fig. 8b.



a) 95/5 hexadecane-butane,
r = 10 and Tinj=80oC
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b) 95/5 hexadecane-butane, 
r = 10 and Tinj = 100oC
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FIGURE 9. Effect of injection temperature on the cumulative size distribution for the binary liquid atomized
r = 10; Tinj = 80°C for Fig.9a and  Tinj = 100°C for Fig. 9b.

Figures 8 and 9 show the positive effect of Tinj on atomizing the binary liquid at r = 5 and 10, respectively.  For
r = 10 and Tinj = 80°C, the size ranges from 22 µm to 584 µm, with a median size of 418 µm. The largest
population, with a volume fraction higher than 5%, is drops larger than 400 µm (Fig. 9a). Increasing Tinj by 20°C
reduces the maximum drop size to less than 368 µm with a median size of 87 µm (Fig. 9b). Recall that the median
size is 43.2 µm at 120°C, Fig.7b. Figure 10 shows the SMD as a decreasing function of r for three different
temperatures. Pure hexadecane is more sensitive to r than the binary liquid, especially at the low temperature of
80oC. One also sees that Tinj has a stronger effect on the SMD at small r than at large r. At r = 5, increasing Tinj from
80°C to 120°C results in a 54% reduction (from 494 to 269 µm) in the SMD for pure hexadecane, vs. a 64%
reduction (from 133 to 47 µm) for the binary liquid case. At r = 10, the corresponding reductions are 36% (from 373
to 239 µm) and 62% (from 109 to 41 µm), respectively.

Data Analysis
Although the amount of data is not sufficient for developing a correlation, it is helpful to see how the SMD data

can be interpreted in terms of the cavitation mechanism. In what follows we plot the SMD as a function of a
cavitation number σc defined as

21/ 2
o V

c
P P

U
σ

ρ
−

=        (1)

Here Po and Pv are the downstream (atmospheric) pressure and the vapor pressure of the medium (liquid and
propellant gas mixture) in the nozzle orifice, respectively; ρ is the density of the medium; and U is the average
velocity of the medium at the nozzle orifice exit. The cavitation number σc has the property of more is less in the
sense that the higher the σc, the less likely cavitation is to occur; that is, σc measures the resistance of the flow to
cavitation (Shah et al., 1999).  For a given system, cavitation will occurs if σc is decreased to a critical value σc*,
that is, σc < σc*.  Shown on the left of Fig. 11 is the SMD vs. σc. One sees that the data show the expected trend.

Another way of organizing the data is to plot the SMD vs. the extent of superheating. The latter is defined as the
difference of injection temperature and the saturation temperature (Tsat) of the injected liquid at atmospheric
pressure (Po).  Hexadecane has a saturation temperature at Po of 286.9°C and the 95/5 hexadecane-butane binary
mixture has a Tsat(Po) of 67.9°C. The plot on the right (Fig. 11) shows the SMD as a function of the superheating
extent. As seen, the data also exhibit the expected trend.

Both plots clearly show the advantage of adding the flashing liquid. The SMD for the binary liquid at the lowest
atomization intensity (80oC and r = 5) is much smaller than that for the single liquid atomized at the highest severity
(120oC and r = 10).

Conclusions
The butane-hexadecane binary solution is a representative model system for studying flash boiling atomization.

Under appropriately chosen nozzle geometry and operating conditions, the presence of a small amount of butane can
significantly enhance the atomization of n-hexadecane. This may be interpreted as largely arising from the formation
cavitation bubbles upstream of the orifice tip. Thus, the flashing (or propellant) liquid can be used to reduce the
amount of propellant gas for the same level of atomization intensity in the nozzle. For a given flashing liquid, the
injection temperature appears to be a dominant variable for controlling the spray quality.
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Introduction
Many physical phenomena may be described in terms of surface evolving in a turbulent flow. Among them,

turbulent mixing layers, turbulent premixed or diffusion flames have already been studied with the use of a surface
density transport equation.

The modeling of a cryogenic flame requires an accurate knowledge of the atomization properties at high
pressures. Some previous numerical simulations with a Lagrangian approach [1] have shown that the characteristics
of the spray at the outlet of the injector strongly influences the reaction rate. The main purpose of this study is to
describe accurately the primary atomisation of the liquid phase (size and shape of the liquid structures) as well as the
interactions between liquid elements and the surrounding gaseous environment. The approach proposed in the
following lines is to consider the liquid phase as a continuous medium.

The present study aims at describing both the dispersion of the liquid phase and the characteristic sizes of the
produced liquid elements in an Eulerian way. Some theoretical results are first established in the case of the
temporal evolution of an interface with a velocity differential separating two fluids of different densities. The
governing parameters are identified and an expression for the surface density evolution is proposed. Then we will
discuss the quantitative effects of these parameters thank to numerical simulations in the case of two fluids injected
coaxially.

Theoretical derivation of the surface density transport equation
An Eulerian modeling of two-phase flows requires some extra equations to close the mean source terms of

interfacial exchange of mass, momentum and energy. A way to write these terms is to consider a quantity describing
the surface of exchange between the two phases : the interfacial surface density.

An interface can be considered as a constant property surface. Statistical quantities linked to the behaviour of
the surface can be used, among them, the surface to volume ratio Σ. It is possible to derive theoretically a transport
equation for Σ [2,3,4],

( ) ( )Σ∇−Σ∇∇Σ∇+
Σ w:-.= .nunnuu.
t∂

∂ (2)

The first term on the right hand side represents the stretch whereas the second one represents the interface
propagation. One should also distinguish the integral surface density Σ and the local surface density γ based on the
sum of the inverse of the interface velocities at x location and during time interval T. This magnitude leads to a
measure of the probability that the surface is located at x position at time t.

∑=
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The equivalence between the space average of γ and the time average of Σ can be shown [5].
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These equations are purely kinematics and do not contain any physics. The next step requires the evaluation of
the conditional means on the surface. In particular, the mean strain rate of the surface needs to be modelled. Some
derivations from the general equations of motion of a surface, including intrinsic forces such as surface tension have
been proposed [5,6]. Phenomenological expressions for the evolution of surface density in a turbulent flow and
derivation of the source terms have also been given [7].



Time evolution of the surface density in the case of Kelvin-Helmholtz instability
Experimental observations and theoretical analysis show that jet break-up is directly linked to the

destabilisation process of the interface [8,9]. It is even possible to correlate the key parameters of the interface
stability (maximum amplification rate, dominant wavelength) to the droplet distribution resulting from the jet break-
up [9,10,11].

Moreover, some theoretical and analytical stability analysis can provide the elements for the modelling of the
structure of the fragmented jet. Thus, the starting point of this study consists in the stability analysis of a two-
dimensional liquid gas mixing layer and of the classical results of the Kelvin-Hemholtz instability theory. Thank to
the surface density formalism, we can deduce an Eulerian description of the primary atomisation process. Given k
the wave number of the initial perturbation and ω the amplification rate, the linear temporal theory of Kelvin-
Helmholtz instability leads to the following dispersion relation,

( ) ++++ −∆−= kUk 21
22εω

(4)

The previous relation highlights a dominant wave number kmax and a maximum growth rate ωmax of the
instability (∆U is the velocity differential at the interface, ε the Atwood number). Exponent + denotes dimensionless
quantities. We will assume the characteristic length Lc=Dinj, liquid injector diameter and the characteristic velocity
Vd, which results from the linear stability analysis.
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The linear theory remains valid provided that the amplitudes are small compared to the wavelength of the
instability. Starting from this classical hydrodynamic results, a weakly non-linear instability development has been
made leading to a time evolution for the amplitude, which may be plotted in the phase space (Fig.1). The amplitude
of the interface first grows exponentially until non-linear effects become predominant and a saturation term appears
in the amplitude equation [12,13].

FIGURE 1. Evolution of Σ in the phase space (ε = 0, ∆U+ = 100, k += 1).

From this development, the position of the interface is also calculated up to the second order, which enables a
numerical calculation of the local surface density area thank to relation 3. The interface density is mainly located on
the nodes of the surface which correspond to the sub harmonic and this evolution is periodic (no viscous phenomena
are involved in the present description). From this local information one can deduce a mean evolution along the
surface to estimate the mean strain rate along the surface. This leads to the following relation,
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C1 is a constant which depends on the sign of ∆U-∆Uc. Indeed, for a given initial wave number, the instability
grows only if the critical velocity ∆Uc is reached. As a consequence, C1=0 if ∆U-∆Uc<0 and C1=1 otherwise. The
constant Ck only depends on the wave number k of the instability. This constant is calculated from the saturation
term determined in the weakly non linear development. Equation (7) gives an expression for Ck  ,
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In this relation, L is a characteristic length of the problem. In the numerical simulations, we will assume L=Dinj
liquid injector diameter.

Thus, the equilibrium value of interfacial concentration depends mainly on the wave number of the initial
surface perturbation (Fig. 2). For short wave numbers, (ie. long wavelengths) Ck takes high values so that the
equilibrium surface density tends towards zero in the case where the surface is infinitely flat. This is physically
consistent with the fact that the local surface density is, in such a case, zero everywhere except on the infinitely thin
surface. Therefore the mean equilibrium value is zero. On the contrary, for high wave numbers, the surface tends to
be more and more wrinkled so that the mean surface density increases. This is in good agreement with the relation
given above.

FIGURE 2. Equilibrium interfacial area evolution with the excitation wave number
(injection conditions are presented in table 2)

The remaining question is then to identify which wave numbers efficiently act on the surface. This crucial point
which determines in particular the mean liquid structures sizes, needs further investigations. Three answers may be
proposed: On the one hand we can consider, from the stability analysis, that the amplification rate of the surface will
be given by the dominant wave number kmax regardless to the flow conditions (it means regardless to the turbulent
structures present in the flow). On the other hand, we can consider that the turbulent spectrum in the flow is
responsible for the initial perturbation wave number on the surface and, consequently, that the sizes of the liquid
structures generated in the primary atomisation phase are directly linked to the sizes of the turbulent structures. The
third solution will mix the previous two ones by filtering the turbulent structures present in the flow with an
efficiency function given by the stability analysis.

The trajectories representing the evolution of the surface density in the phase space depend on the following
parameters :

 The density ratio through Atwood number ε
 The velocity differential ∆U
 The wave number of the initial sinusoidal perturbation of the surface k

Numerical simulations of a coaxial injector
The transport equation of the surface density as well as the source terms and the correlations for the velocity

differentials previously identified have been implemented in the CFD code KIVA III which is a finite volume code
using an ALE (Arbitrary Lagrangian Eulerian) method dedicated to the calculation of reactive flows. The calculation
field is discretized on a block-structured mesh composed of hexahedrons.

The calculated geometry is two dimensional (Fig. 3) and is solved on a cartesian block structured mesh. In
previous section we mentioned a correlation between the equilibrium value reached by surface density and the
hydrodynamic wavenumber. In all the numerical simulations presented below, the wavenumber responsible for the
surface destabilisation will be modeled by the local integral scale calculated from the k-ε turbulence model in the
near field of the injector.

FIGURE 3. Calculation field and boundary conditions

Pressure
boundary

Gas inlet
Liquid inlet

Wave number k in cm-1

Σequilibrium
in cm-1



Break-up lengths
A first set of calculations has been run to estimate the evolution of the break-up length with the momentum flux

ratio J which varies from 2.5 to 14 (Fig. 4). The conditions of injection are given in table 2. The surface density is
anchored at the injector lips and develops downstream with a cone shape. The position of the maximum of surface
density on the injector axis is then computed and plotted on Fig.5. A good qualitative agreement can be noticed
between the evolution deduced from the surface density field and the experimental [11] or theoretical [8],
correlations.

Gas velocity Ug 100 m.s-1

Liquid velocity Ul 5-20 m.s-1

Surface tension σ 3.10-2 kg.s-2

Table 1. Conditions of injection

J=2.5, We = 2.7 103 J=6, We=8.1 103

J=10, We=8.6 103 J=14, We=9.0 103

FIGURE 4. Surface density fields (J=2.5, 6, 10 and 14)

These cases being non vaporising and non reacting, there is no phenomenon responsible for the surface
annihilation. This explains the high values of the surface density at the walls and the convection by the recirculating
zone close to the injector. The ratio between the surface density and the liquid volume fraction in this area would be
very high and would lead to a strong evaporation rate.

FIGURE 5. Break-up length evolutions. Red points are calculated by numerical simulations

Surface density field in a vaporising case
A set of numerical calculations has been made in a vaporising case of cryogenic fluids (liquid oxygen at 100 K,

gaseous hydrogen at 300 K. The calculated configuration is the one of the Mascotte test case facility where optics
diagnostics of cryogenic flames have already been obtained up to 60 bars. The case considered below is at 10 bars
with no recess.

Gas velocity Ug 70-250 m.s-1

Liquid velocity Ul 7 m.s-1

Surface tension σ 1.4 10-2 kg.s-2

Table 2. Conditions of injection (velocity ratio 100)

Experience [11]

Theory [9]

Numerical simulations

J

L
b

D
inj



The numerical simulations on Fig 6 show the evolution of interface density field for various values of the
momentum flux ratio J between the outer jet (gas of velocity Ug and density ρg) and the inner jet (dense gas of
velocity Ul and density ρl ).

J=7 J=7

J=10 J=10

J=15 J=15

FIGURE 6. Surface density field and oxygen vapor mass fraction in the evaporating case (density ratio 100)

The vaporisation rate is the product of the surface density and an evaporating velocity, which is simply deduced
from the “D2” law. The result obtained is thus consistent with the case of a single droplet.
The values given reached by the surface density are expressed in cm-1. In the near field of the injector, close to the
lips, the maximum values reach 6000 m-1. In the far field (more than 5 DLox), the values are between 1000 m-1 and
1500 m-1. Those values are closer to those obtained for a diluted spray of small droplets (radii 16 µm) in the far field
of the Mascotte test case facility [14].

Conclusion
A new model based on an original Eulerian approach of liquid jet atomisation has been presented. The first

numerical simulations made with this model lead to realistic results in non-vaporising configurations. Break-up
lengths have been estimated from the surface density fields and compared to theoretical and experimental
correlations. The dependency of the jet break-up on the momentum flux ratio and on the density ratio is in good
agreement with previous experimental and theoretical values.

Moreover, promising results using the surface density approach to calculate the reaction rate have been
obtained in the case of vaporising cryogenic fluids injected coaxially. The vapor profile seems in good qualitative
agreement with spray and flame surface profiles obtained experimentally in various operating conditions.
To conclude, this model seems well suited for the primary atomisation calculations but need to be coupled to a
classical Lagrangian/Eulerian  approach in the far field with diluted spray.

A crucial point of the model has also been detected through these simulations. It consists in the coupling
between the turbulence spectra in both gas and liquid phase and the most amplified wave numbers on the surface.
This still needs to be modelled accurately through an efficiency function.

Nomenclature

D injector diameter
J momentum flux ratio



k instability wave number
γ local surface density
ε Atwood number
ω instability growth rate
ρ density
σ surface tension
Σ integral surface density

Subscripts
c critical
b break-up
g gas
l liquid

Superscripts
+ dimensionless quantities
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Abstract
     It is well known that recessing the liquid tube of an injection element improves cryogenic flame stabilisation.
Studies dealing with the effect of the recess are mainly conducted under combustion conditions [1, 2, 3] and
interpretations are based on the combustion regime. Given this, it struck us as interesting to study the recess in
water/air conditions. In order to establish the optimum value of the recess ( R ), we investigated the coaxial
atomisation from five injectors whose geometry only differs in the distance separating the liquid and gas tube
exits. This study also deals with the effect of chamber pressure (Pc) - tests were conducted at pressures equal to
0.1 and 0.5 MPa. The main results were: a better momentum transfer between the gas and the liquid with an
increasing recess value and different spray behaviours according to recess length. The ambient pressure seems to
decrease the recess effect spatially and cancel it for the largest values.

INTRODUCTION
     Controlling cryogenic flame stabilisation in propulsion applications is a great challenge for engine designers.
In rocket engines, such as the first stage Ariane 5 Vulcain engine, cryogenic flame results from the atomisation of
a liquid oxygen jet achieved by high speed annular hydrogen gas. Early studies [2] discovered a strong
dependency of the engine stability on the H2 temperature at injection. The temperature at which the engine
transitioned into an unstable mode of operation became a measure of the stability limit of the engine. As a
consequence, lower temperatures result in higher engine stability. An important parameter in decreasing this
stability limit seems to be the injection element geometry - when the liquid post is recessed with respect to the
injection plane, the temperature limit decreases. The objective of this investigation was to determine an optimal
value for the length of the recess using five injectors with different operating conditions including a variation of
the surrounding pressure. It was conducted under cold flow conditions with air and water as simulants in order to
prevent evaporation and to examine liquid jet atomisation exclusively.

EXPERIMENTAL SET UP AND OPERATING CONDITIONS
     The experimental set-up, called JETCOAP [4], allows measurements in the pressure range of 0.1 to 0.9 MPa
with a motorised two dimension displacement system of the injector (precision 10 µm). The five coaxial injectors
(Figure 1) have the same geometry: 2.1 mm for the liquid tube inner diameter (Di), 2.5 and 3.6 mm for the gas
ring respectively Dgi and Dg0. The recess only varying from 0 to 4 mm, called R0 to R4, with a 1 mm gap for each
injector (R/Di = 0, 0.48, 0.95, 1.43 and 1.90).
     In order to characterise the different spray regions, we used two kind of measurement techniques. The
measurement of the liquid presence probability (LPP) in the liquid core region is achieved by means of an optical
fiber probe, the velocity and diameter of the spherical liquid droplet distributions in the spray were obtained by a
Phase Doppler technique.

Optical fiber probe:
     The light emitted by a photodiode was focused at the entrance of the optical fiber probe. At the end (a 90 µm
diameter sapphire head), the light was totally reflected or not, depending on the medium refractive index. This
technique makes it possible to determine the local liquid presence probability (LPP = 1 void fraction). This probe
enabled us to explore thoroughly the liquid core and the very dense spray with liquid ligament structures above
150 µm.

mailto:dunand@lcd.ensma.fr


Phase Doppler Analyser:

     Quantitative information on the spray were obtained with a Phase Doppler Analyser device which enabled
simultaneous measurements of the temporally averaged droplet size and velocity distribution at a point within the
spray. The optical configuration for these tests included an Argon laser coupled with a transmitter fitted with a
600 mm focal length lens and a receiver oriented at 60° from the forward direction of the transmitter optical axis.
This optical configuration enables velocity measurements from –25 to 125 m/s and particles sizing up to 145 µm.
The number of samples validated at each acquisition is  5000, within a time limit set at 60 s.

Figure 1. Geometry and main dimensions of the coaxial injector.

     Operating conditions are summarized in the following table where Ul, Ugi, ρgi, mgi, Wegi, J, Re are respectively
the liquid velocity, the gas velocity, the gas density and mass flow rate, the Weber number ρgi(Ugi-Ul)2/σ, the
momentum flux ratio (ρgiUgi

2/ρlUl
2) and the liquid Reynolds number (ρlUlDi/µl).

Pc
(MPa)

Ul
(m/s)

Ugi
(m/s)

ρgi
(kg/m3)

mgi
(g/s) Wegi J Re

0.1 2.5 115 1.4 0.86 500 3 5250
0.1 2.5 218 1.7 2.01 2200 13.3 5250
0.5 2.5 55 6 1.73 500 3 5250
0.5 2.5 115 6.4 3.88 2200 13.3 5250

          Table 1. Operating conditions.

RESULTS AND DISCUSSION

Near-field region:

     The near-field region is characterised by the axial distribution of the LPP on the axis of the spray. As can be
seen in figure 2, the use of a recess generates earlier and more effective primary atomisation. For a recess
exceeding 2 mm, the potential liquid core length (i.e. the axial distance where the LPP is equal to 1) was not
visible and the liquid core break-up is significantly affected for R3 and R4. The length of the potential liquid core
depends only on the momentum flux as reported in other studies [5]. Actually, Lc stays nearly constant when the
chamber pressure increases except for R2. The break-up length of the liquid jet (LPP = 0.5) varies considerably
with operating conditions. For recesses at atmospheric pressure, Lb is maximum for J = 13.3 and minimum for
J = 3. R3 and R4, for their part, seem to have the same behaviour. These plots reveal the influence of the
momentum flux ratio J on recessed atomisation also because, for J = 13.3 (Fig 2b), we observe an increase in the
LPP resulting from a confinement of the liquid structures on the axis of the spray for R2 and R4. At  0.5 MPa,
this observation is less obvious. This trend seems to depend on gas injection velocity - at 0.1 MPa, an injection
velocity equal to 218 m/s leads to confinement, but for 0.5 MPa, as the gas velocity decreases to 115 m/s, the
confinement disappears. Pressure effect seems to also depend on the momentum flux - two types of behaviour are
observed according to the injection momentum ratio. On the one hand, for low J, axial LPP increases because the
increase of the gas density does not compensate for the decrease in injection velocity (except for R1 where
atomisation decreases significantly with respect to the axial distance) and on the other hand, for large J, the
confinement of the structures on the spray axis disappears and the growth of the stripping gas mass flux results in
a decrease in LPP.
     These measurements in the near field region show a strong dependency of the axial LPP on the operating
parameters (R, J and Pc) but it seems that injection gas velocity plays an important role because the phenomenon
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of confinement is linked to the value of Ugi. Pressure effect (increase in gas density) varies according to the
presence or absence of  liquid structure confinement.
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Figure 2. Axial evolution of LPP for Pc = 0.1 MPa and J = 3 (a), J = 13.3 (b).
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Figure 3. Axial evolution of LPP for Pc = 0.5 MPa and J = 3 (a), J = 13.3 (b).

Spray region:

     Figure 4 represents the radial distribution of the mean axial velocity at an axial distance of 20Di. In this figure,
the introduction of a recess enables a better transfer of momentum between the gas and the liquid because the
mean axial droplet velocity increases with R/Di. This phenomenon is due to the confinement engendered by the
gas tube and, as a consequence, does not allow the gas flow to expand as it does at the exit as concluded  by
Hardalupas [6]. Indeed, the higher gaseous velocity at the interface between the gas and the liquid jet must
improve the atomisation. Recess effect seems to be localised, radially, near the spray axis as observed by
Glogowski [7]. Recessing the liquid tube leads to an earlier fully developed state [7] so that mixing between the
spray and the still gas is enhanced. Increasing the momentum flux, from 3 to 13.3, displaces the location of the
fully developed state further downstream so that the far field region is controlled by the gas injection velocity as
shown by Prévost et al [4]. But for all the operating conditions, we observed a non monotone effect of the recess
because of the behaviour of R3 and R4 - R3 exhibits the lower velocity profile and R4 presents an over-speed.
We shall try to explain these differences later.

     Variation in pressure leads to an increase in the density of the injected gas and of the still gas. As a
consequence, to maintain constant momentum flux, we have to decrease gas velocity at injection. This is
illustrated in the figure 5 which shows that the mean velocity of the droplets falls under pressure. As expected,
profiles are well established earlier. Recess effects seems to be the same as at atmospheric pressure, but more
spatially reduced. However, we notice that R1 has a significant impact on interfacial velocity under pressure.
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Figure 4. Radial distribution of the mean axial velocity, J = 3 upper and J = 13 lower.

     The effect of a recess on the radial distribution of the Sauter mean diameter (D32) of the spray is examined in
figure 5. For J = 3 and all the values of R/Di, the SMD at the centre is reduced and therefore atomisation is
improved. But differences between the recess values (R1, R2 and R3, R4) are visible. Although for R3 and R4
atomisation is completed at the centre (D32 minimum on the spray axis), for R1 and R2 atomisation is still going
on. At the periphery of the spray (for Z/Di > 2), one can see an increase in the SMD for R3 and R4. This suggests
differences in droplet dispersion. For R3 and R4 mixing is improved but atomisation is reduced. At J = 13.3, this
trend is not visible so mixing is retarded by annular gas velocity. For this value of the momentum flux, the D32
are maximum at the centre and for all the values of R/Di, atomisation is still present. One notices that D32 are
lower than for the case of J = 3 [6] and more concentrated on the axis of the spray which reinforced the idea of
confinement for large gas injection velocities. So atomisation is improved but not mixing: a compromise must
therefore be determined as a function of the operating conditions.

     At Pc = 0.5 MPa, intensity of the atomisation remains constant but seems to be radially reduced. The
differences between the recesses are always present: R1 and R2 behave the same as at atmospheric pressure. For
R/Di  > 1, the Sauter mean diameters increase over the whole spray. At the periphery of the spray, we observe a
significant increase in the D32 greater than at atmospheric pressure. This difference is due to the lower differential
between gas and droplet liquid velocity under pressure which leads to an earlier appearance of the trail forces and
reduced secondary atomisation [7]. As a consequence, the small droplets are slowed down earlier and more
easily. Prévost et al [8] have shown that, for these operating conditions, coalescence is also favoured.
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Figure 5. Radial distribution of the Sauter mean diameter, J = 3 upper and J = 13 lower.

     These radial distributions of mean axial velocities and diameters exhibit quite contrasting behaviour according
to the value of R/Di [6] - we encountered three different trends. The interpretation of these results is linked with
the knowledge of the potential liquid core length of the  R0 jet (see figures 2 and 3). For R/Di = 0.48 and 0.95,
the part of the liquid jet confined in the gas tube correspond to its potential core, the confinement engendered by
the gas tube enhances the momentum transfer at the gas/liquid interface and leads to an improvement in the
atomisation process. The annular gas does not lose much energy and atomisation of the liquid jet takes place far
downstream so that secondary atomisation is better but mixing with the still environment is poor. For
R/Di = 1.43, atomisation is more precocious and the end of the potential liquid core coincides with the injector
exit plane. At this location, the annular gas has lost a lot of energy atomising the liquid jet, so that, when the flow
penetrates the still environment, there is a lot of dispersion, therefore axial LPP and droplet velocities are low
and profiles are fully developed earlier. Downstream, secondary atomisation is weaker as a consequence of the
poor velocity differential between the gas and the droplets. For all of these reasons, injector R3 seems to be more
effective for the mixing of the spray than for the atomisation of the liquid jet. For R/Di = 1.9, as we can note from
figures 2 and 3 for R0, primary atomisation takes place inside the injector (for R0 and X/Di=1.9, LPP ≠ 1).
Droplets and ligaments issued from the destabilisation of the liquid jet reduce the crossing area of the annular
gas, which leads to an acceleration of the latter as the mass flux stays constant. This acceleration, visible in figure
4, confines the liquid structures created in the injector on the jet axis. As a consequence, this phenomenon
significantly increases the D32. This interpretation limits the utilisation of a large recess for low values of
momentum flux as concluded by Kendrick et al on the Mascotte bench [1].
     In order to have a more global vision of the evolution of the atomisation, at a distance of  20Di, as a function
of the different operating conditions and according to [9], we calculated a weighted average (with the respect to
the particle number density ND) of the radial D32 variation (D32c) normalised by the case without recess (D32c0):

                                       
∫ ⋅⋅

∫ ⋅⋅⋅
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jetr
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0 32
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     As expected, (c.f figure 6), for all the conditions, although R1 and R2 improve the atomisation of the liquid jet
(max 40%), R3 and R4 are greater than R0 as found by Zaller [10] and Burick [3]. Another observation is that
the recess effect is reduced under pressure as observed by Kendrick et al with a 1D model [1]. Although R1



seems to lead to the same D32c under any conditions, R2 has more effect at  J = 13.3. From curve analysis for the
entire range of conditions, the optimum value of R/Di is close to 0.8.
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Figure 6. Normalised D32c as a function of the recess value.
CONCLUSION
     In order to determine the optimum value of R, different experiments on atomisation from different recessed
coaxial injectors were conducted. This value would seem to be a function of the momentum flux ratio J and the
ambient pressure since much spray behaviour was conditioned by these parameters. For flame stabilisation, the
most important challenge is to produce a large quantity of small droplets in the near field of the injector exit. For
this reason, an optimum value of R/Di seems to be, for the experimental conditions tested, close to one liquid
diameter. This conclusion is in good agreement with rocket engine design. Recess effects are also linked with the
operating conditions and more particularly with gas injection velocity. We have shown that the recess is more
effective at low pressure and a compromise is required with the rate of mixing of the spray with the surrounding
gas because a recess of  1.43Di seems to be more effective for the establishment of the flow.
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NOMENCLATURE
Di Nozzle diameter for the liquid
D32             Sauter Mean Diameter
J Momentum flux
Lb Break-up length
Lc Liquid core break-up length
LPP Liquid Presence Probability
m Mass flow rate
ND Droplet local concentration
Pc Chamber pressure
R Recess value

U Velocity
X Axial distance from the liquid tube exit
Z Radial distance
ρ Density
σ Surface tension
Subscripts
c chamber
g gas
i injection
l liquid
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Abstract
A mathematically-founded model is presented which describes the atomization of liquids by the aid of an axial

hollow cone pressure swirl nozzle in dependence on nozzle geometry, liquid properties and flow parameters. With
this model, it is possible to predict the Sauter mean diameter of the resulting droplets exactly and reliably for
Newtonian and non-Newtonian fluids with pseudo-plastic behaviour. 

1 Introduction
Atomization of liquids plays an important role in process engineering, e.g. in the generation of gas-liquid-

mixtures, processes of consistent coating and wetting and spray-drying. The formation of large gas-liquid interfaces
with simultaneous close drop spectrum is considered to be the main task of atomization. These requirements strongly
depend on the behaviour of the liquids used, the operating conditions and the nozzle geometry itself. Due to their
simple construction, their high reliability in operation and therefore the associated low operating costs, hollow cone
nozzles work satisfactorily. Their operating principle is simple: the nozzle consists of a spin-producing device, a
cylindrical- and afterwards conical-shaped part and a cylindrical nozzle delta, see Figure 1. The spin application
generates a rotational flow accelerating with decreasing nozzle diameter until the outlet is reached. In dependence on
operating conditions, geometry and material properties a rotationally symmetric gas core forms around the nozzle
axis. The resulting liquid film leaves the nozzle, conically decaying into torus-shaped ligaments and finally into
droplets as the surface is aerodynamically lively. 
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FIGURE 1: Geometry and nomenclature of the hollow cone nozzle. 

Numerous investigations have been done to describe mathematically the process of decay in order to predict the
droplet diameter. These efforts have been increased over the recent past due to the possibility of calculating and
presenting fluid dynamics by CFD-codes. A brief literature survey shows the state of the art. 

For liquids with Newtonian behaviour and laminar flow pattern, Chinn/Yule [1], Keller [2],
Piesche/Nonnenmacher [3], [4], [5] and Liao et al. [6] described the flow inside the nozzle with a gas core.
Experiments by Horvay [7], Dahl [8] and Löffler-Mang [9] validated these numerical results. Calculations of



turbulent flow as well as investigations on hydrodynamic instabilities in the transient area between laminar and
turbulent flow inside the nozzle have been neglected so far. 

Considerable work on formation of rotating flows was done by Taylor [10]. With regard to frictionless liquid
moving, Piesche [11] described the behaviour of rotationally symmetric hollow swirl sheets in dependence on
pressure forces and surface tension under the effect of gravity. Piesche/Nonnenmacher [3] extended the model by
assuming a laminar liquid flow pattern and constant viscosity. The model was validated experimentally. Furthermore
simple calculation models on jet formation were published by Kestenboim et al. [12] and Yarin [13]. 

Hashimoto et al. [14] and Camatte/Ledoux [15] examined the decay of rotationally symmetric liquid sheets with
regard to the stability behaviour. Their results are qualitatively satisfactory. Jeandel/Dumouchel [16] proved the
absorbing effect of viscosity on the growth rate of waves. 

A lot of experimental work has been done in order to describe the droplet size in dependence on nozzle geometry,
operating conditions and fluid properties. However, the influence of non-Newtonian liquids on the process of
atomization has been neglected as far as possible, although liquids with such a behaviour are atomized mainly for
industrial purposes, see Glaser [17] and Yarin [13]. The impact of viscosity on the droplet diameter has usually been
modeled by using a power function, Schorradt [18] and Ballester/Dopazo [19]. 

However, there are not enough mathematically-founded models that describe atomization processes with axial
hollow cone pressure swirl nozzles convincingly. Most of the investigations which are undertaken are of
experimental nature and are limited to Newtonian liquid behaviour.

2 Calculation models
The theoretical examinations which characterize atomization of non-Newtonian (in fact pseudo-plastic) liquids by

axial hollow cone pressure swirl nozzles are discussed in the following sections: 
• flow inside the nozzle, 
• sheet contour, 
• sheet break-up and formation of ligaments, 
• ligament break-up with droplet formation. 

Velocity components, film thickness and viscosity of the liquid jet need to be transmitted between these sections
because they are coupled physically. 

2.1 Flow inside the nozzle
To calculate the discrete and friction-affected flow inside the nozzle, the commercial CFD simulation software

FLUENT has been used. To describe the multiphase flow it uses the Volume of Fluid (VOF) model based on the
Finite-Volume-Approach for unsteady laminar flows. The shear-thinning behaviour of the liquid is taken into
consideration using the Carreau-model [20]. 

A typical flow inside a nozzle having radii of r0 = 3 mm, ra = 9 mm, a swirl angle of β = 30°, a conus angle of ε =
45°, a groove width of a = 3 mm and a groove number of N = 6 is shown in Figure 2 (for the geometrical meaning of
the symbols see Figure 1). 

FIGURE 2: Phase distribution (dark colour: liquid phase, bright colour: gas phase) (a) and iso-curves of effective
viscosity (b) in a nozzle for an aqueous suspension of 40 mass% lime at a volume flow rate of 0.9 m³/h. 

(a) (b)



The flow pattern corresponds to that of a hydrocyclone with a gas core. Caused by low pressure, the gas streams in
counter-current flow into the nozzle. The result is the formation of a gas core around the symmetry line, see Figure 2
(a). As can be seen in Figure 2 (b), the viscosity of the pseudo-plastic liquid gets very low immediately behind the
spin application since the shear gradients are very large. This status does not change until the sheet decays into
droplets. Influences of the downstream boundary conditions were excluded as the calculation grid also contains the
flow outside of the nozzle allowing one to calculate the first part of the conical sheet. It is the aim of these
calculations to determine the film thickness, the velocity components in radial, azimuthal and axial direction as well
as the liquid viscosity at the nozzle outlet. 

To model the pseudo-plastic liquid behaviour, an aqueous suspension of lime has been used which can be
considered as homogeneous as the particle size of lime is negligible compared to the sizes of geometry. In the case of
a suspension of cm = 40 mass% lime the viscosity for very small shear rates is set to be 0.6 Pas, whereas the viscosity
for very high shear rates is chosen to be 0.001 Pas. These values are validated by experimental data. 

2.2 Calculation of the sheet contour
In order to model the flow outside of the nozzle, the steady basic solution of the opening and rotationally

symmetric sheet has to be described first. For the sake of simplicity one has to make several assumptions: 
• the lamella sheet flow is laminar and steady, 
• the curvature of the contour in the r, z - plane is neglected with regard to that in the r,ϕ - plane and
• the acceleration due to gravity is much smaller than the one of rotation.

Applying the equations of continuity and momentum for the axial and radial directions respectively as well as the
viscosity law (Carreau-model [20]) leads to a set of ordinary differential equations (ODE). In order to solve this set
of ODEs, one has to impose boundary conditions which correspond to the values at the nozzle orifice whose
calculation is described in the section above. 

The equations of continuity and momentum in combination with the law of spin preservation, as well as the
equation describing the change of the liquid viscosity are expressed dimensionlessly. 

2.3 Calculation of the sheet break-up
Now, the decay of the lamella is of interest. Based on the fact that the rotationally symmetric liquid film is

stimulated by aerodynamic disturbances, it starts to oscillate with increasing amplitude. When the highest growth
rate of wave is reached, the sheet breaks up into ligaments. Figure 3 shows a sketch of the oscillating sheet. 
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FIGURE 3: Sketch of the stimulated sheet. 

In order to keep the mathematical formulation in a manageable size, several assumptions have been made: 
• the shear flow is laminar and unsteady, 
• the surface tension in azimuthal direction is neglected, 
• the mean sheet radius is much bigger than the initial film thickness b0 at the orifice and 
• the amplitude of the oscillation is much smaller than the sheet radius rL.



By neglecting terms of higher order (method of small oscillations [21]) and the use of the universal oscillation
basic approach to express the unsteady parts of the sheet radius rL and the axial velocity w, the momentum equation
in radial direction can be expressed. Now the solution of this set of ODEs is an eigenvalue problem. 

The variable of interest in this section is the critical wave number for which the dimensionless critical continuous
excitation of waves FI,crit is reached in shortest time. Experimental investigations [22] have shown that FI,crit ≈12 is
often assumed for liquids with low viscosity. For the sake of universality, a formula of Grant and Middleman [23] is
chosen and slightly changed by analogy in order to describe the sheet decay. After the destruction of the sheet, a
torus-shaped ligament results. 

2.4 Calculation of the ligament break-up
In the final section the decay of these ligaments is discussed which leads to the droplet formation. In Figure 4, an

aerodynamically stimulated, torus-shaped ligament is shown schematically. 
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FIGURE 4: Sketch of the stimulated ligament.

Due to an induced lateral flow, the ligament is strongly stimulated which finally leads to deformations δLg (ζ, t)
from the mean radius Lgr of the surface. Thus a mechanical disequilibrium arises, consisting of a difference between

the gas pressure pLg at the interface and the atmospheric pressure p∞. This pressure heavily depends on the flow
characteristic near the stimulated ligament which in turn induces deflections of the streamline. The existing forces
increase the deformations of the initial cylindrical surface. In combination with the variables that are calculated in
the previous sections the momentum equation in axial direction can be expressed. Several assumptions are made to
describe the ligament break-up: 

• the expansion flow is unsteady and laminar, 
• the ligament is rotationally symmetric, 
• the gas streams without friction and 
• the local acceleration is much greater than the convective component. 

Using again the universal oscillation basic approach in the form of complex functions, one obtains the
dimensionless frequency of the ligament stimulation from the real part and the defining equation for the
dimensionless growth rate of waves from the imaginary part. 

As in the previous section, one has to determine the critical wave number at which the critical growth rate of
waves reaches its maximum. With the critical wave length, the Sauter mean diameter d32 can be calculated. 

3 Results
On the basis of the mathematical model presented above, it is possible to predict the size (Sauter mean diameter

d32) of droplets. Experimental data and calculations have been compared for different nozzle geometries, flow
conditions and fluid properties to validate the model. Water, glycerine-water mixtures and aqueous suspensions of
lime have been used. Figure 5 shows the comparison between calculated and measured values of d32 for liquids with
Newtonian behaviour (water and glycerine-water mixture). The non-Newtonian behaviour is illustrated in Figure 6
for nozzles with two different outlet sizes (r0 = 3 mm, r0 = 4 mm). It can easily be seen that experiment and theory
agree well. Thus, the assumptions that have been made to keep the mathematical model in a manageable size are
justified. 
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FIGURE 5: Droplet sizes of water and glycerine-water mixture. 
For the geometrical meaning of the symbols see Figure 1. 
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Abstract
It is well known that theatomizationof a liquid exiting a nozzleis stronglyinfluencedby theinteractionwith the
surroundingair. Thisaerodynamicinteractionof thejet with theair hasbeenstudiedextensively boththeoretically
(linearstability analysis)andexperimentally. However, theatomizationprocessis initiatedby finite perturbations
which aregeneratedalreadywithin andupstreamof thenozzle.In technicalreality theseperturbationsaremostly
of stochasticnature,e.g. producedby cavitation andturbulence,andarenot well known or quantifiable. This
hasimpededthe developmentof a predictive model for atomization. The aim of the work presentedhereis to
minimize the perturbationsproducedby the injection systemandnozzleby an appropriatedesignand then to
imposewell definedperturbationsthat allow to observe their effect on the jet. This work is a continuationof
previousinvestigations[1, 2] thatclassifiedthedifferentphenomenawhichwereobserved.

Notation
D Diameterof thenozzle We Weber-number
f Frequency of modulation η Kinematicviscosity
Re Reynolds-number λ Wave length
St1 Strouhal-numberwith thejet velocity ρgas Densityof gasin thechamber
St2 Strouhal-numberwith velocityfluctuation ρl iquid Densityof liquid
U Jetvelocity σ Surfacetension
∆U Relativevelocityfluctuation

Intr oduction
In orderto investigatetheeffectsof perturbationsfrom insideanozzlealiquid jet is modulatedby well defined

periodicvelocity fluctuationof finite amplitudeandtheeffectsof deformationof the jet areobserved. Thusit is
possibleto improvetheunderstandingof theunderlyingmechanismsof disintegration.Knowing thesemechanisms
hopefullyit will bepossiblein thefutureto manipulateflow structuresby specificperturbations,e.g.in thecaseof
directinjectioninto a combustionengine.

In previous works the differentstructuresobserved wereclassified. That classificationincludes9 different
structures[2]. The presentresultsconcentrateon determiningthe limits betweenthe differentphenomenaand
regimesandto reducethe large amountof experimentaldatain orderto accomplisha coherentphysicalpicture
of thephenomena.Theparameterspacewhich characterizesatomizationconsistsof at leastfive non-dimensional
parameters:

St1 �
π f D
U

; St2 �
π f D
∆U

; Re �
ρl iquid f D2

η
; We �

ρl iquid f 2D3

σ
;

ρgas

ρl iquid

� (1)

Thenon-dimensionalparametersSt1 andSt2 areStrouhal-numbersformedwith thejet velocityandtherelative
velocity fluctuation.Thelargenumberof parametersis formidable.It hindersa completeexperimentalclassifica-
tion. Therefore,in thepresentwork thedensityratio andthenozzlediameterwerenot variedandonly oneliquid
wasusedasa test fluid (Ethanol). This allowed to performa very detailedvariationof modulationfrequency,
amplitudeandjet velocity.

Experimental setup
Theexperimentalarrangementconsistsof threebasicparts:

� a supplyunit for the liquid (including resonancespace)with thepossibility to vary theexit velocity of the
jet,



� anozzlewith a piezoelectrictransduceraroundthetip of thenozzleand

� a recordingunit consistingof an optical system,a CCD-cameraanda PC with a frame-grabber-cardfor
pictureacquisition.
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Figure1: Schematicexperimentalsetup

The test liquid is excited by a piezo-ceramicos-
cillating in theultrasonicrange.Theliquid is fed
into theresonancespace.Its upperwall is a mov-
ablepistonwhich containsthe piezo-crystal. Its
adjustmentmakesit possibleto achieve standing
waveresonances.Thuspressurefluctuationwithin
theresonancespacecanbeintensified.
A piezo-electricring sensoris mountedaround
the tip of the nozzle. It gives a voltagesignal
which is moreor lessproportionalto themodula-
tion amplitudeof theliquid jet exiting thenozzle.
However, thecouplingfactorbetweentheelectri-
cal signalandthevelocity fluctuationis strongly
dependenton frequency and temperature,there-
fore anabsolutecalibrationhasnot beenpossible
yet.
To recordthe spatialand temporaldevelopment
of thesurfacewavesof thejet nearthenozzle,the
axis of the opticslies just below the nozzleexit.

A highefficiency LED is usedto illuminatethejet stroboscopically.

Results
As alreadymentionedsomeparameterswerekeptconstantfor thepresentinvestigations.Thustheremaining

classifiedphenomenareduceto 6 structures.Two shapesarewell understoodandthereforethey will benotstudied
here. Thefirst is theundisturbedjet andthesecondonearesurfacewavesof a small amplitude.The remaining
significantstructureswhichhasto beanalyzedareshown in Fig.2. Heresometermswith respectto thephenomena
haveto beexplained.(i) Thedelimitationof thephenomenais somewhatsubjective,it dependson thepersonwho
classifiesthem.Consequently, thesocalledlimits in thetext areno sharplimits but ratherareasof transition.(ii)
Heredropletchainsarephenomenawheredropletsseparatefrom thejet at thenozzleexit without thedevelopment
of anotherstructurebefore. The developmentof dropletsas a result of surfacetensionat the rim of a radial
expandedstructureis not referredhereasdropletchains. In addition it hasto be emphasizedthat it is difficult
to adjustthis situationbecausethereis a strongtendency towardscavitation insidethe nozzleat theseStrouhal-
numbersSt1 andmoderatemodulationamplitudes.

Figure 2: Observed phenomenaof jet structuresfrom left to right: upstreamdirectedbells, discs,downstream
directedbellswith fingers,dropletchains

Due to the very detailedvariation of modulationfrequency, amplitudeand jet velocity it was possibleto
identify the continuoustransitionbetweenthe phenomenamentionedabove, Fig. 3. To achieve thesesequence
of picturesthe injection pressureand, consequently, the jet velocity was varied while the frequency was kept
constant.This variationcorrespondsonly to a variationof the Strouhal-numberSt1 in the setof dimensionless
numbersshown in eq. 1. The modulationamplitudewas nearly constant. Thus the essentialinfluenceof the
Strouhal-numberSt1 on shapesof jet deformationis demonstrated.
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Figure3: Transitionbetweendifferentstructures;f � 89kHz, constantmodulationamplitude

At smallStrouhal-numbersSt1 oneseeswell developedupstreamdirectedbells. An increaseof this “wave-
number”involvesadecreaseof thebellsheight.At St1  3 � 5 thestructuresarelikediscs.Furtherincreaseinvolves
a developmentof downstreamdirectedbells,fingershapedstructuresandfinally thedevelopmentof droplets.

To confirmtheimportanceof theStrouhal-numberSt1 it is usefulto comparetwo differentjetswith thesame
Strouhal-numbersSt1 but differentflow parameterslike frequency andjet velocity, Fig. 4. Theappearanceof these
two jetsis verysimilar. Quantitatively theremainingdifferencescanbetracedbackto thefactthatthemodulation
amplitudesaresomewhatdifferent,but this amplitudeis verydifficult to quantify.
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Figure4: Comparisonof liquid jetswith differentflow parametersbut identicalStrouhal-numberSt1

In the following, structuresof all pictureswhich have beenobtainedup to now areclassifiedin a 2-dimensional
diagram.TheaxesaretheStrouhal-numberSt1 andtheWeber-number.

In orderto considerthe influenceof viscosityandsurfacestensionexplicitely it is necessaryto usedifferent
liquidsin thefuture.Furthermore,theimportanceof theStrouhal-numberSt2 (formedwith thevelocityfluctuation)
will be investigatedwhenanunambiguouscalibrationof themeasuringpiezois possible.Figure5 shows that in



mostcasesa transitionbetweenthephenomenaoccursdueto thevariationof theStrouhal-numberSt1. Likewise,
it canbeseenthatthedisc-shapedphenomenonrepresentsthetransitionshapebetweentheoppositedirectedbells
in all cases.Above Strouhal-numbersof St1 � 9 only dropletchainsareobserved while below St1 � 9 droplet
chainsaswell astheotherstructuresarepossible.Theupperlimit in Fig. 5 (obliquecontinuousline) indicatesthe
maximuminjectionpressureinvestigatedwhich correspondsto a jet velocity of U � 32m

s . On theotherhandthe
lower limit is givenby the minimumpressuredifferencewithin the nozzleto achieve a jet without adherenceto
thenozzlewall. Pointswith a smallhorizontaldistancedisplaythesmallstepsizeof velocity variationat a fixed
frequency.
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Figure5: Positionof differentphenomena

Developmentof droplet chains
Linearstability theorypredictsthatdueto surfacetensiononly perturbationswith a wavelengthof λ � πD

leadsto thedisintegrationof a jet [3]. Heredropletchainsarealreadyobservedwhenthewavelengthis still around
0 � 08mmandthecircumferenceof thejet is 0 � 6283mm. Wavesaredampedaccordingto thelinearstabilityanalysis
whenthe amplitudeis small enough,Fig. 6. However, whenthe modulationamplitudeexceedsa critical value
dropletchainsareformedafterovercomingthesurfaceforcesevenfor λ � πD. Thisprocessis displayedin Fig. 6
aswell. After occurrenceof dropletsa furthersmall increaseof modulationresultsin an immediateenlargement
of the ejectionangleof the droplets.This is the first experimentalevidenceof a promptdropletproductionby a
non-linearatomizationmechanism.It is definitelyacritical phenomenonwhereasthetransitionsbetweentheother
observedstructuresarecontinuous.

According to classicallinear stability theoryonly perturbationsof rotationalsymmetryareamplified. The
observed droplet chainssuggestthat non-lineareffectsareworking. Yanghasalreadyshown numericallythat
asymmetricmodesof shortwavenumber(Strouhal-number)wereamplified[4]. In comparisonto theotherstruc-
turesobserveddropletchainsarethe only onesthatbreakrotationalsymmetry. Sincetheproductionof droplets
seemsto bevery importantfor atomizationthis phenomenonwill be investigatedmoreintenselyin thefuture. A
successof this investigationrequirestheknowledgeof themodulationamplitude.

Conclusions
Differentdeformationsof a liquid jet of ethanoldependmainly on the jet velocity andthe modulationfre-

quency, hereexpressedin termsof Strouhal-numberSt1 andWeber-number. Thetransitionbetweenthedifferent
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Figure6: Onsetof dropletchains;stroboscopicpicturesat 127kHzandSt � 8; thenumbersunderthepictureare
therelativemodulationamplitude

jet structuresis continuouswith theexceptionof developmentof dropletchainswhich is a critical andnon-linear
phenomenon.

Futurework will dealwith variationof densityratioandof liquid propertiesto getmoredetailedinformation
on theimportanceof theWeber-number.

References
[1] H. Chaves,A. Glathe,F. Obermeier, T. Seidel,V. Weise,andG. Wozniak. Disintegrationof a sinusoidally

forcedliquid jet. In C. TropeaandK. Heukelbach,editors,16thAnnualconferenceon liquid atomizationand
spray systems, pagesII.6.1–II.6.6,Darmstadt,09 2000.ILASS, Chairof Fluid MechanicsandAerodynamics,
TechnicalUniversityDarmstadt.

[2] H. Chaves,F. Obermeier, andT. Seidel. Fundamentalinvestigationsof the disintegrationof a sinusoidally
forcedliquid jet. In Eighth internationalconferenceon liquid atomizationand spray systems, pages1018–
1025,Pasadena,07 2000.CarnegieMellon University.

[3] C. Weber. Zum Zerfall einesFlüssigkeitsstrahles.Zeitschrift für angewandteMathematikund Mechanik,
11(2):136–154,04 1931.

[4] H. Q. Yang.Asymmetricinstability of a liquid jet. Phys.Fluids, 4(4):681–689,04 1992.



Fundamentals of Breakup
and Atomization II

Chairperson: A. Lozano



ILASS-Europe 2001 Zurich 2-6 September 2001

INFLUENCE OF THE SURFACE TENSION ON THE
ATOMIZATION OF WATER

F. Bühler*, U. Gärtner* and S. Clement**
* University of Applied Sciences Esslingen, Kanalstraße 33, D – 73728 Esslingen, Germany

**Küblerstraße 5, D - 73079 Süssen, Germany

Abstract
The project investigated the influence of the surface tension of mixtures of water and surfactants on the droplet
spectrum. The mixtures were atomized by a hollow-cone nozzle (single fluid nozzle) and by a Laval-nozzle (two
fluid nozzle, water/air).

The surface tension has been modified by adding different concentrations of surfactants. The concentration varied
between 50 ppm and 1000 ppm in the experiments with the hollow-cone nozzle.The Laval nozzle has been tested
with one concentration at different ratios of air to water pressure.

The actual surface tension has been measured by a bubble pressure tensiometer which allows for the
measurement of the time-dependent surface properties down to characteristic surface ages of 1 ms. This period of
time is typical for the atomization processes investigated in this project.

The measurements with the nozzles were carried out at different combinations of flow rate and driving pressure.
The resulting droplet spectra have been determined by a Malvern system which characterized the sprays down to a
diameter of 1µm.

Several statistical screening parameters such as DV(10), DV(50), and D32 have been documented with this system
in order to identify the influence of the surfactants on the atomization process. Measurements have also been carried
out in order to characterize the spatial spray structure.

A comparison of the different measurement shows no significant effect of the surface tension on the spray.

Variation and measurement of the surface tension
The surface tension has been modified by adding different surfactants at different concentrations. The

concentrations have been determined by measuring the masses of the components. The mixture has been stirred
carefully to assure uniform conditions.

The quantitative determination of the surface tension has been made by means of a bubble tensiometer. This
system measures the pressure in an air bubble growing at the submersed end of a capillary tube. See Figure 1.

FIGURE 1. Measuring principle of a bubble-tensiometer [1]

The bubble grows until it is forced to leave the capillary aperture. The pressure p in the bubble is determined by
the bubble radius r and the surface tension σ of the bubble surface,

r

σ2
p

⋅
= . (1)



The bubble radius decreases until the bubble diameter is equal to the capillary diameter. As the capillary diameter
is a known quantity the maximum pressure is a direct measure for the surface tension. The growth rate of the bubble
can be adjusted by the air flow rate. This quantity determines the characteristic age of the bubble surface.

 In mixtures of different fluids the growing time of the bubble can be of the order of the characteristic diffusion
time of the different liquid components.

By means of changing the growing time of the bubble the diffusion coefficients for the ingredients as well as their
influence on the time dependent surface tension can be determined. The surface tension is a time dependent quantity
as the molecules of the surfactant need a characteristic period of time to saturate the free surface of the mixture.

The influence of a surfactant on the time dependent surface tension of water is shown in Figure 2.

FIGURE 2. Influence of a surfactant on the time dependent surface tension

The Figure indicates that the surface tension shows no significant change for short characteristic periods of time.

Atomization Experiments
The experiments have been carried out at different boundary conditions. A survey of the measurements is given

in Table 1:
Hollow cone nozzle:
Without surfactant: (Z), Surfactant LS 3N : (X), Surfactant D3 (Y)

pressure
/105 Pa

Flow rate
l / min

0
ppm

1000
ppm

500
ppm

50
ppm

65
ppm

77
ppm

2 1,5 Z X X X X Y
10 Z X X X X Y
25 5 Z X X Y
40 6,4 Z X
temperature (°C) 16 16 16 18 41,5 22,3



Laval nozzle:

waterpressure
/105 Pa

airpressure
/105 Pa

0
ppm

D3
(104 ppm)

1,4 1,0 Z Y
1,4 1,2 Z Y
1,2 1,2 Z Y

temperature (°C) 14 23

TABLE 1. Boundary conditions in the experiments

Due to the results obtained with the hollow cone nozzle the Laval nozzle has been tested only with one surfactant
(see below).

The experimental set up is shown in Figure 3:

 4 
air 

mixture 

2 

4 

5
3 

1 

FIGURE 3. Experimental Setup

1 Reservoir with mixture of water and surfactant

2 Screwpump
The different combinations of flow-rate and pressure could be established by a power-control for the pump
and by a bypass valve.
The measurements at higher pressures have been performed by using a high-pressure piston pump

3 Measurement of the volume-flow-rate
The measurement were made with a magnetic inductive flow-head (measurement range: 0.75-7.5 l/min).
The higher flow-rates were measured with a turbine flow-meter (measurement range: 3,3 – 33 l/min).

4 Measurement of the mass-flow-rate
The mass-flow-rate has been measured by a thermal mass-flow meter.
(Brooks, 0 – 800 kg/h).

5 Pressure-measurement
The pressure measurement allowed for the control of the pressure level and stability close to the nozzle.

6 Optical bench.
The atomization was placed in a tunnel which protected the optical components against the spray.



All measurement quantities were monitored during the experiments with regard to steadiness. The concentration
of the surfactant was preselected by mass ratio before each experiment.

The spatial structure of the spray has been investigated in order to define a reference position for the
measurements. Figure 4 gives an example of the influence of the spatial position of the measuring point on the
detected spray stability and the droplet spectrum. The nozzle has been rotated during the measurement.

The angle in the figure indicates the angle between the axis of symmetry of the spray and the radial direction to
the point of measurement in the spray at a given distance from the nozzle orifice.

 

0° 5° 10° 15° 20° 15°

FIGURE 3. Measurement of the droplet spectrum as a function of time and measuring position

The reference point of the measurement has been chosen at an angle of 12.5° at a distance of 250 mm for the
hollow cone nozzle. In the case of the Laval nozzle an angle of 6.3° at a measuring distance of 500 mm has been
chosen.

These two measuring positions represent the area of the maximum mass flow in each spray.



Results
The following figure shows the behaviour of the diameter DV(10) under the different boundary conditions. See

Figure 4.
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FIGURE 4. DV(10) at different pressure and different concentrations of surfactants (Hollow cone nozzle).

The diameter DV(10) shows no significant change at different concentrations of the surfactant. The governing
influence is given by the driving pressure. In contradiction to the reduction of the expected reduction of the surface
tension (which should result in a reduction of the characteristic droplet diameters) the diameters even seem to
increase. Taking the accuracy of the particle sizing system into account the changes of the spray characteristics are
of the order of the resolution of the measurement. A similar result is obtained for D32. See Figure 5.
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FIGURE 5. D32 as a function of pressure and concentration of surfactants (Hollow cone nozzle)



The experiments with the Laval nozzle show a similar behaviour. See Figure 6. The droplet size increases with
increasing water-pressure as the mass concentration of the water increases.

With increasing mass concentration of the water the droplet size has to increase the atomisation energy per unit
mass decreases.

laval nozzle
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FIGURE 6. Dv10 and D32 as a function of pressure ratio and concentration of surfactant (Laval nozzle)

Conclusion
The modification of the droplet spectrum obtained in an atomization process by changing the surface tension is

only successful if the time dependent behaviour of this quantity is taken into account. The characteristic period of
time for the atomization process in the experiments presented in this paper is of the order of 10-2 sec. The surfactants
tested did not modify the surface properties within that timescale. Therefore the droplet spectra remained
unchanged.
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Abstract
This paper investigates the physical relevance of the parameters introduced by the M.E.F. to represent spray drop

size distribution. According to a recent application of the M.E.F., volume-based spray drop size distribution can be
represented by a three-parameter generalized gamma function. In the present study this function is applied to
represent drop size distribution of sprays produced by different cylindrical liquid jets. The eight jets selected in this
study can be divided into two categories according to the evolution of the physics of the atomization process when
the jet velocity is increased. It is found that the evolution of the mathematical distribution parameters with the jet
velocity is strongly related to the evolution of the physics of atomization. Thus, the application of the M.E.F.
appears to be not only a fitting procedure but a formalism from which the development of atomization model can be
conducted.

Introduction
Among others, one of the desirable attributes of mathematical expressions that represent spray drop size

distribution is to furnish some insight into the basic mechanism involved in atomization [1]. A required condition
for this attribute to be satisfied is that the parameters introduced by the mathematical function are related to the
physics of atomization. For the past 15 years, different attempts to derive mathematical spray drop size distributions
from the application of the Maximum Entropy Formalism have been conducted. Among them, a recent work [2]
concluded that volume-based spray drop size distribution could be represented by a three-parameter Gamma
distribution. The purpose of the present work is to investigate the relevance of these three parameters to the physics
of the atomization process.

To achieve this, the mathematical drop size distribution will be applied on sprays produced by low-velocity
cylindrical jets characterized by a different physics of atomization. A previous experimental investigation [3]
revealed the existence of three regimes of atomization defined by the origin of the critical velocity Vc of the jet. The
critical velocity is the smallest velocity at which the jet break-up length is a maximum. It was found [3] that the
evolution of Vc with the density ρG of the gaseous environment can be schematized as shown in Fig. 1. Jets
belonging to regime 1 have a critical velocity independent of the density of the surrounding gas. Jets of regime 3
have a decreasing critical velocity when the gas density is increased. Figure 1 presents also the theoretical behavior
obtained from the linear approaches due to Weber [4] and to Sterling and Sleicher [5]. According to these theories,
the critical velocity is the velocity at which the aerodynamic forces are great enough to induce a sharp increase of

the temporal growth rate of the perturbation. Consequently, the
jet break-up length is reduced. As shown in Fig. 1? this
behavior corresponds to the one of jets of regime 3. For jets of
regime 1, the critical velocity is not related to the action of the
aerodynamic forces since it is constant when the gas density
varies. Furthermore, it is always much smaller than the
minimum velocity required to see any influence of the
aerodynamic forces. This minimum velocity is equal to the
critical velocity predicted by the Weber theory (see Fig. 1). In a
recent work [6] it was found that the critical working condition
of jets of regime 1 is a consequence of the increase of the
initial amplitude of the disintegrating perturbation. This
increase reduces the break-up time and therefore the break-up
length. However, it was found also that, during this process,
the temporal growth rate remains constant. Furthermore the
observation of the drop size distribution of sprays produced by
jets of regime 1 revealed that the disintegration process results

Figure 1. Evolution of the critical velocity Vc of
a cylindrical liquid jet with the gas density ρG.
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from capillary instabilities [7]. These instabilities are supercritical at low velocity and become sub-critical when the
jet velocity is equal to or greater than the critical velocity.

Within the scoop of this work, drop size distributions of sprays produced by jets of different atomization regime
are measured as a function of the jet velocity. The diagnostic, presented in detail in [7], is based on an image
analyzing technique. The results are analyzed by applying the mathematical drop size distribution issued from the
application of the Maximum Entropy Formalism.

The Maximum Entropy Formalism (M.E.F.)
The M.E.F. application procedure used here was recently developed [2]. It is an extension of an earlier

development [8] that led to a two-parameter mathematical drop size distribution. This extension was necessary to
apply the formalism to sprays reporting a relative span factor smaller than 0.5 as those investigated in the present
study. It led to the introduction of a third parameter D0 equivalent to the diameter of the smallest drop of the spray.
The resulting mathematical function to represent volume-based drop size distribution is given by:
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The three parameters of this distribution are q, *
0qD and D0. The parameters q and *

0qD  are introduced by the
single constraint in the M.E.F. procedure [8, 2]. The application of this function requires the determination of the
three parameters. Theoretically speaking, this necessitates the knowledge of three pieces of information such as
mean diameters for instance. However, the resulting mathematical distribution is very much a function of the
information used and the best adapted set of information in the present case is unknown. To avoid this problem the
three parameters are determined on the basis of the maximum likelihood formalism. This formalism suggests to
calculate the set of parameters that maximizes the quantity I given by:
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where fv is given by Eq. (1) and mv represents the measured volume-based drop size distribution. The set of
parameters (q, *

0qD , D0) for which the quantity I is maximum defines the mathematical function fv that is as near as
possible to the measured distribution mv. The set of parameters maximizing I is determined by the use of a
mathematical procedure developed with the software MatLab.

Experimental Work
Within the scoop of this work, eight jets are investigated. The characteristics of these jets are reported in Table 1

and Table 2 presents the physical properties of the liquid used. As shown in Table 1, each jet is defined by a
diameter d, a ratio L/d where L is the length of the injector, a given liquid and an ambient pressure. The velocity is
not indicated since it is a parameter in the present study. Table 1 reports also the Ohnesorge number Z of each jet.
This non-dimensionalized number is defined by:

d
Z

Lσρ
µ= (3)

The experimental set-up used to produce these jets was detailed in [3] and is not presented in this paper. The
liquid to be atomized is kept in a closed reservoir pressurized by compressed nitrogen. The injector is positioned in a
high-pressure chamber that can withstand pressure up to 150-bar.

For each jet, the break-up length (continuous liquid part between the injector and the break-up point) and the
spray drop size distribution are measured as a function of the jet velocity. The image processing technique used to
perform these measurements were described in detail in previous papers [3, 7, 9]. For a given velocity, the break-up
length of a cylindrical liquid jet is not steady and oscillates around a mean value. The determination of this value
requires a statistical experimental approach. For each working condition, a break-up length distribution was
established on the basis of 700 images. It was reported in previous work that such a distribution is gaussian [3, 7].
The peak of the distribution is used to characterize the jet considered. The measurement of the break-up length
allows the establishment of the jet stability curve that presents the evolution of the break-up length with the jet
velocity. The stability curve is essential to determine the critical velocity Vc of each jet that is the smallest velocity



for which the break-up length is a maximum. The critical velocity obtained for the eight jets studied here are
indicated in Table 1.

Jet d (µm) L/d Fluid* Z Pamb (bar) Vc (m/s) Vcw (m/s) Regime
1 340 10 1 0.0063 1 6.9 17.8 1
2 440 10 1 0.0056 1 2.0 15.5 1
3 340 10 2 0.0108 1 9.6 17.4 1
4 340 10 2 0.0108 4.5 7.0 8.2 1
5 340 10 2 0.0108 51.5 3.5 2.4 3
6 340 10 3 0.0331 15.5 11 4.5 3
7 440 10 3 0.0291 12 8.9 4.5 3
8 550 10 3 0.0262 6 7.9 5.5 3

Table 1. Definition and characteristics of the jet studied (*Fluids are presented in Table 2).

As explained in the previous section, the
comparison between the experimental critical
velocity and the one predicted by the Weber
theory Vcw indicates the atomization regime of
the jet. Indeed, according to Fig. 1, the
condition for a jet to belong to the first
atomization regime is Vc < Vcw. For a given
situation, the critical velocity Vcw can be easily
determined from the jet Ohnesorge number and
the density of the surrounding gas [3]. The
velocity Vcw was estimated for each jet and is

reported in Table 1 as well as the atomization regime of each jet.
The diagnostic used to measured the spray drop size distributions is also based on an image analyzing technique

fully described in [7, 9]. The method consists in taking a series of images just down stream the break-up point.
These images are analyzed to detect the drops and to determine their characteristics defined as follows. Each drop is
attributed a diameter that is the diameter of the disk having the same surface as the drop image. A parameter
characterizing the shape of each particle is also determined. This parameter is the ratio of the non-common surface
between the drop and the equivalent disk, when both objects have the same barycenter, to the surface of the drop.
The shape parameter varies from 0 to 2, 0 corresponding to a circular projection of the drop. Finally, each detected
particle is associated to the contrast of its image [9]. The shape parameter and the contrast are used to select the
drops kept in the establishment of the drop size distribution. The shape parameter allows one to identify single drops
from drops in contact or liquid ligaments for which the atomization is not complete. Individual drops are
characterized by a shape parameter less than 0.35, but it was pointed out that when the shape parameter is comprised
between 0.1 and 0.35 the equivalent diameter overestimates the diameter of the particle when it is spherical. This is
why it was decided to keep the drops with a shape parameter less than 0.1 only. A second segregation was operated
on the basis of the contract of each particle. A small contrast corresponds either to a very small drop or to an
element out of focus. In both cases, the equivalent diameter is not a good representation of the drop size [9]. Thus,
the element kept for the establishment of the spray drop size distribution all show a contrast greater than 0.6.

In the present context it was preferred to concentrate on the establishment of the volume-based drop size
distribution mv that is defined by:
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where NT is the total number of drops, Nj the number of drops in class j whose median diameter is Dj and ∆D is
the class width. In the following, the results are presented according to Eq. (4) that can be directly compared with
the mathematical expression given by Eq. (1). Each distribution presented hereafter contains a minimum of 3,000
drops. This number was found to be sufficient for the distribution to be representative.

Experimental results
As a first result we propose to examine the evolution of the volume-based drop size distribution when the jet

velocity increases. Figure 2 presents this evolution for a jet of regime 1 (Jet 1). The evolution in this figure is
identical to the one reported for similar jets in a previous work [7]. For velocities less than the critical velocity, the

Fluid Density
ρL

(kg/m3)

Viscosity
µ

(10-3 PL)

Surface tension
σ

(10-3 N/m)
1 – Water 1000 1.0 73

2 – Water-Glycerol
(20% in mass)

1047 1.7 70

3 – Water-Glycerol
(48% in mass)

1120 5.4 70

Table 2. Physical properties of the liquid used.



volume-based drop size distribution is narrow and independent of the velocity. For such velocities, the jet
disintegration is due to a capillary instability. The temporal growth rate and the wavelength of the disintegrating
perturbation are both independent of the jet velocity explaining the fact that the resulting drop size distribution is not
a function of this parameter. When the critical velocity is reached, the distribution collapses mainly due to a
reduction of the minimum drop diameter. The shape of the distribution is close to a gaussian distribution. However,
the position of the maximum remains unchanged. Finally, we can note that a further increase of the jet velocity does
not affect significantly the shape of the distribution.

The evolution of the drop size distribution with the velocity is different for a jet of regime 3. This is illustrated in
Fig. 3 that reports the drop size distribution of sprays produced by jet 7 at different velocities. As for the previous
case, the distribution obtained for a velocity less than the critical velocity is narrow. As explained above, this is due
to a disintegration process controlled by a capillary instability. However, when the critical velocity is reached, the
evolution of the drop size distribution is different for this jet than for the one examined in the previous figure. It can
be observed that the distribution spreads and that the peak diameter corresponding to the maximum of the
distribution decreases. Furthermore, when the velocity is further increase, both the distribution spread and the left
shift continue. This behavior is in agreement with what expected. As explained in the introduction, the critical
working conditions for jets of regime 3 are due to the action of the aerodynamic forces. According to the linear
theory [4, 5] besides the increase of the temporal growth rate, the action of the aerodynamic forces is found to
decrease the wavelength of the perturbation controlling the break-up process. Thus, from a theoretical point of view,
the action of the aerodynamic forces reduces the size of the drop produced. This scenario agrees well with what is
shown in Fig. 3. However, one must add that the increase of the velocity also induces a slight extension of the tail of
the distribution.

These first results are very important because they report clearly that the jet atomization regime imposes a
specific evolution of the drop size distribution when the critical working conditions are reached. This shows the
relevance of the work carried out here. The behavior described in Figs. 2 and 3 was similarly observed for the six
other jets. To illustrate this, Fig. 4 presents the evolution of the ratio Dp/d (peak diameter/jet diameter) when the

Figure 2. Evolution of the volume-based drop size
distribution with the velocity for a jet of regime 1.

Figure 3. Evolution of the volume-based drop size
distribution with the velocity for a jet of regime 3.

Figure 4. Evolution of the peak diameter
with the jet velocity. Jets of regime 1.

Figure 5. Evolution of the peak diameter
with the jet velocity. Jets of regime 3.
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velocity increases for the four jets of regime 1 (see Table 1). In order to facilitate the comparison from one jet to
another, the velocity is divided by the critical velocity. It can be observed in Fig. 4 that the peak diameter of jets of
regime 1 is not deeply affected by the velocity. Furthermore, for all the cases considered here, the ratio Dp/d is of the
order of 2 and is independent of the injector. This behavior is in agreement with the theoretical approach treating the
problem of capillary instability. In a previous work [7], this observation led to the conclusion that for jets of regime
1, the growth of the disintegration perturbation remains unchanged when the jet velocity becomes greater than the
critical velocity and results from a capillary instability. For jets of regime 3, Fig. 5 presents the evolution of the ratio
Dp/Dth with the ratio V/Vc. The theoretical diameter Dth is calculated from the relation:

( ) 31
opt

2
th d14.1D λ= (5)

where λopt is the theoretical wavelength of the dominant perturbation, i.e., the perturbation reporting the
maximum growth rate. λopt is determined from the resolution of Sterling and Sleicher dispersion equation [5]. The
use of this theoretical approach was motivated by the fact that it allows a good prediction of the critical velocity for
jets of regime 3. It can be observed in Fig. 5 that whatever the jet, the ratio Dp/Dth is rather constant around 1. This
result confirms that the action of the aerodynamic forces is responsible for the critical working condition of jets of
regime 3.

Application of the M.E.F.
The mathematical expression deduced from the application of the M.E.F. (Eq. (1)) is now used to represent the

measured drop size distribution of all the jets investigated. This was achieved according to the procedure described
in the second section of this paper. First, the relevance of Eq. (1) to represent the volume-based drop size
distribution of the sprays studied here is illustrated for two different jets. Figures 6 and 7 present a comparison
between the calculated and the measured distribution. In both cases, the minimum diameter and the peak diameter
are well predicted as well as the tail of the distribution. This means first that the mathematical distribution is adapted
to represent the volume-based drop size distribution of sprays produced by low-velocity cylindrical liquid jets.
Second, it shows the good behavior of the procedure used to determine the three parameters. The application of the
M.E.F. distribution was conducted for the eight jets at different velocities. Each time the three parameters were
scrupulously noted. For each jet defined in Table 1, the initial values of the parameters are presented in Table 3.

These initial values are those obtained for the smallest
velocity tested that is also indicated in Table 3. The initial
parameters are used to study the evolution of the
parameters with the increase of the jet velocity. To
facilitate the comparison from one jet to another, each
parameter is normalized by its initial value and the jet
velocity is divided by the critical velocity. The results are
presented in Fig. 8a, 8b and 8c for the parameter q, Dq0*
and D0 respectively.

The behavior reported in the series of Fig. 8 is very
interesting. Indeed, it can be seen that the evolutions of
the parameters q and Dq0* appear to be a single function
of the jet atomization regime and are independent of the

Figure 6. Application of the M.E.F. distribution.
Jet of regime 1.

Figure 7. Application of the M.E.F. distribution.
Jet of regime 3.
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Jet Vin
(m/s)

qin Dq0*in
(µm)

D0
(µm)

1 2.0 0.38 1.7 657
2 1.1 0.53 8.0 747
3 6.0 0.54 7.0 636
4 6.0 0.55 9.1 646
5 2.0 1.08 27.8 570
6 3.8 0.83 13.2 622
7 5.7 0.95 15.3 780
8 3.5 0.98 36.6 915

Table 3. Definition of the initial parameters for each
jet.



injector geometry and of the liquid properties. When the critical
working conditions are approached, both q and Dq0* increase for jets of
the first regime of atomization and this behavior is inverted for jets of
the third regime of atomization. On can note that the increase of the
parameter q for jets of regime 1 reveals drop size distributions that
evolves towards a gaussian distribution. Indeed, as shown in a previous
study [2], the distribution is gaussian when q = 3.24. The variation of
the third parameter D0 appears to be less influenced by the atomization
regime of the jet. For the eight jets, D0 decreases when the critical
working conditions are reached. However, this decrease is slightly
more pronounced for jets of the third regime of atomization.

Conclusion
This paper first reports that the three-parameter Generalized Gamma

function deduced from the M.E.F. is very well adapted to represent
volume-based drop size distribution of sprays produced by cylindrical
liquid jets. Second, it is found that the parameters introduced by the
mathematical function are in connection with the physics of
atomization. As far as the disintegration of cylindrical liquid jets is
concerned, the action of the aerodynamic forces induces a reduction of
both the parameter q and Dqo*. Furthermore, the evolution of a
capillary instability from a supercritical instability to a sub-critical
instability is accompanied by an increase of these two parameters.

These results are important and suggest that the M.E.F could be at
the origin of new models to investigate the primary atomization
problem.
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Abstract
Model suspensions based on water and glycerol/water mixtures with various suspended glass particle fractions are
atomized by means of a external mixing twin-fluid atomizer. From drop size analysis it is found that the solid
particle size has the main influence on the drop size distribution. The atomization of the suspension with large solid
particles shows a bimodal distribution, whereby the solid particles separate from the liquid drops. At lower operating
conditions (We, ALR) the liquid drop diameter is controlled by the solid particle size, whereby the suspension with
relative small solid particles produces smaller liquid drops than the suspension with large solid particles. At higher
operating conditions the transfer of the aerodynamic energy to the suspension jet controls the resulting liquid drop
diameter. These diameters are equal to the diameters of liquid drops produced by the atomization of the pure liquid.
On the other hand the atomization of the suspension with small solid particles show a monomodal distribution, in
which the solid particles can not separate from each other and the drops in the spray cone are suspended drops
(liquid drop including solid particles); their diameter is controlled by the transfer of the aerodynamic energy to the
suspension jet.

Introduction
In the atomization of suspension in twin-fluid atomizers the interaction between the three different phases

(solid particles, liquid and air) and the rheological properties of the suspension play an important roll. Measurements
show that the solid particle size and the solid particle concentration affect the suspension viscosity, whereby the
viscosity of the suspension increases with increasing the solid particle concentration and decreases with increasing
the solid particle size. Generally the suspension viscosity is dependent on the shear rate according to a power law
( nm γη �= ) in a wide range of the shear rate [1,2,3], in these studies the three disintegration mechanisms (Rayheigh-
, membrane-type- and fiber-type break up), which describe the disintegration of the pure liquid jet in co-axial air
stream, have been observed  for the disintegration of the suspension jet in a co-axial air stream as well.

The suspension atomization and its rheology properties are significantly dependent on the solid particle size. Son
and Kihm [4] studied the effect of the coal particle size on coal-water slurry (CWS) atomization. They examined
three different samples (32 – 45 µm, 45 – 63 µm, and 63 – 90 µm) and found that the SMDs of the CWS containing
smaller coal particles are larger than the SMDs of CWS containing larger coal particles. This is a result of the
increasing slurry viscosity and the increase of the capillary force between the particles with decreasing particle size.
However, the SMDs have been measured assuming a Rosin-Rammler type droplet size distribution. Other results
were presented by Cornin et al. [4]. They also found that the spray SMD data showed, that CWS containing smaller
particles produce larger spray droplets than CWS containing larger particles.

In this study the effect of the solid particle size (in a wide range) on atomization characteristics of suspensions at a
constant solid particle concentration is investigated and the change of the droplet size in the spray cone with
changing operating conditions is studied.

Experimental Set-up
Glass particles with density of Pρ = 2500 kg/m³ are suspended in water (ρl =1000 kg/m³, σl = 0.072 N/m,

η = 1 mPa.s) and in glycerol-water mixture (ρl =1130 kg/m³, σl = 0.056 N/m, η = 16.7 mPa.s) and polymer particles.
The solid particle size is changed in fractions between 5 µm and 200 µm. All suspensions have a particle loading of
30 vol. %.
Figure 1 shows a schematic illustration of the experimental set-up. The suspension jet discharges from a nozzle with
an inner diameter Ds = 3 mm. The air jet exhausts from a co-axial nozzle with a total diameter D1 = 8 mm. The air
volume flow rate is measured by a flowmeter. The air pressure is measured by a pressure transducer. The droplet
size distribution and drop size has been measured by means of the Laser diffraction method (Malvern 2600). The
laser beam diameter of the Malvern system is 10 mm and the distance between the nozzle discharge and the laser
beam has been held constant for all experiments at z = 500 mm. The number of sweeps of the Malvern
measurements is N = 500. The Model-Independent algorithm type is used to match the experimental spray data [1].



Various operating conditions of the suspension/air spray are examined to determine the effect of the particle size on
the suspension atomization. The volume flow rate of suspension is changed between 0.24 l/min and 0.8 l/min and
the air velocity is changed up to 250 m/s.

laser receiver

CCD - camera light

feed

Air
atomizer

pressure-Signal

suspension

flowmeter

 air pressure

FIGURE 1. Experimental set up and disintegration modes of the suspension jet in a co-axial air stream

Results and Discussions
In order to plot the drop diameter (SMD, d50,3..) with the aerodynamic Weber number (We) and the air liquid mass
ratio (ALR) in a single presentation , we suggest to present the drops diameter as a function of the product

( ALRWe× ); (
σ

ρ 2
reluaird

We = , 
liquid

air

m
mALR
�

�
= ). Figure 2 shows the advantage of this presentation. The

correlation for pure water drop diameter versus ALRWe ×  can be described according to the relationship
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FIGURE 2. Correlation of the pure water droplet size

From drop size analysis it is found, that the solid particle size has the main influence on the drop size distribution.
Consequently the atomization of suspensions may be divided into different regimes as follows:

( )
( ) 4.0440

4.06503,50
−××=

−××=

WeALRSMD

WeALRd

    Rayleigh         membrane      fiber

air velocity
    14          20               30              40   m/s
disintegration modes of the suspension jet
containing small polymer particles [1,2].



1. Atomization of suspensions with large particles (d50,3 > 50 µm). The drop size distribution is bimodal with
two peaks and an overlap range (figure3).
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FIGURE 3. Bimodal size distribution for atomized  suspension containing large solid particles

For further drop size analysis the peak diameters have been chosen as representative drop diameter. Figure 4 shows,
that the Solids Peak (Fig. 3) diameter does not change with increasing the operating conditions ( ALRWe × ). This
constant diameter value corresponds to the solid particle size in the suspension i.e. the Solids Peak represents the
solid particles in the spray cone. The Liquid Peak diameter decreases with increasing ( ALRWe × ), consequently the
Liquid Peak represents pure liquid drops in the spray cone. On the other hand one should note, that decreasing of the
Liquid Peak diameter can be divided in to two stages: The first one at a lower ALRWe × , here the Liquid Peak
diameter (liquid drops diameter) is controlled by the solid particles size in the suspension, whereby the suspension
with relative small solid particles (e.g. 70 – 110 µm glass particles) shows smaller liquid drop diameters than the
suspension with relative large solid particles (e.g. 100 – 200 µm glass particles). The dominating mechanism to
produce liquid drops in the spray is the break up of the liquid bridge between the solid particles. The liquid one is at
higher ALRWe × , here the liquid drop diameter is not controlled by the solid particle size.
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FIGURE 4. Solids and Liquid Peak diameter for different suspensions containing large solid particles as a function
of operating conditions ALRWe ×



In order to compare the diameter of pure liquid drops resulting from atomization of suspension containing large
solid particles with this of the liquid drops by the atomization of the pure liquid, only the pure liquid mass flow rate
in the suspension mass flow rate will be considered in the calculation of the air liquid mass ratio ALR, therefore the
air liquid mass ratio of the suspension with large solid particles can be calculated as follows

ALR* =
liquidliquid

airair

liquid

air

V

V

m

m
.

.

ρ

ρ
⋅

⋅
=

The Liquid Peak diameter of the suspension with large solid particles is plotted as a function of   (We ×  ALR*).
Figure 5 shows the comparison between the Liquid Peak diameter, a function of  (We ×  ALR*), and the d50,3 of the
pure liquid. A good coincidence between both diameter can be observed especially for higher We ×  ALR*, so one
can say, that the dominating mechanism to produce liquid drops in suspension atomization at higher We ×  ALR* is
the turbulent break up, which controls the drop diameter by the atomization of pure liquid in a twin-fluid atomizer.

100 1000 10000

10

100

1000

di
am

et
er

 µ
m

100 1000 10000
We    ALR

10

100

1000

di
am

et
er

 µ
m

We     ALR

            d50,3 of pure water
Liquid Peak of suspension (glass/water) 
solid particle size:
               100 - 200 µm
                90  - 150 µm
                70  - 110 µm
                  0  - 45   µm

       d50,3 of pure (glycerol+water) mixture
Liquid Peak of suspension (glass/mixture)
solid particle size:
         70 - 110 µm
         90 - 150 µm

FIGURE 5. Liquid Peak diameter of the suspension with large solid particles at volume concentration Cp = 30 vol.
% and d50,3 of the pure liquid as a function of We ×  ALR*.

Another important aspect is, that the separation process of solid particles from liquid drops becomes better with
increasing the operating conditions i.e. the overlap range may disappear. A total separation of solid particles from
the liquid drops can be observed for atomization of suspension with relative large particles. Figure 6 shows the
cumulative drop size distribution for two different atomized suspensions at a high atomization condition.
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FIGURE 6.  Drop size distribution and the cumulative drop size distribution for two different atomized suspensions
with solid particle concentration Cp = 30 vol. %



2. Atomization of suspensions with small particles (d50,3 < 50 µm).  The drop size distribution is monomodal.
Figure 7 shows a comparison between a size distribution of a suspension/air spray with solid particle 5 - 7 µm and
particle concentration Cp = 30 vol. %, of a pure water/air spray (Cp = 0 %) and dry solid particles (Cp = 100 %). In
the present study two suspensions with small particles have been examined. A monomodal size distribution is
observed for both samples.
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FIGURE 7. Monomodal drop size distribution for atomized suspension,  atomized pure water and dry solid particles

The monomodal size distribution may be explained as follows: If the atomization occurs very rapidly, the
velocity of the air relative to the liquid has the most important influence on the mean drop size variation. The break
up of the liquid into drops occurs because the dynamic pressure forces are sufficiently large to overcome the surface
tension forces. For suspensions containing particles, the bonding forces between the particles have to overcome too.
Here the particle size becomes more significant, because  the suspension with small particles has a higher particle
number density and larger total particle surface area than the suspension with large particles, so the suspension with
small particles provides strong capillary bonding forces between the solid particles, as well as between particles and
liquid. Consequently the break up of the liquid bridge between the particles becomes more difficult than in a
suspension with large particles. As a result the production of many fine pure liquid drops is more difficult as well,
and the drops in the spray cone are suspension drops with monomodal drop size distribution.
With increasing the cooperating conditions the drop diameter decreases, as long as the kinetic energy can overcome
the capillary attraction forces (Figure 8).
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FIGURE 8. Drop diameter as a function of operating conditions
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The comparison between the suspension spray drop diameter and the diameter of the pure spray water diameter
shows, that the diameter of suspension drops at a lower operation condition is more or less equal to the pure water
diameter, but for a higher operating condition the pure liquid diameter is larger than the suspension drop diameter.
This behaviour is not observed for suspension based on glycerol/water mixture, whereby the suspension diameter is
equal to the pure mixture drop diameter. Here it is to note, that the viscosity of the glycerol/water mixture is higher
than of water, therefore glycerol/water drops produced by the air stream is larger than the pure water drops,
consequently the break up of the glycerol/water drop and the release the solid particles needs more energy than the
pure water [5]. However, it remains difficult to explain the trends within the spray cone of the suspension with fine
solid particles and further experiments are necessary.

Summary and Conclusions
Glass particles are suspended in water and glycerol/water mixture. The suspension is atomized by means of a

twin-fluid atomizer. From the drop size analysis it is found that the solid particles size has the main influence on the
drop size distribution. Consequently the atomization of suspension can be divided into different regimes as follows:
(i) Atomization of suspension with large particles d50,3 > 50 µm. The drop size distribution is bimodal with two
peaks. The solids peak corresponds to the solid particle diameter. The Liquid Peak represents the liquid drops in the
spray. At lower operating conditions the liquid droplet diameter is controlled by the solid particle size and at higher
operating condition the liquid droplet diameter is controlled by the air stream velocity as the atomization of pure
liquid. (ii) Atomization of suspension with small particles d50,3 < 50 µm. The drop size distribution is monomodal.
The suspension drop diameter is equal to pure liquid diameter at lower operating conditions and smaller than pure
liquid diameter at higher operating conditions. Further experiments are necessary to understand  the break up
mechanism of suspension drops containing fine solid particles.
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Abstract

The effect of the superheated atomization of water-solid-suspensions is investigated with two
different solids. The influence of the particle size distributions of the powders, the shapes of the
solid particles and the concentration of the solid in the suspension is studied.

Theoretical background

A fluid in thermodynamic equilibrium is transformed to an instable state by a sudden pressure
reduction. If the boiling temperature is exceeded for the given pressure the superheated state is
reached. Evaporation starts with the growth of small bubble nucleus. The bubble is subject to
three forces: the liquid pressure p0, the vapor pressure in the bubble pv and the pressure due to
the surface tension σ of the bubble pσ=2σ/r. For

r
2pp 0v
σ+= , (1)

the minimum size r of the stable nucleus is [1]:

0v pp
2r
−

= σ . (2)

For a given superheating and therefore a given vapor pressure bubble nucleus with a minimum
size are needed to start the evaporation. These are considerations for homogeneous increase of
nucleus in pure liquid. The values of the critical diameter of homogeneous nucleus dcirt, 1 in
table 1 for pure water and different fluid temperatures give an idea of the homogeneous nucleus
dimension. This kind of nucleation is important for high superheating [2].

Temperature [°C] 120 135 150
pv [105Pa] 1.9854 3.1574 4.7597
dcrit, 1 [nm] 2000 500 200

Table 1: Vapor pressure pv and critical nucleus diameter dcrit,1 for water with different
temperatures

The particles possibly with trapped foreign gases in the suspensions or pollution in the water
initiate the second category of nucleation: the heterogeneous nucleation. The surface tension of
foreign gas or vapor bubbles in contact with a particle is reduced compared with a spherical
bubble for a homogeneous nucleus [3]. The probability of heterogeneous nucleus with dcrit, 2 for a
given superheating ∆TS increases with the solid concentration.



Experimental setup

The atomization of superheated water, alumino-water- and zeolith-water-suspensions were
investigated with the measuring device Spraytec EPCS (Malvern Instruments, Ltd). This device
measures the particle size distribution by laser diffraction. The focal length of the used lens is
200mm. Therefore it is possible to analyze the droplet size in the spray for a range from 1.0µm
to 400µm. The suspensions were superheated in a heated pressure vessel. This vessel was

equipped with a stirrer to avoid
deposition of the solid during the
measurements (figure 1). The
temperatures were 120°C, 135°C
and 150°C. The temperature was
controlled by a thermocouple. The
pressure in the vessel was 5⋅105Pa
for all experiments. During the
atomization of the liquid through
the nozzle the pressure in the vessel
remained constant with the aid of
compressed air.

FIGURE 1: Experimental setup

The measurements were done in different vertical positions (10, 60, 160, 280mm distance from
the orifice of the nozzle) and for each vertical plane in a number of positions with
different radial distances from the center line of the spray. Started with 10mm
followed by steps of 10mm until the obscuration rate of the measuring device is
undershoot. The nozzle, Schlick GmbH, (figure 2), used for the atomization is
build of steel with a cylindrical outlet. The diameter of the orifice is
dnozzle=0.9mm.

FIGURE 2: Nozzel, Schlick GmbH

Data of the solids

Two different solids are used for the experiments. The first one is alumina, Al2O3. The picture of
a scanning electron microscope (SEM) in figure 3 shows the fine spherical fraction and also the
bigger angular particles. The smooth surface of the alumina particles is noticeable. The
cumulative number distribution of the particles shows that 90% of the number of particles is
smaller than 1.7µm. In the cumulative volume distribution it can be seen that 90% of the
particles are smaller than 60µm.
The second solid is a y-zeolith, aluminiumfree. The SEM-picture (figure 4) shows the rough
surface of the zeolith particles. A lot of bubble nucleus are supposed to be located in the "gaps"
of the surface roughness. This property of the zeolith is assumed to intensify the influence of
evaporation for the atomization. The big particles of the alumina powder are missed here. From
the cumulative number distribution it is state that 90% of the number of particles is smaller than
5.5µm. From the cumulative volume distribution 90% of the particles are smaller than 23.5µm.
Compared with the wide spread particle sizes of the alumina powder the distribution of the
zeolith is narrow.

Excessed pressure valve

Compressed air
Inlet

Stirrer
Thermocouple

Hotplate

Laserdiffraction Laserdiffraction

Emitter Detector

Exhaust system
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FIGURE 3: SEM-pictures of alumina, Al2O3 FIGURE 4: SEM-pictures of zeolith

Data of the suspensions

The fluids investigated are pure water, alumina-water-suspension and zeolith-water-suspension
with a superheating ∆TS of 20°C, 35°C and 50°C. In table 2 the weight and volume percentage
of the suspensions are given.

Volume-% 1 Weight-%
Al2O3-H2O

10 Weight-%
Al2O3-H2O

1 Weight-%
Zeolith-H2O

10 Weight-%
Zeolith-H2O

∆TS=20°C 0.34 3.63 0.52 5.4
∆TS=35°C 0.33 3.48 0.49 5.2
∆TS=50°C 0.32 3.42 0.48 5.1

Table 2: Weight and volume percentage of the suspensions

Results and Discussion

To give a global overview of the influence of the superheating on the shape of the spray, pictures
done with a laser light sheet and a CCD camera are shown below in figures 5-7. The pictures
were taken from a waterspray and they obviously show the influence of superheating of the spray
shape. The main differences in shape as a function of superheating ∆TS are also characteristic for
suspension sprays. The figures show the development of the spray immediate down to 60mm
beneath the orifice of the nozzle. From figure 5 can be seen that in the dense core region the
bubbles are build. The break up of the jet occurs near the orifice of the nozzle. For an
atomization without the effect of the evaporation the breakup of the jet will start several
diameters (dnozzle) downstream of the nozzle exit [4]. For a low superheating of ∆TS=20°C the
dense core remains intact for a short period then break up caused by particular exploding
sizeable vapor bubbles. With a superheating of ∆TS=35°C the atomization of the dense core
region is intensified and the spraygeometry is characterized by an increase of volume. The
number of smaller vapor bubbles tearing the continuous dense core apart increases. The high
superheating of ∆TS=50°C creates a large spray cone angle and the volume of the spray cone
increases. Flash boiling occurs in the nozzle orifice and produces underexpanded compressible
two phase flow.



FIGURE 5: Water, 120°C FIGURE 6: Water, 135°C FIGURE 7: Water, 150°C

The sprays were investigated by laser diffraction. The Spraytec EPCS measures the droplet size
distribution for spherical droplets in a range from 1.0µm to 400µm. Measurements in the dense
core region are impossible. In a little distance outside the dense core region cumulative
number/volume and number/volume density distributions were obtained. In figures 8 and 9
typical size distributions are illustrated for the radial development in 10mm to 80mm distance of
the sprayaxis of 10 weight%-alumino-water-suspension spray with ∆TS=50°C in 280mm
distance of the nozzle orifice.
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FIGURE 8: Cumulative number distribution FIGURE 9: Cumulative volume distribution

The number distribution indicates a very fine spray with a high amount of small droplets at least
90%<1µm. This is found for all sprays with a superheating of ∆TS≥35°C. For a superheating of
∆TS=20°C at least 80%<1µm. The droplet size range of the used laser diffraction device is
limited to 1µm<d<400µm. The values for d<1µm are extrapolated by the measuring device.
Hence the curves for d<1µm are not interpreted. The distribution of the solid powder (symbol x)
is coarser than the spray droplets. The finest measured droplets are a lot of fine water droplets
generated by the atomization. The volume distribution is shifted to the right. This shift is
generated by a few large droplets. The comparison of volume with number distribution allows to
hold that there are only a few large droplets. Due to the fact that no large particles can be seen in
the cumulative number distribution only a small number of them exists. For the number
distribution the particle size is taken into account by the power of 1, in the volume distribution
by the power of 3. By comparison of the particle size distribution (symbol x) with the spray
distributions the measured coarse particles have to be droplets or droplets with solid. The
distribution is not limited by the size of the powder particles. For a low superheating of
∆TS=20°C the droplet sizes are widely spread which is exemplary shown for the axial position
160mm and the radial position 10mm in figures 10 and 11. No tendencies for an increase in
fineness are observed. For this superheating the influence of the solid concentration is only
obvious by an increase in the volume of the spray cone. The number of horizontal experimental
points in each axial plane for water and suspensions with 1 weight%-solid-concentration shows a



narrow cone compared with the shape for 10 weight%-solid-concentration. The probability of
nucleus for heterogeneous nucleation with dcrit,2 increases with the solid concentration and the
atomization is intensified.
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FIGURE 10: ∆TS=20°C, axial: 160mm,
radial: 10mm

FIGURE 11: ∆TS=20°C, axial: 280mm,
radial: 10mm

With the superheating of ∆TS=35°C the influence of solid concentration and solid surface
structure is visible. The droplet size of 10 weight%-zeolith-water-suspension is directly beside
the dense core region with dp50,3=66µm finer than water and also all other suspensions with
dp50,3≥100µm (values for position axial/radial [mm]: 160/10). The internal scattering of the dense
core is due to rapid bubble growth. The high volume concentration of 10 weigth%-zeolith (see
table 2) combined with the rough surface of the zeolith (figure 4) are supposed to be responsible
for the small droplets. The number of nucleus with the critical diameter dcrit,2 in the high number
of particles and also in the gaps of the rough surface of the zeolith is assumed to be high.
Heterogeneous nucleus growth starts rapidly in various places in the continuous core compared
with the other suspensions with a lower number of nucleus and tears the core apart. In same
distance of the dense core region the curves are far more equal. The atomization is no longer
correlated with solid concentration or solid surface. The distributions are still wide spread with a
relatively high fines fraction. With the axial distance from the nozzle the droplet sizes increase as
shown for dp50 in table 3. Reagglomeration of the droplets, condensation of the vapor to adjacent
cooler droplets or evaporation of smaller droplets are possible reasons for the shift of the droplet
size distribution to larger values.

Position [mm]
axial/radial

Water 1 Weight-%
Al2O3-H2O

10 Weight-%
Al2O3-H2O

1 Weight-%
Zeolith-H2O

10 Weight-%
Zeolith-H2O

dp50 [µm] 160/20 64 68 65 55 51
dp50 [µm] 280/20 87 76 85 73 65

Table 3: dp50 values for the axial development of the sprays with ∆TS=35°C

The dense core is vanished for ∆TS=50°C. Near the nozzle (axial/radial [mm]10/10, 60/10) the
water spray is coarse compared with the suspension sprays. Suspensions seem to carry a
sufficient number of nucleus for heterogeneous nucleation. The concentration of this nucleus in
water is lower. Heterogeneous nucleation for suspensions produces a fine spray near the orifice
of the nozzle by internal scattering. The curves are similar independent of solid concentration
with a rise in axial and radial distance from the nozzle. The distributions become narrow
compared with lower superheating. In a higher axial and radial distance from the nozzle orifice
the size of the coarser droplets are more uniform and their size is coarser compared with the one
for the superheating of ∆TS=35°C.



Position [mm]
axial/radial

Water 1 Weight-%
Al2O3-H2O

10 Weight-%
Al2O3-H2O

1 Weight-%
Zeolith-H2O

10 Weight-%
Zeolith-H2O

dp50 [µm] 10/10 188 25 21 69 30
dp50 [µm] 60/10 134 61 54 61 45
dp50 [µm] 160/20 68 71 63 76 68
dp50 [µm] 280/20 88 86 74 87 87

Table 4: dp50 values for the axial development of the sprays with ∆TS=50°C
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FIGURE 12: ∆TS=50°C, axial: 60mm,
radial: 10mm

FIGURE 13: ∆TS=50°C, axial: 160mm,
radial: 20mm

For the atomization of superheated suspensions it was found out that internal scattering of the jet
is given for all ∆TS. Heterogeneous nucleation is assumed. Particles in a fluid increase the
probability for heterogeneous nucleus and an influence of the particle concentration and surface
shape is verified in the region near the dense core.

References

[1] Brown, R. and York, L., A. I.Ch.E. Journal Vol. 8, No. 2: 149-153 (1962).
[2] Oza, R., D., Sinnamon, J., F., SAE Tech. Paper, Ser.: 830590, 1-15 (1983)
[3] Thormählen, I., Grenzen der Überhitzbarkeit von Flüssigkeiten – Keimbildung und

Keimaktivität, VDI-Verlag, 1985, p. 17, p. 58.
[4] Lefebvre, A.H., Atomization and Sprays, Hemisphere Publishing Corporation, 1989, pp. 44-

45.



Agricultural Sprays
Chairperson: L. Bendig



ILASS-Europe 2001 Zurich 2-6 September 2001

SIMULATION OF AGRICULTURAL SPRAYING FLOWS
THROUGH CFX MODEL

A. Elkhalfi*, C. Sinfort**, V. Polveche** and B. Bonicelli**
*UFR de Mécanique Appliquée,  Département de physique,

Faculté des Sciences et Techniques –Saiss
Route d'Imouzzer BP 2202 Fez, Morocco

**Cemagref, BP 5095 F – 34033 Montpellier, France

Late Paper



ILASS-Europe 2001 Zurich 2-6 September 2001

DROPLET SIZING ON AGRICULTURAL SPRAYS –
A COMPARISON OF MEASURING SYSTEMS USING A

STANDARD DROPLET SIZE CLASSIFICATION SCHEME

A. Herbst
Federal Biological Research Centre for Agriculture and Forestry,

Division for Application Techniques, Messeweg 11/12, D-38104 Braunschweig, Germany
email: a.herbst@bba.de

Abstract
Agricultural sprays are classified concerning their droplet size spectra using a reference scheme, the International

Spray Classification System. The robustness of this system was tested by evaluating the spray quality of five nozzle
types with three droplet sizing systems of different working principles: Laser diffraction device, Phase Doppler
Anemometer and Particle/Droplet Image Analyser.
Although the measuring results in terms of cumulative droplet volume distribution were different from several
measuring systems, the classification of spray quality using the reference system gave the same results for almost all
tested nozzle types.
The classification system should get an official international standard, though the sensitivity of the system for coarse
droplet size spectra should be increased.

Introduction
Droplet size spectrum is one of the most important criteria in application of pesticides. At one hand, it affects

the structure of the spray deposit. At the other hand, the size of a droplet determines its driftability and life time.
Thereby droplet size influences biological efficacy of the applied pesticide as well as environmental hazards.

Several techniques to determine droplet size are known. Devices based on laser diffraction (LD) and Phase
Doppler effect (PDA) are spread for droplet sizing on agricultural spray atomizers. A new development is the so
called Particle/Droplet Image Analysis (PDIA) [1].

Although protocols for droplet sizing on agricultural spray nozzles are quite robust, it is known that there are
differences in measuring results dependent on functional principle and individual adjustment of the sizing system
used. That is why the International Spray Classification System was established on the basis of the droplet size
classification system created by the British Crop Protection Council (BCPC) [2]. Droplet size measuring results
from several laboratories shall be comparable with the help of this scheme by means of reference nozzles. These
nozzles mark the borders of  very fine, fine, medium, coarse and very coarse droplet size spectra according to the
measuring principle and individual setup. The droplet size spectrum of any nozzle can then be categorized in one of
these classes considering the measuring conditions.

In [3] droplet size spectra from a number of candidate nozzles where classified using two different PDA
systems. The classification scheme proved appropriate for these systems but its suitability for different measuring
principles was still to be demonstrated.

At Federal Biological Research Center for Agriculture and Forestry (BBA) the robustness of the international
classification scheme was tested for several droplet sizing principles: PDA, LD and PDIA.

Material and Methods
The international classification scheme for droplet size spectra is determined by four stainless steel reference

flat fan nozzles as shown in Table 1. Sets of these nozzles are certified and distributed by Silsoe Research Institute
(UK). So it is guaranteed that the droplet size spectra of these reference nozzles do not exceed certain tolerances.

Spray class border Nozzle type Spray pressure / bar
very fine/fine Delavan 11001 4.5
fine/medium Lurmark 31-03-F110 3.0
medium/coarse Lechler LU 11006 2.0
coarse/very coarse TeeJet 8008 2.5

Table 1. Reference nozzles for the International Spray Classification System.



Several candidate nozzles were chosen to be classified using the scheme (Table 2). Some of them should fit
close to the middle of a class and some near a border. Three of each type were selected for droplet sizing from a
number of nozzles with a liquid flow rate near the nominal value.

Droplet size spectra were determined using a PDA (Aerometrics Phase Doppler Particle Analyser), a LD
(Malvern Particle Sizer M3.1) and a PDIA system (Oxford Lasers VisiSizer).

For PDA and PDIA the whole spray fan was scanned during the measurements following the relevant BBA
guideline [4] on 5 lines, one along the wider spray fan axis and then along parallel lines one and two sixth of the fan
depth off the center. In all cases, scanning plane was at a distance of 500 mm below the nozzle outlet. Scan speed
and number of runs was chosen so that at least 30,000 droplets were sampled in total for each nozzle type. Droplet
diameters were categorized in at least 50 classes within a measuring range appropriate for the respective droplet size
spectrum. Cumulative volume distribution curves and volume mean diameters VMD were calculated from these
spectra.

Nozzle type Spray pressure / bar
Agrotop AVI 11004 4.0
Lechler ID 12002 5.0
TeeJet DG 8003 3.5
Hardi ISO F 11002 5.0
Albuz ATR orange 10.0

Table 2. Candidate nozzles for classification.

Results
The several droplet size measuring systems gave different results concerning volume distribution. Figure 1

shows the droplet size spectra from the reference nozzles for LD, PDA and PDIA. The coarser the spectra the bigger
the differences. This implies that the systems mainly differ in measuring of the bigger droplets in the spectra,
although in all cases the measuring range was sufficient. Generally, the results from PDIA agree with LD better then
with those from PDA.

FIGURE 1. Droplet size spectra from the reference nozzles of the International Spray Classification System for
different measuring systems.

It is obvious that the coarse spray class is relatively wide in both cases to the debit of the medium class. In
contrast to these systems, the classes in the PDA are approximately of the same width.

This can also be seen from the spray classification schemes for each measuring system (Figs. 2 to 4). There is
only a little difference between the schemes from LD and PDIA. The spectra of all candidate nozzles for both
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measuring systems are in identical classes. The classification from the PDA system looks a little different.
Consequently, the classification deviates from PDIA and LD systems for the TeeJet DG 8003 nozzle.

FIGURE 2. Spray classification scheme for the Laser Diffraction (LD) system.

FIGURE 3. Spray classification scheme for the Particle/Droplet Image Analysis (PDIA) system.

Volume mean diameter is one of the most common parameter to characterize agricultural sprays. Until recently
there have been national and international regulations based on this parameter. So it should be interesting to
compare the results from the droplet sizing systems just on the basis of VMD.

The correlation of the measuring results concerning volume mean diameter VMD is shown in Fig. 5. This was
calculated for the VMD values of each individual reference and candidate nozzle. The results from LD and PDIA
very well agree over the whole range. VMD values from PDA deviate a little more from PDIA values, especially for
spectra in the middle of the range.
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In addition, average volume mean diameters for each nozzle type were calculated as the basis for spray
classification (Table 3).

FIGURE 4. Spray classification scheme for the Phase Doppler Anemometry (PDA) system.

 FIGURE 5. Correlation of volume mean diameters VMD from each nozzle for different measuring systems.
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LD PDA PDIA
Reference nozzles
very fine/fine 134 141 136
fine/medium 190 213 188
medium/coarse 231 281 226
coarse/very coarse 345 361 385
Candidate nozzles
Agrotop AVI 11004@4 bar 447 425 434
Lechler ID 12002@5 bar 312 348 323
TeeJet DG 8003@3.5 bar 257 283 251
Hardi ISO F 11002@5 bar 154 161 155
Albuz ATR orange@10 bar 142 147 136

Table 3. Average volume mean diameters VMD from different measuring systems.

Results of classification are summarized in Table 4. For all the candidate nozzles the spray was categorized
according to the position of the major part of the spectra. It is much easier to classify the spray simply by VMD.
This gave the same results except for the TeeJet DG 8003. But this was a critical case anyway.

Classification by spectra
LD PDA PDIA

Agrotop AVI 11004@4 bar very coarse very coarse very coarse
Lechler ID 12002@5 bar coarse coarse coarse
TeeJet DG 8003@3.5 bar coarse medium coarse
Hardi ISO F 11002@5 bar fine fine fine
Albuz ATR orange@10 bar fine fine fine/very fine

Classification by VMD
LD PDA PDIA

Agrotop AVI 11004@4 bar very coarse very coarse very coarse
Lechler ID 12002@5 bar coarse coarse coarse
TeeJet DG 8003@3.5 bar coarse coarse coarse
Hardi ISO F 11002@5 bar fine fine fine
Albuz ATR orange@10 bar fine fine fine/very fine

Table 4. Droplet size classification for candidate nozzles from different measuring systems.

Conclusions
The International Spray Classification System is very useful to ensure that measuring results from different

laboratories can be compared. The classification of sprays from almost all tested nozzles gave the same results for
all measuring systems. However, the decision was only just on the border in some cases. So generally, there might
by different classification results for other nozzles, too.

For the nozzles that were tested within this project, the spray classification results were nearly independent
from whether the classification was based on the whole spectra or on the volume mean diameter VMD. Normally
the whole spectrum should be considered and the spray should be classified according the position of the major part
of the cumulative volume distribution. But it can be seen that the spectra in each classification scheme have
characteristic shapes. If a spectrum crosses a border line, it is very likely that the VMD represents the major part of
the spectrum. For that reason, classification by VMD should be appropriate for spray classification at least for
conventional pressure atomizers. This should be tested for rotary or twin fluid atomizers also.

Significant differences in measuring results from several droplet sizing systems were found. Differences
increase with droplet size. This region of droplet size spectra recently gets more important for environmental
protection reasons. That is why a reference system is essential especially for the comparison of droplet sizing results
from coarse nozzles. In the USA the International Spray Classification System was extended by an “extra coarse”
class using an additional reference nozzle. This should be introduced generally in order to increase the sensitivity of
the system for coarse nozzles. Then the International Organization for Standardization should by applied to for
giving this de facto standard an official status.
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Abstract
Evaluation of sprays deposition on plant and ground loss has been a difficult task to overcome due to plants

morphology and geometrical shapes. A weighing technique has been applied to overcome the difficulties in spray
deposition evaluation. In this experiment an electrostatic pressure-swirl nozzle was developed and tested with a
Faraday cage to find out the optimum charge to mass ratio at various flow rates. A charge to mass ratio of
0.27mC/kg at 4 kV of applied voltage and a liquid flow rate of 0.69�/min were selected for the experiment. The
experimental result showed that the charged spray increased the rate of deposition by 1.3 to 2.3 folds as compared to
the uncharged spray when the distance was increased from 0.5 to 2.5 m from the nozzle tip to the plant canopy, due
to the wraparound effect. There was no significant difference in ground loss. This may be due to the amount of
deposition on the leaves surfaces, the repellent and coalescent behaviours of the droplets. There was also a reduction
in estimated drift for the charged spray as distance was increased from the nozzle tip. The charged spray
characterizes a technique for effective utilization of material and pollution control. The experiment showed a
revealing result of the need for selection of nozzle height in electrostatic sprays application for orchard sprayer.

Introduction
It is well known that electrostatic atomization technology characterizes low energy expenditure, absence of

pollution and also high material utilization efficiency. The successful development of this technology requires major
aspects of the overall process design and research such as: a) droplet charging method, b) transportation of the
charged droplet to the target and c) actual deposition onto the surface area. These three processes are interrelated in
all applications. In agriculture, the most charging method has been the induction or influence charging [1-3] and has
proved to be a reliable and consistent device but these are related to low volume liquid flow rate applications.

Evaluation of agricultural pesticides spray deposition on plant canopy is very complex, because droplets size, and
targets having geometrical shapes and textures vary considerably in the application. Although much work has been
done to determine deposition by some researchers, there is no effective method to overcome the problems,
especially, on plant canopy. Previous investigation on deposition using artificial targets had been studied [4,5].
Artificial targets are not as efficient as most natural substrates in trapping deposits [6]. The difficulties by using
computer vision to evaluate plant leaves treated with water-soluble tracer showing low emission intensities,
touching or overlapping deposit features have been studied [7].

This work is a part of a project to develop a suitable electrostatic nozzle for an orchard sprayer, with the
collaboration research between Kyungpook National University, NAMRI and Chungbuk National University. The
purpose is to develop an electrostatic pressure-swirl nozzle and to evaluate deposition on plant canopy, ground loss
and an estimated drift in agricultural spray application. This is aimed at experimental investigation on the effect of
other factors that may improve deposition and reduce drift.

Experimental Setup
The schematic diagram of the experimental setup is shown in Fig. 1. In the experiment, tap water was used

without any surfactant to a plant canopy with uncharged and charged droplets issuing from a developed pressure
swirl nozzle. The developed nozzle with orifice diameter 0.59 mm and inner electrode diameter of 12mm operated
on varying pressures from 18 to 25 kg/cm2, with a liquid flow rate in the range of 0.66 to 0.79�/min at applied
voltages from 3 to 5kV. From these parameters, charge to mass ratios was tested to select a suitable liquid flow rate
and applied voltage to be used for orchard sprayer. The nozzle was mounted horizontally with a travel velocity of
1.26 km/h across the stationary plant in a pot. The plant stem and the pot were covered with a water-resistant
material to allow non-target sprays to drop on the spray tray thus considered as ground loss. The spray deposition on
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the plant canopy was weighed directly by an electronic scale, while the ground loss was collected in the spray tray
on a weighing scale with a 1 g resolution. The drift was calculated to be the difference between the summation of
the canopy deposition and ground loss to the mass sprayed liquid. The location of the nozzle was varied relative to
the plant at different spraying height. The designed nozzle in this study is shown in Fig. 2. A blower with a speed of
3400 rpm, discharging air at 1 m3/min and air velocity of 8.5 m/s was used in the experiment to accelerate
transportation of the droplets onto the plant canopy.

Results and Discussion
Spray charging performance

The electric current carried by the charged spray cloud was measured by using a Faraday cage connected to a
Keithley 617 electrometer as showed in Fig.3. The charge to mass ratio and the applied voltage relationship are
shown in Fig. 4 with different operating pressures. It shows an initial rapid and linear growth of the charge to mass
ratio to a peak and then begins to decline as applied voltage was increased showing an indication of a critical applied
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FIGURE 1.Experimental Setup
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FIGURE 2. Pressure-swirl embedded electrode
nozzle

b) Cross-sectional view of the designed frame
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voltage. This explains the occurrence of corona discharge causing the spray to become less chargeable at higher 
applied voltage corresponding to the liquid flow rate. The charge to mass ratio relationship to the liquid flow rate is
presented in Fig. 5 to show the effect of applied voltage. It was observed that the charge to mass ratio increased
linearly as the liquid flow rate was increased and it also illustrated the behaviour of a higher voltage after attaining
its optimum point. This explains the corona discharge effect showing less chargeable spray at a liquid flow rate.
Although pressures of 22 kg/cm2 and 25 kg/cm2 showed higher charge to mass ratios, the pump capacity could not
withstand these operating pressures for a longer period, so it was set to its normal operating pressure of 20 kg/cm2 to
suit the orchard sprayer (speed sprayer) application that is familiar in Korea and Japan [8]. Therefore, a flow rate of
0.69�/min and applied voltage of 4kV which gives the maximum charge to mass ratio shown in Fig. 4 were selected
for the evaluation of deposition on plant canopy, ground loss and drift.

Spray deposition performance 
The comparison of spray deposition between the uncharged and charged sprays is shown in Figs. 6. The spray

deposition decreases as distance increases from the nozzle tip to the plant canopy at different nozzle heights. The
figure shows an effectiveness of charged spray as distance increases, especially at nozzle height of 0.6. This may be
due to the wraparound effect by the attraction of the charged spray to the underside of the leave areas. There is also
a linear decrease in deposition of charged spray at a nozzle height of 0.9 m, as distance was increased compared
with the uncharged sprays. This may be due to the dense foliage of the plant. It is clear that at both nozzle heights,
the charged spray shows a better deposition rate than the uncharged one. 

Ground Loss
The evaluation of ground loss at nozzle heights of 0.6 m and 0.9 m from the tree’s base are represented in Fig. 7.

It was observed that there was no difference between both sprays in ground loss when nozzle heights were varied
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but increased with an increase in distance. This may be attributed to the repellent and coalescent behaviours of the
droplets preventing them from being on the canopy. 

Estimated drift
Figure 8, shows that the electrostatic spray is effective in the control of drift as distance was increased at different

nozzle heights as compared to the uncharged one. The reduction in drift was due to the attractive forces acting
between the charged droplet and the earthed plant.

As a summary Figures 9 and 10 present a clear view of the experimental results. Under all conditions, the charged
shows an increase in deposition and reduction in drift as the distance was increased showing a wraparound effect.
There was no significant difference in ground loss due to the repulsion and coalescence of droplets. In effect
selection of a suitable nozzle height must be given a careful consideration in the control of drift in orchard spray
application
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Conclusion
Evaluation of charged and uncharged sprays had been conducted. An electrostatic pressure-swirl nozzle was

developed and evaluated in terms of deposition on plant canopy, ground loss and drift. A flow rate of 0.6 and charge
to mass ratio of 0.27m/kg at the applied voltage of 4kV was selected for the experiment.

The effort to improve the deposition on plant canopy by using electrostatic technique has been very effective, as
seen by the increase in folds (1.3 to 2.3) at a nozzle height of 0.6m. Although a higher rate of deposition was
achieved at a nozzle height of 0.9 m, there was not much difference between the charged and uncharged sprays
because much spray was deposited on the leaves surfaces. There was no significant difference in the ground loss due
to the repellent and coalescent behaviours of the droplets. It was observed that at a nozzle height of 0.6m, the
amount of estimated drift decreased by the charged spray. This may be due to the increase in deposition by the
attractive forces between the charged droplets and the earthed plant. The total contribution of the charged spray
characterizes efficient utilization of the material and pollution control.
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Abstract
This paper seeks to investigate and compare the effect of diffusion and electrophoresis for the separation of
very small particles from gaseous particulate laden streams characteristic of Internal Combustion (IC)
engine vehicle exhausts when an electrostatic field (E) is applied for particulate emission control. We
identify separately the effects of Brownian dispersion and electrophoresis on sub-micron particles
deposition for cylindrical exhaust pipe geometries from analytical laminar deposition models. We show
that particles with D < 10-8 m are separated by diffusion regardless of mass fraction. Electrophoretic
separation, even for ‘naturally charged’ particles is efficient and rises effectively with particle mass
loading.

Introduction
Recently, a great deal of attention has become focused on the issue of particulate emissions (PM) from

internal combustion (IC) engines. Particulates and especially those in the ultra-fine (< 100 nm) and
nanoparticle (< 50 nm) size range are of great concern for human health because they can penetrate deep
within the lung causing severe respiratory inflammation and acute pulmonary toxicity [1].

Progressively more restrictive regulations on automotive particulate emissions and health concerns
have focused attention towards particle size measurements and particle number concentrations in the
exhaust pipe of not only diesels but also gasoline engines. Direct injection (DI) compression ignition
engines emit more PM by mass than Spark Ignition (SI) DI engines. However, gasoline particulates
emissions are periodically unstable with spikes at very low particle diameter (less than 30 nm) and
increases in PM emissions by number by more than two orders of magnitude at high speed and loads
[2,3,4]. Although the legislation on particulates is currently mass-based and it does not include gasoline
engine emissions, these must be taken into account considering the high percentage of gasoline vehicles in
the passenger car market and the large number of nanoparticles emitted by modern gasoline engine
vehicles. Great effort has been made to improve diesel and gasoline engine technology ‘at source’ as well
as ‘at tailpipe’ for PM emissions control. However, these markedly reduce particle emissions by mass but
may lead to sharp increases in particle emissions by number [5]. Investigations on modern GDI engines
performance showed substantial increases in nanoparticle emissions by number vs. modern port fuel
injection (PFI) [2,4]. Conventional after-treatment devices for diesel engine applications, i.e. particulate
traps, reduce markedly PM emissions by mass but may increase particle emissions by number [5].
Currently, there is no regulation on PM emissions accounting for size and number, however, European air
quality standards, which have size-related aspects have been proposed for PM with diameter 10 µm (PM10)
and 2.5 µm (PM2.5) [6]. Therefore, there is urgent need of controlling and reducing PM emissions both by
mass and by number.

Considering the high health risk associated to nanoparticle emissions as, at similar mass
concentrations, nanometer-sized particles cause more severe problems than micron-sized particles [1], the
aim of the paper is to investigate two main mechanisms for the separation of very small particles from
gaseous particulate laden streams characteristic of IC engine vehicle exhausts. We investigate the effect of
diffusion and electrophoresis for the separation of particle sizes below 1 µm within gasoline engine exhaust
pipes when an electrostatic field (E) is applied for PM emission control. We identify separately and
compare the effects of Brownian dispersion and electrophoresis on particle deposition in laminar



cylindrical exhaust pipe geometries to guide the design of electrophoretic separators for gasoline PM
control applications.

Geometry and Assumptions
We approach the problem by using established analytical tools to parameterize the relevant range of

variables we wish to investigate in an effective way and by comparing the results with previous published
work on the subject. This procedure will allow us to present the problem in terms of characteristic
dimensionless parameters and time scales, thereby pinpointing the limiting processes in possible designs.
The geometry we consider is that of a cylindrical pipe of radius R0 and a test section of length ZL as shown
in Figure 1.

Figure 1: Schematic of particle separator (not to scale).

We assume a laminar flow field within the exhausts pipe and a laminar gas velocity profile ug= u0(1-(r/R0)2
)

[6] The objective is to analyze mechanisms able to capture and deposit small particles along the pipe walls
effectively. For this purpose, the pipe has been divided into two regions 1, and 2. Region 1 contains the
information at the pipe inlet and perfectly reflects any impinging particles while in region 2 particles
deposition occurs. We assume an initial particle-laden flow of concentration n0, uniform across the radius r;
i.e., n(0,r)=n0 and n(z,R0)=0. Particulates, within the exhaust flow, are assumed to be pure carbon particles
and the exhaust gases to behave like air. Typically for air at NPT, υ= 10-5 m2/s, k ~ 10-2 W/m K, Cp= ~103

J/kg K and Pr~Sc~Le~O(1) for non-particulate diffusional processes, this implies that viscous momentum,
heat and mass transport vectors are all of the same order and should be solved together. The pipe geometry
of Figure 1 avoids consideration of velocity profile entrance effects and the pipe length (Zu) to have fully
developed laminar flow is given as [9]:

(1)

For our specific case, where R0= 25 10-3 m and Re ~103 , Zu= ~2 m. For a fixed pipe geometry (ZL, R0) and
mean gas velocity ug, a characteristic geometry time-scale can be expressed as tu= ug/ZL. By rationing time-
scales corresponding to different mechanisms, we identify the most important ones responsible of small
particle deposition in exhaust pipes. Because conventional mechanisms for particles deposition, such as
gravitational settling, impaction and interception are function of the particle size and are effective only for
D >1µm, we will focus on diffusion and electrophoresis as they are the most effective deposition
mechanisms for particles with D≤ 1 µm. We will look at each mechanism and its contribution to deposition
separately. However, it is important to understand the behavior and characteristics of very small particles
for our application.

Particle Characteristics
The behavior of small particles within gaseous streams depends upon their size range or size regimes.

These size regimes can be classified into four categories (Continuum, Slip Flow, Transition and Free
Molecule regime) according to the values of the Knudsen number (Kn), defined as the ratio between the
mean free path of the gas molecules λ and the particle diameter D (Kn=2λ/D) [7]. Continuum regime is
characterized by Kn <<1 while Free Molecular regime by Kn >> 1. As shown in Table 1, for very small
particles (D< 1 µm) at NPT Kn >> 1and we are in the Free Molecular regime. The ‘Cunningham slip
correction factor’ (Cc), corrects for the effect of non-continuum gas flow relative to a particle when particle
sizes are comparable to λ is expressed as function of the Knudsen number and is used to link the Free
Molecule to the Continuum Regime. Cc is as follows [7]:
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and for solid particles α=1.2310, β=0.4695, γ= 1.1783. Where λ is given as [7]:

(3)

Because we wish to make a continuum approximation, as discussed by Deen [8], this is valid providing we
do not consider length scales >1 µm and time-scales <10-10 s. Therefore, we consider particles of
nanoscales i.e. 10-9 ≤ D ≤10-6 m in steady flows. In addition, we consider very small volume fractions so
that bulk transport properties of the particulate laden flow may be taken as those of the carrier phase,
assumed to behave as air. Particle diffusion defines the deposition rate and the diffusion coefficient (DAB)
for particles with diameter D is defined as [7]:

(4)

We make use of an empirical correlation for the gas viscosity µ as [7]:

(5)

The mean velocity due to Brownian motion for particle with mass m [7]:

(6)
The ratio of axial convective transport of particles and (radial) diffusive transport defines the separator
Peclet number (Pe=ugL/DAB), where L is the significant dimension of the particle-collecting surface (pipe
diameter). The ratio of the Peclet number to the Reynolds number Re is referred to as the Schmidt number
Sc, expressed also as ν/DAB. Table 1 shows the relevant particle dimensionless characteristics discussed
above as a function of particle size for Re ~ 103.

Table 1. Continuum particle characteristics at NPT conditions (T= 293.15 k; P=101300 Pa; Re=103).
D m Kn Cc Pe Sc urms DAB

10-9 5.24x10-25 133 226.617 2.81x103 2.847 133 5.34x10-6

10-8 5.24x10-22 13.3 23.087 2.76x105 2.79x102 4.2142 5.44x10-8

10-7 5. 24x10-19 1.33 2.894 2.20 x107 2.23 x104 0.133 6.83x10-10

10-6 5. 24x10-16 0.133 1.163 5.47 x108 5.54 x105 4.21x10-3 2.74x10-11

Diffusive Transport and Separation
With the hypothesis of a smooth-walled pipe with pipe diameter much greater than particle diameter D

and laminar gas velocity profile (Re < 2100), small particles present in the gas stream diffuse to the walls
as a result of their Brownian motion. Since for the flows considered Pe >> 100 (see Table 1), we may
neglect axial diffusion [9] and make use of Graetz-Like solutions, replacing Pr with Sc and operating upon
concentration n. Because Sc >> 1, the diffusion boundary layer is thinner than the velocity boundary layer
and the concentration profile tends to remain flat perpendicular to the flow. Therefore, we can assume that
at the pipe entry, the concentration profile is flat while the velocity profile is already fully developed. For a
fully developed parabolic velocity profile, the steady-state equation of convective diffusion takes the
following form in cylindrical coordinates [9]:

(7)

As boundary conditions, it is assumed that the concentration n is constant across the tube inlet and vanishes
at the pipe wall, i.e., z = 0, n=n0 for r<R0 and n=0 at r= R0. For fully developed laminar flow through a tube
having circular cross section, an analytical solution to the convection-diffusion equation above has been
obtained. This solution gives the separation (ηD) by diffusion of particles passing through a cylindrical pipe
of length ZL. The mathematical expression for ηD is [10]:

µ< 0.009 (8)

µ≥ 0.009 (9)
where µ is given as[10]:
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We consider a unit length of pipe with R0= 0.025 m and investigate the laminar flow range (Re< 2100) for
particle size 10-9 ≤ D ≤ 10-6 m. Figure 2 shows the diffusional separation efficiency ηD vs. Re for these
conditions. For same Re, ηD is much higher for smaller particles (D=10-9 m); at small Re (~ 300) we may
separate 40% particles with D=10-9 m but only ~ 4% with D≤ 10-8 m. As Re increases, ηD decreases for all
particle sizes. However, at Re ~2000 the separation efficiency ηD is ~ 20% for D=10-9 m. If we increase the
gas temperature to typical vehicle exhausts values (T ~ 673.15 K) for the same pipe geometry, ηD is
unchanged with temperature at same D and Re. This because of slightly changes of µ in equation (8, 9).
Instead, if we keep constant the exhausts volumetric flow rate Q and the pipe geometry, for the same
particle size, ηD increases as T increases. Figure 3 shows ηD vs. the exhaust gas velocity at T= 293.15 K and
T= 673.15 K.

Figure 2. Diffusional separation efficiency ηD at
T= 293.15 K for different particle sizes: D=10-9

m (□), D=10-8 m (▲), D=10-7 m (○), D=10-6 m
(*). The black line refers to values of µ>0.009
while the dotted line to µ <0.009.

Figure 3. Diffusional separation efficiency ηD at
different temperatures for same particle sizes:
D=10-9 m (□) (T= 293.15 K); D=10-9 m (▲) (T=
673.15 K). The black line refers to values of
µ>0.009 while the dotted line to µ < 0.009.

Electrophoretic Contribution
We now neglect diffusional transport and concentrate on the effect electric charge has upon the

particle deposition rate within the exhausts pipe. We consider the electric Reynolds number (Ree) defined
as the ratio between the convection time-scale tu=ZL/ug, and the electrical diffusion time-scale te= ε/(ρ0 κ)
(s), due to the space charge effect. The analysis is much simplified by using the method of characteristics.
Taking the transport equation for space charge, and assuming our frame of reference moving with the gas
flow speed and direction, the charged particles are approximated as continuum, and may be expressed as
[11]:

(11)

Integrating the expression above between t=t0, where ρ(t0)=ρ0 and tu=ZL/ug , ρ(tu) =ρ(z), we can express the
particle separation due to space charge effect (ηρ) as function of Ree ,(te/t), as follows:

(12)

We assume the charge distribution with respect to particle size to follow diffusion controlled charging
mechanism [12], which is dominant for D<1 µm if additional charge is added. However, for ’natural’
charging characteristic of PM from IC engine exhausts, we assume fractions of charged particles for a
steady-state particle charge distribution in a bipolar ionized atmosphere. These are function of particle size
as reported in Table 2 [13].
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Considering that a typical gasoline vehicle exhaust PM load is in the range 10-3– 10-2 kg/m3 [14] and taking
the particle charge distribution fractions, as given in Table 2, we can calculate the initial space charge ρ0, as
function of D and particle load.

Table 2. Number fraction of charged particles in a bipolar ionized atmosphere [13].
D(m) Uncharged 1 charge 2 charges 3 charges 4 charges

10-9 0.99 0.01 - - -
10-8 0.76 0.24 - - -
10-7 0.29 0.44 0.20 0.06 0.01

We assume, for each particle size, the total particle load consisting of 100% particles within that size.
Table 3 shows the values of initial particle space charge ρ0, electric time te and separation efficiency ηρ
across a pipe of length 1 m, for different particle loads, at Re ~ 1000. The electrical particle mobility κ is
reported as well as; it is function of D and increases as D decreases as shown in Table 3. ηρ is maximum
(100%) for D= 10-9 m and 10-8 m but decreases to very small values (~3 %) as D increases to 10-6 m for low
particle load. At high particle load (10-2 kg/m3), ηρ increases for all D. Even with small % of particles
naturally charged, space charge densities are high and the particles, using a continuum assumption, are
efficiently separated. However, this result should be understood in the light of no fluid-particle momentum
coupling due to the space charge body force term (ρE) in the fluid momentum equation.

Table 3. Particle values calculated for Re ~ 1000 and pipe length ZL=1 m.
D

(m)
κ

(m2V s)
te
(s)

ρ0
load=10-3 kg/m3

ρ0
load=10-2 kg/m3

ηρ
load= 10-2 kg/m3

ηρ
load= 10-3 kg/m3

10-9 2.11x10-4 1.37x10-8 3.06 30.6 9.99x10-1 9.99x10-1

10-8 2.15x10-6 5.60x10-5 7.34x10-2 7.34x10-1 9.99x10-1 9.99x10-1

10-7 2.70x10-8 2.44x100 3.24x10-4 3.24x10-3 9.33x10-1 3.70x10-1

10-6 1.09x10-9 6.06x101 3.24x10-4 3.24x10-3 3.62x10-1 2.30x10-2

The separation efficiency ηρ vs. Re for different particle sizes D and exhausts particle loads is shown in
Figure 4. ηρ is maximum at D=10-9 m and 10-8 m for all values of Re both at low and high particle load
conditions. Instead, ηρ decreases rapidly as Re increases for D=10-7 m and D=10-6 m. However, the
separation efficiency for 10-7 ≤D≤10-6 m increases at higher particle load conditions. No significant changes
are observed changing the exhaust gas temperature, as ηρ is function of Ree.

Figure 4. Separation efficiency ηρ due to space charge effect for different particle sizes. Low particle load
(10-3 kg/m3): D=10-9 m (□); D=10-8m (■) D =10-7 m (▲); D=10-6 m (*). High particle load (10-2 kg/m3):
D=10-9 m (◊); D=10-8 m (●) D =10-7 m (+); D=10-6 m (x).

Conclusion
We have been investigated the effect of diffusion and electrophoresis for the separation of very small
particles (10-9 ≤D≤ 10-6) from gaseous particulate laden streams characteristic of Internal Combustion (IC)
engine vehicle exhausts assuming laminar flow range (Re< 2100) and a fixed pipe geometry (ZL, R0). The
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diffusional separation ηD decreases as Re increases for all D and it is higher for D>10-8 m with ηD ~ 40% at
Re= 300 and ~ 20% at Re= 2000 for D=10-9 m. The electrophoretic separation ηρ vs. Re is ~100% for 10-9

≤D ≤10-8 m at both high and low exhausts particle loads but decreases as D>10-8 m. However, ηρ increases
for all D as particle load increases. Even with small % of particles naturally charged, space charge densities
are high and the particles, using a continuum assumption, are efficiently separated.

Nomenclature
Cc Cunningham slip correction factor P pressure, Pa
Cp specific heat at NPT (J/kg K) r radial coordinate, m
D particle diameter, m Pe Peclet number, 2R0 ug /DAB
DAB diffusion coefficient (m2/s) R0 pipe radius, m
e elementary charge, 1.6 x 10-19 (C) Re Reynolds number, ug D/ν
E local electric field, V/m Ree electrical Reynolds number, te/t
Kn Knudsen number, 2λ/D S Sutherland constant air, 110. 4 K
Κ  Boltzmann’s constant 1.38 x 10-23 (J/K) Sc Schmidt number, Pe/Re
k thermal conductivity, W/mK T temperature, K
Le Lewis number, Sc/Pr tu characteristic geometry time-scale, s
q particle charge, C te characteristic electric time-scale, s
Q volumetric flow rate, m3/s ug pipe mean gas velocity, m/s
m particle mass, kg urms Brownian motion mean velocity, m/s
n particle concentration, number/cm3 Z axial coordinate, m
Pr Prandt number, Cp µ/k ZL pipe length, m
ε0 permittivity free space 8.85 x 10 12 F/m ηρ separation due to space charge
ν kinematic viscosity (m2/s) ρ0 initial space charge
λ gas mean free path, µm κ electrical mobility, qCc/3 πµD, m2Vs
λr air mean free path at NPT, 0.0665 µm ρ space charge density, C/m3

ηD separation due to diffusion µ dynamic gas viscosity, Newton/m2 s
µ r air viscosity at NPT, 1.8210-5
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Abstract
The dispersion of a Jet A-1 kerosene spray generated by plain-jet-in-crossflow injection into the inner annulus

of a counter-swirling double-annular airflow was investigated experimentally. Tests were conducted at 6 bar and
12 bar ambient air pressure at 750 K air temperature and at the corresponding cold test conditions in terms of air
density, with an additional excursion to very high air density (9.3 bar at 290 K). The total air velocity was 114 m/s
and the fuel flow through the 0.457 mm diameter plain jet nozzle was selected so that the fuel-to-air momentum flux
ratio q (=(ρliq⋅uliq

2)/(ρair⋅uair
2)) was q = 4.6 . The airflow was characterized by Laser-Doppler-Anemometry (LDA)

and the spray dispersion was investigated by Phase-Doppler-Anemometry (PDA). It was found that the very small
droplets generated at high pressure have such a great ability to follow the streamlines of the airflow that they remain
trapped in the inner annulus, preventing the formation of a homogenous fuel-air mixture in the annular flow.

Introduction
The injection of kerosene fuel through plain jet nozzles into a annular crossflow is one of several possible

concepts of a premix module for lean premixed prevaporized (LPP) combustion for aviation gas turbines [1].
Ideally, the premixers, which are mounted around the circumference of the inlet of an annular combustor, will
generate a completely homogenous mixture of fuel vapor and air, so that the subsequent combustion occurs at well-
defined fuel-lean and hence comparably cool conditions, suppressing the thermal formation of harmful oxides of
nitrogen (NOx). The primary goal of the present work was to elucidate how the variation of pressure that is
characteristic of a flight cycle of an aviation gas turbine affects the spray dispersion in the present geometry.

Experimental
Tests were conducted using the test section depicted in Figure 1, where the coordinate system used throughout

this work is also introduced. The test section was mounted inside a quartz duct with a square cross section of 40 mm
by 40 mm. The quartz duct was placed inside the pressure housing of a test rig providing 3-way optical access.
Liquid kerosene Jet A-1 fuel was fed through a fuel line located in the center body of the test section to a plain jet
nozzle oriented in the vertical direction as indicated in Figure 1. For reasons of experimental expedience, the test
section employed just one single fuel nozzle, whereas a real annular premix module is likely to have several fuel
nozzles equi-spaced about the circumference of the center body. By means of extension pieces for the center body
and the outer cylinder, the axial distance between the nozzle and the outlet of the test section could be set to two
different values. Measurements were always taken in a plane 1.5 mm downstream of the outlet, resulting in PDA

measurement positions of x = x4 and
x = x3 = 0.42⋅x4. Thanks to axial moveability of
the swirler-filmer assembly, LDA measurments,
where the postion of the filmer ring relative to
the nozzle is irrelevant, could be taken closer to
the filmer ring and were made at x = x2 = 0.40⋅x4

and x = x1 = 0.09⋅x4, the latter position being just
2 mm downstream from the edge of the filmer
ring. The fuel nozzle orifice was drilled and
reamed to D = 0.457 mm. The L/D ratio of the
final passage was 2.19 . In order to prevent
coking and blockage of the fuel line at high
temperature, a cooling airflow was passed
through the center body, amounting to about
30% by mass of the annular airflow. The inner
swirler consisted of 10 swirler vanes with a swirl

Figure 1. Schematic of test section (not to scale). White
arrow indicates position and orientation of fuel nozzle.
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angle of 28 deg while the outer swirler consisted of 13 vanes with a
swirl angle of 29 deg. Looking upstream, the sense of rotation of the
inner (outer) swirler is clockwise (counter-clockwise).

An overview of the test conditions is given in Table 1. A typical
cruise flight test condition (18 bar, 750 K) could not be realized
directly due to test rig constraints. However, it was taken as a
reference to calculate the air velocity based on a 3% pressure drop
across the premix module and the fuel flow based on an assumed
number of fuel nozzles of 6 and an air-fuel ratio of AFR = 26. This
resulted in q = 4.6. Due to the importance of q for the initial fuel
placement [2], this value was maintained for the actual test conditions at reduced pressure. These hot test conditions
were then replicated at ambient temperature, with an additional excursion to a very high value of air density. The air
velocity stated in Table 1 is the total air velocity, i.e. the vector sum of the axial and tangential velocity components,
based on the volumetric flow and the cross-sectional area of the double annulus downstream of the swirlers. The
values of momentum flux ratio q are based on this definition of air velocity and on the volumetric fuel flowrate
divided by the cross-sectional area of the nozzle orifice. The airflow in the absence of the spray was investigated at
about the same Reynolds number of around 105 as at 6 bar and 750 K.

LDA measurements for characterization of the airflow as well as PDA measurements focusing on the actual
spray dispersion were performed with the same Dantec 2D-PDA system with a measurement volume diameter of
approximately 70µm. For the LDA measurements, the receiving optics were positioned at an off-axis angle of
30 deg for sufficient data rates. Usually, 10000 validated LDA events were recorded, except for regions of very
small velocity. For the PDA measurements, the receiving optics were positioned at an off-axis angle of 45 deg.
Except for the periphery of the spray plume, 20000 validated PDA events were recorded at each node of the
measurement grid, which consisted of 2 mm-steps in the y and z directions. PDA raw data was processed by an in-
house algorithm that yields absolute fuel flux data of comparatively high accuracy [2]. A reference measurement at
x = 75.5mm conducted at 6 bar and 290 K, .i.e without evaporation, and a fuel flow of 2.0 g/s, corresponding to
q = 2.6, captured 69% of the metered fuel flow.

The thickness of the velocity boundary layer along the center body at x = 0 is about 2 mm, as was ascertained
by LDA measurements conducted in the absence of filmer ring and outer cylinder. Based on previous research [3] it
is expected that for q = 4.6 and the present geometry, the outer contour of the fuel jet impinges on the filmer surface.
The resultant spray wall interaction is expected to include splashing [4]. In addition, part of the fuel jet will be
atomized according to the surface breakup mechanism, i.e. by stripping off from the surface of the fuel jet [3]. At the
filmer ring edge, the liquid fuel will hence be distributed (slightly unevenly) across the height of the inner annulus.

Results
Airflow

Initial measurements revealed that the pronounced wakes generated by the swirler vanes survived to a distance
of about x = x2 from the point of fuel injection. This necessitated data collection along radial traverses placed inside
a wake on one hand and right between two wakes on the other hand in the inner and in the outer annuli and
subsequent deconvolution into the radial and tangential velocity components. In Figure 2, detailed profiles of axial
and tangential velocity and of turbulent kinetic energy at x = x1 and x = x2 are presented. Analysis of a tangential
velocity profile at x = x1 and extrapolation to x = 0 based on the swirl angle of 28 deg revealed that the fuel nozzle is
located in a passage.

The presence of wakes and passages can be clearly seen in the profiles of axial as well as tangential velocity at
x = x1. The difference in total velocity between wakes and passages can reach about 20% in the inner part of the
annulus. The highest values of turbulent kinetic energy k (≅ 1200 m2/s2, corresponding to urms ≅ 28 m/s) where found
near the edge of the filmer ring. Inside the inner and outer parts of the annulus, k is much lower and tends to be

Table 1. Test conditions

pair 

[bar]
Tair 

[K]
ρair 

[kg/m3]
νair 

[m2/s]
uair, tot 

[m/s] q
meas. 
techn.

6 750 2.8 1.3E-05 114 4.6 PDA
12 750 5.6 6.6E-06 114 4.6 PDA
2.3 290 2.8 6.5E-06 114 4.6 PDA
4.6 290 5.6 3.3E-06 114 4.6 PDA
9.3 290 11.1 1.6E-06 114 4.6 PDA
1 280 1.2 1.4E-05 114 0 LDA

Figure 2. Radial profiles of axial and tangential air velocity and of turbulent kinetic energy
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lowest in passages. At x = x2, wakes and passages have almost completely canceled each other. Note that utan still
reaches ± 60 m/s. The strongly decelerating effect that the filmer ring has on the axial velocity at x = x1 is barely
noticeable at x = x2, so that the axial velocity component is slightly above 100 m/s throughout the annulus, with the
exception of the boundary layers along the center body and the outer cylinder. Peak values of k found in the shear
layer are only about half of those measured at x = x1, but the values recorded in the center of the inner and outer
parts of the annulus have increased slightly from their levels at x = x1 due to diffusion of turbulent energy out of the
shear layer.

Spray at elevated temperature
Spatial distributions of absolute fuel flux and SMD for both hot test conditions are presented in Figures 3

through 6. The scale of the fuel flux is normalized to 9 steps between zero and the maximum value measured in the
plane under consideration (i.e. one step corresponds to 10% of the max.), whereas the SMD scale is constant.

The spray is generated between the center body and the filmer ring or on the inner surface of the filmer ring
near the 12 o'clock position. Its initial velocity has the same direction as the air velocity at the location of
atomization, approximately given by uy/ux = tan (28 deg). The drag force of the air will then try to force the spray
onto the spiral path of the airflow. Due to centrifugal forces, the spray drifts towards the shear layer, where some

particles are captured by the counter-swirling flow in the outer part of the annulus. Small droplets have a greater
ability to follow the streamlines of the swirling flow, therefore they enter the shear layer later, resulting in a decrease
in SMD in the clockwise direction in the inner part of the annulus, as can be clearly seen at 6 bar. But once a particle
has been captured by the counter-swirling flow in the outer annulus, it will assume the new tangential velocity more
quickly and hence be able to travel farther in the counter-clockwise direction before reaching the measurement plane
if it is particularly small. These contrary effects give rise to a local maximum of SMD in the outer part of the
annulus. Turbulent dispersion is superimposed on these swirl-caused dispersion mechanisms, especially at 12 bar.

Comparison of the fuel flux plots shows that while the spray at 6 bar drifts through the shear layer, resulting in
thorough tangential dispersion, the spray at 12 bar remains largely in the inner part of the annulus, so that its

Figure 3. Abs. fuel flux [cm3/(cm2⋅s)] (front)
and SMD [µm] (rear) at 6 bar, 750K, x = x3
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Figure 4. Abs. fuel flux [cm3/(cm2⋅s)] (front)
and SMD [µm] (rear) at 6 bar, 750K, x = x4
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Figure 6. Abs. fuel flux [cm3/(cm2⋅s)] (front)
and SMD [µm] (rear) at 12 bar, 750K, x = x4
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interaction with the shear layer and its dispersion are poorer. This is attributed to the fact that atomization at high
pressure is finer than at low pressure. The fuel flux weighted average of the SMDs at all measurement nodes at
x = x3 was 15.3 µm at 6 bar and 13.0 µm at 12 bar. The spray present at 12 bar hence has lower overall inertia and a
higher ability to follow the streamlines of the airflow. It does not experience the same centrifugal forces as its
counterpart at 6 bar, so that radial displacement at 12 bar is lower and the spray remains largely "trapped" in the
inner annulus. This "trapping effect" will be discussed in more detail below.

Spray at ambient temperature
In order to confirm the trapping effect found at the hot test conditions, spray experiments were also conducted

at ambient temperature at the same values of air density. An additional test was run at very high air density (9.3 bar
at 290 K). Measurements were taken at x = x3 only, the results of which are presented in Figures 7 through 9.

Due to severe dense spray conditions, reliable
measurements of the absolute fuel flux could not be made.
Hence, the relative fuel flux, normalized by the maximum
measured value in the plane under consideration, is
presented. The data indeed corroborates the trend that at
higher pressure, the spray tends to remain in the inner
annulus. However, a pronounced trapping of the spray
does not become evident until the air density is raised
beyond the values realized during the high temperature
tests. This is due to poorer atomization at ambient
temperature. At high temperature, the fuel jet is exposed to
the hot air, so that the surface tension will have decreased
considerably by the time atomization is completed. This is
especially true of the fraction for the fuel that impinges on
the filmer ring. In addition, preheating of the fuel in the
fuel line inside the center body cannot be completely ruled
out. At ambient temperature, the fuel flux weighted
average of the SMDs at all measurement nodes at x = x3
(excluding data recorded at radial positions corresponding to the center body surface, where a fuel film seems to
have formed) was 25.5 µm at 2.3 bar, 21.1 µm at 4.6 bar, and 18.3 µm at 9.3 bar.

Discussion
In the present context, the two important effects that influence dispersion are the inertia of the particle and the

drag force that the surrounding airflow exerts on the particle, giving rise to the well-known equation of motion of a
riqid sphere [3, 8]. In the special case where the flow around the particle is a creeping flow (Rep<1), the drag
coefficient is cD=24/Rep and hence, at constant air velocity, the governing equation becomes a simple first order
ordinary differential equation suggesting the introduction of a characteristic time constant [5] called the particle
response time or particle velocity relaxation time or, in the following, simply relaxation time:
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Figure 7. Norm. fuel flux (front) and SMD [µm]
(rear) at 2.3 bar, 290 K, x = x3
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τrelax is the period of time after which the relative velocity of the particle has decreased to 37% of its initial
value, so that the velocity differential has"relaxed." Clearly, the smaller the relaxation time of a particle, the grater
its ability to follow the surrounding airflow and to adjust to changes in the surrounding airflow. In reality, the
assumption that Rep<1 often cannot be upheld. In the present work, the particle Reynolds number based on the
relative velocity due to turbulent velocity fluctuations was typically of the order of 101 to 102. In this case, the
relaxation time is, by purely formal analogy, taken as [5]:

airpD
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air
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relax Rec
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νρ

ρ
τ

⋅⋅
⋅⋅= (3)

Note that for Rep>1, τrelax  is not independent of urel anymore, which invalidates the concept of a time constant
corresponding to Eqs. (1) and (2). Therefore, Eq. (3) cannot be used to evaluate the effect of relative velocity on
relaxation time. However, the effect of all other parameters on τrelax, including the effect of ambient pressure via ρair
that is very important in the present context, is represented by Eq. (3). In order to assess whether a given particle
will be able to respond to a given change in the airflow around it, i.e. an acceleration or a deceleration, the ratio of
the relaxation time to the characteristic time of the airflow has to be considered. This ratio is the Stokes number [6]:

flow

relaxSt
τ
τ

= (4)

For St>10, the particle is too heavy to respond to the airflow and will continue to travel along a straight path
with largely constant velocity. For St<0.1, the particle will be able to closely follow the airflow and its path will not
be much different from the path of a fluid element. However, if the Stokes number is of the order of one, then the
particle will be able to follow the airflow only to a certain degree.

The definition of τflow depends on the feature of the airflow whose effect on particle dispersion is to be
considered. If dispersion due to turbulence is of interest, then the characteristic time of the flow should be taken as
the ratio of the turbulent length scale and the rms-value of the velocity fluctuations [8, 9]. In order to evaluate the
interaction of a particle with the large-scale coherent structures present in shear layers, τflow should be taken as the
ratio of the thickness of the shear layer and the velocity differential across it [5, 6]. In a swirling airflow, τflow should
be computed with the radius and the corresponding tangential velocity of the swirling flow [7].
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In Figure 10, radial profiles of the swirl Stokes number (Eq. (4) with (3) and (7)) are presented. The swirl
Stokes number can be conveniently interpreted as a measure of the ratio of centrifugal force to drag force [9]. Input
variables for τflow were the measured radial profiles of tangential velocity at x = x2. τrelax was calculated based on the
fuel flux weighted average of the Dv0.5 at all measurement nodes at x = x3, ρliq = 800 kg/m3 at 290 K and
ρliq = 650 kg/m3 at 750 K and the physical properties of air given in Table 1. The Dv0.5, which is the appropriate
representative diameter for this analysis as by definition equal parts of the liquid volume are present in larger and
smaller diameters, was found to differ from the SMD by 1% at the most at x = x3. The magnitude of the relative
velocity was estimated from the LDA data obtained at x = x2 and the droplet velocities contained in the PDA data of
each case at x = x3.

Figure 10 clearly shows the decrease of the
swirl Stokes number in the inner annulus as
pressure is increased. Stswirl depends on pair
primarily by way of representative dropsize and to
a lesser degree through ρair. At the cold test
conditions, the critical value of swirl Stokes
number in the inner annulus that determines
whether a spray will drift into the shear layer or
remain in the inner annulus appears to be close to
unity. For the hot test cases, the critical value
seems to be around 0.4 . This difference is possibly
due to a faster decline of representative dropsize at
750 K between the region further upstream where
spray dispersion sets in and the measurement
location at x = x3. It was indeed found that all
representative dropsizes decrease strongly between
x = x3 and x = x4 at 750 K. This suggests that
upstream of x = x3, dropsizes may be larger,
resulting in values of the swirl Stokes number that

are closer to unity. The radial profiles of Stswirl also clearly illustrate the trapping effect: Large droplets experience
centrifugal forces that are strong relative to the drag force of the airflow, as indicated by their large swirl Stokes
numbers. By virtue of their large mass, they can keep up the resultant radial momentum and drift through the region

Figure 10. Radial profiles of swirl Stokes number
for each test condition at x = x2. Dp = Dv0.5
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where tangential velocity and centrifugal acceleration are negligible. This region is an inherent feature of a counter-
swirling flow. Once past the point where utan = 0, the increase of tangential velocity with increasing radial position
will re-accelerate the droplets. Smaller droplets, on the other hand, have a larger surface-to-volume ratio, so that
centrifugal forces are not clearly dominant. While these droplets may drift towards the shear layer, they can more
readily adjust to the decreasing dominance of the centrifugal force due to their low inertia and the more gradual
decline of Stswirl with increasing radial position. At some position inside the inner annulus, the relative importance of
the drag force will have become strong enough for all movement of the droplet relative to the airflow to cease. This
position is characterized by some value of Stswirl < 1. Hence, the smaller droplets have become trapped in the inner
annulus, so that the beneficial effect of the shear layer for dispersion has been largely deactivated.

Results of the evaluation of Stturb and Stshear (Eq. (4) with (3) and (5) or (6)) are presented in Table 2. Stturb was
calculated from urel = urms, urms = (0.67⋅k)0.5 and the estimate, derived from the hydraulic diameter of the swirler
passages, that Lt ≅ 1 mm. Stshear was calculated based on urel = 0.5⋅∆u, ∆u = 120 m/s. The Stokes number analysis
predicts that at 6 bar, turbulence and the coherent structures of
the shear layer are unlikely to have a pronounced effect on spray
dispersion as the present droplets are too large. This is in
agreement with the clearly swirl-caused SMD contours in
Figures 3 and 4. At 12 bar, however, dispersion due to turbulence
and the coherent structures of the shear layer are likely to be
important based on the Stokes number analysis. This is
confirmed by the very even spatial SMD distribution in Figure 6.

Conclusions
The present investigation of the dispersion of a spray injected into the inner annulus of a counter-swirling

double-annular flow showed that at low pressure, the spray will drift into the shear layer and experience thorough
dispersion and mixing, but at high pressure, it will remain trapped in the inner annulus, so that the mixing potential
of the shear layer is largely wasted. The different types of spray behaviour result from differences in representative
dropsize and air density and can be predicted by evaluation of the swirl Stokes number.
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Nomenclature
cD drag coefficient δ thickness
D diameter ρ mass density
k turbulent kinetic energy per unit mass ν kinematic viscosity
Lt turbulent length scale τ characteristic time
p pressure µ absolute viscosity
q liquid-to-air momentum flux ratio (=ρliq⋅uliq

2/ρair⋅uair
2) Subscripts

r radial coordinate ax axial
u velocity liq liquid fuel
T temperature p particle
x, y, z Cartesian coordinates rms root mean square value

tan tangential
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pair 

[bar]
Tair 

[K]
k 

[m2/s2]
Dp [µm] so 
that Stturb=1

δ 
[mm]

Dp [µm] so 
that Stshear=1

6 750 200 12.3 2 6.4
6 750 1000 8.8 6 13.1
12 750 200 14.3 2 7.9
12 750 1000 10.6 6 16.9

Table 2. Evaluation of Stturb and Stshear
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Abstract
Distributions of mixture, temperature, and concentration of emissions are investigated, using the swirler with
turbulence generator with the purpose of enhancing the mixing and combustion efficiency and reducing the
emissions. Several swirlers with the variation in the size of the turbulence generator are designed and manufactured
to generate many small-scale eddies in the combustor. The mixing of the combustor in the radial direction is
significantly improved in the cold test as the area of the turbulence generator is increased. The temperature in the
combustor is measured at the locations of 3cm and 6cm away from the exit of the swirler, using K-type
thermocouple. The distributions of mixture and the temperature become more uniform as the area of turbulence
generator becomes larger.
Introduction

The combustion of liquid fuel spray is either simultaneous or sequential complex process involving fluid
dynamics, heat and mass transfer, and chemical reaction. Several studies on the performance of nozzle and stability
of flame with recirculation using swirler have been carried out. Beer and Chiger [1, 2] investigated the problems on
spray combustion and behavior of droplet in the circulating flows. Hiroyasu [3, 4] examined the effect of fuel
characteristics in the spray problem. Williams [5] carried out the study of liquid fuel combustion.

Recently, attention has been focused on the pollution of environment and the economy of energy. Thus, there is
a need for controlling exhaust gases such as NOx and THC in the combustor. The NOx and THC in the gas turbine
are increased due to the local nonuniform mixing of air and fuel. The conventional mixing method yields the
nonuniformity of the fuel concentration, which causes nonunifrom temperature distribution. As a result of the
nonuniformity of the temperature, there are difficulties in controlling the exhaust gases. Thus, the uniform
distribution of fuel concentration in the combustor is essential to enhancing the mixing with air, which plays a
significant role in the improvement of combustion efficiency and control of exhaust gases.

The mixture of fuel and air is more governed by small-scale turbulence than large-scale turbulence in the
combustor. For the purpose of mixing promotion, application of the kinetic energy to the boundary between the fuel
and air yields active control and reduction of exhaust gas as well as the loss of pressure. The method of producing
small-scale turbulence of gas fuel (methane) using vortex generator in the premixer chamber was carried out by
OTA et.al [6]. However, there are few studies on mixing of liquid fuel and air used in the industry combustor.

In the present study, the swirler with turbulence generator for the stability of flame is designed and
manufactured for generating many small-scale eddies in combustor which are conductive to enhancing mixing effect
between fuel and air. The internal-mixing twin-fluid atomizer with wide spray angle also plays a role in improving
the mixing of fuel and air. The flame structure of the simplified can-type combustor is studied for the design of the
low-NOx gas turbine combustor.

Experimental apparatus
A schematic of the apparatus is shown in Figure1. It consists of air supply system, fuel supply system,

atomizing air supply system, test section and measurement system. A pressure controller and a flowmeter control the
fuel and atomising air respectively.

The fuel spray nozzle is demonstrated in Figure2. In the study, internal-mixing twin-fluid atomizer using sonic
energy is utilized for fuel spray. Atomization of fuel with air discharged from the outlet of the nozzle is prompted by
the effect of strong collision and sound intensity at the cavity resonator. Consequently, high efficiency, uniformity
of drop size, and wide spray angle can be obtained in the internal-mixing twin-fluid atomizer [7-9].
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Figure 3. shows 8 flat-type vanes swirler with turbulence generator where the outer diameter is 78mm and the
inner diameter 42.5mm. The vane angle of swirler is maintained 40º, while the areas of turbulence generator
correspond to 0%, 7%, and 12% of flow area and installed at the end of vanes. The ratio of area of turbulence
generator is determined by ratio of turbulence generator area to the total flow area, which is calculated by 3D
drawing.
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FIGURE 3. Vane type swirler with turbulence generator.

Swirl number is calculated by the following equation, suggested by Mother, M. L., and Maccallum, N.R.L [10].
Swirl number used in this study is 0.67.
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Figure 4. shows a schematic diagram of the Mie-scattering image method for measuring the drop distribution of
the section. The beam irradiated from the Ar-ion laser forms a sheet beam when it passes through two cylindrical
lenses and projects a cross section of spray. Some Eosin-Y, fluorescent light materials, is added to the aqueous
solution in order to make droplets emit light. Photographs of emissive droplets at the sections are taken by a CCD
camera in which the iris and the exposed time is set to f8 and 0.032 seconds, respectively. The measurements in the
sections are conducted by casting the sheet beam at the locations of 3 cm away from the exit of the swirler. The
amounts of air through a blower, the aqueous solution with Erosin, and air for atomizing the solution are
3.27kg/min, 200ml/min, and 80 l/min, respectively. Air and fuel for atomization are injected into the nozzle under
the pressure of 0.3MPa. The combustion chamber is made of acryl to transmit the laser beam.

Ar-ion Laser

CCDSwirler

Air

Spray

Sheet beam

Cylindrical lens

FIGURE 4. Schematic diagram of the measurements of distribution of spray.

The observation of flames are executed, using the pictures taken by the camera where the irises are set to f2.8,
f4, f5.6 and the exposed time set to 1/60, 1/30. Consecutive photographies are taken by a digital camera and capture
of pictures are obtained using an image-board. The distance from the object is about 1.2m.

Result and Discussions
Figure5. shows the cross-sectional distribution of the liquid drop measured at the distance of 3cm away from

the exit of swirler. The graph can be drawn, averaging 5 shots and using gray level of density. Herein x-axis and y-
axis connote radial distances. The plane constituted by the radial distances represents the cross-section of the spray.
High gray level denotes the place of dense liquid droplets while low gray level the place of coarse liquid droplets. In
the case of the swirler without turbulence generator, the cross-sectional distribution of liquid drop is concentrated
around the swirler. However, in the case of the swirler with turbulence generator, the mixing is so active that the
droplets diffuse through combustion chamber. The liquid droplets tend to be uniform and diffuse into the end of the
combustor as the cross-area of the turbulence generator becomes larger. The maximum value of the gray level in the
swirler with turbulence generator reaches 40% less than that in the swirler without turbulence generator. The
minimum value of the one becomes larger than that of the other. Therefore, the distribution becomes uniform in
general
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(a) T.G area/Flow area = 0%    (b) T.G area/Flow area = 7%     (c) T.G area/Flow area = 12%

FIGURE 5. Distribution of droplet at the location of 3cm away from the exit of swirler



The section of Laser sheet is set at the distance of 3cm away from swirler and the droplet distributions of three
different swirlers in radial direction are shown in Figure6. In the swirler without the turbulence generator, the value
of gray level is high at the end of the swirler. This denotes that the local concentration of droplets is intense. The
gray level is decreased rapidly along the radial distance of combustor. However, in the swirler with turbulence
generator droplets concentrated around the swirler spread through the combustor due to the promotion of mixing in
radial direction. Especially in case of swirler with 12% turbulence generator, mixing is uniform throughout the
sections of combustor. The trend of droplet distribution in the cold test indicates enhanced uniformity of the
concentration distribution throughout the whole combustor in case of swirler with turbulence generator. It is also
recognized that the uniform concentration distribution has an effect on the flame behavior in combustion.

           

(a) T.G area/Flow area = 0%        (b) T.G area/Flow area = 7%      (c) T.G area/Flow area = 12%

FIGURE 6. Photographs of flame for the variation of turbulence generator ( Φ =0.8, airQ =3.27kg/min, S =0.67)

The flame with the variation in the turbulence generator area is presented in Figure6. Flames are not observed
around the center of swirler without the turbulence generator so that the central section appears bright. However, the
regions that involve much fuel around the center appear as a ring shape. The existence of the regions causes the
drastic change of temperature in combustor. Complete combustion is not achieved due to the incomplete mixing in
the regions. In the case of 7% and 12%, flames are distributed equally all around combustor owing to the generated
turbulence. Simultaneously, the circular regions become smaller significantly. In the case of 12%, the brightness of
flames becomes almost uniform. The results represent that the uniformity of concentration distribution of air and
fuel is enhanced due to turbulence generator and that the control of combustion temperature can be also achieved.
Thus, it is possible to reduce exhaust gases in the low NOx combustor owing to the control of combustion
temperature.
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FIGURE 7. Distributions of temperature at 6cm away from the exit of swirler (S=0.67,Φ=0.6)

.Figure 7 show the temperature distribution measured at the distance of 6cm away and the exit from the exit of
swirler for equivalence ratio 0.6. The temperature gradient of the swirler without turbulence generator is higher than
that of the swirler with turbulence generator as shown in Figure 7. This is ascribed to the insufficient mixing of fuel
and air, thus emitting Nox considerably much. In the generator of 12 %, the temperature gradient is so uniform that



the efficient combustion and low emissions can be expected. Figure 8 presents that the temperature at the exit is
more uniform that that at the 6 cm away from the exit, therefore avoiding the heating spot and making residence
time of flame short. This causes the temperature of the combustor to be low, which results in yielding low.
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FIGURE 8. Distributions of temperature at exit of combustor (S=0.67,Φ=0.6)

Conclusion
In present study, the swirler with the turbulence generator is designed to adapt the conventional swirler easily

and promote mixing of fuel and air. The ratios of the turbulence generator area are divided into 0%, 7%, and 12%.
The followoing conclusions are drawn.

1. The mixing of combustor in the radial direction is significantly improved as area of swirl generator is increased.

2. In the combustion experiment, flames are uniformly distributed throughout the cross-section of the combustor in
the case of the swirler with the turbulence generator, thus appearing blue flames obtained by transforming the
incomplete combustion of red flames into the complete combustion.

3. The active control of flames may result in not only the relative control of combustion temperature but also the
active control of exhaust gas.

4. The enhancement of mixing of fuel and air contributes the uniformity of temperature with the increase in the area
of the turbulence generator, causing low emissions.
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Abstract
During flight, many events such as ingestion of ice, water or exhaust gas can induce extinction. Moreover, the low
volatility of aviation fuels at low temperatures corresponding to high altitudes makes the re-light of aircraft engines
very difficult. In this context, experiments have been performed, and a time dependent 0-dimensional model has
been developed to predict the behaviour of a cluster composed of fuel droplets, when it is submitted to the spark
inside the combustion chamber.

Nomenclature
k         turbulence kinetic energy TB       Spalding number Subscripts
m&        vaporization flow rate tD        turbulent coefficient of diffusion s        drop surface
n         number of droplets per m3 ℑ         spark power per m3 t         turbulent

kr,r    radius, cluster radius cQ       heat of combustion Superscript
B        pre-exponential factor W        molecular weight +        condition out of the cluster

Introduction
The ignition process starts with the injection of energy in a cluster of drops by means of a spark generated by

the igniter plug. The competition between energy losses and sources of energy for the kernel must lead to the
ignition of the kernel formed by the spark. Once ignited, the burning kernel must be captured by a re-circulation
zone inside the combustor to allow the combustion propagation to one sector of the chamber, and after to the entire
combustion chamber. When the flame is established, the combustion efficiency must be enough to make sure the
engine will accelerate and to consider it has re-started. In this paper, the ignition of the cluster of drops is
investigated from both experimental and numerical points of view.

Experimental study
Experimental set-up

Excluding the kerosene and air supply systems, the experimental set-up is composed, from upstream to
downstream, of a plenum chamber, an airblast injection system and a combustion chamber (fig.1). Through the
injection system, the kerosene has the shape of a cylindrical sheet. This sheet is sheared and atomized by an inner
and an outer swirling airflow. The resulting diverging spray is then partially forced to converge by circular jets
flowing from the periphery of the injection system. The combustion chamber has a 130x130 mm squared section
and is 285 mm long. Its four lateral walls can be equipped with identical windows. For each of them, the visibility is
70 mm high and 176 mm long and starts from the injection face. For the ignition experiments, only one window was
used. On the other side of the chamber, the window has been replaced by a metallic plate where it was possible to
fix a flush-mounted spark-plug at different locations. The instrumentation associated with the set-up is composed of
a flow-meter to measure the kerosene flow rate, a sonic throat, a thermocouple to obtain the air mass flow rate, a
thermocouple upstream of the injector to measure the kerosene injection temperature, a thermocouple in the plenum
chamber to measure the air injection temperature and a differential pressure transducer to measure the air pressure
drop across the injection system. The visualization of the ignition phenomenon was performed with a black and
white intensified fast video camera. To obtain a complete view of the phenomenon, two types of visualization were
successively carried out for each operating point: a lateral visualization and a front one (fig.2). The CCD is made of
192x240 pixels but the pictures were over-sampled to 263x338 pixels when digitized. With this over-sampling, the
lateral and front visualization pictures had a definition of, respectively, 94x228 for an 70x176 mm actual field of
view and 96x96 pixels for an 130x130 mm actual field of view. The frame rate was 2000 fps.
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FIGURE 1. View of the combustor. FIGURE 2.  Modes of visualization.

Test conditions
All the experiments were carried out at atmospheric pressure and ambient temperature. Air and kerosene

injection temperatures varied between 288 and 293 K. Three locations of the spark-plug were tested (25, 55 and 120
mm far from the injection face at mid-height of the combustion chamber). The variation of the air injection relative
pressure drop ranged between 2 and 3 per cent, the equivalence ratio between 1.3 and 1.9, corresponding to a fuel
flow rate for both cases of 1.73g/s. The test procedure was as follows. First of all, air was injected during about 20s
to adjust the injection pressure drop. Then, kerosene was injected together with air during 3s, and finally, air was
still injected during about 10s to clean the injector from kerosene. Parallel to the kerosene injection, the operation of
the spark-plug was triggered, so that we obtained the first spark just before kerosene injection to verify its
operation. Then, the spark-plug was operating during 3s at a 3Hz frequency, giving 9 to 10 sparks during the
kerosene injection. According to the manufacturer of the spark-plug, the energy of each spark is between 0.3 and
0.5J.

Test results
• Ignition

The conditions of success or failure for the prediction of ignition are displayed, for each spark-plug location,
in an equivalence ratio/mass flow rate diagram (fig.3). This figure shows that only one ignition was obtained when
the spark-plug was located 25 mm far from the injection face. Moreover, a second test in the same conditions was
unsuccessful. With the spark plug placed at 55 mm, we obtained almost always ignition but it must be noticed that
ignition was not always reproducible. With the spark-plug located at 120 mm, no ignition was obtained.
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FIGURE 3. Ignition domain.

• Description of the ignition phenomenon
Four steps are distinguished on the lateral views concerning the ignition scenario. First of all, a combustion

zone is created after the spark. Then, this zone almost disappears. In a third step, one or more burning zones appear
again and continue to move in the chamber. Finally, the burning zones merge together in a large single zone, whose
size increases quickly to fill finally the whole combustion chamber (fig.4). The front visualizations confirm this
scenario but also add new information. After the spark, it is possible to see that the combustion zone moves first
slowly toward the chamber axis and top, then toward the opposite wall to the spark-plug wall. It is obvious that the
burning zone is carried away by the swirl of the flow. Finally, the size of the burning zone increases and the
combustion coils itself around the chamber axis (fig.5). In parallel to the swirl rotation in the counterclockwise
direction, there is a slower progression of combustion in the clockwise direction because of the ignition of the
combustible mixture. On the last images, the injector can be seen because of the light emitted by combustion.
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FIGURE 4. Lateral visualizations of ignition.
(10 ms between pictures, from top to bottom

and from left to right)

          FIGURE 5. Front visualizations of ignition.
             (14 ms between pictures, from top to bottom and from

left to right)

• Image processing of the ignition phenomenon
In the longitudinal plane the combustion zone moves quickly upward and tends to stabilize itself at an abscissa

located at around 80 mm from the injection face. This result was obtained whatever the test conditions and the
spark-plug location (25 or 55 mm). In the transverse plane, the trajectory of the center of mass follows well the
swirl of the flow and then remains rather stable close to the chamber axis when the combustion zone fills almost all
the chamber section. This diagram explains why, in the longitudinal plane, the burning zones move upward. It is
because they are carried by the swirling flow and then turn around the chamber axis following a 100 mm diameter
circle. The evolution of the area of the burning zones gives the same trend for both lateral and front visualizations.
During about 50 ms, the total area of the burning zones is small, and then the combustion extends itself quickly.

Ignition model formulation
Introduction

In the context of high altitude aircraft engine re-light and parallel to the experimental study, a time dependent
0-dimensional model has been developed to predict the ignition of a spherical group of fuel droplets when it is
submitted to the spark inside the combustor (fig.6).

Kerosene droplet

Species and 
thermal losses

Spark-plug energy

Chemical reactions

Vaporization

FLOWFLOW

CLUSTERCLUSTER

FIGURE 6. Schematic representation of the cluster of drops

The energy released by the spark contributes to increase progressively the temperature inside the cloud of
droplets. After a heating phase, each liquid particle evaporates creating, therefore, fuel vapors inside the kernel. The
fuel then reacts with the gaseous oxidizer and after the chemical reactions runaway, the ignition phenomenon
occurs, inducing a high increase of temperature inside the cloud.

The assumptions made to describe the ignition process in the group of fuel droplets just after the spark
delivered by the spark-plug are as follows. The 0-dimensional model neglects any spatial dependence inside the
cluster, the spherical symmetry is respected, the liquid phase is entirely composed by a mono-component fuel, the
group of droplets is supposed to be motionless, as well as the fuel particles inside the cluster, turbulence is the main
phenomenon that governs the species and thermal exchanges between the droplet cloud and the outer environment.



General assumptions
This paragraph deals with the assumptions made on the physical phenomena involved in the ignition model.

• Energy injection
The data concerning the injection of energy by the spark-plug inside the cloud of fuel droplets are similar to those
used in the experimental set-up described in the first part of this article (energy of 0.5J injected during 40µs).
• Vaporization
The model used to describe the vaporization process is the infinite conduction model of Abramzon and Sirignano
[1], which implies that heat conduction inside the liquid droplet occurs infinitely rapidly regarding the species and
heat exchange phenomena also present around the particle. Therefore, the temperature inside the droplet is uniform
and depends only on time. The example discussed in this article is such that the distance parameter (ratio of the
inter-drop distance and the drop initial diameter) is about 10. In this case, according to Virepinte and al. [2], the fact
of considering the droplet like an isolated particle induces a mistake of 2% on the vaporization rate compared to the
case where the inter-drop interactions are taken into account. Then, for the numerical application, the vaporization
process is pretty well described by an isolated droplet approach.
• Chemical kinetics
The results presented in this paper are obtained for a chemical kinetics governed by an one-step global and
irreversible reaction. The rate of reaction is expressed by an Arrhenius law. To have a better agreement between the
experimental and numerical flammability limits, Westbrook and Dryer [3] propose to use non unitary orders of

reaction. Then, the parameters used to describe the n-decane combustion are 5108.3B ×= , 5103.1aE ×=
expressed in meter-second-mole-Joule-Kelvin units. Furthermore, 0=β , 25.0Fa = and 5.1Oa = .
• Turbulent transfers
It is necessary to know the level of turbulence in the two-phase flow to calculate turbulent characteristics, such as
the turbulent length scale and the turbulent diffusion of species and thermal conduction coefficients, near to the
spark-plug position where the cluster of drops is initially located. The turbulence kinetic energy k and its dissipation
rate ε are calculated with a two-phase flow code using the k/ε formulation. Concerning the ignition model, the
various quantities are supposed to be uniform inside the group of droplets. Therefore, the temperature and mass
fraction gradients exist only at the interface of the cluster and the outer environment. The turbulent exchanges are
also supposed to occur all around the cluster in a crown whose thickness is the turbulent length scale tl . Finally,

the temperature and mass fraction gradients in this region are expressed by ( )
tl
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Governing equations
The model can use an explicit or implicit method to solve the continuity equation, and the species and energy

conservation equations. These governing equations takes account of the different physical phenomena involved by
means of  source terms summarized in Table 1.
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TABLE 1. Source terms.
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Results and discussion
The application presented in this paragraph has been performed with data given by the experiments described

in the first part of the paper. The simulation is done for an atmospheric pressure (105 Pa) and an initial temperature
of 273K. Experimentally the burning zone area is approximately 380mm2, which gives a radius of 5.5mm. In fact,
the cluster before the spark is supposed to be a bit smaller than the burning zone submitted to a thermal dilatation
due to combustion. Therefore, the radius of the cluster is considered to have a value of 3mm. The data relative to the
spark-plug are an energy of 0.5J injected during 40µs. The simulation is made for 2000 liquid drops having a mean
diameter of 35µm, which gives a distance parameter of 11 and justifies an isolated droplet approach for the
description of the vaporization process. The fuel particles are also injected at 273K, which means there is no pre-
vaporization in the cluster before the spark.

With these data, the ignition phenomenon is analyzed according to the turbulence level, which determines the
thermal losses and the exchanges of species between the group of droplets and the outer environment.

• In the case without turbulent transfers, the injection of energy by the spark-plug contributes to increase the
temperature inside the cluster from 273K to 3693K. At the end of the energy injection, the fuel droplets start to
evaporate, and the fuel vapors generated react instantaneously with the gaseous oxidizer to create hot products that
tend to increase abruptly the cluster temperature to a maximum value of 5000K at 0.45ms (fig.7).

FIGURE 7. Temperature in the cluster versus time. FIGURE 8. Mass fractions in the cluster versus time.

 At 0.5ms, the chemical process ends because of the lack of oxidizer that has been totally consumed (fig.8).
After this moment, the vaporization effects are more visible. The fuel vapors, which are not consumed any more by
combustion, tend to cool the environment inside the cluster and to increase the fuel mass fraction in the system.
Finally, after 1.45ms, the droplets are totally evaporated and a stable state is reached corresponding to a temperature
of 3100K. At this final state, there is no oxidizer left in the cluster, which is only composed of burnt gas and fuel
vapors.

• When considering the turbulence effects, several configurations have been tested according to different values
of the turbulence kinetic energy, to analyze the influence of this phenomenon on ignition.On fig.9, it appears that
when the turbulence kinetic energy increases, the thermal and species losses are more important. This tends to delay
ignition and to reduce the maximum temperature reached inside the cluster when ignition occurs. In the application
discussed, there is no ignition for values of the turbulence kinetic energy greater than 50m2s-2.



FIGURE 9. Temperature in the cluster for various levels of turbulence.

To understand better the influence of turbulence transfers on ignition, let us analyze more precisely fig.7 and
fig.8, which compare results for both cases without turbulence and for a turbulence kinetic energy of 15 m2s-2. As
said before, and because of thermal losses, ignition occurs later for the turbulent case, and the maximum
temperature reached during ignition is smaller (3000K compared to 5000K without turbulence). At the end of the
process, the temperature in the cluster is the same as the initial one (273K). The analysis of the mass fractions of the
different species can explain this fact (fig.8). From 0.2ms to 0.8ms, the oxidizer mass fraction decreases sharply,
due to the combustion of this specie with the fuel vapors generated by the vaporization process of the liquid
droplets. In the turbulent case, and contrary to the configuration without turbulent exchanges, the chemical reaction
does not end because of the lack of oxygen, but is maintained due to a new supply of this reactive in the cluster. At
1.7ms, the fuel droplets are totally evaporated and combustion goes on until the fuel is entirely consumed. At the
same time, the turbulent transfers of species between the cluster and the outer environment tend to decrease the
mass fraction of the products and to increase the oxygen mass fraction. When the process of diffusion is finished, a
final state is reached, and the cluster is only composed of cool air at the initial temperature.

Conclusion
The experiments performed have given impressive visualizations of the ignition process. The experimental

results will be further used, mainly through image processing, to improve and assess the models concerning the
spray combustion phenomena and the kernel evolution.

Data issued from the experimental study have been used to guide the development of the 0-dimensional time
dependent ignition model. Encouraging numerical results have been obtained. Future investigations will be devoted
to take into account more complex physics in the computational model (detailed chemical kinetics, the exact nature
of the time dependent law of the injected energy, the evolution of the kernel after it has left the spark-plug…).
Simulations at high altitude will also be performed.
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Abstract
Lean, partially prevaporised and premixed turbulent spray flames of n-heptane/air mixtures are studied
experimentally at room ambient conditions of temperature and pressure. The effect of three important
parameters for the structure of this kind of flame is investigated : these parameters are the global equivalence
ratio, the droplet residence time in the prevaporisation tube and the initial spray droplet mean diameter.
Measurements are performed for three equivalence ratios (Φ = 0.72, 0.79 and 0.87), for two residence times (21
and 49 ms) and for three initial droplet mean diameters (D32 = 10, 20 and 25 µm). For all flames, phase Doppler
anemometry (PDA) is used to characterise the droplet velocities and diameters. The mean progress variable C
of the reaction is obtained from planar laser induced fluorescence (PLIF) measurements. From the PDA results,
the local average vaporisation rate K of the droplets can be estimated. The centreline variation of K is discussed
versus the normalised axial position Z/D and versus the mean progress variable C  in terms of the three
parameters previously cited. It is observed that the mean vaporisation rate depends mainly on the initial mean
droplet diameter of the spray and on the spray turbulence intensity. The influence of the global equivalence ratio
is explained in terms of the flame height and thus can be eliminated by using the mean progress variable as
parameter. The average vaporisation rates within the spray flame are compared to those obtained for the
vaporisation of single droplets under various conditions of surrounding temperature and turbulence intensity.

Introduction
Lean premixed and prevaporised combustion appears to be a promising technology in significantly reducing

NOx emissions from gas turbines [1]. Vaporisation and mixing of fuel and air under lean conditions upstream the
reaction zone lead to a low temperature flame which reduces significantly the production of nitrogen oxides [2,
3]. However in prevaporised premixed combustion, fuel-air mixing may not be uniform, both spatially and
temporally, which can increase NOx production by generating locally fuel rich pockets. This non-uniformity
depends principally on the atomisation degree of the spray, that affects droplet dispersion, and also on the
droplet vaporisation rate. In order to contribute to the analysis of the flame structure in partially prevaporised
and premixed spray flames and to build a rather complete data base for model validation, an experimental study
of lean premixed prevaporised turbulent spray combustion is conducted at the LCSR. The droplet velocity and
size distributions are characterised by Phase Doppler Anemometry. Determination of the mean progress variable
is made by planar laser induced fluorescence. The experimental set-up used allows to vary systematically
various parameters of spray flames, such as the global equivalence ratio, the initial droplet size distribution, the
prevaporisation time and the turbulence intensity. In particular, the average droplet vaporisation rates within the
spray flame are determined by coupling PDA and PLIF measurements.

Experimental methods
Experimental facility

A schematic of the burner used for the present study is presented in Figure 1. An air-assisted atomizer
(plain-jet type, Figure 2) of outer diameter 8 mm is placed coaxially at the centre of a D = 25 mm inner diameter
tube, downstream of a grid generated turbulent coflowing air. The atomizer exit hole has a diameter of 0.8 mm.
At the exit of the burner, an annular premixed methane-air pilot flame is used to stabilize the n-heptane/air spray
flame.

The distance from the atomizer tip to the burner exit, LTE , may be varied, increasing the residence time, τr,
of the droplets inside the burner and thus the duration of prevaporisation and premixing. In the present study,
two values for LTE are investigated : 160 and 335 mm, which correspond to a residence time of 21 and 49 ms



respectively. For all conditions, no fuel accumulation on the burner walls from fuel droplet impacts was
observed.

The burner is mounted vertically on a two dimensional traverse system with vertical and radial
displacements. Here only axial evolutions are presented; Z/D denotes the axial position, where D is the burner
inner diameter. The origin is taken at the centre of the burner exit. The flow is going upward and is assumed
axisymmetric. Liquid fuel (95% pure n-heptane) is supplied from a pressurised tank (~1.5 bars) and air from a
compressor line. Calibrated flow meters are used to measure all flow rates.
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FIGURE 1. Schematic of the burner. FIGURE 2. Schematic of the atomizer.

The initial spray droplet mean diameter can be varied by changing the atomising air flow rate but the
coflowing air flow rate is maintained constant for all cases (1.66 g/s). Atomising air and liquid flow rates and
corresponding Sauter mean diameter D32 obtained at the burner exit are shown in Table 1. The values of D32 are
obtained from the PDA measurements [3]. The PDA results indicate that changing the fuel rate in order to vary
the global equivalence ratio Φ and increasing the droplet residence time in the prevaporisation tube τr have no
effect on the Sauter mean diameter; only the atomising air flow rate has a significant influence on the droplet
mean diameter [3].

Heptane Atomising air [g/s]
[g/s] 0.063 0.089 0.0140

0.72 0.082 0.082 0.085
Φ 0.79 - 0.092 0.095

0.87 - 0.099 0.104
D32 [µm] 25 20 10

TABLE 1. Atomising air and liquid heptane flow rates and the corresponding Sauter mean diameter.

Instrumentation
Phase Doppler Anemometry

Simultaneous two-component droplet velocity and size measurements are performed with a TSI phase
Doppler anemometer (IFA 755 and APV system). The 514.5 nm and 488 nm emission lines of an Ar+ laser are
used for the axial and radial velocity components, respectively. The former is also used for the droplet size
measurements. The phase Doppler layout is schematised in Figure 3 and the optical parameters are summarized
in Table 2. The PDA offset angle is set to 72.5° in order to minimize the detection of the reflected light and to
make the phase-to-diameter relationship less sensitive to changes in the droplet refractive index due to
temperature [4].
Files of 50000 data points in random mode (i.e. axial and radial components independently) are collected for
each PDA measurement points. Typical phase validation rates (number of validated phase divided by the
number of axial velocity acquisitions) stand around 50 %. Number density and volume flux given by the phase



Doppler anemometer measurements are divided by the phase validation rate for correction of the missing
droplets.
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FIGURE 3. Phase Doppler anemometry facility. TABLE 2. Optical parameters for PDA.

Planar laser induced fluorescence
In order to visualize the instantaneous flame front, experiments of planar laser induced fluorescence (PLIF)

are made by seeding liquid heptane with liquid diacetyl. When diacetyl is excited with a 355-nm wavelength
laser sheet, it fluoresces between 430 and 480 nm [5] and allows to observe the instantaneous flame front where
it is consumed. The set-up for PLIF is pictured in Figure 4. Diacetyl is introduced in heptane in a proportion of
around 5 %.
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FIGURE 4. Planar laser induced fluorescence set-up.

A Nd:Yag laser is operated at 15 Hz. A dichroic mirror separates the 355-nm wavelength of light from the other
residual wavelengths. A convergent and a semi-cylindrical lenses expand the beam into a collimated sheet. All
optics are UV-treated. The camera used is a 16-bit intensified charged coupled device (ICCD) (Princeton
Instruments) and is equipped with a 200-mm focal length lens. A pass-band filter centred on 455 nm and with a
larger of 50 nm is placed in front of the camera. The electronic shutter of the camera is gated by the controller
(Princeton Instruments model ST-138). The pulse generator (Princeton Instruments model PG-200) is used to
program the delay time to gate the camera to the event. A 150 ns gate pulse is used in the experiments and the
delay between the laser pulse and the camera opening is set to 50 ns.
The image intensities captured on the intensifier tube are amplified (gain of 9) and correlated to a 512×512 pixel
array to obtain images of the instantaneous flame front. For all conditions, a hundred images are stored. Each
image is binarised to distinguish between the reacting mixture and the burnt gases and thus to determine the
instantaneous flame front. The hundred binarised images are then averaged and the mean progress variable of
the reaction, which represents the local probability to find burnt gases at the measurement point, is deduced for
each condition. The progress variable is 0 in the fresh mixture of reactants and 1 in the burnt products.

Results and discussion
The average vaporisation rate K of the droplets in the spray can be determined locally from the phase

Doppler measurements obtained along the centreline, with a method derived from the one proposed by Tambour
[6]. As detailed by Michou [3], we can estimate K from number density n, axial velocity U, mean droplet
diameter D and axial position z. Considering two close positions on the burner axis, the vaporisation rate can be
expressed by equation (1).
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Influence of the global equivalence ratio
Figure 5 shows, for three global equivalence ratios, the average vaporisation rate versus the normalised

axial position Z/D for the condition τr = 49 ms and D32 = 20 µm. The vaporisation rate begins to increase
between Z/D = 1.5 and Z/D = 2. For a given axial position, the greater the equivalence ratio, the higher the
average vaporisation rate. This result is correlated to the flame height, which is shorter for richer flames, so that
the flame temperature is higher for lower axial distances.

As the local vaporisation rate depends on the position of the droplet relative to the flame
and thus to the temperature, we plot in Figure 6 the vaporisation rate versus the mean progress
variable C . It is observed that the average vaporisation rate varies linearly with the average
progress variable and that there is no significant influence of the global equivalence ratio on
K. Thus the use of the progress variable allows to compare flames of different heights since
the droplets are located not relatively to the burner exit but relatively to the flame

FIGURE 5. Influence of Φ on the axial profile of K FIGURE 6. Influence of Φ on the evolution of K
for the condition τr = 49 ms and D32 = 20 µm. versus C  for the condition τr = 49 ms and

D32 = 20 µm.

Influence of the initial droplet mean diameter
The influence of the initial droplet mean diameter on the vaporisation rate is presented in Figure 7 versus

the axial position for the condition τr = 49 ms and Φ = 0.72. We observe a stagnant zone until Z/D = 1.5 and
then a strong increase of the vaporisation rate. In the increasing phase, the bigger the droplets, the higher the
vaporisation rate for a given axial position. The same evolution is observed in the plot of K versus the mean
progress variable (Figure 8) : at a position in the flame corresponding to a given value of C , the greater the
mean droplet diameter of the spray, the higher the mean vaporisation rate. This can be explained by a change in
the combustion regime, from a completely prevaporised flame regime to a two-phase flame regime.
To distinguish between the combustion regimes, it is necessary to determine if the droplets have enough time to
completely evaporate before reaching the flame. If the droplets are completely vaporised, a prevaporisation
flame is obtained; if not a two-phase flame or a partially prevaporised flame is obtained. One method to
determine the flame regime is to compare two characteristic times : the time needed to completely evaporate the
droplets τvap and the time τtr necessary to the droplet to transit from the preheat zone to the reaction zone of the
flame. The transit time can be approached as the ratio of the laminar flame front thickness to the flame
propagation velocity. For all our cases, τtr is around 0.3 ms. The evaporation time is estimated from the D2 law
by considering that the vaporisation rate of a combusting heptane droplet is 1 mm2/s [7]. Comparisons of this
two characteristic times are presented in Table 3.

D32 [µm] τvap [ms] τtr [ms] τvap/ τtr

25 0.6 0.3 2
20 0.4 0.3 1.3
10 0.1 0.3 0.3

0 0.2 0.4 0.6 0.8 1
 C

0

0.04

0.08

0.12

0.16

K
 [m

m
2 /s

]

Φ
0.72
0.79
0.87

0 1 2 3 4
Z/D

0

0.04

0.08

0.12

0.16
K

 [m
m

2 /s
]

Φ
0.72
0.79
0.87



TABLE 3. Comparison of τvap and τtr

For the smaller droplets (~ 10 µm), τvap/τtr < 1 : they evaporate completely before crossing
the flame front. This generates a flame in the prevaporised regime. The larger droplets (20 –
 25 µm) do not evaporate completely before crossing the flame front since τvap/τtr > 1 and thus
they encounter higher temperatures within the high temperature zone of the flame front. These
large droplets evaporate therefore at higher rates as observed in Figure 8. This is the two-
phase or partially prevaporised combustion regime.

FIGURE 7. Influence of the initial droplet mean FIGURE 8. Influence of the initial droplet mean
diameter on the axial profile of K for the condition diameter on the evolution of K versus C  for the
τr = 49 ms and Φ = 0.72. condition τr = 49 ms and Φ = 0.72

Influence of the residence time of the droplets in the prevaporisation tube
The influence of the residence time τr on K versus Z/D for the condition Φ = 0.79 and D32 = 20 µm is

presented in Figure 9.

FIGURE 9. Influence of τr on the axial profile of K FIGURE 10. Influence of τr on the evolution of K
for the condition Φ = 0.79 and D32 = 20 µm. versus C  for the condition Φ = 0.79 and D32 =

 20 µm.

The increase of the vaporisation rate begins at an axial position nearer to the burner exit for the smaller
residence time. This evolution can be related to the turbulent kinetic energy because the intensity of the
turbulence decreases with the increase of the residence time and to the flame height because the flame is longer
for the longer residence time [3]. In order to eliminate the influence of the flame height as previously, we plot in
Figure 10 the vaporisation rate versus the mean progress variable. As the influence of the flame height is now
eliminated, we can observe that the turbulence intensity has an influence on the vaporisation rate : at a given
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position relative to the flame, the bigger droplets evaporate with a higher K. This result can be explained by
considering the values of the kinetic energy at the burner exit for the three initial droplet diameters (Table 4).

q τr [ms]
[m2 /s2] 21 49

initial 10 1.03 – 1.16 0.09 – 0.10
D32 20 0.80 – 0.92 0.08 – 0.09

[µm] 25 0.65 – 0.70 0.07 – 0.08
TABLE 4. Turbulent kinetic energy at the burner exit.

These values can be compared to those obtained by Birouk [7] for a single droplet of heptane vaporising for
various turbulent kinetic energy and for normal temperature and pressure conditions (Table 5).

q
[m2/s2] 0 0.1

0
0.2

1
0.3

6
0.5

8
0.8

5
1.4

5
K

[mm2/s]
0.0

15
0.0

31
0.0

36
0.0

39
0.0

43
0.0

48
0.0

52
TABLE 5. Vaporisation rates obtained by Birouk [7].

In Figure 10, for C  = 0.1, the vaporisation rate is around 0.110 mm2/s for τr = 21 ms (q ~ 0.8-0.9 m2/s2) and
0.030 mm2/s for τr = 49 ms (q ~ 0.08-0.09 m2/s2) (factor 3.7). According to Birouk’s results, for q = 0.85 m2/s2,
K = 0.048 mm2/s and for q = 0, K = 0.015 mm2/s (factor 3.2). Although the values differ from one study to the
other, essentially due to differences in temperatures, the ratio is nearly conserved. The strong decay of the
turbulence for longer residence times in the prevaporisation tube explains the reduced values of K for this case.

General considerations
For all the conditions in the present study, the local average vaporisation rate varies between 0 and 0.2

mm2/s. These results can be compared to those obtained by Morin [8] for a single droplet of heptane in a
stagnant environment, at atmospheric pressure for various surrounding temperatures (Table 6).

T [K] 293 373 473 573 673
K [mm2/s] 0.010 0.091 0.226 0.348 0.441

TABLE 6. Vaporisation rates for a single droplet of heptane obtained by Morin [8]

The maximum vaporisation rates of 0.2 mm2/s near the flame front indicates, according to Table 6, that the mean
gas temperature around the droplet is about 500 K. This is consistent with the fact that the droplets when present
are carried by the fresh but preheated gases. The results also show that droplets are present in the flame brush for
values of the average progress variable close to 0.8; this is due to the turbulent nature of the flame where fresh
gases can penetrate into the flame brush. Finally, the average vaporisation rates obtained in this study are much
lower that the burning rate of single n-heptane droplets obtained under stagnant conditions and which are around
1 mm2/s [7]; this indicates that droplet burning is a rather rate event in a two phase flame where the gasification
of the droplets are obtained by vaporisation; burning occurs therefore in purely gaseous phase when the fuel
vapour mixes with the surrounding air to form reactive pockets in the partially premixed combustion regime.

Conclusions
The average vaporisation rates of the droplets are estimated for a heptane-air spray flame from the results

obtained by phase Doppler anemometry. The influence of three parameters are investigated : the global
equivalence ratio Φ, the droplet residence time in the prevaporisation tube τr and the initial spray droplet mean
diameter. For each parameter, the centreline variation of K was discussed versus the axial position Z/D and also
versus the mean progress variable C  obtained by laser induced fluorescence. The results show the following :

• For a given initial spray diameter and a given τr, the vaporisation rate depends on the equivalence ratio
if it is plotted versus the axial position. However, if K is plotted versus the mean progress variable, its
evolution is independent of Φ. Thus the mean progress variable C  can be used as a flame reference
independent of the flame height.

• The vaporisation rate always depends on the initial droplet diameter. The greater the diameter, the
higher K. This is explained by considering the combustion regime which varies between the fully
prevaporised and partially vaporised and partially premixed cases.

• The vaporisation rate always depends on the residence time, thus on the prevaporisation degree
strongly influenced by the turbulence intensity in the present experimental set-up : for longer
prevaporisation times the turbulence intensity decreases strongly and hence the vaporisation rate.



• The values of the average vaporisation rates of the droplets within the spray flame are consistent with
those obtained for single droplet experiments under various conditions of temperatures and turbulent
intensities.
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Abstract
The aim of this paper is to investigate how the features of the atomization process of a liquid jet injected into a high-
pressure air cross flow depends on parameters such as air velocity, liquid velocity and diameter of the nozzle. The
main features of the spray morphology have determined by means of a tomographic visualization technique and the
general evolution of the spray in some typical cases is presented in the paper. It is shown as the jet evolution is
significantly influenced by the onset of a stripping atomization mechanism marked by the peculiar morphology of
the spray cross section. This is also evident from the observation of the jet trajectories determined by using a
shadowgraphic technique. The different behavior of the atomization process induced by the stripping mechanism led
to a bi-stable evolution of jet trajectory in dependence of the prevalence of the liquir or air velocities effects. This
feature can be hardly modeled by the interpolating function proposed in the literature. As a consequence, a stronger
effort to gain a deeper understanding of the fluid dynamic, involved in the jet break-up in presence of an air cross
flow, is still required in order to build-up a more realistic model of the jet trajectory evolution.

Introduction
In the inlet duct of a lean premix gas turbine combustor it is mandatory to guarantee the maximum atomization

and mixing in order to ensure the sufficient air/fuel mixture uniformity required for an efficient and stable
combustion. In general the jet/air interaction should also be capable of preventing the liquid fuel from impinging on
the wall in an uncontrolled way. In order to get more insight in the complex interaction between the jet and the air
stream, under the very different conditions realized in correspondence of the different working conditions, it is very
useful to clarify the influences of the fluid-dynamical and geometrical parameters on the jet behavior in terms of
both its trajectory and breakup.

Trajectories of a liquid jet injected into a high pressure air cross flow, in a configuration similar to a LPPC
(Lean Premixed Prevaporized Combustor) gas turbine system, are investigated by means of optical devices.

In recent literature a very few works refer to cross-flow atomization and to liquid jet trajectories at high ambient
pressure. Ragucci et al. [1] have pointed out a possible discriminative criteria to predict spray atomization and
bending of a liquid jet in a high pressure air cross flow. Becker and Hassa [2] have studied trajectories, break-up,
atomization and dispersion of a kerosene jet, ranging from 0.1 to 0.9 MPa, at very high air velocity, while in the
present paper all the test conditions are carried out at higher values of the chamber pressure. Leong et al. [3] have
discussed how the air pressure can affect liquid jet penetration.

Some works, referring to lower values of the chamber pressure, have tried to validate trajectories obtained
under different operative conditions with a physical model. Wu et al. [4] have found a good agreement between
liquid jet trajectories observed in different test conditions and a theoretical one obtained by a model that considers
the behavior of a  cylindrical liquid column under the effect of the aerodynamic drag force. Chen et al. [5] have
pointed out that, during the spatial evolution of the jet, it is possible to distinguish three different regions: first, due
to the air cross flow, the liquid column bends with no breakup; second, there is a transitional region, in which the
breakup occurs; third, the liquid jet disappears, and a dense cloud of droplets can be observed. Then, a three-terms
equation for the jet trajectory is obtained.

The atomisation of a liquid jet injected in a high pressure cross flow is promoted both by the aerodynamic
interaction of the liquid column, due to the relative velocity at the liquid-gas interface, and by the air cross-flow
dragging effect on the jet.

The first atomisation mechanism has been extensively studied in relation to the jet break-up process observed in
diesel injection. The aerodynamic theory [6] foresees a dependence only on the air-jet relative velocity, and on the
ratio of the liquid to air densities. No explicit dependence from the surface tension has been reported in any
experimental characterisation, apart some review papers which make not dimensional the controlling parameters.
This is consistent with the jet surface evolution. It does not present initial curvature on which the surface tension can
act to produce capillary forces, therefore the non linear wave formation are difficult to be related to this parameter.
On the contrary the transversal flow impinges on the lateral surface of the cylindrical jet, therefore it meets the
resistance of the capillary action due to the liquid convexity with a single principal curvature. This is similar to the



physical mechanism occurring during droplet secondary atomisation apart from the higher curvature level associated
to the spherical form of the droplets. In fact, in this case the curvature is the sum of the two coincident principal
ones, i.e. it is double than the curvature of the surface of a same radius cylinder in the transversal direction. Thus,
similarity in the atomisation regimes should be expected between cylindrical jet in cross flow and spherical droplet.
However, in the first case, characteristic gas-phase Weber numbers Weg( ) in the order of half of those observed for
spherical droplets have to be expected, because of the lower capillary resistance of the cylindrical jet with respect to
the droplet. It is well known that the stripping mechanism is active on a droplet at Weg  numbers greater than about
100. It has thus to be expected that at Weg  in the order of 50 a similar stripping mechanism could play a relevant
role in the jet disruption. This effects can be expected to be more effective at higher pressure due to the increase of
Weg  with increasing air pressure.

The onset of a stripping atomisation mechanism induces a dramatic change to the general behaviour of the jet
break-up process. In fact, the massive displacement of liquid from the jet reduces progressively the jet diameter and,
as a consequence, decreases the jet resistance both to the air drag effect and to the surface instabilities. Hence, the
onset of a stripping mechanism occurring at Weg  higher than about 50 should also influence the jet trajectory.

The aim of this paper is to investigate how the features of the atomization process of a liquid jet injected into a
high-pressure air cross flow depends on parameters such as air velocity, liquid velocity and diameter of the nozzle.
The main features of the spray morphology are illustrated by means of a tomographic visualization technique and
the general evolution of the spray in some typical cases is outlined. The trajectories of the jet in the considered
conditions have been determined by using a shadowgraph technique. The accuracy of the correlations reported in
literature (mettere references) to predict the observed trajectories is verified and the possible explanation of their
inaccuracies are discussed.

Experimental set-up
The experimental set-up (schematically reported in Fig. 1) consists of a fully optically accessible tunnel, with a

square cross section of 25 mm, in which the jet is injected perpendicularly to the air cross flow. The dimension of
the channel has been chosen very close to the transversal dimensions of the inlet duct of a commercial power
generation gas-turbine anular burner. The plain nozzles used (0.3 mm and 0.5 mm diameter) are the same as in the
real device. The injector is mounted on one side of the tunnel, flushed on the wall. On the other three sides quartz
windows allow the illumination of selected sections of the spray. The liquid used is distilled water at 298 K, the
same temperature of the surrounding air. The airflow velocity range explored (7 – 43 m/s) is only slightly lower than
the one typical of the real system. The air pressure is kept on a value of 1.3 MPa.

Two different light source systems and camera dispositions were used, as reported in figure 1. In the first
configuration (Fig. 1a), by means of a laser light sheet, X-Y cross-sections of the spray for different distances from
the nozzle were collected. Alternatively a shadowgraphic scheme (Fig. 1b) is used in order to collect images of the
X-Z liquid trajectories.

AIR

CCD

Analyzer

ND-YAG laser

Z

X

Y

CCD

AIR

Xenon flash lampa b
FIGURE 1. Experimental set-up.

In figure 1a, a second harmonic of a Nd-YAG laser (λ = 532 nm) has been used as light source. The
polarization state of the light could be varied by means of a retarder plate. The laser sheet was 0.5 mm thick and as
large as the quartz window (i.e. 18-cm) in order to illuminate the whole observable region. Elastically scattered light
polarized components could be selected by means of a polarizer sheet and then collected on a high-resolution
camera. The spatial resolution of the detecting system was better than 100 µm.



Each exposure lasted 1 ms and was electronically controlled by means of a shutter synchronized with the laser
pulses. A narrow band interference filter was used in order to reject the background luminosity. At each spatial
position 64 images were collected and summed in order to reduce laser energy fluctuations, increase the dynamic
range and smooth out random spray behavior. The digitalization of the images was on 10 bits (e.g. 1024 gray levels)
thus giving a final resolution of the average image of 16 bits. The actual dynamic range of the average images is
limited by the residual background luminosity and by the stray light. It has been evaluated in the worst condition,
i.e. for measurement positions close to the chamber wall, to be greater than 1:200. In order to reject possible residual
luminosity a background average image, collected in absence of the spray under the same conditions, was subtracted
from the average image.

The optical set-up in figure 1b allows for the collection of shadowgraphs of the spray. The light source in this
case was a low-pressure xenon flash lamp synchronized with a 1 M-pixel CCD digital camera. A set of 8 images
was collected in each condition and averaged in order to smooth away random fluctuations of the jet behaviour. In
this case too a background average image, collected in absence of the spray under the same conditions, was
subtracted from the average image in order to remove background luminosity. The average images were binarized at
a 10% threshold and a thinning procedure was applied in order to extract the jet central trajectory. From the resulting
images a table of trajectory points coordinates was obtained using an automated procedure.

Results and Discussion
The experimental setup shown in figure 1a allows the study of the scattered laser light diffused by the water jet

on constant Z levels in order to describe the spatial evolution of the spray for particular operative conditions. Liquid
injection velocity is maintained at 40 m/s, and different cross flow air velocity and two diameters of the nozzle are
used to show both the effect of nozzle size and jet number on the spray behavior. In each test condition average
images of the spray cross section are analyzed by means of a purposely realized software in order to extract 3D
images of the spray.

3D reconstructions of the spray are reported in figure 2, together with X-Z profiles obtained by averaging 20 lines
around the injection plane (Y = 0). Each image is a false-color representation (on 8 equi-spaced levels) of the IVV
intensities collected at different distances from the nozzle in planes perpendicular to the nozzle axis. Even though
the resolution of the detecting system is much higher, the 8 levels representation has been chosen to put the evidence
on the spray cross-sections morphology rather than on the IVV intensity values.

The set of images obtained using a 0.5 mm nozzle and a cross-flow air velocity of 32 m/s (figure 2a) shows
clearly that the spray assumes a “kidney” shape at only two millimeters from the nozzle. This is an indication that
the air interaction on the spray is very effective and a stripping mechanism is very active on the spray border. In the
region between the two wakes the signal is very low indicating a possible presence of a residual spray core. The
same structure can be observed at 6 and 10 mm while, at 14 mm, the kidney structure enlarges in the center and the
spray appears more uniformly distributed indicating the progressing disappearance of the spray core. In these images
it can be also observed a slight shift of the images in the direction of the airflow.  This is an indication of the spray
deviation due to the aerodynamic drag effect.

 From the X-Z picture it is possible to observe that, where the two wakes disappear, both the central and the
boundary trajectories of the spray have a relevant discontinuity in their profiles. It means that the fluid dynamic
behavior of a cloud of droplets in a cross flow is completely different from that of a liquid column under the same
aerodynamic drag effect.

 Moreover, it is clear that all the sections move only slightly in the air flow direction as Z increases. In
particular, the image acquired at Z=22 mm shows that this weak bending causes the jet impingement on the opposite
wall.

 For a higher gas velocity  (figure 2b), the signal appears more intense than the previous case: higher values of
the gas velocity enhance the atomization process. The breakup of the jet inner core occurs earlier (Z = 14 mm) and
the initial wakes around the center of the spray are more elongated. Figure of the X-Z profiles shows a sensible shift
of the images in the direction of the air flow, a clear indication of a stronger bending of the spray due to the
increased aerodynamic drag force.

Figure 2c reports the set of images collected using a 0.3 mm nozzle and an air flow velocity of 32 m/s. In this
case the liquid mass flow rate was about three times lower than in the previous case but the cross sections
dimensions appear comparable with those of previous case. In this case the kidney structure is no longer observable
starting from the image at 10 mm. At greater distances the intensity distribution becomes very uniform and
decreases with increasing distances from the nozzle. At distances greater than 16 mm the intensity vanishes (at least
in the scale used in the false color representation) as it can be seen from the image at 20 mm. In addition the spray
displacement is much more pronounced than the one observed for the 0.5 mm nozzle.

Furthermore the X-Z profiles show the relevant bending already described, together with a discontinuity of the
jet trajectory at about Z = 8 mm, an evidence of its breakup occurred at this section.

Trajectories of the liquid jet for various test conditions were observed by means of the optical device illustrated
in figure 1b. The images collected are shown in figure 3. Chamber pressure was kept at 1.3 MPa.  As far as the



water injection velocity is concerned, there were chosen four values: 20, 28, 40 and 56 m/s. The temperature of the
entire system is 298 K.

From the scheme illustrated in figure 3 it is possible to get some useful information on the liquid jet trajectory
and penetration. The evaluation of this parameter is fundamental, because in the premix duct of a gas turbine
combustor it is necessary to avoid the fuel impact on the chamber walls, in order to maintain a high level of air-fuel
mixing and then the desired global efficiency of the cycle.

After a preliminary exam of the set of images above, it is evident that, for a certain liquid injection velocity and
diameter of the nozzle, an increase of the air velocity causes a stronger bending of the liquid jet in the flow
direction. It is also noticeable windward an increasingly intense homogeneous zone of the signal, as the air velocity
increases. This is due to the presence of a dense cloud of droplets, stripped from the superficial area of the liquid
column and dragged away by the air flow.

FIGURE 2. 3D reconstructions of the spray by its X-Y cross sections and X-Z profiles taken on Y = 0 plane. Air
pressure P=1.3 Mpa, Vl=40 m/s. Conditions: a) Vg =32 m/s, d=0.5 mm, X-Y cross sections acquired at Z = 2, 6, 10,

14, 18, 22 mm, b) Vg=43 m/s, d=0.5 mm, X-Y cross sections acquired at Z = 2, 6, 10, 14, 18 mm, c) Vg =32 m/s,
d=0.3 mm, X-Y cross sections acquired at Z = 1, 2, 4, 6, 8, 10, 12, 16, 20 mm.



FIGURE 3. Shadowgraphs of the spray for various test conditions.

On the contrary, for a certain air velocity, if the liquid injection velocity increases, the jet is less influenced by
the air flow for its higher inertia. In some cases the liquid jet can impinge on the opposite wall. For instance, if the
liquid injection velocity is equal to 56 m/s, the jet impinges on the wall regardless of the air flow. An evidence of
this impact is the liquid film that glides over the opposite wall under the air flow effect. For lower values of the air
velocity, after the impact the jet rebounds on the chamber wall, and then its behavior is completely unpredictable. In
this conditions it is possible to see on the quartz window some droplets and liquid residuals, produced by the jet
splashing.

For a certain liquid velocity, it is possible to see how the initial transversal dimension of the spray increases
with the air velocity. It means that the stripping atomization mechanism is already effective in the first part of the jet
near the nozzle.

The first relevant conclusion is that the jet penetration diminishes as the air flow increase. As far as the
trajectory is concerned, following the jet profile it is possible to find a discontinuity whereas the breakpoint occurs.

Comparing the two groups of images (d=0.3 and d=0.5 mm), it is clear that, as the diameter of the nozzle
increases,  the homogeneous signal zone windward is higher (more droplets) and the liquid jet bending is less
evident, due to its higher inertia. Both effects are caused obviously by the greater liquid mass flow rate for a 0.5 mm
nozzle.

Figure 3 shows that bending and atomization of the liquid jet are two events closely related. Therefore this
consideration confirms that the jet trajectory is substantially modified by droplets formation. In fact, droplets have
certainly a fluid-dynamical behavior completely different from that of an almost cylindrical liquid column.

An overview of the images above allows to extract an additional information as far as the trajectory profiles is
concerned. When the air flow velocity is low, it is always possible to recognize the body of the jet during its whole
spatial evolution, and then to identify a simple mathematical function for the liquid trajectory. That it the case of
very high values of the q parameter, defined as the ratio of the liquid to the air momentum. For higher values of the
air velocity, the jet bends windward and an more efficient stripping mechanism is activated. As a consequence, it is
difficult to describe the trajectory of the liquid jet with a simple function, essentially because in this case a two-
phase system (liquid column and cloud of droplets) has to be analyzed.

 As shown in figure 2c, from the section Z=8 mm the residual core of the liquid column disappears; this fact is
confirmed by the absence of the two wakes, starting from this section. The relative X-Z profiles show the



aforementioned change of the trajectory slope at the same section; it means that the fluid-dynamical behavior of the
liquid jet shifts to the behavior of an aggregate of droplets.
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FIGURE 4  Comparison of the Residual Average Error (RAE) of the trajectory interpolation proposed by Wu et
al.[4], Becker et al. [2] And Chen et al. [5] as a function of q, when applied to the data of this work.

An attempt has been made to verify the validity of the interpolations proposed by Wu et al.[4], Becker et al. [2]
And Chen et al. [5] to predict the trajectories of the jet in the conditions studied in the present paper. A diagram of
the Residual Average Error (RAE) as a function of q is reported in Fig. 4 along with a weighted interpolations of the
observed RAE. Apart from a very large scattering of the observed error, the diagram shows that the error increases
increasing the q value for the interpolations proposed by Wu et al.[4] and Becker et al. [2]. The interpolation
proposed by Chen et al. [5] appear to be substantially inadequate to describe the observed trajectories regardless of
the q values. The large scattering in the RAE observed also in correspondence of q values very close suggests that it
could be incorrect to evaluate the effectiveness of the interpolations considering the q value as the controlling
parameter of the jet trajectory evolution.

Conclusions
The cross section of the jet assumes either a circular or a kidney-like shape in dependence of the air velocity

value. The appearance of the wakes on the side of the jet marks the onset of a stripping mechanism. This mechanism
promotes the dispersion of the liquid by means of the generation of a very fine droplets cloud dragged by the
transversal air flow. A secondary effect of the stripping mechanism is related to the more effective bending of the
spray observed when it is active. In fact, this can be explained by the massive removal of liquid from the jet surface
occurring when the stripping is active. This induces a thinning of the liquid column and, hence, a weaker resistance
to the drag effect of the air-flow that can amplify the jet bending. Furthermore, the liquid column thinning can result
in an earlier jet break-up. In conclusion, the stress on the liquid column induced by the air-flow and the liquid
removal by the stripping mechanism seems to affect the break-up length of the jet. The droplets cloud formed after
the jet breakup is much more sensitive to the dragging effect than the intact liquid column. This could be the
explanation of the discontinuity of the trajectories observed in correspondence of the onset of the stripping
mechanism.

The different behavior of a compact liquid jet and of a cloud of droplets, when invested by an air flow, makes
difficult to find a simple mathematical formulation of the jet trajectories that takes in account the different physical
effects. In fact, it has been evidenced in the paper the substancial failure of the most common interpolating functions
proposed in literature in reproducing the experimentally observed jet trajectories over a relatively wide q range.
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Abstract
A model for secondary atomization of liquid oxygen (LOX) droplets by aerodynamic shear forces has been
developed. This model, based on an experimental study, is used to simulate, the breakup of an isolated droplet and
the formation of an entire spray of secondary droplets issued from an initial Rosin-Rammler distribution. A 3-D
lagrangian CFD code for multiphase turbulent reacting flows (code THESEE of the SNECMA) is used for the
computation of dynamic and scalar fields, heat and mass transfers, and droplets trajectories. The elaboration of the
model from experimental data is first presented (more details about the construction of this model are in refs. [4] and
[9]). This includes the determination of the breakup regimes, deformation and breakup initiation times and
distribution in size and number of secondary droplets. The simulation of the breakup of an isolated droplet is then
presented and compared with experimental data. Preliminary results of the simulation of the formation of a spray at
1 MPa in the MASCOTTE cryogenic combustion test facility operated by ONERA are then presented and
discussed.

Introduction
In a liquid propellant rocket engine such as the Vulcain engine of the launcher Ariane 5, the main factor for the

combustion, and therefore the efficiency of propulsion is the vaporization rate of liquid oxygen (LOX) droplets in
gaseous hydrogen (GH2). The evaporation rate is directly connected to the surface of contact between the two phases
which is in relation with the number and size of droplets issued from processes of atomization of the primary liquid
jet introduced in the combustion chamber of the engine. The breakup of the initial liquid jet is a very complex
phenomenon, and it can be decomposed in two more elementary processes: the primary atomization which
corresponds to the first erosion of the liquid core and production of a limited number of large fragments of liquid
with a variety of forms, and the secondary atomization which corresponds to the fragmentation of these large liquid
parcels into a number of smaller elements. In experimental studies, several parameters were identified to
characterize the breakup of a single droplet such as Weber and Reynold numbers:

(1)

and the density (DR=ρl/ρg) and viscosity (VR=µl/µg) ratios.

The LOX breakup model
The model is based on an experimental study [2] which describes the different parameters of the secondary

atomization of single LOX droplets by a cross jet flow of helium under high pressures (up to 12 MPa). During this
experimental work, only three different regimes were observed (the bag, the transitional and the shear breakup
regimes), whereas certain studies identifies up to eight breakup regimes [3]. A correlation for regime identification
based on an initial study by Gelfand [1], introducing We, Re, DR and VR, has been established as follows:

(2)

The value of the constant C depends on the breakup regime : 0.25 for bag breakup, 0.7 for transitional breakup and
0.9 for shear breakup.
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After the determination of the breakup regime, if the droplet is in one of the three breakup regimes, i.e. if C greater
than 0.25, it is necessary to determine the duration of the deformation before fragmentation, which is called the
breakup initiation time (Tini), and compute it with the following relation [2]:

(3)

Another important parameter to take into account for the secondary atomization model is the distribution for size
and number of droplets generated by the breakup of a single primary droplet. The analysis of the experimental data
[2] provided simplified distributions of secondary droplets for each regime of breakup (Tab. 1).

Breakup of a single droplet
This  section concerns  the validation of the model with the same geometry as the experimental setup [6-7]

(another example of a similar computation can be found in ref. [4]). A spherical droplet is introduced in the
computational domain near of the high velocity field with a vertical velocity of 0.5 m/s, a diameter of 0.471 mm and
a temperature of 80 K (see ref. [9]). For the gaseous phase, the velocity at injector exit, the temperature and pressure
in the domain are respectively 11 m/s, 300 K and 6.6 MPa. During the computation, the evolution of size, number,
velocity and temperature of droplets, Weber and Reynolds numbers are studied .

Figure 1 presents the time evolution of the size of the initial droplet and of the droplets issued from the first
breakup (in this case in the bag breakup regime). This figure shows the importance of phenomenon of secondary
atomization (vertical parts of the curves) compared to the vaporization process (slightly inclined horizontal parts of
the curves) for the droplet  diameter decrease. It is clear that smaller droplets (droplets 2 and 3) are too small to be in
a breakup regime (their Weber number is below the critical value), and they are immediately in the vaporization
regime. The number of droplets in figure 2 shows a rapid increase after a  period of which corresponds to the
displacement of the primary droplet in the low velocity field of the computational domain. The decrease of the total
secondary droplet number corresponds to the gasification of droplets by vaporization.

Figures 3 to 6 represent respectively the velocity, the Reynolds and Weber numbers of the initial parent droplet
and the temperature of droplets issuing from the  first breakup. On these figures, it appears that the initial droplet is
accelerated when it penetrates in the high velocity zone of the flow (fig. 3). The Reynolds and Weber numbers
follow the same evolution because of their definitions (eqs. 1). It is also observed (fig. 6) that the equilibrium
temperature is more rapidly attained for smaller droplets (2 and 3).

Figure 7 presents an example of superimposition of the secondary droplet trajectories and of the mean velocity
field computed for the whole computation duration. With this picture it is easily observed that primary droplet is
submitted to the breakup process during a relatively short time before it goes out of the computational domain.

Formation of a complete spray
In this section, the computational domain (Fig. 8) is similar to the MASCOTTE [5] test facility configuration. A

liquid potential core is represented by a cone at the surface of which the liquid is introduced under the form of
droplets, with an initial Rosin-Rammler distribution. For the gaseous phase, the properties are 319 m/s for the axial
velocity at the injector exit, 1 MPa for pressure in the computational domain, and 287K for gas temperature at the
injector exit. Droplets are introduced at a temperature of 85 K; the velocity and angle of injection depend on the
location of the injection on the potential core. For this configuration, two types of computation are conducted: the
first one is a computation without the secondary atomization model and the second is a computation where the
secondary atomization model is activated. A comparison between these two cases demonstrates the influence of the
secondary atomization model for the final droplet distribution  and the distribution of components (liquid and
gaseous oxygen, gaseous hydrogen) in the computational domain.

On  figures 9a and 9b, the comparison between initial and final droplet distributions shows that in the case of
the computation without secondary atomization, the distribution is only modified by a slight shift to the lower
droplet sizes. For the computation with secondary atomization the distribution is totally transformed by the process
of breakup. The maximum size of droplets is about 50 µm at the end of simulation whereas in the initial distribution
the maximum size is 390 µm.

On figures 10,11, and 12, the mass fractions of the three components (liquid and gaseous oxygen and gaseous
hydrogen) existing in the computational domain are represented as a function of distance from the injection. On each
graph, the mass fraction is represented for several radial distances, where Y=0 mm represents the axis of liquid jet
and Y=25 mm represents the upper limit of the domain. The irregular form of the curves for the simulation without
secondary atomization is due to the limited number of liquid oxygen droplets in the computational domain, .and
therefore to non-accurate statistics. On the curve for gaseous hydrogen mass fraction (fig. 11)  the liquid oxygen
core appears as  the region where the hydrogen mass fraction is equal to zero near the injection, for the two cases of
computation. The decreasing value of the gaseous hydrogen far from the injection is due to the production of
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gaseous oxygen in the case of computation with secondary atomization, and  to a combination of presence of liquid
and gaseous oxygen in the case of calculation without fragmentation. The presence of liquid oxygen (and therefore
presence of a higher density component) far from the injection without atomization is responsible of the lower
values of gaseous hydrogen  obtained in this case. The mass fraction of gaseous oxygen (fig. 10) is equal to zero
near  the injection because of the liquid core for the small values of Y, and because of injection of gaseous hydrogen
for the highest values of Y. For the two cases of computation a maximum of value of gaseous oxygen appears for
Y=0 and Y=5mm because of the vaporization of droplets.

The mass fraction of liquid oxygen (fig 12) is equal to 1 for the computation with secondary atomization for
Y=0 mm because of the presence of the liquid potential core. The decrease of liquid oxygen mass fraction is rapid in
this case because of  the rapid vaporization of small droplets created by the fragmentation of large droplets. After a
distance of about 5.10-2 m there is no more liquid because of the vaporization of all droplets. In the case of
computation without secondary fragmentation the decrease of liquid oxygen mass fraction is less important because
in this computation, the number of small droplet is limited and the vaporization rate of large droplets is not
significant. The value of  the mass fraction of liquid oxygen is not equal to zero far from the injection because of the
presence of large droplets not totally vaporized in this zone.

Figures 13a and 13b are representations of the superimposition of the instantaneous velocity field and of the
droplets at the end of the computation. On these figures it is clear that the computation with secondary atomization
is very efficient for the gasification of the liquid oxygen because all droplets  disappear about 5.10-2 m after the
injection, whereas in the case of computation without secondary breakup, droplets exist at a distance larger than
15.10-2 m (the computational domain is 40.10-2 m long, this figure is a partial representation of the computational
domain).

Summary and conclusions
A model of secondary droplet atomization has been developed to simulate fragmentation of liquid oxygen by

aerodynamic shear forces in both  single droplet configuration and in a complex configuration similar to the
MASCOTTE cryogenic combustion test bench. Results concerning the MASCOTTE simulations have shown the
importance of secondary atomization on final distribution of droplets and gaseous oxygen in the computational
domain. The liquid oxygen gasification is much more rapid in the case of computation with secondary fragmentation
because of the production of a great number of very small droplets (<50 µm). The correct simulation of gaseous
oxygen distribution is very important for the subsequent simulation of combustion processes for the location and
form of the flame front, and therefore for the correct prediction of the efficiency of the combustor.
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Table 1. Simplified distributions of secondary droplets

FIGURE 1. Size of droplets issuing from first
breakup.

FIGURE 2. Evolution of number of droplets.

FIGURE 3. Evolution of velocity of primary
droplet.

FIGURE 4. Evolution of Reynolds number of
primary droplet.

FIGURE 5. Evolution of Weber number for
primary droplet.

FIGURE 6. Evolution of temperature for droplets
issuing from first breakup.

Size of secondary droplets (fraction of initial droplet diameter)
Breakup regime 10% 30% 50% Residual

Bag breakup 2 2 1 93.60%
Transitional breakup 3 1 1 94.50%

Shear breakup 2 4 2 86.20%
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FIGURE 7. Superimposition of mean velocity field and droplets

FIGURE 8. Computational domain for computation with an initial Rosin-Rammler distribution.

FIGURE 9.a. Comparison of initial and final
distribution of droplets for computation without

secondary atomization.

FIGURE 9.b. Comparison of initial and final
distribution of droplets for computation with

secondary atomization.
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FIGURE 10.a. Mass fraction of gaseous oxygen
for computation with secondary atomization.

FIGURE 10.b Mass fraction of gaseous oxygen for
computation without secondary atomization.

FIGURE 11.a. Mass fraction of gaseous hydrogen
for computation with secondary atomization.

FIGURE 11.b. Mass fraction of gaseous hydrogen
for computation without secondary atomization.

FIGURE 12.a. Mass fraction of liquid oxygen for
computation with secondary atomization.

FIGURE 12.b. Mass fraction of liquid oxygen for
computation without secondary atomization.
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FIGURE 13.a. Superimposition of instantaneous velocity  field and droplets for computation with secondary
atomization.

FIGURE 13.b. Superimposition of instantaneous velocity  field and droplets for computation without secondary
atomization.
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Abstract
The paper concerns the modeling of turbulent liquid oxygen/hydrogen spray combustion for elevated

subcritical pressure and cryogenic inlet temperature conditions. In particular, the combustion in a single
injector combustion chamber is modeled where experimental data are available for gas phase temperature
and both droplet size and velocities. The model uses an Eulerian–Lagrangian formulation for the gas and
the liquid phase, respectively. Detailed models for droplet heating and vaporization in a convective flow
field are employed, and detailed gas phase reactions are accounted for through use of a flamelet model
for turbulent spray combustion. The results show a very good agreement between experimental and
computational spray characteristics. The computed gas phase temperature lies above the experimental
values which is associated with CARS single shot measurements and incomplete data for the initial
conditions of the combustion process.

Introduction
An improved understanding of the physical and chemical processes occurring in liquid rocket engines

is required to ensure the stability, reliability, and efficiency of their performance. The gaseous hydrogen
and the liquid oxygen (LOX) are injected at cryogenic inlet temperatures, and the turbulent combustion
occurs in both the sub- and supercritical domain. Therefore, the models for the processes in systems
such as the Ariane V or the Space Shuttle main engine are very complex. In the present study the
combustion process in a single injection combustion chamber is investigated for elevated pressure and
cryogenic inlet temperatures. Experimental data are available for an elevated pressure situation of 5 bar,
and the experimental data are published by Sender et al. [1].

The combustion in liquid rocket propulsion typically occurs in the flamelet regime of turbulent combus-
tion [2] which enables the use of the flamelet model for turbulent spray diffusion flames [3, 4]. Structures
of laminar hydrogen/oxygen flames are precalculated at 5 bar and for cryogenic inlet temperature of 100 K
for hydrogen [5, 6]. They are incorporated into the turbulent spray combustion model which allows the
computation of all chemical species that are included in the detailed chemical reaction mechanism for the
hydrogen/oxygen system that includes 8 reactive species and 38 chemical reactions [7].

Model
A dilute LOX spray is considered that is injected into a turbulent gaseous hydrogen stream where

the inlet temperatures are cryogenic. The system pressure is 5 bar. The model includes an Eulerian
description of the gas phase and Lagrangian equations for the dilute spray. The k − ε turbulence model
is employed where additional terms account for the spray interaction [3]. The chemical reactions are
described through a flamelet model for turbulent spray diffusion flames [3, 4]. The conservation equations
for the mixture fraction and its variance also account for mass gain through vaporization of the liquid [3].

Convective heating and vaporization is described through a model developed by Abramzon and Sirig-
nano [8]. The equation for droplet motion accounts for turbulence effects through a Gaussian distribution
for turbulent fluctuations [9]. The spray distribution is described through the discrete droplet model.

For the computation of the gas phase characteristics in the cryogenic temperature regime, data from
JSME tables [10] for pressures up to 200 bar and temperatures between 80 and 300 K are used. More-
over, the pressure (and temperature) dependence of the vaporization rate and of the binary equilibrium
composition at the liquid/gas interface [11] is included.



Results and Discussion
The experimental data [1] include gas temperature as well as droplet velocites and size. Figure 1

displays the droplet velocities obtained from experiment using PIV. The area displayed ranges from
72 mm to 140 mm of the combustion chamber which is the second half of the entire single-injector micro
combustion chamber M3 of the DLR in Lampoldshausen, Germany. In the first part of the combustor,
the spray is rather thick, and the model is not suitable. The experimental data are used to produce initial
profiles for the simulation as well as for comparison further downstream in the combustion chamber.

FIGURE 1: Measured droplet velocities in the range between 72 and 140 mm from their injector [1].
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FIGURE 2: Initial droplet rate and distribution for 9 different size classes evaluated from experimental
data [1] at x = 72 mm from the injector.

Figure 2 shows the generated initial droplet rate at the axial position 72 mm. The depth of field in
the experiment is 0.5 mm which has been used to calculate the droplet rate. The experiment typically
does not comprise more than about 15 % of the entire liquid. Sometimes in the literature, this value
is extrapolated to 100% and there are several methods to do so. However, we preferred to stick to the
experimental data that we received since there is no reliable information about how much of the liquid
flux exactly needs to be compensated for which causes a second ambiguity in the procedure.

Also, there are no gas temperature measurements exactly at x = 72 mm, and the inlet conditions
for the gas temperature have been obtained from interpolated experimental data at two surrounding
axial positions. Moreover, the experimental data have been extrapolated into the outer regions where no
experimental data are available.
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FIGURE 3: Contour plot of the gas temperature.
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FIGURE 4: Radial profiles of the gas temperature for three different axial positions: Symbols present
experimental data and lines show computational results.

There is no information on other gas phase characteristics such as species concentrations from the
experiment. The initial gas velocity is taken from the experimental velocity of the smallest droplets, and
the species profiles are estimated from the experimental gas temperature. The turbulence quantities k
and ε are computed from the gas phase velocity.

Figure 3 shows the computed overall structure of the spray flame in terms of the computed gas phase
temperature. The main chemical reaction zone is located at the boundary of the spray jet where vaporized
oxidizer meets the surrounding hydrogen gas stream. The maximum flame temperature is about 3000 K
which is typical for these high-pressure flames.

A more detailed investigation of flame temperature is shown in Fig. 4 where the calculated and
experimental radial profiles of the gas temperature are shown for three different axial positions. Symbols
show experimental data and lines are computational results.

Figure 4 shows that the gas temperature in the main reaction zone is overpredicted by the com-
putations. This may be attributed to both experimental and computational uncertainties. First the
experiments employed CARS single shot measurements, and the averaging procedure of these values
typically leads to an underprediction of the measured gas temperatures. Moreover, the initial gas phase
profiles needed for the computations is estimated from the gas temperature profile, and this procedure
is somewhat arbitrary. Another reason is to be found in the incomplete liquid phase data as discussed
earlier. The computations use the uncorrected data from measurements so that the vaporization of the
neglected liquid would reduce the gas phase temperature. Therefore, the discrepancies of computed and
measured temperature profiles in the gas phase is reasonable.

The flamelet model is suitable to predict all species profiles that are considered in the laminar flamelet
library. Figure 5 shows radical profiles at x = 127 mm. The HO2 and H2O2 are present in the colder
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FIGURE 6: Contour plot of the mass fraction of HO2.

flame region (due to their stability) near the axis of symmetry where molecular oxygen in the gas phase
is present. The location of the H2O peak is shifted to the fuel side which is typical for gas phase
combustion. Figure 6 shows the contour plot of the HO2 mass fraction, and the differences compared to
the gas temperature contour plot are obvious. The HO2 prevails into the colder regions of the combustion
chamber favorably in regions where gaseous O2 is present.

The gas phase velocities show that there is a region where recirculation occurs. This may be seen in
Fig. 7 where the radial gas phase velocity is displayed. This finding is in agreement with experiment [1].
It is well known that the k − ε turbulence model that is used here is not the best choice if recirculation
is present, and a future study will include a Reynolds stress model for turbulent spray flames.

Figures 8 and 9 show a comparison of liquid phase characteristics. Figure 8 displays the radial profile
of the Sauter mean radius at x = 104 mm. Symbols mark experimental results, and the agreement
between experiment and computation is excellent. The same is true for the profiles of axial velocities at
the same axial position plotted in Fig. 9. Thus it is shown that the present model is suitable to correctly
predict the liquid phase properties.

Summary and Future Research
The combustion process in the micro combustion chamber M3 has been studied by means of numerical

computations. The Eulerian/Lagrangian model is suitable to predict the processes in the dilute spray
regime of the combustion chamber. In particular, the prediction of the spray distribution and evolution
is very good.
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FIGURE 8: Experimental and computational results of the Sauter mean radius at x = 104 mm.

Calculated gas phase temperatures are higher than the experimental values which is explained by
various reasons. First, the experimental data are probably underpredicted which is typical for CARS
single shot measurements. Moreover, only a small portion of the total liquid flux was captured by the
experimental techniques so that the energy consumed by droplet vaporization is underpredicted leading
to too high values of gas temperature in the computation. Furthermore, there is no information of gas
phase species profiles from experiment leading to uncertainties in evaluating the initial conditions for the
computations.

Future studies should include the dense spray regime, and an extension of the present model into that
region will be developed.

Moreover, the Reynolds stress model for turbulent spray flames will be employed to account for an
improved simulation of the recirculation zone. Here the coupling terms of velocities and vaporization
fluctuations need to be modeled.

In future, the pressure will also be increased into the high-pressure domain.
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Abstract
Understanding the complex environment of the rocket combustion chamber involves a good understanding of the
injection phenomena. This understanding allows the rocket designer to employ time and cost saving modeling tools
to better design a higher performing rocket engine. The rocket engine performance is highly dependent on the
injection processes within the chamber. This project looked at injection processes in the supercritical regime of the
injected fluid, cryogenic nitrogen, in order to better understand realistic conditions in the rocket engines of today.
The investigation considers test conditions from 4.0 to 6.0 MPa at two different injection velocities and
temperatures. Experimental data taken by Raman imaging and shadowgraphy are compared to computational
models for these various test conditions. The test data allow comparisons of density, potential core length, length
scales and jet spread angle. The results validate the computational models fairly well. This agreement allows further
research to use the models to predict injection behavior under these operating conditions. Further comparisons were
made between the various test cases using the computational models considering the effects of pressure, velocity
and temperature variations on the cryogenic jet.

Experimental Setup
Fig. 1 shows the pressurized chamber with the injector used in the experiments presented in this paper along

with the boundary conditions assumed for the model. The diameter of the injector is 2.2 mm and the length to
diameter ratio is greater than 40. The chamber can be pressurized up to 6 MPa and is equipped with an electronic
heater to keep the wall temperature constant. Optical access to the chamber is provided by four windows. Cold
nitrogen is injected into a warm nitrogen environment under different ambient and injection conditions. The
temperature of the injected fluid is measured throughout all of the experiments at position T1 (Fig. 1). Table 1
shows the data for the test cases. The temperature at position T2 is measured to determine the test conditions at the
injector exit. Real gas properties are used to determine the density from the measured pressure and temperature. The
velocity is calculated from the measured mass flow, the area at the injector exit, and the density.

1 m

Model Adiabatic,
No Slip, Injector,
Face Plate

Model, Isothermal Walls

GN2,
297K

Window

Figure 1. Test chamber and injector dimensions
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Case Target
Pressure

[MPa]

Target
Velocity

[m/s]

Target
Temperature

T1 [K]

Chamber
Pressure [MPa]

Injectant
Temperature

T2 [K]

Averaged
Velocity at T2

[m/s]
1 4 2 120 3.96 130.0 3.53
2 4 2 130 3.95 140.0 3.63
3 4 5 120 3.97 126.9 5.72
4 4 5 130 3.98 137.0 5.91
5 5 2 120 4.90 131.0 2.54
6 5 2 130 4.90 140.0 3.39
7 5 5 120 5.01 126.2 4.88
8 5 5 130 5.00 135.7 6.40
9 6 2 120 5.85 135.0 2.91

10 6 2 130 5.88 140.5 3.00
11 6 5 120 5.98 128.7 5.40
12 6 5 130 5.96 135.4 5.55

Table 1. Experimental conditions

Property Value Comparisons
Non-dimensionalizing the flow properties for the profiles allows the comparison of the data for the different

testing conditions as follows.
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The c subscript refers to the centerline or maximum value for the profile and the infinity designates the
environmental values. By this method, the profiles are 1.0 at the centerline and zero outside the jet itself. Non-
dimensionalizing length measurements uses the jet diameter (d), Half Width at Half Maximum (HWHM) values
(r1/2), or axial location as indicated.

The flow properties are also compared and investigated in the axial direction. Similar relationships to the radial
comparisons are employed with one difference. The non-dimensionalization of these parameters uses the injection
conditions (ρo, To, uo) rather than the local centerline values as shown in the following equations.
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Shadowgraphy
Shadowgraph images give a first impression of the phenomena occurring under different injection conditions.

The size of the images is about 30 by 20 mm. The procedure digitizes the images with a resolution of 2000 by 1300
pixels and 256 gray levels. Therefore, one pixel corresponds to 15 µm.

Fig. 2 displays two images. The left image is at a lower injection temperature than the right. Since the test
conditions exceed the critical pressure of nitrogen (3.39 MPa), no droplets are seen on either image. At low
temperatures, the jet is very dense and not much light can pass through the core of the jet. At raised temperatures,
the jet shows a more gas like behavior. These images provide important geometric parameter information such as
spreading angles and length scales. With hundreds of images to evaluate, it seemed appropriate to develop and
employ a numerical tool.

 
Figure 2. Shadowgraph images, Case 3 (left), Case 4 (right)

Evaluation of Visible Length Scales
The two point correlation method is applied to determine the visible length scales for the images. At each test

condition, a number of images were taken. Since the time between taking each image was much larger than the
expected time scales for this flow field, each image is a statistically independent measurement and each pixel is
considered as a single measurement position. The program performs the procedure to determine visible length scales



for all pixels belonging to the jet and the shear layer. A detailed description of this procedure can be found in [1].
The result of the procedure are the visible length scales in the axial and radial directions, averaged over all images.
Furthermore, the program calculates the ratio of the axial to the radial length scales. This gives an indication of
whether the visible structures are more circular or more elliptical.

The numerical calculations use a standard k-ε model which assumes isotropic turbulence. To compare to the
model results, a geometric mean value is calculated by radax lll ⋅=  where lax and lrad are the length scales in the
axial and radial directions, respectively.

Modeling
The model for this multi-physical problem is based on a straight forward computational approach. The flow

field calculations employ directly the Navier-Stokes equations for incompressible flow. Since the test conditions are
in the supercritical regime for nitrogen, real gas nitrogen properties are necessary. For this requirement, the model
employs the Lee-Kessler-Chung model built into the CFD-ACE software. The model focuses on a steady state
solution to determine average property distributions for this injection experiment.

Boundary and Initial Conditions
Measured mass flow, temperature and pressure determine the inlet and boundary conditions for the model. The

outer wall of the chamber is isothermal to correspond to the character of the wall during testing. The actual test
chamber has also shown some heat transfer to the nitrogen in the injector tube. To account for this in the model, the
temperature determined at the chamber inlet is used as the injector tube inlet temperature. The boundary conditions
used are then an adiabatic wall along the injector tube and the end of the chamber at the plane of injection into the
chamber. This allows the temperature into the chamber to match experimentally measured values for these test
cases.

The model procedures calculate the outlet boundary condition based on total mass flow. The chamber is long
enough to consider the exit to be completely decoupled from the jet flow. The initial conditions for the calculations
are simply set to the outlet boundary conditions, low velocity at ambient temperature and chamber pressure.

Results
In order to compare the various effects of pressure, temperature and velocity on the injection of liquid nitrogen,

comparison of the various parameters include density, velocity and temperature profiles. Experimental data, Raman
and shadowgraph images, provides information on density profiles, divergence angles and length scales to compare
to the model results.

Density Profiles
The density is measured using Raman scattering. A detailed description of the experimental setup can be found

in [1, 2]. Fig. 3 shows a non-dimensional plot of the densities for cases 3, 4, and 11. The profiles at x/d = 1.2 for the
lower temperature are quite similar and show a top hat profile while the profile for the higher temperature Case 4
shows a clear density maximum at the jet axis. At the positions further downstream, x/d = 5 and x/d = 25, the
dimensionless profiles of cases 4 and 11 are quite similar. This indicates an increased heat transfer into the jet at the
larger ambient density in Case 11. The lack of the top hat profile for Case 4 results from the heat transfer from the
injector into the injected fluid. The only temperature regulation used here was the heat transfer from the piping and
the injector tube into the fluid. The temperature in the liquid nitrogen storage is constant. Therefore, the temperature
difference between fluid and injector as well as the heat transfer are expected to be larger at higher injection
temperatures. This causes stronger temperature and density gradients in the injector.
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Figure 3. Measured Density, Cases 3, 4, and 11

The numerical calculations assume a constant temperature of the injected fluid in the injector. Therefore the
influence of the temperature profile in the injector is not considered. This contributes to discrepancies between
experimental data and numerical results. This problem will be taken into account in future calculations.



When looking at the progression of the calculated density profiles from x/d = 1.2 to x/d = 25, the graphs show
the development of the flow as it moves toward a self similar solution. Fig. 4 from Case 3 exhibits this trend seen at
these testing conditions. The profiles closer to the injector show a flat region (ρ* = 1.0) near the center line
(r/r1/2 = 0) which eventually no longer exists at x/d ≥ 10. This corresponds to the potential core. Even though some
of the testing cases show little potential core in the measured data, the models calculated core lengths for each
testing condition. This results from the quality of the Raman images. The shadowgraph images show a definite
potential core in these regions and provide some validity to the model results.

The transition from a liquid-like jet behavior through the transition region to a fully gas-like jet behavior can be
easily seen in the profile after r/r1/2 = 1.0. Following the progression of the jet using the density profiles from x/d =
1.2 to x/d = 10, the slope progressively increases. For the profile at x/d = 15, the slope has again dramatically
decreased and the profiles after this axial location continue to decrease slightly and converge. The profiles for x/d =
20 and 25 very nearly share the same line. The experimental data has a considerable amount of variability (no error
bars are shown for clarity) but follows the trend of the computational models.

In looking at the agreement of the density determined from the Raman images and the calculated model, Fig. 5
shows a representative sample of a profile at x/d = 20 for Case 1. The experimental deviation was calculated from
the values used to get an average density at each location. This deviation is a product of the averaging technique and
the variability of the data. This figure shows a good agreement with the experimental values.
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Figure 4. Density; 4 MPa, 5 m/s, 120 K Figure 5. Density; 4 MPa, 2 m/s, 120 K

Centerline Density
The centerline density calculations prove to be useful in looking at several aspects of the jet. Primarily, this

axial property relationship shows how the jet dissipates with distance from the injector. Observations of the axial
density profile provide insight into the behavior of the jet as it moves through the various stages of a jet
development. The experimental data also provides a means to compare the computational results with actual testing
conditions. In Fig. 6, Case 4, the computational results present a correlation with the experimental data, even though
variability in experimental data makes it difficult to obtain exact agreement.

The agreement for the twelve cases varies somewhat depending on the quality of the Raman images. The test
results from the Raman images show the centerline density beginning to decrease for test cases at 130 K and 5 m/s
near the injector suggesting a very short or no potential core at all, although the models calculated a distinct
potential core length. An explanation for this phenomenon could be the peak in specific heat. If the temperature is
below this peak, the jet is very dense needing more energy to increase the temperature. Beyond this peak, the density
ratio of ambient gas to injected fluid is higher and the jet dissipates rapidly.
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Figure 6. Density; 4 MPa, 5 m/s, 130 K

Jet Divergence Angle
From the Raman data, the FWHM difference between centerline and ambient density determines the jet

spreading angle. Close to the injector exit, the centerline density is quite high and the jet is quite compact.
Additionally, the temperature difference across the shear layer is small compared with the difference across the



entire jet. The dense core of the jet therefore determines the FWHM instead of the shear layer. Therefore, the angle
is very small close to the injector as determined from x/d ≈ 0 to 10. In the images for x/d ≈ 10 to 20 and 20 to 30, the
jet warms up and dissipates. The centerline density is of the same order of magnitude as the density in the shear
layer. Therefore, the FWHM location falls within the shear layer.

From the shadowgraph images, the area obviously influenced by the jet determines the spreading angle.
Therefore, the measurement of the spreading angle independent of the density of the jet relies on the shear layer
between the jet and ambient gas where the mixing process occurs. This angle remains approximately constant in the
analyzed area. The differences between the angles determined by Raman and shadowgraph images rest upon the
type of measuring technique. The visual shadowgraphs show the edge of the mixing zone even near the injector
where density gradients are very high. In the high gradients, the FWHM as determined from the Raman images falls
inside the jet along the potential core. Chehroudi [3] stated angles determined from shadowgraph images are twice
as large as those determined by Raman images. This matches our data only in the second area from x/d ≈ 10 to 20
downstream. Near the injector, the angle is much smaller and from x/d ≈ 20 to 30, it is slightly larger (Fig. 7).
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Figure 7. Measured Spreading Angles

Length Scales
The shadowgraph results provide several interesting findings. Fig. 8 shows the axial length scales for the high

density of Case 3. These length scales are a factor of four greater than in the low density cases. The radial length
scales are similar for both cases and only slightly smaller in low density cases (Fig. 9).

Figure 8. Axial length scales, Case 3 Figure 9. Radial length scales, Case 3

The ratio of the axial and the radial length scales shows for the high density cases, the visible structures are
very elliptical close to the injector and almost circular a few jet diameters downstream. For the low density cases,
the structures close to the injector are less elliptic than in the high density cases but remain quite elliptic further
downstream. The calculated geometric mean length scales for the high density cases are also twice as large as for the
low density cases. The elliptical shape of the eddies near the injector was to be expected, but could not be predicted
by the k-ε turbulence model used for the model calculations. This model assumed an isotropic distribution of
turbulence.

The Kolmogorov and Integral length scales are:
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These values are highly dependent on the eddy viscosity method used for these calculations to model
turbulence. The computational model calculates these values over the entire profile of the jet. At x/d = 5 (Fig. 10,
Case 11), minimum values for the integral length scale (Lint) occur at the edge of the potential core flow and then
again at the edge of the shear layer. The later location of r/d ≈ 1.4 corresponds to the edge of the jet based on 99%
change for temperature and velocity.
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Figure 10. Lint, Lkol at x/d = 5; Case 11 Figure 11. Lint, Lkol at x/d = 10; Case 4

The Kolmogorov length scales tend to be slightly higher in the potential flow region and somewhat constant
throughout the shear layer. Outside the shear layer, the calculations for both length scales increase dramatically due
to the chamber temperature but have little physical significance to the actual jet flow itself.

Fig. 11 for Case 4 exemplifies a typical length scale comparison at x/d = 11. Since all cases show core lengths
at approximately this location, the expectation would be no or little evidence of the first minimum in the integral
length scale as seen in Fig. 10. However, the graph shows some evidence of a potential core region. The reason is in
this region the flow is in a high state of transition to a purely gas like jet flow. The second minimum at r/d ≈ 2.5
corresponds with the values calculated for the edge of the jet using temperature and velocity.

In both cases (Fig. 10 and Fig. 11), the geometric mean length scales determined from the shadowgraphs show
a remarkably good comparison with the Kolmogorov length scale. Since these scales are the smallest expected
eddies in the flow, these results are expected for a visual measuring technique. Measuring the integral length scales
using this method is not possible since these structures also include all of the easier seen smaller length scales as
well. In Fig. 10, the length scales closer to the center of the flow (r/d = 0) appear to increase slightly. For the colder
flow fields (T = 120 K), the use of the shadowgraph images and the higher density gradients in this region cause the
calculation technique to give larger values for the length scales closer to the centerline.

Conclusions
Understanding the complex phenomena of a supercritical injection flow field still requires a considerable

amount of research, but this work has provided some insights into several aspects of a rocket injector. This work
accomplished this by examining a single injector using liquid nitrogen above the critical pressure. The various
testing conditions considered pressures from 4 to 6 MPa at two target velocities (2 and 5 m/s) and two target
injection temperatures (120 K and 130 K). The experimental data compares well with numerical results from these
testing conditions. Agreement of the numerical results with density and length scales obtained from Raman and
shadowgraph images quantitatively validates them.

Under these testing conditions, the density profiles show a distinct trend toward a self similar jet flow as early
as x/d = 25. The centerline density profiles in the axial direction provide considerable insight into the jet
development from initial core length through to the dissipation of the jet.

The flow conditions and specifically density seem to be most affected by temperature variations. The variations
in temperature and pressure provide very little if any influence on the flow field in these operating ranges.

The various methods for determining the spreading angle prove useful for comparison, but values from the
numerical models determined from a 99% roll off point for velocity agree best with the measured shadowgraph
values. From the spreading rate analysis, a further conclusion reached is the growth rate of the shear layer and the
radial distance injected fluid moves away from the jet has no significant influence on the angle measured from
Raman data when the centerline density is significantly higher than the density in the shear layer and the ambient
gas. This result is apparent from the FWHM method of determining the spreading angle from the Raman images.
The resulting angles do not correspond with the shadowgraph results very well.

References
[1] Mayer, W., Telaar, J., Branam, R. , Schneider, G., Hussong, J., “Characterization of Cryogenic Injection at

Supercritical Pressure,” AIAA Paper 2001-3275, 37th AIAA/ASME/SAE/ASEE Joint Propulsion Conference
and Exhibit, Salt Lake City, Utah, July 9-11, 2001

[2] Decker, M., Schik, A., Meier, U.E., Stricker, W., “Quantitative Raman Imaging Investigations of Mixing
Phenomena in High-pressure Cryogenic Jets,” Appl. Optics, Vol. 37, No. 24, pp. 5620-5627, 1998

[3] Chehroudi, B., Cohn, R., Talley, D., and Badakhshan A., “Raman Scattering Measurements in the Initial
Region of Sub- and Supercritical Jets,” AIAA Paper 2000-3392, 36th AIAA/ASME/SAE/ASEE Joint Propulsion
Conference and Exhibit, Huntsville, Alabama, July 14-19, 2000



ILASS Europe 2001 Zurich 2-6 September 2001

GAS ATOMISATION OF POLYMERIC MATERIALS
D.Watkinson***, R Hughes*, G.Sims**, A.Yule*** and C.Zhou*

*Novel Technical Solutions Ltd, Campus Ventures Centre, University of Manchester,
Oxford Road, Manchester,

(+44) (0)161-275-5110, nts@campus-ventures.co.uk
**Materials Science Centre, UMIST, Manchester, England

(+44) (0)161-200-3587, geoffry.sims@umist.ac.uk
***Dept. Of Mechanical, Aerospace and Manufacturing Engineering, UMIST,

Manchester, England,
(+44) (0)161-200-3724, david.watkinson@umist.ac.uk

Abstract
This paper describes the experimental development of a process to atomise semi-crystalline, high viscosity

materials by use of high velocity gas jets.  The process has evolved by a combination of experimental work and CFD
(Computational Fluid Dynamics). The process is currently at the stage where semi-continuous to continuous
operation is being developed.  Many methods exist for the manufacture of polymeric powders, the more common
processes use cryogenic grinding of polymer chips/beads.  Atomisation units exist on a small scale and these
methods utilise a ram extrusion process of a fixed volume of molten polymer thus making this a batch process.  Gas
pressures used for this latter process for atomisation are an order of magnitude greater than that used in the process
described here.  This paper describes the unit and how it has been tested with polymers, copolymers and elastomers;
achieving a reasonable degree of success on all materials, i.e. sufficiently high yields of near spherical particles.
This will open up and introduce new market areas for polymer powder manufacturing businesses.  The viscosity,
shear and temperature relationships for polymers create much more challenging problems than the case of spraying
for metal powders. Careful control of these phenomena is required to give break up followed by a pre-determined
cooling regime for particle formation.  CFD is used to predict velocity and temperature fields in the atomisation
chamber.  Current models are based on the STAR-CD code and allow the computation of the trajectories and
environments of the polymeric material as well as the atomising gas flow field.

Introduction
Current methodologies for the production of polymeric powders mainly use grinding and cryogenic grinding,

though the use of this process must be justified by the end cost of the product since the capital outlay and operational
use of cryogenic liquid is expensive.  Atomisation units for polymeric materials do exist though these are small scale
and are based on a ram extrusion method using a fixed volume of polymer, whereby creating a batch process.  The
process described here has the advantage of being able to run as a semi-continuous or continuous process which
most polymer plants would require in order to maximise throughput.

The method outlined demonstrates that for a reduced capital outlay on plant and a more energy efficient
process, there now exists a process capable of flexibly supplying varying market needs where cost in the past would
have proved too expensive.  Targeted applications for polymer powders include areas such as powder spray
coatings, surface modifiers, inks, pigments, deep drawing as well as injection moulding and blowing.

The existing methods for the production of metal powder by atomisation are relevant to the problem.  They are
well developed to ensure a process that produces powders that are well defined in both shape and size distribution.
This, however, is not the situation when processing polymeric materials.  Polymeric materials differ from metals in a
number of fundamental ways, all of which affect the atomisation of these materials.  The most important difference
is that of the apparent viscosities associated with metals and polymers.  Melts of the polymeric materials for which
this process has been developed are of the order 103, increasing to 106, times [1] more viscous than metal melts.
Another associated difference is the change in properties once melt temperature, referred to as Tm, is exceeded;
metals rapidly form into a low viscosity state whereas with polymeric materials the change is gradual.  Thus, it is
critically important that the process for the gas atomisation of polymeric materials must control the temperature of
the material during atomisation such that premature 'freezing' of non-spherical particles is minimised.  Furthermore,
there is a temperature point, Td,onset [2], at which thermal degradation of the polymer takes effect, whereby the
quality of the polymer is reduced, and thus it is important to maintain the melt between the operating limits of Tm
and Td,onset, where the higher end of the temperature range is preferred during the primary atomisation process.



Previous research into the area [3] of gas atomisation of polymeric materials has been concentrating on using an
atomising gas with a temperature of –90ºC in order to shock atomise and freeze the polymer, whereas the process
described here utilises a hot atomising gas in order to allow spheroidisation of the polymer droplets before freezing.
The use of a cold gas will freeze the polymer particles formed almost instantaneously after atomisation and thus will
capture the shape and size distribution before spheroidisation is complete.  A further beneficial process that may
occur when using a hot atomising gas is that secondary break-up could be taking place and forming particles in the
lower particle size distribution range.

Surface tension has an effect on the powder quality as most atomisation processes produce ligaments at some
stage and it is the surface tension of the material which is the principle parameter causing formation of droplets, and
particles, rather than allowing ligaments to form fibres.  If the cooling effect of the atomising gas is too great, then
the surface tension will not have sufficient time to be able retract the ligament into a spherical particle.  The chain
length of the polymers can also inhibit the formation of spherical particles since the chains can become entangled
under atomisation conditions and this ‘spaghetti effect’ increases the probability of the formation of fibres.  The
elastomeric properties can also play a part in the spheroidisation process.  Surface tension of metal melts is always
many times that of polymer melts, which is a further factor that assists metal atomisation compared with polymer
atomisation.  The difference in the effect of the viscosity and surface tension on atomisation can be seen by
comparing the Eµ/Eσ ratio, the energy requirements to overcome the effect of viscosity and surface tension
respectively, which is also the ratio of the liquid phase Weber and Reynolds numbers (1).
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Typically, the WeL/ReL ratio for steel is 0.167 and for polymers is 1428 [4], where higher numbers indicate
greater difficulty in atomisation.  The overriding factor in the atomisation of polymer is the viscosity; whereas for
metal atomisation it is the surface tension that matters.  This knowledge shows that a slightly different approach to
the process of atomisation is required and that in order to accomplish enhanced atomisation the polymeric viscosity
needs be minimised.  Having said this, polymers are non-Newtonian and, in particular, viscosity reduces greatly
with increasing shear and this is a property that can be made use of.

Experimental Apparatus
Experiments has been performed on a purpose built rig whereby the input end of the process, polymer feed and

melting, is achieved by an Axon BX-18 extruder with a 30:1 L/D ratio.  The barrel has seven heating zones, with
each zone being independently controlled to enable accurate thermal control through the melting phase.  The screw
used is a Gateway screw that employs polymeric compression to maximise mixing and ensuring homogeneity of the
melt.  The melt extrudate at the die, i.e. melt nozzle, is standard plug flow.  Several gas nozzles of varying length
blast the polymeric material after it emerges from the die.  The extrusion dies can be changed so that differing sizes
and configurations can be used in order to determine the optimum initial shear on the polymer, to minimise
viscosity.  The gas jet parameters that are varied include pressure, temperature, flow rate and 'focal point' of the
impaction of the gas jets on the melt stream.  The gas jet nozzles are of special design in order to provide intense
shock waves in the atomisation zone.

Figure 1. Schematic of Experimental Atomisation Rig
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The gas nozzles that also supply gas to the atomising chamber, use either a compressed air or nitrogen supply of
up to 1.8 MPa. When using air the oxidation of the polymer was not considered significant enough to affect the
atomisation so that most trials have used air due to lower cost.  Real plant would use nitrogen to prevent oxidation
and reduce the level of any thermal degradation.  In order to avoid premature freezing of the polymer spray the air or
nitrogen is heated electrically prior to the gas nozzles.

Once an atomisation run has been completed, typically using between 0.2kg and 1.0kg of polymer, the product
is collected from the chamber and cyclone and put through a sieve shaker with sieves that retain sizes of 2360µm,
1000 µm, 500 µm, 355 µm, 180 µm, 75 µm and 53 µm.  The bottom slice is referred to later as <53 µm.  The
polymeric material then residing in each sieve was then weighed and a size distribution computed.

Computational Fluid Dynamics
The Star-CD code (V3.100A) was used to model the atomisation chamber in order to view the gas velocity,

temperature and pressure fields as well as particle paths.  A model using a time-stepping VOF (Volume Of Fluid)
code is also being developed to allow the determination of the shapes during cooling of individual polymeric
particles.  This aids optimisation of the process for specific polymers by pointing to the initial conditions of the high
velocity gas jets required to avoid premature freezing of particles.  Current models use approximately 60,000 cells in
order obtain a reasonable degree of accuracy and axisymmetry is assumed in order to reduce computation time and
effort [5].  The gas nozzles are simplified by assuming a single annular gas orifice and the particles are injected from
a central control cell.

The use of CFD has been important in altering and refining the flow fields inside the atomisation chamber in
order to achieve optimal break-up conditions.  Also, the degree of recirculation that occurs in the chamber can be
studied.  Recirculation in excess can be undesirable since in the region of atomisation, the freshly atomised particles
are still molten and they may agglomerate with solid recirculated particles.  This effect has been noticed through
visual inspection of the powders that have been produced and it primarily involves the particles in the lower size
range (<180µm), probably because these follow the recirculating flow more easily.

Initially the atomisation chamber included a side extract by which the gas and fine particles were removed and
the CFD models showed that this extraction created a distortion and a degree of instability in the flow which
distorted the break-up regime of the polymer.  Models of the chamber to simulate the removal of this side extract,
with gas extract being achieved via a base vent, showed a more stable flow pattern within the chamber which, when
put into practice, resulted in a higher yield in the lower particle range since the break-up regime was improved.
Figure 2 shows the modified half chamber with trajectories of atomised particles in the fine range, <53µm, which
are the most commercially desirable.

Figure 2. Predicted Particle
Paths

Figure 3. Predicted Temperature
Fields

Figure 4. Predicted Velocity Field

Figure 3 and Figure 4 show the temperature and velocity fields within modified chamber using a quarter
chamber model in order to concentrate visualisations around the atomisation filed in the centre of the chamber.



Cross-referencing the graphical results, it shows that the main body of recirculations occur in the cooler areas of the
chamber where the gas velocity is low, comparatively, and this can have both advantages and disadvantages.  An
advantage is that this will give the particles time retract to achieve sphericity, although a disadvantage is that this
possibly allows undesirable agglomeration to occur.

Results and Discussion
Current experimental work is concentrating on obtaining the highest possible yield of middle to lower size

particles (<200µm) and more significantly in the fine powder range (<53µm) where new technology is increasingly
desired by the larger polymer powder manufactures and end-users.  Parameters that are varied include the gas nozzle
supply pressures and their positions, the initial temperatures of the gas and melt and the melt nozzle diameter.

Currently the following polymeric materials have been atomised with varying degrees of powder quality.

• Polyethylene
• Polystyrene
• Polypropylene
• EVA (Ethyl Vinyl Acetate)
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Figure 5. Effect of Atomising Gas Pressure on Size Distribution for Polyethylene

Results outlined in Figure 5 show that the particle size distribution does not show a clear trend with varying gas
pressure.  A gas pressure of 0.8 MPa produces the highest yield of powder below 180µm.

At the lower pressures of 0.2 to 0.6 MPa the size distribution is reasonably Rosin-Rammler, or Log-Normal in
shape,.  At the 0.8 and 1.0 MPa pressures the distributions tend to have higher tails to larger particles.  One possible
explanation for this is increased recirculation and agglomeration.  A Malvern ‘Mastersizer 2000’analysis of a sample
of atomised polyethylene powder taken from the <75µm range and produced using an atomising pressure of 0.8
MPa, is shown in Figure 6.  Figure 6 shows that that there is a significant amount of particles in the range of 5 -
20µm which is where the new areas on interest from companies lie.  Further work and slight modifications to the
process parameters will have allowed the movement of the mean particle diameter of the <75µm cut towards 10µm
from the value of 32µm which would satisfy the needs of a variety of markets and this demonstrates that this is very
nearly a economically desirable process.



Figure 6. Size Distribution of the Lowest Cut of a Polyethylene Test

Figure 7. SEM of Atomised Polyethylene Figure 8. SEM of Atomised EVA

Figure 7 and Figure 8 are SEMs (Scanned Electron Micrograph) of polyethylene and EVA powder.  The SEM
of atomised polyethylene shows a high degree of sphericity with very few misshaped particles or fibres present.  For
atomised EVA this is not the case and although there are a number of spherical particles present, there is a
considerable amount of fibrous material present as well.  The difference between the two polymers is mainly due to
the fact that EVA is a co-polymer and polyethylene is an elastomeric polymer.  When atomising EVA the results
indicated that the melt and atomising gas temperatures were too high and many particles were impacting on the
chamber walls and splashing to form fibres and flakes.
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Figure 9. Effect of Shear in the Melt Nozzle on Particle Size Distribution from Sieve Analysis



Relative Density Melt Temperature
(K)

Viscosity
(Pa s)

Viscosity Test
Temperature (K)

Water 1.00 273 0.00085 293
PE 520 0.93 393 0.65 413
EVA 0.94 357 6.5 443

Table 1.  Comparison of Physical Properties

The effect of shear can be important in reducing the viscosity of the polymers to be atomised and thus
increasing the yield of fine particles produced.  However, there is a point where further increases in the shear on the
polymer produces negligible decreases in viscosity and the viscosity becomes solely dependent on the temperature at
atomisation.  It is of interest to assess whether the polymer retains a reduction in viscosity brought about by the
shear rate in the melt nozzles.  Constant flow rates of melt were atomised using different melt nozzles in order to
very the shear rate.  Figure 9 demonstrates the effect on particle size distribution that shear rate / nozzle size has
during constant atomisation temperature.  It seems to demonstrate that having a shear rate that is too large can
inhibit the atomisation, however, it is impossible to separate the effects melt jet diameter, jet velocity and shear rate
and it is thought that the narrower melt jets may not penetrate properly into the gas jets.

Conclusion
The process concept for low-pressure gas atomisation of polymeric materials as a continuous process has been

proven for both low and high viscosity polymers.  It can be stated that there is a viable process available to industry
for the lower viscosity polymeric materials, whereas work is still ongoing to semi-continuously atomise the higher
viscosity materials in order to improve the useful yields of powders.

The size range of particles produced with lower viscosity materials is comparable to commercial grade
powders.  By refining the process it has been proven that gas atomisation of low viscosity polymeric materials can
produce powders in the micro-fine range where there is significant added value to the products coupled to a process
cost reduction.  This will be of interest to manufacturers who wish to make micro-fine powders.  The reduced cost of
manufacture is based partially upon the reduction in capital outlay needed since this process uses comparatively low
atomising pressures based against other methodologies.  Production costs are also reduced since this process uses
considerably less nitrogen then other powder manufacturing processes and allows the possibility of recycling the
atomising gas.  The production costs are further reduced given that this process can be made continuous thus
reducing downtime involved with batch changeovers, therefore increasing total production.  Classification of the
product will allow the powder to be directed towards differing markets through the use of one production run thus
maximising the deliverance of customer needs without specialise extensively.
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Abstract

    In the present work, a constant property theoretical model based on the finite element method has been developed
to study the effects of droplet size and air velocity on the mixed convective burning of a methanol droplet. It is
observed that the flame shape predicted by the model matches very closely with that of the experiment. The results
indicate that for a given air velocity, as the diameter decreases, the local mass flux increases at all angular distances.
In the range of parameters studied, it is seen that the buoyancy driven flow enhances the mass burning rates by 15 to
33 % for upward air flow and 15 to 27 % for downward air flow.

Introduction
    Spray combustion is an extremely complex process, and the problem has often been simplified in the past by
focusing attention on the behavior of individual droplets. In the past, studies have been carried out on the burning of
liquid droplets(1-2), but the effects of forced and mixed convection were not considered in these cases. Only in recent
years have the burning of individual droplets and droplet arrays have been analyzed in the presence of a mixed
convective flow field(3-8). In the present work, a constant property theoretical model based on the finite element
method has been developed to study the effects of droplet size and air velocity on the mixed convective burning of a
liquid droplet.

Problem Formulation
    An axisymmetric flow and transport model has been developed in the present study. The complete Navier-Stokes
equations have been solved, to predict the convective flow field prevailing in the vicinity of a fuel droplet. The heat
transfer and species transport equations have been simplified through the use of Shvab-Zeldovich variables β1  and
β2 . Lewis number is assumed to be unity and the effects of radiation are neglected. A single component fuel
(methanol) is considered, and the gas phase is taken to consist of only three species (fuel, oxygen and products).
The gas phase density is calculated by assuming an ideal gas mixture in the buoyancy term and in the other terms,
the mixture density is treated as a constant8. It is also assumed that local thermodynamic equilibrium prevails
between the fuel vapor and the liquid fuel at the drop surface. The theoretical formulation of the problem involves a
set of six coupled partial differential equations, which correspond to the balance of the following quantities: (i) mass, (ii)
z-momentum, (iii) r-momentum, (iv) energy, (v) fuel species and, (vi) oxygen species. In order to simplify the solution of
the problem, reaction terms are eliminated from the energy and species balance equations using the Shvab-Zeldovich
formulation9. The final form of the equations employed is:
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and M M Mf o f f o o, = +ν ν . In Eqn.2, positive sign in the buoyancy term is employed for upward flow and

negative sign is used for downward flow of the ambient air stream. At the outer boundary, the velocity component v is set
equal to zero, and velocity u is equal to the free-stream value. The values of β1  and β2  for this boundary are calculated
using the free-stream properties. Balance of heat and species flux form the boundary conditions at the interface.

Solution Procedure
    The finite element equations are formulated by employing the Galerkin’s weighted residual method. Due to the
presence of large gradients, a fine mesh is used near the surface of the droplet. The frontal technique is employed to solve
the discretized equations. A linear interpolation for pressure and quadratic interpolation for other field variables (u, v, β1
and β2 ) are employed within each element. The use of lower order interpolation reduces the occurrence of spurious
oscillations in the pressure field10.

Results and Discussion
    Figure 1 shows the finite element grid used in the present study. It is observed in Fig.2 that the flame shape
predicted by the present model matches very closely with that of the experiment. Figure 3 illustrates the effect of
droplet size on the local mass flux. It is noted in this figure that the buoyancy-driven flow has a strong effect on the
local mass flux at the front stagnation point and negligible effect at the rear stagnation point. The results also
indicate that for a given air velocity, as the diameter decreases, the local mass flux increases at all angular distances.
The effects of air velocity on the local mass flux are clearly seen in Fig.4. It is observed that the local mass flux
increases with increase in air velocity at the front stagnation point, but the rate of evaporation on the rear side of the
droplet is not affected much. The contributions of forced and mixed convection (both upward and downward
airflow) towards enhancing the overall mass burning rate are shown in Fig.5 for various droplet sizes. This figure
illustrates that for a constant air velocity, the difference between the mass burning rates with and without free
convection increases with droplet diameter. It is also noted that the mass burning rate for the downward airflow is
less than that of the upward airflow, and the difference between both the mass burning rates marginally increases
with diameter. In Fig.6, the difference in mass burning rates between mixed and forced convective conditions has
been plotted in a simpler way as a percentage variation ( )( )ccb mmm &&& −*100 , where bm&  and cm&  are the mass
burning rates with and without free convection for both the upward and downward flow configurations. When the
diameter is increased from 2 to 8 mm, it is seen that buoyancy driven flow enhances the mass burning rates by 15 to
33% for upward airflow and 15 to 27% for downward airflow. Variations of mass burning rate with Reynolds
number for various combinations of air velocity and drop size are presented in Fig.7. It is evident from this figure
that mass burning rate can not be expressed as a simple function of Reynolds number alone, when buoyancy effects
are taken into account.

Nomenclature
Cp specific heat         

  Fr Froude number
M f molecular weight of fuel

Mo molecular weight of oxygen
  p pressure
Pe Peclet number 
  r radial coordinate
Re Reynolds number 
  T temperature
To standard reference temperature, 273.16 K
 u velocity in the axial direction



u∞ far-stream air velocity
  v velocity in the radial direction
Y Yf o, mass fraction of fuel and oxygen

  z axial coordinate
β β1 2, Shvab-Zeldovich variables
ν f fuel stoichiometric coefficient

νo oxygen stoichiometric coefficient
ρ local density

Subscripts
  f fuel
 o oxygen
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FIGURE 1. Finite Element 
Grid for a Single Sphere
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FIGURE 5. Effect of Sphere Size on the 
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Abstract 
Previous work in our group involves the study of spray dynamics, evaporation and combustion in Diesel engines of 
different types. A number of CFD simulation studies on heavy-duty DI-Diesel engines have been carried out with 
respect to the influence of the ETAB spray break-up model parameters (Extended Taylor Analogy Breakup, [1], [2]) on 
transient spray behavior, including spray penetration, drop size distribution and evaporation. The simulations reported 
here are non-reactive and were performed with a KIVA III-based code, [3], after first identifying a working resolution 
range through spatial and temporal resolution studies for the engine configuration we investigated. In addition, we 
compared the results from these KIVA III-based simulations with results obtained using the StarCD commercial code 
with different atomization and break-up models.  

In the frame of the present work, the objective is to investigate the spray structure and fuel mixture formation (and at a 
later stage the ignition behavior) in a 1l-Iveco, heavy-duty truck engine geometry with a bowl-in-piston chamber. The 
investigation consists of a parametric study and is the basis for future spray model validation with experimental data. 
Besides spatial and temporal resolution studies, we performed model parameter variation studies with the spray break-
up and atomi zation model. Three parameters of the ETAB break-up model were varied; one influences the spray-angle 
of the primary break-up and the two other the secondary break-up process. Only the secondary break-up parameters 
were found to significantly influence the spray behavior, particularly the spray droplet evaporation. The corresponding 
drop size is smaller and evaporation is faster with increasing values of these constants. For the StarCD code, we 
performed a preliminary evaluation of the performance of its break-up and atomi zation models and compared them 
with the KIVA results. We also looked into the effect of initial drop size distribution and the total number of parcels 
for the drop computation. Optimal model parameters were selected for future computations, based on the sensitivity of 
the results at different resolutions. The results obtained suggest that the necessity to carry out such studies, prior to 
production runs, persists for all engines, which have not been previously simulated. 

1 Introduction 

Numerical simulation of combustion processes, as they occur in all IC engines, is driven by the hope of reducing 
development cost and time for new products and also a future shift from expensive experimental testing to a highly 
virtual product layout. It is generally acknowledged, that considerable progress has been made in the field of 
combustion simulation, mixture and pollutant formation in the past 10 to 15 years. Nonetheless, these types of 
simulation tools have not seen the acceptance and widespread use as have tools for structural analysis. In spite of the 
fact, that combustion simulation has become an invaluable method in the interpretation, plausibility and deeper 
understanding of the processes occurring, considerable future effort is required before any quantitative predictive 
capabilities are possible. 

Since it is not currently (and in the near future) possible to perform model-free simulations of the turbulent mixing and 
combustion processes in engines, current technical combustion simulation is concentrating on concepts with varying 
levels of empirical and or phenomenological modelling. These models range from purely empirical/phenomenological 
thermodynamic models, to 3-D RANS-type simulations, like the ones reported here. A lot of empirical input is 
required in the former category of models, in order to use them predictively for simple parameter variations or as 
qualitative input for control systems. In the latter category, 3-D RANS, although the accuracy is higher, the simulations 
cannot be totally predictive due to uncertainties in the physical sub-models. As a result, validation of simulation 
results, in particular sensitivity to model parameters, is a necessary process and systematic empirical calibration at 
specific engine operating conditions is to some degree required; in this way, one may achieve limited validity for small 
ranges of parameter variations. 



   

The goal of this work is to better understand the spray break-up model and its influence on spray structure and 
evaporation and, therefore, on the mixture formation process, which is essential for the combustion process. In a model 
of the liquid jet and drop breakup process it is important to identify how variation of the model parameters influences 
the spray behavior in different configurations in order to be able to adjust these parameters to match experimental 
results for some benchmark cases. Before investigating the sensitivity of the results to model parameters, we first 
performed extensive resolution tests in order to identify resolution ranges  for reliability of the simulations. Three 
break-up model parameters were varied in the ETAB model. One parameter a cone influences the spray-angle of the 
primary break-up and the two other, the parameters C and k (break-up length parameter and initial droplet deformation 
parameter, respectively) influence the secondary break-up process. This sensitivity analysis is described in Sec. 2. In 
Sec. 3 some preliminary results with StarCD are presented, where we evaluate the performance of its break-up and 
atomi zation models and compare them with the ETAB results. 

2 Sensitivity analysis for a heavy-duty engine  

The simulations reported in this section are non-reacting flow simulations in a heavy-duty 1lt-Iveco truck engine. The 
exact geometry and all relevant parameters, including valve timings, connecting rod length, and injection profile for 
this engine were provided by the manufacturer for conditions corresponding to maximum load at 2700rpm, with 
injection pressure 1350bar and total injected volume 119.1mm3. There is an 8-hole centrally located injector nozzle, 
with a maximum spray velocity of about 350m/s and injector nozzle diameter of 0.166mm. The computations for the 
spray behavior have been performed for n-dodecane fuel (approximation of Diesel fuel) injected into technical air 
(21% O2 and 79% N2); the initial conditions at IVC are 1.8bar and 304K and there is significant swirl present (swirl 
number of order 2 to 3). The process for non-reactive sprays in an engine contains compression, injection and 
expansion, and here the maximum pressure and temperature at TDC are approximately 80bar and 870K, respectively.  

In the simulations, we used a polar sector mesh, for one eighth of the total volume due to symmetry, with one nozzle 
on the central axis. Before investigating the sensitivity of the simulated spray to model parameters, we first performed 
extensive resolution tests in order to identify resolution ranges for reliability of the simulations. Three polar-meshes 
were used with the KIVA -III code (5000, 10000, and 25000 cell-points) in conjunction with three different maximum 
time-steps, based on engine rpm, (0.1, 0.05, and 0.025CA, where CA denotes crank-angle). KIVA -III uses an adaptive 
time-step control, which reduces the time-step if necessary during the computation, based on the magnitude of different 
source terms (e.g., evaporation). We compared the evaporation ratio, defined as the ratio of the amount of fuel 
evaporated divided by the total fuel injected, and we found that, in general, the coarser the mesh the faster the 
evaporation during the early stages of injection and near the injector. At later stages of injection (when smaller drop 
sizes are produced) this trend is reversed, i.e. evaporation rates during those stages (and overall) are higher for the finer 
meshes. The consequence of a slower evaporation ratio close to the injector is higher spray momentum and, therefore, 
longer penetration lengths. Similar investigations were performed by varying the time -step while keeping the spatial 
resolution the same, for each of the three meshes.  

In general, we found that the results with the KIVA code were more sensitive to changes in resolution than results with 
the StarCD code, and also that it was not possible to extend the spatial resolution to grids with more than 
approximately 30,000 cells for this configuration. With StarCD, we used three meshes with resolution of 25,000, 
50,000 and 100,000 cells and we found that the results were largely independent of resolution in space as well as in 
time. Therefore, we chose a mesh of about 25,000 cells, with both codes, to perform the spray model sensitivity 
analysis described in the following sections. 

2.1 ETAB Breakup Model Parameter Study 

For the flow without chemical reactions (combustion), the spray behavior was studied in terms of axial penetration of 
the spray tip, volume-averaged droplet size (SMD), and fuel evaporation (normalized by the total injected fuel) and 
spray angle. As described in [2], three parameters are used to validate the breakup model ETAB. The parameter C 
influences the breakup length, parameter a cone influences the initial spray angle due to primary breakup of the liquid 
core, and k influences the initial droplet radial deformation velocity and therefore the spray angle, again due to 
secondary drop breakup. The procedure for parameter variation was the following: a standard parameter set (C=15, 
k=1, a cone=5) was defined and, based on the standard set, each of these three parameters was increased by an amount 
and then also decreased by the same amount. Therefore, C varied from 10 to 20, k from 0.5 to 1.5 and a cone from 0 to 9. 

Sensitivity to Breakup Length Parameter C 

The sensitivity study to the break-up length parameter of the model, C, shows that higher C-values result in longer 
breakup lengths, increased penetration, and less swirl influence on the radial expansion of the spray than for low C-
values. The longer the breakup length, the longer the breakup time, tbu, and thus the product droplet size becomes 
smaller because of the exponential law of the ETAB model, [2], which relates the mean product (secondary) droplet 
size to the breakup time of the parent droplet. The consequence of smaller droplets is a faster evaporation rate (d2-law, 



   

[4]). The results of C-variation are presented in Figure 1 and Figure 3 and as can be observed from Figure 1a, the 
higher C is, the longer the spray penetration. The step form of the penetration curves is not physical but is due to the 
algorithm we used to measure it. Figure 1b shows the Sauter Mean Diameter (SMD) in the engine, as function of 
crank-angle. The fast disintegration of the droplets after injection can clearly be seen from the generation of smaller 
droplets after breakup. The reason for the leveling-off of the SMD and slight increase after about 50CA is the presence 
of low temperatures in the expansion stroke, which drastically reduce the evaporation rate, and also spray-wall 
interactions. In Figure 1c the evaporation ratio, defined as the ratio of the evaporated fuel mass versus the total in jected 
fuel mass (an evaporation rate indicator), is presented. We can see the higher evaporation ratios for higher C-values. 
The reason for the minimum around 50CA is due to the end of injection. Figure 3 shows the spray- and evaporation 
behavior in terms of fuel vapor mass fraction isocontours. The plane lies in the spray axis and all the droplets in the 
plot are plotted with the same size and are colored by their radius. We can see, that a high C-value results in increased 
spray penetration and faster evaporation. In addition, we can see the gas swirl flow influence, which interacts with the 
droplet and generates a clockwise droplet drift.       

Spray Angle-Variation (Primary Breakup) with Parameter acone 

The droplets are injected with a velocity component along the spray axis, but also with a random velocity comp onent 
normal to the spray-axis. This normal droplet velocity component ranges from a cone angle of 0 to acone. The 
sensitivity of the model to this parameter, which only affects the primary jet break-up process, is presented here. In 
general, we expect shorter penetration with larger values of a cone. The droplet size prediction is difficult because a cone 
does not influence the secondary breakup process and therefore the product droplet size distribution. However, the 
higher normal droplet velocity component for larger a cone leads to a higher relative velocity between droplet and 
surrounding gas and further to faster droplet evaporation. Indeed, the results of the a cone parameter variation show that 
the larger this parameter, the shorter the penetration length. Its effect on the resulting droplet size is not very 
significant, but it does affect evaporation since the higher the relative velocity the faster the droplet evaporation (higher 
Nusselt- and Sherwood-numbers). Overall, variation of this parameter has small influence, and can in general be 
neglected when compared to other model uncertainties. 

Droplet Deformation Velocity Variation with Parameter k 

When droplet breakup occurs, the parent droplet disintegrates into smaller product droplets. The product droplets 
obtain a velocity normal to the spray axis proportional to the value of the parameter k. Therefore, the resulting spray 
angle due to this secondary drop breakup process increases with k and the droplets evaporate faster because of the 
higher relative velocity between droplet and gas. Higher values of k produce smaller penetration because of the higher 
spray-angle. They also produce higher evaporation rates due to the generation of smaller overall droplets after the 
secondary breakup process. It was found that the spray behavior, including evaporation, is more sensitive to the 
parameter k, than to the a cone of the primary breakup process, and that this sensitivity is comparable to the one to the C 
parameter. This is shown in Figure 2 where the penetration, SMD, and evaporated fuel ratio are shown for different 
values of k. 

2.2 StarCD Breakup Model Parameter Study 

In the StarCD code, two atomization models, describing the primary liquid jet break-up process are used: the Huh-
atomization model and the Reitz-Diwakar model, ([5], [6]) The Huh model is only a model, which describes the 
primary breakup, whereas the Reitz-Diwakar describes both primary as well as secondary breakup processes of the 
droplets produced from the primary breakup. We used the Huh model for the primary, in conjunction with the RDM 
for the secondary breakup, and as another possibility we used the Reitz-Diwakar model for primary as well as 
secondary breakup. The Huh model is based on the premise, that the two most important mechanisms in spray 
atomization are the gas inertia and the turbulent stresses generated in the nozzle and there are no user adjustable 
parameters associated with it. On the other hand, according to the Reitz-Diwakar model, droplet break-up occurs due to 
aerodynamic forces in either a bag- or a strip breakup mode. In contrast to the Huh model, where the spray semi-cone 
angle is predicted, here this angle must be known and given as part of the input data. 

Simulations were performed for the same geometry, initial data and injection profile as in the previous section, for 
three different cases. The first case employs the Huh model (HM), whereas the second and third employ the Reitz-
Diwakar model with two different spray semi -cone angles, with 7.8 (RDM1) and 3.9 (RDM2) degrees. Results are 
shown in Figure 4 in terms of penetration, SMD and evaporated fuel ratio. As can be observed, the behavior of the 
RDM1 is very similar to the one of the HM in terms of all the parameters measured. On the other hand, the RDM2, 
with a smaller spray initial semi-cone angle predicts reduced atomization (larger SMD), which results in lower 
evaporation rates, and overall increased penetration. It is interesting to note that the behavior of the HM and the RDM1 
are quite close to the behavior of the ETAB model when used with low values of the C and k constants. For example, 
the evaporation ratio curves shown with blue lines in Figure 1c and Figure 2c, corresponding to C=10 and k=0.5, are 
similar to the HM and RDM1 curves in Figure 4c, except for some differences in the initial stages of evaporation, 
which are due to small differences in the injection profiles. The SM D predicted by the ETAB model for low constant 



   

values between 20 and 40CA are approximately 8-10? m, whereas the ones predicted by HM and RDM1 are around 
12? m, and the penetration is also comparable. As can be observed, reducing the initial spray cone angle (case RDM2) 
increases the overall SMD, and also the penetration, whereas it significantly reduces the evaporation ratio. 

 

  

 

  

Figure 1 (left) Figure 2 (right) 



   

Sensitivity of a) spray penetration, b) SMD, c) fuel evaporation ratio, to the breakup length parameter, C (Figure 1, 
left), and to the droplet deformation parameter k (Figure 2, right). 

 

 

a)  c)  e)  

 

b)  

 

d)  

 

f)  
Figure 3: Fuel mass fraction (blue=0, red=0.12) and spray structure at rpm=2700 1/min with varying C, for two 
diffe rent CA (20 and 28); Left column for C=10, center for C=15, and right for C=20. 

3 Conclusions  

In this work we performed a sensitivity analysis of the ETAB spray break-up model, implemented in the KIVA code, 
with respect to resolution and to variation of model parameters, and we compared the results with results obtained with 
the StarCD code using two different breakup and atomization models. For the ETAB model three break-up model 
parameters were varied. One parameter a cone influences the spray-angle of the primary break-up and the two other, the 
parameters C and k (break-up length parameter and initial droplet deformation parameter, respectively) influence the 
secondary break-up process. Only the secondary break-up parameters were found to significantly influence the spray 
behavior, particularly the spray droplet evaporation. The corresponding drop size is smaller and evaporation is faster 
with increasing values of these constants. We also looked into the effect of initial drop size distribution and the total 
number of parcels for the drop computation.  

We found that the spray structure and evaporation rates obtained with low values of the C and k constants (10 and 0.5, 
respectively) in the ETAB model are similar to the ones obtained with using the Huh atomization model implemented 
in the StarCD code, as well as to the Reitz-Diwakar model (for higher initial spray semi -cone angles).  

In general, successful application of 3D-CFD requires a series of step-by-step validation and plausibility checks before 
“production runs” can be carried out, in particular an investigation of the sensitivity to model constants. With such a 
systematic approach the potential of the 3D-CFD models can be used to its full extent in future challenging combustion 
system developments. 

 



   

  

 
Figure 4: Sensitivity of spray penetration, SMD, fuel evaporation ratio, for the Huh and Reitz-Diwakar breakup and 
atomization models, using the StarCD code. 
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Abstract
In the present paper, the mathematical equations for the Sherwood numbers of diffusional mass transfer from

free oblate and prolate spheroidal, and from pendant hyperboloidal drops are derived. These numbers are relevant
for mass transport processes from large submerged drops and from drops hanging, e.g., from the end of a capillary.
These kinds of drops are encountered in applications like drop formation by dripping, liquid jet breakup and
electrostatic spraying. The results of the derivations consist in analytical expressions for the Sherwood numbers as
functions of the aspect ratio of the drops and, in the case of the pendant drops, of the location of a reference level.
The calculations show that the local Sherwood numbers are largest in zones of largest curvature of the drop surface.
Furthermore we find that the product of drop surface and Sherwood number increases with the aspect ratio of the
drops, which manifests an enhancement of evaporation due to droplet stretching or compression.

Introduction
Particles or drops submerged in a continuous medium occur in many industrial and research applications. The

mass transfer between the particles and the ambient medium is often the purpose of technical processes, so that it is
important for the design of the process equipment to know the characteristic transfer number Sh as a function of the
Reynolds and Schmidt numbers of the ambient medium. The famous correlation for evaporating spherical droplets
Sh=2+0.552 Re1/2 Sc1/3 derived by Frössling [1] is one example for such a function. A similar correlation, but with a
factor of 0.6 in front of the Reynolds and Schmidt numbers, is due to Ranz and Marshall [2]. The constant value of 2
on the right-hand side of this correlation represents the purely molecular / diffusional transfer from the spherical
particle. However, drops in a gas (or gas bubbles in a liquid) may assume surface shapes which deviate from a
sphere. Gas bubbles, e.g. in bubble columns, oscillate around a spheroidal equilibrium shape [3]. In acoustic
levitation, single drops are positioned in a standing ultrasound wave for investigating their evaporation behavior.
These drops are squeezed by the sound pressure and therefore also exhibit a spheroidal shape [4]. For the purpose of
determining correlations between the Sherwood number and the nondimensional numbers Re and Sc defining the
transport problem from a spheroid, it is of interest to know the Sherwood number of diffusional mass transfer from
the spheroid, which replaces the value of 2 in correlations like the above one by Frössling. In the present paper, we
also extend the derivation of the diffusional Sherwood number to hyperboloidal shapes as they occur with drops
hanging from a capillary or sessile drops.

We derive the mathematical expressions for the local and global Sherwood numbers in the following section.
Thereafter we present the results from calculations for a wide range of aspect ratios. The conclusions are drawn in
the final section.

Mathematical Description
The Sherwood number may be derived from the concentration field ci of the evaporating substance around the

drop, which is the solution of the transport equation

( ) iiai
i cDc
t
c

∆=∇⋅+
∂
∂

vρ   .                                                                     (1)

This equation is particularly simple in the case of steady state and stagnant ambient medium, where it reduces – with
the Stefan flow influence neglected - to the Laplace equation 0=∆ ic . The Laplace operator is again particularly
simple in the case of a spherical geometry, where it reduces to



Figure 1: Shapes of meridional sections of a prolate spheroid and a hyperboloid of revolution. The symmetry axis is
the z axis.
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This equation is readily solved to yield

( )
r
Rcccrc iiisphi ∞∞ −+= ,0,,, )(   ,                                                                 (3)

where R is the radius of the sphere, ci,0 and ci,∞ - the values of the concentration of the evaporating species i at the
surface of the sphere and at infinitely large distance, respectively, and r – the radial coordinate. Calculating the
gradient of this concentration at the surface of the sphere and equating the Fickian mass flux ( ) Rriia gradcnD =− |ρ

with ( )∞− ,0, ii cch , where h is the mass transfer coefficient, we readily get the Sherwood number Shsph of the sphere
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For calculating the concentration field for spheroidal or hyperboloidal bodies of revolution, we formulate the
Laplace operator in a system of prolate spheroidal coordinates.Meridional sections of a prolate spheroid and a
hyperboloid of revolution in the plane x=0 are shown in Fig. 1 as examples together with the Cartesian coordinates y
and z. The prolate spheroidal coordinate system is defined as ( ) err /21 +=ξ , ( ) err /21 −=η , and )/arctan( xy=φ .

In these definitions we used 222
1 )2/( ezyxr +++= and 222

2 )2/( ezyxr −++= , which are the distances
between the focal points of the spheroid and each point on the surface of the spheroid. The sum of these two
distances is r1+r2=2b for all points on the surface of the spheroid. The spheroids are surfaces ξ=constant, while
η=constant defines hyperboloidal surfaces. The inverse transformation – from the spheroidal into the cartesian
system – reads ( )( ) φηξ cos11)2/( 22 −−= ex , ( )( ) φηξ sin11)2/( 22 −−= ey , and ηξ)2/(ez = . Among the
scaling factors hi for the transformation between the cartesian and the curvilinear systems [5], only the factor hξ will
come into play later. It reads ( ) ( )1/)2/( 222 −−= ξηξξ eh . The Laplace equation for the concentration ci in the
prolate spheroidal coordinates reads in general
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In the case of axial symmetry around the z axis, i.e. when the concentration field does not depend on the angle φ, Eq.
(5) has the general solution
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The concentation ci,s on the surface of the body is assumed constant and given, for example, by the Antoine
equation. The solutions for the prolate spheroidal and the hyperboloidal bodies are essentially the functions
Q0(ξ)/Q0(ξ0) and Q0(η)/Q0(η0), respectively. The functions read in detail
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In Eq. (7) for the prolate spheroid, the symbol ξ0 denotes the value of the coordinate ξ on the surface of the spheroid,
which is given as 22

0 /1/1 ba−=ξ . The value η0 in Eq (8) for the hyperboloid is the value of the coordinate η on
the surface of the hyperboloid, whereas ξ0 corresponds to its base. It is emphasized that, for hyperboloidal drops,
ci=ci,∞ at η=0, which corresponds to the plane z=0 at a distance a0 from the droplet tip. For deriving the local
Sherwood number at various points on the surfaces, the derivatives of the concentration fields in the normal
direction on the surface must be calculated. The derivative reads for the spheroid
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and for the hyperboloid
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Equating the Fickian formulation of the mass flux at the surfaces ξ=ξ0 for the spheroid and η=η0 for the hyperboloid
to the formulation with the mass transfer coefficient and the difference between the concentrations ci at the surface
and at infinity leads to the formulation of the local Sherwood number on the surface of the bodies of revolution. For
formulating the Sherwood number, we furthermore need a representative length scale of the concentration field. As
this length scale we use the diameter 3

, /2 abaD eqV =  of the volume-equivalent sphere in the case of the spheroid,
and the radius eqVa , of the volume-equivalent hemisphere for the hyperboloid. This latter radius is calculated by
equating the volume of the hyperboloid to the volume of a hemisphere with radius eqVa , . The reference concentration

is ci,0-ci,∞.

Results
As a first type of results we first present the mathematical equations for the local Sherwood numbers on the

surface of the bodies of revolution under investigation. The local Sherwood numbers depend on the coordinate η for
the spheroid and on ξ for the hyperboloid. The equations read for the spheroid
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The global Sherwood number of the whole prolate spheroid is obtained by integrating the local value over the
surface and dividing it by the surface of the spheroid:
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The corresponding result for the local Sherwood number on an oblate spheroid reads
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Here the value ξ0 of the coordinate ξ on the surface of the oblate spheroid is 1//1 22
0 −= baξ . Integration over

the surface of the spheroid leads to the final result for the global Sherwood number on the whole oblate spheroid
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The related equations for the hyperboloid are derived as follows. For characterizing the geometry and the location of
the hyperboloid in the coordinate system, the parameters ξ0 and η0 as well as the distance a0 of the tip of the
hyperboloid to the level z=0 are important. The value η0 is responsible for the shape of the hyperboloid, and ξ0 for
its thickness at the base z=a0+H. The local Sherwood number as a function of the coordinate ξ reads
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For calculating the global Sherwood number of the whole hyperboloid, the integral of the local Sherwood number
over the surface of the body has to be divided by the surface itself. The surface S is calculated by means of a well
known method and reads
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The final result for the global Sherwood number of the hyperboloid is
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where )4/( 2
0aS π is the surface of the hyperboloid normalised using a0 – the distance from the hyperboloid tip to the

plane z=0, where the boundary condition ci=ci,∞ is posed, and α is the factor relating a0 to the radius aV,eq of the
hemisphere with the same volume as the hyperboloid, i.e., α=aV,eq / a0.

The following Figure 2 shows the distributions of the local Sherwood number along the surfaces of prolate and
oblate spheroids. It is clearly seen that the distributions exhibit maxima of the local Sherwood numbers in the
regions of largest curvature of the surface. This result is in agreement with the findings of Masliyah and Epstein [6].

Figure 3 shows the surface-averaged Sherwood numbers of prolate (a/b<1) and oblate (a/b>1) spheroids and of
hyperboloids of revolution as functions of the aspect ratio, where the aspect ratio is a/b for the spheroids, and the
ratio ( )( ) ( )[ ]1/11/ 00

2
0

2
00 −−−= ξηξηρ H  of the base radius to the height of the hyperboloidal pendant drop. It

should be noted that, in the above results for the hyperboloids, the distance a0 varies together with the aspect ratio ρ.

A general finding for the spheroids is that the Sherwood number decreases with respect to the value for the sphere as
the aspect ratio deviates from 1. Also, for the hyperboloids the Sherwood number assumes values less than 2 for
aspect ratios less than 1.3. For the mass transfer rate, however, the value of the product S⋅Sh is relevant. In order to
investigate this dependency, we look at this product, normalized with the surface of a sphere (or a hemisphere for
the hyperboloids) and the Sherwood number of the sphere or hemisphere. This quanitity we denote β, and it is
defined by the equations



Figure 2: The local Sherwood number along the surface of a prolate (a/b=0.5) and an oblate (a/b=2.0) spheroid.
Maximum values of the Sherwood number occur in the regions of maximum surface curvature.

Figure 3: Global Sherwood numbers of prolate and oblate spheroids and of hyperboloids as functions of the aspect
ratio ρ. The quantity ρ is a/b for the spheroids, and the ratio ρ0/H of the base radius to the height of the
hyperboloids.
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The evaluation of these three equations is shown in Figure 4. The data show clearly that, despite the fact that the
Sherwood numbers may be smaller than 2 in the cases of the spheroids, the normalized product of Sherwood
number and surface still assumes values greater than 1, i.e. the deformation of the body still leads to a mass transfer
rate which is higher than in the case of the sphere.



Figure 4: The normalized product β of Sherwood number and surface as a function of the aspect ratio for spheroids
and hyperboloids. The aspect ratio ρ is a/b for the spheroids and ρ0/H for the hyperboloids. The quantity β assumes
values greater than 1 in all cases, except the spherical shape for the spheroids.

Conclusions
In the present paper the mathematical expressions for the Sherwood numbers of diffusional mass transfer from

prolate and oblate spheroids and from hyperboloids were derived analytically. The local Sherwood numbers Sh are
functions of one spheroidal coordinate only - ξ for the spheroids and η for the hyperboloids. The global values of Sh
are found by an integration over the whole surface of the bodies. They depend on the aspect ratio of the shapes only.
It is shown that, despite the fact that the values of the global Sh of spheroids are far less than the value of 2 for a
sphere, the product of the surface of the spheroid and Sh is greater than the value for the sphere, therefore indicating
enhanced diffusional mass transfer caused by the deformation. Sherwood numbers for the hyperboloids assume
values far greater than the value of a sphere for aspect ratios greater than 1.3. For these bodies the product of Sh and
surface assumes very large values above 10 for aspect ratios above 6.

Nomenclature
Symbols
a0 tip distance a,b semi-axes An, Bn expansion coeff.         nn BA ′′ ,           expansion coeff.
ci concentration i D diffusion coeff.  e interfocal dist.          h mass trans. coeff.
n normal vector Pn, Qn Legendre funct. r radial coordinate          r1, r2 focal radii
R sphere radius Re Reynolds numb. S surface          Sc Schmidt number
Sh Sherwood numb. v velocity x, y, z Cartesian coordinates
α ratio of radii β normalized S⋅Sh η, ξ, φ spheroidal coordin.       ρ aspect ratio

Subscripts
0 surface state a ambient i species          h hyperboloid
loc local o oblate p prolate          s spheroid
sph sphere V,eq volume-equival.
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Abstract
This paper describes the adaptation of an Eulerian multiphase flow model contained in AVL’s CFD software

package FIRE for application to engine sprays in the dense spray region near the fuel injection nozzle. Exchange
terms between the phases for momentum and mass are given and first results from test calculations are presented.
Finally a new overall conception for calculation of engine sprays is discussed which is based on a coupling between
Eulerian/Eulerian modeling near the nozzle and the classic Lagrangian DDM method in the remaining combustion
chamber.

Introduction
     Fuel sprays in simulations of internal combustion engines are usually modeled based on the Lagrangian treatment
of representative parcels of droplets tracked in the surrounding gas flow field which is also known as Discrete
Droplet Model (DDM) [1]. This method is especially suitable for dilute sprays, but has shortcomings with respect to
modeling of dense sprays with strong coupling between the phases where particle interactions are strongly
influenced by collisions and parcels have to be rearranged and redistributed very often. Further problems are
reported connected with bad statistical convergence [2,3] and also with dependence of the propagation of the spray
on grid size [4].

Model features
     Thus an alternative approach is pursued at AVL based on the Eulerian/Eulerian method treating different size
classes of the spray droplets as separate, interpenetrating phases and solving conservation equations for each of
them. The model under development at AVL is part of AVL‘s CFD software package FIRE. It uses face centered
discretization schemes, which allows easy treatment of arbitrary polyhedral cell shapes and arbitrary interfaces
between different regions of the calculation domain.
    The multiphase model has been derived from ensemble averaging of the conservation equations [5]. For each
phase mass, momentum and enthalpy balances are solved as well as corresponding equations for turbulent kinetic
energy  and turbulent energy dissipation. From these the mass and momentum balances for which the source terms
are discussed below in more detail are given in Table 1.
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Table 1 . Mass and momentum balances for phases k with k=1,...,n

    Within the Eulerian approach the different droplet phases are characterized by their volume fraction and the mean
class diameter. At the present stage this diameter is kept constant for each class. With respect to other spray
properties as, e.g. velocity and temperature distribution, mean values for the various size classes are regarded. A
more comprehensive approach to be applied in further work consists in using additional transport equations, e.g., for
droplet number density or interfacial area to calculate the temporal development of droplet diameter as well [2].

Momentum exchange between the phases
    At the present state the drag force between gas and droplet phases takes into account effects of Reynolds number
and volume fraction as well as deformation of the droplets
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Here subscript 1 denotes the continuous gas phase and subscripts k=2,..,n the dispersed droplet phases The models
for lift forces cover Saffman force, which is due to shearing action of the gas flow on the droplets
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and Magnus force from rotational motion of the droplet phases

( )[ ]kkkM vvM −×= 111, 4
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1 v    .          (6)

    Under the conditions tested up to now drag force has been found as most decisive, while the lift forces seem to be
of minor importance. However, it is expected that there are regions, e.g., near the nozzle orifice where large shear
gradients and large deflection of the radialy aspired gas flow into the axial direction occurs. These regions have
presently not been analyzed in detail. Thus no final conclusions on the effect of lift forces can be drawn presently.
However, the basic capability to deal with them is available in the code.

Turbulent dispersion force is modeled following the approaches of  [6] or [7] as

DTkkTkTTkTkT ccDkcckc ≈=≈∇=      2/      1  0.1    withor towith 111,111, αραρ MM                     (7)

and randomized direction in the second case. The first formulation gave weaker effects than the second one in the
analysis performed up to now. This is due to the fact that in the second equation the volume fraction gradient is
replaced by an expression which can be regarded as a local concentration gradient near a single drop. This
expression also reflects the increasing effect of turbulent dispersion with decreasing droplet size. Additional effects
as, e.g., from virtual mass or Basset force have been neglected for the present application of droplet flow in a
gaseous environment as is supported by  [8].

Mass exchange models
    Regarding mass transfer between the phases basic models for evaporation, secondary breakup and collisions have
been implemented. Emphasis has been laid on development of general procedures to treat the different exchange
processes in a unified and systematic manner, which is open for inclusion of additional physical models. Thus, e.g.,
a link to the wide spread rate approaches for secondary breakup in the DDM has been set up allowing easy
implementation of these models.
    Evaporation mass transfer is described according to differences of vapor pressure between droplet surface and gas
flow for an individual droplet
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defining the evaporation rate dE/dt. From this using number density 3/6 kkk DN πα= of the respective classes the
total evaporation mass flux from all droplets of class k in one cell is calculated as
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and accordingly for the continuous gas phase the total mass flux is
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For secondary breakup a similar approach is applied using a breakup rate per surface unit multiplied with droplet
surface and droplet class number density. If subscript J denotes the target class of all secondary breakup processes
this yields for the mass loss of class k into class J
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If all of the mass losses from secondary breakup yield the same product droplet size the above contributions have to
be added up delivering the source term for the target class J of secondary breakup as
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In the more general case secondary breakup yields a spectrum of droplets which is distributed into the size classes
below the class actually subject to secondary breakup which can also be treated. Many of the classical mechanisms



for secondary breakup are formulated via a rate approach for radius reduction of the parent drops within the DDM
model which can be transformed  to the above mass detachment rate by
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Based on this the standard WAVE model [9] for drop breakup has  been implemented up to now. Further constant
rates can be prescribed. However, other models using the rate approach can be added easily.
    For collision modeling it is necessary to calculate size and number of drops resulting from collisions involving
each combination of droplet size classes i and k. The total production rate of drops is calculated from the rate of
collisions ikcoln ,� and the number of drops C0 resulting from a single collision with number of collisions derived from
collision coefficient aik, collision efficiency eik and number densities N of the classes i and k of the collision partners
(see, e.g. [10]):

cellkiikikikcoltotcol VNNaeCnCn ⋅⋅⋅⋅⋅=⋅= 0,0, ��      with      kikiik DDa vv −+= 2)(25.1    .  (14)
Collision efficiency is kept constant presently. The collision coefficient contains the physical influences of the
collision cylinder geometry as well as the droplet relative velocities. The number of drops produced from a certain
collision depends on the various physical processes occurring during collisions depending on the collision Weber
number. For coalescence and bouncing the resulting droplet size is calculated from a mass balcance before and after
the collision. For atomization at higher collision Weber numbers additionally an energy balance is solved to
calculate the number of drops after collision. Now the collision mass fluxes can be determined as losses of the
colliding classes i,k and gains of class j into which the collision products enter as
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assuming homogeneous size of the collision products. Finally all contributions and losses from evaporation,
secondary breakup and collisions are added up in the source terms of the conservation equations of the different
phases yielding the overall rate of change of mass  in each cell.

Results of basic tests for Diesel injection conditions from the multiphase CFD code
    The models for exchange of mass and momentum have been implemented into the FIRE code. Presently the
various mass source and sink terms are taken into account in the mass conservation equations using constant droplet
diameter in each class. Thus mass loss has to be treated as reduction of the number of drops in the class under
consideration, which may cause an underestimation of the exchange area. However, using additional transport
equations in the next stage of development of the multiphase model will improve this. Despite this the results
discussed below demonstrate that the submodels developed for the Eulerian spray application within the general
multiphase code are working in principle with reasonable trends.
    Figure 1 shows overall results from the multiphase spray model within the FIRE code using 5 phases with
secondary breakup model activated at constant mass production rate. The droplet sizes are 10, 30, 50 and 70 microns
for the 4 dispersed phases. The droplets are injected with about  200 m/s from a short coherent liquid core region in
the middle axis of the domain of integration of quarter cylinder shape. The gas in the spray chamber is at
atmospheric pressure and at a temperature of 293 K. The overall initial volume fraction of the dispersed phases is
0.2 divided equally on the phases.  As it is expected the total droplet phase volume fraction decays in radial and
axial direction by expansion and mixing with the surrounding air which is accelerated by momentum transfer from
the different droplet phases.
    Figure 2 shows the velocity vectors of the four droplet phases. The droplet class with smallest  diameter is
decelerated most readily by momentum transfer to the gas phase. The 30 micron class is the target class of
secondary breakup. It also looses momentum due to friction, however, penetrates deeper than the smaller class. The
50 and 70 mm classes show less penetration due to nearly complete breakup after short penetration depth, however,
their velocities are nearly unchanged according to the higher inertia of the larger droplets.
   Figure 3 shows the phase volume fractions for the droplet size classes if all mass transfer models are active. The
green dashed line gives the maximum penetration for the reference case without mass transfer. The red dashed line
marks maximum penetration with mass transfer switched on. It can be seen that penetration of the 50 and 70 micron
size class is strongly reduced, which is caused by secondary breakup. These classes are loosing mass into the 30
micron class which is the target class for the product droplets of secondary breakup.  The smaller 10 and 30 micron
classes also show reduced penetration depth, which is due to evaporation. This especially affects the smallest class
which has largest specific surface. As a consequence also the maximum volume fraction for the 10 micron class is
strongly reduced compared with the reference case (decay from 0.04 % to about 0.01%). With the chosen settings no
pronounced effects from collisions on penetration are detected indicating that at least with this respect evaporation
and secondary breakup are the decisive mechanisms. Thus, from the test calculations performed up to now it has
been found that the models implemented in principle give physically reasonable trends.



Figure 1 .  Total droplet phases volume fraction (left picture) and gas flow velocity induced by momentum transfer
to the gas phase from the droplet phases (right picture)

Figure 2. Velocity vectors of droplet phases with secondary breakup model activated: pictures from left to right
valid for 10, 30, 50, 70 micron size class

Figure 3 . Phase volume fractions of droplet phases with secondary breakup, evaporation and collision model
activated: pictures from left to right valid for 10, 30, 50, 70 micron size class. Red line: maximum penetration with
mass transfer models, green line: reference case without mass transfer

200

133

66

0

200

133

66

0

200

133

66

0

200

133

66

0



    Moreover it has been started to compare the present state of the modeling  with experimental findings based on
the correlation given by Hiroyasu and Arai [11] for Sauter mean diameter at different injection velocities. The
results are shown in Table 2 related to a base case at an injection velocity of 300 m/s and ambient pressure of 0.1

Mpa. The reference case has been matched with the
corresponding experimental result.. The calculated
Sauter diameters are sampled in the exit plane of the
computational domain. They show the right direction,
but somewhat weaker strength of the experimental
trend. The larger calculated mean diameters for low
injection velocities are possibly due to not yet
completed disintegration at the end of the calculation

domain. Also according to the not yet complete implementation of all of the submodels and uncertainty about the
start conditions from primary breakup the results are still preliminary.

 Overall concept for engine spray modeling
    Figure 4 shows our future concept for fuel spray modelling in engine applications. It is a holistic description from
the injector hydraulics over the cavitating nozzle flow to the fuel spray in engine geometries. The essential part of
the concept is the previously described Eulerian-Eulerian approach for the spray. The spray code is superimposed to
the engine code.
    Source terms between the phases are embedded conservatively into the spray region of the engine code. In the
engine code only the gaseous phase is calculated. Chemical source terms as well as conditions for the open
boundaries of the spray code are returned from the engine code. Liquid which crosses the boundary of the spray
code is treated in the engine code by the classical stochastic particle model.
    The boundary conditions from the calculation of the cavitating nozzle flow are provided to the spray model. This
includes orifice-resolved information about fluxes of mass and momentum, turbulence and volume fractions. The
Eulerian spray model is applied only close to the nozzle. A separation between spray code and engine code is
reasonable due to two reasons:
• The coupling between the nozzle flow and the spray code requires to resolve the flow scales of the nozzle by

the grid of the spray code. On the other hand, in the engine code a coarser grid can be used.
• The transport equations of the Eulerian spray model have to be solved irrespective of the presence of droplets.

But droplets can only exist in a well-defined area of the engine. Therefore it makes sense to restrict the domain
of the Eulerian spray model to that area.

    To ensure a grid independent solution for the gas phase of the engine code an adaptive mesh refinement of the
engine grid in the spray region is required as shown in the bottom grid of figure 4. The cells in the region of the
spray are aligned to the flow direction and the cell size is small enough to resolve the gas phase in the vicinity of the
nozzle for coupling with the spray code, e.g. regarding transfer of chemical source terms to the dense spray region.
    Besides the advantages mentioned the method sketched above needs some additional effort for data exchange and
coupling between the two codes. Thus as an alternative also calculations on a single grid will be performed using the
capability of the FIRE code to deal with unstructured grids of various fineness and arbitrary interfaces between
different regions. In this case it is necessary to switch off or bypass the solution of the multiphase conservation
equations in regions where droplets are present no more. Both concepts will be tested to find out the quickest
procedure.    

Conclusions and further work
    Based on the CFD code FIRE a 3d Eulerian multiphase spray model has been set up. The model solves full sets of
conservation equations for the gas phase and for various droplet size classes. Momentum exchange terms include
drag, lift and turbulent dispersion forces. Mass exchange has been implemented taking into account contributions
from evaporation, secondary breakup and collisions. In general the exchange terms are formulated in a modular way
to allow an easy coupling of additional models for the different interphase exchange processes.  Test calculations
have been performed with 5 phases. These in general show reasonable effects from the various mechanisms.
   Not yet all of the mechanisms are fully coupled with the local flow field values. Thus future work will deal with
completion of coupling and also implementation of further mass and momentum exchange models. Matching of the
turbulence model and adaptation of turbulent dispersion force for the spray application will also be important steps
for completion of the Eulerian spray model.  Further additional transport equations will be implemented to refine the
mass transfer models and to allow application of the ICAS method [2]. An additional key item within further
development will be the coupling of the Eulerian spray model in the near nozzle region on a fine grid with an overall
Lagrangian calculation on a coarser grid in the whole domain. This will allow to use the benefits of both methods
and to avoid their shortcomings according to the overall concept for engine spray modeling outlined above.

Injection velocity  [m/s] 200 250 300
Calc. Sauter diameter [m] 52.3 46.4 36.1
Exp. Sauter diameter [m] 40.3 37.9 36.1

Table 2: Sauter diameter compared with data from [11]



Figure 4. Overall concept for spray modeling in Diesel engines

Nomenclature
aik Collision coefficient N number density Ω Relative rotation
C0 drops per collision p Pressure ω droplet rotation
C Coefficient R Droplet radius Subscripts
D Diameter Re Reynolds number a stable droplet radius
eik Collision efficiency T Reynolds stresses B Breakup
E& Evaporation rate v Velocity C Collisions
k Turb. kin. Energy Vcell Cell volume D Drag
m Droplet mass α volume fraction diff binary diffusion
M& Breakup rate Γ mass source term E Evaporation
M Momentum source term µ Viscosity i,j,k,l phase indices
n Number of phases ρ Density L Lift

totcoln ,& Drop production rate τk shear stress T turbulent dispersion

ikcoln ,& Collision rate τa breakup time v Vapor
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Abstract
The use of direct injection liquefied petroleum gas (LPG) in internal combustion engines poses possible fuel savings
as well as reduced emissions of HC and CO. In direct injection, the development of the liquid fuel spray and its
evaporation in the hot combustion chamber plays a key role in determining the quality of the subsequent
combustion. In this study, the Discrete Droplet Model (DDM) approach is used together with Kelvin-Helmholtz
wave break up model to simulate LPG free spray. In order to account for drop evaporation, the convective droplet
evaporation model as correlated by Faeth [1] is used. To model the flash evaporation of LPG, an extension to this
model is proposed by assuming the surface of the droplet to be boiling at the saturation temperature at the given
ambient pressure. Experimental data on LPG sprays by Park [2] are used to validate the simulated spray penetration
length.

Introduction
The need for more fuel efficient and environmentally friendly vehicles has been growing due to the increasingly

stringent emission regulations as well as growing public awareness. The use of alternative fuel such as LPG could
provide a number of advantages over conventional fuel. LPG consists of butane (C4H10) or propane (C3H8) or a
mixture of both. In addition, traces of ethane and pentane may be found as well. It is a by-product of crude oil
refining and thus the proportion of butane and propane depends largely on the country of origin [3].

LPG has a simple chemical composition, therefore it enables complete combustion to be achieved more easily,
resulting in lower emissions of HC and CO. Moreover, the fuel has a high octane rating, typically 112 RON for pure
propane, which prevents the occurrence of ‘knocking’ at high engine compression ratio. With a high compression
ratio, thermal efficiency can be improved thus resulting in fuel economy. LPG is not a new fuel in the automotive
industry, as it has been utilised in dual fuel passenger cars as well as commercial vehicles, although the number is
limited [4].

Most current LPG vehicles however use either carburetted fuel distribution or multi port (MPI) fuel injection
systems. With direct injection, better fuel efficiency could be achieved due to the ability to control the amount and
timing of fuel injection. However with direct injection, knowledge of the fuel spray characteristics becomes
essential to ensure proper air and fuel vapour mixing. The successful implementation of gasoline direct injection
(GDI) [5] relies on careful piston geometry design to produce the desired spray characteristics in order to obtain a
stratified charge around the spark plug during lean combustion. Therefore, the work described here aims to extend
spray modelling methods to LPG fuel in order to predict its evaporating and non-evaporating sprays characteristics.

Mathematical Model
The finite volume method is used to discretize the gas phase transport equations. The Discrete Droplet Model

(DDM) as described in [6] is used to model the fuel spray. The drop breakup is accounted for by the Kelvin-
Helmholtz wave break up model [7] while drop collisions are modeled using [8]. The EPISO algorithm, as extended
in [6] to also calculate the spray equations, is used for the combined solution of the gas phase and spray equations.

During direct injection the major difference between LPG and conventional fuels, including gasoline and diesel,
is that under certain possible engine conditions the LPG will flash evaporate. To account for this effect, the heat and
mass transfer equations need to be extended, as described in the next section.

Evaporation Model
During evaporation, there is simultaneous heat and mass transfer between the liquid and gas phases. Faeth [1]

proposed a form of mass transfer rate that included a correction factor to account for forced convection:

( )BShDm g +Γ−= 1lnρπC (1)

With a similar correction factor the heat arriving at the droplet is given as:
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Nu, the Nusselt number is given as:
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Neglecting any spatial variations of the temperature within the drop, the temperature at the droplet surface sT  is
assumed to be equal to the average or lumped drop temperature dT . Therefore the energy conservation equation for
a drop is
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where L is the latent heat of vaporization.
During boiling along the saturation line, the thermal conductivity and the mass diffusivity are equal in

magnitude. Thus Le = 1, Nu = Sh and 
L

sTgTpgC
B

)( −
= . This is logical because all the heat that is conducted into

the liquid is evaporated from the liquid drop, as there is no net heat gain in the liquid at this point. It can be argued
that during the droplet heating up period, the Le number should be greater than unity so that there is a net heat gain
in the liquid drop. Conversely, during initial flash evaporation, the Le number should be much less than 1 so that
there would be a net heat loss from the liquid drop that would reduce the bulk temperature of the liquid down to the
saturation temperature. As the liquid temperature drops, the Le number should increase until it essentially settles at
unity when the liquid temperature is at the saturation temperature.

When LPG spray is suddenly introduced into an environment where the pressure is below the liquid’s saturation
pressure, the liquid would become superheated or ‘metastable’. The behaviour of liquid flash boiling in this
condition is complicated and an extensive mathematical model would be required to accurately describe this
phenomenon. However for the purpose of this work, a simplified and idealized flashing process is assumed in order
to extend the current evaporation model to describe the general effects of flash evaporation.

A few assumptions have to be made. The correction factor used to account for forced convection is assumed to
hold during flash evaporation, so that equation (2) still holds, and on the right hand side of equation (6) Ts is used in
place of Td. The temperature of the droplet surface Ts falls immediately to the saturation temperature at the particular
ambient pressure. The appropriate Le number must be obtained through suitable correlations for the thermal
conductivity, k and the mass diffusivity, Γ . While correlations for thermal conductivity are readily obtainable for a
variety of fuel vapours, correlations for mass diffusivity are fairly uncommon. The mass diffusivity used in earlier



works by Khaleghi [9], for example, is obtained from Borman and Johnson [10] and it is only correlated for diesel
fuel. In this work, the mass diffusivity is approximated using the following expression:
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where Tboil is the boiling temperature at the particular ambient pressure. In this form, when the droplet temperature is
below boiling temperature, the Lewis number would be greater than unity. When the droplet is flash evaporating, the
bulk droplet temperature would be greater than the boiling temperature and so the Lewis number would be less than
one. As the droplet temperature approaches the boiling temperature, the Lewis number approaches unity which
corresponds to the criteria discussed above. The constant n is assigned a value of 5.0 based on comparisons with
calculations from [10].

Comparison with Experiment
A set of experimental results, outlined in Table 1, on non-evaporating LPG sprays obtained by Park [2], are

compared with the simulated results. An axisymmetric non-uniform grid of 60 lines in the axial direction by 30 lines
in the radial is used. In the experiment, the LPG fuel used is a mixture of butane (70%) and propane (30%). In the
simulation however, the fuel is assumed to be pure butane so the computed properties of LPG fuel are obtained from
correlations of butane.

Test Case 1 2 3 4

Fuel Type LPG

Nozzle Diameter (mm) 0.22

Nozzle Type Single Hole

Trapped Temperature (K) 280

Trapped Pressure (MPa) 1.0

Injection Pressure (MPa) 25 50 75 100

Liquid Temperature (K) 280

Table 1. Non-Evaporating LPG Test Cases

The computed penetration lengths in Fig. 1 show fairly good agreement with experimental results although there
is a trend of over-penetration predicted at the early stages of the spray. In Fig. 2 the simulated SMDs of droplets are
seen to reduce as the injection pressure increases. This corresponds with the known trend that as the injection
pressure is raised, the liquid droplets tend to atomizes more finely.

The experiments on evaporating sprays were carried out by injecting the liquid fuel into a heated environment.
The injection pressure is kept constant while the trapped pressure is varied. As in the non-evaporating case, the
simulations for LPG are assumed to be for pure butane, so the occurrence of multi-component LPG evaporation /
boiling in the actual experiments is neglected. The details of the test cases are given in Table 2.

The simulated and experimental penetration length results for Case 1 are presented in Fig. 3 while those for
Cases 2 – 4 are shown in Fig. 4. For Case 1, flash evaporation occurs because the trapped pressure is below the
saturation pressure for liquid at 280 K. The experimental data shows a large reduction in the penetration length in
Fig. 3 compared with the non-flashing Cases 2 – 4. This is due to the rapid evaporation of the liquid that reduces the
size of the liquid drops and thus shortens the spray penetration. The evaporated fuel vapour also creates a denser gas
region around the injector that increases the drag on the droplets. The simulated result gives a fair agreement of the
spray penetration towards the end of the spray although there is noticeable over-penetration at the beginning of the
spray. There are two possible reasons for this. The effects of flash evaporation could enhance the rate of drop break-
up and the finer drops tend to produce a shorter penetration length. At the moment, the break-up model implemented
in the simulation is based on aerodynamic instabilities so the additional effects of flashing are not taken into
account. Secondly during flashing, the droplets are smaller and more dispersed in the front end of the spray so these
droplets might not be captured in the experiment photos and thus not included in the penetration measurement.
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Figure 2. SMDs for non-evaporating LPG sprays.

Test Case 1 2 3 4

Fuel Type LPG

Nozzle Diameter (mm) 0.22

Nozzle Type Single Hole

Trapped Temperature (K) 516

Trapped Pressure (MPa) 0.1 0.4 0.7 1.0

Injection Pressure (MPa) 10.0

Initial Liquid Temperature (K) 280

Table 2. Evaporating LPG Spray Test Cases
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In Fig. 4, the computed spray penetrations for Cases 2 - 4 show fairly reasonable comparison with the
experimental results although some discrepancies should be expected because pure butane is assumed in the
simulation. For butane at 280 K, the fuel vapour pressure is 0.13 MPa while propane has a vapour pressure of 0.57
MPa. Therefore each component of the fuel  boils at a different temperature and based on the saturation pressure of
each component, a greater portion of propane will evaporate compared to butane. The additional vapour from
propane may cause a large effect in the spray penetration. To account for both properties of propane and butane a
multi-component evaporation model must to be implemented; this has not been done as yet.

One obvious anomaly that can be observed from the experimental results is that the initial penetration length at
0.7 MPa  trapped pressure is much lower than the penetration length at 1.0 MPa trapped pressure. There should be
no flash evaporation at this condition but even if the fuel is flashing, logically the spray at 0.4 MPa trapped pressure
must be flashing even more (as the degree of liquid superheat would be higher) and thus show an even lower
penetration length. However this is not recorded in the experimental results; theoretically this should not occur
based solely on the trapped pressure. Further experimental data are required to confirm the accuracy and consistency
of the experimental data.

The qualitative results of the simulations for test case 1 are presented in Figs. 5 and 6. In Fig. 5, the droplet sizes
and temperatures are shown. The temperatures of the droplets decrease due to the cooling effects of flash
evaporation. Consequently the drop sizes reduce substantially downstream. The high evaporation rate is reflected in
the high fuel vapour mass fraction (~ 0.9 near the injector) and the cooling down of the ambient gas, as shown in
Fig. 6. The comparable results for the non-flashing cases (not illustrated here because of space constraints) show
that the liquid temperature is heated up to its boiling temperature and the range of droplet sizes is larger than when
the liquid is flash evaporating. The effects of the evaporation of the liquid on the gas phase are also reduced in these
cases. The fuel vapour mass fraction has a maximum of around 0.2 for test case 4, at a comparable time after start of
injection. For that case also the gas temperature is cooled to around 400 K in the core of the spray.

Figure 5. Drop sizes and temperatures of LPG spray under flash evaporation conditions.
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                  Figure 6. Gas Phase Fuel Vapour Mass Fraction and Temperature Plot for flashing LPG spray.

Conclusions
In direct injection, the development of the liquid fuel spray and its evaporation in the hot combustion chamber

plays a key role in determining the quality of the subsequent combustion. In this study, the Discrete Droplet Model
(DDM) approach is used together with Kelvin-Helmholtz wave break up model to simulate LPG free spray. In order
to account for drop evaporation, the convective droplet evaporation model as correlated by Faeth [1] is used. To
model the flash evaporation of LPG, an extension to this model is proposed by assuming the surface of the droplet to
be boiling at the saturation temperature at the given ambient pressure. Experimental data on LPG sprays by Park [2]
are used to validate the simulated spray penetration length. Reasonable agreement is obtained, but not as good as
that generally obtainable for diesel sprays. Reasons for this have been formulated in the text. The proposed
evaporation model extension to flashing conditions appears to produce qualitatively correct results, but further
comparison with experimental data is required.
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Abstract
A numerical model has been developed to simulate the hydraulics and the mass transfer processes in a wet scrubber
of a flue-gas desulfurification plant. In addition to modules for handling of nozzle specific spray input data, droplet
interaction with walls and scrubber internals, the absorption process of sulfur dioxide in the slurry droplets is
modeled. The droplet internal chemistry of the sulfur dioxide / limestone slurry system is taken into account. In the
simulation of a chemisorption process in a spray tower the ability to realistically describe the gas velocity field and
the scalar concentration field of the contaminant is demonstrated. Simulation results are compared with
concentration measurements in a scrubber of a power plant flue-gas cleaning unit.

Introduction
Gas absorption in gas/liquid-scrubbers for air pollution control of power plant flue gases is a huge field of

application for spray processes in environmental technology. In flue-gas desulphurification (FGD) spray towers are
used as absorbers to remove SO2 for example from flue gases of large oil- or coal-fired power stations. The efforts
of the gas cleaning technology have a significant influence on the operational costs of the plant. In a wet FGD-
process the spray towers are operated with limestone slurry that is injected through a large number of nozzles to
produce a satisfying interfacial area density in the spray/gas contact zone. The commonly used design is a
countercurrent spray scrubber with a raw gas stream introduced in radial direction at the bottom of the tower.

The nozzles are arranged at different spray bank levels. The main operation parameters are mean axial gas
velocity, nozzle pressure and liquid to gas volume flux ratio. A given spray tower geometry produces a specific
pressure drop for the gas stream and a certain efficiency of SO2 removal. A current trend in design is to increase the
gas velocity to a region of 3,5 to 4,0 m/s in order to allow a more compact scrubber construction and to enhance the
absorptive mass transfer of the gaseous pollutant into the spray droplets. Thereby the increasing problem of droplet
entrainment must be handled and it is necessary to counterbalance the inhomogeneous distribution of the gas
velocity in the scrubber cross section with the help of the spray bank construction and the nozzle arrangement.

Computational Fluid Dynamics (CFD) tools are used to analyze the multiphase flow in the spray zone and to
understand the absorption process of SO2. An Euler-Lagrange approach with momentum two-way coupling for the
description of the gas and spray motion is applied in addition with a suitable spray/wall interaction model. Thereby
it is possible to estimate the local distribution of slurry holdup in the contact zone for a given raw gas feed condition
and a certain spray-bank construction. In the description of the chemisorption process the interfacial mass transfer
accompanied by chemical reactions must be quantified. Contrary to the situation in fuel combustion engineering the
chemical reactions are located in the droplet phase itself and involve specific complexity introduced by the aqueous
phase chemistry.

Numerical Model for the Spray Tower Hydrodynamics
The complex physical and chemical processes in a gas scrubber include the dynamics of the spray/gas two-

phase flow, heat transfer between the phases with water evaporation from the droplets and interfacial mass transfer
accompanied by chemical reactions. All details of these processes cannot be described completely within the
simulation. Only a set of most important characteristics of the spray/gas two-phase flow is taken into account in the
Euler-Lagrange simulation. In our model the gas phase is composed of the three components water vapour, sulfur
dioxide and a fraction which is treated as inert. The Reynolds averaged Navier Stokes equations (RANS) are solved
for the gas phase together with a pressure correction equation and with the gas phase heat balance. In addition a
scalar transport equation for each gaseous component being absorbed (sulfur dioxide) or desorbed (water and
optionally carbon dioxide) is solved. These species conservation equations can be formulated as
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Herein ρgC(l) denotes the mass concentration of the species (l), C(l) is the mass fraction, D(l) is a mass diffusivity. The
reaction rate )(lr>  of a homogeneous gas-phase reaction of the species (l) is zero for the basic cases considered here.
The liquid phase reactions involving species (l) will enter equation (1) in form of chemisorption or desorption
processes in the species source or sink term Scd. If N is the total number of different species present, the N species
equations can be summed to yield the total mass continuity equation. Therefore only N-1 equations of type (1) are
independent and have to be included in the model equation set (that means no separate species conservation
equation is solved for the inert fraction of the gas phase).

The spray can be described by an ensemble of model droplets. It turned out to be essential to represent the
droplet size distribution produced by the nozzles in the model droplet ensemble to ensure a reliable estimate of the
interfacial momentum transport between the spray droplets and the gas phase. Starting from the droplet injection
positions at the nozzle locations in the scrubber the trajectories of the model droplet ensemble are calculated.
Thereby the positions of all nozzles installed are taken into account explicitly. The model droplet start vectors and
size distributions at the nozzle positions are used to represent the characteristics of the specific nozzle types (full- or
hollow cone nozzles, upward or downward directed spray injection, etc.). The droplet locations xd and velocities ud
are calculated by tracking the droplets as they move in a Cartesian coordinate system.
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In Eq. (3) the droplet diameter is denoted by Dd. The drag coefficient is a function of the droplet Reynolds
number Red = Ddurel/νg. Due to the regime ρd >> ρg unsteady drag force contributions are not considered in the
droplet trajectory equation.

An empirical droplet/wall impact model is included to handle droplet deposition and splashing events in case
of droplet impact on the scrubber wall or on the surface of scrubber internal construction elements (spray bank
piping, supporting beams, demister). Splashing is supposed to occur if the impact momentum exceeds an upper
limit, that means if the droplet K-number is higher than a critical value Kcrit, with K defined as a function of the
Reynolds-number and the Ohnesorge-number K= Oh.Re1,25. Details of the experimental correlations underlaying the
impact model and its computational implementation were documented in [1] and [2].

In the simplified description of droplet/gas heat transfer and droplet evaporation the following assumptions are
made: spherical symmetry, stationary vapor diffusion layer and uniform pressure distribution around the droplet,
liquid/vapour phase equilibrium on the droplet surface, infinite heat conductivity in the droplet, which implies no
droplet interior temperature gradients. Under these assumptions two additional equations are describing the temporal
change of droplet size Dd and temperature Td:
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The vapour mass flow away from the droplet surface equals the evaporation rate:

)B1ln(.Sh)D/D(m Mdgg +πρ=D (6)

with BM denoting the mass transfer number BM = (Ys,eq – Yg)/(1- Ys,eq) and Ys,eq is the equilibrium vapour mass
fraction at the droplet surface, Yg is the vapour mass fraction in the free stream and Dg is the mass diffusivity in the
gas. The diffusion of heat into the droplet is expressed as
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with the transfer number for heat BT and L(Td) denoting the latent heat of evaporation at the droplet temperature Td.
The concentration of the pollutant in the raw gas is relatively low and therefor the absorption process does not
influence the scrubber fluid-dynamics. The gas flow field is pre-calculated without spray injection and its sulfur



dioxide and water vapor concentrations are initialized with the values of the species content in the raw gas. After
reaching convergence for the single-phase flow the injection of model droplet parcels is started and the absorption
process is activated.

Modeling of the Chemisorption
In a wet flue-gas desulfurification process the sulfur dioxide is absorbed in a limestone slurry producing

calcium sulfite as the intermediate reaction product. The calcium sulfite is oxidized to gypsum. This overall
reactions can be formulated as follows

SO2 + CaCO3 => CaSO3 + CO2
CaSO3 + 1/2O2 => CaSO4

The oxidation step is completed during the residence time of the slurry in the scrubber sump. Therefore sulfite
oxidation and crystallization of gypsum are not considered further here. The important phase equilibria of the
chemisorption process in the spray section of the flue-gas scrubber include the absoption of sulfur dioxide, the
evaporation of water and the dissolution of the limestone particles in the slurry droplets.

During the absorption process always exists a deviation from the phase equilibria for the gaseous-, aqueous-
and solid phase. In the reactive limestone-slurry at pH-values of 4 – 6,5 the liquid phase is in permanent
undersaturation with respect to the dissolved calcium carbonate. Contrary to the phase equilibria, which are
approached by rate processes, the reaction equilibria of the ionic reactions in the aqueous phase are reached
instantaneously fast. Therefore the calculation of the reaction equilibria and the concentration of the ionic species is
performed in a separate module.

A complete description of the liquid phase composition is given by a set of eight species concentrations: two
dissolved gas components [SO2], [CO2] and six ions [H+], [OH-], [HSO3

-], [SO3
2-], [HCO3

-], [CO3
2-]. This

concentrations are quantified in form of molalities [mol/kg aqueous phase] throughout the calculation. The
following set of algebraic equations is used to specify the eight unknown molalities:
-  the ion product of water dissoziation   H+ + OH- ⇔ H20          (8)
-  the chemical equilibrium of the first dissoziation step of the sulfurous acid     SO2,aq + H2 0 ⇔ HSO3

- + H+         (9)
-  the chemical equilibrium of the second dissoziation step of the sulfite             HSO3

- + H20 ⇔ SO3
2- + H+         (10)

-  the mass balance for the dissolved sulfur components
-  the chemical equilibrium of the second dissoziation step of the carbonic acid   HCO3

- + H20 ⇔ CO3
2- + H+      (11)

-  the mass balance for the dissolved carbon components
-  the charge balance (electroneutrality condition)
-  the sum of the molar fractions of the eight species plus the molar fraction of water must add to one.

In addition to the above mentioned algebraic relations the equations of the activity coefficient model for the
ionic species according to Pitzer/Debye/Hückel is included. The five input parameters, which must be provided to
solve the equation set are the total concentration of all dissolved sulfur and carbon species m[Stot] and m[Ctot], the
molality of calcium ions m[Ca2+], the number of moles of water in the droplet and the droplet temperature. After
solving the equation set for the eight unknown molalities the pH-value of the suspension droplet can be quantified.

Due to the nonlinear terms in the equation set the solution has to be performed iteratively. Therefore the
equation set is reformulated as an optimization problem. That means the solution vector x consisting of the eight
unknown molalities should minimize the residues of the problem F(x) = 0, where F(x) is constructed by subtracting
the terms of the right hand side from the left hand side of the equation set, followed by normalization operations.
The optimization problem is solved with the help of a quasi-Newton algorithm; [3],[4].

In the driving force estimation of the absorption process the equilibrium partial pressure pSO2* must be
calculated by Henry’s law

pSO2* = Hc,SO2 c[SO2]aq = Hc,SO2 m[SO2]aq ρaq (12)

In Eq. (12) the currently calculated molar concentration of the sulfur dioxide in the droplet c[SO2]aq is used. As
discussed above the evaporation of water from the slurry droplet effects the droplet temperature. Therefore reaction
equilibrium constants and the Henry constant are calculated as a function of droplet temperature

Ki = exp(A/T+B.lnT+C.T+D)     and        HSO2 = exp(A/T+B.lnT+C.T+D) (13).

The parameters A – D are documented in data bases for electrolyte equilibria; [5].
Rate processes producing a change in the droplet composition must be calculated during the trajectory

integration of the model droplets. In the current status of the simulation the following rate processes are taken into
account: evaporation of water from the droplets, absorption of sulfur dioxide into the slurry droplets and dissolution
of limestone particles in the slurry. To keep the simulation effort tractable at an engineering level of description
several simplifications are made in the modeling of the rate processes for the interfacial transport to and from the



droplets. The droplets are treated as spherical. A stationary gas film is assumed to surround each droplet. The
temperature within the droplet is expected to be uniform. The liquid bulk phase of each droplet is treated as an
discontinuous, ideally mixed, stirred reactor. The mass transfer of sulfur dioxide is neglected in the total mass
balance of the gas phase. The reaction enthalpy of the chemisorption of sulfur dioxide is neglected in the heat
balance of the droplet.

In the sulfur dioxide absorption into limestone slurry usually the gas-side and the liquid-side diffusion films at
the interphase both contribute to the mass transfer resistance; see [6]. The calculation of the gas-side film resistance
is based on the well known correlation of Ranz-Marshall

Shg = 2 + 0,6 . Re0,5 . Sc0,33 (14)

with the Schmidt-number  Sc = νgas/DSO2,gas. In the calculation of urel  the difference between the velocity vector of
the gas phase uabs,gas and the velocity vector of the droplet uabs,drop is computed. Thereby uabs,gas denotes the
instantaneous velocity vector of the gas phase, which is generated from the mean gas velocity by addition of a
turbulent fluctuation component, uabs,gas = ugas + u’gas .

The liquid side mass transfer coefficient βl,SO2 is derived from Eq. (15) according to penetration theory; [7]
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Herein texp denotes a characteristic exposition time of a fluid element at the interface. The exposition time is effected
by droplet deformation and surface renewal during atomization, inter-droplet collisions and droplet/wall-interaction.
Therefore texp will differ according to the location within the scrubber as a function of the distance from nozzle
(location in the far field or in a near nozzle region). According to [6] for the fluid-dynamic conditions in a spray
tower the order of magnitude of the exposition time is  0.01 < texp < 0.1 s.

The local instantaneous interfacial mass transfer rate of sulfur dioxide during absorption can be written in two
alternative forms:
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The enhancement factor summarily takes into account the steepening effect of the liquid side chemistry on the
concentration gradient of the absorbed sulfur dioxide. This effect produces an increased absorption rate NSO2 in case
of chemisorption compared to (the hypothetical case of) pure physical absorption; see [7]. Experimentally E turns
out to be mainly a function of the pH-value in the droplet liquid phase. The droplet pH-value is determined by the
amount of absorbed sulfur dioxide, which is accumulated in the droplet along its trajectory through the scrubber.
The current droplet pH-value is calculated from the solution of the chemical equilibria of the electrolyte reactions
according to Eq. (8) – (11). The equilibrium calculation is formulated as the solution of a nonlinear optimization
problem. The results are pre-calculated for a suitable restricted domain of input parameter sets and are stored in a
look-up table which is linked via a search routine to the CFD-simulation.

The droplet parcels in the flow domain act as local sources or sinks for the scalar transport variables, which are
balanced specifically in each control volume. The slurry-droplet internal hydrodynamics considerably influence the
process of SO2-absorption at the interface. Therefore it is essential in the description of the gas/liquid species
transport to include a penetration model with an (optionally even variable) exposure time texp according to Eq. (15).
The computational time-efficient implementation allows to monitor the development of inhomogeneous
concentration field of the contaminant in the absorber spray section.

Simulation Procedure and Results
In the following the simulation results of an industrial sized scrubber unit are presented. The calculation flow

domain is bounded by the slurry level in the scrubber sump, by the inner surface of the scrubber wall and by the
outer surface of the scrubber internal construction elements. Section of the raw gas inlet duct and of the clean gas
outlet are also included. The scrubber has a diameter of 9,5 m and a total height of 29,6 m. The active height of the
spray section (measured from the sump level to the lower edge of  the mist eliminator) is 13,0 m. The finite volume
grid is generated from a 3D-CAD model of the scrubber. The CAD data are imported into a semiautomatic grid
generation tool (FAME v.1.2b). The main challenge in the construction of the grid lays in the big difference in the
length scales of the largest element (scrubber diameter) and the smallest element (spray bank piping). In the



numerical model the mist eliminator is taken into account as a porous block with a pressure drop according to the
specifications provided by the manufacturer. Fig. 1a shows the surface model of the numerical grid and Table 1
summarizes the design specifications and the operating conditions of the absorber.

                                                                                                                     (b)

Figure 1. (a) Inside and outside view of the spray scrubber finite volume grid.
(b) Design of the spray banks No. 1 – 3, with nozzle positions.

Absorber operating conditions Nozzle characteristics
Gas volume flux 674000,0 Nm3/h Nozzle type double excenter, hollow

cone
Pressure at the absorber exit 1013 mbar Spray opening angle 90°
Raw gas inlet temperature 93 °C Liquid feed upward 70 %
Clean gas outlet temperature 47 °C Liquid feed downward 30 %
Slurry volume flux per spraybank 3150 m3/h Sauter diameter upward spray  2,0 mm
Number of nozzles per spraybank 50 Sauter diameter downward spray  1,8 mm
Gas velocity at inlet cross section 8,3 m/s

Simulation specifications
Number of control volume cells
of the numerical grid

550000 Number of model
droplets

52500

Table 1. Overview of the plant specifications and the absorber operating conditions

A uniform velocity was specified as the boundary condition at the gas inlet. Due to the access to experimental
data for comparison an operation with only two active spray banks (out of four) was chosen in the simulation. At
both active spray banks (No. 1 and No. 2) 50 nozzles are in operation. The exact positions of all nozzles (see Fig.
1b) were included as the injection points for the model droplets. The nozzle characteristics are given in Table 1. The
droplet size distribution of the spray was taken into account as provided by the manufacturer.

The simulated gas velocity field for the two-phase operation of the scrubber is shown in Fig. 2a,b. Under
single-phase operating conditions the axial gas velocity has a strongly inhomogeneous distribution in the cylindrical
absorber cross section. The gas stream enters the scrubber in radial inward direction. A stagnation point is formed at
the cylindrical wall opposite from the inlet. At this location the gas stream is forced upward and a circulation region
is formed above the inlet duct. In the two-phase operation as shown in Fig. 2a,b the gas throughput is distributed
more evenly under the action of the spray. The axial gas velocity distribution in the cross section becomes
increasingly homogeneous along the way of the upward moving gas. At the position of the highest cross section
shown in Fig. 2b results a relatively even distribution.

The corresponding plot of the simulated sulfur dioxide concentration in the cross section under the mist
eliminator is shown in Fig. 3a. For comparison local sulfur dioxide concentration measurements were performed at
various positions in the cross section by a sampling method. The surface in Fig. 3b was constructed from these point
measurements by interpolation. The raw gas inlet concentration was 1500 mg/Nm3. The highest measured clean gas

(a)



concentration values were 230 mg/Nm3. They correspond with the data points in the red zone of the cross section
(100% markers). In preliminary calculation runs the experimental findings could be reproduced at least qualitatively
in the simulation, see Fig. 3a. The exposition time was adjusted to texp= 0,01 s and a value of E = 10 was chosen for
the enhancement factor.

Figure 2. Simulated gas velocity field for the two-phase operation. (a) Vector field in the longitudinal section
perpendicular to the inlet and exit cross sections. (b) Isolevel plot of the axial gas velocity in three cross sections
(below the lowest spray bank, in the middle of the spray banks, under the mist eliminator; the exact positions of
these sections are marked by the arrows in Fig. 2a).

Figure 3. Distribution of the sulfur dioxide concentration in the absorber cross section below the mist eliminator for
the case of two active spray banks. Simulated distribution (a); Measured distribution; (b).
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Abstract
Monosized droplets can be produced with pneumatic extension nozzles in which an air flow stretches a

capillary jet. The resulting jet diameter is much smaller then the diameter of the capillary tube and smaller droplets
are obtained after Rayleigh breakup. This paper presents results of simulations of the two-phase flow in such nozzles
for a given pressure drop of 90 Pa. Special attention is paid to the unsteady air flow which arises from detached
vortices and its influence on the breakup process.

Introduction
Producing monosized droplets requires e.g. the control of the disintegration of laminar jets. This can be

achieved by superimposing harmonics of higher order on the ground frequency of the jet disturbance like in [1].
More recently, another technique had been introduced in [2] which combines a pneumatic extension nozzle for
stretching the laminar jet and a vibrational disturbance for forcing the jet breakup. Droplets obtained are almost
monosized and are smaller than the jet diameter at the nozzle outlet. The purpose of the paper to be presented is to
simulate and reproduce the two-phase flow as it had been observed with the experimental setup of [2]. For this
purpose, a finite-volume Navier-Stokes solver is used and is described in the first section. Then, the assumptions for
the simulation approach are introduced . Finally, results of simulations are presented and analyzed for both air flow
and jet breakup.

Numerical method
The numerical method for the simulation of the flow in pneumatic extension nozzles is based on the Navier-

Stokes equations for incompressible media. For simulating flows with a free-surface, a supplementary equation has
to be solved for the convection a void fraction c (see Eqn. (2)) in addition to the momentum and mass conservation
equations (Eqns. (1) and (3)):
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The void fraction indicates if a control volume of the discretized computational domain is empty (c = 0),
partially ( 0 < c < 1) or totally filled (c = 1) with the liquid phase. The free surface is defined by the iso-surface c =
0.5. Methods using the convection of a void-fraction to simulate free-surface flows are called interface-capturing
methods. These methods have the capability to predict large deformations of the free-surface as well as breakup and
merging as it has been demonstrated in [3]. Surface and body forces are modeled with terms T  and b in the
momentum equations (3). If the considered fluid is Newtonian and incompressible, the stress tensor T  varies
linearly with the deformation rate tensor D :

DPT µ2I +−= (4)
Moreover, it is assumed that the fluid components do not interact or mix with each other. It is then

advantageous to consider the multi-fluid system as a single fluid with variable physical properties which can be set
by the value of the void fraction as follows:

glgl ccc µµµρρρ +−=+−= )1(;)1( (5)
Surface-tension effects are modeled as a body force bST like in the CSF formulation of [4]:

c∇= κσSTb (6)
The curvature of the free surface is estimated with the gradient of the void fraction [4,5]:












∇
∇

⋅∇=
c
cκ (7)



The equations are discretized with a finite-volume technique using a colocated arrangement of variables. The
method has been designed to handle control volumes of arbitrary polyhedral shape and allows the use of local grid
refinement. Discretization of volume and surface integrals is second-order in space: midpoint rule, linear
interpolation and central differences are applied [6]. Time integration is also of second order and fully implicit.
Pressure-velocity coupling is solved using a SIMPLE algorithm [7]. The solution procedure is of sequential type: the
equations are first linearized and the resulting algebraic equation systems are solved in turn for all variables. This is
repeated within each time step (outer iterations) until the coupled, non-linear set of equations is satisfied. Linear
equation systems are solved by iterative solvers of the conjugate-gradient family [8]. In order to keep the values of
the void fraction c bounded between 0 and 1 during the solving procedure, the special numerical scheme HRIC is
used to compute convective fluxes in Eqn. (2) [9]. The numerical method used has been parallelized by domain
decomposition in both space and time: the spatial domain is subdivided in subdomains which are assigned to
individual processors , and several time steps can be processed in parallel (by different processors on the same
subdomain). The efficiency of the method has been tested in single-fluid flows [10].

Simulation approach
The purpose of the numerical simulations presented here is to reproduce the breakup of a jet issuing a capillary

tube and submitted to an elongation produced by a surrounding air flow (see also Fig. 1 for details). The air flow is
induced by a pressure difference between a pressure chamber (separated from surrounding air at rest by an orifice
plate) and the environment. In this study, the liquid considered is water with the physical properties of Table 1. The
pressure drop has been set to ∆P = 90 Pa and corresponds to the experimental values presented in [2]. For this
pressure, one can assume that the air flow speed will have a magnitude order given by:

vg = 
ρ

P∆2 = 12,31 m/s (8)

Using the orifice diameter (d=9mm) as a reference length, the Reynolds number for the air flow is Reg = 7216,
which is quite moderate. Since the capillary tube diameter has been chosen to be same as the orifice one, the
reference length scale for the water flow is then the same as for the air flow. For the given mass flow rate (          =
25g/min), the Reynolds number of the liquid flow is Rel= 59. Because of the Reynolds number values, it can be
assumed that the flow is laminar and therefore no turbulence model has been used.

For the flow simulations, it is necessary to define a computational domain which is then subdivided into control
volumes. Assuming that the phenomena to be observed posses a symmetry axis, it is then meaningful to reduce to
problem from three to two dimensions by modeling only a slice with one degree angle. The resulting geometry with
the boundary conditions applied is shown in Fig. 2. An example of the numerical grid used is shown in Fig. 5. It
uses local refinement in order to capture as accurately as possible the deformations of the free-surface at lower
computational costs.

Because of the creeping velocity of the liquid flow through the capillary tube, some side-effect may appear that
are called parasitic currents in the literature. They result from an imbalance between the pressure term and the
surface tension force in the momentum equations (3), leading to an unrealistic flow field when e.g. the convection
term of Eqn. (3) is small and the curvature is high. No problems are encountered when liquid velocity is appreciable.
For a detailed review of this problem, refer to [11]. The results obtained hereafter are to the authors’ opinion at the
feasibility limits of the numerical method due to this undesirable feature.

Analysis of the air flow
Because of the sharp edge of the orifice plate, an unsteady air flow develops. If no special attention is paid to

the grid quality and the numerical scheme used (for example by using first-order schemes), the velocity gradients
leading to detaching vortices at the plate edge will not be accurately enough resolved. In this case, the use of local
grid refinement is very helpful. Computational results on a coarse grid with 30,428 control volumes (CVs) and a fine
grid with better spatial resolution at the plate edge (125,179 CVs) show a very similar behaviour for the detaching
vortices at this location. A typical pressure distribution within the computational domain can be seen in Fig. 3,
where the low pressure regions reveal vortex cores.

The pressure has been recorded over the time at a chosen location on the coarse as well as on the fine grid. The
locations have been chosen so that they experience at least the passage of one vortex core and so that they have
approximately the same position in space on the coarse and the fine grid. A Fourier transform using a Welch filter
has been applied on the recorded time signals. The results obtained are summarized in Fig. 4. It has been considered
meaningful to non-dimensionalize the frequencies of the Fourier modes so that one can easier recognize phenomena
related to the flow. For this reason, a Strouhal number is introduced which is built with the reference length d, the
diameter of the orifice plate, and vg, the estimated convective velocity of the air flow from Eqn. (8). From Fig. 4, as
long as the vortices do not interact with the free surface (no breakup), the dominant Strouhal number is in the range
0.47-0.48. This would correspond to a wavelength separating two low-pressure regions of λ = d/St = 0.01875-
0.01915 and is approximately the distance actually observed in the computations. Due to the interaction of the
vortices with the free surface, we observe a shift in the dominant frequency to the lower Strouhal numbers, namely
to St  ≈ 0.40 (breakup).
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FIGURE 1. Pneumatic extension nozzle flow:
schematic principle. Due to the pressure difference

across the orifice plate, an air flow develops and strains
the capillary jet that breaks up into droplets due to the

Rayleigh instability.

FIGURE 2. Computational domain used for the
calculations. The distance between the nozzle outlet

and the orifice plate corresponds to one nozzle
diameter. The inflow velocity profile corresponds to the

parabolic one of the Couette-Poiseuille laminar pipe
flow.

FIGURE 3. Instantaneous pressure distribution in the computational domain. Low pressure regions are marked in
blue and indicate the presence of vortices (case ∆P=90 Pa). The pressure jump extending downward the nozzle exit

(bottom left) corresponds to the actual position of the free surface and is mainly due to surface tension effects.
Flow is from left to right.



FIGURE 4. Amplitudes of the Fourier modes of the
recorded time signals over the Strouhal number.

FIGURE 5. Detail of a numerical grid used for the
simulations using the advantage of local refinement.

Because of the need to resolve accurately in time the air flow in order to capture the detaching vortices at the
plate edge, it is necessary to have a time step which is at least one hundredth of the characteristic frequency of the
detached vortices. This leads practically to a time step in the range of 5·10-5 seconds for the coarse grid and of 4·10-6

seconds for the finer grid. Considering that the characteristic time for the liquid flow to form a jet is in about 1
second, it is then necessary to calculate about 20,000 to 250,000 time steps, depending on the grid fineness. This
makes this problem very tough to calculate because of the computational time needed, even if the geometrical model
and the physics are simple.

Analysis of the jet breakup
Due to the pressure difference between upside and downside of the orifice plate, an air flow develops. This air

flow has two major features:
• The strong acceleration of the air flow through the orifice plate allows with the help of viscous forces to strain

the jet and thus reduce substantially its diameter. After Rayleigh breakup of the jet, drop sizes obtained are
much smaller than the capillary tube diameter (see also Fig. 6).

• Vortices detach from the sharp edge of the orifice plate and produce pressure disturbances that interact with the
jet free-surface. The pressure disturbances excite then the jet breakup.
As the pressure within the breaking liquid jet is mainly controlled by surface tension effects, the disturbances

being brought in the jet are not of pressure nature, but are due to the velocity continuity condition of the flow at the
air/liquid interface. Considering the pressure fluctuations being almost sinusoidal and assuming that for this
incompressible flow the Bernoulli relationship between velocity and pressure still applies, the velocity fluctuations
have then a frequency two times the one of the pressure fluctuations. Thus, the Strouhal number of the jet
disturbances is about 0.8.

The numerical method presented here is able to reproduce correctly the breakup process related to the Rayleigh
breakup: drop sizes and wavelength are in good agreement with experiments and theory [3]. Thus, with the only
knowledge of the wavelength of the velocity disturbance and the jet radius, it is possible to deduce the drop sizes
that are obtained. Introducing the reduced wave-number k* as:
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where r0 is the radius of the strained jet, we get from the computations k* ≈ 0.27-0.34 (r0 ≈ 0.5-0.6mm). From
experimental and theoretical results [12,13], one can determine for a given k* the sizes of the main and satellite
drops. In our case, the satellite drops will have a non-dimensional diameter ddrop/d in the range 0.16-0.17 and the
main drops in the range 0.26-0.30. However, no comparison of the above obtained values with experimental ones
could be achieved as no experimental data was available for this case.

Conclusions
Pneumatic extension nozzles are of great interest since they allow to obtain drop sizes that are much smaller

than the capillary tube diameter. The reason is that the capillary jet is stretched by air flow produced by a pressure
drop between the upper and the lower part of an orifice plate. Because of the sharp edge of the plate, vortex
structures develop and sustain the jet breakup by interacting with the free-surface. The frequency of the detaching
vortices corresponds to approximately four times the frequency of excitation for the forced breakup by vibrating air
flow of the experiments of [2]. Results concerning the air flow simulation are in good agreement on both coarse and
fine grid, so that it can be concluded that the physics are correctly captured. But, as the simulation on the fine grid is



not completed yet, there is a lack of simulation data concerning the interaction of the detaching vortices with the jet
free-surface, so that no conclusions can be drawn concerning the frequency shift for the pressure which has been
observed on the coarse grid. Nevertheless, regardless the computational time, the results are encouraging. The
capillary jet breakup could be reproduced and the disintegration process looks similar to the experiments of [2], even
if the intensity of parasitic currents is not negligible. In future work, it is intended to make the pressure drop vary in
time and to study its effects on both air flow and jet breakup.

FIGURE 6. Instantaneous pressure distribution and free-surface deformation of the capillary jet (in red) within the
computational domain on the coarse grid. Low pressure regions are marked in blue and indicate the presence of

vortices. The vortices interact with the jet free-surface and the wave length of the pressure disturbance applied can
be deduced from the figure to be approximately the one of the vortices detaching from the orifice-plate edge. Flow is

from left to right.

Fluid νννν [m2 / s] ρρρρ [kg / m3] σσσσ [kg / s2]
water 1.55 10-5 998.3 0.0225

air 1.53 10-6 1.188 -

Table 1. Physical properties of the fluids used for the simulations.

Nomenclature
c volume fraction
d orifice diameter

D deformation rate tensor
k* reduced wave number
mD mass flow
Re Reynolds number
S surface
St Strouhal number
T stress tensor
v velocity
V volume
Bold symbols
n surface normal vector pointing outwards
v velocity vector

Greek symbols
∆ difference
η kinematic viscosity 

λ wavelength
µ dynamic viscosity
ρ density
σ surface tension
Other symbols
||.|| euclidian norm
∇ gradient operator
Subscripts
g gas
l liquid
H2O water
ST surface tension

( )vv ∇+∇= T

2
1D

η
dvRe =

v
fSt d=
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Abstract
In the context of a GSM (Groupement Scientifique Moteurs) project which involves RENAULT, PSA and IFP,

PRINCIPIA has been working on the development of a multiphase Navier-Stokes model (code EOLE) using an
improved VOF type interface tracking method able to calculate the liquid-vapour interface evolution, taking into
account the mass transfer process at the interface cavity.
The model allows to describe numerically the onset and development of cavitation within Diesel injectors.
Numerous validations on measurements have been already carried out on parameters such as discharge coefficient,
injection velocity, influence of the inlet shape of the channel (straight entrance, rounded entrance), visualisations of
the cavitation shape, emission frequency of vapour cavities originating from the break-up of the cavitation films,….
The reliability of the code allows us to use it for industrial applications.

Introduction
Progress in Diesel spray modelling highly depends on a better knowledge of the instantaneous injection

velocity and the hydraulic section at the exit of each injection hole.
Spray calculations are currently based on a set of submodels for which the coefficients have been revisited due

to the lack of representativity of the academic configurations for which these models have initially been developed.
The tuning of these coefficients is generally biased due to the poor knowledge of the boundary conditions, notably
for the injection velocity, in other terms the values of these coefficients incorporate the uncertainty of the boundary
conditions in order to present acceptable comparisons between calculations and measurements.

Additionally a better identification of the mechanisms which cause fragmentation at high injection pressure and
the implementation of submodels incorporating these mechanisms, is needed in order to reproduce correctly the
tendencies observed in the engine. It follows from all this that the knowledge of the boundary conditions and the
exact link between the injector two-phase flow and the primary break-up phenomena is really necessary to progress
seriously in the numerical description of Diesel sprays. For that aim, a multiphase Navier-Stokes model (code
EOLE) based on an improved VOF type interface tracking method has been developed to simulate injector flows
[1]. It allows to describe numerically the onset and development of cavitation within Diesel injectors, taking into
account the mass transfer process at the interface cavity, as well as the spray break-up at the nozzle exit induced by
the cavitation [1].

The Navier-Stokes model EOLE
The unsteady 3D Navier-Stokes equations are written in curvilinear formulation for each phase (liquid, vapour,

gas chamber):
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where F, G and H include the convective, diffusive and pressure flux terms, T the surface tension source
term, ( )χηξ ,,  the curvilinear coordinates and J the Jacobian of the coordinates transformation, ( )wvu ,,  the
cartesian velocity components, ρ the density, σ  the surface tension coefficient, K the surface curvature and

),,( zyx nnn the components of the normal to interface.
Vapour (and external gaseous) phases is assumed to be incompressible, but the liquid flow is considered as

compressible because of the high velocity and great pressure gradients existing in the injector cavitating flow. The
density variation being related essentially to dynamic effect (and not thermal), the law of state can be written [2]:
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where 1/β(p) is the isothermal compressibility coefficient.

Space discretization is based on a finite volume method on multi-block curvilinear deforming grids, using
centered scheme with artificial viscosity [3]. Time discretization is ensured using a fully implicit second order
scheme. The solution of the non-linear system for the unknown values at step n+1 is based on the pseudo-
compressibility technique [4].

Considering the semi-discretized equations at the time level n+1 and introducing a time-like  variable τ, called
pseudo-time, one adds pseudo-unsteady terms which are derivatives of the unknowns at time level n+1 with respect
to τ :
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The pseudo-unsteady terms involve a new unknown variable ρ~  called pseudo-density and subject to remain
positive. The pressure is calculated as a function of ρ~  through an additional equation which is identified with a
pseudo-law of state :

( )ρ~fp = (4)

so:            )~(WW φ=

The system (3,4) is integrated step-by-step in pseudo-time until convergence towards a solution independent of
τ which is then the numerical solution at time level n+1. The real time term is a source term for the evolution in τ.

The scheme used in pseudo-time is the explicit 5 step Runge-Kutta scheme but one introduces an implicit
treatment of the unsteady source term tW ∂∂ /  which reinforces stability. The maximum value of the pseudo-time
step ∆τ is fixed by the local CFL stability criterion. For each cell, one uses the local time step value. The method is
unconditionally stable with respect to the physical time step. Finally this method is particularly convenient to deal
with multi-phase flows having high density ratios between phases.

The SL-VOF free-surface tracking method
The interface and its movement are obtained by an original method, called SL-VOF [1], using the two

combined well known concepts of VOF [5] and PLIC (Peacewise Linear Interface Calculation) [6]. The interface is
calculated in each cell thanks to a discrete function C whose value (C between 0 and 1) in each cell is the fraction of
the cell occupied by the denser fluid (VOF concept). Depending on the flow regions, the fraction 1-C of the cell
volume is occupied by fuel vapour (cavitation) or gas in the combustion chamber.

The original SOLAVOF method [5], based on the resolution of a conservation equation of the VOF function,
assumes the interface to be parallel to the grid faces, so the accuracy of this method is low. On the contrary, the SL-
VOF method allows the interface to be represented by plans (or segment in 2D) of any orientation (PLIC concept)
and due its lagrangian nature, there is no need to solve a conservation equation of the VOF function. So, the main
advantages of this method compared to the original VOF method are on one hand the higher precision of the
interface description and on the other hand the capacity to use larger time steps and then a significant gain in
computational time.

FIGURE 1: SL-VOF modelisation of the interface

       Initial interface    C=VOF values        SL-VOF modelisation 



The mass transfer model
The cavitation model is integrated in the VOF model in order to take into account the thermodynamical effects

occurring during the vaporization and the condensation of the fluid. The model allows to compute a mass transfer
term which will be introduced in the VOF scheme.

Let’s consider for a given cell of the mesh the VOF (=C) value :

• kC  = the “kinematic” VOF value computed by the SL-VOF method and giving the interface position
induced by kinematical effects,

• tC  = the value of the “thermodynamical” VOF source representative of the evaporated ( vt CC = ) or
condensed ( ct CC = ) fluid mechanisms,

then the total value of the VOF combining kinematical and thermodynamical effetcs can be written tktot CCC += .

This expression is actually re-written in order to verify the VOF concept (C value between 0 and 1):
• Vaporization  : ( )0),(max vktot CCC −=
• Condensation : ( )1),(min cktot CCC +=

The problem is now to compute the thermodynamical tC  ( Cv or Cc ) field.

The model is based upon the hypothesis that the thermal diffusion effects are neglegible inside the diphasic
zone, so div(λgradT)=0, with λ the thermal diffusion coefficient.  The total enthalpy equation takes the simplified
form :
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with :

cEHtH +=  the total enthalpy and cE the kinetic energy,
Introducing the liquid volumic fraction C (C=VOF), the previous equation gives the total enthalpy of the liquid-
vapour mixture :
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where :
• the subscripts l and g describe respectively the liquid phase and the vapour phase,
• )(PH l  and )(PH g  are the liquid and vapour  enthalpies on the saturation curve depending of the

pressure field.
After derivating the equation (6), one obtains :
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where A and B are functions of the liquid volumic fraction, the pressure, the liquid and vapour densities and the
velocity of sound in the diphasic zone.

Finally, considering the total enthalpy equation (5), the vapour (or liquid) source tC  can be written from the
partial derivatives and the particulate derivatives of the pressure and kinetic energy fields :
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Numerical results
Results of cavitating flow within a centered VCO injector having 5 sharp edged holes of L=1mm length (L) and

0.2mm diameter (D), are presented. Due to the symmetry conditions, the calculations are done on 1/5th of the
geometry. The mesh is of multi-domain type and the needle lift (full lift = 300µm) is taken into account with a
technique of grid deformation. The behaviour of the cavitating flow has been studied for various injection pressure
Pinj considered constant and a fixed chamber pressure Pch. The operating conditions are the following, with X the
cavitation number defined by X=(Pinj-Pch)/Pch :

Pinj (Mpa) Pch (Mpa) X
30 6 4.0
50 6 7.3

100 6 15.6
135 6 20.5

Table 1 : studied operating conditions

One defines :
• the discharge coefficient as Cd=Q/Qb, with Q the calculated injector flow rate and Qb the maximum

flow rate deduced from the Bernoulli velocity (Vb) and the geometrical section,
• the injection velocity (Vinj) integrated on the liquid phase at the exit section.
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FIGURE 2 :  Cd versus cavitation number
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FIGURE 3 :  Injection velocity versus cavitation number
                    Comparisons with the Bernouilli velocity

The results obtained confirm the findings of other investigations in that the nozzle discharge coefficient
depends mainly on the cavitation due to the volume occupied by the vapour structures which tends to reduce the
flow rate. The discharge coefficient gradually drops with increasing cavitation number reaching asymptotically a
minimum value (figure 2). Theses results show a correct global coherence of the numerical results compared with
measurements on similar VCO injectors performed by the CRMT and the I.F.F. [1][7], and Arcoumanis et al. [8].



Figure 4 shows a very short sequence (about 10µs) from the inception (t=T0) to the fully developed regime of
cavitation set-up in the channel for Pinj=135 Mpa.

The cavitation film starts in the separate zone at the upper part of the injection channel where the sharp edge
induces flow recirculations and strong liquid depression (cavitation inception on figure 4). Afterwards, a large
vapour film extends all along the upper wall of the channel and takes a “canopy” shape similar as the one observed
by Arcoumanis et al [8] on a similar VCO injector. Periodic cutting of the cavitation films at the tip are also visible,
so the phenomenon is unsteady although the boundary conditions are fixed.

The behaviour of the cavitation set-up is quite similar for the other operating conditions but the tendency if a
lesser extension of the vapour film (and then a higher value of the Cd) when the injection pressure decreases (figure
5). So the mean length of the film lies approximately between 1/4L and 3/4L respectively for the smaller and the
higher injection pressure.

Conclusions
Some examples of calculations performed with the multiphase code EOLE based on an improved VOF method

taking into account mass transfer process, evidence the great capacities of the model to simulate cavitation features
in Diesel injectors. Numerous validations on measurements have been already carried out on parameters such as:

• discharge coefficient,
• injection velocity,
• visualisations of the cavitation shape,
• influence of the inlet shape of the channel (straight entrance, rounded entrance),
• emission frequency of cavitation of cavities break-up of the film,….

The reliability of the code allows us to use it for industrial applications.
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Abstract

The Direct Numerical Simulation (DNS) of liquid jets exhausting into a gaseous atmosphere is a useful tool for
investigating the mechanisms leading to disintegration [2],[5]. However the imposition of physically realistic inflow
conditions for spatially developing Direct Numerical Simulations is still an unsolved problem [10]. Considering that
this issue is closely connected to the influence of the turbulence inside the nozzle on primary jet breakup, we use in
the present paper an inflow generator [7],[10], which reproduces the turbulence spectra as well as first and second
order statistics e.g. from a given experiment, to investigate these aspects. It is found that the mean velocity profile,
the fluctuation level and the turbulence spectra have a strong effect on the modulation of the liquid jet interface and
therefore on primary breakup process.

Introduction

Atomization of liquid jets is of fundamental interest for the automotive industry, gas turbines, medicine, agriculture,
etc.. However, the physical phenomena leading to the disintegration of jets are still not very well understood.
Several mechanims for the disintegration of turbulent jets have been proposed by various workers (see [9]).
Examples include the assertion that atomization is due to aerodynamic interaction beetween the liquid and the gas,
leading to unstable wave growth on the jet surface, or alternatively that the breakup process starts within the nozzle
itself and is strongly influenced by turbulence. In the near past the DNS of liquid jets exhausting into a gaseous
atmosphere appeared as a useful tool for gaining a comprehensive understanding of the mechanisms leading to
disintegration [2],[5]. However, the imposition of physically realistic inflow conditions either in the framework of
RANS calculations, LES or for spatially developing Direct Numerical Simulations has been investigated in several
works, for example for a monophasic plane jet in [4],[6], but is still an unsolved problem [10]. In the context of two
phase flows, to the best knowledge of the authors, until now almost all simulations have been restricted to
temporally developing jets, where periodic boundary conditions can be used, and so the problem was avoided.
Furthermore the influence of the inflow conditions is, in the framework of two phase flows, closely connected to the
influence of the turbulence inside the nozzle on the primary jet breakup, which is for itself an outstanding question.
Following the procedure in [7] and [10] we use in the present paper an inflow generator which reproduces the
turbulence spectra as well as first and second order statistics e.g. from a given experiment, to investigate these
aspects.

Notation

GL ρρ , Density of liquid, gas n� Unit normal vector on the surface

GL µµ , Dynamic viscosity of liquid, gas

1, uu Velocity in axial direction L

L DU
µ

ρ
=Re Reynolds number

2, uv Velocity in spanwise direction

σ
ρ DU

We L
2

= Weber number



p Pressure
GL UUU ,, Mean velocity k Wave number

F Volume concentration 0k Energy peak wave number
σ Surface tension Sδ Delta function on the surface
D Sheet thickness 21 ,ξξ Elevation of upper/lower jet interface
κ Mean curvature I Unit tensor

Governing Equations and Numerical Technique

For the given problem, we deal with a set of conservation equations of mass, momentum and fractional volume, in
their instantaneous, local form [3]. Gravity is neglected.
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At the interface continuity of fluid velocity is assumed, that means the limiting values of velocity  Lu and  Gu are
identical.

Solving Procedure
The incompressible Navier-Stokes equations are solved, using a finite volume technique on a cartesian mesh. The
variables are located on a staggered grid. For spatial discretisation central differences are used. Temporal
discretisation is a third order Runge-Kutta-method. The Poisson equation is inverted with a Multigrid Solver. A
Volume-of-Fluid scheme with PLIC interface reconstruction is used to advect the interface [13],[1], so that droplet
formation and ejection away from the liquid jet can be captured. In the investigated flow with surface tension, the
capillary force may be written in the form [3]:

                                                               ( )[ ]SS nnIn δσσκδ ���

⊗−⋅∇= . (4)
This formulation is conservative and robust. The capillary force becomes distributed over neighbouring grid points
by using a smoothed volume concentration function. However this method appears to induce strong artificial
currents. Direct measurements [3] yielded approximately µσ /01.0max ≈u . For air and water this gives
approximately 40 m/s, which destroys immediately the interface. Following the work of Meier [11] we implemented
a method which is mainly based on the idea that the surface tension force may be expressed as
                                                                              nAnAp �� κσ=∆ , (5)
where A is the Area of the interface cutting the control volume. Whereas in [11] the capillary force is computed at
cell centers and then distributed onto the staggered grid, we followed another approach. First in each control volume
the interface is reconstructed. With the help of this reconstruction it is possible to calculate the volume concentration
for example in the u-momentum control volumes. Thereby we get a volume concentration function for the shifted u-
momentum cells and the capillary force can be calculated in the usual way. The same procedure is then applied for
the v-momentum control volumes.
The code has been validated at several test cases including capillary waves and a Rayleigh Taylor instability. The
results are in favourable agreement with those of Gueyffier et al. [1] and Pucket et al. [12].

Inflow data generation
For the generation of the inflow data we followed the procedure of Lee et al. [7] to obtain by an inverse Fourier
Transform velocity fluctuations iU~ which approximate a given target spectrum. An energy spectrum representative
for isotropic turbulence, given by
                                                                    ( )kE ∼ ( )( )2

0
4 /2exp kkk −  (6)

has been used, where 0k denotes the energy peak wave number. These fluctuations are conditioned such that each
distribution has zero mean, unit variance and zero covariance with the other one:

                                                                        jijii UUU δ== ~~,0~   . (7)
Then the velocity field is constructed according to



                                                                                jjiii UaUu ~+=  (8)

where the coefficients jia  are related to the Reynolds stress tensor jiji uuR ''= which should be matched by the
inflow data  by the following relations (Lund et al. [10]):

                                              2
122222111212211111 ,/,0, aRaaRaaRa −====   . (9)

Configuration and boundary conditions
The extension of the computational domain in axial and vertical direction is DD 1020 × . The jet axis is located
at 0/ =Dy . The two disturbed gas-liquid interfaces can be taken as
                                                                   21 2/,2/ ξξ +−=+= DyDy . (10)
The computational domain is resolved with 400800× grid points. The jet is considered to exhaust from an orifice in
a wall. The velocity field at the inflow is taken from the inflow generator. The gas is considered to be at rest. At the
outflow Neumann boundary conditions for the velocity and the pressure are prescribed. Setting the pressure to zero
at the top and the bottom boundaries and interpolating the tangential velocities constantly allows mass entrainment.
The liquid sheet can be characterized by the dimensionless numbers Re=6000, We=1000, ,1000/ =GL ρρ

,55/ =GL µµ which correspond to a water air system. Fig 1 shows a snapshot from one of our simulations.

Results and Discussion

1. Influence of the boundary conditions (monophasic case)

As already mentioned the inflow boundary conditions have a strong effect on primary jet breakup. Because the
liquid water jet keeps intact over the whole computational domain, this influence can be seen more clearly from the
monophasic case, although the effects are the same. In [6] we investigated a plane air jet at Re=4000 exhausting
from an orifice in a wall into an environment at rest. Fig. 2 compares the axial evolution of the longitudinal velocity
fluctuations for three different simulations which all had a fully developed channel flow profile as mean velocity
profile. In the first run (laminar) we used zero fluctuations. In the second simulation (random) random fluctuations,
which were conditioned to match the results from a separate channel flow DNS, have been used. In the last case the
velocity data at the inflow was extracted from the channel flow DNS (channel). It is remarkable that the fluctuations
obtained by the random approach were immediately damped to zero and the results are then identical with the lami-
nar configuration. Evaluating furthermore the jet spreading rate which was underpredicted in all three simulations
led us to the following conclusions:
- The random fluctuation approach is unsuitable due to a lack of energy in the large scales.
- Extracting inflow data from a separate channel flow DNS is unsuitable because in most experiments a contrac-

tion nozzle which produces a top hat profile has been used.
- There is need for a tool which generates more physical fluctuations which can be superimposed to a given mean

velocity profile.
Developing the above presented inflow generator was a consequence from these results. A further evidence for the
strong influence of the inflow boundary conditions on primary breakup can be seen from Fig. 3. Here we used
velocity data from the inflow generator where the energy spectrum (6) has been used. 0k has been varied in the

Figure 1. Instantaneous shape of liquid jet interface
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range from .161l Fig. 3 shows that the different length and time scales imposed at the inflow lead to dramatic
differences in the streamwise evolution of the jet half width. The jet breaks up earlier the more energy is put into the
large scales. Having now this nice tool we recognized that it can also be used for investigating the influence of the
turbulence inside the nozzle on the liquid jet development. This is presented in the next section.

2. Influence of the turbulence on the modulation of the liquid jet interface (two-phase case)

As mentioned above, the atomization can be due to aerodynamic interaction beetween the liquid and the gas, leading
to unstable wave growth on the jet surface, or alternatively the breakup process can start within the nozzle itself and
is strongly influenced by turbulence. Probably no single mechanism is responsible. Whereas linear stability analysis
can help to understand the first mentioned mechanism (see for example [8]), the influence of turbulence on the dis-
integration of a liquid jet is more difficult to analyze. In the following we try to investigate this by generating inflow
data with different energy spectra and different fluctuations levels.  The effects on the modulation of the jet interface
in the simulations are compared by means of a Fourier Transform .

2.1. Influence of fluctuation level

To study the influence of the initial fluctuation level on the jet development, we generated velocity data with a top
hat profile and a fixed energy spectrum and varied only the fluctuation level from 1% to 4%. In Fig. 4 the mean
amplitude is plotted over the wavelength in nozzle diameters. This results from a Fourier Transform of the
deflection of the interface averaged over 50 flow-through times, where the mean elevation of the interface is
subtracted before analyzing the signal. A higher turbulence intensity leads obviously to a stronger excitation of the
jet whereas the distribution of the energy on different wavelength is nearly kept constant. The optimum wavelength
is approximately 4 nozzle diameters. The minimum wavelength found in all presented simulations is approximately
one nozzle diameter. In Fig. 5 we correlated the amplitude of the upper and the lower jet interface to find out which
modes are preferred. After five nozzle diameters this correlation becomes clearly positive indicating that the
antisymmetric mode is dominant, in agreement with the predictions from linear stability theory [8]. The profile in
Fig. 5 is qualitatively identical for all presented simulations.

2.2. Influence of the energy spectrum

It is more interesting to study now the influence of different times and length scales at the inflow. This can be easily
achieved with the inflow generator by varying the energy peak wave number 0k . Again a top hat profile has been
used as mean velocity profile. Fig. 6 shows that obviously larger time and length scales lead to a stronger excitation
of the jet interface but astonishingly the shape of the spectra is more or less maintained. To substantiate this
observation some additional simulations with completely different energy spectra have been carried out.
Furthermore we halfed the time scale by using only every second velocity field produced from the inflow generator.
The results are qualitatively the same.
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2.3. Influence of the mean velocity profile

For the investigated cases the mean velocity profile had the most important influence on the modulation of the jet
interface. Fig. 7 compares two simulations with a top hat profile and a channel flow profile. While for the top hat
case an optimal wavelength of  4 nozzle diameters was observed, the simulation with the channel flow profile results
in an optimum wavelength of  2 nozzle diameters. Furthermore the excitation of the jet is obviously stronger in this
case.

Conclusions

A 2-D DNS of primary breakup of a turbulent liquid jet has been presented. The effect of the inflow turbulence on
the atomization process has been investigated. It was found that the fluctuation level and the energy spectra as well
as the mean velocity profile have an important influence on the modulation of the jet interface. Increasing the initial
fluctuation level or increasing the length and time scales imposed at the inflow leads to a stronger excitation of the
jet interface while the optimum wavelength  remained constant. Comparing two simulations with a top hat and a
channel flow mean velocity profile, the excitation in the channel case was stronger and the optimum wavelength the
half of the top hat case. The minimum wavenumber in all simulations was approximately one nozzle diameter and
always the antisymmetric mode was preferred.
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Abstract
The role of interfacial shear on the onset of instability of a cylindrical viscous liquid jet in a viscous gas
surrounded by a coaxial circular pipe is elucidated by use of an energy budget associated with the
disturbance.  It is shown that the shear force at the liquid-gas interface retards the Rayleigh mode instability
which leads to the breakup of the liquid jet into drops of diameter comparable to the jet diameter, due to
capillary force.  On the other hand the interfacial shear and pressure work in concert to cause the Taylor
mode instability which leads the jet to breakup into droplets of diameter much smaller than the jet diameter.
While the interfacial pressure plays a slightly more important role than the interfacial shear in amplifying
the longer wave spectrum in the Taylor mode, the shear stress plays the main role of amplifying the
disturbances of shorter wavelength.

1.  Introduction
     Significant progress on theories and applications of liquid jet atomization have been made in recent
years as can be seen from review articles by Lina and Reitz [1] and [2], among others.

Unified theories which delineate both the Rayleigh and the Taylor modes of instability with the same
characteristic equation have been advanced by Sterling & Sleicher [3] for the case of temporally growing
disturbances, and by Lin and Kang [4], Lin and Lian [5,6] for the case of spatio-temporal disturbances.
The effects of gas viscosity was taken into account only approximately in these theories.  The gas viscosity
was fully included in the stability analysis of Lin & Ibrahim [7], and Lin and Lian [8]. They solved the
problem with an eigenfunction expansion.  However they did not elucidate the precise roles of interfacial
shear force relative to all other forces in the jet breakup.  We have calculated the power inputs due to all
forces which participate in causing the kinetic energy of the disturbance to grow in a volume of the liquid
jet.  The relative importance of each force is identified by comparing it with all other forces in the energy
budget.  The sign and numerical values of eleven items in the energy budget are determined for a wide
range of relevant flow parameters.  The results are presented to elucidate the roles of surface tension force,
pressure fluctuation, and the normal and tangential viscous forces on the jet instability.  In particular the
roles of the interfacial shear on the Rayleigh and Taylor modes of jet instability are elucidated.

2.  Energy Budget
Consider the instability of an incompressible Newtonian liquid jet of radius R1.  The jet is surrounded by

a viscous gas enclosed in a vertical pipe of radius R2 which is concentric with the jet.  For the jet to
maintain a constant radius, the dynamic pressure gradients in the steady liquid- and gas-flows must
maintain the same constant.  This will allow the pressure force difference across the liquid-gas interface to
be exactly balanced by the surface tension force as required.  Such coaxial flows, which satisfy exactly the
Navier-Stokes equations are given by Lin and Ibrahim [7].

The onset of instability of the basic flow with respect to axisymmetric infinitesimal disturbances has
been analyzed with the help of the Chebyshev-collocation method [9,10].   In order to trace the energy
sources of the instability, we balance the energy budget in a disturbed liquid jet.  Consider a control volume



of the liquid over one wavelength, 8, of the disturbance.  Forming the dot product of the linearized Navier-
Stokes equation for liquid  with the liquid perturbation velocity  v1, integrating over the control volume,
using the continuity equation and the Gauss theorem to reduce some of the volume integrals to surface
integrals, averaging over one wavelength 8 and one wave period T = 2B/Ti, Ti being the wave frequency,
we arrive at the energy equation

KE = PRG + SUT + SHG + SHB + NVG + SHL + NVL + PRL + REY + DIS,       (1)

Each term in (1) represents the phase averaged time rate of change of physically distinctive factor per unit
length of the liquid control volume enclosed by the interface of length 8 on the side and by the two circular
lids at z=0 and -8.  In (1) KE is the time rate of change of the disturbance kinetic energy.  The last term DIS
is the rate of mechanical energy dissipation through viscosity in the volume, which tends to reduce KE as it
is always negative.  The energy transfer between the disturbance and the basic flow through the Reynolds
stress is represented by REY, the sign of which depends on the flow parameters.  The rest of the surface
integrals in (1) represent various rates of work done on the control surface.  PRG represents the rate of
work done by the gas pressure fluctuation on the liquid jet, if it is positive.  If it is negative, the work is
done by the liquid jet on the surrounding gas at the expense of the disturbance kinetic energy.  The same
sign convention is followed by the rest of the work terms.  SUT is the rate of work done by the surface
tension.  SHG is the rate of work done by the shear stress exerted by the fluctuating gas at the interface.
SHB is the rate of work done by the shear stress associated with the basic flow distortion caused by the
interfacial displacement.  NVG represents the rate of work done by the normal viscous stress exerted by the
fluctuating gas at the interface.  SHL and NVL represent respectively the rates of work done by the normal
and tangential components of the viscous stress at the top and bottom ends of the control volume.  The rate
of the pressure work at the top and bottom ends of the control volume is given by PRL.

Each integral on the right side of (1) represents a different physical factor which affects the instability of
the liquid jet.  Therefore the relative magnitude as well as the sign of each term must be evaluated.  To
achieve this, we must carry out the stability analysis which provides the functions appearing in the
integrands of (1).  An accurate eigenvector solution is obtained by use of the Chebyshev-collocation
method [10].  The obtained eigenvectors are substituted into the integrand in (1) to evaluate each term.  The
flow parameters involved in the energy budget are: the Reynolds number Re, the Weber number We, the
gas to liquid density and dynamic viscosity ratios respectively denoted by Q and N, Froude number Fr, and
the ratio R of the liquid jet radius to the surrounding pipe radius.  The velocity along the jet axis and the jet
radius are used respectively as the characteristic velocity and length to define the dimensionless group
according to the conventional definitions.

3. Mechanism of jet breakup
All items in the energy budget (1) have been evaluated by integrating the integrands  in the previous

section by use of the Gauss quadrature method and the Runge-Kutta method.  The two methods are
implemented respectively by use of the IMSL subroutines DQDAGS and DIVPRK.  The results obtained
by the two methods are compared for possible syntax or program error.  All integrals in (1) are evaluated
independently from one another.  The comparison of the sum of integrals on the right side of (1) with the
integral on the left side provides an independent check of the overall numerical accuracy.   A minimum of
three significant digit accuracy is maintained in the results to be presented.

All items of the energy budget, except SHB which is zero in this case of Fr-1 = 0, are listed in Table 1
for various wave numbers.  The wave numbers cover both stable and unstable disturbances.  All items are
normalized with the maximum kinetic energy term occurring at krm = 0.684.  It is seen from this table that
the positive rates of change of the disturbance kinetic energy are mainly due to the work done by the
surface tension on the control liquid volume.  Although the viscous normal stress exerted by gas
represented by NVG as well as the normal stress work represented by PRL and NVL at the top and bottom
of the cylindrical liquid column also contribute to the growth of the unstable disturbance, they are several
orders of magnitude smaller than the surface tension term SUT.  The major factor which resists disturbance
growth is viscous dissipation.  The pressure and the shear stress exerted by the gas at the liquid-gas
interface are also significant factors against instability.  Although the liquid tangential viscous stress
represented by SHL and the bulk Reynolds stress represented by REY also contributed to drain the kinetic



energy from the disturbance, they are many order of magnitudes smaller than DIS.  However the sum of all
negative terms are not sufficiently large in magnitude to counter the destabilizing effect of the surface
tension.  Thus the mechanism of the instability of a viscous liquid jet in a viscous gas by the Rayleigh mode
remains capillary pinching which was demonstrated by Shandrasekhar [12] who considered an inviscid
liquid jet in vacuum.  An inviscid Rayleigh jet is neutral with respect to disturbances of wave number larger
than the cut off wave number krc = 1.  Thanks to viscous dissipation these disturbances are actually damped
according to Table 1.  The stabilizing and destabilizing factors retain their signs in the range of wave
number  kr given in Table 1, except for the Reynolds stress term.  Although some energy is transferred from
the mean flow to the disturbances of wavelength shorter than 2BR1 the growth of which are suppressed by
viscous dissipation.  Note that the change of SUT with kr is not monotonic, and its maximum does not
occur at krm corresponding to the maximum disturbance growth rate.  In fact all of the other terms also do
not change monotonically, and their maxima do not occur at the same kr.  This indicates the significance of
interplay among all items in determining the maximum growth rate.

kr           KE REY SUT PRL PRG  NVG   DIS SHL NVL  SHG
                           (×10-4)                  (×10-3)    (×10-3)     (×10-3)   (×10-1)  (×10-5)    (×10-4)    (×10-2 )
0.14  0.127 -0.12 0.129 0.016  0.034 0.009 -0.013 -0.008 0.02 -0.115
0.20  0.248 -0.23 0.254 0.073 -0.206 0.025 -0.036 -0.023 0.07 -0.178
0.30  0.503 -0.047 0.520 0.181 -0.323 0.078 -0.113 -0.068 0.20 -0.287
0.40  0.771 -0.72 0.804 0.420 -0.506 0.169 -0.241 -0.134 0.38 -0.384
0.50  0.980 -0.91 1.03 0.736 -0.949 0.280 -0.407 -0.210 0.56 -0.452
0.60  1.06 -0.98 1.14 0.650 -1.28 0.389 -0.592 -0.292 0.65 -0.473
0.68  1.00 -0.93 1.09 1.19 -1.43 0.452 -0.680 -0.366 0.62 -0.445
0.70  0.973 -0.91 1.06 2.15 -1.45 0.458 -0.716 -0.380 0.60 -0.434
0.80  0.697 -0.68 0.781 0.882 -1.31 0.433 -0.681 -0.451 0.40 -0.327
0.90  0.296 -0.35 0.353 0.496 -0.718 0.264 -0.457 -0.388 0.13 -0.159
1.10 -0.057  3.00 0.067 1.47 -2.47 1.47 -1.20 -1.09 0.00 -0.476
1.20 -0.160  7.71 0.182 5.79 -6.71 3.36 -3.34 -3.70 0.01 -1.08

Table 1.  Energy budget for the Rayleigh mode: Re=1000, Fr-1=0.0, We=400, Q=0.0013, N=0.018,
l =10.

Table 2 gives the energy budget in a liquid jet which displays the amplification of disturbances giving
rise to Taylor mode instability.  While the surface tension work terms remain positive for wave numbers
smaller than one in both Rayleigh and Taylor modes, they become negative for shorter unstable
disturbances in the Taylor mode.  Hence surface tension is not responsible for initiating the formation of
droplets whose radius are smaller than the jet radius.  The  dominant positive terms are PRG and SHG.
Thus the work done by the fluctuating gas pressure and the tangential shear stress at the interface is mainly
responsible for the Taylor mode instability.  Other positive terms PRL, SHL, and NVN are at least one
order of magnitude smaller than these two terms.  Recall that PRG and SHG are negative in Table 1.  This
is the fundamental difference in the origin of instability for the Rayleigh and the Taylor modes.  Another
fundamental difference is that while the normal component of the gas viscous stress plays a minor role in
destabilizing the Rayleigh jet, it plays a major role together with the viscous dissipation and the reverse
energy transfer to the mean flow through the Reynolds stress in stabilizing the disturbance of wave
numbers greater than the cutoff wave number krc = 5.4.    This is clearly displayed in Table 1.  Although it
has been believed that interfacial shear is important for the generation of Taylor mode instability [1], and it
has been pointed out [9] that the interfacial pressure fluctuation may be equally important, the relative
importance of these two factors has never been quantitatively demonstrated before.  Table 2 presents the
case in which the gas pressure fluctuation plays a slightly larger role than the interfacial shear.  Table 3
presents another case of Taylor mode instability in which the interfacial shear plays a more significant roles
than the pressure fluctuation.  Note that the magnitude of SHG increases more rapidly than that of PRG as
kr is increased and eventually dominates over the gas pressure term for this case.  Thus the unstable



disturbances near the cut off wave number krc = 33.5 are mainly generated by the shear stress fluctuation
with significant help from the gas inertia force manifested in the gas pressure fluctuation.

The energy budget at the saddle point in the spatial growth rate versus wave number plane for the case
of Re = 1000, We = 4762, Q = 0.013, N = 0.019, and R = 10 is: KE = 0.3321, REY = -0.2639x10-4, SUT =
0.1957, PRL = 0.1702, PRG = -0.7063x10-3, NVG =0.1890x10 -3, DIS = -0.2914x10  -1, SHL = -0.5326x10-

4, NVL = 0.1226x10-2, and SHG = -0.1027x10-2.  Note that the rate of pressure work done by the liquid at
the upper and lower ends of the control volume PRL is increased significantly over that in Table 1.
Otherwise all of the work terms retain their same qualitative roles.  Hence the mechanism of the jet breakup
by absolute instability is essentially the same as that of the Rayleigh mode by capillary pinching except the
axial jet pressure fluctuation plays an equally important role.

kr KE REY SUT PRL PRG NVG DIS  SHL  NVL SHG   SHB
                                                                                                              (×10-4)     (×10-4)                   (×10-4)
0.1 0.003 5×10-5 2×10-4 7×10-5 0.00 3×10-6 -1×10-4 -2×10-4 0.000 4×10-4     0.006
1.0 0.536 -0.025 4×10-4 0.019 0.48 -0.002 -0.08 -3.87 0.83 0.16 -0.178
2.0 0.993 -0.054 -0.22 0.028 1.23 -0.020 -036 -16.7 1.89 0.44 -0.424
2.3 1.00 -0.057 -0.36 0.026 1.42 -0.039 -0.47 -19.2 1.87 0.53 -0.499
3.0 0.826 -0.046 -0.76 0.120 1.76 -0.076 -0.73 -17.4 1.38 0.74 -0.677
4.0 0.507  0.015 -1.12 0.016 2.04 -0.223 -1.14 0.39 0.49 1.02 -0.924
5.0 0.262  0.029 -0.59 0.010 2.43 -0.553 -2.18 3.66 0.05 1.26 -1.18
6.0 -0.809 -0.12 1.43 -0.031 3.07 -1.14 -5.30 -1.60 0.22 1.51 -1.50
7.0 -10.8 -1.03 14.1 -0.406 4.86 -3.30 -26.5 256.0 12.0 2.00 -2.28

Table 2.  Energy budget for Taylor mode:Re=1000, Fr-1=0.0001, We=4761.9, Q=0.013, N=0.019, l =10.

kr   KE REY SUT  PRL    PRG NVG   DIS       SHL  NVL       SHG     SHB
                                                   (×10-2)                                    (×10-3)  (×10-4)
1.00 0.273 -0.534 -6×10-7 1.23 0.251 0.003 -0.12 -0.612 0.892 0.212   -0.035
2.00 0.676 -0.162 -6×10-4 1.94 0.778 -0.004 -0.55 -3.86 3.10 0.727 -0.117
4.05 1.00 -0.325 -6.8×10-4 0.0668 1.84 -0.157 -2.28 -12.5 4.92 2.24 -0.297
6.00 0.848 -0.378 -0.02 -1.41 2.64 -0.481 -4.43 -16.2 3.79 4.02 -0.456
10.0 0.402 -0.321 -0.06 -1.61 3.26 -1.23 -9.03 -12.1 1.22 8.55 -0.738
15.0 0.191 -0.215 -0.113 -0.823 2.98 -1.59 -16.2 -5.79 0.295 16.5 -1.07
20.0 0.108 -0.134 -0.149 -0.361 2.36 -1.51 -26.4 -2.49 0.0841 27.3 -1.41
25.0 0.057 -0.076 -0.149 -0.129 1.75 -1.29 -39.9 -0.826 0.0212 41.4 -1.75
30.0 0.020 -0.033 -0.086 -0.024 1.06 -0.901 -56.9 -0.111 0.0024 58.9 -2.09
35.0 -0.007 -0.002 0.049 0.002 0.915 -0.987 -77.2 -0.0193 0.0003 79.7     -2.44

Table 3.  Energy budget for Taylor mode:  Re=500, Fr-1=0.0005, We=106, Q=0.0013, N=0.018, l = 10.

4.  Conclusion
    The onset of instability in a viscous liquid jet in the presence of a surrounding viscous gas may manifest
itself as convective or absolute instability depending on the flow parameters.  There are two different
modes of convective instability, the Rayleigh and Taylor modes.  These two modes are caused by
fundamentally different physical mechanisms.  The main cause of the Rayleigh mode  instability is
capillary pinching which is resisted by the inertia in the form of pressure fluctuation and the viscous shear
stress exerted by the gas at the interface.  On the contrary, the gas pressure and shear fluctuations are the
main means of supplying energy to the disturbances in the Taylor mode instability.  The surface tension
tends to resist the formation of short waves.  The unstable disturbances in an absolutely unstable jet
propagate both in the upstream and downstream direction which is accompanied by a large liquid pressure
fluctuation in the axial direction.  This pressure fluctuation is of the same order of magnitude as the surface
tension term.  Capillary pinching remains a dominant source of absolute instability as well as the Rayleigh
mode of convective instability.
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Abstract
In a lot of engineering applications of sprays (fuel injection in engine as well as agricultural sprays), the
continuous phase is gaseous and the dispersed one is liquid. The Eulerian - lagrangian approach is often used to
describe such turbulent, two-phase flows (reacting or not). The major difficulty of the classical formulation
concerns the link between the two phases. In particular, coupling sources terms (CST ) appear in the governing
eulerian equations which describing the gaseous phase.
If the dispersed phase moves in a turbulent flow, the mean CST are written with Reynolds average. If the
dispersed phase evolves in a turbulent reacting flow, the mean CST are written with Favre average.
Then, the flow’s characteristics can be divided in two kinds: the basic variables (mass, momentum, enthalpy,
species) and the others (the turbulent kinetic energy, its dissipation, the specie variance, the correlation between
two unlike quantities). The CST of the first category are well know (DESJONQUERES (1987)) and the second only
identified in the case of Reynolds average.
The formal analysis developed here, provides an exhaustive and comprehensive inventory of these CST, written
from the general form with Favre average to the particular form with Reynolds average.

1. The eulerian - lagrangian approach
The eulerian - lagrangian approach (HOLLMANN & al (1996), PIT & al (1999)) gives a good description of two
phase reacting turbulent  flow with one dispersed phase. In this case, the aerodynamic and thermophysical
quantities are computed by two different approaches, linked by an exchange of information between them. For
instance, the continuous gaseous phase is generally represented by a second order Average Navier Stoke (ANS)
method and the dispersed liquid phase by a lagrangian Monte Carlo approach (ABRAMZON & al (1987), FAETH
(1977), LAW (1982), SIRIGNANO (1983), ORMANCEY (1984)); also, the knowledge of a principal flow’s part is
required.

At this step, the average is a combined average and it is very important to know the importance of the mass
fluctuation. Then, if the mass fluctuations are negligible, the REYNOLDS average is used, if not, the FAVRE

average [FAVRE (1965)] must take place. We note the REYNOLDS fluctuation ( )φ ′  and the FAVRE one ( )φ ′′ . We
can see that the REYNOLDS average is a particular case of the FAVRE average,  we have only to do ρρ =  and

φφ ′′=′ .

The eulerian average governing equations  are written for the mass :
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Where Jφ  is the mass flux of the quantity φ, Wφ  the mass source term linked to the continuous phase and Sρφ
P the

CST connected to the diluted phase, νeff  and σφ 

 are respectively the combined laminar- turbulent viscosity and
the SCHMIDT number of the considered quantity. The turbulent viscosity is a function of the turbulent kinetic
energy k and its dissipation ε (LAUNDER & SPALDING (1972)).



We classify the CST in two categories : the basic CST taking place in the conservation equations (mass,
momentum, enthalpy, species) and the CST due to the arrangement of basic unknowns (turbulent kinetic energy,
its dissipation, species variance, and correlation between two unlike quantities).

3. The basic CST
In accordance with the definition of the REYNOLDS average, the basic mean CST are deduced from instantaneous
quantity ρφψ  (BERLEMONT & al (1990, 1993)) :

and  for the FAVRE average :

The average <&> are calculated on the nkj particles injected at the same point (DUKOWICZ (1980))., and the
average CST is written as :
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The summation is here on the nj particles injected at several different positions and present in the eulerian

control volume δυ . In order to distinguish the two averages, the REYNOLDS average CST is written : 
P

SS ρφ .

The expressions of the secondary category’s CST are delicate. They depend on one hand of the definition of the
quantity under study which may be linear or non linear relationship between the basic unknowns and on the
other hand on the simplifying assumptions in the equation’s development. So, we observe two contributions: the
“direct”one composed of the basic CST and the “indirect” one due to the simplifying hypothesis.

4. The turbulent kinetic energy CST
For closure in the ANS approach, turbulent fluxes are usually assumed to follow the Boussinesq law and the
turbulent viscosity concept is introduced. The  turbulence is described  by the standard k-ε model. In the
turbulent kinetic energy kρ  equation. the dispersed phase perturb introduces a CST. To obtain this equation, we
follow the procedure of BORGHI (1979) which was developed for a monophase flow with variable mass. At us
knowledge, nobody used this approach for the evolutions with FAVRE average.

Putting, ijSJ νρρπρ
σ
ν

φ
φ

2+−=  with
k

k
ijij x

u
P

∂
∂

+= νδρδρπ
3
2

 and 














∂
∂

+
∂
∂

=
i

j

j

i
ij u

u
u
u

S
2
1

 The turbulent kinetic energy equation, after some analytical transformation, can be written  :
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The term (I) correspond to the mean power of pressure forces in the eddy movement, the second (II) to the mean
power of external viscosity forces in the eddy movement, the third (III) to the turbulent diffusion, the fourth (IV)
is the mean dissipation of the fluctuating movement, the fifth (V) is the coupling term with the mean movement
and the last (VI) is the direct contribution’s CST.

• The “direct”contribution of the turbulent kinetic energy CST is :
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In this term, appear two separate contributions : one linked to the momentum CST and the second one to the
mass CST.

• The « indirect » CST of the turbulent kinetic energy results of the numerous hypothesis made. In particular,
if we consider the first term at the right hand of the equation ( )1.4  :
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For the one phase flow, only the first term is not negligible (BORGHI 1979), The other ones are equal to zero due
to the mass conservation. Indeed, for our case with incoming mass, we have :
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In the case of REYNOLDS average (GRANCHET (1990)), we find after simplification the same direct contribution :
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and the same indirect CST :
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5. CST of two species correlation

The evolution’s equation of the two species correlation φ  and ψ  noted ψφρζρ φψ ′′′′= can be written also
after some analytical transformation as  :
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In this equation, all the terms have an equivalent signification of those in equation ( )1.4 . Here, the “direct” CST
is function of the basic CST both for the species and the total mass.
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On the contrary, the “indirect” contribution is equal to zero because all the terms are negligible for one as well as
two phase flow:

0~ =PIS ρζρ ( )3.5

They become for the REYNOLDS  average :
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6. CST of species variance

The evolution’s equation of species variance noted  ZZZ ′′′′= ργρ is similar to the equation ( )1.5  with
Z==ψφ . Then, the “direct” CST (LEVY (1997), BORGHI (1994), GILL & al (1996)) is also function of the

basic CST for the species and for the total mass. The form is similar to the expression ( )4.5  :
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For the “indirect” CST, as for species correlation, it is again equal to zero :

0~ =PIS ργρ ( )2.6

With the REYNOLDS average, we get the simplified relation :
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7. CST of velocity – species correlation

The evolution’s equation of velocity ui and species ψ  correlation noted ψρκρ ψ ′′″= iu u can be deduced

from equation ( )1.5  with iu=φ .

With the FAVRE average, in the “direct” CST  appears the basic CST from the momentum, the species and the
total mass :
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But for the “indirect” contribution, we must conserve the laws required for the turbulent kinetic energy and we
have :
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With the average, those terms become :
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8. Conclusion

The eulerian lagrangian approach consists to compute the mean values of the continuous eulerian phase and the
instantaneous values of the lagrangian dispersed one. But the difference in the characteristics definition between
the two phases, introduces two levels of complexity through the phases interaction CST.

With, an Average Navier Stokes approach, the kind of flow interferes on the CST expressions. If the mass
variations are very small, we are in the case of the REYNOLDS average, if not the used average is the FAVRE
average.

Then, some new unknowns appear : the turbulent kinetic energy, its dissipation and eventually, the species
variance, the correlation between two species and the correlation between the velocity and  species and also the
corresponding CST.

In this work, we recapitulate all the expressions with the two averages. For the supplementary unknowns, we
distinguish two contributions : the “direct” one which is a combined expression of basic CST and the “indirect”
one which is a consequence of simplified hypothesis made during the elaboration of the equation. With the
FAVRE average, we demonstrate the presence of extra term for the “indirect” contribution of the turbulent kinetic
energy and the correlation between the velocity and a specie. With the negligible mass assumption, we find
always the classical REYNOLDS average’s CST for the turbulent kinetic energy and the specie variance.



Work in progress turns on a formulation for the “direct” and “indirect” CST of the turbulent kinetic energy
dissipation. Moreover we investigate models for all the supplementary CST.
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Abstract
In this paper, we investigate the transient nature of the atomization process of a diesel jet at the very beginning of

the injection cycle and in the near vicinity of the injector nozzle. Using a Volume Of Fluid code with Piecewise
Linear Interface Construction, two-dimensional and three-dimensional Direct Numerical Simulations are performed
to study the mechanisms of the atomization of a high speed liquid jet and to acquire data (very difficult to obtain
experimentally) such as atomization length, liquid core shapes, drop size distributions, spray angle and velocity
profiles. Our simulations show that both liquid turbulence upstream of the nozzle and aerodynamic shear stresses
control the primary atomization rate (hence the liquid core length) and the initial spray angle through the
development of Kelvin-Helmholtz instabilities at the liquid-gas interface.

Introduction
The growth of the automotive industry entails two fundamental research and development problems. On one

hand, pollution has drastic environmental effects (leading to increasingly strict regulations). On the other hand, the
limited reserves of hydrocarbon resources requires a constant improvement of the engine efficiency. For internal
combustion engines (both fuel and diesel), control of exhaust emission (such as unburned hydrocarbons and nitric
oxides) and engine efficiency relies directly on the atomization of the liquid jet inside the combustion chamber
(direct injection) or inside the admission pipe (indirect injection). So, a clear understanding of the mechanism of
primary break-up is needed because it controls the evolution of the dense region of the spray (the rate of primary
atomization controls the quantity of liquid ejected from the core hence the length of the liquid core) as well as it
initiates all the characteristics of the dispersed region (drops size, spray angle).

The mechanisms of the atomization of low-speed liquid jets are now well understood (Reitz [1]) : at low liquid
velocity, the surface tension is at the origin of the growth of axysimetric surface waves that leads to the creation of
drops with diameter larger than the jet diameter (Rayleigh regime, see Figure 1, zone 1). With the increase of the
liquid jet speed, the surface tension force increases and drops with sizes of the same order than the jet diameter are
created (First Wind-Induced regime, zone 2). Further increase in the liquid jet velocity decreases the wavelength of
the surface waves hence the size of the drops are now smaller than the jet diameter (Second  Wind-Induced regime,
zone 3). At this point, we should notice that primary atomization (i.e. the creation of liquid ligaments at the surface
of the jet) still occurs a few diameters downstream the nozzle exit. The fourth and final regime (the Atomization
regime, zone 4), characteristic of the atomization occurring within diesel engines, occurs at higher velocities. In this
case, the onset of break-up is located directly at the nozzle exit. Although a clear comprehension of the break-up
process at low speed exists, the mechanisms governing the atomization of a high-speed liquid jet remain uncertain.
Many different theories are still trying to uncover the true mechanisms of high-speed atomization. Aerodynamic
shear stresses, inner liquid turbulence (Faeth [2], Mansour [3]), boundary layer relaxation, liquid pressure
oscillations : each of those phenomena can not alone be the driving mechanism. Cavitation could alone be
responsible for the transition from the Second Induced-Wind Regime to the Atomization regime but Reitz [4] sees no
discontinuities in the measurements of the divergence angle of the spray as the jet break-up length tends to zero.
Furthermore the injection conditions (high velocities, high pressures, small radii of the injectors) make experimental
measurements difficult.



FIGURE 1. The different break-up regimes

Direct Numerical Simulation allows to overcome those difficulties and obtain very important informations (the
atomization length, the number and the size of the created drops, ...) directly used by engineers. It also allows to
assess the influence of different parameters such as the turbulence level, the liquid viscosity, the gas density or the
injection velocity on the break-up length, the spray angle or the drop size. Our two-dimensional simulations confirm
that aerodynamic shear stresses could not alone be the mechanism of high-speed atomization. Thus, a way to
reproduce the inner turbulence of the liquid jet was devised. With this method, we observe a complete atomization of
the jet.

The objective of this work is to enhance our comprehension of the high-speed atomization by using this
numerical tool. We will begin by discussing the interest and the validity of studying only the transient period of the
atomization process. Then we will describe the turbulent entry conditions we have implemented into the code. The
disintegrating process of the jet leads to the formation of liquid drops. Thus, we will describe in the first place the
method we developed to compute the liquid core shape and length and then, the divergence angle and the drops size
distribution.

1) Modellisation and simulations

FIGURE 2. Schematic representation of the atomization process

Direct Numerical Simulation is a powerful tool but a computationally expensive one. It allows access to very
small spatial and time scales and to enhance our comprehension of phenomena very difficult to observe
experimentally. However, the cost of this numerical tool limits the simulation to the transient phase of the
atomization process, i.e. the first 10 to 50 microseconds after the beginning of injection. Typical injections in diesel
engines last from 1 to 3 milliseconds, so we are only able to simulate a short period of the whole process, but the
most important one : Reitz [4] showed that all the characteristics of the spray (in the dense and the dispersed region)
are set up during the time it takes for the tip of the jet to travel a distance of 3 to 7 jet diameters. For example, the jet
divergence angle is established in 30 microseconds. So, the data acquired during the transient regime of the spray
(liquid core length, angle, drop sizes) are still relevant in the steady regime. Furthermore, it has been shown that
large variation (relatively speaking) in the injection pressure have no real impact on the atomization of the jet.



By using a Direct Numerical Simulation two-phase code with a Volume of Fluids technique (VoF), we can track
the evolution of the interface between the liquid and the gas (Lafaurie [5]). Two-dimensional and three-dimensional
versions of the code are available : the two-dimensional version, although less realistic in reproducing the
development of turbulent phenomena occurring in high-speed jet, can still bring many qualitative and quantitative
informations. Furthermore, to prevent the jet from reproducing the two-dimensional "flag effect", we impose an axis
of symmetry on the left side of the domain (we're only simulating one half of the liquid jet). In our first two-
dimensional simulations (see Table 1 for the physical parameters), the only atomization observed was the one
coming from the disintegration of the front of the jet creating the corolla. As we can see Figure 3, the surface of the
jet exhibits no sign of primary atomization.

FIGURE 3. Evolution of the liquid(yellow)/gas(blue) interface at t = 2.5, 5, 7.5, 10 and 12.5 microseconds.
No turbulent entry conditions. Each picture is 2 x 4 mm large.

The only perturbation of the interface comes from the impact of the drops on the surface, but their growth is not
important enough to initiate the break-up. Thus we can exclude the aerodynamic shear stresses as the only
mechanism of high-speed jet atomization. In this simulation, the velocity profile of the jet entering the domain lacks
the upstream informations of what has happened in the injector. For that reason, a turbulent field is added to the
velocity profile at the direct exit of the injector nozzle. Recent works (Faeth [2], Mansour[3]) on the influence of
turbulence on the atomization process show that sprays are affected by the presence of turbulence and by the
evolution of the flow at the exit of the injector. Fully-developed turbulent flows exhibit liquid core lengths smaller
than those of laminar flows or those of flows with a smaller level of turbulence (Arai [6], Wu [7], Yule [8]). Our
turbulent entry conditions take into account the large turbulent perturbations triggered inside the injector by both the
cavitation and the recirculation regions. Vortices of different sizes are superposed to the velocity profile at the entry
of the domain (i.e. at the direct exit of the injector) : large scale vortices to simulate the inner turbulence and small
scale vortices to simulate the micro-turbulence within the boundary layer of the jet

As the speed in the center of the jet is greater than the speed at the periphery, vortices tend to get closer to the
liquid/gas interface. The combined effect of both these vortices initiates a Kelvin-Helmholtz instability at the
interface. The growth of the most unstable waves is controlled by the aerodynamic shear stresses which gives liquid
ligaments at the crest of each wave. Stretched by vortices in the gas phase, those ligaments break into drops. The
result of the implementation of this turbulent entry conditions in our diphasic code can be seen Figure 4. It can be
noticed that the perturbation begins after 2.5 microseconds which is the time it takes for the tip to travel about 4
diameters (thus belonging to the 3-7 diameters distance of Reitz).

Liquid injection velocity (m.s-1) 300 Nozzle diameter (m) 2.10-4

Liquid density (kg.m-3) 850 Gas density (kg.m-3) 20
Liquid Viscosity (kg.m-1.s-1) 0.006 Gas viscosity (kg.m-1.s-1) 1,7.10-5

Surface tension (kg.s-2) 0.024
Domain numerical size (cells) 1024 x 4096 Domain physical size (mm) 2 x 8

Table 1. Physical parameters of the Direct Numerical Simulations



FIGURE 4. Evolution of the liquid(yellow)/gas(blue) interface at t = 2.5, 5, 7.5, 10 and 12.5 microseconds.
Turbulent entry conditions. Each picture is 2 x 4 mm large.

2) The break-up length
The break-up of a high-speed jet results of the combination of many phenomena (cavitation, turbulence and

aerodynamical effects). The length of the liquid core (or "break-up length") is of particular importance when
designing a combustion chamber : the liquid core consists of an intact fuel flow that can affect the combustion, the
performance and the amount of unburned hydrocarbon. The previous simulation (with the turbulent entry conditions,
Figure 4) shows a more efficient atomization of the liquid jet but no real sign of a visible liquid cone. Instead, the jet,
in the combustion chamber, consists of many liquid pockets linked to each other by filaments. When the size of the
filaments becomes critical, the filaments breaks and the pocket detaches from the jet.

Let’s define the liquid core as the zone of the jet unperturbed and unreached by the growth of the surface waves.
We can extract the core with a method of "interface superposition" : the liquid/gas interface of the jet is located at
each time step. By superposing all the interfaces we obtained the following figure (note that the full jet has been
recomposed, that the vertical scale has been increased and that all the drops have been removed for a better
visibility) :

FIGURE 5. Temporal reconstruction of the spray by the interface superposition method.

The black zone represents all the superposed interfaces and the white zone outside is the surrounding gas. The
colored cone-shaped zone inside the spray represents the zone which is never reached by the growing waves during
the whole simulation, which is our definition of the liquid core. A program was then created to track the instabilities
at the interface and to pinpoint the exact location of the maximum of each instability at each time step. This program
allowed us to recreate the unperturbed zone (Figure 6). We find that, with a turbulent perturbation level of 10%, the
liquid core is 5.5 diameters long. We can notice that this length of 5.5 diameters belongs to the 3-7 diameters interval
found by Reitz. To be precise, the liquid length seems to oscillate around a finite value in the 3-7 diameters interval.



FIGURE 6. Left : reconstruction of the liquid core (units in mm). Black curve : level of turbulence of 10 %. Red
dashed curve : level of turbulence of 1 %. Right : three-dimensional reconstruction of both liquid cores.

A third simulation, with a level of turbulence of 1%, was performed to study the influence of the turbulent entry
conditions on the liquid core. As we can see Figure 6, the red dashed zone reaches a finite width after 6.65
diameters, but there is no break-up, in fact would we have continued the simulation, this zone would have kept on
growing. Again, this length belongs to the 3-7 diameters interval found by Reitz. Finally, we should notice that
Cheroudi [10] found similar shapes of liquid core by using an electric intrusive technique.

3) Angle
Whereas the break-up length determines the longitudinal penetration of the jet, the spray angle is another

important parameter in designing a combustion chamber. To prevent fuel liquid film to form on the wall of the
chamber and to optimise the fuel/air mixing and the combustion, the angle of the spray has to be precisely known.
Experiments (Arai [6]), show that the liquid/gas density ratio has a predominant effect on the spray angle. The
vertical ejection velocity Ve (see Figure 2) (which is close to the convection speed of the instabilities at the interface)
is proportional to the square root of this ratio [9].
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where ω and λ are the growth rate and the wavelength of the selected mode, ∆u  is the difference between gas and
liquid speeds and θ is the angle of the spray. Equation (2) gives an angle of 17.44°. Hence, when the gas density is
increased, the ejection speed Ve increases, thus the spray angle increases. Reitz [1] finds that :
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where A is a coefficient fixed experimentally  (A = 4.9 for straight single hole nozzle with a length to diameter ratio
of 4). Using relation (3) we obtain an angle of 12.96°.. We can assume (Raynal, [9]) that the divergence spray angle
correspond to the angle formed by the potential cone of the jet (see Figure 2). Using the interface superposition
technique, we can extrapolate on Figure 6 an angle of 16.88° on the second simulation (black curve) which is close
to the above angles.



4) Drops
The two-dimensional simulations can also bring important data on the drop size distribution function. For

instance, the second simulation gives the distribution in Figure 7. We should remind here that in this simulation, our
cells are 2 microns wide. So we should considerate carefully the drops with a diameter near or below this numerical
limit. The temporal evolution of the distribution drop size can be extrapolated from this curve using an exponential
law such as (4), where a and b are two time-dependent coefficients characterized by the physical parameters of the
simulation such as the turbulence level. The third simulation, with a turbulence level of 1%, exhibits less primary
atomization rate than the 10 % level simulation. The number of liquid ligaments tends to decrease, hence the number
of drops decreases too. Coefficients a and b decrease in the same manner.

F(d,t) = a(t)dke-b(t)d (4)

Figure 7. Temporal evolution of the drop size distribution (t in microns).

Conclusion
We used Direct Numerical Simulation to enhance our physical understanding of the atomization process as well

as acquiring data very difficult to access experimentally. We first established that the data obtained in he transient
regime were still valid in the steady regime of the atomization. One result of our two-dimensional simulations was to
prove that aerodynamical forces could not be alone responsible for the atomization process. In fact the atomization
relies on the combination of three major phenomena : cavitation occurs at a certain velocity and creates large zone of
turbulence inside the jet. The turbulence initiates instabilities at the interface which are amplified by the
aerodynamical effects. After implementing turbulent entry conditions in our code, a technique, called Core
Extraction by Interface Superposition, was elaborated to visualize the liquid core. This method also allowed us to
acquire the initial angle of the spray, which was found to be close to the theoretical predictions. We also found that
the droplet production rate depends on the level of turbulence. Further work on three-dimensional simulations is now
underway.
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Abstract
Non-intrusive, laser-based measurements of spatially and temporall y resolved temperature fields in liquid sprays and
micro droplets provide valuable information for numerous technical and modelling applications including fuel
injection, spray cooling and spray drying. Furthermore, the temperature is considered to be among the governing
variables for numerical simulations of the mixture preparation and the combustion process.

In this work we examine the feasibil ity of temperature dependent planar laser induced fluorescence (PLIF) of
different tracer molecules for temperature field measurements in isooctane and ethanol sprays.  In this survey we
examined three different measurement techniques: The first technique utilizes the temperature dependent spectral
shift of the fluorescence emissions of some special tracer molecules.  The second technique is based on a
temperature dependent intensity variation of the tracer fluorescence, whereas the third technique benefits from
particular spectral properties of exciplexes formed in the liquid. All tracer molecules are first investigated in a bulk
solution in order to calibrate the temperature dependent variations in the fluorescence emissions. Since it is known
that in some cases laser induced emissions in small droplets can show distinct variations from bulk behaviour caused
by morphology dependent resonances (MDR´s), the fluorescence emissions of the tracer molecules in single micro
droplets are imaged and compared to the bulk spectra. Only if an acceptable consistency could be achieved the
corresponding thermometry technique was applied to determine 2D temperature distributions in sprays. The results
exhibit a great potential for the two-tracer and the exciplex thermometry to measure liquid phase temperatures in
dense sprays.

Introduction
In the stratified operation mode of a gasoline direct injection engine the spray droplets evaporate completely

within a few milliseconds. Therefore, an examination of the heat flux caused by the interaction between spray
droplets and in-cylinder air-flow is of immense importance in order to understand and optimize the fast evaporation
process inside the combustion chamber.

For 2D temperature measurements in these dense fuel sprays laser induced fluorescence (LIF) of special
fluorescing tracers solved in low concentrations in isooctane or ethanol is examined. In order to eliminate the
volume dependency of the fluorescence intensities as well as to avoid error sources resulting from fluctuations in the
laser intensity and also in the beam profile, a temperature dependent parameter is required that allows relative
measurements. In order to achieve this aim three different groups of molecules and coming along with this three
different measurement techniques are utilized.
A) Spectral shift t hermometry:  Melton et al. studied the temperature dependent shift of the fluorescence spectra

of different molecules solved in hexadecane [1]. The investigations were carried out inside the bulk liquid of
an optical cell. The selected molecules showed no influence of oxygen quenching due to their short
fluorescence li fetimes. That should allow investigations of droplet temperatures under air-saturated conditions.
In this work three of the most promising molecules Melton et al. investigated were chosen to test their
applicabil ity for the measurement of spray temperatures. Since the investigations are motivated by the
automobil industry the model fuel iosooctane is chosen as a solvent.

B) Two tracer thermometry: Lavieill e et al. used a doubled Nd:YAG laser at a wavelength of 532nm for
fluorescence excitation of a dye molecule (rhodamine B) solved in ethanol [2]. The fluorescence quantum yield
in the spectral band centred at 594nm decreases strongly with increasing temperature in the range of 20°C to
75°C. On the other hand the temperature dependence of the fluorescence emissions which are blue shifted with
respect to 594nm peak is very low. Separating these two spectral regions using optical filters, the intensity ratio
was used to calibrate the liquid phase temperatures inside an optical cell. Using this calibration curve the
cooling of 200µm sized single droplets was studied. Because of potential problems resulting from the overlap
between absorption spectra and the blue shifted fluorescence band as well as the strong difference in the
detected intensities of the two spectral bands, we studied a two-tracer system containing BIBUQ and



rhodamine B. The spectral separation of the fluorescence emissions between both molecules is about 150nm.
The fluorescence intensities could be adjusted due to selecting a suitable concentration ratio. While rhodamine
B shows the known decrease of the fluorescence intensity with increasing temperature, the emission intensity
of BIBUQ remains nearly constant.

C) Exciplex thermometry:  A third method providing a relative temperature measurement is the ratio of the
exciplex- and monomer fluorescence from exciplex-systems. While different inter-molecular exciplexes are
well known for their utilizability to simultaneously study liquid and vaporized fuel distributions in fuel sprays
[3], intra-molecular systems showed a better performance to measure liquid temperatures due to several
reasons [4]. One intra-molecular excimer (1,3 bis-(1’-pyrenyl)-propane, PYPYP) solved in hexadecane was
already utilized to investigate temperature distributions in Diesel sprays [5]. In our work a different intra-
molecular excimer (1PC-(5)-1PC) was applied [6]. Because of its solubilit y in isooctane a temperature
measurement of gasoline sprays becomes possible. Compared to PYPYP, the fluorescence intensity of 1PC-
(5)-1PC is unaffected over a wider concentration range. Also the fluorescence li fetimes are significantly
shorter and therefore the influence of oxygen quenching can be reduced.

Experimental
The experiments are carried out inside an opticall y accessible, heatable steel-cell allowing pressures of up to 30

bars. XeCl-excimer laser light (308 nm) is formed to a light sheet and excites the fluorescence of the solved tracer
molecules on 200µm thick plane. The cell can be equipped with three different devices:
1. A quartz glass cuvette which is utilized to study the fluorescence emissions of the bulk liquid. The spectral

shift or the ratio of the fluorescence intensities is calibrated using a thermocouple inserted through a hole in the
top of the cuvette.

2. A vibrating orifice droplet generator which generates a linear chain of monodisperse droplets. By choosing
different orifice diameters droplet sizes in the range of 50µm to 180µm can be achieved. The liquid can be
preheated by heating the supply pipe of the droplet generator. This setup allows the investigation of changes in
the fluorescence spectra for single droplets compared to bulk liquid.

3. The hollow cone spray generated by a direct injection valve is used to verify the applicability of 2D
temperature measurements in dense sprays. Rail pressures between 1 and 8MPa were adjusted. Preheating of
the injector and also of the liquid fuel allows the investigation of spray cooling. The temperature of the injector
is measured via a thermocouple near the valve exit.

The setup of the detection devices is selected according to the object surveyed:
For the droplet investigations the fluorescence is imaged by a long distance microscope onto an image

intensified CCD-camera (12bit, 1100x768 pixels, LaVision GmbH) and simultaneously detected spectrall y resolved
by a spatially resolving optical multichannel analyser (OMA) using a broadband beam spli tter (see Fig. 1A)).  The
Mie scattered light is blocked by a Schott glass filter (WG 350). The OMA provides a 1D spatiall y resolved
fluorescence spectrum of the droplet area imaged onto the OMA entrance slit.  By shifting the slit position with this
setup it becomes possible to select fluorescence spectra from different positions inside the micro droplet.

In case of the spray investigations the fluorescence of the droplet ensemble is imaged on two intensified CCD-
cameras (see Fig. 1B) using a dielectric wavelength separator.  The wavelength separator is selected in order to
separate the different fluorescence bands of the molecules investigated. If no suitable beam separator was available
for the fluorescence wavelengths, averaged images of the two spectral bands were taken successively using only a
single camera.  In this case the fluorescence emissions are separated by different optical transmission filters (Schott
glass filters).

The calibration measurements inside the cuvette are performed both spectrally and 2D spatiall y resolved. The
liquid inside the cuvette was heated due to heat transfer from the steel chamber. A temperature range from 20°C up
to the boil ing point of the regarding solvent was investigated. The liquid phase temperature was measured by a
thermocouple.

Results and discussion
A) Spectral shift thermometry

The following three molecules were dissolved in low concentrations in isooctane:
• 2-(1-naphthyl)-5-phenyloxazole = α-NPO,  cα-NPO = 1.9*10-5 M
• 1,4-bis(5-phenyloxazol-2-yl)benzene = POPOP,  cPOPOP = 2.5*10-6

• N,N-bis(2,5-di-tert-butylphenyl)-3,4,9,10-perylene dicarboximide = BTBP,  cBTBP = 1.9*10-6

Fig. 2A) shows the fluorescence spectra of bulk α-NPO-solution for three different temperatures. With
increasing temperature a shift of the emission peak to shorter wavelengths is apparent. A Gaussian fit of the peak
position utilized between 381nm and 397nm yield a shift of 1.1nm. Between 20°C and 95°C the peak position
shows a linear decrease (see Fig. 2B)). The peak positions of the other two tracer molecules is also fitted using a
Gaussian function. Here as well a shift is detected. In contrast to α-NPO the results shown in Fig. 2B) exhibit an



exponential dependency of the peak position from bulk temperature. POPOP yields a shift of the fluorescence
emission of 2.6nm which is quite large compared to the other molecules investigated.

For α-NPO temperature information can also be derived from the intensity ratio of the fluorescence peak
centered around 390nm and the wavelength interval 400 to 405nm which exhibits a strong increase in fluorescence
intensity with increasing temperature. A spectral separation between these two regions is also quite practicable by
optical filters so that 2D temperature imaging in bulk liquid should be possible.

In order to check if the fluorescence behaviour in micro droplets is comparable to the behaviour in bulk liquid
additional investigations in single micro droplet are carried out for all three substances. The experimental setup
described above allows a direct correlation of the fluorescence image of a droplet and the simultaneously recorded
1D spatiall y resolved fluorescence spectrum of a single droplet. It turned out, that for all tracer solutions and all
droplet sizes under investigation lasing inside the droplets occurs due to morphology dependent resonances
(MDR´s) [7]. In the fluorescence images the lasing emissions are recognizable as a ring with high fluorescence
intensities around the droplet’s rim (see Fig. 3A)). As is demonstrated in Fig. 3C) the appearance of lasing inside the
droplets strongly affects the spectral structure of the fluorescence.  In particular the spectrum of the droplet strongly
differs from spectra obtained in the bulk. This results in the obvious fact that a calibration of the droplet
fluorescence and therefore also the spray fluorescence with bulk spectra is very difficult or even not possible
anymore.  In order to facil itate an application of this thermometric technique to sprays the only possibili ty is to
reduce the lasing emissions. This can only be realized by keeping the fluorescence intensity well below the lasing
threshold inside the droplets. This is possible 1. by reducing the optical quality of the resonator, or 2. by reduction of
the pump intensity.

In case of micro droplets the optical qualit y of the resonator can only be influenced by varying the optical
density of the laser active medium.  This means reducing or in special cases also increasing the fluorophore
concentration. Reducing the concentration principall y results in a lower fluorescence intensity and at a certain level
in undershooting the laser threshold. Increasing the concentration of the fluorophore only reaches the goal if a strong
self absorption of the fluorescence inside the droplet takes place which also reduces the fluorescence intensity in the
laser modes below the laser threshold.

Reducing the pump intensity also leads to a decrease in fluorescence intensity and therefore to an undershooting
of the laser threshold at a certain pump level. Since a reduction of the pump laser intensity is easil y realizable this
method was applied. The result is illustrated in Fig 3C). Compared to the bulk spectrum the fluorescence spectrum
of the droplet at high pump intensity displays a strong increase in intensity over a narrow wavelenght band (386nm
– 400nm). After reducing the pulse energy of the laser by a factor of about 20, no lasing emissions stay visible in the
2D image (see Fig. 3B)). However the spectrum of this droplet still reveals significant deviations from the bulk
liquid spectrum. A further reduction of the laser energy is yet not practicable because of poor signal-to-noise ratio.

As expected spectral imaging of spray fluorescence also reveals lasing emissions from droplets. Although there
are different approaches to suppress lasing inside droplets [8], this effect in combination with the relatively small
shift of the fluorescence peak complicates the applicability of the discussed “spectral shift thermometry” for 2D
temperature measurements in sprays.

B) Two tracer thermometry
Two different tracer molecules, BIBUQ and rhodamine B, are dissolved in ethanol in varying concentrations.

Fig. 4A) shows the fluorescence bulk emission spectra of the two tracer species for three different temperatures. The
emission peaks are separated by more than 150nm. While the intensities of BIBUQ stay nearly constant between
20°C and 60°C, rhodamine B shows a strong intensity decrease with increasing temperature.

Single droplet measurements are carried out for different concentration ratios in order to fit the spectral
intensity structure of the droplets to the bulk spectra.. Also the appearance of lasing is examined for these
concentrations. The fluorescence emissions of BIBUQ exhibit no spectral change compared to bulk liquid. In
contrast rhodamine B shows a lasing peak between 590 and 610nm wavelength for a concentration of c = 7*10-4

mol/l. This effect could be suppressed by lowering the rhodamine B concentration. Eventually the chosen
concentrations are c = 4.7*10-5 mol/l for rhodamine B and c = 3.3*10-5 mol/l for BIBUQ.

In order to realize a planar temperature measurement technique for sprays a spectral separation of the
fluorescence emissions is accomplished. A wavelength separator with high reflectance of nearly 100% below 450nm
and a transmittance of about 90% above 450nm, separates the two fluorescence emissions. In addition two optical
Schott transmission filters (UG11 for BIBUQ and OG495 for rhodamine B) improve the spectral separation. The
temperature dependent intensity of the fluorescence bands in the cuvette are imaged using two non-intensified CCD-
cameras (Imager, 12bit, 1280x1024 pixels, LaVision GmbH). Fig. 4B) shows the calibration curve of the averaged
BIBUQ/rhodamine B intensity ratio from 20°C to 75°C. The ratio increases by a factor of 3.3 in this temperature
range

The spray investigations are carried out using only one camera. By changing the optical filters averaged (N=30)
images are taken for both emissions successively. The liquid fuel is preheated to defined temperatures. 2D
temperature distributions are derived from the intensity ratios by using the inverted calibration function. Due to
different optical constants between cuvette and spray measurements a correction factor has to be implemented.
Therefore a reference temperature was chosen by setting the exit temperature of the spray under normal conditions



(no preheating) to 20°C. Fig. 5 shows the gray scaled temperature distributions for three different injector
temperatures (T = 35, 55, and 75°C). The spray temperatures at the valve exit coincide with measured injector
temperatures for reading points up to 45°C. For higher fuel temperatures the spray temperatures at the valve exit are
about 10°C lower than the measured injector temperatures. A strong cooling of the spray along the spray axis is
visible due to evaporation of the droplets.

C) Exciplex thermometry
1PC-(5)-1PC was dissolved in isooctane with a concentration of c = 5.7*10-6 M%. The bulk measurements

show an increase in the excimer emissions with increasing temperature and a decrease of the monomer fluorescence
intensity. This is due to a shift of the reaction equili brium to the excimer with increasing temperature. The emissions
are separated by using a Schott UG11 filter which transmits only the monomer fluorescence and a Schott GG455
filter for the excimer emissions. The planar calibration measurement exhibits an exponential increase of the
exciplex-to-monomer ratio from 20°C to 95°C by a factor of 2.3.

Spectrall y resolved spray investigations show no lasing emissions from droplets. For determination of planar
temperature distributions of the spray the same procedure as used already for the BIBUQ/rhodamine B system is
carried out. It turned out that the temperatures at the valve exit, measured by exciplex thermometry, increase with
increasing fuel temperature. The deviation between the temperatures measured by exciplex thermometry and the
temperature of the valve tip measured by a thermocouple becomes lower than for the BIBUQ/rhodamine B system.
Up to a valve temperature of 75°C a hollow cone structure with highest spray temperatures on the spray cone is
visible. By this technique only a slight temperature decrease along the spray axis is noticeable. We suggest that this
effect is an artefact and is due to inter-molecular excimer formation because of an increasing concentration with
preceding evaporation.

Conclusion
Three different LIF based thermometry techniques are investigated with regard to their applicability to 2D

temperature measurements in sprays. The temperature dependency of the tracers taken into consideration were
basicall y studied in bulk solution. The fluorescence spectra were used to find suitable optical filters for 2D detection
of the emissions bands. All three techniques came out to be capable for temperature measurements in isooctane or
ethanol, respectively. For a 2D examination of liquid phase temperatures good results could be achieved utilizing the
two-tracer or exciplex thermometry, respectively.

The different spectral fluorescence behaviour between bulk liquid an micro droplets is investigated in order to
allow a calibration of the fluorescence intensities from the spray droplets. This is done by detecting of both the
spectrally and the 2D spatiall y resolved fluorescence of single micro droplets created by vibrating orifice droplet
generator. These investigations revealed the occurence of strong variations in the spectral structure (lasing) between
bulk and droplet fluorescence resulting from morphology dependent resonances. Approaches to suppress droplet
lasing are presented. For the two-tracer system a satisfying elimination of lasing effects could be achieved by
reducing the concentration of one fluorophore (rhodamine B).

Based on the results obtained in bulk liquid and single droplets, the two-tracer thermometry and the exciplex
thermometry is applied in order to study 2D temperature distributions in a spray generated by an automobil DI-fuel
injector. The calibrated temperature distributions obtained with the two-tracer system showed a better consistency
with theoretical predictions than the exciplex thermometry results. Although further investigations concerning the
influence of changing tracer concentrations, oxygen quenching and energy transfer are underway, the two-tracer
thermometry as well as the exciplex thermometry exhibit great potential for 2D measurements in sprays.
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Abstract 
For an optimization of mixture preparation in spark ignition (SI) engines, which is especially important during 

cold start and warm up, detailed knowledge of the two phase flow in the intake manifold is of particular importance. 
One of the most crucial effects with respect to mixture formation is the spray propagation from the injector together 
with the interaction of the spray with the surrounding air flow. Therefore, these topics were investigated thoroughly 
in the present study comparing two different injector concepts. One is a production multipoint injector (MPI) and the 
other is a "flash boiling" injector (FBI), that preheats the fuel to achieve smaller droplets and an enhancement in 
vaporization due to the increase of the vapor pressure. Preliminary motor tests have shown that the "flash boiling" 
effect in the spray formation during cold start conditions leads to lower raw emissions. 

In order to understand the basic effects of atomization, data with very high temporal and spatial resolution was 
taken applying a highspeed CCD-camera equipped with a long distance microscope. With this setup the primary 
atomization process and the initial spray formation could be visualized successfully. Additionally the fuel droplet 
propagation and the induced air flow were analyzed using Stereoscopic Particle Image Velocimetry (SPIV). By 
means of several cross sectional planes with three dimensional velocity distributions a complete model of the spray 
can be assembled. The main goal of the present study was to improve the basic understanding of the spatial distribu-
tion of the two different injectors and particularly to improve the knowledge about the potential of the "flash boil-
ing" effect to reduce engine emissions during cold start. Additionally detailed data could be provided to support and 
validate numerical prediction techniques. 

Introduction 
Due to the requirement of meeting the more stringent emission standards for internal combustion engines espe-

cially at cold start conditions fuel mixture preparation has gained special interest. Immediately after engine start and 
at the beginning of the warm up the catalyst is still cold and thus not converting the toxic emissions sufficiently. 
Therefore the major part of emissions, especially unburned hydrocarbons (UHC), is produced in this period of the 
journey. As shown in our earlier publications (see e.g. [1]) a further reduction of the emissions should be possible 
through a fundamental understanding and correct consideration of the complex mechanisms of mixture formation. In 
this context the two phase flow is of particular importance because evaporation is generally limited at cold start 
conditions. It has been proven that by taking advantage of the "flash boiling" effect in the spray formation during the 
injection process lower emissions can be achieved [2]. However, for utilizing the complete potential of this tech-
nique to reduce raw emissions of SI engines especially under cold start conditions, it is fundamental to comprehend 
the basic effects of this measure. In this regard the most important parameters are on the one hand fuel atomization 
and vaporization to enhance the homogeneity of the mixture (see e.g. [3]) and on the other hand spray formation and 
targeting to avoid large quantities of wall applied fuel inside the intake manifold (see e.g. [4]). Therefore the focus 
of this study was the investigation of the atomization process together with the droplet propagation of a production 
multipoint injector (MPI) and a "flash boiling" injector (FBI) under ambient conditions. 

The primary atomization process and the initial spray formation were visualized and analyzed with a highspeed 
CCD-camera equipped with a long distance microscope. With this combination very high temporal and spatial 
resolution could be realized. The complete process of spray propagation until the end of injection as well as the 
induced air flow was investigated by means of a special Particle Image Velocimetry (PIV) technique. Standard PIV-
techniques have been used successfully for the investigation of injection sprays already [5, 6], but standard PIV-
systems can only detect the liquid phase. A refinement of the technique to record two phases simultaneously was 
developed at the Institut für Thermische Strömungsmaschinen and was presented by Rottenkolber et al. [7] in 1998. 
Extending this two-phase PIV technique by a second CCD-camera the third velocity component of both phases can 
be detected (Stereoscopic PIV [8, 9]). The third velocity component is of particular importance in spray research 
because several planes outside of the spray center have to be studied to achieve a complete picture of the spray. 
Traversing the laser light sheet through the spray cone a complete three dimensional distribution of three velocity 
components of the spray droplets and the induced air flow can be build up. Besides an accurate spatial distribution 



of the spray the temporal development is important for a complete characterization of the injection process. Both 
techniques applied in the present study are also capable to perform triggered measurements with a high temporal 
accuracy. 

Experimental setup and measurement devices 
The atomization process of two different fuel injectors was investigated at an atmospheric test rig with excellent 

optical access. All experiments with the FBI reported in this paper were carried out with activated heating. With 
deactivated heating the formed spray is comparable to the MPI spray. A computer controlled positioning system 
allowed a precise adjustment of the injector in all three directions. To enable measurements of the induced air flow 
an aerosol of small droplets (diameter <3µm) from a solution of DCM in propylene carbonate produced by a nebu-
lizer (Laskin-nozzle principle) was used to seed the surrounding air with a fluorescent dye. DCM absorbs light at the 
laser-wavelength of 532 nm and emits fluorescent light between 630 nm and 680 nm. By means of optical filters in 
front of the cameras, the tracer could be registered separately from the elastically scattering fuel droplets. A weak 
flow in the ambient air was established and stabilized by a vacuum pump and homogenized by an insert of honey-
combs in the collector. As can be seen in the later results the influence of this extremely weak background flow 
could be neglected. 

Figure 1 shows the experimental setup schematically. A double-cavity ND:YAG laser was used to form the 
light sheet for the PIV measurements. Compared to the standard PIV-setup, the light sheet for stereoscopic meas-
urements needs to have a well defined thickness since the movement perpendicular to the light sheet is supposed to 
be recorded as well. Therefore the light sheet was adjusted by two cylindrical lenses to a thickness of 2 mm. The 
images were taken by two DoubleShutter CCD-cameras. A Scheimpflug optic assured the sharp reproduction on the 
chip, although the measurement plane was observed under an angle of 67.5° which corresponds to an angle of 45° 
between the cameras. The measurements and calibration were carried out by the analysis software DaVis from 
LaVision. Special care was taken to assure a correct calibration by means of two images of a calibration plate at 
different z-positions inside the light sheet plane. Mapping functions are calculated for both cameras and superim-
posed subsequently. This procedure eliminates optical distortions and transforms the movement of images of the 
particles on the chip to a real displacement in space. 
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FIGURE 1: ITS spray test facility for SPIV measurements 

To investigate the time resp. cycle resolved droplet generation process immediately behind the injector a high-
speed CCD-camera (DRS Headland) was used. The camera works with a beam splitter separating the image on nine 
different areas on the CCD-chip. The chip has a resolution of 2k which leads to nine areas with a resolution of 
approx. 600x600 pixels, but only eight of them can be used. The global timing and the exposure time is controlled 
by a Multi-Channel-Plate (MCP) which moreover intensifies the collected light. This technique is capable to pro-
duce eight images with any temporal assignment. Combining this highspeed camera with a long distance microscope 
allowed a very high spatial resolution in addition to an excellent temporal resolution. A high energy flash lamp 
served as a light source with a long pulse duration to illuminate all images of one sequence. 

Results 
In the beginning the basics of the atomization process and the spray formation of the two injectors were investi-

gated. Particularly the first microseconds of the spray development near the injector are of special interest. This 
short time span could be studied by means of the highspeed CCD-camera equipped with the long distance micro-



scope. Examples of the excellent spatial and temporal resolution are given in Figure 2 representing the first 175 µs 
of one single injection. The upper row shows the spray of the MPI and the lower row the one of the FBI. The time 
between successive images was 50 µs for both injectors. The size of the investigated area as shown in Figure 2 is 
3.4 mm x 3.1 mm. The injector openings of the MPI are clearly visible even if the diameter is only 350 µm and the 
spacing is 1 mm. 

injector openingsinjector openings

1 mm1 mm
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FIGURE 2: Close-up of the initial spray formation (MPI upper row, FBI lower row) 

In the first exposure of the MPI spray, 25 µs after the start of injection (SOI), two separate fuel jets are evident 
already and a broadening of the spray tips is recognizable, caused by the strong interaction of the droplets with the 
surrounding air. The liquid jet accelerates and drives the air out when leaving the injector. Further downstream the 
droplets are decelerated due to momentum exchange and displaced by the following liquid resulting in a distinctive 
broadening of the jet tips. In the next time steps the broadening grows and the two jets merge at the tips. In the case 
of the MPI the jets are very compact: no individual droplets are noticeable in these first images near the injector. 

In the lower row of Figure 2, showing the spray formation of the FBI, the differences between the spray 
developments become evident. In general, the droplets of the FBI are much smaller compared to the MPI. The jets 
produced by the FBI immediately after the SOI are very thin, only small droplets can be determined, and the jets 
have a clear tendence to separate. In the following image, 50 µs later, the jets get significantly dense and broad. This 
behavior, caused by strong interaction with the surrounding air, continues in the next image where both jets get 
broadened and already show a trend to merge. In the last image of this series only one combined spray cone is still 
visible corresponding to the global spray visualizations several milliseconds after SOI as shown later in Figure 5. In 
these strongly magnified images of the first initial spray formation it can be seen that there are two jets at the begin-
ning which merge after only 175 µs. 
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FIGURE 3: Highspeed images of the spray development (lower resolution) 

To visualize the further spray formation a lower magnification and a longer time span was chosen. Figure 3 
again shows four images of each injector (MPI upper row; FBI lower row), merely the time interval was 100 µs 
instead of 50 µs between consecutive images. In this case the investigated area is 12 mm x 11 mm. In the first image 
100 µs after SOI the MPI-spray has a compact shape and only after another 100 µs the two jets become visible 
above the globular tip. Another time step later, in the third image, an agglomerate of concentrated fuel appears 



directly after the first one, which has disintegrated into large droplets. This pulsating behavior is highly reproducible 
and can be attributed to pressure fluctuations in the nozzle during the injection process. The lower row in Figure 3 
represents the FBI, which generates a totally different spray than the MPI. The production of much smaller droplets 
in a more dense and wide spray is obvious. The first image shows the two separated jets that tend apart as described 
above. But already in the second image they merge and one single spray cone is formed. In the middle of the cone a 
slightly more dense region can be recognized which is caused by the joint of the two sprays and stays visible during 
all of the following time steps. This middle line of the spray seems to travel faster than the sides of the spray, as it is 
behind the rest on the second image but already inline on the third image and on the fourth image the lower end of 
the spray is peaked. This behavior will be reflected in the later results as well. In the fourth image 400 µs after SOI 
the outer boundaries of the spray are marked showing that the cone angle of the FBI is much larger compared to the 
cone angle of the MPI (70 degrees compared to 40 degrees). 

For further analysis of the spray, comprehensive measurements of the global distribution of the fuel droplets 
and the induced air flow of the two injectors were recorded by means of the Stereoscopic PIV. Furthermore quanti-
tative visualizations were carried out too. Figure 4 shows exemplary results for the MPI two milliseconds after SOI. 
The investigated area in each vector plot of this figure is 95 mm x 75 mm while the magnification of the droplet 
probability distribution is the identical to the one of the vector plots. 
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FIGURE 4: Spray propagation of the MPI (2 ms after SOI; upper row center, lower row 6 mm off center) 
The upper row represents the mid plane of the spray and the lower row a parallel plane 6 mm off center. On the 

left side droplet probability distributions extracted from the visualization images are plotted. In the mid column the 
distribution of the fuel droplets and on the right side the induced air flow is presented. In each case the background 
colors represent the velocity in z-direction, whereas the positive direction points into the image plane. 

For the MPI in the cross section through the spray centerline only low z-velocities can be observed, just next to 
the nozzle tip the droplets move into the image plane indicating a slight misalignment of the light sheet position or 
the injector. While the droplets reach velocities around 22 m/s at the nozzle tip the induced air flow stays below 
1 m/s. The droplets show continuous deceleration as they travel downstream due to the interaction with the sur-
rounding air. Following the two spray arms the velocities inside are higher than at the edges of the spray cones. This 
is mainly due to different droplet sizes. The bigger droplets preserve their initial momentum for a longer period of 
time, while the smaller droplets are stronger decelerated and displaced to the sides of the spray cones away from the 
bigger droplets by the induced air flow. 

In general the induced air flow reflects the effect of displacement and momentum exchange between the drop-
lets and the surrounding air. Consequently a toroidal vortex structure is induced to the surrounding of the spray. As 
mentioned already this structure is generated by the displacement effect of the spray, which causes an air entrain-
ment following the spray and thus a slight depression at the nozzle tip. The vortex can clearly be identified in the off 
center plane. In the upper part of the image the air moves into the image towards the nozzle tip, whereas, at the tip of 
the spray, it points out of the image indicated by the blue color. 

In comparison to the MPI spray in Figure 4, Figure 5 shows exemplary results of the FBI at the same time step 
after SOI. The visualized droplet distribution shows significant differences between the two injector types. While 



the MPI produces two separated spray cones the FBI produces only one (see Figure 5 left). Preliminary measure-
ments with deactivated heating have shown a distribution with two spray cones very similar to the MPI, but as soon 
as the heating is activated only one cone with obviously much smaller droplets can be recognized (see Figure 5 left). 
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FIGURE 5: Spray propagation of the FBI (2 ms after SOI; upper row center, lower row 6 mm off center) 
The velocity distribution of the fuel droplets for this injector shows at the tip of the spray velocities around 

17 m/s while the induced air flow stays below 3 m/s. The droplets generated at the start of the injection in the mid 
axis of the spray reach higher velocities than the following ones. This verifies the impression from the highspeed 
visualization as already mentioned (compare Figure 3). The reason for this behavior are on the one hand differences 
in the droplet sizes. The droplets first produced are bigger and keep their starting momentum for a longer period of 
time. But on the other hand the highspeed visualizations also showed that the two individual cones initially formed 
in the beginning merge and form a linear more dense region in the middle of the spray cone. So the tip of this spray 
doesn't consist of droplets produced immediately after SOI, but of a large amount of droplets generated later and 
keeping their momentum because of their large number and the aerodynamic interaction between each other. 
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FIGURE 6: Vorticity and streamlines for the induced air flow of the FBI and the MPI (2 ms after SOI, center) 

This dense spray of generally very small droplets interacts stronger with the surrounding air as the spray pro-
duced by the MPI. This is reflected also in the distribution of the induced air velocities. As mentioned previously the 
MPI accelerates the air up to velocities about 1 m/s while the FBI spray induces velocities of more than 2.5 m/s. To 
investigate the interaction of the sprays with their surrounding more thoroughly, Figure 6 compares the vector fields 
of the air flow of both injectors in the mid plane. The background colors represent the vorticity and stream lines are 
plotted additionally. The investigated area is 95 mm x 75 mm showing the same region as Figure 4 and Figure 5. In 
both cases the toroidal vortex structure can easily be identified together with their dimensions and the intensity of 
the interaction. It can clearly be seen, that in the case of the FBI the vortex is bigger and stronger which is another 
prove for the intensive interaction of the dense spray of much smaller droplets with the surrounding air. But this 



interaction of the droplets with the air flow leads to a significant increase of the spray cone angle. Depending on the 
geometry of the intake manifold this can result in a larger quantity of wall applied fuel mass. With respect to wall 
film behavior the "flash boiling" injector could be disadvantageous as long as the positioning of the injector and the 
targeting of the spray inside the intake manifold is not optimized. Considering the spray targeting and consequently 
the wall wetting and wall film build up the fundamental analysis of the spray distribution and the influence on the 
surrounding air is of particular importance as could be shown in many publications (see e.g. [4]). Wall film 
visualizations inside the real engine at cold start conditions are under way to check these assumptions. 

Summary and Conclusion 
Primary and secondary atomization, initial spray behavior and global droplet propagation are the most impor-

tant primary factors for the formation of the fuel/air mixture in SI engines at cold start conditions when vaporization 
is limited. A promising approach to improve the atomization process and thus the reduction of emissions is the use 
of so called "flash boiling" injectors which preheat the fuel by an electric heater inside the nozzle tip. The focus of 
this study was a comparison of the sprays generated by a production multipoint injector and a flash boiling injector. 
To avoid interactions with the complex conditions inside an intake port the measurements were carried out at an 
atmospheric test rig especially designed for spray investigations. 

Detailed information about the primary atomization process and the initial spray formation could be obtained 
with high temporal and spatial resolution to achieve a large magnification of the area of interest using a highspeed 
CCD-camera equipped with a long distance microscope. Image recording with different time delays and magnifica-
tions gave new insights of the differences between "flash boiling" and standard pressure injection: the "flash boil-
ing" injector produces two dense spray cones which merge immediately after injection start, resulting in one ex-
tremely dense spray cone with a larger cone angle and smaller droplets than the production MPI. Thus, with respect 
to mixture homogeneity the "flash boiling" injector should outclass the production injector at cold start conditions. 

The global droplet propagation and its influence on the surrounding air was investigated by means of a special 
Two-Phase Stereoscopic PIV technique which allows the measurement of the three velocity components in two spa-
tial dimensions of both liquid and gas phase. Performing the measurements at different time instances after injection 
start and at different positions inside the spray cone a complete time resolved 3D model of the unsteady spray 
propagation could be obtained. The use of fluorescent tracer particles allows the detection of the induced air flow by 
eliminating the scattered light of the fuel droplets by means of optical filters in front of the cameras. This phase dis-
criminatory technique is capable of an unambiguous determination of the air flow induced by the spray. 

Characteristic for both sprays is the distinctive toroidal vortex structure surrounding the spray, whereas the vor-
ticity is higher and the extension of the vortex is larger for the "flash boiling" than for the standard spray. The inter-
action of the air flow with the droplets leads to a significant increase of the spray cone angle. In order to check the 
effect of this change in the spray targeting, wall film visualizations inside the real engine at cold start conditions are 
under way. 

The data collected in this study on the spray formation and propagation of both injector types can serve as an 
extensive data base, which can contribute to the optimization process of mixture preparation inside the intake mani-
fold especially at cold start and warm up conditions. Additionally this data base can be used to support numerical 
calculations with engine like boundary conditions and represent a benchmark for a validation of the numerical re-
sults. 
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Abstract
Spray imaging systems based on Mie-scattering and Laser Induced Fluorescence (LIF) techniques are
presented. With these systems multi-parameter measurements from light sheets are possible with high spatial
and temporal resolution. The combination of different techniques allows a comprehensive characterization of
the spray process. Some of the following spray parameters can be measured simultaneously: spray
patternation, liquid mass distribution, planar droplet size (D32) imaging, phase separation, flow fields, mass
flux,  high speed imaging and high speed Particle Image Velocimetry (PIV).
Scanning the light sheet allows global spray characterization.
Spray imaging techniques are powerful diagnostic tools for the development of smarter spray systems as well
as for quality assurance applications. Spray imaging results are presented investigating fuel sprays,
pharmaceutical and paint sprays, respectively.

INTRODUCTION
Spray imaging based on laser light sheet techniques allows a comprehensive and fast spray characterization with
high temporal and spatial resolution. The field of view within the light sheet is instantaneously mapped onto
more than 1.3 million measurement points (pixels). Elastic Mie-scattering and LIF techniques can be
simultaneously applied using the same experimental setup. These spray imaging systems are easy to operate, fast
and efficient measurement tools suitable for R&D as well as quality control applications. A typical application
is, among others, the investigation of direct injection (DI) fuel injectors.

LIGHT SHEET TECHNIQUES & INFORMATION
Mie scattering is caused by surface interaction and is proportional to the total surface area of the scatterers. LIF
is based on absorption and, therefore, its signal intensity scales with the droplet volume (under weak absorption
conditions!). For visible laser excitation or LIF-inactive sprays, LIF-active tracers can be added to the spray
fluid. Mie (LIF) can be used for quantitative spray patternation. LIF/Mie image ratios provide maps of relative
droplet size (D32) distributions allowing fast screening of planar spray dropsizing [1]. Phase-sensitive LIF
emissions of so called exciplex tracers can be used to investigate liquid/vapor transitions.
From time-correlated double Mie (LIF) exposures flow field information can be derived based on Particle Image
(Tracking) Velocimetry (PIV or PTV). For the investigation of dense sprays and spray-wall-interaction flow
tagging techniques based on molecular tracers are the best choice [2].
Time and space correlated high speed imaging & PIV provide information on spray formation and propagation
in combination with flow field data [3].
For a special class of fluids 1-dimensional Raman imaging is developed for quantitative phase separation and
simultaneous measurement of planar droplet size and droplet temperature fields, respectively [4].

MULTI-FUNCTIONAL SPRAY IMAGING SYSTEM
A pulsed UV light sheet imaging setup is shown in Fig. 1. The UV laser output allows the excitation of
hydrocarbon (tracer) fuel-LIF. A high resolution (intensified) and time-gated CCD camera is used for the
detection of the laser induced emissions. Light sheet and image correction is performed online. LIF and Mie can
be measured simultaneously with the same camera using image doubling optics. Instantaneous LIF/Mie image
ratios for single shot D32-droplet size imaging are feasible using this setup. Qualitative phase separation applying
exciplex LIF techniques are also possible. Upgrades based on double-pulse lasers in



conjunction with double-frame cameras are available for flow field imaging and mass flux measurements,
respectively. Light sheet scanning can be applied for global spray characterization. A stack of radial fuel cross
sections (relative to the spray axis) of a DI spray is also shown in Fig. 1.

SPRAY CHARACTERIZATION (patternation & planar dropsizing)
Light sheet imaging systems measure various geometrical spray parameters in-situ and online:
Spray angle, tip penetration and spray symmetry (e.g. arc profile) are quantifying axial spray patterns. Radial and
angular profiles are used for the classification of radial spray patterns. Additionally, mass center, mean
distributions together with rms-values are calculated. Spray characterization with regard to a „master pattern“ is
provided, i.e. the spray pattern of a tested nozzle is compared with a defined standard pattern of a „master“
nozzle.
Figure 2 shows averaged LIF and Mie images of a DI injector for two different timing conditions after start of
injection. According to the definition of the Sauter Mean Diameter

D32 := Σ niri
3 / Σniri

2 ∼ (SLIF / SMie)       (1)

the LIF/Mie image ratio is related with the corresponding planar droplet size (D32) distribution of this injector
system. This planar screening method for the measurement of planar droplet size distribution is very fast and,
therefore, a powerful tool for multi-parameter spray optimization tests.

FLOW FIELD ANALYSIS (PIV & Flow Tagging)
Figure 3 shows the droplet distribution of a gasoline direct injector nozzle just after nozzle exit. The 532nm
output of a double-pulse Nd:YAG laser with 200mJ pulse energy is used to generate droplet Mie scattering.
While the applied PIV algorithm provides reliable velocity vectors at the trailing edge and in most parts of the
outer spray cone, this technique fails in the dense spray cone region, where single droplets can not be spatially
resolved. To derive velocity information inside these dense droplet clouds a special flow tagging technique was
developed based on a molecular tracer (lanthanide chelate) added to the spray fluid:
A grid of laser lines produced by a single UV laser pulse writes a phosphorescent grid pattern into the flow (see
Fig. 4). The flow motion itself will distort the laser induced grid pattern. The time-delayed phosphorescence of
the changing grid pattern is recorded twice with a gated camera after the laser pulse to avoid stray light effects.
Velocity fields are then derived from the time correlation of the two grid patterns. Imaging after the laser pulse
reduces stray light to a minimum, so that this flow tagging technique can be applyied close to walls to study e.g.
flow-wall interaction.

HIGH SPEED IMAGING & PIV
High speed spray imaging requires ultra high framing rates in combination with high resolution image sensors.
Up to now this can only be matched with so called on-chip recording concepts: multiple-sensor configurations
configured behind a special beam splitter are used for signal integration and storage. Framing rates up to 1MHz
are possible with such high speed recording systems. Diode pumped solid state lasers with pulse repetition rates
of up to 100kHz are used for light sheet illumination.
Such a high speed imaging system can record velocity fields in quick succession from which e.g. acceleration
fields can be derived. Furthermore other space-time correlations like the movement of flow structures can be
measured.
Figure 5 shows a high speed image sequence of 4 frames: vector fields and vorticity are derived from the first
two and last two image pairs which are spaced 400µs apart.

RAMAN IMAGING
Spontaneous Raman imaging offers the possibility for simultaneous quantitative mapping of averaged liquid and
vapor distributions as well as droplet temperatures and diameters in alcohol and water sprays. For spectroscopic
reasons this technique does not work in hydrocarbon based fluid sprays.
Raman spectra are recorded along a line focus and are averaged over many laser shots. All spray parameters are
simultaneously and quantitatively derived from the shape of the Raman spectra: the spectral position of the OH
Raman signal of the methanol fuel is phase-sensitive and allows the separation of the liquid and vapor phase of
the fuel. The spectral shift of the OH Raman line of the liquid phase yields droplet temperature information. The
Raman/Mie signal ratio correlates with the D32 droplet size distribution.
Scanning the line focus over the indicated spray area with subsequent data interpolation between the focus lines
yield the set of 2-dimensional spray parameter distributions shown in Fig. 6.



CONCLUSION
Spray imaging systems based on laser light sheet techniques provide high resolution, online measurements of the
spatial distribution of various spray parameters, quickly and easily, without the need to be an expert in laser
diagnostics. These systems are powerful diagnostic tools for the development of DI spray systems as well as for
quality assurance applications.
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Fig. 1: Global spray characterization using light sheet imaging
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Fig. 2: Averaged droplet size distributions applying LIF / Mie image ratio measurements



PIV in Dense DI Sprays

Fig. 3: PIV in dense DI sprays: raw Mie image and PIV vector field
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High-Speed Imaging & PIV 
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Fig. 5: High speed imaging / PIV
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Abstract
The measuaring of the local density distribution in liquid / gas multiphase flows at low liquid loads can be mesuared
by several well known techniques. But, e.g. at high fluid loads PDA measurements are problematic because of
multiple refraction  of the focused LASER light. Under this conditions it is not possible to measure with any kind of
transmission technique. On the other hand tomography techniques are often not able to resolve such multi - phase
flows in time and space sufficiently.
Our goal is the development of a new measuring technique which is able to resolve droplets and filaments in high
loaded multi - phase flow e.g. near nozzle outlets. The developed sensor is built of an optical single - mode fibre
with a diameter of dfibre=3,7µm. This fibre is used for transmitting and receiving the LASER light simultaneously.
During a measurement the optical sensor is placed directly with parallel orientation into the multiphase flow or jet.
If  a drop impinge on the sensor a part of the outcoupled LASER light is reincoupled. The received LASER light
shows an intensity modulation because of the multi reflection of the outcoupled light at the inner surface. By means
of a frequency analysis of the intensity modulated reflected LASER light it is possible to calculate drop- and jet-
diameters.

Theory
The main concept of our new measuring technique is the use of a single - mode fibre for the sensor which is

transmitter and receiver at the same time. A beam splitter divides the beam of a LASER diode into two. One of these
gets lost but the other one is coupled into an optical fibre. A standard fibre coupler for a LASER wavelength of
632,7nm is used for coupling. The free tip of the fibre is polished under the Brewster angle for the given glass.
Reflected light is coupled into the fiber and transfered by the beam splitter onto a photo diode [1, 4, 6, 7].

Zurich 2-6 September 2001

FIGURE  1. Main assembly to measure in multi-phase flow.



When a drop or fluid element impinge on the sensor, the local optical field intensity inside the drop increases
(fig. 2+3) [1]. When the surface of the drop or filament oscillates, the reflected and recoupled LASER light intensity
is modulated. The modulation frequencies are the same as the oscillation frequency of the drop or filament and it's
harmonics.

 

A numerical simulation to compare the mesuared data with theoretical models of drop oscillation was developed.
This simulation use a given drop with known diameter and also known physical properties. For the mathematical
description of the drop oszillation the theory of Becker [8] is used. This model contains the viscous and surface
tension effect on the oscillation frequency, amplitude and the fade out of the drop oscillation. This complex and
quite complete theory shows a good agreement with our mesuared frequency spectrum.

The simulation starts with an oscillating drop generated by a dripping prozess. At the beginning the optical
sensor is near to the surface on the innersite of the drop. In the first time step a gausian LASER beam is leaving the
mathematical described glas fiber and produce a optical field inside the drop. By using a trace algorithm [9], the
inner optical field is calculated by neglection of interference (fig. 4).

                                                    

Because of the optical field intensity (fig. 4), part of the outcoupled LASER light is recoupled into the glas fiber.
The intensity of the recoupled LASER light is a function of the drop geometry, the position of the sensor inside the
drop and the oscillation of the free surface. The mean intensity of the recoupled light increase with the
approximation to the back of the drop. Because of the decrease of the visual field, the intensity of the power-
modulation or modulation-depth of the recoupled LASER light decreases, too (fig. 5).

FIGURE  2. Optical fibre sensor, coated with LOTUS

effect. The sensor tip has a min. diameter of d=4µm and
a maximum lenght of 6mm.

FIGURE  3. Main concept of drop
oscillation and formation.

FIGURE   4. Intensity distribution in a optical resonator
calculated by neglection of interference.



The influence of the sensor impact on the drop surface and it’s incitation on the oscillation is neglected, because
there is no impact on the subsequent signal processing which uses the frequency and the phase of the signal and their
intensity is scaled to a time based mean value.

                                

Evaluation
Because the method implies low signal intensities, they have to be filtered computationally. The denoising of the

signal is done by a combination of wavelet - filtering / wavelet - reconstruction [3] combined with a kind of Finger
Print algorithm. In the first step the complete mesured signal is wavelet - reconstructed and wavelet - filtered. A
result of the wavelet – reconstruction and filtering is a matrix of used wavelets, wavelet coefficients and validity
intervals.

A Finger Print algorithm analyses a part of the signal which contains only wavelet reconstructed noise. By
analysing this background noise it will be possible to denoise the drop signals in a later step. To analyse the noise
the algorithm applies the knowledge base to analyse the filament signal. An algorithm searches for sequences which
exists in the noise and the filament signal. If the fit reaches a given quality the signals are subtracted in the wavelet
space (subtraction of the wavelet transformed signals). After this the denoised signal is retransformed from wavelet
into time based room.

A frequency analysis of the denoised signal shows the oscillation modes of the contacted fluid element. When
the physical properties are known the drop diameter can calculated. To do this relationships e.g. by Bauer and
Becker [2,5,8] are used, which can be applied as long as surface amplitudes are small compared to the drop
diameter. The drop diameter and mode of oscillation are results of a parameter fit between the two spectrums or of a
cross correlation between theoretical and measured frequency spectrum.

FIGURE  5. Intensity distribution of reflected LASER light.



                           

Experiments were carried out with drops of a diameter from d32=0.4mm up to d32=3mm. A high speed CCD
camera was used for controlling our sensor reading. Because of the drop oscillation the diameter of 9 photos of one
drop were used to calculate the mean diameter (fig. 7). It can be shown, that the difference of both drop diameters
are in a range of 15µm for a drop of d32=1.5 mm. So we get a diameter of d=1.41mm by the sensor and d=1.42mm
by the CCD camera for the shown example in fig. 7.

                              

Conclusion
A new measuring technique for phase detection was designed that has no limits in fluid concentration or load. By

using advanced filtering techniques its possible to resolve the surface oscillation of fluid filaments and exspecially
of drops or bubbles. It was shown that this information and the knowledge of the chemical composition of both
fluids are sufficient to calculate drop and fluid - jet diameters for a single drop at spraying jets with high load.

The next develpoment step is an array of  16 x 16 single fibre sensors. The distance between the single fibres is
about 1mm. Instead of a single photodiode, we use a line scan camera which is limiting the maximum sampling rate
of the hole senor array. Because of the low signal intensity modulation we use an 12bit DALSA line scan camera
with a line scan frequency of 37kHz. Additional to our frequency analysis of each single sensor, we will use an
contour finder to detect filaments which are in contact with many sensors at one time. With this array it will also be
possible to detect the chemical property of the muliphase flow as in [1].

FIGURE  6. Frequency spectrums of theoretical and
measured surface oscillation of drops.

FIGURE  7. High speed pictures of the drop impact. The sensor tip
with a diameter of 4µm and a lengh of 2mm is not resolved by the
camera optic.
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Abstract
This work describes the application of a dropsize class discrimination filter to a PDA data set obtain for a GDI

spray. The PDA data set consisted of the droplets’ axial and radial velocity components, diameter and time history.
The spatial measurement scan extended from 5 mm to 50 mm downstream from the nozzle in 5 mm increments and
radially out into the spray periphery. A maximum of 50,000 data samples were collected at each point unless, on the
spray periphery, the data acquisition time would have exceeded 1000 injections.

The initial data analysis considered the time averaged axial and radial velocity profiles and velocity-size
correlations as the dropsize class filter was varied from 0 to 5, 5 to 10 microns then up to 40 to 50 microns in filter
widths of 10 microns diameter. This particular GDI spray was then considered to be composed of two different
dropsize classes, 0 to 10 and 10 to 20 to microns diameter, during the fully developed phase of the spray cone.

Further analyses considered the independent behaviour of these two dropsize class distributions to resolve the
detailed dynamics of the spray. For the smaller dropsize class both the axial velocity and sample distribution profiles
exhibited maxima on the spray axis. Below the fully developed cone a second droplet population peak in the sample
distribution indicated the development of the entrainment and recirculation on the periphery of the spray. For the
larger dropsize class the analysis highlighted the hollow cone nature of the spray but the vector flow field map
indicated that below the fully developed spray cone this dropsize class moved axially downstream.

Introduction
Although the Phase Doppler Anemometry technique, PDA, for measuring droplet velocity and size is robust,

care is needed in both the measurement and data processing stages. This is particularly so when the spray is only
partially atomised or different modes of atomisation contribute to the local droplet field [1]. One case in question
occurs during the formation of the early spray cone as produced by gasoline direct injection, GDI, systems.

This study uses the Mitsubishi GDI injector operating at 50 bar fuel injection pressure with an injection timing
of 4.23 ms, corresponding to a fuel delivery of 53 mg of gasoline per injection, and an injection frequency of 10 Hz.
It has been established for this hollow cone pressure swirl GDI injector that there are four distinct regions
characterising the injected spray:- the initial pre-swirl spray, the transient development and break up of the leading
edge of the spray cone, the fully developed ‘steady state’ cone and the transient collapse of the spray as the injector
needle closes. The spray cone is only partially atomized as it contains fuel elements in the form of sheets, ligaments
and filaments as well as droplets [2] and [3].

These fuel elements give the spray cone an inherent stability and repeatability from shot to shot. It has been
found that the boundary of the spray cone can be defined, from a single shot image, by a quadratic function in the
near nozzle region. There is a departure of the image data from the quadratic function at locations greater than 20
mm downstream the nozzle. This determines the upper bound for the fully developed spray cone [4].

These liquid fuel elements subsequently break up as they travel downstream from the nozzle to form droplets
of a much larger size class but with a much lower number density than compared with the droplets formed by
prompt atomization at the nozzle. Direct evidence of different modes of liquid fuel atomisation has come from
applying an Oxford Lasers VisiSizer Pro system [2]. The image on the right of Figure 1 shows two long fuel
filaments. It was recorded on the outer limit of the spray periphery as it passes through the 35 mm plane below the
nozzle. The 2 mm square recorded image shows two long filaments which are aligned with the spray cone angle and
are in the process of breaking up to form large droplets.

The PDA droplet diameter-time history plot shown in the left of Figure 1 comes from a measurement point on
the inside surface of the spray cone in the plane 35 mm below the nozzle. It contains 31,042 instantaneous size
measurements, in microns, averaged over 391 injections. It clearly shows the presence of a bi-modal distribution of
dropsizes over the injection time of 2.5 to 5.5 ms. Bi-modal velocity distributions also exist suggesting that there are
strong velocity –size correlations. The time history profile of the arithmetic mean diameter, based on 50
microsecond time bins, is also plotted in Figure 1. It has been based on all dropsize classes and is clearly
inappropriate. Size discrimination has to be employed to identify the independent behaviour of each size class in the
spray. The following data analysis will consider the velocity-dropsize correlations and will then be extended to
cover the interaction of these two distributions in order to resolve the detailed dynamics of the spray.



FIGURE 1. PDA data with bi-modal size distributions and CCD image with filament breakup

Data Analysis
The PDA instrumentation and measurement technique have been described previously in [1] and [2]. Only

those details specific to the data acquisition are given which impact on the data analysis and interpretation to be
described here. Simultaneous and coincident two component droplet velocities and size were recorded for each
droplet on a horizontal measurement scan from the spray axis to its periphery for a series of axial locations
downstream from the nozzle. The arrival time of the first droplet in the measurement volume, with respect to the
trigger representing the electronic start of injection, and the time between successive droplets were also recorded.
Data were collected over many injections until 50,000 validated data samples had been acquired for each
measurement position. However, in the sparse droplet density region of the spray periphery, the radial limit for the
measurement scan was determined by setting a maximum of acquisition time of 100 seconds, i.e. 1000 injections.
This could be curtailed though due to errors occurring in the PDA processor’s ‘elapsed time’ counter when low
averaged data arrival rates were experienced. This hardware error has subsequently been corrected.

The discrete velocity and dropsize data were then time averaged over sequential time bins to provide time
resolved mean profiles of axial and radial velocity, mean diameters and sample count for each position. The time bin
resolution was chosen to suit the transient nature of the spray. The early development and collapse of the spray cone
would be analysed using 25 to 50 microsecond time bins while the ‘steady state’ portion of the developed spray
would be analysed using 100 or 200 microsecond time bins. Mean data were not presented for those time bins
containing fewer than 10 droplet samples. When the data processing had been completed the time averaged mean
data array was collated, for the whole measurement grid, to provide vector and scalar field plots showing the spatial
development of the droplet field as a function of time.

The discrete axial and radial velocity and size data shown in the left hand column of Figure 2 were obtained at
a radial distance of 12 mm from the spray axis in the plane 35 mm below the nozzle. They show 36,881 data
samples obtained over 387 injections plotted with respect to time after the start of injection. The long time delay of
approximately 1.5 ms before data appears is due to the hydraulic time lag in the injection system and the time for the
spray cone to form and droplets to reach the measurement point. The top left plot shows the axial velocity data while
the radial velocity data are shown in the middle left plot. To illustrate the velocity-size correlation the velocity data
have been sorted by size class discrimination into 6 size classes, 0 to 5, 5 to 10, 10 to 20, 30 to 40 and 40 to 50
microns diameter. These velocity profiles as a function of size class are shown on the right hand column of plots in
Figure 2. For comparison the mean data profile processed with all size classes is included. There is a velocity
gradient of up to 20 ms-1 between the axial velocities of the smallest and largest size classes.

It is obvious that the larger dropsize classes have the greater velocity and therefore momentum and that the
dropsize classes 0 to 5 and 5 to 10 microns behave with very similar characteristics. These smaller size classes are
indicative of the air motion inside the spray and their large positive then negative radial velocity component between
2 and 4 ms show their ability to track the recirculation zone generated on the spray periphery.

The discrete dropsize data, shown again in the lower left plot, have the arithmetic, lower, and Sauter, upper,
mean diameter profiles superimposed on the discrete data samples. Whereas the arithmetic mean shows a realistic
sample density weighting the Sauter mean obviously indicates the droplet volume weighted size distribution.
Neither can represent effectively the bi-modal size distributions existing between 2.5 and 5.5 ms. The arithmetic
mean diameter profiles for the different dropsize classes, plotted in the lower right of Figure 2, are flat, as expected.
Furthermore, the Sauter mean diameters for such narrow size classes are also of the same level. To interpret these
profiles correctly though would still require the sample number count as a function of time to be plotted.



FIGURE 2. Discrete and time averaged PDA data profiles with size class discrimination

In an attempt to illustrate the velocity-size correlation the discrete axial and radial velocity data are re-plotted
in Figure 3 with the data from the size class 0 to 10 microns shown with coloured pixels and the remainder in grey.
They clearly show a stratification in the dynamics of the drop behaviour for this smallest size class. The axial-radial
velocity correlations, i.e. droplet trajectory angle, as a function of dropsize can also be calculated and is presented
later but as a mean velocity vector flow field.

FIGURE 3. Discrete axial (left) and radial (right) velocity data for size class 0 to 10 microns



FIGURE 4 Mean velocity and droplet distribution profiles for the 0 to 10 micron size class at time 4 ms

FIGURE 5 Mean velocity and droplet distribution profiles for the 20 to 40 micron size class at time 4 ms

The spatial distribution of the mean axial and radial velocities and the sample density for the two size classes 0
to 10 and 20 to 40 microns are shown in Figures 4 and 5 respectively. The radial profiles, obtained for a 0.1 ms time
bin at 4 ms after the start of injection, are presented as a function of distance downstream from the nozzle at axial
locations of 25, 30, 35 and 40 mm. This part of the analysis therefore concentrates on the ‘steady state’ portion of
spray downstream of the fully developed spray cone. The axial velocity data are easily identified by their higher
values.

Although the spray produced by this GDI injector is termed ‘a hollow cone spray’ the data profiles in Figure 4
show a substantial population of small droplets distributed about the spray centre-line. Axial velocities of up to 35
ms-1 are measured with the distribution extending out to a radius of nominally 12 mm where the axial velocity
decays to between 10 and 15 ms-1. The sample density appears to peak at a radius of 3 mm but caution is necessary
in interpreting this. The spray axis has been determined by the vertical plane through the nozzle hole centre and the
bisector of the geometric symmetry axis of the spray cone. Although the spray is not dense at these axial locations
obscuration of the laser beams will increase as the radial location tends to the spray centre-line and beyond into the
other half of the spray. This leads to a decrease in the detection and validation of sample data. The sample data is
used here only in a qualitative manner to highlight trends.

A substantial increase in the width of the spray is indicated at axial locations of 35 and 40 mm with a second
population of small droplets appearing, starting at 9 mm and extending out radially to nearly 30 mm. Although a dip
in the sample profile for the axial location 40 mm below the nozzle is indicated at a radius of 22.5 mm this is purely
an artifact of a curtailed elapsed time count reducing sample numbers. Basing the sample statistics on the number
per injection would solve this problem but then the sample count per time bin is very small indeed. The droplets in
this second population are associated with a flat negative radial velocity profile of approximately 8 ms-1 and are
attributed to recirculating and entrained droplets behind the leading edge of the spray cone.

The equivalent profiles for the size class 20 to 40 microns, Figure 5, show a much simpler trend as a function
of the axial distance from the nozzle. The hollow cone nature of the spray is clearly demonstrated by this size class
with a narrow population distribution of approximately 10 mm wide centred at a radius of between 10 and 12 mm.
This corresponds to a minimum in the small size class population.

The velocity profiles show a consistent decay with distance downstream from the nozzle. The combined mean
velocity components produce flow vectors which indicate a radial growth of the spray formed by this large size class
above 30 mm from the nozzle but a re-entrainment of the droplets downstream of this axial location.



FIGURE 6 Comparison of droplet velocity vector maps as a function of size class with the spray image

To complete this analysis of the PDA data with size class discrimination the data set for the whole spray has
been processed. Two velocity vector fields are presented in Figure 6 with the larger, 20 to 40 micron, data set to the
left of the spray axis and that for the smaller size class to the right. However, it must be realised that the spray does
not generally exhibit such distinct bi-modal distributions as found in the region downstream from the fully
developed spray cone. This is the area enclosed by the white ellipse. It also indicates the region where the largest
mean dropsizes were recorded during this ‘steady state’ portion of the spray.

The velocity field plots are also compared with a back-lit CCD image of the spray in the same axial plane and
the same time of 4 ms after the start of injection. Details of the spray morphology can only be quantified from the
spray boundary. The central regions of the spray image are complex additions of the transmitted light field through
the back and front surfaces of the spray and are out of focus. Both the velocity vectors and image intensity have had
‘a rainbow’ colour code applied. Red vectors denote high droplet sample counts while red image pixels denote high
light transmission, i.e. low spray density. The converse is true for the dark blue colour coded vectors and image
pixels.

The velocity vector field, corresponding to the small dropsize class shows that if there is a true hollow cone it
is restricted to the low pressure zone on the spray axis in the near nozzle region. Further downstream from the
nozzle significant droplet sample numbers with relatively high velocities can be found along the spray axis.

Although no samples from the larger dropsize class can be found on the spray axis these droplets do collapse
inwards towards the spray axis downstream of the fully developed spray cone, i.e. below 20 mm from the nozzle.
The highest sample counts and velocities for this larger dropsize class are to be found inside the outer boundary of
the fully developed spray cone. Further, downstream it appears that these droplets lose their radial velocity as the
droplets are convected axially downstream, well inside the spray and the recirculation zone which only contains
substantial numbers of droplets from the smaller dropsize class.

Conclusions
In the fully developed spray cone the pressure swirl hollow cone GDI spray is only partially atomized and

poly-dispersed dropsize distributions are formed. An analysis of such a spray has been presented with the PDA data
filtered using dropsize class discrimination to resolve the detailed dynamics of the spray.

The distinctly bi-modal nature of this spray was represented by the dropsize classes 0 to 10 and 20 to 40
microns. The dynamics of the smaller class can be considered indicative of the airflow generated by the injected
spray and has significant population densities in the axial and extreme peripheral regions of the spray. The larger
size class has considerably lower sample densities. These are restricted to the fully developed spray cone, hence
indicating a true hollow cone nature, and as they loose their radial momentum are convected axially downstream.

Dropsize class discrimination has been found to be an essential and very powerful analysis technique for
providing a much clearer and unambiguous interpretation of PDA data in those cases where sprays are found to be
partially atomized and poly-disperse.
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Abstract
In this work diesel spray impingement has been studied experimentally. Images of the phenomena were obtained

using a CCD camera. The clouds of the secondary particles produced by the impact onto a target were observed. It
was shown that already at the initial stage of the impact a liquid film is created on the wall surface. The thickness of
this film is much larger then the drop average diameter. A new mode of producing secondary droplets was
recognized, which is usually not taken into account in the modeling of the spray impact: interactions of impacting
drops with the chaotically oscillating film produce liquid finger-like jets which then break up onto secondary
droplets. Moreover, the destruction of the free film ejected from the target was observed. Next, the distributions of
the drops before and after impact were measured with the help of the phase Doppler technique. The influence of the
impingement angle, the ambient pressure and the injection pressure on the impact is investigated.

Introduction
The modeling of the spray impingement onto a rigid wall remains an extremely complicated problem in spite of

continuing interest in this subject of many investigators and its clear importance to industry. This modeling includes
prediction of the distributions of the secondary droplets (obtained due to the spray impact) using their diameter,
components of the velocity vector, as well as their flux. If the spray is so sparse that the probability of interactions of
impacting drops at the wall is negligibly small, the spray can be modeled as a superposition of single drop impacts.
In this type of model ([1]-[5]), the distribution of the secondary droplets is completely determined by the initial
diameters and the velocity of impacting drops, as well as by the material properties of the liquid. In the case of the
impingement of denser sprays however, which is frequently the case, the flux of the impacting drops influences the
result and thus, the interactions of the droplets on the wall must be taken into account [6].

The present work is not the first investigation of the impingement of a fuel spray by means of the phase-Doppler
(PD) technique [2,7,8]. However, a recently developed algorithm [9], which significantly improves the results of the
flux measurements in sprays, allows one to investigate the influence of the flux of the dense fuel spray on the
distribution and flux of the secondary droplets.

The main subject of the present work is the experimental investigation of a diesel spray impacting onto a rigid
wall. The diesel spray is characterized by the high velocities (of order 100m/s) of the droplets, small droplet
diameters (average diameter is 15-20 µm) and a very high density. These conditions are very complicated for both
the PD measurements and the imaging using a CCD camera. The high density of the spray results in a high
probability of two or more drops being in the detection volume simultaneously, even if the configuration of the
hardware assumes a relatively small effective diameter of the detection volume. Interaction of the moving drops
with the laser beams and their obstruction of the receiving optics leads also to a low signal-to-noise ratio.

When a spray impacts the wall it produces secondary droplets. In the region near the wall, two streams of
droplets meet: the drops before impact and the secondary droplets after impact. Therefore, the wall region is the
zone of the highest droplet density. Moreover, when the velocities of the drops in the impacting spray are directed
mainly in one direction, corresponding to the orientation of the nozzle, the velocities of the secondary droplets are
inclined to the wall in a wide range of the angles.

In the present work both methods, the phase Doppler technique and imaging with the CCD camera are
combined. The imaging allows us to determine the regions of main interest, whereas the distributions of droplets and
their velocities in these regions are measured using of the PD instrument.

Experimental set-up
The experimental set-up is shown schematically on Fig. 1. It consists of the pressure chamber (1) with a

mounting support for the target (2) and the injection nozzle (3). The pressure in the chamber is provided from the
high-pressure air line and controlled using the manometer (4). The valves (5) on the air outlet and inlet lines allow
one to regulate the airflow through the chamber and the ambient pressure. The drop diameter and two components
of its velocity vector are measured using the phase Doppler instrument, consisting of the transmitting (6), receiving
optics (7), and the control system (8) including the photomultipliers, processor, oscilloscope, and a personal



computer. The detection volume of the PD instrument is positioned using the traversing system (9). Four windows
(10) provide optical access to the chamber. The pneumatic cleaning system (11) removes the fuel drops deposited on
the windows inner surface.

Independently of the measurements using the phase Doppler technique, the spray impact was visualized using a
CCD camera (12) and the projector (13).

The experiments were performed in the pressure chamber, allowing variation of the ambient pressure from 1 to
40 bar. The injection pressure in the experiments varied from 150 to 800 bar. The diesel spray impacts a steel
cylindrical target of diameter of 5mm. The impacting surface of the target was a plane cut under the angle α to the
spray axis (the flat target corresponds to α = 0). Varying the angle α allows us to investigate an oblique impact of
the spray.
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FIGURE 1. Experimental set-up. (a) – side view, (b) – view A-A.

Imaging of the impacting spray
Varying the duration of the delay between the triggering of the injection and the CCD camera allows one to

visualize different stages of the spray propagation and impact. One example of an image sequence for a spray
impacting the inclined target (α = 30°) is shown in Fig. 2. Note however, that because of the high velocity of the
spray propagation, even a small variation in the time interval between the triggering of the injection and the opening
of the nozzle leads to the significant variation in the length of the visualized spray. The images of the spray were not
perfectly reproducible and therefore the exact time interval between the images is not essential. Nevertheless, these
images provide qualitative information about the geometry of the spray at different stages of the impact and the
main direction of motion of the secondary droplets. In Fig. 3 the sprays impacting different targets at various
conditions are shown.  In Figs. 3a, b and c the spray impacts the targets of various angles α, while the other
conditions, the injection pressure Pinj and the ambient pressure Pa, are the kept constant. The cloud of the secondary
droplets become thicker as the angle α decreases. The main flow of these secondary droplets is directed nearly
parallel to the target surface. Another scenario can be observed in the case when the injection pressure is decreased
and the ambient pressure is increased significantly (Fig. 3d). The velocity of the drops in the spray decreases,
whereas their diameter increases. A wavy structure in the spray can be clearly observed. Most of the droplets
impacting onto the target are deposited on the wall. There is no visible influence of the target on the upstream
propagation of the spray.

In Figs. 4 and 5 the wall region is zoomed in order to visualize all the details of the impact. In Fig. 4 the liquid
film formed on the wall due to the deposition of impacting drops can be seen. The shape of this film is very non-
uniform and the thickness approximately 300 µm in the lower part of the picture. Also, a number of inclined finger-
like jets of the length of approximately 200 µm, rising from the film are shown in the figure. Note that the values of
the film thickness and the length of the fingers exceed significantly the diameter of the impacting drops, which is of
order of 10 – 20 µm.  It could be assumed that these jets are the product of crown destruction, formed by the oblique
drop impact onto a wavy film of individual droplets. However, the height of the crowns observed in the study [10],
which investigated the impact of single drops onto an undisturbed liquid film, does not exceed 3 drop diameters. The
phenomenon of jetting of the wall film shown in Fig. 4 takes place not only in the case of oblique spray impact.
Similar phenomena were observed in the experimental studies of the impact of a single drop onto a wall wetted by
another liquid drop [11], however the length of the jets was also of order of only a few drop initial diameters. In the
study [6] of the normal impact of a water spray onto a spherical target, similar jets were observed. The jetting of the
film on the wall is probably a typical phenomenon of the polydisperse spray impact when the wall film is extremely
disrupted by the impacting drops. The formation of the finger-like jets should be thus taken into account when
modelling the spray/wall impact and the mechanism of the phenomenon should be better understood.



FIGURE 2. Sequence of the diesel spray impact on an inclined target.
(Impact angle α = 30°, ambient pressure Pa = 5 bar, injection pressure Pinj= 150 bar).

FIGURE 3. Effect of the different conditions on the spray impact.
(a) - α = 60°, Pinj= 300 bar, Pamb= 1 bar, (b)  - α = 45°, Pinj=300 bar, Pamb=1 bar,
(c) - α = 30°, Pinj= 300 bar, Pamb= 1 bar, (d) - α = 15°, Pinj=150 bar, Pamb=14 bar.

1 mm

(a) (b) (c) (d)



FIGURE 4. Liquid film and finger-like jets formed on
the surface of the target by the spray impact. α=60°,

Ping = 150 bar, Pa = 1 bar.

FIGURE 5. Breaking up of a free liquid film behind the
target. α=45°, Ping = 300 bar, Pa = 1 bar.

In Fig. 5 the film ejects from the wall and brakes up into elongated strands and secondary droplets.

Measurements of the impacting spray using the phase Doppler technique.
The quantitative description of the spray impingement, the diameter and two components of the velocity vector

of the drops is obtained using the phase Doppler instrument. The results of the single-point measurements are shown
in Fig. 6. The geometry of the target and the location of the measurement volume are shown in Fig. 6a. Figs. 6b and
6c are the contour plots of the probability density functions [6] of the vertical u-component of the velocity (Fig. 6b),
and the droplet diameter (Fig.6c) versus the time after injection. From Fig. 6b it can be estimated the spray
propagates through the measurement point within about 0.02 s. Note also, that the diameter of the drops during this
time interval significantly exceeds the average diameter of drops suspended in the surrounding air flow following
the spray passage.

The drop velocities at different points located in the horizontal plane 2 mm above the upper edge of the target are
shown in Fig. 7. The position of the measurement points, as well as the definition of the angle α are shown in Fig.
7a. The vertical u-component of the drop velocity was averaged during the time interval of propagation of the spray
through a given point. We have chosen the time interval 0.015 s after injection for the averaging of the velocities at
each measurement point. The average u-component of the velocity varies across the target. No influence of the
target angle α on the velocity was found. The difference in the velocity at the same point for different targets was
approximately 20% and can be explained only by the uncertainty of the measurements.

In Fig. 8 the probability density function of the u and v velocity components is shown for different locations of
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FIGURE 8. The vertical (-u) velocity component as a function of the horizontal (v) velocity component. The
conditions of impact  are the same as in Fig. 6. The positions of the measuring points are given in Fig. 6a.

the measurement point. The dashed line on the plots corresponds to the velocity vector parallel to the wall. At the
points near the wall (points 1 – 8) the fields located in the graphs below this line correspond to the droplets before
impact, whereas fields above the line correspond to the secondary droplets after impact. Only at points 7, 8 and 16
are the secondary droplets moving parallel to the wall. Their velocity vectors appear in the plots as separate data
islands. Note that points 7 and 8 are located near the wall in the periphery of the main flow of the impacting spray,
the point 16 is behind the target near the plane of the wall.  Moreover, the presence of the secondary droplets is more
pronounced at the early stages of the spray impact (see Fig. 9).

In Fig. 10 the velocity component vτ parallel to the wall is plotted as a function of the impingement angle α. The
measurement volume was located at y = 4 mm, the x-coordinate varied as shown in Fig. 6a. Only drops detected
during the time of the spray propagation (t < 0.015 s) and whose velocity vector form an angle less then °±15  with
the wall were taken into account. Next, among the points with different x-positions, the one with the maximum vτ

was chosen. It is interesting that the obtained dependence of the velocity vτ on the angle α is not monotonic in spite
of the fact that the velocity of the spray before impact is nearly the same for all the targets. Thus, velocity
component tangential to the wall increases as the angle α grows. Nevertheless, measurements with the much finer
mesh are still required to validate this result.

Conclusions
Diesel spray impact was investigated combining two optical methods of measurements: visualization by the

CCD camera and the phase Doppler technique.
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The phenomena of formation of finger-like jets during the spray impact and the breaking up of the liquid sheet
behind the target were observed. These phenomena are part of the mechanisms for producing secondary droplets and
should be taken into account in the modelling of the spray impingement.

It was shown that the phase-Doppler technique is the appropriate instrument for quantitative investigation of the
impinging spray. However, the choice of the measurement volume location is very important. The secondary
droplets can be clearly detected and distinguished from the impacting drops only in close proximity to the plane of
the wall but outside of the core of the impinging spray.
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FIGURE 9. The vertical (-u) velocity component of the drop velocity as a function of the horizontal (v) velocity
component at different time intervals at point 16 (see Fig. 6a).
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Abstract
Generalized Scattering Imaging out-of-focus technique was extended to absorbing droplets. Droplets' diameters

were inferred from the spacing between intensity oscillations in out of focus images in case of very absorbing fluids.
The detection of fringes is related to the droplet opacity and the technique works fine for droplets' absorption as high
as kD=0.4. In addition, information on droplet absorption was also inferred by measuring the visibility of fringes.
The technique was experimentally tested on calibrated droplets of known absorption in isothermal and evaporating
regimes.

Introduction
In 1990 an innovative 2D imaging technique to measure size of droplets in disperse sprays was proposed /1/.

The innovation lies in the fact that in opposition to ordinary 2-D optical methods where well-focused images are
captured, the proposed technique was based on the analysis of out-of-focus images. In out-of-focus images the
droplet contours are not well defined but a peculiar pattern of fringes appears inside the droplet picture (Fig.1). In
these conditions the picture represents the image of the scattered field, the fringes inside the droplet being the
intensity oscillations of the scattered field. The angular spacing of the oscillations is quite regular (at least in forward
and partially in the sideward angular regions) and inversely proportional to the droplet diameter. Thus the size of
droplets could be inferred from the analysis of the images. In particular, on the basis of the Lorenz-Mie theory, a
correlation between drop diameter and number of oscillation per degree was determined and the size of droplets was
measured by counting the number of fringes present in each defocused drop image [1]. This approach, that we could
call Mie Scattering Imaging, was subsequently technically improved [2] and applied with good results to the
estimation of fuel droplets diameter distribution in a spark ignition engine before ignition [3].

However, the theoretical framework of the method was the
Lorenz-Mie theory and, hence, the technique could be rigorously
applied only in case of homogeneous droplets. On the contrary, in
practical systems homogeneous droplets represent a very limit case:
droplets heat and vaporise in non-stationary conditions, this
generating profiles of temperature and, hence, of the real part of the
refractive index inside droplets. To overcome such a limitation, a
theoretical analysis of the scattering angular patterns of both
homogeneous and non-homogenous droplets was carried out and the
extension of the technique to inhomogeneous droplets was assessed
[4]. By using the Lorenz-Mie theory and the Finely Stratifies Sphere
Scattering Model, FSSSM, [5] the dependence of ###### on droplet
diameter and refractive index in case of both homogeneous and
radially inhomogeneous spheres was systematically analysed.
Droplets with diameter between 5 µm and 100 µm and refractive
index in the range 1.3 - 1.6 were examined in that theoretical
analysis. For inhomogeneous droplets many different profiles of the
refractive index were used in the calculations in order to simulate the
different profiles occurring in practical systems. The theoretical
analysis of the scattering patterns permitted to conclude that the best
angular region to generalise the out-of-focus technique was around
ϑ=60°. At this scattering angle the spacing between intensity

oscillations is extremely regular, it is practically independent of the scattering angle and depends only slightly on the
refractive index profile. The generalising law for all the refractive indexes is:

######(###, m(r), D) = 1.129 (180° / α) at ϑ=60°. (1)

FIGURE 1. Out of focus image of
a water droplet.



where m(r) stands for a radial profile of the complex refractive index. Homogeneous droplets represent a particular
case whit m(r)=const.

By means of the previous relation, the measure of angular oscillation spacing in out of focus images permits the
determination of droplet size within 4%, even if the refractive index is completely unknown (i.e., droplets can be
homogeneous or inhomogeneous with any refractive index profile). Thus the technique can be applied to study
reactive non-isothermal sprays where the hypothesis of homogeneous droplets has to be relaxed. The extended
technique, that we called Generalized Scattering Imaging, GSI, was successfully applied to transparent droplets in
non-stationary vaporisation regime (i.e., with internal variation of the real part of the refractive index) [6].

However, there is a further step to overcome. In many practical applications droplets in spray undergone
thermal treatments that generate an increase of the liquid absorption due to both physical and chemical processes.
Selective vaporisation in multicomponent fluids or spray drying as well as activation of chemical reactions of
thermally unstable compounds are typical examples of processes that usually originate a remarkable increase of the
imaginary part of the refractive index of droplets. For example, during evaporation/combustion of light fuel oil
droplets the imaginary part of the refractive index varies of four orders of magnitude or more due to both
evaporation and liquid phase pyrolysis.

Aim of the present paper is to discuss the extension of GSI to absorbing droplets. This upgrading can represent
a very promising feature in the study of reactive sprays where droplets' evolution is characterised by a variation of
both size and composition.

Theoretical background
Theoretical calculations on transparent and absorbing homogeneous and non-homogeneous droplets have

shown that at the scattering angle around 60° the oscillation spacing has the lowest dependence on the complex
refractive index. Figure 2 shows the results in terms of oscillation spacing in function of droplet diameter.

The increase of the imaginary part of refractive index implies a reduction of the oscillation amplitude remaining
the angular spacing practically unvaried. Theoretical calculations relative to droplets of water (n=1.334) of 40 µm
have shown that up to a k around 10-4 only slight differences are observed in the angular patterns in the sideward
region. The computations were performed with an angular step of 0.01°. Starting from k=10-4, a decrease of maxima
and minima of the scattered intensities is observed. Augmenting again the absorption of droplets, maxima continue
to decrease while minima begin to rise. At k=10-2 the oscillations of the scattered field are still observable; the
maxima and minima are very close and the scattering pattern is much more smooth. For higher k values oscillations
completely disappear with the intensities that increase with k. This discussion is qualified in Fig.3 where the
behaviour of maxima and minima of scattering intensity are shown in function of the imaginary part of the refractive
index. The picture shows in detail the monotonic decrease of maxima (much more marked from k=10-3) and the
double behaviour of minima: their values first decrease for k up to 1.5*10-3 and then increase for higher k.  Maxima
and minima become equal for k≥10-2 that corresponds to the disappearing of oscillations.
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The behaviour of scattering intensities
with k can be explained by having recourse to
geometrical optics. In the sideward, around
ϑ=60°, the scattering is dominated by
refraction and reflection. Diffraction is
confined to small angles in forward and
surface waves are negligible at this angle
(especially for vertical polarisation).
Refraction contribution is due to light rays that
emerge from the droplet surface after having
traversed one time the droplet interior.
Reflection is due to light that is directly
reflected at the air-droplet interface. Both
contributions scale up with D2 but they
differently depend on the complex refractive
index of the liquid composing the droplet. An
increase of the imaginary part of refractive
index corresponds to a diminution of the light
transmitted thorough the droplet according the
Lambert-Beer law. The emerging refracted
light is attenuated exponentially with the
optical thickness kL. L is the length of the
liquid path that refracted light crosses inside
the droplet and depends on the scattering
angle and on the droplet diameter. Reflection
is governed by the Fresnel coefficients and its
contribution practically remains unvaried up
to very large k values when droplets tend to
totally reflecting spheres.

Scattering intensity oscillations around
ϑ=60° can be interpreted, in the geometrical
optics approach, as the interference between
refracted and reflected components (see for
example  [7]). At  very  high values of k
(k>10-2) oscillations disappear being refracted
light completely absorbed inside droplets. The
unique contribution to the scattering is due to
reflection and, hence, no interference between
different contributions can take place.
Decreasing droplets absorption, part of the
refracted light emerges from the droplet and
interferes with reflected light generating
oscillations in the total scattered light.
However for droplets still highly absorbing
(k≈10-2) refractive contribution is small and
oscillations are not marked. A further decrease
of droplet absorption will correspond to wide
oscillations, the maximum being reached
when refraction and reflection have
comparable intensities with the proper phase.
Lower absorption will reduce oscillations’
amplitude due to a mismatching of both phase
and intensity of refracted and reflected light.
This point is qualified in Fig.4 where
oscillations’ visibility defined as η = (Imax-
Imin)/(Imax+Imin) is shown in function of the
imaginary part of refractive index. Visibility
runs between 0 and 1: a visibility near 1
indicates a strong fringe contrast and thus an
easy recognition of oscillations. The picture is
obtained on the basis of the maxima and
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minima intensities showed in Fig. 3 for a 40 µm droplet. However identical trends were obtained for different
diameters: visibility curves corresponding to different diameters completely superimpose if they are plotted in
function of kD (in agreement with the fact that absorption inside droplet is proportional to kD product).

Experimental set up and procedures
The second harmonic of a pulsed Nd-YAG laser (Continuum, Power Light) with a frequency repetition of 10

Hz was the light source. The laser pulses were 10 ns short: enough to "freeze" the captured images. The light beam
was reduced to a vertical sheet (150 µm × 2 mm in the measuring section) by means of a couple of crossed
cylindrical lenses (f3=250 and f4=500mm).

A generator of calibrated droplets (TSI, Vibrating Orifice, mod. 3540) was used to produce streams of droplets
of known size. By means of 20 µm and 35 µm orifices, droplets ranging between 40 µm and 100 µm were tested in
the experiments. Streams of droplets were dispersed in a weak airflow (1500 cc/min) and injected in a flow of air
that could be heated up to 600°C by means of a circulation heater. The flow was confined in a 50 mm ID stainless
steel tube 200 mm long at which exit the measurements were performed.

Droplet images were caught by a 1024x1024 pixels square CCD (Princeton Instruments) equipped with a
mechanical shutter. The CCD was placed on a carrier moving on an optical rail. The rail was fixed on a rotating
table in order to change the scattering angle. The coarse focusing-defocusing was obtained moving the carrier along
the rail. Fine adjustments of the CCD position were achieved by mean a XYZ micropositioner. The objective was a
micro-Nikkor 60mm with an f# = 2.8. An interference filter peaked at 532 nm (FWHM 10 nm) and a polarisation
sheet were mounted in front of the objective. They were used to improve the image quality, reducing the background
illumination. The shutter aperture was 100 ms. Before starting the experimentation a calibration curve was also
determined and the linear dependence of the fringe spacing (as measured on the detector) on the out-of-focus
distance was verified [6].

Experiments were carried out on calibrated droplets of known absorption in both isothermal and evaporative
regimes. E131, a blue dye used in food industry, was mixed with demineralised water in different concentrations to
obtain samples of proper absorption. The imaginary part of refractive index of samples was determined directly in
dedicated tests by measuring the extinction of the Nd-Yag beam or, after a suitable dilution by means of a
spectrophotometer. Dye concentrations varied between 0.1% and 10%; the corresponding k values increased linearly
with dye concentration between 1.7*10-6 and 1.7*10-4 thus showing that no saturation condition was reached.

A first series of testes was performed at room temperature on droplets of different diameter and absorption in
order to verify the application of GSI to non transparent droplets. For comparison, experiments were also carried out
on droplets composed of pure water. In a second group of experiments, out of focus images of droplets of 46.3 µm
of the higher absorption sample were caught at room temperature and at high temperature. In high temperature
experiments streams of calibrated droplets were injected in the airflow heated in the circulation heater. Tests were
carried out at three temperatures. In the probe volume, at the exit of the tubular section, the air temperature was
150°C, 230°C and 280°C, respectively.

Characterisation of absorbing droplets in isothermal and evaporating regimes
Droplets of different diameters and absorption were injected in a flow of air heated up to the maximum

temperature of 400°C. Table I reassumes the experimental conditions of tests and the experimental results in terms
of fringe spacing and droplet diameter. Droplet diameters shown in column 3 represent the theoretical value
obtained on the basis of the parameters set on the droplet generator. T is the temperature of the air flux. k is the
imaginary part of the refractive index of the different samples that was measured prior the tests. Test 1 was carried
out on demineralised water without dye.

Test # Dye Concentration
(% vol.)

Dth
(µm)

ksample T
(°C)

Fringe spacing
(pixel)

Dexp
(µm)

1 0.0 42.2 0.0 20 28.4 42.5
2 0.3 71.2 4.9*10-6 20 15.0 80.5
3 1 71.2 1.6*10-5 20 15.9 75.9
4 1 62.8 1.6*10-5 400 32.4 37.3
5 4 44.7 6.3*10-4 20 25.1 48.1
6 4 44.7 6.3*10-4 250 48.5 24.9
7 10 46.3 1.7*10-3 20 30.3 39.8
8 10 46.3 1.7*10-3 150 39.9 30.3
9 10 46.3 1.7*10-3 230 46.0 26.2

10 10 46.3 1.7*10-3 280 54.5 22.1

TABLE I. Experimental conditions of tests and main results



Up to the maximum kD tested intensity oscillations in out of focus images were clearly identifiable (Fig.5). The
average oscillation spacing measured in the experiments are also shown in Tab. I, as well as the corresponding
inferred diameter (columns 6 and 7, respectively). The droplets' diameters were determined on the basis of the
measured oscillation spacing and using relation (1) after a proper calibration of the experimental apparatus. The
diameters measured at room temperature are in good agreement with the expected ones, thus showing the great
flexibility of the method.

In order to test the method in more severe conditions, absorbing droplets were also injected in the air flow
heated up to a maximum of 400°C. The average experimental value of oscillation spacing and of the inferred
diameters are also shown in Tab.I (tests 3-6). Figure 6 shows the respective size distributions. As expected,
increasing the temperature of the air, the droplets' diameter decreased showing a higher reduction when smaller
initial droplets were used. The size distributions at high temperature are typically wider than the initial ones. This is
justified by considering that, first, inside the tubular section droplets can undergo different thermal histories and,
second, that the same initial volume difference results in larger diameter difference in case of small droplets. Note
that the cold size distribution in tests 5-6 (Fig.6, left) was larger than the ones measured in tests 3-4 (Fig.6, right).
This was due to the operation condition of the droplet generator that was set in order to produce just non completely
calibrated droplet arrays.

Figure 7 shows the visibility of fringes measured in out of focus images of droplets of the same initial diameter
and refractive index but at different temperature (tests 7-10). Data of Fig.7 and Tab.I are in agreement with the
expected phenomenology: droplets in a loose evaporating regime whose diameters decrease while their absorption
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FIGURE 5.  Example of out of focus images of droplets with different fringe spacing and visibility.



increases. In fact, in the hypothesis that no dye is
lost during evaporation, dye concentration, and
consequently k, increases proportionally to the
droplet volume decrease. Thus kD increases with
the second power of the droplet diameter
reduction. On the basis of Fig.4, a decrease of
fringe visibility occurs for a droplet opacity
higher than kD=0.1. But the reduction of droplet
diameter found in our tests was not so large to
justify such an increase of kD (see Tab.I
column 7). Thus though the trend of fringe
visibility was qualitatively correct in agreement
with their physical meaning, it didn't return the
correct numerical value of kD. In order to
understand this mismatch, a first comment
regarding the behaviour of the dye in small
droplets has to be done. E131 (Patent Blue V), a
dark bluish-violet synthetic coal tar dye, was
commercially available in prepared solutions
with water and propylene glycol. In macroscopic
volumes of mixture it is expected a uniform
distribution of dye in the liquid bulk. In small
droplets, the strong surface tension could
generate dye enrichment on the droplet surface
thus modifying the scattering properties of the
droplet itself. Our considerations are

substantiated by the fact that also in the most dilute solutions, that were practically transparent, the visibility was
around 0.6, well below the theoretical value of 0.9 (see Fig.4). In addition, in tests 7-10 dye concentration was close
to the solubility limit. Thus, fluctuation of dye concentration due to surface forces or evaporation could generate dye
precipitation inside droplet.

Conclusions
Generalised Scattering Imaging out-of-focus technique was successfully applied to absorbing droplets. Size

distributions of droplets at room temperature as well as at high temperature, in evaporating regime, were inferred.
Measuring the fringe visibility variations of liquid property were followed too. The results are in qualitative

agreement with the expected phenomenology. However, further analyses, especially concerning the role of the dye,
are necessary to converge in a quantitative agreement.

Nomenclature
D droplet diameter
k imaginary part of the refractive index
L length of the liquid path that refracted light crosses inside the droplet
m(r) n(r)-ik(r), complex refractive index
n real part of the refractive index
α size parameter, πD/λ
η visibility of fringes in out of focus images
λ light wavelength
ϑ scattering angle
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Abstract
The evaporation of one-component mono-disperse microdroplets with a size of approximately 90 microns was
investigated. The droplets were embedded in the air flow of a windtunnel. The velocity magnitude of the laminar air
flow was adjustable within the range of 0-10 m/s. For the generation of the mono-disperse microdroplets an
appropriate aerosol generator was built. Besides its narrow droplet size distribution a small and aerodynamic shape
of the generator was requested in order to assure that the air flow is not strongly disturbed. To improve the long time
stability of the flow the windtunnel was additionally equipped with a control loop. The source of microdroplets was
characterized and evaporation measurements were performed. The evaporation rate of different liquids as well as the
dependence of the evaporation rate on the surrounding air flow were investigated with this set-up.

Experimental Set-up
The experimental set-up is shown in Fig. 1. A frequency doubled Nd-YAG at 532 nm, providing pulses with an
energy of approximately 120 mJ and a pulse duration of 7 ns, was used as the source of light. The laser beam was
divided into two identical beams by means of a 50/50 beam-splitter. These 2 partial beams reached the probe
volume at different heights. The difference in height was 11 mm. The emitted Mie scattering was imaged onto a
CCD. Camera and imaging optics could be moved by a z-translator. The position of the droplets inside the
windtunnel could be adjusted similarly by an x-y-translator unit. All translator units were controlled by a PC. Thus
small fluctuations of the positions of the droplets that are due to changes in the flow conditions could be corrected
online. In Fig. 1 the windtunnel is depicted. Air flow and droplet motion were parallel

detection angle  α 
air  flow

50 % wind tunnel 
contraction

z-translator    
CCD  - Camera

mirrors : 

100 % 
100 % 

droplet generator

xy - translation stage 

Fig. 1: Scheme of the experimental setup.

for the investigation of small relative velocities.
Counter flow and cross flow arrangements can be
realised as well. The laminarity of the flow is
achieved by leading the incoming air into a thick
layer of a porous medium. Thus the flow field is
homgenized. The air flow is accelerated when
entering the wind tunnel contraction region. Finally a
honeycomb mounted at the end of the contraction
zone improves the laminarization of the flow. The
contraction generates a flat top flow profile as
generally known from literature. The windtunnel was
studied in detail in previous work ([2]). Its flow
properties are known from PIV measurements. The
flow sensor of the control loop, that continuously
measures the adjusted flow velocity, was mounted at
the center of the upper part of the windtunnel. The
velocity in the contraction zone can be roughly
estimated by applying the contraction ratio (the
standard deviation of the control loop is estimated by
the manufacturer to be about 1%). The principle of
this aerosol generator is based on a contraction of the
effective tube diameter. Other aerosol generators
based on a salt-shaker principle or on the oscillation
of the pinhole disc are known from literature ([3]).
The contraction of the volume is done by the



oscillation of a cylindrical piezo ,mounted with seal rings inside the casing, which is flown through by the liquid
(Fig. 2). An outstanding property of this aerosol generator is its narrow extension (10 mm), which makes the use in
co-flow set-ups inside windtunnels possible without strong disturbance of the flow.

10-50 µm pinhole

cylindrical piezo ceramic

liquid

10 mm

100 mm

Fig. 2: The aerosol generator. The slim shape makes
it suitable for use in windtunnels, especially in co-
flow set-ups.
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Fig. 3: Drop size statistics based on 2000 droplets.
This statistical accuracy was used for all forthcoming

evaporation measurements.

The aerosol generator was generally operated at low pressures (< 1bar). The oscillation of the piezo induces the
Rayleigh break-up. So called "drop on demand"-operation was found to be possible, too. The droplet generator
produces droplets with the droplet size distribution shown in Fig. 3 (σ ≈ 0.3%). However it is not clear if this σ is
determined by the generator or the measurement technique. As the Rayleigh break-up is induced by an effective
volume contraction, the properties of the aerosol generator are merely affected by external vibrations (wind tunnel
vibrations etc.), because the periodic oscillations of the piezo are dominant. The standard deviation of the mean
value of n droplets given in Fig. 3 was determined according to equation (1). Values determined in this way were
checked by performing checks of the reproducibility of the evaporation measurement.

narith
σσ = (1)

These experimentally determined values were always comparable. In the upper case the relative measurement error
was 0.01 % for the mean drop size.

The Measurement Technique
A Mie scattering technique to determine the size of spherical microdroplets has been improved for the need of high
accuracy in three-dimensional systems. In the literature this technique is often referred to as ILIDS (Interferometric
Laser Imaging Droplet Sizing). The technique was first demonstrated in [1]. Recently ILIDS was applied to droplets
in technical sprays in [7], which is a typical 3D problem. The measurement principle relies on the evaluation of the
Mie scattering radiation recorded in the forward scattering direction (40°-80°). In this domain of the scattering angle
a regular interference pattern occurs that can be quantitatively understood as the interference of the reflected and
refracted light waves emitted by the droplet. The droplet diameter can be deduced from the interference pattern by
means of equation (2). According to [5] the general relation between droplet diameter D and the number of
interference maxima (fringes) N is given by:
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Where N/α is the number of fringes in the collecting angle α , m  the refractive index, λ  the laser wavelength, θ  the
detection angle and D the droplet diameter. The interference structure in the region around 60° is approximately
independent of the refractive index of the liquid. Thus it is independent of slight changes of the droplet temperature.
According to [4] the spacing ∆θ  of the interference fringes around θ = 60° is given by equation (3).

χ
θ

0180129.1 ⋅=∆
(3)

λ
πχ D= (4)

Thus the measurement technique is nearly independent of the droplet temperature.
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Fig. 4: Sketch for the deduction of equation . Only
the light rays reaching the optics from the entrance

point of the laser beam are shown.

Fig. 5: Consideration of reflected and refracted light
waves with regard to the origin of the signal in Fig. 8.

In 3D applications the correction of the effective collecting angle α, that depends on the distance of the droplet from
the imaging optics (see Fig. 4 and Fig. 5), is the most critical part of this technique. In [4] the accuracy is specified
to be about 4 %, in [1] about 2% .

Fig. 6: Typical raw data. The signals of 4 droplets
can be seen. Each horizontal signal pattern gives the
intensity I as a function of the scattering angle θ
within a certain range. From I(θ) the droplet size can
be deduced.
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Fig. 7: Typical profile taken from the 2nd droplet in
Fig. 6.

Especially the correction of the collecting angle of each single droplet signal provided a possibility for
improvement. A collecting angle of 20° is used to detect the scattering signal but only a small part of the signal
(about 20 fringes around θ = 60°) is used to determine the fringe spacing, ensuring its independence of the refractive
index. The large collecting angle however is needed to achieve a high precision in determining the effective
collecting angle, that varies from droplet to droplet due to fluctuations in the y-position of the droplet in 3D systems
as will be discussed in detail later in this chapter. Fig. 6 shows a typical raw image. The Mie scattering signal of 4
droplets in the out-of-focus plane can be seen as 4 separated horizontally orientated signals I(θ). The horizontal
extension of the signals is given by the edge of the imaging optics while the vertical one is determined by a
horizontal slit mounted in front of the imaging optics. In this way overlapping signals from neighbouring droplets



are avoided and thus the smallest possible distance between droplets is reduced. This is very important for
evaporation studies in droplet clusters. The collecting angle α  is determined from the total horizontal extension of
the signal as illustrated in Fig. 4 and Fig. 5. The relation of the horizontal extension of one glare point (for example
from the reflected part of the light) l and the collecting angle α  can be determined by geometrical analysis to be:
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f is the focal length of the optics. See Fig. 4 and Fig. 5 for the corresponding geometry. The maxima located at the
edge of the signal arise from Fresnel diffraction at the edge of the aperture of the imaging optics and are clearly
separated from the region, where interference occurs. The horizontal extension of the signal is derived from the
distance between the outer right and outer left maximum. From this extension l can be derived, which is the
important quantity in the determination of the collecting angle. The separation of said regions, where interference or
pure signal from one glare point respectively occurs, which is achieved by the combination of a high magnification
of 7.6 with a large average collecting angle of about 20°,  is the needed for a high precision in the determination of
the real collecting angle. Fig. 8 and Fig. 9 show the effect of this angle calibration. Fig. 8 shows a broad droplet size
spectrum. The width of the distribution is dominated by the fluctuations of the y-positions of the droplets due to the
surrounding air flow.  After the application of the calibration procedure the distribution width of the droplet sizes
including the measurement error remains.
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The FWHM is determined to be σ ≈ 0.3%. The width of the droplet distribution of the aerosol generator can
therefore be assumed to be of the same order or even less. This value is comparable to other aerosol generators
reported in the literature.

Experimental Results
First of all the long term stability of the droplet size spectrum produced by the aerosol generator had to be checked.
Corresponding measurements were carried out inside the windtunnel at well defined air flows to avoid an
accumulation of vapour which would have reduced the evaporation rate of the droplets. Thus a well defined gas
environment could be provided, which should facilitate highly reproducible evaporation measurements. The stability
of the system is expressed by Fig. 3. Within about 10 minutes 1000 images of the Mie scattering emitted by the
droplets were taken. The corresponding Mie signals were evaluated and the resulting droplet size spectrum was
determined. Each image contained the signals of 2 droplets so that the statistics refer to 2000 droplets. The
histogram in Fig. 3 shows that the standard deviation of the droplet size is, as mentioned above, about σ  ≈ 0.3%.
The standard deviation of the arithmetic mean value determined according to equation (1) is 0.008 %. This is the
accuracy for averaged relative droplet size measurements and represents the measurement error for evaporation
measurements. The measurements of the evaporation rate in the continuous droplet stream were carried out as
follows. At 2 distinct points of the droplet chain measurements of the relative droplet size were carried out over a
period of time of 15 min by means of ILIDS. These two probe volumes were located 50 and 61 mm below the
generator nozzle, so that the evaporation over a distance of 11 mm was determined. To avoid systematic errors due
to a long term drift of the generator the two volumes were probed alternately. A single droplet size measurement at
one
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Fig. 10: Evaporation rate of pentane over distance of
11 mm at height h = 50 mm below the pinhole

position took approximately one minute. Typical results
obtained from measurements of pentane droplets are
depicted in Fig. 10. The airflow inside the windtunnel was
set to approximately 1 m/s to avoid an accumulation of
vapour. The velocity of the droplets can be deduced from
the distance of the droplets as dN/dt = const, which is based
on the assumption that no droplet collisions and break-ups
occur. The droplet velocity can be determined
simultaneously within each ILIDS measurement from the
distance of the droplets and the generator frequency. It was
about 9 m/s. Several liquids with different vapour pressures
(boiling points) were investigated under identical flow
conditions. The result is depicted in Fig. 11. The
measurements were carried out completely analogous to the
previous evaporation measurements with pentane. The
velocity of the air flow was set to 1 m/s. Air temperature
was approximately 20° at atmospheric pressure. The
corresponding evaporation rates of the tested liquids
according to [6] are plotted in Fig. 12.

It can be seen, that the evaporation rates determined experimentally show good agreement with the evaporation rates
according to [6]. So the expected effect is properly corroborated by the measurement system, which is shown more
clearly in Fig. 12. These results prove the functionality of the new set-up. The error bars given in Fig. 12 arise from
the measurement error of single droplet size measurements according to equation (1). Slight deviations from the
linear correlation in Fig. 12 can be explained by slightly different droplet sizes of the different liquids.
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Finally the dependence of the evaporation rate on the windtunnel air flow velocity was studied. Pentane was used as
the liquid. For this purpose measurements were performed at one fixed height beneath the nozzle (h= 50 mm). The
initial droplet size was kept constant and the windtunnel air flow was varied. The corresponding measured droplet
size distributions are shown in Fig. 13. The dependence on the air flow is clearly visible. Mean values and their
standard deviations are shown in Fig. 14. A global increase of the evaporation with increasing absolute windtunnel
air flow velocity is visible. Note that the relative velocity between the droplets and the air decreases within the given
interval of variation of the air flow (vair = 0 – 4.5 m/s, vdroplet ≈ 9 m/s). The observed effect therefore is somewhat
surprising. It might be expected, that the evaporation would increase with increasing relative velocity. A possible
explanation of the observed effect is based on the assumption, that in the proximity of the droplet chain a vapour
cloud is formed, that depends on the air flow.



92 94 96
0

100
200

92 94 96
0

50
100
150
200

92 94 96
0

100
200

92 94 96
0

50
100
150

92 94 96
0

50
100
150

92 94 96
0

50
100
150

H
äu

fig
ke

it 
[#

]

 Tropfengröße [µm]

Vgas

4.5 m/s

3.4 m/s

2.3 m/s

1.3 m/s

0    m/s

0    m/s

droplet size [µm]            

# 
of

 e
ve

nt
s  

   
   

   
   

   
   

   
 

Fig. 13: Variation of the gas flow velocity inside the
windtunnel.
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The vapour density distribution in this vapour cloud would decrease with increasing absolute air flow velocity
which causes an enhanced removal of vapour from this cloud. In this model the absolute velocity of the global air
flow would be the decisive quantity. A detailed clarification of this effect could be achieved by
vapour phase measurements in between the droplets and comparative evaporation measurements in counter-flow
arrangements. The effect is highly reproducible even in the domain of very low absolute air flow velocities.
Regarding the droplet velocities it can be stated that there is no obvious dependence of the droplet velocity on the
global air flow velocity. The accuracy of the control loop for the determination of the air flow velocity given by the
manufacturer is approximately 1 %. Nevertheless the given values for the air flow velocity must be regarded as
preliminary because the measurement of the air flow by the flow sensor only allows an approximate estimation of
the air flow in the probe volume

Summary and conclusions
An improved droplet sizing technique has been developed and adapted for 3D flow systems. The accuracy of this
technique has been improved by two orders of magnitude. The measurement technique has been tested in a
windtunnel air flow. A windtunnel flow facility as well as an appropriate aerosol generator with a mono-disperse
droplet size distribution have been developed. The set-up allows precise measurements of the evaporation rate of
droplets in a continuous droplet stream and therefore provides a tool for fundamental evaporation studies. First
results from a continuous droplet stream were found. In the future investigations on single droplets, short droplet
sequences and regular droplet clusters shall be performed. Evaporation measurements will be combined with
measurements of the vapour concentration and the gas phase velocity in close proximity to the droplets.
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Abstract
Progress in Global Rainbow Thermometry (GRT) is reported. GRT aims at measuring the mean size and temperature
of spray droplets. In this paper, a flat fan water spray is studied, at two different pressures, 3 bar and 1.5 bar and at
three different vertical positions, 20 cm, 30 cm and 40 cm from the nozzle exit. Axial and radial droplet size and
temperature profiles have been measured for these conditions. The mean droplet diameter obtained from the rainbow
pattern has been compared with the one measured by phase-Doppler Anemometry. The droplet temperature has to
equal the ambient one, as evaporation can be neglected. An improvement of the set-up is given in the work. This is
the presence of a spatial filter, selecting a well-defined probe volume in the spray, and thus allowing the
measurement of local mean values.
The mean diameter measurement by Global Rainbow Thermometry turns out to be dependent on the droplet size
distribution and on the degree of sphericity of the droplets. The mean temperature is independent of these factors and
is measured with an accuracy of about +/-5 oC.
Introduction
Since 1988, Standard Rainbow Thermometry has been investigated [1-4]. It is a non-intrusive laser technique, based
on the detection of a monochromatic rainbow interference pattern created by a single droplet illuminated by a laser
beam. This technique allows the determination of the size of single spray droplets from the fringe spacing of the
rainbow interference pattern. Standard Rainbow Thermometry connects the scattering angle of the main rainbow
maximum, generated by the single droplet, to the droplet’s refractive index and thus to its temperature. However
droplet non-sphericity influences the rainbow position and therefore degrades the quality of the droplet temperature
measurements. To avoid this, Global Rainbow Thermometry has been proposed, in 1999, by Van Beeck et alias [5].
Global Rainbow Thermometry treats multiple droplets so that an average steady rainbow appears. This means that
not one but all the droplets crossing the laser beam will contribute to the angular scattered light distribution. As
explained in [5], even if probably numerous nonspherical droplets are crossing the laser beam, the global rainbow
pattern is not moving. This implies that the pattern is formed by constructive interference of the spherical droplets,
for which the geometrical angle is the same. The interference fringes for the nonspherical droplets are randomly
oriented and so destructive interference occurs for them, yielding a uniform background. To obtain the droplet
temperature and diameter, data inversion schemes have been applied to the experimental signals, as will be explained
in the next section.
Experimental set-up and data processing
Figure 1 shows a picture of the experimental set-up. A CW laser beam is expanded and directed towards the water
spray by a system of lenses and mirrors. The monochromatic, back-scattered light of all the droplets that cross the
laser beam is received by a large-diameter lens. At the image plane of this lens a pinhole spatially filters the laser
beam and thus selects a probe volume of about 1cm3. Only the droplets passing this volume will contribute to the
rainbow that is projected on a semi-transparent screen, which is recorded from the other side by a digital video
camera. The use of a transparent screen makes the alignment of a video camera to a mirror issue. To calibrate the
magnification factor of the camera, one records a millimeter paper that is attached to the screen. The relationship
between pixel number and the scattering angle is found via the focal length of the lens system.  The position of the
rainbow on the screen depends on the refractive index of the droplets, thus on their temperature. The interference
fringes that are seen in the rainbow pattern can be related to the droplet size without prior knowledge of droplet
temperature. As such, both parameters can be obtained quasi-independent from each other.



Figure 2 shows a typical global rainbow pattern. The two dimensional image shows an intense green band that
represents the main rainbow maximum resulting from the superposition of scattering diagrams of individual droplets.
Because the pattern of fig.2 is quasi one-dimensional, it can be analyzed along one horizontal cross section. So the
rainbow signal would be considered as the intensity function of the horizontal centerline of the recorded rainbow
image. This kind of 1D rainbow pattern is used for determining mean droplet size and temperature.

FIGURE 1: Experimental set-up. FIGURE 2: Global Rainbow Pattern.

The droplet diameter can be estimated from the monochromatic pattern of fig.3. It is called the Airy diameter and it
is derived from the distance between the first two inflection points θinf1 and θinf2 (fig.3), applying the Airy theory for
the rainbow [6]:
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The droplet temperature is obtained from the geometrical rainbow angle θrg, which is close to θinf1 and only a
function of the liquid refractive index, thus temperature. θrg is derived from DAiry and the first inflection point [6]:
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FIGURE 3: Experimental Global Rainbow profile with
main maximum θmax and the inflection points θinf1  and θinf2.

FIGURE 4:  Experimental Global Rainbow pattern in
the core and in the edge of the spray. The pixel
number is proportional to the scattering angle.

Experimental procedure
A flat fan water spray is studied, by performing experiments with the Global Rainbow Technique. Measurements of
mean droplet size and temperature were carried out at injection pressure of 1.5 bar and 3 bar, with the liquid
discharging from the nozzle into air at normal atmospheric pressure and temperature. In order to accurately assess

θinf2
θinf1

θrg



and understand drop size data three different vertical distances from the exit of the nozzle are considered: 20 cm, 30
cm and 40 cm. For each distance, profiles are taken along two perpendicular axes of the elliptical cross section of the
flat fan spray. During the water spray experiments, the scattered light intensity is different according to the position
in the spray. There is a tendency of decreasing scattered light intensity for positions far away from the core, which is
due to the smaller number of droplets in the outer edges of the spray (fig.4). Furthermore, as measurements are taken
closer to the core, the secondary peaks become less visible, or disappear completely.
For all radial profiles the starting point has been chosen little before the center of the spray (which is defined as the
point with the maximum scattered light intensity) and rainbows have been recorded till signal extinction, which is
close to the edge of the spray.

Sphericity factor
Global Rainbow Thermometry treats multiple droplets so that an average, steady rainbow appears. The pattern is
formed by constructive interference of the spherical droplets. Destructive interference occurs for non-spherical
droplets, because their interference fringes are randomly oriented and thus yield a uniform background.
Consequently, it is possible to define a so-called sphericity factor, which is proportional to the ratio of spherical to
nonspherical droplets:
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Imax is the absolute maximum of the signal and BG the background level without rainbow signal. Imin is the
superposition of this BG plus the uniform background formed by the non-spherical droplets and/or liquid ligaments.
In fig.6 the non-sphericity factor, equal to 1-ηsph, is plotted for different pressures at different vertical positions
downstream the nozzle exit. The non-sphericity factor increases significantly for lower pressures far away from the
spray nozzle, which can be explained through the increasing droplet diameter, thus non-sphericity. However, close to
the nozzle the situation is the inverse, probably due to the higher initial droplet speed at higher pressure, leading to
higher droplet non-sphericity.

FIGURE 5: Non-sphericity factor for different radial
profiles.

FIGURE 6: Non-sphericity factor for different pressures
along the centerline.

Global Rainbow Thermometry versus Phase Doppler Anemometer
For all cases described in the previous sections, droplet size profiles have been taken, but only one of them will be
shown here. In fig. 7 the experimental results with the Global Rainbow technique show that the mean droplet size is
smaller in the core than in the outer edges of the flat fan spray. This tendency is similar to that of D20, measured with
PDA.
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FIGURE 7: Droplet size profiles for P=1.5 bar and z=30 cm. Dairy_inf(GRT) is the
mean diameter measured with the rainbow technique. Dairy_inf(sim) is the mean
droplet diameter obtained from rainbow simulations using the PDA droplet size
distribution. Dinf(sim-sf) is obtained from rainbow simulations using the PDA data,
corrected for the sphericity factor (eq. 3).

The results of Global Rainbow Thermometry will be affected by the fact that the technique measures only the most
spherical droplets present in the probe volume. To understand the influence of the droplet sphericity on the Airy
diameter, numerical simulations have been performed using the droplet size distribution coming out from the PDA
experiments, to obtain the theoretical rainbow. A model has been developed to generate the global signal by adding
the individual signal of each droplet, described by the normalized Airy function Ai(θ,dj), where θ is the scattering
angle and d the droplet diameter:
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The Airy function accounts for the normalized angular variation of the scattering diagram, whereas dj
7/3 describes the

dependency of the scattering light intensity on the droplet diameter within the primary rainbow region [7].
First, the complete distribution given by PDA has been used for the above model. The Airy diameters obtained by
applying eq. (1a) to the simulated rainbow (see Dairy_inf(sim) in fig.7) is much larger than the experimental ones
(Dairy_inf(GRT)). This is due to the fact that in the simulation all the droplets of the PDA distribution contribute to
the rainbow signal, but during the experiments the global rainbow signal is due to the contribution only of the more
spherical droplets present in the probe volume. Therefore, considering the experimental sphericity factor in the PDA
distribution, an amount of droplets has been deleted, starting with the largest droplets and proportional to the non-
sphericity factor 1-ηsph. Performing a rainbow simulation with this distribution, using eq. (4), a new diameter,
Dinf(sim-sf), is obtained (fig.7). It appears that this simulated diameter is much closer to the experimental results,
which proves that the diameter measurement by the rainbow technique is much more sensitive to droplet sphericity
than the phase-Doppler anemometer.
In fig.8 and in fig.9, the mean droplet diameters, obtained from inflection point method (eq. 1a), are shown in
different vertical positions along the centerline and for different pressures, both for the experiments and the
simulations. From the experimental results the mean diameter decreases if the injection pressure increases. Looking
to the comparison between the Airy diameters and the characteristic diameters, obtained with PDA, it is seen that
close to the nozzle the Airy diameter is close to the D20 (fig.9). In this figure it can also be seen that the Airy
diameter changes significantly with axial position. The increase of the droplet diameter from z=30 cm to z=40 cm
could be explained by coalescence [8].



FIGURE 8 Airy diameter, obtained from Global
Rainbow Thermometry (Exp_GRT) for different
injection pressures. “Sim_all” and “Sim_sph” are the
diameters obtained from simulations using the entire
and corrected droplet size distributions from PDA,
respectively, applying the sphericity factor (eq. 3).

FIGURE 9 Airy diameter, obtained from Global
Rainbow Thermometry (Exp(GRT)) for different
axial positions. “Sim_all” and “Sim_sph” are the
diameters obtained from simulations using the entire
and corrected droplet size distributions from PDA,
respectively, applying the GRT sphericity factor.

Droplet temperature profiles
In fig.10 and fig.11 the relative temperature profiles, i.e. with respect to the temperature in the core, are shown for
different axial positions and for different pressures. Eq. 1b is employed for this. The variation in temperature is of a
few degrees Celsius. It seems that the temperature measurement is independent of radial position, thus from spray
dispersion.

FIGURE 10 Relative temperature from GRT
measurements along the radial profile, for two
different positions (P=3 bar).

FIGURE 11 Relative temperature from GRT
measurements along the radial profile, for two
different pressures at z=20 cm.

Conclusion
The experimental set-up for Global Rainbow Thermometry has been improved with the application of a spatial filter,
used to select a well-defined spray volume containing multiple droplets. The aperture spatially filters the laser beam
and thus selects a small probe volume. Only droplets passing this volume will contribute to the rainbow signal.
Measurements are carried out for different pressures at different positions along the centerline of the spray. Axial
and radial droplet size and temperature profiles are measured and the results were compared to Phase Doppler
Anemometry. The results obtained applying Global Rainbow Thermometry show similar trends as the characteristic
diameters obtained with PDA. The Airy Diameter obtained from inflection points of the rainbow signal is close to
D20 of PDA for positions close to the nozzle, while far away it is closer to D32.
Numerical simulations have been performed using the droplet size distribution coming from PDA, to obtain a
simulated rainbow. Airy diameters obtained from this rainbow were larger than the experimental ones. An
explanation could be the presence of non-spherical droplets, which do contribute to the PDA droplet size distribution
but not to the global rainbow pattern. The technique seems to be able to indicate a so-called non-sphericity factor,



which is the ratio of nonspherical to spherical droplets, present in the probe volume. The non-sphericity factor
increases significantly for lower pressures, far away from the spray nozzle. Considering this factor, new simulations
are performed using a corrected droplet-size distribution from PDA, i.e. without an amount of largest droplets related
to the non-sphericity factor. With this present, simple model, the difference between the experimental results from
Global Rainbow Thermometry (GRT) and the numerical ones is considerably decreased.
From both simulated and experimental results, obtained by the rainbow technique, droplet size has been found to
increase along the radial position towards the spray envelope border. Looking to the influence of the injection
pressure, the mean diameter decreases if the injection pressure increases. This is in agreement with the droplet-size
distribution obtained using PDA. The accuracy for the droplet size measurements by GRT is estimated to be ±10%.
Data processing analysis has shown an accuracy of GRT in terms of temperature measurements of ±5 °C, the latter
being independent of the droplet size distribution.

List of Symbols
Ai Airy function
d droplet diameter
BG                                      background intensity level
D10 arithmetic mean droplet diameter obtained with PDA
D32 Sauter mean droplet diameter obtained with PDA
DAiry mean droplet diameter deduced from the rainbow pattern
GRT Global Rainbow Thermometry
η sphericity factor
θ scattering angle
I                                          scattering light intensity
P injection pressure.
PDA Phase-Doppler Anemometry
Rnbw mean scattered-light intensity in the rainbow region
λ wavelength of light
z axial position

Subscripts:
Airy Airy theory
j droplet-diameter class-index
inf inflection point
min minimum
max maximum
sph sphericity
rg rainbow according to geometrical optics
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Abstract
The convective vaporization at atmospheric pressure of freely moving monodisperse droplets consisting of pure
liquids and of a real fuel (light heating oil) was investigated experimentally and numerically. The acquired
experimental data made it possible to test several models proposed in the literature and to determine the model with
the best agreement. For the vaporization of petroleum droplets, a new, computer time saving model was developed.

Introduction
Convective vaporization of petroleum droplets is an important process in the combustion of liquid fuels in

atmospheric oil burners, gas turbines, and engines. In order to validate vaporization models, often measurements on
suspended droplets or on sprays are used. Both methods are delicate. In the present work, an innovative
measurement technique with monodisperse droplets moving freely in a hot airflow provides reliable calibrating data,
which are available on the Internet [8]. Details are found in [9].

Vaporization model for pure liquids
Gas phase: Film model

The film model in the variant of Abramzon and Sirignano ([1], [2]) is used. It needs as an input the Sherwood
and Nusselt numbers Sh0 and Nu0 for weakly and non-vaporizing spheres respectively. For isothermal, spherical
droplets, Sh0 should have the following form when the droplet Reynolds number Re → 0 [5]: Sh0 = 2 + 1/2 Re Sc.
Many correlations proposed in the literature have the form Sh0 = 2 + cT Re1/2 Sc1/3. These correlations result in a
higher Sh0 for small Re. A correlation fulfilling the condition above very well is proposed by Clift et al. [6]:
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The thermophysical properties of the air-vapour mixture in the film are calculated at a reference temperature
and vapour concentration, which are determined by a weighting rule. Usually, the 1/3- or the 1/2-rule are proposed.

Droplet phase
The droplet is described by the uniform temperature model and a deterministic trajectory model. For the drag

coefficient CD, a combination of a correlation CD,0 for non-vaporizing spheres [6] and a slightly modified correction
accounting for the effect of vaporization [12] is used (Bh being the heat transfer number, 0.01 < Re < 20):
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Vaporization model for petroleum droplets
Initial composition of a fuel droplet

The light heating oil is described as a mixture of Single Carbon Number (SCN) groups [13]. A SCN group has
approximately the same properties as a narrow-cut olefine-free petroleum fraction. To check this, the light heating
oil (LHO, properties given in the appendix) used in this work was distilled into six fractions, and molecular weight,
density, and refraction index of each LHO fraction were measured. The agreement of the SCN properties with the
measurement was very good. Densities of n-alkanes are lower than those of the LHO fractions and SCN groups.
There are also differences in the critical temperatures and the critical pressures of SCN groups and n-alkanes.



The composition of the model mixture of SCN groups is determined from the measured LHO distillation range
as shown in Figure 1, left. The volume fraction of the SCN group i is ∆qV,i = qV,bc,i+1 - qV,bc,i. From that, mass
fractions ∆qm,i and mole fractions ∆qN,i can be calculated, leading to the results shown in Figure 1, right. (For the
used LHO, the number of SCN groups in the model mixture is nSCN = 13.) Molecular weight, density, and refraction
index of the SCN mixture are calculated with the usual mixing rules. The agreement with the measured values of the
LHO is very good (Table 1). Therefore, the petroleum droplet will be described as a mixture of SCN groups.
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FIGURE 1. Procedure (left) to determine the initial composition of the SCN mixture (right) describing the LHO.

Md,0 [kg/kmol] ρd,0 (20 °C) [kg/m3] nd,0 (20 °C) [-]
Light heating oil, LHO (measured) 216 847 1.473
Mixture of SCN groups (calculated) 218 838 1.468

TABLE 1. Comparison of calculated and measured initial properties of the LHO and the SCN model mixture.

Vaporization of a fuel droplet
For a multicomponent droplet the vapour-liquid equilibrium is: Xi,v,s = Xi,d,s γi pv,i /ptot. The influence of the

activity coefficients γi was investigated in [10] for an equilibrium flash vaporization (a one-stage distillation process
that splits a feed phase into coexisting liquid and gaseous phases) of a crude oil with a distillation range between
0 °C and about 700 °C. The degree of vaporization at atmospheric pressure was calculated and measured for
temperatures between 225 °C and 375 °C. It was found that an ideal vapour-liquid equilibrium (all γi = 1, Raoult's
law) leads to a very good agreement with the precise calculations (UNIFAC model for γi) and with the
measurements. Therefore, in the following Raoult's law is assumed to be valid.

The mass transfer number of a mixture of n components is: Bm = (ΣYi,v,s-ΣYi,v,∞)/(1-ΣYi,v,s). Together with
Raoult's law, the film theory can be applied to multicomponent droplets. In the case of a petroleum droplet, it is in
principle possible to calculate the vaporization of a droplet composed of nSCN SCN groups. However, computing
time would be the limiting factor in calculating vaporizing sprays. Putting Raoult's law in Bm, leads to the crucial
sum, which will be simplified subsequently:
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a) Concept of the "active fraction":
The vaporization at a certain moment can be described qualitatively as follows: The very volatile fractions

(high vapour pressure pv,i) are already nearly fully vaporized, thus their liquid phase mole fraction Xi,d,s at the droplet
surface is very small. This leads to a small contribution to the sum above. The almost non-volatile fractions (pv,i is
very small) contribute also very little to the sum. In between, there are the momentary mid-volatile fractions, which
already have a significant vapour pressure and are still present at the droplet surface. These mid-volatile fractions
contribute mainly to the sum. These momentary vaporizing SCN groups are joined to an "active fraction". As an
approximation, the summation above is restricted to this active fraction. Additionally, the average vapour pressure
pv,i and the molecular weight Mi of the momentary vaporizing SCN groups are approximated by the vapour pressure
pv,act and the molecular weight Mact of the active fraction. Thus (supposing sorted SCN groups, i=1 the most volatile)
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The number nact of momentary vaporizing SCN groups (forming the active fraction) is nact = imax - imin +1. The
vapour phase mole fraction is calculated with Raoult's law: Xact,v,s = Xact,d,s pv,act /ptot.

b) Thermophysical properties of the droplet:
The progress of droplet vaporization can be quantified by the droplet mass fraction qm,d of vaporized fuel: qm,d =

1 - md(t)/md,0 (md(t) being the momentary droplet mass and md,0 the initial droplet mass). The distillation curve of the
LHO describes the volume fraction qV,bc of vaporized fuel as a function of the boiling temperature Tbc. Figure 1,
right, shows that volume fractions and mass fractions are very similar. Thus, the distillation curve can be
approximated very well by mass fractions Tbc(qm,bc). The boiling temperature Tb,act of the active fraction is then
approximated by that of the distillation curve at the same progress of vaporization (Figure 2):
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FIGURE 2. Method to determine the active fraction by means of the measured fuel distillation curve.

Finally, it is assumed that the average thermophysical properties of the active fraction are the same as those of
that SCN group having the same boiling temperature as the active fraction. (Every SCN group can be identified by
its boiling temperature.)

c) Liquid phase mole fraction of the active fraction:
The initial value of the liquid phase mole fraction Xact,d,s,0 of the active fraction can be estimated from equation

(1) (Xi,d,s,0 = ∆qN,i is known, cf. Figure 1, right):
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The vapour pressure pv,i of the SCN group i can be written in the form: pv,i = pv(Td/Tb,i) (cf. Appendix). It
follows for the initial vapour pressure of the active fraction pv,act,0 = pv(Td/Tbc,beg), Tbc,beg being the initial boiling
point. For the LHO used in this work, the vaporization of the droplet after injection can be neglected up to a droplet
temperature of about 100 °C. It is then possible to calculate Xact,d,s,0 as a function of droplet temperature Td (Figure 3,
left). It is seen that Xact,d,s,0 depends only weakly on droplet temperature. It can be approximated by Xact,d,s,0 ≈ 0.1. On
the other hand, Xact,d,s,0 can be calculated as a function of nact,0 (by the definition in equation (1)):
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The result is shown in Figure 3, left. With Xact,d,s,0 ≈ 0.1 from above, nact,0 (which depends on the specific used
fuel) can be read from the figure: nact,0 ≈ 1.5.

In order to determine the development of Xact,d,s, the following approximations are made:
- The active fraction consists always of nact,0 SCN groups: nact ≈ nact,0.
- The development of Xact,d,s is the same as in the case of a distillation of active fractions, i. e. the first nact,0 SCN

groups vaporize completely, then the second nact,0 SCN groups vaporize completely, and so on. (E. g. for nact,0 = 1.5,
this means that initially the first SCN group and half of the second SCN group vaporize completely, then the other
half of the second SCN group and the third SCN group vaporize completely, and so on.) This procedure leads to a
discrete development of Xact,d,s, which is then interpolated linearly (Figure 3, right).

To summarize, in this model the development of Xact,d,s is described as a function of the mass fraction qm,d of
vaporized fuel only. It depends on the fuel, but not explicitly on the airflow environment of the vaporizing droplet.
(Of course, the development as a function of time will depend on the airflow conditions, because the temporal
progress of qm,d depends on the airflow conditions.) Thus, the development Xact,d,s(qm,d) can be calculated before the



droplet vaporization calculation. This is the reason for the short calculation time of this model: It is only about 30 %
slower than in the case of a pure droplet.
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FIGURE 3. Method to determine the number nact,0 of the momentary vaporizing SCN groups (left) and from that the
development of the liquid phase mole fraction Xact,d,s for nact,0 = 1.5 (right).

Experimental setup
Monodisperse droplets are injected laterally into a circular free jet of heated air at atmospheric pressure (Figure

4). Droplet diameter, velocity, trajectory, and dispersion are measured with a phase Doppler anemometer (PDA).
The initial conditions of the droplet (diameter, temperature, velocity, droplet rate) and the boundary conditions of
the airflow (temperature, velocity, turbulence fields) can be determined accurately.
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FIGURE 4. Experimental setup for the investigation of vaporizing droplets.

Measurements
Measurements were performed with droplets of n-octane (labelled "Oct."), n-tetradecane ("Tet."), and a light

heating oil ("LHO", properties given in the appendix), each liquid with two initial droplet diameters (about 45 µm
and 62 µm) and in airflows with two air temperatures (about 300 °C and 500 °C). The initial droplet Reynolds
numbers were about 10 and the mass transfer numbers were up to 3 (thus Stefan flow is not negligible). The droplets
could be tracked down to a remaining mass of less than about 3 %. The airflow fields were measured without
droplets. The vaporization measurements were done with a PDA off-axis angle of 65°. The PDA was calibrated with
monodisperse droplets of known size. The inaccuracy of the measured initial droplet size is smaller than 1 %. The
inaccuracy of the size measurement of a vaporizing droplet (Dd > 15 µm) is estimated to be smaller than about 2 %.

Comparison of model calculations with measurements
In modelling, the effect of vaporization on the airflow is neglected. This approximation was investigated in [3]

numerically and found to be valid for denser sprays. In order to compare measurements with calculations, measured
data (diameter as a function of location) is converted (by measured droplet velocities) into diameter as a function of
time. The influence of the transient droplet refractive index on the PDA diameter measurement was accounted for by
calculating the refractive index with the modelled transient droplet temperature (and, in the case of the LHO, the
transient droplet composition) and then correcting the measured diameter values.

For the vaporization modelling of pure droplets, the best agreement with the measurements was achieved using
the Clift correlation for Sh0 and Nu0 together with the 1/3 weighting rule, cf. Figure 5. (The label of a measurement
is put together of the liquid name, the initial droplet diameter, and the air temperature in the middle of the free jet at
the exit of the tube.) In the final stage of vaporization, the model overestimates the vaporization rate. The film
thickness was calculated, and it was seen that the deviations begin when films of neighbouring droplets begin to
overlap. Thus, it is supposed that this overlapping is the main reason for the deviations. However, in the moment
when deviations arise, the remaining droplet mass is already smaller than about 5 % of the initial mass.
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FIGURE 5. Comparison of calculated with measured diameters of vaporizing pure droplets.

Correlations for Sh0 (and analogously for Nu0) of the form Sh0 = 2 + cT Re1/2 Sc1/3 overestimate the vaporization
rate (correlations of e. g. Frössling cT = 0.552, Ranz-Marshall cT = 0.60, Gnielinski cT = 0.664). The time for
complete vaporization in the case "Tet./45.6µm/540°C" was between 6 and 12 % smaller than with the correlation of
Clift. The use of the 1/2 weighting rule also results in an overestimation of the vaporization rate (about 8 % faster).

For the vaporization modelling of petroleum droplets, the results found for pure droplets (Clift correlation, 1/3
weighting rule) are adopted. The vaporization model for petroleum droplets is compared to the measurements in
Figure 6, left. The agreement is good. Figure 6, right, shows that the substitution of the LHO by a pure liquid (as
tetradecane or eicosane), leads to considerable differences in the release of fuel vapour, especially in the beginning
of the droplet vaporization, which is an important stage for the ignition characteristics in burners and engines.
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FIGURE 6. Comparison of calculated with measured diameters of vaporizing droplets consisting of light heating
oil, LHO (left), and a model calculation in which the LHO was substituted with tetradecane and eicosane (right).

Conclusions
An experimentally verified, computer time saving model describing the convective vaporization of petroleum

droplets is developed.
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Appendix: Thermophysical properties
Properties of pure liquids, pure gases and mixtures:

Properties of pure liquids and gases are calculated with fits given by [7], with the exceptions of the specific heat
cp,d, which is calculated by the rule of Rowlinson and Bondi [11], and the refractive index nd, which is calculated
using the Lorentz-Lorenz law [4]. The following mixtures rules are from [11]. For the gas density ρg and the specific
heat cp,g an ideal gas is assumed. For the thermal conductivity λg, the method of Wassiljewa together with the
modification of Mason and Saxena and the method of Roy and Thodos was used. The dynamic viscosity ηg was
calculated with the method of Reichenberg, and the vapour-air binary diffusion coefficient with Fuller's method.

Properties of the used light heating oil (LHO)
If possible, measurement values of the LHO properties are used. If not, properties are calculated from the model

mixture of SCN groups, or empirical correlations are used.

a) Measured initial properties of the LHO:
Density ρd,0 = 850.5 kg/m3 at 15 °C (ASTM D 4052), refractive index nd,0 = 1.4731 at 20 °C (DIN 51423),

specific heat cp,d,0 = 2014 J/(kg·K) at 25 °C (method of [14]), molecular weight Md,0 = 216 kg/kmol. Distillation
range (ISO 3405):
qV,bc [m

3/m3]: 0 0.004 0.100 0.279 0.500 0.841 0.900 0.925 0.952 1
Tbc [°C]: 176 180 218 250 283 340 354 360 370 376

b) Dependence on temperature and composition of the LHO properties:
b1) Specific heat cp,d: The temperature dependence of the specific heat was measured in [14] for light heating

oils up to about 70 °C; it was linear with 3.4 J/(kg·K)/K. With the measured value at 25 °C, this leads to (neglecting
the dependence on the altering composition): cp,d(Td) = [2014 + 3.4·(Td/K - 298.15)] J/(kg·K).

b2) Density ρd: The dependence of the density on the altering composition of the droplet is calculated from the
measured density of the LHO fractions, giving ∂ρd/∂qm,d ≈ 38 kg/m3. For the temperature dependence ∂ρd/∂Td, due to
the lack of other sources n-alkanes were considered, giving ∂ρd/∂Td ≈ -0.65 kg/m3/K. With the measured value at
15 °C, this leads to: ρd(qm,d,Td) = [850.5 + 38·qm,d - 0.65·(Td/K - 288.15)] kg/m3.

b3) Refractive index nd: It is needed to correct the droplet diameter measured by the PDA. It is calculated with
the SCN model mixture, assuming a distillation of active fractions to calculate the momentary molecular weight of
the droplet. Then the Lorentz-Lorenz law is used (cf. above).

b4) Vapour properties: The fuel vapour in the air-vapour mixture is substituted with hexadecane. Hexadecane
has about the same molecular weight as the used LHO and its boiling temperature lies about in the middle of the
distillation range of the used LHO. This choice of substitution depends on the LHO.

b5) Molecular weight Mact in the term Mact pv,act Xact,d,s: Mact is approximated by that of hexadecane (cf. b4).

c) Properties of SCN groups:
Among others, Mi, Tb,i, ρd,i, nd,i, pc,i, Tc,i, ωi of SCN groups i (from C6 to C50) are listed in [13].
c1) Vapour pressure pv,i: It can be calculated with the method of Gomez and Thodos [11]. For SCN groups

from, at least, C10 to C20, it can be shown that these vapour pressures are fitted very well by the following
expression: pv,i = pnorm·exp{11.2·[1-1/(Td/Tb,i)]} with pnorm = 101325 Pa and Td being the droplet temperature.

c2) Specific enthalpy of vaporization hv,i: The specific enthalpy of vaporization hv,i,b at the normal boiling point
is calculated with Riedel's method. The temperature dependence of hv,i is then calculated with Watson's method [11].
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Introduction
This work is part of a National French program on Combustion in Rocket Engine (G.D.R. 5240 C.N.E.S.-

C.N.R.S.-S.N.E.C.M.A.-O.N.E.R.A.) to improve our understanding of the interacting processes involved
(atomization, turbulent mixing, vaporization, combustion …). Besides modeling approaches, experiments are
performed both at laboratory scale with substitute fluids and in a high pressure cryogenic test bench
(M.A.S.C.O.T.T.E.) at ON.E.R.A.. The basic configuration is that of a single coaxial injector fed by a central liquid
stream (LOx) which is atomized by a high velocity coflow (H2). Under such conditions turbulent combustion occurs
shortly in the near mixing field with strong coupling of the interacting processes listed above.

Owing to the difficult experimental conditions with very high temperature variations, sharp density gradients,
and to the requirement for high spatial, temporal and dynamic resolutions, non intrusive laser diagnostics are
absolutely necessary.

The main purpose of our work was to investigate the structure of the liquid jet under high pressure and reacting
conditions using planar laser diagnostics with pulsed excitation. Spontaneous Raman scattering was used in
M.A.S.C.O.T.T.E., and laser induced fluorescence of a dissolved dye was used for additional tests in a water jet at
atmospheric pressure. For such linear interactions, the emission from a given point is proportional to the local laser
irradiance, to the local quantum yield (about constant for these diagnostics) and to the local involved concentration
at that point at each laser shot. However one must check that the local laser irradiance has not been significantly
altered (by attenuation or deflection) before reaching the probed volume and that the emitted light is not attenuated
before to be detected.

Besides careful examination (and correction) of the problems due to non linearity (optical breakdown and
stimulated Raman scattering) and to miss-transmissions by the windows under high strain conditions, this paper is
devoted to the deflection experienced by the incident laser thought strong density gradients. Experiments performed
in corrugated liquid jets show that fluorescence or Raman emission can be detected from regions that should not be
reached by a laser excitation propagating in homogeneous medium. Complementary tests at atmospheric pressure
performed with LIF from a dye dissolved in a water jet and with a reference fluorescence signal induced in a dye
cell by the transmitted laser show how much the laser irradiance field can be disturbed by propagation through a
corrugated liquid jet. Such a phenomena has been recently investigated by Dimotakis and Al. [1] in a turbulent
gaseous jet with variable density.

Experimental Set-up
The MASCOTTE test bench :
The MASCOTTE test facility consists of a single element combustor derived from cryogenic propellant rocket

engines. The coaxial injector fed with gaseous hydrogen, at 300 or 100 K, and liquid oxygen in the central pipe, can
operate under reacting conditions at pressures up to 7 MPa [2,3]. Our measurements have been performed at 3 and
6 MPa for two operating conditions defined within the GDR research program (Table 1).

P (MPa) LOx flow rate Gas flow rate M J Wed
A60 6.6 100 g/s 70 g/s 1.4 14.4 77 000
C60 5.8 100 g/s 45 g/s 2.2 6.8 37 000
A30 3 50 g/s 25.2 g/s 2.0 15.5 30 300
C30 2.8 54 g/s 17 g/s 3.2 6.6 11 300

Table 1. Operating conditions on MASCOTTE test bench



Two reference points A and C are defined from the momentum ratio J=(ρV2)H2/(ρV2)LOx, kept constant for all
pressures. Table 1 gives also the mixture ratio, M, and the Weber number defined from the diameter of LOx jet. In
the present work the LOx tube is set without recess. The chamber is equipped with large quartz windows (45 mm ×
70 mm) for optical accesses. A He film cools the windows in reacting conditions. Our objective is to measure the
liquid volume fraction of LOx from spontaneous Raman scattering for the two operating points A and C at 3 and
6 MPa, i.e. below and above the critical pressure of LOx., in order to estimate the influence of J on the quality of
atomization and on the liquid core length [4].

Raman scattering experimental set-up :
The second or the third harmonic of a Nd:YAG are available for visualization of LOx by spontaneous Raman

scattering. These two wavelengths offer the best compromise solution between better efficiency at 355 nm, since
Raman scattering cross section is proportional to λ−4, or a large Stokes shift at 532 nm. Taking into account for the
difference in maximum available energy (240 mJ at 355 nm and 480 mJ at 532 nm), it is equivalent to use one laser
harmonic or the other. The second harmonic (532 nm) of the laser Nd:YAG has been chosen due to the better
aperture of objective lenses in visible range (maximal aperture f/1.4) than in the UV range (maximal aperture f/4.5).
To induce spontaneous Raman scattering under reacting conditions high energy pulsed lasers are required, but such
lasers possess high instantaneous power that can lead to optical breakdown at the liquid interface or stimulated
Raman scattering [5,6]. To avoid these non-linear effects the instantaneous laser power must be reduced while
keeping a constant energy of the laser pulse. Our Nd:YAG laser has an energy of 480 mJ per pulse with a duration
of 8 ns (full width half maximum). A laser pulse stretcher has been built to prevent the generation of non-linear
radiative effects. It consists of three delay loops (or more) where different fractions of the laser pulse are trapped
before being injected successively into the combustor [7,8]. Fig. 1 shows the durations of the initial and stretched
pulses.

FIGURE 1. Initial and stretched laser pulses.

Fig. 2 shows the experimental set-up on MASCOTTE test bench. All the apparatus is located in a room adjacent to
the room of the MASCOTTE combustor, all the optical accesses for the laser and the camera are through the wall.
MASCOTTE facility and the optical diagnostic apparatus are controlled from a remote room. The laser energy at the
output of the pulse stretcher is 385 mJ with a pulse duration of 45 ns (full width half maximum). The sheet forming
optics consists of a series of two Galilean telescopes. The first one reduces the beam diameter and the second one
expands the beam into a collimated light sheet (0.5 mm thick × 65 mm wide) travelling vertically through the
chamber, entering at the bottom and exiting through the top to a beam dump located outside the chamber and with
its polarization in the plane of the sheet so as to optimise Raman scattering. The Raman scattering centered at
580 nm is collected through a combination of filters (one holographic notch filter, two high-pass filters (cut-off
wavelength at 550 nm) and a low-pass filter (cut-off wavelength at 650 nm)) which makes up a band-pass filter to
minimize the flame self-emission, to reject the elastic scattering with a ratio greater than 1016 and the possible
stimulated Raman scattering from hydrogen [5,6]. Raman scattering from LOx is collected through these filters and
a polarizer sheet to collect the zz component of the scattering light, onto a slow-scan intensified CCD camera
(14 bits, 576 × 384 pixels) operating at 10 Hz thanks to a 2×2 hardware binning. With this configuration the
acquisition rate is restricted by the laser repetition rate. In cryogenic combustor where stationary conditions are time
limited (about 15 s), it is very important to obtain the acquisition rate as high as possible to obtain a correct
statistical sampling. With the present operating set-up about 500 instantaneous pictures are acquired for each
operating condition (A60, C60, A30 and C30).
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FIGURE 2. Experimental set-up on MASCOTTE test bench.

Experimental set-up in laboratory

FIGURE 3. Bottom view from experimental set-up at
atmospheric pressure.

This complementary experiment was performed under simplified conditions with substitution fluids. It was
carried out with a coaxial air blast injector where a low velocity water jet (∅=1.8 mm) is destabilised and atomised
by a high-velocity annular airflow (∅int=2.3 mm and ∅ext=3.4 mm). The incident laser sheet (0.3 mm thick and
20 mm wide) which excites a dye (fluorescein) dissolved in water, is focused onto the jet axis. It is then reflected on
a 45° mirror before crossing the fluorescence cell (see Fig. 3). The light source is a 10 Hz pulsed Nd:YAG laser
(λ=355 nm, ∆t=8 ns). The fluorescence pictures are collected perpendicularly to the laser sheet and recorded thanks
to an I.C.C.D. camera. A second 45° mirror which covers half of the field allows simultaneously to form the jet
image on the sensor right half and the cell image on other half. The 50 ns intensification gate synchronized with the
laser shot, makes the camera insensitive with the laboratory ambient light. A high pass filter is inserted between
camera’s objective and laser sheet to select fluorescence and to reject the laser radiation (attenuation factor < 10-15)
which could be scattered by liquid-gas interfaces or reflected by the injector support walls.

Results
With the MASCOTTE experimental set-up well-contrasted instantaneous images of LOx jet are obtained as

shown in Fig 4 for point C60. For high pressure conditions a residual signal from flame self-emission has been
observed, it has been reduced to less than 3% of the mean Raman signal by lower a little the laser pulse duration to
33 ns (FWHM)(see Fig. 1) with an exposure duration of 70 ns. No optical breakdown or simulated Raman scattering
have been observed thanks to the pulse stretcher.

I.C.C.D. camera

Coaxial injector

45° mirror

Fluorescence cell

45° mirror

Jet image

Cell image
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FIGURE 4. Typical instantaneous Raman image of LOx
jet with combustion (point C60).

FIGURE 5. Raman signal evolution over 3 successive
runs (run 1, 2 and 3) and a delayed (3 hours) fourth run.

However careful examination shows some problems.
First, the global signal level (as indicated by the maximum level for pure LOx in the potential core) decays

regularly with time, about –30% decay over 15 s. Fig. 5 shows that during these three successive runs the global
signal level decays regularly. At first this decay may be attributed to a pollution of the windows that can occur when
impurities are present in their cooling gas film, but after a three hours break the initial signal level is restored.
Furthermore the flame self-emission, which is not a polarized radiation, does not decay with time. All the tests show
that this decay is due to a regular increase in wall temperature that strains the windows and induces a birefringence
of the quartz that degrades the polarization of transmitted radiation before reaching the polarizer blade.

Second, a strong deflection effect is observed as shown in Fig. 6. This figure presents an instantaneous image
of Raman scattering and the laser sheet profile from which the Raman scattering is induced. For this run, the width
of the incident laser sheet has been reduced to 50 mm and surprisingly the Raman signal from LOx is still observed
over the full field of view of the camera up to 65 mm from the injector without any noticeable trace of cut-off at
50 mm, as if all the liquid volume was reached by the laser excitation. The laser light deflection is observed with
supercritical LOx injection (6 MPa) as well as with subcritical LOx injection (3 MPa).

FIGURE 6. Example of instantaneous Raman image of
LOx jet and the corresponding laser sheet profile.

At this stage the measurement of the volume fraction of LOx is in jeopardy since the deflection of light since signal
is obtained even from regions where no laser energy has been brought.

Discussion
In a first step, this unexpected effect was imputed to the sharp index gradients encountered under the

supercritical injection of LOx when pressure is 6 MPa. Under near-critical conditions the variations of the density
can be very intense as shown in Fig. 7. Such strong density gradients induce strong refraction index variations which
can induce a strong deflection of light according to the Fermat's principle. From this principle light propagation
follows the faster path rather than the shorter one, as shown in "mirage effect". Under near-critical conditions this
effect can be very intense, and even very small temperature variations can induce strong light deflection [9].
Particularly in MASCOTTE where the LOx injection is supercritical and in presence of the H2/O2 flame
(T > 3 000 K) the gradient of the refraction index can be very sharp and can induce a very strong laser light
deflection.

Laser sheet profile65 50 0
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FIGURE 7. Oxygen density variation according to
temperature for several pressures.

FIGURE 8. Laser beam deviation during its propagation
through a corrugated LOx jet.

However this effect of light deflection is observed under subcritical injection (3 MPa) as well as under
supercritical one (6 MPa). No particular transition was observed when operating at lower pressure below the critical
pressure and this was imputed to the high compressibility of the liquid oxygen at elevated pressure (Fig. 7).
Nevertheless the effect was still observed under much lower pressure where the liquid compressibility is low.
Effectively according to the Descartes laws, wrinkling of the liquid interface may induce first a refraction, and then
at the second interface the beam can be refracted through the ambient gas or totally reflected. The occurrence of
total reflection at the second interface depends on the combination of the incident angle of the laser at the first liquid
interface and on the angle between the two interfaces encountered by the light during its propagation (Fig. 8). Fig. 9
shows the angular domain where such a total reflection is made possible.
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FIGURE 9. Angular domain where total reflection is
possible according to i and A angles (see Fig. 7).

FIGURE 10. Simultaneous trace of the transmitted laser
sheet irradiance onto the corrugated jet and fluorescence

cell.

To highlight these deflection phenomena, a complementary experiment was performed under simplified
conditions at atmospheric pressure with substitution fluids. The laser sheet which excites the fluorescence of a dye
dissolved in the liquid is focused onto the jet axis and farther onto a reference dye cell so as to provide a
simultaneous trace of the transmitted laser irradiance (see Fig. 10). The fluorescence picture (see Fig. 10) shows
how the transmitted laser sheet is disturbed by its passage across the interfaces of the corrugated liquid jet. Detailed
analysis of the laser propagation has been investigated by using a simple laser beam (Ray tracing). Fig. 11 shows the
undisturbed propagation of the laser beam through the undisturbed laminar liquid jet (coflow off) and the trace of
the transmitted beam trough the dye cell. In Fig. 12 where the liquid jet is destabilized by the fast coflow, the
fluorescence picture reveals how the incident beam can be trapped by total reflections within the liquid so as to
globally illuminate the liquid phase.

i

A



FIGURE 11. Simultaneous trace of the transmitted laser
beam irradiance onto the laminar jet and fluorescence

cell.

FIGURE 12. Simultaneous trace of the transmitted laser
beam irradiance onto the corrugated jet and fluorescence

cell.

The effectiveness of this phenomena throws the spatial resolution back into question when performing laser
diagnostics in flows with corrugated interfaces.

Great caution must be taken for interpretation of laser induced fluorescence or Raman pictures in two-phase
flows especially in the transition regime ahead and about break-up where the destabilized liquid jet may trap the
incident laser within all the liquid phase so as to illuminate a large region of the liquid phase both upstream and
downstream.

Conclusion
Spontaneous Raman scattering was used in the high-pressure cryogenic combustor, MASCOTTE, and laser

induced fluorescence of a dissolved dye was used for additional tests in a water jet at atmospheric pressure.
While well-contrasted images have been obtained, a strong deflection of laser light has been observed in

MASCOTTE test bench.
In a first step, this unexpected effect was imputed to the sharp index gradients encountered under the

supercritical and reacting conditions (6 MPa in M.A.S.C.O.T.T.E. test bench). The strong density variation can
induce a continuous beam deviation (Fermat’s principle), and this effect is particularly intense under supercritical
condition (under 6 MPa, the curve ρ=f(T) for LOx shows that the density change is large, from 1000 kg/m3 to less
than 100 kg/m3).

However the same effect was still observed in M.A.S.C.O.T.T.E. at 3 MPa as well as in a single water jet
submitted to an air blast atomisation at atmospheric pressure. According to the Descartes laws wrinkling of the
interfaces may induce first a refraction and then possible a total reflection (if over Brewster angle) at the second
interface leading to a partial average trapping of the laser irradiance within the liquid phase.

The effectiveness of this phenomena throws the spatial resolution back into question when performing laser
diagnostics in flows with corrugated interfaces.
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Abstract
This paper describes an experimental investigation of the internal and external fluid flow characteristics of
simplified diesel VCO injector nozzles. The investigation was performed using a large-scale model to allow
observation of the fluid flow within the nozzle hole. Nozzles with four different entry conditions were investigated,
these were: plain (or square edge), counterbore, rounded inlet and bevelled inlets of different angles. For each case
the transient fluid flow was investigated using a high-speed motion imaging system. The images obtained of the
internal nozzle flow and emerging jet show that for the plain, counterbore and 120o bevel angled nozzles, cavitation
occurs once a critical pressure has been reached. As the injection period progresses the cavitation zone oscillates and
then moves towards the nozzle exit, at which position it becomes stationary. When this occurs the situation is
referred to as ‘supercavitation’. This results in the best atomization observed in these experiments. As the injection
period progresses further, either total hydraulic flip or imperfect hydraulic flip occurs. For the particular case of the
counterbore nozzle with a length to diameter ratio of 10, total hydraulic flip does not occur, instead supercavitation
continues until the end of the injection period. This design is thus particularly suitable for maintaining good
atomization. Nozzles with less abrupt inlets tend to generate thin layers of cavitation near the wall, with imperfect
hydraulic flip. These nozzles are particularly susceptible to the formation of an axial vortex, which provides a
hollow cone spray. Data are presented on the limiting flow parameters for different flow regimes and the dynamics
of the movements of the cavitation zones.

Introduction
The study of the atomization of the fuel sprays of Valve Covered Orifice (VCO) nozzles has recently become

popular, e.g. Soteriou et al [1], Yule et al [2], Lai et al [3] and Klomp [4], due, in part, to their use in High Speed
Direct Injection (HSDI) engines. Many studies, for example Bergwerk [5], Nurick [6] and Chaves et al [7], have
found that the cavitation that can occur in the nozzle holes may be an important phenomenon for promoting good
atomization of the liquid jet. However, the atomization mechanisms of diesel VCO nozzles are not clearly
understood. Of particular interest is how the internal flow development influences the external spray characteristics.
The roles of cavitation and turbulence within nozzles are difficult to investigate for real sized diesel fuel injector
nozzles, and a large-scale transparent injector model enables one to view clearly inside the nozzle. Initial work on
this project investigating the effects of re-circulation, turbulence and cavitation, for different liquid properties, was
carried out by Yule et al [2], and this paper represents a continuation of their work. In this study the internal and
external flow for VCO nozzles, with varying nozzle inlets, operating at a range of pressures, are studied using high
speed imaging systems. Yule et al [2] confirmed that the Cavitation number, defined as the ratio of the difference
between the nozzle liquid and the ambient pressures to the difference between ambient and vapour pressures, and
internal nozzle shape determine the internal nozzle flow regime, with Reynolds and Weber numbers mainly
affecting break up.

Experimental Apparatus
A schematic diagram of the experimental apparatus used for this study of VCO nozzles is shown in fig. 1. The

apparatus consists of three main parts: The high pressure rig, the scaled up nozzle and the auxiliary equipment. In
the high pressure rig the working fluid, water, is pressurised in a reservoir using nitrogen gas, up to a maximum
working pressure of 5MPa. The nozzle, which is made from Perspex, is contained in the injector body. Flow through
the nozzle is controlled by the nozzle valve, which has rubber inserted at the bottom to provide an adequate seal in
the closed position. To instigate injection the cam lever arm is moved rapidly (with a repetitive dynamic action) by
the action of the piston rod of a linear compressed air actuator, via a solenoid valve, operated by a control switch,
On movement of the cam lever arm the valve is moved up and injection, into atmospheric conditions, begins. A



metal ‘tag’ is attached to the cam lever arm, which passes through an optical switch, activating the auxiliary
equipment. The full “lift” of the valve is 10mm.

The transparent nozzle is cylindrical in cross-section, with a diameter of 6mm and a length to diameter ratio
(L/D) of 5. An extension piece can be used to provide L/D=10. The nozzle is cut and polished on both the outer and
inner diameters to reduce the distortion and scattering of light. The inlet section of the nozzle is removable to allow
varying inlet shapes to be investigated. Nine different inlet geometries have been investigated, of four types: plain
(square edged), counterbore, round and bevelled, see fig. 2.

The produced transient fluid flows were studied using high speed imaging systems. In general a Kodak
EKTAPRO HS motion analyser (Model 4540) was used, operating at 4500 full frames per second. However, an
Oxford Lasers high speed imaging system, with a Kodak ES 1.0 camera was used to obtain single higher resolution
images at particular points of interest.

In the experiments injection pressures from 0.069MPa to 2.000MPa were investigated. The flow durations
considered were only very short, less than 0.65s, and Yule et al[2] showed that the injection pressure can be
effectively considered to be constant during such a spray pulse. The results obtained are presented and discussed in
the following section. Here results obtained at low pressures of between 0.138MPa to 0.345MPa, are emphasised,
because the Cavitation and Reynolds Numbers are similar to those for real injector conditions.

Results and Discussions
A number of flow regimes were observed in the experiments. The three most significant of these being:

incipient cavitation, supercavitation and total hydraulic flip. The term incipient cavitation is used to define the
situation were cavitation first appears. The term supercavitation, which has been used in the past with a lack of
clarity, is used here to describe the situation where there is a strong cavitation zone near the nozzle exit, which is
very beneficial to atomization. Total hydraulic flip describes the situation where the liquid jet completely separates
from the nozzle wall. Representative images of these regimes are shown in fig. 3, and images for each of the
different test cases are given by Laoonual[8]. Table 1 summarises the pressures at which each of these regimes
occurred for all of the test cases. In the following sections the results obtained for the different inlet geometries,
operating at various pressures, with both L/D ratios, are presented. It is noted that in all cases there is effectively a
constant supply pressure during the spray pulse.

Plain (or square edged) nozzle
For L/D=5 incipient cavitation was seen at an injection pressure of 0.138MPa. The flow formed a recirculation

zone just downstream of the inlet, giving a zone of low pressure due to the sudden geometry change of the nozzle
entry, in which cavitation was just established. The cavitation zone moved with an oscillating motion, between 5mm
and 10mm from the nozzle entry, at a frequency of approximately 750Hz. This oscillating motion correlated,
qualitatively, with the rotationally symmetrical oscillations of the emerged jet. When the injection pressure was
0.172MPa the cavitation zone moved down from the nozzle inlet to the nozzle exit during the spray pulse, with an
apparent velocity of 1.27m/s, see Table 2, before becoming attached at the nozzle exit, i.e. supercavitation, where it
remained for approximately 34ms, see Table 3. Under these conditions the external flow was turbulent at the exit
and it rapidly spread and atomized, with a relatively large spray angle. From this observation it is confirmed that
supercavitation is the best condition for atomizing, of all the conditions found in this experimental work. After 34ms
the supercavitation condition leads to total hydraulic flip. The pressure difference between the recirulation zone and
ambient conditions causes air from the surroundings to be drawn into the recirculation region (Yule et al [2] and
Dumont et al [9]). A dark zone on the nozzle wall exists after ‘flip’, indicating an air-filled zone around the central
jet. Total hydraulic flip produced a smooth laminar jet column as described by Soteriou et al [1], which did not
atomize at all within five nozzle diameters downstream.

For L/D=10, the basic internal flow patterns were similar to L/D=5. From table 2 it can be seen that, the
cavitation zone for L/D=5 moves downstream slightly faster than for L/D=10. The longer length of nozzle affects
the cavitation, via the friction force at the nozzle wall, affecting the recirculation zone within which cavitation is
most likely to occur. From table 3 it can be seen that for L/D=10 supercavitation remained at the nozzle exit for
longer than for L/D=5. This is possibly because the surrounding air may not be as easily drawn into the recirculation
zone, to give hydraulic flip, with the longer length of nozzle, due to frictional effects. That is, as noted above, wall
friction may reduce the strength of recirculation near the wall. When the injection pressures were increased above
0.689MPa, the external flow did not exhibit the non-atomizing smooth column observed for total hydraulic flip. This
is because the longer length of nozzle allowed greater opportunity for the liquid jet to reattach to the nozzle wall
thus producing turbulence in the liquid wall boundary layer. This appeared to be similar to the ‘imperfect hydraulic
flip’ of Soteriou et al [1].

Counterbore nozzle
For L/D=5 incipient cavitation was also seen at an injection pressure of 0.138MPa. The cavitation was

established downstream of the 12mm diameter counterbore, in the upper part of the 6mm diameter nozzle hole.
When the injection pressure was increased to 0.172MPa, the cavitation remained at the upper nozzle hole, but
oscillated with a higher frequency than for the plain nozzle between 1125 and 1500Hz. For an injection pressure of



0.207MPa the cavitation region moved to the nozzle exit at an average velocity of 0.76m/s, compared with the ideal
bulk velocity of 20.37m/s, see table 2, becoming attached at the exit for approximately 90ms, see table 3, before
total hydraulic flip occurred. Increasing the injection pressure produced similar flow patterns, but higher cavitation
zone movement velocities. The period of supercavitation also reduced until a pressure of 0.345MPa, at which point
it increased. This is similar behaviour to that seen for the plain nozzle and results from the reattachment at the
nozzle wall. Whilst the jet was flipping, reattachment occurred intermittently and more often when the injection
pressure was increased. However, this reattached flow did not again lead to the supercavitation condition. Imperfect
hydraulic flip also occurred for this type of nozzle at injection pressures greater than 0.689MPa.

For L/D=10, incipient cavitation was seen at an injection pressure of 0.138MPa, the same as that for L/D=5.
When the injection pressure was increased to 0.172MPa, the cavitation pulsed, causing the external jet to have a
ruffled appearance, but it did not spread as rapidly as in the case of supercavitation. At the injection pressure
0.241MPa the cavitation zone moved down during the spray pulse and attached at the nozzle exit giving super
cavitation. However, total hydraulic flip did not occur during the injection period and even when the injection
pressure was increased to 0.689MPa, cavitation remained attached at the exit nozzle. This was unexpected and was
possibly a result of the higher turbulence level promoted by the counterbore inlet. This design could therefore be
useful for diesel fuel injection nozzle orifices. However, imperfect hydraulic flip occurred when the injection
pressure was increased to 1.379MPa.

Round inlet nozzle
In general the observations of the internal flow and the emerged jet were the same for both L/D ratios. For this

case it was seen that clearly visible cavitation regions, like those seen in the plain and counterbore nozzles, did not
occur. However, for L/D=5, under certain conditions e.g. at 2.000MPa, thin dark regions were observed near the
nozzle wall that could be explained as imperfect hydraulic flip, which reattached to the nozzle wall. Turbulence in
the wall boundary layer is probably the main instigator of break-up for the round inlet spray, possibly enhanced by
some cavitation and imperfect hydraulic flip, but the latter two mechanisms are far less important than for the
nozzles discussed in the above sections. Imperfect hydraulic flip did not occur with any clarity inside the hole with
L/D=10. Therefore, for all the cases investigated, the jet never emerged as a smooth laminar column, as expected for
total hydraulic flip. This supports the findings of Tamaki et al [10] who also used a rounded inlet. Another point of
interest for some cases, is the occurrence of an axial vortex inside the round inlet nozzle. This occurred early in the
injection period, about 20ms after commencement of injection, while the valve was being lifted. The vortex was
marked by central gas bubbles which twist, looking like a ‘tornado’, and occurred for about 10ms. A relatively wide
angle spray was produced during this period, although it was not clear whether this was a hollow cone spray.
Soteriou et al [1] found hollow cone sprays were produced by VCO orifices with swirling inlet flows and these were
attributed to a clear asymmetry of the upstream flows. However, the present apparatus is axisymmetric and with no
deliberate creation of upstream asymmetry. It appears likely that the round inlet increases the probability of the
formation of a natural ‘plug hole’ vortex, possibly triggered by any lack of symmetry of the initial lift of the valve.

Bevelled Nozzles
The bevelled nozzles, models 4-9, see Fig. 2, have nozzle entries of either 9 or 12mm diameter, bevels of 120o,

90o and 60o total angle, and a 6mm diameter exit hole. It was found that the bevel angles have more influence on
flow behaviour than the diameter of nozzle entries. Therefore the effect of the bevel angles on flow behaviour are
discussed below.

Model 4 and 7: 60o CSK (Counter Sink) 12 DIA and 9 DIA
For L/D=5 at injection pressures between 0.138MPa and 0.689MPa, there is no sign of cavitation inside the

nozzle. The external jet is a relatively smooth, partly opaque, column, with no break-up within five nozzle diameters
downstream. An exception to this is for the early injection period when an axial vortex occurs for about 20ms and
then disappears. When the pressures were increased to 1.034MPa and 2.000MPa, a thicker dark layer occurred near
the nozzle wall, although the emerging liquid column remained attached to the nozzle wall. This is thought to be a
band of cavitating flow, although the subsequent initial jet break-up does not appear to be significantly different than
for lower pressure cases. The results are perhaps not greatly different from those for the round inlet with L/D=5. For
the case of L/D=10, the internal and external flow patterns, at injection pressures up to 1.379MPa, gave the same
appearance as for the nozzle with L/D=5, for injection pressures up to 0.689MPa. Cavitation was not visible and the
external jet was a partly opaque liquid column. Cavitation was first clearly found, downstream of the bevelled inlet,
at an injection pressure of 2.000MPa. The external jet was then more opaque and had a slightly greater (1o or 2o)
spreading rate than for the cases without cavitation.

Model 5 and 8: 90o CSK 12 DIA and 9 DIA
For the case of L/D=5 incipient cavitation was seen at an injection pressure of 0.241MPa. The external jet was a

liquid column with little break-up. Between 0.241MPa and 0.276MPa, an axial vortex formed in the initial stages,
just downstream of the bevelled inlet. When the injection pressure was increased, the cavitation moved down and
attached at the nozzle exit, prior to total hydraulic flip occurring. These flow patterns occurred at injection pressures
of up to 1.379MPa. However at higher pressures reattachment occurred, resulting in imperfect hydraulic flip. When
the injection pressures were increased to 1.379MPa and 2.000MPa, a dark layer was formed near the nozzle wall.



Although the sequences of flow patterns were similar to those for the plain and counterbore nozzles, the patterns
were far less clearly identifiable and supercavitation was an infrequent event. For the case of L/D=10, between
injection pressures of 0.138MPa and 0.345MPa, there was no clearly observed cavitation inside the nozzle hole.
Cavitation was first seen when the injection pressure was 0.483MPa, and was established at the downstream end of
the bevelled inlet. The external jet was not obviously different from that at lower pressure. When the injection
pressure was increased to 0.689MPa, the jet flipped inside the nozzle giving imperfect hydraulic flip. The results
were similar to the plain nozzle with L/D=10, at high injection pressures. However total hydraulic flip never
occurred and the jet was turbulent and ‘bushy’ at the nozzle exit.

Model 6 and 9: 120o CSK 12 DIA and 9 DIA
For L/D=5 incipient cavitation was seen at an injection pressure of 0.207MPa, just downstream of the bevelled

inlet. When the injection pressure was increased to 0.276MPa the cavitation zone moved down to the nozzle exit,
and then attached (supercavitation), prior to total hydraulic flip occurring. When the injection pressure was
increased, the average cavitation movement velocities were increased, as shown in Table 2. Imperfect hydraulic flip
occurred at injection pressures, greater than 1.379MPa. The flow patterns were similar to those for the plain nozzle,
however supercavitation gives a smaller spray angle compared with the case of the plain nozzle. For the case of
L/D=10, incipient cavitation can be seen at an injection pressure of 0.207MPa. At an injection pressure of
0.414MPa, the cavitation moved down to the nozzle exit and became attached there, forming supercavitation. As
with other cases, the external jet was then well atomized and also gave a faster spreading spray than was achieved
for L/D=5. Total hydraulic flip did not occur even when the injection pressure was increased from 0.689MPa to
2.000MPa. However, imperfect hydraulic flip was seen to occur intermittently at higher injection pressures and an
axial vortex was observed early in the injection period, briefly resulting in a wider angle spray.

Conclusions
• For transient flows using a simplified axisymmetric VCO nozzle the internal flows within, and the sprays

produced by, the plain nozzle have similarities to those of Soteriou et al [1]. However more detailed descriptions
of the different regimes and their time dependency have been provided. For a wide range of pressures cavitation
begins at the entry corner of the nozzle and appears to be a homogenous band of bubbles. The cavitation
develops, fluctuates and then attaches at the nozzle exit. This is classed as ‘supercavitation’, and causes optimum
atomization of the emerging jet. After some time the phenomenon generally leads to total hydraulic flip or
imperfect hydraulic flip.

• Total hydraulic flip for the plain nozzle and for other nozzles, where this occurred, causes a transparent liquid
column. Flip occurs when the surrounding air is drawn through nozzle exit into the lower pressure region (i.e.
supercavitation zone) near the nozzle walls. A longer length of nozzle delays the occurrence of total hydraulic
flip. Imperfect hydraulic flip where the jet flips inside the hole but partially or completely reattaches, gives a
turbulent and ruffled appearance to the emerging jet and tends to occur at high injection pressures.

• The counterbore nozzle could be a useful design for diesel fuel injector nozzle orifices. This is because for this
nozzle, when L/D=10, total hydraulic flip never occurs.

• For the round inlet nozzle significant atomization of the jet and total hydraulic flip are not found. A significant
cavitation zone, like that in the plain and counterbore nozzles, does not occur, however a cavitation film appears
near the nozzle wall.

• Bevelled nozzles which have a relatively sharp bevel angle of 60o or less produce a liquid column jet and
significant atomization is not observed. However, the nozzles with a bevel angle of 120o produce similar flow
patterns to the plain nozzles. Nozzles designed with a round or inclined entry, rather than a sudden change, can
promote an axial vortex, which occurs early in the injection period while the valve is being lifted.
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Figure 1: Schematic diagram of experimental set-up

     Model 1: Square edged       Model 2: CBore         Model 3: Round-inlet

              Model 4: 60o CSK 12 Dia  Model 5: 90o CSK 12 Dia  Model 6: 120o CSK 12 Dia

Model 7: 60o CSK 9 Dia Model 8: 90o CSK 9 Dia  Model 9: 120o CSK 9 Dia
FIGURE 2. The nine inlet convergence shapes.

Incipient cavitation Supercavitation Hydraulic flip
FIGURE 3. The principal flow regimes.



Model

psi MPa psi MPa psi MPa

5 20 0.138 1.39 20 0.138 1.39 200 1.378 13.93
10 20 0.138 1.39 20 0.138 1.39 * * *
5 25 0.172 1.74 30 0.207 2.09 * * *

10 30 0.207 2.09 35 0.241 2.44 * * *
5 25 0.172 1.74 30 0.207 2.44 * * *

10 30 0.207 2.09 * * * * * *
Model

psi MPa psi MPa psi MPa

5 * * * 35 0.241 2.44 30 0.207 2.09
10 290 2.000 20.2 70 0.483 4.88 40 0.276 2.79
5 * * * 45 0.31 3.13 40 0.276 2.79

10 * * * * * * 60 0.414 4.18
5 * * * 45 0.31 3.13 40 0.276 2.79

10 * * * * * * * * *
Model

psi MPa psi MPa psi MPa

5 75 0.517 5.22 35 0.241 2.44 30 0.207 2.09
5 * * * 50 0.345 3.48 40 0.276 2.79
5 * * * 50 0.345 3.48 40 0.276 2.79

Note: 

Phenomena

Phenomena
4: 60 o  CSK 12 DIA

Incipient cavitation

Supercavitation

Total hydraulic flip 

L/D

L/D
Pressure (gauge) 

Ca

9: 120 o  CSK 9 DIA

Pressure (gauge) Pressure (gauge) 

L/D
Phenomena

Incipient cavitation

Supercavitation

Total hydraulic flip 

2. Ca  = (P 1-P 2) / ( P 2-P v)

1. * phenomenon does not occur, or was not observed
Total hydraulic flip 

Supercavitation

Incipient cavitation

5: 90 o  CSK 12 DIA

Ca

6: 120 o  CSK 12 DIA

Pressure (gauge) 
Ca Ca Ca

Pressure (gauge) 

Ca

7: 60 o  CSK 9 DIA 8: 90 o  CSK 9 DIA

Pressure (gauge) 

2: Counterbore nozzle 3: Round nozzle, r = 3

Pressure (gauge) Pressure (gauge) Pressure (gauge) 
Ca Ca Ca

1: Plain nozzle

Table 1. Lower boundaries of cavitation number for various nozzle models for different phenomena.

Model L/D
5 1.27 2.57 2.90 4.09 4.74 5.29 na 6.43

10 0.67 1.05 2.05 3.23 3.83 5.00 6.15 6.74
5 na 0.76 1.45 2.81 3.22 3.47 na 8.20

10 na na 1.85 2.50 3.07 3.37 5.87 8.45
6 5 na na na 1.50 1.84 2.65 na na
9 5 na na na 1.48 1.92 2.50 na na

31.11 37.1822.00 23.52 24.95 26.30

0.207 0.241 0.276 0.310 0.345 0.483 0.6890.172
Gauge Pressure (MPa)

1

2

Ideal Jet Velocities in Plain 
Nozzle, L/D=5

18.60 20.37

Table 2. The average velocities of cavitation movement  (m/s) at different injection pressures.

Model L/D
5 34 24 20 17 19 19‡ na 47‡

10 no flip† 236 133 55 40 88‡ 80‡ 74‡

5 na 90 69 53 22 34‡ na 36‡

10 na no flip† no flip† no flip† no flip† no flip† no flip† no flip†

6 5 na na na 91 16 26‡ na na
9 5 na na na 54 56 47 na na

† until end of injection

‡ hydraulic flip with reattachment

2

0.483 0.689

1

0.241 0.276 0.310 0.345
Gauge Pressure (MPa)

0.172 0.207

Table 3. The period of time (ms) for supercavitation at the exit nozzle before flip.
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Abstract
Throttle flow phenomena are documented for conditions before and after the start of cavitation. The throttle

flow properties are described in the conventional way with data for mass flow versus pressure drop. Such hydraulic
characterisation is in widespread use to assess flow properties of high pressure fluid systems. As cavitation areas
start to restrict parts of the throttle channel, there is considerable modification of the flow characteristics. The paper
reports on the detailed optical study of the flow and cavitation phenomena in a transparent, quasi 2-dimensional
throttle. The transition from liquid, into liquid – vapor flow, and the interaction of the liquid flow regimes with
cavitation gas regimes are documented. Measurements of the vapor field distribution, of the pressure field in the
liquid and of velocity profiles provide a precise and comprehensive documentation of the flow phenomena involved
in cavitating flow situations.

Introduction
Spray formation in diesel and gasoline engines is achieved by discharging pressurised fuel through small nozzle

holes. Fuel injection rates and spray properties are the result of the interaction of pressure formation, valve actuation
and fuel flow through injector and nozzle elements. Operating conditions of fuel injection systems result in fuel flow
events such as fast acceleration and deceleration, high velocity and high velocity gradient flow with flow separation,
cavitation and velocity profile re-arrangement, and finally in the formation of turbulent, atomising free sprays.

The design and optimisation of injection equipment requires especially careful tuning of all high pressure
throttle, valve and nozzle elements as they govern the above effects and take influence on spray quality as well as on
hardware reliability and lifetime.

Some of these flow situations are studied in 2-dimensional throttle flow experiments with diesel fuel. The 2-D
arrangement was chosen in order to get optical access to the throttle elements and to perform comprehensive
observation and measurements of:
• Formation of cavitation regimes.
• The pressure field distribution in cavitating flow situations.
• Velocity profiles of the fuel flow.
• The influence of flow geometry variations.

Because of the difference of the quasi 2D flow situations in this study and the real 3D injector equipment,
emphasis was given to the precise documentation and maximum possible measurement of the flow situations and the
interaction of velocity, pressure and liquid-vapor phase under the influence of throttle geometry details. With this
comprehensive documentation of flow phenomena under the influence of flow geometry, the results serve as data
base for describing basic cavitation flow phenomena.

Experimental arrangements
Parts of the experimental background were already published in [1]. The following describes the experimental

set-up and measurement techniques as required to understand the results of this study.

The 2-D model flow rig
The flow geometry of interest is eroded into  0.3 mm thick steel sheets. The sheets are sandwiched between a

pair of sapphire windows, see Fig. 1. The hydraulic components comprise a temperature stabilised fuel tank, fuel
supply pump, high pressure common rail pump, pressure regulator, inlet valve, the 2-D flow model, outlet valves
and return line. Fuel pressure levels are measured 35 mm upstream and downstream of the observation element
(DMS sensor, AVL SL31D200), fuel mass flow is measured with a coriolis sensor (Danfoss, Mass 2100 sensor and
Mass 3000 signal converter). Measurements are reported here for standardised throttle tests under stationary flow



conditions at inlet pressure levels of 100 bar. The outlet pressure was adjusted to
provide the desired pressure drop. The dimensions of the flow elements are in the
order of  0.3 mm. Larger cross sections provide the inflow to and drain from the
throttle element of interest. These flow channel dimensions have been selected to
provide flow velocities and velocity gradients comparable to those found in fuel
injectors.

Figure 1. The model throttle flow path between the sapphire windows

Visualisation of cavitation field
This is accomplished by back illumination and imaging of the flow model with a CCD camera (100 ns

illumination time). The gas bubbles created in the low pressure regimes result in the blackening of the observed flow
area. This is directly recorded on a CCD camera. As cavitation bubbles are created in a highly turbulent flow
environment, the location of the cavitation field is fluctuating. Local fluctuation probability is visualised by means
of distribution pattern statistics. This is based on binarisation of the grey scale images and subsequent ensemble
averaging for a set of 20 images taken under the same operating conditions. Results are then presented as probability
distribution fields of the local light transmittance (see e. g. Fig 3).

Visualisation of the pressure field
The basis of the pressure field visualisation is the measurement of the optical path length field in the 2-D model

flow. For this purpose a Mach Zehnder interferometer arrangement is used. The interferograms are recorded with a
CCD camera at 500 ns recording time. The interferogram fringe shift evaluation is based on an FFT algorithm [2].
Results are ensemble averaged for 20 images per operating condition. The optical path length data in the 2-D
geometry are converted to density data and density to pressure and temperature data. For constant fluid temperature,
this evaluation yields the pressure field. However, as heat is generated in the flow by turbulent dissipation, an error
introduced by temperature rise must be accounted for. This temperature rise across the throttle was between 2 and 3
K. With the given arrangement, the error by neglecting this temperature effect is below 3% of the locally determined
pressure level [1].

Velocity profiles
Velocity profiles are measured with a fluorescence tracing method. A narrow area of the fluid is irradiated with

a laser light pulse (248 nm, 30 ns). This area is precisely located by means of a reference image. The irradiation
yields fluorescence emission of the diesel fluid. An image of the fluid, captured at a constant time interval after the
illumination with the laser pulse shows the displacement of the irradiated flow area during this time interval. This
displacement against the reference image together with the selected time delay directly yields the velocity profile.

Hydraulic measurements
Mass flow versus pressure drop measurements were made to find the individual throttles' transition into choked

flow conditions. This procedure was standardised for an inlet pressure of 100 bar and a fuel inlet temperature of 27
deg C. The mass flow first follows the rising pressure drop as outlet pressure is decreased from near 100 bar to
ambient pressure. With the onset and growth of cavitation, however, the massflow approaches a constant level and is

insensitive to further reduction of outlet pressure (Fig. 2). This transition from
pressure dependent mass flow to choked mass flow defines the "critical cavitation"
(CC) point. For practical purposes, the critical cavitation pressure (CCP) is defined
as the pressure drop where the mass flow along the hydraulic line approaches 99%
of the choked mass flow.

Figure 2. Throttle geometry “U” in 300 µm thick sheet steel. 301 µm inlet width,
284 µm outlet width, 20 µm inlet radius, 1 mm throttle hole length

With the widely used definition of the cavitation number
CN = (Pin – Pout) / (Pout – Pvapor) (1)

the critical cavitation number is defined as
CCN = CCP / (Pout at CCP – Pvapor) (2)

Pvapor for diesel fuel at 31 deg C is 20 mbar [3].

If inlet pressure is maintained at 100 bar and constant temperature, CCN for a given liquid is only dependent on
throttle geometry.
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        The results section of this paper shows the hydraulic and imaging analysis of one particular throttle. The
transition from non cavitating flow into choked cavitation flow is demonstrated with detailed imaging of the liquid –
vapor field and of the pressure field. Especially the inflow regime into the throttle with flow separation, flow
contraction and cavitation in the recirculation zone is documented. Velocity profiles for the inflow and contraction
regime further complement the data base and allow comparison with integral mass flow data.

Geometry variations are introduced by changing the throttle outlet width. The effect on the throttle flow is
documented with comparisons of hydraulic data and with the visualisation of  the cavitation field and the pressure
field.

Finally, examples describing the conditions at incipient cavitation are provided.

2D throttle flow under cavitation conditions
The throttle geometry "U" as shown in Fig. 2 yields the hydraulic behaviour of Fig. 3. Cavitation induced

choked flow starts at a pressure drop of  70 bar, yielding a critical cavitation number of CCN = 2,33. As the
cavitation imaging in Fig. 4 shows, this situation is characterised
by cavitation areas covering the recirculation regime downstream
of the throttle entrance. Around 40% of the central throttle cross
section is free of cavitation bubbles.  At just 1 bar higher pressure
drop, the mid and end section of the throttle are more and more
covered by cavitation gas. As the pressure drop is further
increased, the liquid flow line along the channel center
disappears. Near the throttle exit in the pressure recovery zone,
the cavitation gas is re-condensed into liquid phase. Downstream
of the outlet, cavitation is again generated in the shear layer of
the free liquid into liquid jet.

Figure 3. Mass flow versus pressure drop at 100 bar inlet
pressure. Transition into choked flow defines critical
cavitation. Cavitation start is found by optical inspection.

Start of cavitation is optically observed at 60 bar pressure
drop. This cavitation event has a small influence on the mass
flow versus pressure drop curve. Incipient cavitation regimes
are located just downstream of the flow separation at the
throttle entrance (see also Fig. 12). As pressure drop increases,
the fluctuations of the gas field on the entrance to the throttle
become very small. Larger fluctuation areas are found
downstream in the mid and end section of the throttle and on
the low pressure side on the exit.

Figure 4. Cavitation field distribution from cavitation start to choked flow.
Red/light-grey: liquid only. Blue/dark-gray: gas only. Bright areas show fluctuation between liquid and gas phase.

The pressure field just before start of cavitation is shown in fig. 5. In this overview, the most obvious result is to
see that the pressure drop is confined to the entrance area of the trottle. This is in much more detail seen in the
pressure field maps of Figs. 6 and 7, comparing the pressure distribution before start of cavitation and near critical
cavitation pressure.

Figure 5. Pressure field at non cavitation conditions
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Figure 7. Pressure field at the throttle entrance.
Without cavitation and at critical cavitation, 5 bar steps
between isolines

The pressure field distribution shows that the main
pressure gradient field covers a size of about one throttle
diameter. Half of this gradient field extends into the
upstream area in front of the throttle entrance.
Downstream of the throttle entrance, along the central
flow line, and at a distance of about 0.5 to one throttle
diameter, the pressure minimum (or more precisely the

pressure saddle point) and pressure recovery are found. In the entrance near the throttle wall the pressure isobars
show the precise location and pressure gradient layer of the flow separation regime. At higher pressure drop, this
flow separation shear layer is also found to initiate cavitation, see Fig. 12. At increasing pressure drop, with
increasing formation of cavitation gas, the low pressure recirculation area is filled with gas.

The velocity in the throttle entrance regime should obviously be
affected by the flow separation and the presence of gas between the
fluid and the channel wall. Velocity profiles are shown in Fig. 8 for
conditions without cavitation (∆p = 55bar), with moderate cavitation
(∆p = 67 bar) and at choked flow conditions (∆p = 71 and 85 bar). Just
downstream of the throttle entrance at position v1 (53 µm inside the
throttle hole, see Fig. 6), the velocity profile at ∆p = 55 bar rises from
the boundary layer and recirculation regime and peaks in the shear
layer just about 40 µm above the wall. Across the main flow regime the
profile shows a moderate, yet noticeable minimum in the channel
center. Similar flow profiles at the throttle entrance and subsequent
profile re-arrangement under non-cavitating conditions in a circular
throttle have been reported by Soteriou et al. [4].

This profile of the main flow channel with the minimum in the
centerline is also present at higher pressure drop conditions. Yet, as
cavitation gas appears in the shear layer and in the recirculation regime,
the velocity profile near the channel wall is considerably modified. At
choked flow conditions (∆p = 71 and 85 bar), with cavitation gas
present in the recirculation zone, the velocity peak near the cavitation
gas is significantly increased. Next to the wall, however, velocity data
out of the cavitation zone are unattainable. The data for ∆p = 67 bar, at
moderate cavitation, show the transition of the recirculation regime into
a fully gas filled cavitation zone. Velocity measurements in the next to
the wall region are unattainable.

Figure 8. Velocity profiles v1 downstream of throttle entrance and v2
in central flow contraction regime. Mass flow evaluation for v1 profiles

At the throttle cross section position v2, which is essentially located in the main part of the flow contraction
regime (170 µm inside the throttle hole, Fig. 6), the flow profiles are already re-arranged. Now the velocity peak is
in the channel center. But still, under choked flow conditions, there are velocity maximal near the boundary to the
gas regime.

Velocity - Mass flow
The velocity profile data can further be used to evaluate mass flow and compare the result with the mass flow

measurements. This was done for the data in position v1. The results are given in the insert of Fig. 8 together with
the percentual difference found between velocity based and measured mass flow results. The general agreement
supports the data evaluation procedure and the high degree of accuracy for the velocity measurement. However, the
deviations also show that the extent of the liquid phase does not perfectly coincide with the extent of the velocity
data. Thus, even if velocity levels are trustworthy, the direct comparison with integral mass flow data requires
special attention.
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Throttle geometry variation
All of the above results were obtained with throttle geometry "U", which has a slightly contracting channel.

Throttle channel "J" without contraction, and "W" with a more pronounced contraction, see table 1, are compared
with the main results of throttle "U" in Figs. 9, 10 and 11.

The hydraulic data of Fig. 9 show that
the mass flow for a given pressure drop under
non cavitating conditions is reduced by the
channel contraction. Critical cavitation
appears under different pressure conditions,
however, mass flow levels at critical
cavitation and furtheron at choked flow
conditions are almost identical. Bulk flow
velocity data, derived from mass flow and the
geometric throttle cross section at the inlet,
are within a range of 0.5 %. A similar
coincidence of mass flow is found at
cavitation start. Also here, bulk flow
velocities at the inlet are constant within 1 %.

Figure 9. Throttle geometry variations.
Hydraulic behavior and cavitation field at
critical cavitation

Start of cavitation and critical cavitation in these three examples are thus just determined by the inflow
conditions into the throttles. The different contractions of the three samples and their microscopic inlet conditions
are too small to cause any macroscopic effect on throttle cavitation conditions.

The throttle outlet contraction has, however, influence on the pressure field within the throttle and on the
growth of the cavitation regime at increasing pressure drop. The latter is seen in Fig. 10 with the comparison of

cavitation fields at critical cavitation and just 1 bar above
CC. First of all, the cavitation field grows significantly just
by increasing the pressure drop from CC to CC + 1bar,
confirming the result of Fig. 4. The contraction, however,
enforces faster growth of the downstream cavitation field
and the central liquid flow channel disappears earlier with
stronger channel contraction.

Figure 10. Cavitation field around critical cavitation

The pressure field at the throttle entrance is nearly
identical for the three variants. The contraction variation
is seen in its influence on the position of the pressure
recovery zone along the flow centerline. The data in Fig.
11 show that a stronger throttle contraction shifts the
pressure recovery zone closer to the throttle entrance.

Figure 11. Throttle geometry variations. Pressure field
and pressure profile comparison at critical cavitation

Throttle Inlet Inlet Outlet Contrac-
tion

 radius width width

Hydraulic data at
cavitation start CS

Hydraulic data at
critical cavitation CC

R1 D1 D2 ∆p mass fl. CN v ∆p mass fl. CCN v
µm µm µm % [bar] [g/s] [m/s] [bar] [g/s] [m/s]

J 20 299 299 0 57.0 7.21 1.33 96.5 65.0 7.72 1.86 103.3
U 20 301 284 5 60.0 7.17 1.50 95.3 70.0 7.74 2.33 102.9
W 20 301 270 10 67.0 7.17 2.03 95.3 77.0 7.76 3.35 103.2

Table 1. Throttle properties of this study. For all throttles: 301 µm thick steel sheet, sharp outlet, 1 mm throttle
length, 100 bar inlet pressure.

Throttle - J:    299 - 299 µm 0 % contraction
Throttle - U:   301 - 284 µm 5 % contraction
Throttle - W:  301 - 270 µm 10 % contraction
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Incipient cavitation
The onset of cavitation at the entrance to the throttle hole first appears in the shear layer between the incoming

fluid separating from the entrance corner and the recirculating fluid near the throttle wall. Fig. 12 shows an example
of this phenomenon together with a comparison of the pressure field at pressure conditions just before cavitation
appears.

Figure 12. Flow field at incipient cavitation.
Cavitation starts in the shear layer between
main flow and recirculation regime. (Note
that shadowgraph has been taken with lower
optical resolution).

Summary and conclusions
Following the microscopic observations of Fig. 12 and also the results discussed for the cavitation start

conditions of the throttle examples, it is obvious that cavitation formation is essentially linked to shear flow
phenomena. The geometry influence of flow systems either affects the velocity – pressure conditions, as in the
examples of the contracting throttles, or it affects size and position of recirculation regimes, if throttle entrance
geometry is modified (not shown here).

With identical conditions for cavitation formation as was achieved in the throttle comparisons, the downstream
cavitation field is governed by the transport of the cavitation gas and by the pressure conditions for its
recondensation. This is affected by the available flow geometry.

The velocity profile measurements (Fig. 8) have shown that the presence of cavitation gas in the throttle
entrance allows considerably high flow velocities near the liquid – gas interface. Within a layer of  10 to 20 µm,
these high velocities drop into a near block profile which has a moderate minimum at the throttle center. At pressure
conditions around and just before onset of cavitation, the high velocity peaks in the periphery disappear, but even
here velocities at the boundary to the recirculation zone are higher than at the channel center. Just slightly
downstream into the flow contraction zone, these velocity profiles re-arrange with peak velocities emerging along
the channel centerline. The periphery velocity peaks at and above critical cavitation are still present, but there is now
also a clear low velocity boundary layer extending into the cavitation gas zone.
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Abstract
This paper presents the experimental study on atomization of a liquid jet at super-high injection pressure.  A hole-
type diesel nozzle, which had a single hole 0.3 mm in diameter, different inlet pipe diameter, hole length and inlet
shapes of the nozzle hole, was used.   Water instead of diesel fuel was used as the injection liquid.  The
disintegration behavior of the liquid jet was photographed by the back diffusion light illumination method.  The
break up length and the spray angle were measured in variation of injection pressure up to 200 MPa (2000 bar).  The
effects of geometric shapes of nozzles on the spray characteristics at super-high injection pressure were investigated.
The results of the present study were indicated that the disintegration behavior of a liquid jet at super-high injection
pressure is the almost same independent of the inlet pipe diameter D0 and the hole length-to-diameter ratio L/D,
because cavitation takes place in the nozzle hole.  To the contrary, it depends on the inlet shapes of the nozzle hole.

Introduction
     Atomization technology of a liquid jet is widely used in industrial applications, such as fuel injectors in the
internal combustion engines.  Atomization of a liquid jet is affected by a geometric shape of nozzle, physical
properties of a liquid, injection pressure and ambient pressure.  The effects of them have already been carried out in
previous studies [1]-[3], it is well known that atomization of a liquid jet such as a diesel spray is greatly affected by
a geometric shapes of the injection nozzle.  However, the current understandings of atomization mechanism of a
liquid jet at high injection pressure conditions are very limited.  Experimental studies on atomization of a liquid jet
at relatively low injection pressure have been carried out, and mechanism of atomization at high injection pressure
has not been clarified.  Clarifications of the disintegration process of a hole nozzle are important to improve the
spray characteristics.  Therefore, the fundamental studies of the effects of geometric shapes of nozzles on the spray
characteristics at super-high injection pressure up to Pi =200 MPa (2000 bar) were investigated.

FIGURE 1. Schematic of the experimental apparatus.
 FIGURE 2. Measurement method for the breakup length.



Experimental Apparatus and Methods
     A schematic of the experimental apparatus is
shown in Fig. 1.  The equipment consists of a liquid
injection system with a high pressure pump, and a
spark light source for taking photographs of the
spray.  Water at room temperature pressurized by the
high pressure pump was continuously injected under
atmospheric conditions.  The disintegration behavior
of a liquid jet was photographed by back diffusion
light illumination method, using a pulsed ruby laser.
The breakup length of the liquid core, which is
defined as the distance from the exit of the nozzle
hole to the breakup point of the liquid core, was
measured by electrical resistance method [4] in
which a screen detector was used, as shown in Fig. 2.
The spread angle of the spray i.e. the spray angle was
defined with the spray boundary as shown in Fig. 3.
     Schematics of test nozzles are shown in Fig. 4.
Test nozzles made of natural diamonds are the sharp
edge nozzle (Nozzle-S) and nozzle with additional
inlet curvature R=0.3 mm (Nozzle-R), whose hole
diameter is D=0.3 mm similar to a diesel nozzle.  The
inlet pipe diameter D0 were varied from 0.5 mm to
6.0 mm, the hole length-to-diameter ratio L/D were
used 4, 10 and 20.  Nozzle-S easily causes a
contracted flow at the inlet of the nozzle hole and
cavitation takes place in the nozzle hole.  Nozzle-R
does not take place cavitation [5].

Experimental Results and Discussions
Effects of the Inlet Pipe Diameter D0
     Figure 5 shows the variation of the spray pattern
as a function of the inlet pipe diameter D0.

FIGURE 3. Definition of the spray angle.

(a) Nozzle-S (b) Nozzle-R
FIGURE 4. Schematics of test nozzles.

(a) Pi =20 MPa (200 bar) (b) Pi =200 MPa (2000 bar)

FIGURE 5. Effects of the inlet pipe diameter D0 on the disintegration behavior of a liquid jet.
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FIGURE 6. Effects of the inlet pipe diameter D0
                    on the breakup length.

FIGURE 7. Effects of the inlet pipe diameter D0
                     on the spray angle.

(a) Pi is small.

(b) Pi is large.

FIGURE 8. Schematic views of the stream line, internal flow in the nozzle hole and a liquid jet.



Figures 5 (a) and (b) show the cases of the injection
pressure Pi =20 MPa (200 bar) and Pi =200 MPa
(2000 bar), respectively.  Figures 6 and 7 show the
effects of the inlet pipe diameter D0 on the breakup
length and the spray angle, respectively.  As shown
in Figs.5 (a), 6 and 7, when Pi is relatively small of
20 MPa, spread of the spray is wide and the breakup
length is very short at D0=0.5 mm.  However,
spread of the sprays becomes narrow and the
breakup length becomes long with an increase in
D0.  When D0 was larger than equal to 3.0 mm,
spread of the sprays becomes considerably narrow,
the breakup length becomes long and the spray
angle becomes small.  Moreover, the disintegration
behaviors of the sprays, variations of the breakup
length and the spray angle are independent of D0.
     On the other hands, as shown in Figs.5 (b), 6 and
7, when Pi is extremely large of 200 MPa, the
sprays atomize considerably, the disintegration
behaviors of the sprays, variations of the breakup
length and the spray angle are the almost same,
independent of D0.  From these results, it was
clarified that when Pi is relatively small of 20 MPa,
the disintegration behavior of a liquid jet is
considerably influenced by the inlet pipe diameter
D0, when Pi is extremely large of 200 MPa,
atomization of a liquid jet is independent of D0.
     For these reasons, the following conclusions can
be drawn.  Schematics of the stream line within the
nozzle, the nozzle internal flow and spray are
shown in Fig. 8.  When the injection pressure Pi is
small; in the case of the nozzle with smaller inlet
pipe diameter D0, since the liquid flow separated
from the hole inlet is reattached the nozzle hole,
hydraulic flip does not occur.  Therefore, cavitation
takes place in the nozzle hole and the liquid jet
atomizes.  To the contrary, when D0 is large, since
the liquid flow is separated from the inner wall of
the nozzle hole i. e. hydraulic flip occurs in the
nozzle hole, cavitation does not take place.
Therefore, the liquid jet atomizes little.  Moreover,
when Pi is extremely large of 200 MPa, the liquid
flow separated from the hole inlet is reattached the
nozzle hole independent of D0, because the high
turbulence in the nozzle hole and the liquid flow in
the nozzle hole is unstable.  As a result, hydraulic
flip does not occur and cavitation takes place in the
nozzle hole, the liquid jet atomizes considerably.

Effects of the Hole Length-to-Diameter Ratio L/D
     The effect of the hole length-to-diameter ratio L/D
on atomization of a liquid jet is shown in Fig. 9.
Figures 10 and 11 show the effects of the hole length-
to-diameter ratio L/D on the breakup length and the
spray angle, respectively.  Figures 9 (a) and (b) show
the cases of the injection pressure Pi =20 MPa and Pi
=200 MPa, respectively.  As shown in Fig. 9 (a),
when Pi is 20 MPa and L/D is small of 4, spread of
the spray is very narrow compared with one of
L/D=20 and the liquid jet does not atomize at all.  On
the other hands, L/D is large of 20, spread of the
spray is large, the liquid jet atomizes.  As shown in
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FIGURE 9. Effects of the hole length-to-diameter ratio L/D
                     on the disintegration behavior of a liquid jet.

FIGURE 10. Effects of the hole length-to-diameter ratio
                       L/D on the breakup length.

FIGURE 11. Effects of the hole length-to-diameter ratio
                      L/D on the spray angle.



Figs. 10 and 11, the breakup length and the spray
angle are influenced by the hole length.  When L/D is
4, the breakup length is long and the spray angle is
small, and the breakup length becomes short and the
spray angle becomes large with an increase in L/D.
     As shown in Figs.9 (b), 10 and 11, when Pi is 200
MPa, the disintegration behavior of the spray, the
breakup length and the spray angle are the almost
same and the liquid jet remarkably atomizes
independent of L/D.  From these results, it was
clarified that when Pi is relatively small of 20 MPa,
the disintegration behavior of a liquid jet is
considerably influenced by the hole length-to-
diameter ratio L/D, when Pi is extremely large of 200
MPa, atomization of the spray is independent of L/D.
     It is considered that when L/D is small, hydraulic
flip easily occurs in the nozzle hole at relatively low
injection pressure region, and the liquid jet does not
atomize [5], [6].  However, since the turbulence in
the nozzle hole increases with an increase in the
injection pressure, the liquid flow becomes unstable
and the liquid flow separated from the hole inlet is
reattached the nozzle hole and hydraulic flip does not
occur, as mentioned before.  Therefore, cavitation
takes place in the nozzle hole and the liquid jet
atomizes.  To the contrary, when L/D is large,
hydraulic flip does not occur and cavitation takes
place in the nozzle hole independent of the injection
pressure, the liquid jet atomizes considerably.

Effects of Inlet Shapes of the Nozzle Hole
     Finally, the disintegration behavior of a liquid jet
is shown in Fig. 12 for nozzles with different inlet
shapes.  Figures 12 (a) and (b) show the cases of the
injection pressure Pi =20 MPa (200 bar) and Pi =200
MPa (2000 bar), respectively.  Moreover, Figs. 13
and 14 show the effects of inlet shapes of the nozzle
hole on the breakup length and the spray angle.  As
shown in Fig. 12 (a), when Pi is 20 MPa, the spray of
Nozzle-R has a somewhat large spread angle as
compared with Nozzle-S, because of the turbulence
caused by friction to the inner wall of the nozzle
hole.  However, differences of the disintegration
behaviors of a liquid jet between Nozzle-S and
Nozzle-R are not observed.  As shown in Figs. 13
and 14, in the case Pi is smaller than 20 MPa,
comparing with the same injection pressure, the
breakup length of Nozzle-S becomes longer and the
spray angle of one becomes smaller than Nozzle-R.
To the contrary, as shown in Fig. 12 (b), when Pi is
200 MPa, spread of the spray of Nozzle-S becomes
considerably wide, compared with one of Nozzle-R.
As shown in Figs. 13 and 14, in the case Pi is larger
than 20 MPa, comparing with the same injection
pressure, the breakup length of Nozzle-S becomes
shorter and the spray angle becomes larger than
Nozzle-R.
     This reason is considers as follows; in the case of
Nozzle-R, since cavitation does not take place in the
nozzle hole independent of the injection pressure, the
factor of atomization is considered that the friction
between the liquid jet and the ambient gas.  To the

FIGURE 12. Effects of the inlet shapes of the nozzle hole
            on the disintegration behavior of a liquid jet.
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contrary, in the case of Nozzle-S with small L/D, although hydraulic flip occurs at low injection pressure region, the
liquid flow separated from the hole inlet is reattached the nozzle hole at high injection pressure region.  Therefore,
cavitation takes place in the nozzle hole, the disturbance of the liquid flow due to occurrence of cavitation is
influenced to atomization of a liquid jet.
     As a consequence of this study, it was clarified that atomization of a liquid jet at super-high injection pressure
region is independent of the inlet pipe diameter D0 and the hole length-to-diameter ratio L/D.  However, inlet shapes
of the nozzle hole was extremely influenced to atomization of a liquid jet independent of the injection pressure, and
the occurrence of cavitation is the most dominant factor to atomization of a liquid jet at super-high injection
pressure region.

Conclusions
The following conclusions are drawn from this experiment:
(1) When the injection pressure Pi is relatively small of 20 MPa, the disintegration behavior of a liquid jet is

considerably influenced by the inlet pipe diameter D0 and the hole length-to-diameter ratio L/D.
(2) Inlet shapes of the nozzle hole are extremely influenced by atomization of a liquid jet independent of the

injection pressure.
(3) Atomization of a liquid jet at super-high injection pressure region is independent of the inlet pipe diameter D0,

the hole length-to-diameter ratio L/D, and it depends on inlet shapes of the nozzle hole.
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Abstract
Recent developments in Gasoline Direct Injection, or Direct Injected, Spark-Ignited engine, deal with

atomisation mechanism knowledge. This technology uses injector which provides a hollow cone liquid sheet due to
a swirler inside the nozzle.

Thus, experimental investigations as well as Computational Fluid Dynamics calculations are presented here to
improve understandings of the second wind-induced atomisation process. Effects of liquid properties and ambient
pressure are depicted for the same flow rate. We use phase Doppler measurement technique to obtain diameter and
velocity droplets in the hollow cone jet. Dimensionless numbers, such as Reynolds and Weber numbers, are
expressed by the help of experimental data. Then, we compare their values to understand the role of each parameter.
We observe that the stream-wise velocity decreases while the mean droplet diameter increases. We guess that
secondary atomisation is less important in case of weak aerodynamic forces and coalescence phenomenon.
Introduction

For the last ten years, the Gasoline Direct Injection has reached an outstanding status in power engine
development. Direct injection is expected to reduce fuel consumption at low engine charge while a good
performance of the car is maintained. This is achieved by a lean mixture of fuel in air, near the spark plug, due to
direct injection and air motion in the cylinder. In fact, a very fine spray, issued from a hollow cone liquid sheet at
high injection pressure (about 7 MPa), is obtained by droplet atomisation. Therefore, many tunings ([1], [2]) are
necessary to achieve a good combustion.

Theoretical knowledge and out-of-engine diagnostics are needed to perform a complete understanding of
breakup mechanisms of spray. In this way, this paper deals with an experimental study, helped by CFD calculations
done with Star-CD software, on effect of liquid properties and ambient pressure on atomisation mechanisms of a
hollow liquid jet emerging from a high pressure swirl injector. We will explore more specifically the second wind-
induced atomisation.

First, we will present our experimental setups used in this work, then, we will discuss on different results to
study effects of liquid properties and ambient pressures on atomisation processes. Thus, we will put the stress on the
free jet (spray) behaviour according to changes in liquid surface tension and viscosity as well as in ambient pressure.
Finally, we will recap the main points of the work.
Experimental benches

In this section, we will describe briefly a high pressure swirl injector we used as a reference, then the three
different experimental rigs we built or modified during this study. Two of them were devoted to run in steady jet
with water whereas the last one runs in quasi-steady jet with hydrocarbons. Finally, we will present the way how to
correlate our results and our experimental measurement techniques.

High pressure swirl atomiser
A commercial injector was used, its outlet diameter (Do) is 0.9 mm (see Figure 1). Its needle is electromagnetic

driven. The closure and aperture of the needle is allowed by the help of a seat. An inner piece generating a liquid
swirl motion is placed inside the nozzle. It runs up to 7.0 MPa of injection pressure. We refer the coordinate system
in terms of dimensionless axial and radial locations, respectively X/Do and Z/Do for the stream-wise motion and its
normal motion.

FIGURE 1. Picture of the injector and coordinate system used in this study.

X/Do

Z/Do



Experimental rigs with water (“Jetlihv” and “Jetcoap”)
Two experimental setups were employed in case of steady jet in water at the Laboratoire de Combustion et de

Détonique of Poitiers. They have a common liquid supply with two serial liquid pumps running up to 4.0 MPa.
“Jetlihv” is placed under atmospheric pressure and “Jetcoap” consists in a controlled pressure chamber in which air
is pressurised up to 1.0 MPa. A computer interface drives micrometric displacement tables and gets liquid and air
temperature and pressure from sensors incorporated in liquid and gas supplies. More details are available in [3] and
[4].

Experimental rig in quasi-steady jets
At Le Moteur Moderne we built a specific test cell for quasi-steady jets with hydrocarbons such as unleaded

gasoline, White Spirit (a painting solvent) and n-heptane. The cell is maintained at a constant air pressurised value,
up to 0.8 MPa, thanks to a micrometric valve. We made long injection duration (about 100 ms) to generate a
significant steady state jet, from which we take the data (steady state). A synchronisation between injection duration
and experimental devices (imager, lighting or phase Doppler measurement) is insured by a in-house electronic
device. For a complete description, see [5] and [6].

Influencing parameters
We keep a constant flow rate (Qv = 31.1 l/h) with all liquids by adapting the differential injection pressure in

each case. By comparing the different liquids two by two, we will see the influencing parameter as follows:
• From water to White Spirit we decrease density of 23%, dynamic viscosity grows up of 8% and surface

tension is less than 67%. It means that dynamic viscosity is quite conserved whereas density and almost surface
tension are changed. As a consequence, we could see the effects of density and surface tension.

• From White Spirit to unleaded gasoline, we keep then density quasi constant (less than 2%) and dynamic
viscosity is divided near by two, finally surface tension still constant (less than 3%). We will see the effects of
dynamic viscosity.

The Table 1 below summarises the liquid properties and different ratios as well as the running conditions we
will use.

Liquid Physical properties Differential
injection
pressure

Density
ρ (kg/m3)

Density
ratio

Dynamic viscosity
µ (Pa.s)

Viscosity
ratio

Surface tension
σ (N/m)

Surf.
tension

ratio

∆P (MPa)

Water 998 10-3 0.0728 2.0
White
Spirit

770 ρws / ρw =
0.77

1.08x10-3 µws / µw
= 1.08

0.0238 σws / σw
= 0.33

1.3

Unleaded
gasoline

753 ρug / ρws =
0.98

5.22x10-4 µug / µws
= 0.48

0.0230 σug / σws
= 0.97

1.2

TABLE 1. Liquid properties, studied ratios and running conditions for Qv = 31.1 l/h.

Experimental measurements
One of the techniques used is phase Doppler measurement by the help of two devices in case of specific optical

accesses on the experimental rigs: PDA from Dantec and PDPA from Aerometrics. We made measurements of
droplet diameter up to 140 µm with an axial velocity component from -110 m/s to 150 m/s with a beam waist of 117
µm. We acquire 5,000 validated samples at each measurement location.

This wide range of diameter values implies that some large droplets (over 80 µm) are taken into account due to
the capability of the measurement device. As a consequence, the volume represented by them reaches high values
although their number are low (about 10 in 5,000 validated samples). This fact has to be kept in mind for further
analysis.

Results and discussion
It is recognised that liquid density and viscosity act on the internal flow inside the nozzle ([7], [8]) by

modifying discharge coefficient value and the velocity profile.
In order to interpret the effects of liquid viscosity and surface tension on diameter and velocity droplet

distribution, we have uncoupled our results into two steps. First, we will present axial velocity component and mean
diameter (D10) at a constant ambient pressure of 0.4 MPa to compare liquid property effects two by two (water -
White Spirit and White Spirit - unleaded gasoline). Then, we will proceed as before at the same axial location X/Do
= 15 for different ambient pressures from atmospheric pressure to 0.8 MPa in order to see the effects of this change.
We present in all cases the radial evolution of the mean characteristic.



Effects of liquid properties
Our results are presented at the axial locations from X/Do = 1 to 17.5. In this area, we are in the closer and

medium fields, when liquid sheet breakup occurs. Data rate and validation percentage could appear insufficient in
some cases, nevertheless we will assume that these data well represent the initial liquid sheet velocity. Sometimes,
along the jet axis, we are not able to have good measurement unfortunately due to a too important density of the
spray (several small droplets in the measurement volume at the same time).
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FIGURE 2. Radial evolution of axial mean velocity component at ambient pressure of 0.4 MPa and Qv = 31.1 l/h.
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FIGURE 3. Radial evolution of mean diameter at ambient pressure of 0.4 MPa and Qv = 31.1 l/h.

First, we find the same order of magnitude in initial outlet velocity either at the axial location of X/Do = 1 or
X/Do = 5 (see Fig. 2). Then, all the curves present the same shape: a minimal value on the jet axis and a maximal in
the border of the jet corresponding to the way of the liquid sheet. A recirculation zone occurs with water at the
nozzle outlet, along the jet axis, this is not visible for other liquids in the mean velocity component but it occurs too
by examining size-velocity correlation.

Usually, mean diameter is constant for the fluids along the jet axis and in the further sections (about 12 µm).
Lower velocity values in jet border shows that jet radial expansion is less with White Spirit than with water and
unleaded gasoline.

By modifying liquid density and surface tension between White Spirit and water, we observe significant lower
velocity values and strong higher droplet diameter values. A lower surface tension and density with White Spirit can
explain this observation by a better primary atomisation in accordance with a reduction in breakup length of the
liquid sheet as depicted by Han [9].

Then, between White Spirit and unleaded gasoline we observe the same deficit in velocity values but the mean
diameter looks like equal. Viscosity acts as a cohesive force inside the droplet by opposition to stretching motions
[10]. In fact, we can suppose that a decrease in viscosity promotes relaxation time for the droplets. As a
consequence, droplet shape is more disturbed and the drag coefficient rises while velocity decreases. It is the case
between White Spirit and unleaded gasoline because the variation in density and surface tension is not significant.

By considering dimensionless numbers of Reynolds and Weber for droplets (see Eqs 1 and 2), we will compare
the role of surface tension as well as air density. Drag forces and drag coefficient are expressed below too (see Eqs 3
and 4).
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Re
Cx = (4)

With U: mean droplet velocity
Ua: air mean velocity

D: mean droplet diameter
ρa: air density

Cx: drag coefficient
Ua is obtained by determining the average velocity of smallest droplets in the size-velocity correlations.

We made some comparisons at the same location in the different jets to expressed the order of magnitude of the
different dimensionless number. We are located in the border jet at the axial location X/Do = 17.5 and Z/Do = 8. We
obtain the values in the following Table 2, corresponding to Figures 2 and 3:

Liquid Velocity (m/s) Mean diameter (µm) Re We Cx Fd (N)
Water 21.1 31.5 173 0.93 0.37 7.8 10-9

White Spirit 16.1 39.1 164 2 0.39 1.25 10-8

Unleaded gasoline 12.9 41.5 139 1.45 0.44 1.5 10-8

TABLE 2. Comparison of Reynolds and Weber numbers at the same location (X/Do = 17.5 and Z/Do = 8).

A higher Weber number between water and hydrocarbons let us expected a better secondary atomisation. Our
assumption on the viscosity effects on droplet velocities is verified by drag coefficient and force values.

Effects of ambient pressure
In this section, we will discuss on ambient pressure effect by keeping a constant evolution in density and

surface tension between two liquids: White Spirit and unleaded gasoline. We will assume here that viscosity effect is
weak comparing to the lower changes observed before. Now, our results are presented in the axial locations X/Do =
15 for different ambient pressure at the same flow rate Qv = 31.1 l/h.
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FIGURE 4. Radial evolution of velocity component. FIGURE 5. Radial evolution of mean diameter.

These figures show a same order of magnitude in velocity and diameter values, with a same shape in the curves.
We find a constant value of 12 m/s in velocity profile along the jet axis and even a stronger decrease between 0.2
and 0.4 Mpa of ambient pressure for White Spirit jet. A rise in ambient pressure acts on Weber number by
increasing air density and so the effect of aerodynamic forces by decreasing velocity values. A less radial expansion
of the jets in both cases is noticed by examining mean droplet velocity profiles.



We observe a rise too in mean diameter for each radial location, which was already seen by other workers ([11],
[12], [13]). Moreover, when a constant value appears in radial velocity profile in jet border, a maximum diameter
value occurs. See for example ambient pressure of 0.8 MPa with unleaded gasoline at Z = 8 Do. We made the
assumption that a boundary layer is formed between the main jet body and the surrounding dense gas under high
ambient pressure.

The next table presents the value of the dimensionless numbers from equations (1) and (2) in the case of
different ambient pressures, at the radial location of the maximum of velocity.

Ambient pressure Pamb 0.1 MPa 0.2 MPa 0.4 MPa 0.6 MPa 0.8 MPa
Radial location Z/Do = 9 9 5 4 4

White Spirit Re 95.5 154.7 198.1 299.3 396.6
We 0.86 1.09 0.48 0.47 0.81

Radial location Z/Do = 7 7 5 3 3
Unleaded gasoline Re 59.5 66.9 158.3 189.7 355.1

We 0.54 0.48 0.51 0.34 0.66

TABLE 3. Comparison of Reynolds and Weber numbers at X/Do = 15.

We observe that when ambient pressure increases, Reynolds number increases too and at the same time drag
coefficient rises down. But air density increases much faster than the drag coefficient and as a consequence, the
product Cxρa rises up given a higher value for the drag forces.

Therefore, the relative velocity between droplets and the surrounding gas changes strongly from 0.1 MPa to 0.8
MPa. We observe than a lack of data in some cases implies that the choice of mean gas velocity is very difficult to
determine. Nevertheless, we find that the relative velocity is weaker at 0.8 MPa than at 0.1 MPa. As a consequence,
the aerodynamic forces are insufficient to achieve the secondary atomisation. Thus, the diameter values still
important. But, this fact can be explained too by the coalescence phenomenon due to droplet interaction under
pressure as depicted by Lefebvre [11] or Lavergne [14]. We actually are not able to determine the major parameter
which occurs.

For a better understanding of physical phenomena, we have used a CFD code (Star-CD) for the free jet
calculations. In fact, we proceed by many injections of parcels with the same initial diameter of 100 µm at each step
time of 10-5 s [15]. The initial boundary conditions in terms of velocity are calculated in another simulations of the
flow inside the nozzle. The meshed volume represents one sixth of a cylinder which is 30 mm wide (radius) and 60
mm high. The droplet breakup model is one of Hsiang and Faeth [16].

Although we can not find exactly the same location for droplets between experimental measurements and
calculations, we observe the same phenomenon in the transitory state and in the steady jet with hydrocarbons. Here
is the case with White Spirit jet at 0.8 Mpa of ambient pressure (see Fig. 6).

Some parcels have a higher diameter value than at the initial time step where D = 100 µm. We obtain a
maximal value of 170 µm (in red). At this moment in the calculations we represent the vortex development before
the steady state of the jet. Coalescence phenomenon is more obvious in this case.

FIGURE 6. CFD calculations of the free jet with White Spirit for Qv = 31.1 l/h at ambient pressure of 0.8 MPa.



We are working on improving these results by considering better initial conditions and heat and mass transfers
in the jet. More specifically, we have seen very different air circulation closer to the outlet diameter. The air motion,
at the end of the calculations, is wrong near the injection where important velocity components are oriented in the
stream-wise direction and are not been following the droplet motion.

Conclusions
This paper presents some experimental results and calculations on the second wind-induced atomisation in a

hollow cone jet discharged from a high pressure swirl atomiser.
By changing liquid properties in terms of density, dynamic viscosity and surface tension, we observe the role

played by each one:
- Surface tension acts on droplets formation and improve surface forces versus aerodynamic forces in case of

higher values.
- Viscosity seems to be less important and acts on the droplet shape. As a consequence, drag coefficient

increases in case of lower viscosity and velocity values decrease.
- For a same volumetric flow rate, liquid density increases inertial forces and gives a higher initial velocity

value.

By varying ambient pressure, we observe a decrease in mean velocity and a rise in droplet diameters. Weber
number decreases while ambient pressure rises. Thus, aerodynamic forces are less sufficient to atomise small
droplets in the jet. Then, coalescence phenomenon could occur due to the density conserved in the spray and the
ability of the droplets to merge.

CFD calculations give the same results with a rise in diameter after injection even in the transitory state.
Therefore, improvements of the results have to be done for more accuracy.

References

[1] Kume T., Iwamoto Y., Iida K., Murakami M. and Akishino K., SAE paper 96060, (1996).
[2] Dodge L.G, SAE paper, 962015:2161-2172, (1996).
[3] Prevost L., Atomisation coaxiale : influence de la pression de la chambre et de la viscosité du liquide, Ph-D

thesis, 2000.
[4] Topenot E. and Carreau J.L., Eighth International Conference on Liquid Atomization and Spray Systems,

Pasadena CA, USA, July 2000, pp. 759-766.
[5] Le Visage D. and Trémoulière G., MTZ, 02/2000:22-24, (2000).
[6] Topenot E., Radenac C., Le Visage D and Trémoulière G., Engine Expo2001, Stuttgart, Germany, June 2001.
[7] Bergwerk W., Inst. Mech. Engrs, vol. 173, 25:655-660, (1959).
[8] Topenot E., Atomisation des jets liquides à haute vitesse : application à l’injection directe essence, Ph-D thesis,

2001.
[9] Han Z., Parrish S., Farell P.V., Reitz R.D., Modeling Atomization Processes of Pressure-Swirl Hollow Cone

Fuel Sprays, Atomization and Sprays, Vol. 7, 6:663:684, (1997).
[10] Lefebvre A.H., Atomization and sprays, Hemisphere Publishing Corporation, (1989).
[11] Jasuja A.K. and Lefebvre A.H., Fifteenth Annual Conference on Liquid Atomization and Spray Systems,

Toulouse, France, July 1999.
[12] Stanglmaier R.H. and Ryan T.W. III, “Effect of Fuel Injection Strategies and Air Motion in a Medium-to-Heavy

Duty, Direct-Injected, Spark-Ignited, Gasoline-Fueled Engine”, Southwest Research Institute Report No. 03-
9024.

[13] Prévost L., Carreau J.L., Porcheron E., Roger F., Fifteenth Annual Conference on Liquid Atomization and Spray
Systems, Toulouse, July 1999.

[14] Lavergne G., “Etude de la collision de gouttes”, ONERA DMAE Report No 2/2756.00, (1997).
[15] Gosman A.D. and Ioannides S.I., AIAA J. Energy, 7, 6:482-490, (1983).
[16] Hsiang L.P and Faeth G.M., Int. J. Multiphase Flow, 18, 5:635-652, (1992).

Acknowledgements
The authors are very grateful to the ANRT for their financial support.



���������	
������ ������������
�����������
�

�

����������������������� �����!�� �"� �#���#$�
��!� � ��"��$�#%����&�"&������������������#������

�
���������	
��������������������������������	��	�

���
�
�
���	��������������	 	��������!��"�	��
#
�$���%"�	���
&�'�����	
���()��*+(,-�$���%"�	����	���.�

/���'�	��	.�'�	�)���-+01,��
�

��	
����	���.�
�
) �
	��
�
����������	�
��
	�
������
����
��
����
����
���
���
�������
���
��������
��	
���������
�����	�
��
�����
	�
��	
�

��		��
������	������
��
	�
����
�	���	���
���
���	��������
��
	�
���	����	���
��

����	�	���
���
������
�	
	�
������

��������
 �
 ������
 ����
 �����	���
 ���	��
 ��	
 ���������
 �������
 ����
 ��
���
 	�
  !"
���
 ���
 �����
 #�
 ���$

��������
 ���
 ��%��
 	�
 "& 
 ����
 �
 ��
 ������	���
 ���
 ��
 �����
 ''()������
 ��������
 ��	
 �
 ����)���	����

����������
 ���
 �	������
 	�
 �����	���	�
 	�
 ����
 ������
 ���
 ��	����
 	�
 �������
 #�
 ����������	
 	�������
 ���

����������&
	�
������
�����	��
���
������
�����
*	������
������
�����	���
�������
����
��������
��	
������
���

	���������	
�������
������
	��	
����
	�
���������
	�
����	�	���
����
��
	�
�����	���
�����

+��
������
��	
�
���	���

���
���
 	���
�	��
����
��	
���)�%�������	���
�����	����
����
�����
 ,�
 	�
 ���	
 	���
�����
 	�
�����
��	����

	�
������
�%��
���
	�
�����	���
���
�%��
���
��%��
����
	�
����	���
��
	�
����
����	���
	�
	�
��		��
��
	�
���

���
 ���
 �������
 #��
 �����	�
 ��
 �
 ��������	
 �����	���
 ��
 	�
 �	���������
 �	
 	�
 ����	
 ��
 	�
 �����	���
 ���
 ���

�	������
����������
	�
����	���
��
����	�	���
���
�����
���
����
	�
������	���
�����
�����
����
	�
��������



-��
 	�
 ���������
 �������	����
 �
 ����
 �����
 ��
 	�
 ���	�����
 �����
 ���
 ����&
 ���
 ���
 ���������
 �	
 	�

.�������	�
��
/���������
#�
���������
�����
	���	�
������
���
������
��
�
�����
������������
���	������


#�
����������
��
 	�
����
�	���	���
������
	�
�����	���
����
���
	�
�����
�����
����
	�
������
����
	�	
	�

���	����	���
��
����	�	���
���
������
�������
�	
	�
���
�%�	
��
�
�	����
���������
��
�������
����$)���
0��
������

��
����	�	���)�������
�������
����$)��
���
 	�
 	�$�
 	��
 ��	�
������	
��
���������
����	�	���
���
�����
�������
��

	�
�����
�����
��
	��
��	����	���
������




��
	%���
�%��




,�
�����	
�����	���
������
�������
	�
����
�	�����	���
�������
�	������
�����	�
������	���
���
�%���	
���������

1 2�
 ,�
 	�
����
������
 ������
 	�
�����	����	���
�������
��
 	�
�����
�����
�������
��
 	�
 ����
 ������
 	�
������

����
	�	
�����
	�
�	��	���
�����	����
���
����	
����$)���
,�
�����
	�
��	
�
��		��
������	������
��
	��
�������
����$)
��&
���
�����
����������
	�
���	��
����������	
��
	�
�����&
�	
��
���������
	�
�	���
	�
����
������
	�
������

�����
 ,����	���
 ���	���
 ���
������
 ������
 ����
 ���
 ���
 �����	���
��
 
 ����	
!""
3�
���
 �����	���
���������
��


����	
 �"
���
����
	�
���$
���������
���
��
	�
�����
��
 &�
���
	�
4
���
�����	���
��
����
������	���
��
�""
�5�

���
 �����
 #�
 ����
 	����
 	�
 �������
 ��
 ���	������
 ��������	��
 ��
 	�
 ��������
 ��
 ����	�	���
 1!)62&
 ���

������
���
���	
�����	���
�����	����
��
	�
�����	��7
�������
��
	�
�	����
��������	���
��
	�
����
�	
	�
����	
��
	�

�����	���
����
	�
�	�	��
��������
���������
�������������
#�
�	����
�����	���
��
	�
�	���������
������������
��

����	�����
������
��������
�������	
�������
��
���	�������
������
1�2�
�	
	�
����	
����
	�
�	�	��
��������
�����
	�
	�

������
��������
�����	���
 ��
 	�
�����	���
��
����	�	���
�����
�����
	�
������
#���
����	�	���
�����
�%	���
	�
	�

���
��
	�
����&
�����
	�
������
���
��������
��	�����
'���	�	���
��
����
����������
��
��
�����	��	
�������
��

	�
�������
����$)��
��
	�
�����
1!&
8&
�)92�





:%�������	��
����������	�
��
	���
��
�����
���
�����
����
����	�	���
�����
���
��������	�
#���������	
�������

	���	��
��	
��	����
����������	
	��������
��$�
����������&
�����
���	
���	
	�������
���
	�����
������������

���
�,;
���
����
	����
���
	�
�����	���	����
16&
4) "2�






#�
�����	�	�����
�����	���	����
���
��������	��
��
	�
��������
��
����	�	���&
	���
�
������
����&
	�
������

����&
 ��
 	�
 ��
 	�$��
 ��	�
 ������	�
 (����	
 �	
 ���
 1  2
 ����
 �
 ����
 ������
 ��
 	�
 �%��	���
 �������
 #�
 	��

���������
���	��
����
	����
���
	�
	��)�����
������

���
	�
���	�����
�������
#�
	��)�����
������
���
	��

��	�
��
0�����)*	�$��):���	����&
���
���
���
����&
��	
�%�����
	����
���$���
	��
���
	�
���
�	���
#�
����

��������
 ��
 	�
 ������
 �%�����
 	����
 ���
 ��
 ������	�
 ������	���
 ��
 ����&
 �����	��
 ���
 ������
 	��������
 #�

���	�����
������
��������
����
���
��	�������
�����
��	
�
������)�����	�
���
������
��	����
������
���
������

�%	������
#�
����	���
���
�����	�
��
	�
��������	
	�
����
����	�	���
�������
#�
�����	���
��
	�	
����
���
��	

��
0�����)*	�$��):���	����
��
�������
:%��	
��	������
����	����
�����	
��
	�$��
��	�
������	&
	��
���
�������
��

	�
���
����
������





#�
���������
���$
���������
��
�%�������	��
���
���������
�	���
��
	�
����	�	���
����
������
������	���
���

�����	���
������
���
	���������	
�������
��
����)����
�����	���
��	������
����
����
	�
�����	���	�
	�
	��)����

�����
#�
 ���	����
��������
 ���
 	�
 ���
 ����	���
����
 ������
 ��
 �����
 	�
 �	���
 	�
 �����	
��
 ����
 �	���	���
 ���

����	�	���
 ������
 	�
 ����
 ���
 ��
 	�
 ����	
 �����
 �����
 �����
 	�
 	�
 �������
����	�������
 	�
 ����
���
 �������	��




�����
�
	��)�����������
���	�����
������
/���
	�
��	������
�������
�������	���
����	
	�
�����������
����

�	���	���
	�
���������
�����	�
���
��	����
��
	�
���	����	���
��
����
����	�	���
������
	�
������
�����




234�	����
�'���
�4�
�
������
����
�����	���
���	��
��	
����
���������
��
��
���
���
 !"
���
���
����
���
	�
�%�������	��
#�
���$

��������
 ���
 ��%��
 	�
 "& 
 ����
 *�����
 ��	�
 ��
 ������
 ����
 ��	�
 ��������	
 ���
 �	
 ����
 	������	���
 ��	
 	������

�����	���
����	����
��
����	
8
��
����
 �����	���	���
+���
 	�
������	�	������
����
��
 	�
 �����	���
���
 	�$��
���

����������
��	
���������
 �����	��
#�
 ����
 ������
 	�
����
���
����
 	�
������
�������
 ��
 �����	���	��
�����
 	�

����������
��	���
#�
�%�������	��
��	��
 ��
����
��
-���
 �
#�
��	�
 ���	
��
�
������
��
��	����	�
���	

������
< =
��	���
	�
�������
���
<!=&
������
	�
��	�����
��������
��	����
������
����
���
�����
���
������
	�
���
��

	�
 ������	�
 �����
#�
 �������
 ����
 ���
 �����
 �����
 ���
 	�
 ���	
 �����
 ����
 	�
 ��	������
��	����
���
 ���
�����

�������������
���
��	��	
������	����

��
��	����
���	��
������	���
��
�
��
������	���
���
��	��
��
�����
''()
������
<8=
��������
��	
�
����
���	����
����������
���
����
	�
	�$�
���	����
��
	�
����
������
���
��	����
	�

�������


1

2

3 4

5

6



�

5���	��(6
:%�������	��
 ��	��
 ���
 ����������
 	�������7
 
 < =
��
 ��	����	�
������
 ���	
������&
 <!=
 	���������	

������
���&
<8=
''()������
��	
����
���	����
����������&
<6=
�����
������

���
��������	���
��
��������	
�����

��
���	&
<�=
��	���&
<�=
������







>������
��
	�
�����
����������
��	����
	�
������	���
����%
��
�������
�����
<�J
?
 &6@ =
���
������
<�G
?
 &6�4=

	�
 ���	
 ������
 	�
 ��	�������
 ��	����
 ������
 ���
 �����
 �	����	���
 �	
 	�
 ����	�
 ����
 ����	�	���
 �	���	����
 ���

�%��	��	&
 ������	���
 ���
 ������	���
 �	
 	�
 ������
 ��������
����
 �����
 ���
 	�
 ���	
 ����
 ��	
 ����
 	�
 �������
 #��

������
�������
������
	�
����
������
����$
��
	�
���	�����
.����
	�
����������
	�������
�	
��
����
��������

	�
��	
��
��	�����
�������	���
����	
	�
����	�	���
������
	�
�����
#�
�%��	
����	���
���
����
��
	�
����	���
��
	�

�����	���
�������������
	�
	�
���	���
�����
�����	
��
��	��	���
+�	����
	�
������
��
���	
������
	�
�����
���
�	

�������
 ������	���
 ����$�
 #�
����������	�
 ���
 ����
 	�
 ����	���
 	�
 �����
 �����
 ���
 	�
 ����
 ��
 	�
 ��	������

��	����
�����
���
�����������
����
,�
�����
	�
�����	���	�
	�
����
������
���
��	����
	�
������
�����	��������
	�

���
��
���	
��	����
���
����	����
��
	�
���
��
��
����	�����
�����
������
<6=�





#�
	��	
�����	��
������	�
��
�
�	������
��%
���
�	���
�����	��&
��	
	�
	��
��
	�
�	���
������
�����
	�
������
���	

���
��������
��	
��
�������
���
���������
	�
���
���
�����
���
��
����
����
�����	���
,��	���
��
��%
����
����

���
���
���
��������
-���
!
����
	�
�����	��
��
	�
����
�����	���	��
	���������	
�����
-��
���
�����	����
	�
���

�����	��
��
!!"
3�
���
	�
����	
��
��%��
	�
 
���
#�
����	
��
	�
����
��
����
������
A����	��
�
������	�
��
�

���
���
��	
�
���	���
�����	���
���&
���
�����	��
> &
>!
���
>8
	�
���	����
����	���
��
	�
���
��
�������
#�

���	
 �����
 ��
 $��	
 ����	��	
 �	
Ψ
 ?
 9�B�
 ,�
 �����	��
>8
 	�
 ����	
 ��
 	�
 �����	���
���
 ��
 �	
 	�
 �����	
����	���

���
�����	�
��
�
���$
�����	���
��
	�
�	���������
����
	�
�����
����
���
�
�	����
���
����
	�
�����
������&
���


αΙ
���
αΙΙ ��
-���
!�
A����	��
> 
��
	�
��%����
���	����
���	����
��	����
	�
�����	���
���
���
	�
��		��
��

	�
���
���
�����	���
��
�������
�	��������
�����	����
�	
	�
�����
���
�����
��������
A����	��
>!
��
��	�����




��
h

�

R �

L

d

��

R

L

d

A

B

�

��

���









�

5���	��76
,����	���	��
�����	����


�����	��
 
1��2
 αΙ�1
B
2 αΙΙ�1
B
2 
�
 5
  "!&9
  "!&9

> 
 "&6 8
 @�&4
  "�&8

>!
 "&8�4
 48&�
  !!&�

>8
 "&8 6
 98&8
  86&8



���
�����	����7
 
 



C
?
"&�
��D
E
?
 
��D
�
?
"&!!
��D


�ψ
?
9�B� �� �� ��



8���	���'��	����
�%���




#�
������	���
��
	�
������
���
������
����
���
���������
�����
	�
'�;�ECF
����
���
���
���������
��

*����	
 �	
 ���
 1 !2
�	
 	�
.�������	�
��
/���������
 ,	
 ��
�
 	��)�����������
����
 ���
 	�
�������	���
��
��)�����

����	�	���
������
������
#�
�����
	���	�
������
���
������
��
�
�����
������������
���	�����
���
��
�����
��
	�

/�����
 1 82
�	���
��
G����������
:����������
��%	����
�
����	�����
����	���
��
�	�	�
 ��
����
���
�������
��
	�

�����������
����	�����
��������
 ��
��������
��
��
�����	��
����	���
��
	�
�����	���
���
�����
������
��
������

���
 �������
 ��
 �����	���
 ��
 	��
 	���	���	
 ��
 	�	
 ����
 ���
 ��	
 ��
 0�����)*	�$��):���	����
 ��
 ����������
 #�

���	����	���
��
������
���
������
�����
���
��
�������	��
������	���
��	
��
��	�����
�������	���
����	
	�
����
��

������
�������
��
	�
������
�����
���
��
��������
�������
���
����
��	������
����	����
�����	
��
	�$��
��
������	�





>�������
 ��		��
 �����	�	�����
�����
����
�����
-���
8
 <�=
 ����
 	�
����
������
 ���
�����	��
>�
 ,�
�����
 	�

��������
	�
���������
��
	�
���	����
��������
��
	�
������
���
����
	�
������	�
���
���
���
���������
#�

������
���
������	��
���
 ��
��
������
�
 ������
��
������
+���
�����
��	
����
������
 ���	
���
����
 �����	���	��

����
	�
���������
��
	�
������
��
	�
���
����
��
�%���	��
	�
��
������
-���
8
<�=
����
	�
����	����
��

�������

�����)���	�����
�����
����
���
��	�
��	��	
��
	�
��%	
���	����



�

(a) (b)

d

dd/2
L

1 2

3
�

�
5���	��*6�
<�=
A���
������
���
�����	��
>D


<�=
����	����
��
�����)���	�����
�����
���
�������
��	�
��	��	










����'
��
�

A����	��
�7
'��	���
���





-���
6
���
-���
�
���
	�
�����	�
���
	�
�����	���
��	
��
���
��	�
�
"& 
���
�	��������
-���
6<�=
����
	�

���������
 ��
 �����	����
�
 ����	�	���
 ����
 ��������
 �	
 	�
 ����
 ����	
 ����
 ��
 	�
 ���
 ���
 �����
 �����
 	�
�����

	������
 	�
 �%�	�
 >������
 	�
 ����������	
 	�������
 ����
 �����
 ��
 ��	�����
 ���	���
 ��
 	�
 ����	�	���
 ����&
 ��

�������	���
 ����	
 	�
 �����
 ����
 ���
 ��
 ��	������
 -���
 �	��
 ���$�
 ����������
 ��
 	��)�����������
 	���������	

�������
1 62
�	
��
$����
	�	
	���
��
��
�����
������
�����
,�
	�
����
��
�����������
�������
	�
����	�	���
�����
���

	���	
	�
����
��
�������
�	���	���
	�	
�%	����
��
����
�����	���
�����
	�
�����
���
�������
	�
�����	���
�����)
���	�����
����
���
��
 �����
 ������
����
1�&
  &
 �2�
(�����
 	�
������	�	������
����
��	
��%����
������
 ���	
 	�

����	�	���
�����
�%	���
	�
	�
�%�	
���
�����
	�
�������
#��
��
-���
6<�=
	�
������
����
�������
������	���
����$�









�

5���	��16
A����	��
�&
����������
��
����������	
���
�������	���&
�UDLO
?
��
���&
�EDFN
?
"& 
���


	min

	
max

zone 1

zone 2

<�=7
�����
��
�����	���&









<�=7
������	�	������
 <�=7
�����7
���	����	���
 <�=7
�������	���7
���	����	���

	
?
88"
3�




























����&
	
H
 """
3�
 ��
������
���
������
�������
 ��
����
����	���




-���
6<�=
����
	�
�������	��
���	����	���
��
	�
����
����	���













































































OY

O

ρ−ρ
ρ−ρ

=α 


�
















































































< =


�

#�
�������
I�J
���
I�J
��
����	���
< =
������	�
������
���
������
���
ρ ��
	�
��%	���
�����	�
����
��
	�
�����
-��

	�
�������	���
ρO
?
46"
$�5�

�
<
���
"& 
���=
���
ρY
?
"&" 
$�5�
�

<�Y
?
"&""!
���=
����
�����
,�
	�
����
��
����


������
	�
����
����	���
��
α
?
 &
���
����
������
	�
�����
��

α
?
"�
C�	�	���
	�
���	���
������
�	�
���	���
�%��
�����

	�
	��)����
���	����	���
����
��
	�
�����
��
-���
6<�=7
��
�����
������
����&
������
I����
 J&

��
����������
��
�

������
I����
!J
��	
��
����
����	����
-��
�����	��
�
	�
������
�����	����
���
��	�����
�%�������	���
���
	���

��
 ��
 ������
 ���
 	�
 �%��	����
 ��
 �
 �	����
 ������	���
 ������
 �����
 #��
 ���
 	��
 �����	��
 	�
 !)�
 �������	���
 ��

��������
	�
����
�
��������	�	���
���	���
��
	�
����
�	���	���
������
	�
8)�
������
����
��
	�
�%�������	��





,�
 -���
 �
 	�
 ������	���
 �����	�
 ���
 �����
 ��
 ��	���
 ���
 	�
 	���
 �����)���	�����
 �����
 ����
 ��
 -���
 8�
 #�

���	����	����
��
����
����	���&
������	�
���
�����	��
����
������
���
�����
	�
	��)����
����
�	���	���7
����
 
��

	�
 ���	��
 ��
 	�
 ������
 ������	�
 ��
 ������
 ��	
��%����
 ������
 ��
 ������	�
 ���
�����	��&
 ����
 !
 ������	�
 ��

������
��	
���
�����	�&
������	�
���
�����	��
���
������	��
	�
������
����
	�
�����
,�
�����
 
���
!

	�
������

���	����	����
��
 	�
����
 ����	���
 �����
�����	��
 ������	���
 �
 �	���	
 ������	���
��
 	�
 	��
������
(����	����
 	�

������
����	���
���������
��
����
!
�������
��

	�
��������
��
����	�	���
�������
���
	�
	�
������
�	�	��
��������
���

�������
��

��%���
���������
�	
	�
��	������
��
	�
	��
������
#��
�����
	�
�
����	��
�����
��
	�
����
��������

���
	�
��
��������
��
������	�
���
�����	��
��
����
!&
���
����
8�
#�
�����	
��
��%���

���
��
�������	���	��
��

	�
����
�������
��
	���������
�����
��
���������
#�
���	����	���
��
����
��
����
8
������	��
	�	
�	
	�
���
��
	�

���
����
!
������	�
��
�
��%	���
��
����	�	���
�	���	����
���
�������
:���������
�����	��
�	
	�
����
	�
��	�
��
������

��
��
���
	���
��
��
������	�
������	���
��
	�
�����
����
����
	�
������
#��
��������
����
��
���������
��
1!2

����
��	
������





#�
�������
�	�	��
���������
��
	�
������
���
��
	�
��%	���
����
���
�����
��
�
����	���
��
	�
������
����	�
#�

��������
��
	�
����
����
����
	�
�%���	��
�������
�	
	�
����	
���
���������
��
	�
	�
�����
��
"& 
���
�	
	�

�%�	�
#�
�������
��������
����
��	
�����
	�
	�
������
��������
�������
	�
�������
�����
������
	�
����
����



< 
K
α
K
"&8=
��
�����
�	
	�
����	
��
	�
���
	�
��������
�	������
���������
�������
��
	�
�	����
��������	���
��

	�
�������






-��
 	�
 �����	���	���
 ��
 	�
 ����	
 �����
 �����
 ����
 	�
 ������
 �
 ���
 �����	
 ��
 ���	����
 ���
 ���������
 
 �

��������	�	���
���
��
����
��
-���
6<�=�
#�
�����	
��
	�	
�
�����
��	
��	
��
�������
����
�����
��
����	
ϕ PLQ
?
8B

��
 ����������
 ��
 �
 ������
 ������
 ��	
 �����
 ������	�
 ���
 �������	�
 	�	
 ����
 	�
 �
 ��%����
 �����
 �����
 ��










ϕ PD[
?
6&�B�
#��
	��)����
�	���	���
��
	�
��	
����
	�
������
���
��
�����	��
����	��
	�
	�
����
�	���	���
������
	�

���7
�	
	�
������
�%�	
����
!
������	�
�������
��
�������	�
���
����	�	���
�	���	����
	�	
���
��
	����
��
�����������

(�����
	�
��������
	���������
���������
���
���
����
��
��	�������
>������
��
	�
���
�����	��
��
�%���
�����	���

���
�������
��

	�
���
�����	�
	�
����	�	���)�������
���
	���������)�������
����$)��
��
����
�����	����
#�
���




5���	��06
A����	��
�&
������
���	����	���
��
����
����	�	���
&
�UDLO
?
��
���&
�EDFN
?
"& 
���


QR]]OH�OHQJWK�>PP@

��� ��� ��� ��� ��� ���

S
U
H
V
V
X
U
H
�
>
0

3

D
@

���

���

���

���

���

���

OLTXLG�]RQH

YRLG�]RQH

UDGLXV�>PP@

���� ���� ���� ���� ���� ����

P
R
P
H
Q
WX
P
�>

ρX
�ρ

O

X
%

@

���

���

���

���

���

���

DUHD��

DUHD��

DUHD��

UDGLXV�>PP@

���� ���� ���� ���� ���� ����

Y
H
OR
F
LW
\
�
>
P

�
V
@

�

���

���

���

���

���

DUHD��

DUHD��

DUHD��

UDGLXV�>PP@

���� ���� ���� ���� ���� ����

Y
R
LG
�
I
U
D
F
W
LR
Q
�
>
�
@

���

���

���

���

���

���

DUHD��

DUHD��

DUHD��



�����	�
��
	�
�����������
���
������	�
�����������
������
	�
���	����	�
���
	�
	��
�������
����$)���
#�
��)
�����

����
��
	�
���	��
��
�
��
�����	�
���
�����	��
��
�%���
�����	���
�����	���
��
�
�������
������
#�
�����	

��
����	�	���
���
	���������
��
	�
����$)��
�������
��
	��
����
�����
	�
��
������





����������	�
���
�������	����
����
����
���������
���
���	����
���������
��

 !"
����
#�
�����	�
���

	�

����
�����	�	���
���	����	���
��
����
����	�	���
��
���
	�
��
���
�����
-��
	��
������
	��
���
��	
�����





��	���	��
�	
���
��
���������
	�	
��
	�
����
��
	�
���	���
���
��
�����
����
��	
��
�����	�
���
��
�%���

�����	��
����������
��
�
 ���)�����	�
 ����
������	���
��
�
��%	���
��
����	�	���
�	���	����
���
 ������
 �������	�

��	
���
�%���
�����	��
������
	�
�������
#�
���)�����	�
����
����
����$
��
����	
���
�������
�
�����
��	�






A����	��
>

-���
�
����
����������	�
���
�������	��
����
����	����
���
�����	����
> &
>!
���
>8�
,�
���	���	
	�
�����	��
�

	�
����
����
������
�	�
�����	���
���
9�B�
,���	��
������
��
����	�����
�����
	�	
�����
	�
������
����
	�
	�
�����

����
���
������	�
	�
�����	���
��
�
������
����	�	���
����
�	
	�
�����
�����
�	
	�
����	
����
	�
�����	���
��
	�

�	���������
����
	�
����
�����
	�
��	������
��	��
����	�	���
������
��
��	�
G��
������
���
��	
������
α,
���
αΙΙ

<���
-���
!=
����
	�
	�
�����	���
��
����	�	���
�����
��
��	
�����&
���
-���
�> <�=)<�=�
�
������	�
�����������	
��

	�
������
������
	�
	�
�����
����
��
�����������
,�
	�
����
��
�����	��
>!
���
>8
��
�����	��	
�����
��
	�
����

�	���	���
���
��
����������7
���
������
��
α,
���
�����
����
��
αΙΙ ����
 	�
 	�
�����	���
��
�
������
���
����	�	���

����
�	
	�
�����
����
���
	�
������
��
�����
	�
	�
�����
�����
#�
����
�	���	����
��
>!
���
>8
���
�����	�	�����

	�
�����
#�
����
����������
��
	�	
��
	�
����
��
�����	��
>8
	�
�������
�����
��
αΙΙ �������
	�
���	
��
	�
����	

����
���
��
�������
��	
����	�	���&
���
-���
�>8<�=
���
<�=�





,�
-���
9
 	�
��	�����
���	����	���
��

����
����	�	���
������
	�
����
��
������
0���	���
������
��
	�
������
���

����
���
	�
�����
���	
��
	�
���
&
����	���
����
���
	�
�����
���	
���
�
?
"
��
	�
���
�%���
C����	�
���
����
����

���
�����	����
> 
���
>!
�������
	���
���
��
�����	��	
������
��
	�
����
�	���	���
��	����
>!
���
>8�
>�����

�	��	���
	�
�������
	�
������
�	
���	
��
����	��
��	
	�	
	�
!)�
������	���
�����	
�%��	��
���
	�
8)�
�	���	���
��





5���	��,6
A����	��
>&
����������
��
����������	
���
�������	���&
�UDLO
?
��
���&
�EDFN
?
"& 
���


�

<�=
C�������	�	���
���	����
��
������
����
���
�����&

<�=
�������
���	����
��
������
����
<���
���	���
��
��
�������

��
 6"
 ������
 ��	��=&
 
 <�=
 '������	���7
 ���	����	���
 ��
 ����
 ����	���&
 
 <�=
�����7
 ���	����	���
 ��
 �����
 ���
 ������

�����&

<�=
,��������
��
���
����	���
��
�����
�����


%�%�%�

�D�

�E�

(c)

zone 1

zone 2

upper
	 	

lower

resulting
	

B1 B2 B3

(d) (e)

B1 B2 B3

16

12

8

4

0

co
n

e
an

g
le

[°
]

resulting

upper

lower



	�
 �����
:���������
 	�
 �����	
 ��
 ���������
 �����
��	
 ������	�
 ���	���
 �������������
 	�
 	�
!)�
�����
 �����	
��

������	��
�	
����
-��
	��
������
����
	�
����
����
�	���	���
����
��
���������
#�
�����	�
���
�����	��
> 
���
����

�������
	�
	�
����
��
�����	��
��
#�
������
��������
���
�%�������	���
&
�
����	
�������	���
��
	�
�����	���
��
	�

�����
����
���
����
��
��	��	��
���
	�
����
���
�����	��
�������
��
����
8�
��	���
	�
������
��
-���
9
���
	���

��������
 	�
 �������
 �	�	��
 ��������
 ��
 	�
 ����
 ����
 ����
 	�
 �����
����
 ����
 �	����
 �������	����
 ������	���
 ��

���	����
����	�	���
�����





��
�������
���	�����
>!
����
�
������	���
��������	
����
�	���	����
,�
-���
9
����
���
����
����
�	
	�
�����

����
��	
�
���$
����
��
����
 
���
��
��	��	���
(����	����
	�
����
����
�����
���
�������
������
������
���
��

	�
�����)���	���
��
����
8�
,�
���	���	
	�

�����	��
> 
	�
�����
��
	�
����
����	���
����
��	
��������
����������	��

��
 	�
���
�����	�����
#��
����	
��
 	�
 ����	�	���
 ����
���	
��
������
��
 	�
���	�������
 ������
������
 	�

������
 	�
 	�
 �����
�����
-��
 	��
������
��%����
����
������	���
���
�����	��
���
������	��	��
����
	�
�����

�����
 ,�
 ����������
 	�
 ���
�
 ���
> 
 	�
 �����
 ��
 	�
 �	�	��
 ��������
 ��
 	�
 ������
 ����
 ����
 	�	
 	�
�������

�����	���
�����)���	�����
����
��
������������
�����
�����	����
���
��
�
�����	
��
	�
��������	
����
�	���	����


 













5���	��-6
A����	��
> 
���
>!&
������
���	����	���
��
����
����	�	���&

�UDLO
?
��
���&
�EDFN
?
"& 
���


QR]]OH�OHQJWK�>PP@

��� ��� ��� ��� ��� ���

S
U
H
V
V
X
U
H
�
>0

3

D
@

���

���

���

���

���

���

OLTXLG�]RQH

YRLG�]RQH

UDGLXV�>PP@

����� ����� ���� ���� ����

P
R
P
H
Q
WX
P
�>

ρX
�ρ

OX
%
@

����

���

���

���

���

���

���

DUHD��

DUHD��

DUHD��

UDGLXV�>PP@

����� ����� ���� ���� ����

Y
H
OR
F
LW
\
�
>
P

�
V
@

����

����

�

���

���

���

���

���

DUHD��

DUHD��

DUHD��

UDGLXV�>PP@

����� ����� ���� ���� ����

Y
R
LG
�
I
U
D
F
W
LR
Q
�
>
�
@

���

���

���

���

���

���

DUHD��

DUHD��

DUHD��

QR]]OH�OHQJWK�>PP@

��� ��� ��� ��� ��� ���

S
U
H
V
V
X
U
H
�>
0

3
D
@

���

���

���

���

���

���

OLTXLG�]RQH

YLRG�]RQH��ORZHU�ZDOO�

YRLG�]RQH��XSSHU�ZDOO�

UDGLXV�>PP@

����� ����� ���� ���� ����

P
R
P
H
Q
WX
P
�>

ρX
�ρ

OX
%
@

����

���

���

���

���

���

���

DUHD��

DUHD��

DUHD��

UDGLXV�>PP@

����� ����� ���� ���� ����

Y
H
OR
F
LW
\
�
>
P

�
V
@

����

����

�

���

���

���

���

���

DUHD��

DUHD��

DUHD��

UDGLXV�>PP@

����� ����� ���� ���� ����

Y
R
LG
�
I
U
D
F
W
LR
Q
�
>
�
@

���

���

���

���

���

���

DUHD��

DUHD��

DUHD��

�����	��
> 
 �����	��
>!










-���
�<�=
����
���	����
��
	�
�����
����
	�
������&
-���
�<�=
�����
�������
������
���
	�
��������	
�����
������

�������
��
-���
�<�=�
,�
���
	���
�����
	�
�����
���	
��
	�
�����
����
�
�	������
����������
	��
	�
�����
����
�

������	�
������	��	���
��
	�
����
����
�	
	�
�����
����
�����	�
��
��%����
����������&
���
>!
���
>8�
#�
�����

���	
 ��
 	�
 �����
 ������	�
 ��
 
 �
��%	���
 ��
 ������
 �������	�
 ���
 ����	�	���
 �������
 	�	
 ��������
 ���
 ����	�
 ��

	���������
 ���
 ��
 ������
 ������	���
 �����	���
 ��
 ��
 ���������
 ����$)��
 ���
 ���
 ��	�������	�
#��
 �����
 ����
 	�
 �

����
 �����
 ��������
 #�
 ��)�����
 ���
 ��)�����	�
 ����
 �	
 	�
 �����
 ����
 ����	��	��
 �	����	�������
 ��	�
 	�

�	�������
 ������
�
 ����	
�������
���
�
 �����
����������
 <�����
>!
���
>8=�
����������	�
���
�������	����

���
����
����
���������
���
���	����
���������
��
 !"
���
��	
��
������
��
����
���
�����
�	���	����
�����
��

��	��	���
-��
	��
������
��	�����
�����	�
���
��	
�����





�%��'���%���
#�
 	��)����
����	�	���
 ����
��
������
 ����
 ������
������
���
 	���������	
�������
 ��
 ����
 ����
�����	��
��
����

�����	���	��
 �����
 	�
 ����������
 	��������
 #�
 ����������	�
 ���
 ��������
 ��	
 ������	���
 �����	��
 #�

���������
 �����������
 ���
 ��
 �����7
 #�
 ����
 ������
 	�
 ����
 ������	�
 ��
 	��
 ���	���	
 �����&
 �
 ��)�����
 ���

���	��
 ������
 ���
 ���
 �
 ������
 ����
 ��	
 ���
 ������	�&
 �����	�
 ���
 �����	��
 ����
 	�
 �����
 #�
 ��������
 ��

����	�	���
�	���	����
 ��
 	�
 ���)�����	�
����
 �������
��
 	���������
���
��������
�����
����$)���
#�
��
�%���

�����	��
��
	�
��)�����	�
����
�����
	�
�
�����
�����
�����������
-���
��������	
������
�����	����
�����	���
��

��������	
������
�����	����
��	�
	�
����
���
����
�����	���	���
,����	��	
������
��
	�
����
�	���	���
������
	�

������
����
�����	���
��
��������	
���	����	����
��
������
���
������
�����
�	
	�
���
�%�	
���
����
��	��	���
#�

�����	�
������	
	�
����
	�	
��
������	���
������
���
����
�����	�
��
������	���
������
����
	�
������
���
	��
��

������	���
�������
����$)���
0��
������
��
�������
����$)��
�����
 	�$�
	��
�����	
��	�
������	�
���������
	�

	�
���	����	���
��
 ������
���
������
�	
 	�
������
�%�	
 	�
����
�����
��
�������
 ��	�
 	��
��	����	���
�����
��	

��������	
����$)��
����������





#�
���$
��������
���
	�
�����	���	����
���
��%��
	�
"& 
����

,�
	�
����
��
(,
������
�������
	�
���$
���������

���
 ���
 ����
 ���
 	�
 �����	
 ��
 
 ������
 ����
 ��
 	�
 �����
���
 ������
 -���	
 �����	���	����
 ��	
 �
���
 ���$

��������
 ����
 	�
 	�
 ������	���
 	�	
 	�
 ����
 ����
 ��
 �
 �	����
 ���������
 ��
 	�
 �������
 ����$)��
 �������
 ��

�����	��	
������
��������
	�
	�
"& 
���
����
�����
��
��	��	���

�


����	������
1 2
 *�&
#�-�&
'���&
'�#�&
C��	�&
C�(�&
-������&
��;�&
�����������	
������
����������
�������������������
�������

�����
����	���������
�&
*�:
@�!8�"&
 @@�

1!2
 *�	�����&
'�&
�������&
C�&
*��	&
��&
�������	
������
����������������
�������������������������
��
�� ���������

!�����
�"���������
&
*�:
@�""4"&
 @@�

182
 #���$�&
0�&
*�����&
��&
G�������&
G�&
�
��
����"���������
������#�$����%���&�����������
��
���������� ���&


:��	
,�	����	�����
'���������
��
E�����
�	�����	���
���
*����
*��	���&
��������&
'�&
.*�&
L���
!"""

162

>���&
C�&
'
��������
(���
�)��������
���*
���
�
��
���������
�������+��
&
(�����	�	���&
.�������	M	


G�������&
!"""

1�2
 >���&
L�&
,���)��������
���
���-�������
�,���������
�!�+���(.���������������
&
(�����	�	���&
.�������	M	


AN		�����&
 @@ 

1�2
 :������&
/�&
'
��������
(�
���������.���������
������
*��
�������/���
�������������������+��

��&�����������

���������������� ������$��
�.�
�����(������&
(�����	�	���&
.�������	M	
O���������	���&
 @@"

192
 -�	&
��&
�P��&
O�.�&
E�����	�&
��0�������1���.2��������������������!����	
�����(������������������������&


*����	
,�	����	�����
'���������
��
E�����
�	�����	���
���
*����
*��	���&
*����&
O����&
�����	
 @@9

142
 /��	��&
L�&
*������&
L�O�&
/��	&
C�&
#�����&
'�&
���������������
������������
(�!��3�!�������
�4��
�����
��

�������	
������
������������
(�!��������
����������	��(��5�����������6!	57&
,E�**):�����
!"""&
!"""

1@2
 >����$&
'�&
'
��������
(�
�������
���-�����)��������
�������
�����*��
���������������&�������

����������������
���
�������
(&
(�����	�	���&
#�������
.�������	M	
(����	��	&
 @@@

1 "2
*������&
'�&
�������	&
.�&
C���&
.�&
4���28��������5�����������������
����
������������1���.���,�
�������

 �(�����������������	
������
�������&
,E�**):�����
!"""&
!"""

1  2
(����	&
0�&
*������&
+�&
G����&
'�&
��������
(�!��3��
��������	
���������
��"���������
9�"�1�&���(���������

8����3&
:��	
,�	�����
'���������
��
E�����
�	�����	���
���
*����
*��	���&
��������&
'�&
.*�&
L���
!"""

1 !2
*����	&
(���&
C�	����&
'�L�&
'��������&
��E�&
"�!��������������&��0�43�2����
���
�����������������0� �(�2

�����0���������
(��������&
�	�����	���
���
*�����&
����@&
���
!��)!9�&
 @@@

1 82
/�����&
A�>�&
:
�;����
���
���43�2������!��3&
��
A���
G���&
 @�@

1 62
C�����&
��&
.���&
+�&
>�����&
��&
	
�����(����
�������������
���
���
��	
�����!����	
��������������&


�����
8"
,*�#�&
 @@9

1 �2
;��
O��������
*����&
'�
O���&
*�
'�&
C��	�&
C�(�0�������
(����������������	
������������������������
��������

������&
*�:
 @@@)" )"@ !&
 @@@




ILASS-Europe 2001 Zurich 2-6 September 2001

EFFECTS OF THE ELECTROHYDRODYNAMIC FORCES
ON CHARACTERISTICS OF SPRAY

S. D. Kwon*, S. Y. Moon** and C. W. Lee**
*Department of Mechanical Engineering Graduate School

Kyungpook National University, Taegu, Korea
** Department of Mechanical Engineering, Kyungpook National University,

 1370 Sankyuk-dong Puk-gu Taegu, Korea (702-701)
Phone : 82 53 950 7313

Fax : 82 53 956 9914

Abstract
The distributions of the SMD and behaviors of 2% NH4H2PO4 water solution and the tap water spray discharged

from a fan-spray twin fluid type nozzle are measured and observed. The spray characteristics, according to the
variation in the applied voltages, are demonstrated using the PMAS (Particle Motion Analysis System), the CCD
camera and PDPA (Phase Doppler Particle Analyzer) respectively. The preliminary experiments are executed to
select an optimum condition for solidifying a galvanized coating layer in the uncharged condition before carrying
out the main experiments. The liquid and air pressure of 0.07 MPa and 0.15 MPa can be considered the optimum
conditions to use in the main experiment. As the applied voltage increases, the frequent range of relatively large
droplets diminishes. Thus, the distributions of drop diameter are more uniform than they are in the uncharged
condition. The axial velocity mean velocity decreases with the increasing applied voltage and the decreasing the size
of mesh. This is explained by recognizing that repulsive forces among droplets with the charges of the same sign
cause them to be uniform.

Introduction
There is a growing demand for producing nano-particles and thin film coatings in many industrial applications.

Conventional hydrodynamic atomization techniques and vibrating orifice type devices limit the practically
achievable drop size due to nozzle clogging problems. Recently, attention has been focused on a variety of liquid
spray process within the electric fields to obtain enhancement of spraying performance. Electrohydrodynamic
atomization has been used in many applications [1-4], such as surface coating, inkjet printing, pesticide spraying,
propulsion of space vehicles, drug delivery and internal combustion engines. Furthermore, concerns about
environmental pollution, human health risks, the rising cost of formulation, and production of chemical sprays cause
the electrostatic spraying of liquids to be adopted as an efficient solution to fulfill the needs [5].

In electrohydrodynamic atomization, the outward electrostatic force becomes larger as charging intensity of
liquid becomes stronger. It is in equilibrium with the inward surface tension force, which is known as Rayleigh
limit. The breakup of the liquid occurs when the electrostatic force is larger than the surface tension. Each of
droplets keeps the same sign charges even after breakup, which prevents them from coalescing and causes them to
disperse. The second charging of spray contributes particle trajectory control [6].

 Kim et al. [7] introduced a novel electrostatic spraying method for solidifying a galvanized coating layer. They
showed that electricfield could assist the fine droplets to attach on the steel surface and change the sprayed droplets
trajectory especially in the surface near the steel surface. The present work aims to study experimentally the
behavior of sprays exposed to electrostatic charging, which can be applied in solidifying a galvanized coating layer.
The effects of the applied charging voltage on SMD and the axial mean velocity of the spray droplets are
investigated in comparison to the uncharged droplets to understand the characteristics of electrohydrodynamic spray.

Experimental setup
Figure 1 shows the schematic diagram of the experimental setup. The test rig is composed of three main

components. These include the fluid supply system, the injection system with the charging facility, and the
measuring instrument. In the fluid supply system, the pressure of 2% NH4H2PO4 and air are regulated by the
pressure of N2 gas and a compressor, respectively. The flowrates of the working fluid are controlled by a pressure
controller as well as a flowmeter.

The injection system consists of a nozzle, a steel plate, a mesh, and a power supply with capability of a maximum
DC 50kV as shown in Figure 2. The tungsten mesh is set up as electrodes 200mm away from the nozzle to provide
the uniform electricfield for the wide spray in Figure 2(a). The steel plate is installed at the location of 450 mm away
from the nozzle. The resistance of 20 MΩ is set up between the mesh and the power supply to prevent the risk of



causing a spark if high voltage is applied to the mesh. The working fluid discharged from the nozzle is charged with
the same sign as it passes through the mesh and impinges upon the ground object coated with zinc. Figure 2(b)
shows that the nozzle is a fan-spray twin fluid type nozzle.

FIGURE 1. A schematic diagram of experimental apparatus.

        

Fluid Cap

Air Cap

Air Inlet

Liquid Inlet

Gasket

Retainer Ring

              (a) Charging facilities         (b) A fan-spray twin fluid type nozzle

FIGURE 2.  A schematic diagram of the injection system with the charging facilities.

Figure 3 presents a schematic diagram of the PMAS (Particle Motion Analysis System) in which the average
diameters of droplets within a specific focus volume obtained by the lens of the PMAS are measured. The PMAS is
used to take a static picture of the macroscopic phenomena using a very short spark light source. The picture, which
is saved in the computer, is applied to measure SMD. Figure 4 presents a schematic diagram of the PDPA (Phase
Doppler Particle Analyser) used for the measurement of the axial velocity of droplets. A CCD camera is used for
observing spray behavior.

FIGURE 3.  A schematic diagram of the PMAS (Particle Motion Analysis System).



FIGURE 4.  A schematic diagram of the PDPA (Phase Doppler Particle Analyser).

Result and Discussions
The preliminary experiments are executed to select the optimum condition for solidifying a galvanized coating

layer in the uncharged condition before carrying out the main experiments.  The experiments are performed through
the increase of 0.02Mpa from the pressures of liquid and air of 0.07Mpa to 0.15Mpa. The SMD is investigated at the
location of 100mm from the nozzle through increasing the width from the center of the spray at intervals of 20mm in
order to understand the spray characteristics. In the case that spray pressure of liquid is higher than that of air,
distributions of SMD are not measured since there are droplets of significantly large size at the center of spray
which are not appropriate for solidifying the coating layer. The SMD becomes smaller and more uniform as the
difference between the liquid pressure and the air pressure becomes larger. The SMD is small and uniform at the
liquid and air pressure of 0.07MPa and 0.15Mpa. Therefore, the liquid and air pressure of 0.07MPa and 0.15Mpa
can be considered the optimum conditions to be used in the main experiment.

Figure 5 shows the distribution of the SMD at the location of 400mm away from the nozzle with the variation in
voltage at the 2% NH4H2PO4 water solution and air flowrates of 4.0 kg/hr and 5.1kg/hr, respectively, and the liquid
and air pressure of 0.07Mpa and 0.15Mpa, respectively. Generally, the SMD decreases through the spray as the
applied voltage increases. SMD has the tendency to be smaller as the radial distance increases in the uncharged
condition. On the other hand, the SMD tends to be uniform in the radial direction as voltage is increased.
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FIGURE 5. SMD distribution of droplets with the variation in applied voltages.
( PL,Inj = 0.07 MPa  , PA,Inj = 0.15 MPa )

Figure 6 demonstrates the pictures based on concentration of spray ejected from the nozzle at the interval of
20kV from 0kV to 40 kV. According to the pictures, the horizontal spray penetration does not change at all.
However, the high concentration of spray mainstream is diluted. This is explained by recognizing that the repulsive
force among the droplets with the charges of the same sign causes them to be uniform. Similar results can be found
in Figure 5.



(a) V = 0 kV

(b) V = 20kV

 

(c) V = 40 kV

FIGURE 6. Spray behaviors with the Variation in Voltages.
(  PL,Inj = 0.07 MPa  , PA,Inj = 0.15 MPa  )

Figure 7 and 8 show the axial mean velocity of droplets and the SMD of droplets with the variation in the size of
mesh as the electrode when the applied voltages are 0, 20 and 40 kV. The working fluid is the tap water instead of
the 2% NH4H2PO4 water solution at the liquid and air pressure of 0.07MPa and 0.15Mpa, respectively. The size of
the mesh indicates the distance between two tungsten wires, including 3mm, 5mm and 8mm. The size of mesh may
represent the intensity of electronic forces. Thus, electric forces become stronger as the size of mesh becomes
smaller.
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FIGURE 7. Axial velocity with the variation in the size of mesh at applied at V = 0, 20 and 40 kV.



Figure 7 indicates that the axial mean velocity decreases as the applied voltage increases. The reduction rate of
the axial mean velocity increases as the size of mesh decrease. This can be explained by the fact that the re-breakup
of charged droplets by the electrohydrodynamic forces causes their momentum to be deceased and
electrohydrodynamic forces increase with the decrease of the size of mesh. The axial mean velocity decreases with
the radial direction of spray due to the flow pattern of fan-spray.

According to Figure 8, the SMD measured at the location of 400mm away from the nozzle decreases with the
increase of the applied voltage due to the breakup by electrohydrodynamic forces. However, the effects of the size
of mesh on the SMD are slight.
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FIGURE 8. SMD with the Variation in the size of mesh at applied at V = 0, 20 and 40 kV.



Conclusions
The SMD, the axial velocity and behavior of the charged spray are measured and observed with variations in

voltage 0 kV, 20 kV and 40 kV and with the variation in the size of mesh at the location of 400mm away from the
nozzle. The following conclusions are drawn from the measurements.

(1) The liquid and air pressure of 0.07MPa and 0.15Mpa are the optimum conditions for solidifying a galvanized
coating layer in the uncharged condition.

(2) As the applied voltages increases, the frequency number of relatively large droplets diminishes. Thus, SMD
decreases and the distributions of drop diameter are more uniform than they are in uncharged condition.

(3) Repulsive forces among droplets with charges of the same sign cause them to be uniform and dispersive.

(4) As the applied voltages increases and the size of mesh decreases, the axial velocity decreases due to the re-
breakup of charged droplets by the electrohydrodynamic forces.

(5) The effects of the size of mesh on the SMD are slight.

Nomenclature
PA, inj   Injection pressure of air
PL, inj   Injection pressure of liquid
SMD   Sauter Mean Diameter
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Abstract
Innogy plc is developing a reciprocating piston compressor, into which water is injected in order to cool the air

and make the compression as near to isothermal as possible.  Computational fluid dynamics (CFD) is being used
to predict the droplet dynamics and heat transfer within the very dense water spray. Since the CFD model is not
able to simulate the primary atomisation process, it requires information concerning the initial spray angle,
droplet sizes and velocities injected by the two types of nozzle over the pressure range of the compressor.  To
obtain the necessary input information, an experimental investigation of individual hollow cone and flat fan
nozzles in the pressure range of 1 to 14 bars was undertaken at Cranfield University using a chamber fitted with
optical windows to enable laser access. CFD models of individual nozzles were run at Innogy using the Star-CD
code provided by Computational Dynamics Ltd.  The results, both experimental and predicted, suggest that the
initial atomisation process of the hollow cone nozzle is strongly influenced by the ambient air pressure, but that
the initial atomisation process of the fan spray is less sensitive to ambient pressure, up to 14 bar.  The
downstream development of the spray is dependent on ambient air pressure in both cases.

1  Introduction
Innogy plc is developing a reciprocating piston compressor using water injection to achieve quasi-isothermal

compression. The compressor has a 400mm stroke, 385mm bore and runs at 600 rpm. The inlet and discharge
pressures are variable up to 8 bar and 100 bar respectively. Up to about 1 litre of water per cycle is injected into
the cylinder through an array of hollow cone and fan spray nozzles. Computational fluid dynamics (CFD) is
being used to predict the droplet dynamics and heat transfer within the very dense spray produced by a total of
360 nozzles. Since the CFD model is not able to simulate the primary atomisation process, data concerning the
initial spray angle, droplet sizes and velocities are provided as input over the pressure range of the compressor.
The CFD model then calculates the downstream spray development and heat transfer between the air and the
multiple sprays as the piston rises. To obtain the necessary input data, an experimental investigation of
individual hollow cone and flat fan nozzles in the pressure range of 1 to the 14 bars was undertaken at Cranfield
University using a chamber fitted with optical windows to enable laser access. (14 bars is the maximum
allowable pressure of this facility). The spray patterns were investigated experimentally using laser sheet
imaging.  A Phase Doppler Analyser was used to measure the droplet Sauter Mean Diameter (SMD), velocity
and volume flux. CFD models of individual nozzles were run at Innogy using the Star-CD code provided by
Computational Dynamics Ltd. Details of the experimental equipment and technique are given by Zheng, Jasuja
and Lefebvre [1]. This paper summarises both the measurements and the predictions up to 14 bar. Future work
will address the performance of the spray nozzles at higher pressures.

2 Experiments with hollow cone nozzles
2.1 Laser sheet imaging
Table 1 shows published data for two hollow cone nozzles supplied by Spraying Systems Co. [2]. These data
apply to nozzles in air at atmospheric pressure with various differential pressures of water applied across the
nozzle.



Capacity [l/min] at specified
differential pressures

Initial Spray AngleSpraying
Systems
code

Flow
number
[m2]

Equivalent
orifice
diameter
[mm]

10
bar

20
bar

30
bar

50
bar

3 bar 6 bar 20
bar

N10 6.325E-07 1.6 1.2 1.7 2.08 2.68 82° 84° 86°
N22 1.397E-06 1.9 2.65 3.75 4.58 5.91 70° 72° 75°

Table 1. Hollow cone spray nozzle performance data as quoted by Spraying Systems.

Figure 1. Laser sheet images of an N10 nozzle at different ambient pressures and constant 10 bar
differential pressure.

Figure 1 shows that the initial spray angle for the N10 hollow cone nozzle (measured by taking the tangent of
the spray shape at the nozzle tip) was relatively unaffected by the ambient air pressure and is in reasonable
agreement with the atmospheric pressure value of 84° to 86° quoted by Spraying Systems Co. ([2], Table 1).
Parsons and Jasuja [3] have made a similar observation on other hollow cone nozzles  (Danfoss 6.3, Delavan
6.0, Delavan 1.5).   FIGURE 1 also shows that the width of the spray further downstream reduces significantly
as the ambient pressure increases. Some authors [4], [3] have correlated the downstream spray angle or spray
width with the ambient pressure.  FIGURE 1 shows that the spray boundaries are curved when the pressure is
above atmospheric pressure, and that the curvature increases with ambient pressure.  Also since the shape of the
spray is determined by the air motion which is generated by the spray itself, it is possible that the shape would
alter when multiple nozzles are placed in an array, particularly if the ambient pressure is high. For these reasons,
rather than using experimental correlations of the downstream spray shape, our approach is to use experimental
data on the initial spray angle and to use CFD to predict the shape of the spray at downstream positions. This
requires calibration and validation of the CFD model, which was the main objective of the work described here.

The measurements also showed that the differential pressure had little effect on the spray initial and
downstream angles. The same general trends were observed on the other hollow cones studied. Although the
N22 initial spray angle is smaller than that of the N10, it seems that its downstream angle is bigger due to the
higher flow rate and therefore to the higher momentum which reduces the effect of the air pressure. Parsons and
Jasuja [3] observed this effect when they compared a Delavan 1.5GPH/90º nozzle with a Danfoss 6.3GPH/80º.
They also observed an effect of differential pressure on the cone shape at low ambient pressure, which was not
found in the present study featuring high momentum sprays.

2.2 Phase Doppler Analysis
The spray Sauter Mean Diameter for the N10 and N22 hollow cone nozzles was measured using the well-

established laser light-scattering technique.
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Figure 2. Phase Doppler results for N22 hollow cone nozzle at 30 bars differential pressure.



Figure 2 shows the N22 nozzle drop size, velocity and volume flux for different ambient pressures and different
downstream distances at 30 bars nozzle differential pressure.  The volume fluxes are normalised by their
maximum values. As shown in  Figure 2-A, the SMD for the outer part of the hollow spray remained around 75
microns regardless of the ambient pressure. The biggest droplets are at the edge of the spray since they are less
easily diverted towards the inside of the cone by the induced air flow. The droplet size in the centre reduces to
20 microns at atmospheric pressure. The size of these central droplets tends to increase with ambient pressure.
This is consistent with the spray tending towards a solid cone at higher ambient pressures. This is seen in Figure
2-C, which shows that when the spray contracts at high pressure, the volume flux tends to be less concentrated
on the edge of the spray.  Figure 2-A also shows the droplet size distributions at 50 and 80 mm downstream of
the nozzle face at ambient pressure of 14 bar. In these cases, the SMD varies very little with the distance from
the spray axis compared to the 1 bar case. This is due to the fact that the induced air motion moves the droplets
towards the cone axis and reduces the spray angle to the point where the boundaries of the spray are almost
parallel. Figure 2-B shows that, particularly for the 1 bar case, the velocities in the centre were found to be
smaller than at the edge since they correspond to the small droplets, which have less momentum. The velocity
increases towards the edge of the spray before decreasing again as the outermost droplets are slowed by
interaction with the surrounding air. This decrease in the velocity of the outermost droplets is amplified with the
ambient pressure. The same trends for the velocity, droplet size and volume fluxes were observed for all the
other hollow cones nozzles examined in this study. A larger orifice diameter resulted in larger SMD.

3 Experiments with fan spray nozzles
3.1 Laser sheet imaging

Different fan nozzles supplied by Spraying Systems Co.  [2] were investigated.  These had an elliptical
orifice formed by the intersection of a V groove with a hemispherical cavity.  Published performance data of a
sample of the nozzles examined are shown in Table 2.

Capacity [l/min] at specified
differential  pressures

Spraying
system code

Flow
number
[m2]

Equivalent
orifice
diameter [mm] 50

bar
100
bar

150
bar

200
bar

Approx. Spray
Pattern width [cm]
(at 30 cm distance)

8003-TC 1.131E-06 1.1 4.8 6.8 8.4 9.7 48
8004-TC 1.508E-06 1.3 6.4 9.1 11.2 12.9 48

Table 2. Fan spray nozzle performance data as quoted by Spraying Systems Co.

Figure 3 shows the effect of ambient pressure on the spray angle in the wide plane of the 8003TC fan spray
(defined as 0º rotational angle) and the narrow plane of the fan (90º rotational angle).

Figure 3. 8003 TC fan spray laser sheet imaging of the narrow (90º) and wide (0º) planes at varying
ambient pressures.

According to Spraying Systems data, the 8003-TC nozzle has a nominal spray angle of 90° when sprayed
into atmospheric air at 14 bars differential pressure. This agrees well with the findings from the tests, which
show an initial angle of 93º at 10 bar differential pressure and 1 bar ambient pressure. However, when the
ambient pressure is increased, the initial spray angle θ of the wide plane decreases according to the expression θ
= θ0 – 1.4 p/p0 (θ0 is the initial angle at the ambient pressure p0). As found for the hollow cone nozzle, the
curvature of the spray boundary of the fan spray makes it difficult to describe the effect of the ambient pressure
on the spray shape and therefore no correlation is proposed for this. The reduction in the wide plane spray angle
is accompanied by a thickening of the spray in the narrow plane. At 10 bars differential pressure, the initial
spray angle in the narrow plane increased from 30º at 1 bar ambient pressure to 57º at 14 bars ambient pressure.

3.2 Phase Doppler Analyser measurements
The influence of differential pressure and liquid viscosity on fan spray droplet size distribution has been

examined by Janna and John [5], who captured water-glycerine droplets on soot coated microscope slides. More



recently Snyder et al  [6] and Brenn et al [7] used a non-intrusive Malvern particle sizer.  However, no
information was available on the effect of the ambient pressure on the fan spray characteristics.

Figure 4-A & B show the effect of ambient pressure on the droplet size in the wide and narrow planes at 1 and
14 bar and at 50 and 80 mm from the tip of the 8004-TC nozzle. In contrast to the hollow cone nozzles, the
increase in ambient air pressure shows little overall effect on the fan spray drop sizes in the wide plane (0º)
which vary little from 75 microns. This has also been observed by Ford and Furmidge [8] who concluded that
the mean drop sizes produced by fan jet atomizers are independent of air density. The drop size tends to
decrease away from the axis in the narrow plane (90º) at atmospheric pressure. This was also observed by Brenn
et al [7]. The drop sizes tend to increase slightly with the downstream distance probably due to coalescence.
Figure 4-C shows that the droplet velocity was found to be highest at the centre of the fan spray. An increase in
ambient pressure resulted in a decrease in the axial velocity. This effect was also observed with the hollow cone
nozzles, but the effect is stronger with the fan nozzles. The increase in SMD at the edge of the fan was also
found by Khan et al [9].
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Figure 4. Phase Doppler results for 8004-TC fan spray at 30 bars differential pressure.

4 CFD investigation
4.1 CFD methodology

The commercial CFD code Star-CD [10] was used to represent the transient development of the spray.
Simulating the experimental geometry, the nozzle is placed on the axis of the cylindrical vessel, some distance
from one end, and sprays towards the other end. The CFD model also represents a gentle bulk air flow from one
end (behind the nozzle) towards the opposite end which was used in the tests to prevent the build-up of a
persistent fine mist. A Lagrangian model is used for the liquid droplets, whereas an Eulerian model is used for
the gas phase. Droplet break-up is modelled using the Reitz-Diwakar method [11]. Droplet collision was
included in some of the calculations, using the method of O’Rourke [12] and the probability of collision leading
to coalescence was calculated using the method of Brazier-Smith et al [13]. The effects of the collision model in
these calculations were very small. Droplet evaporation was assumed to be negligible. There is no representation
of the nozzle itself or of the primary atomisation process.  Instead, a specified number of droplet “parcels” is
injected at each time step, with each parcel consisting of a number of droplets with the same properties
(including diameter, location and velocity). The approach used in the present work was to adjust the initial
droplet parameters in order to match the measurements made 50 mm from the nozzle, and then to compare the
CFD predictions with measurements made 80 mm downstream of the nozzle.

In the case of the fan spray nozzle at both 1 bar and 14 bar ambient pressures it was assumed that the droplet
source was 1 mm downstream of the nozzle and that the initial spray width was 5 mm. The initial droplet flux
and velocities were assumed to be higher on the spray centre-line than at the edges. The initial droplet sizes,
velocities and angles were assumed to be independent of pressure for the fan spray nozzle. The laser sheet
imaging tests indicated some changes in the initial spray angles of the fan spray nozzle with increasing nozzle
differential pressure, but these were not represented in the CFD simulations. Since the liquid sheet will not have
broken into droplets after 1 mm, two calculations were also performed with the fan spray of an appropriate
width starting 20mm from the nozzle to check the effect of starting location. It was found that the predictions at
50mm and 80mm did not change significantly from those with the fan spray starting 1mm from the nozzle.

To obtain satisfactory results in the case of the hollow cone nozzle it was found to be necessary to modify the
initial injection geometry, otherwise the CFD model predicts a velocity maximum on the nozzle axis [14], which



is not observed experimentally. It is believed that in reality the high axial velocities are prevented by the
obstruction to the air flow into the hollow cone caused by the nozzle itself and by the liquid sheet attached to the
nozzle. To simulate the obstruction, a small baffle region was included a short distance upstream of the nozzle
position and the calculation was started 20mm downstream of the nozzle. Also, in the case of the hollow cone
nozzle, it was found that the initial droplet conditions used at 1 bar ambient pressure did not give adequate
predictions when applied to the 14 bar condition. It appears that the primary atomisation process of the hollow
cone nozzle is more intricately influenced by variations in the ambient air pressure.  For the case of the hollow
cone at 14 bar ambient pressure it was assumed that the initial cone angle (defined at 20 mm from the nozzle)
was reduced as indicated in the laser sheet images. The initial droplet distribution was assumed to consist of a
solid cone, with the droplets biased to the outer edge at 1 bar ambient and distributed uniformly at 14 bar
ambient.  The SMD distribution was also changed.

4.2 Experimental comparisons with the CFD model
4.2.1 Hollow cone spray
Figure 5 shows that both at 50 mm and 80 mm from the nozzle tip, the CFD calculation for SMD and axial
velocity fits well with the experimental results.  Each value is calculated from all the droplet tracks predicted to
pass through a small region in the latter part of the transient.  Both CFD and measurement show the hollow cone
becoming more like a solid cone at 14 bar. The volume flux comparison is good at 1 bar, but is less good at 14
bar, suggesting that the assumed initial condition of a uniform solid cone is an over-simplification.
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Figure 5. Comparison of CFD and experimental results for the N10 nozzle at 1 bar ambient pressure

4.2.2 Fan spray
The CFD predictions for an 8004-TC fan spray nozzle in Figure 6 show reasonable agreement with

measurements at 30 bar differential pressure and ambient air pressures of 1 bar and 14 bar. In this case, the
droplet initial conditions for both ambient pressures were developed using the experimental data at 1 bar
ambient pressure at a distance of 50mm from the nozzle, which suggests that the initial atomisation process of
the fan spray nozzle is less sensitive to ambient pressure. The CFD prediction for volume flux (not shown) also
agrees well with the experiment at 1 bar. At 14 bar, the experiment suggests that the peak volume flux (not
shown) moves away from the spray axis, but the CFD prediction shows the peak still on the centre line.

5 Conclusion
The effect of high ambient pressure on both hollow cone and fan spray nozzles has been examined using laser

sheet imaging and Phase Doppler Analysis and modelled using CFD. The effect of flow number and differential
pressure was also studied. The laser sheet imaging showed that the boundaries of both the hollow cone and the
fan sprays are curved when the pressure is above atmospheric. The Phase Doppler Analysis showed that ambient
pressure has a significant effect on the droplet SMD inside the hollow cone, very little effect on the SMD of the
droplets in the surface of the cone and virtually no effect on the SMD of the fan spray droplets. Since the CFD
model does not simulate the primary atomisation process, the experimental data at the closest upstream position



to the nozzle was used to develop parameters describing the initial droplet properties. Predictions of the CFD
model for the downstream zone were then compared to experimental measurements. The results suggest that the
primary atomisation process of the hollow cone nozzle is significantly affected by ambient pressure, but for the
fan spray nozzle, constant injection conditions could be assumed at least up to 14 bar. These results have been
used to develop a CFD model of the isothermal compressor as described in another paper at this conference
[15].
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Figure 6. Comparison of CFD and experimental results for the fan spray at 1 and 14 bar.
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Abstract
In this work the influence of the inner flow conditions of flat pressure atomizers on the disintegration of the

resulting liquid films were studied. High resolution LDV measurements provided information in the nozzle about
the velocity profile and the turbulence level in the mean flow direction. Three nozzle types were used, all having the
same Re and We number at a fixed operating condition. Through structural differences, disturbances were
introduced into the flow. The resulting effects on the disintegration phenomena of the free film could then be related
to the respective turbulence levels. For the nozzle with no disturbances, the channel flow was found to be laminar or
only just turbulent. The liquid film instability was comparable to that predicted by linear analysis, characterized by
the gradual growth of surface waves driven by aerodynamic forces. For the nozzle that produced higher turbulence
levels in the boundary layer of the channel flow, the free film showed the same behavior as the undisturbed one, as
long the Re number stayed below a value of about 3000. Above this value the turbulence level in the outer flow
region increased strongly and the free film roughened in an irregular manner immediately after the nozzle exit.
Qualitatively, these waves did not grow spatially and the film did not disintegrate over its entire length. For the
nozzle with the highest turbulence level, the free film roughened even for the lowest Re numbers. These instabilities
still did not cause the film to disintegrate. Only for very high Re numbers of about 5000, ligaments started to detach
from the liquid bulk. These phenomena were related to first signs of cavitation in the nozzle. At intermediate
disturbance levels,  the turbulence clearly exhibited a stabilizing effect on the free liquid film.

Introduction
Atomization of liquids is widely used in many industrial applications like painting, spray drying or combustion.

The basic disintegration processes of liquid sheets have been studied by [1, 2]. More recent  studies have been
conducted by [3, 4]. Generally, the disintegration of a liquid sheet is caused by the growth of waves originated at the
nozzle exit, which eventually break up the film when their amplitude reaches a certain value. From linear analysis it
is known [5] that for the case of We » 1 and (ρg/ρl)We ≤ O(1), where We is the liquid Weber number, the sinuous
mode always dominates, compared to the only other possible varicose mode. In this range, viscosity always reduces
wave growth rates. Surface tension also has a stabilizing effect on the liquid film, in contrast to jets, where it is the
source for the so-called Rayleigh breakup.

Common to all analysis mentioned above is that the initial flow conditions inside of the nozzle are not
considered. Numerous investigations have been performed on the study of the inner flow field inside of round
pressure atomizers [6], mainly related to the influence of cavitation phenomena. The basic statement for all
cavitating nozzles is that cavitation promotes atomization considerably, unless super cavitation occurs in the nozzle
hole, causing the so called hydraulic flip. The reason for the improved atomization still remains controversial. In
[7, 8], emphasis was put on non-cavitating turbulent and non-turbulent flows. In [7] also LDV measurements were
presented for jet centerline velocities. Whereas in [7], turbulent jets seem to be as stable as laminar jets, in [8] jets
with removed boundary layers, which were assumed to contain less vorticity, where found to be more stable.

The main issue of this work is to clarify the influence of turbulence on the stability of liquid sheets by means of
spatially resolved LDV measurements across the channel inside of the flat nozzle. In order to reduce the number of
influencing parameters, the main dimensionless numbers in atomization, Re and We, where held constant between
the different nozzle types. All measurements have been performed with water. In order to have easier optical access
for the LDV measurements, flat fan nozzles are studied in this work. However, it is hoped that the results presented
here also are relevant for round liquid jets.



Experimental setup
The main objective of this work was to perform reliable LDV measurements of the main streamwise flow

velocities u  and 2'u . Therefore, a system that provided a continuous liquid flow over a long time was required. The
experimental set-up is shown in Fig. 1. The liquid supply was provided by a four-level rotary pump with six blades
per level. The speed was 2850 rpm. The maximum counter-pressure was 5.6 bar, while the maximum volume flux
was 5000 l/min. This type of pump is known to produce very low pressure oscillations in the flow. However, to
minimize any fluctuations, the pump was followed by a 10 m long flexible tube that was meant to reduce pressure
fluctuations through damping. The volume flux was controlled using a bypass back to the reservoir. The flux was
measured by a magnetic inductive flow meter. The static pressure was measured at the end of the inlet channel.
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Volume flux meter

Rotary pump

Nozzle
Tube for
oscillation
reduction

Reservoir
A, B, C
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FIGURE 1  Experimental setup and general nozzle geometry

The upper region of all nozzles was given by the size of the inlet channel with 12.0 mm height and 22.0 mm
width. The contraction zone of 30 mm length followed a cosine-like function. The final outlet channel dimensions
were 0.60 mm height and 22.0 mm width. All nozzles were made out of acrylic glass, in order to have optical
access. Since acrylic glass is a rather soft material, the final channel height varied about ±0.05 mm between all
nozzles, but was always measured exactly.
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FIGURE 2  Nozzle designs and LDV measurement positions (lx/h)

The three different nozzle designs presented in this study are sketched in Fig. 2 and are referred as type A, B
and C. Up to the contraction region, all nozzles were the same. Nozzle A had a 19 mm long channel following the
contraction region. Due to manufacturing errors, the initial channel height of 0.55 mm increased to a final height of
0.68 mm at the outlet of the nozzle. This caused some problems in the measurements, which will be described later.
The channel length of nozzle B was 7.0 mm with an actual height of 0.65 mm. At a position of 4.0 mm before the
outlet, cavities of 1.0 mm length and 2.0 mm height were built into the channel walls. The channel of nozzle C was
10 mm long and 4 mm before the outlet; a 0.20 mm thick wire was stretched across the channel width. The wire was
placed in the middle of the channel height , which was 0.52 mm in this case. Studies were also performed for nozzle
C where the wire was removed, in the following this will be referred as C0.

In order to perform LDV measurements in such a narrow geometry, a small detection volume providing good
spatial resolution was needed. The problem was solved as follows. The initial size is defined by the parameters of
the transmitting optics. Due to a small intersection angle and strong focusing of both laser beams, an illuminated
volume of 1.30 mm length and 0.05 mm in diameter was formed. This was about two times the length of the actual
channel height. In order to achieve high spatial resolution, a receiving optics with a magnification factor of two
between the object and the image plane was designed. In front of the photomultiplier a pinhole with 50 µm diameter
was placed directly in the image plane. Hence, the area in the object plane seen by the photomultiplier had a
diameter of only 25 µm. The depth of focus was limited by the actual diameter of illuminated volume, determined
by the transmitting optics. Since an argon-ion laser was used, an interference filter was placed in front of the
photomultiplier, passing only blue light with a 488.0 nm wavelength. The velocity profile was measured by
traversing the receiving optics in the y-direction across the height of the channel. The basic setup is sketched in
Fig. 3, including the coordinate system. The liquid film instability was characterized by back-lit photography.



LDV Measurements
In this section, velocity measurements for nozzles A and B are presented. The question of this study was how

turbulence influences the stability of liquid sheets. Therefore, all common dimensionless numbers used to describe
free liquid film instability must be held constant when comparing different inlet conditions. This refers primarily to
the Re and We numbers. Since both numbers were derived from the volume flux, measured by the flux meter, the
common characteristic length should have been the hydraulic diameter of the nozzles. In this analysis the channel
height is of course the preferred length, so the problem is reduced to a two-dimensional flow. However, there is a
systematic error in the determination of the 2-D average velocity due to the boundary layers in the z-direction. An
estimation of this error can be made for a fully developed laminar channel flow. For this case an exact solution of
the flow field can be derived. It indicates that the error is less than 2%. This error may decrease even more for
turbulent flow.
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FIGURE 3  LDV-Setup FIGURE 4  Velocity profile for nozzle B (raw data)

In Fig. 4 an exemplary velocity profile of nozzle B is shown. Each point is averaged over 100000 data samples.
The datarate was in the range of 2 kHz. Due to the dimensions of the probe volume it was not possible to determine
the position of the wall a priori. Moreover, the velocity profile was mirrored at the channel walls and could be
detected several times going further in the y-direction. However, the real profile could easily be recognized, since
the datarate was about ten-times higher than for the mirrored one. Close to the wall it was possible to detect real and
reflected signals at the same time, giving an overestimated average velocity. This was evident in the velocity profile,
when the points tended to drift away from the expected shape and by the inter-arrival-time statistics, giving a value
much too high for the lowest time difference. The suggested coordinate system in Fig. 3 was therefore difficult to
implement in the real measurement data. A different approach was taken here. Since the velocity at the wall was
expected to be zero, the profile was extrapolated from the last true value to zero velocity. This point was than said to
be the real origin of the y-axis. In order to compare the profiles of the different nozzles, the coordinates were
normalized by half of the channel height.

In Fig. 5 measurements for three different Re numbers of nozzle A and B are presented. The numbers in
parenthesis denote the axial distance lx of the measurement position from the end of the contraction zone of the
nozzle, normalized by the channel height h. The turbulence intensities presented in the graphs were corrected for the
influence of the effective size of the probe volume by a method suggested by [9] with the following equations,
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where d is the diameter of the measurement volume in the y-direction and the index m denotes the measured flow
quantities. Due to the velocity gradient and the finite dimension of the measurement volume, the velocity of a
measured particle depends upon the trajectory through the volume, leading to an artificial high turbulence. Since in
[9] this correction method is derived for an elliptical detection area in the y-z-plane, a modified measurement for a
rectangular area had to be derived. For more detailed explanation of the above equations see [10]. Whereas for the
mean velocity there is almost no influence of the probe volume size, the influence on the variance is significant.
Since the closest measurement points to the wall were at a position of y+ = 6-10, the second derivative of the
variance could only be determined with considerable uncertainty. The influence was nevertheless minor.



In order to determine the turbulence level
correctly, also the noise level of the LDV system must
be known. For this purpose measurements were
conducted in laminar flow, which led to an estimation
of the “artificial” turbulence of 022.0/' =uu . In the
graphs of Fig. 5 this noise level of 2.2% is not
subtracted from the data in order to separate the effect
from the velocity gradient correction.

The results can be described as follows. In Fig. 5
(a), measurements for both nozzles were performed at
Re ≈ 2800. In both cases the turbulence level in the
nozzle midplane is of the same magnitude as the noise.
For nozzle A the correction procedure given in Eq. 2
results in a turbulence level, which lies even below zero
at the data points near the wall. Thus we conclude that
the entire flow field in nozzle A is laminar. Nozzle B
exhibits larger turbulence values in the near-wall region
(16%), a direct result of the cavities. However, the core
flow also exhibits very low turbulence levels,
suggesting that the flow is basically laminar. The mean
velocity profiles for nozzles A and B are very similar,
despite the fact that nozzle B exhibits higher turbulence
levels in the boundary layer. This suggests that the
mean velocity is still largely determined by the nozzle
contraction and has not yet begun its development into a
channel flow.

In Fig. 5 (b) (Re ≈ 5700) and 5 (c) (Re ≈ 8500) the
near-wall turbulence levels of nozzle A begin to
increase above the system noise threshold, indicating
the onset of turbulence in the boundary layer. However,
still the influence on the mean profile is minor,
supporting the view that the channel flow is only at its
first stage of development after the contraction and that
for the most part the flow can be considered laminar.
For nozzle B the turbulence level increases with
increasing Re number and this is apparent over almost
the entire channel width. Also the mean velocity profile
begins to show a more rapid influence of the boundary
layer. This suggests that the flow of nozzle B is in a
transitional regime at these Re numbers and may be
partly turbulent.

The flow field of nozzle C or C0 was not measured
with the LDV. In order to insert the wire into the
channel, holes were drilled in the x-y-plane of the
nozzle side walls. These holes decreased the numerical
aperture of the receiving optics so strongly that only a
low signal-to-noise ratio could be achieved with the
present system. Therefore, no results are presented here.
However, one would expect nozzle C to produce even
higher turbulence levels than nozzle B. Nozzle C0 is
expected to have flow conditions similar to nozzle A.

Liquid film analysis
In this section an analysis of the liquid film disintegration of the above nozzles is made. As mentioned above,

nozzle A was slightly diverging at the end of the nozzle exit. This fact caused the liquid to separate from the wall
before exiting the nozzle. Therefore nozzle C0 was used to examine the expected liquid film disintegration in the
undisturbed condition. However, for lower velocities, where no detachment occurred, the general behavior of A and
C0 was the same.

For the case of C0, the following behavior can be observed. Immediately after the nozzle exit, the film surface
is smooth, as far this can be determined from back-lit photography. At higher velocities, capillary waves growing
mainly in the downstream direction could be observed. This region seems to be segmented in the spanwise direction,
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FIGURE 6  Back-lit photographs for nozzles C0, B and C at different operating conditions

characterized by a phase shift between the waves. This segmentation then breaks down and an irregular waviness in
the streamwise and spanwise directions is formed. It is difficult to determine the growth of the wave since the rim of
the film blocks the side view. However, the contraction of the film, forced by the surface tension, indicates an intact
liquid surface. Moving to higher velocities, the waves become shorter. In general this behavior is well known and
predicted by linear instability analysis. However, two phenomena should be pointed out here. First, the smooth
region below nozzle C0 always exists, even for high We numbers. Second, at a certain velocity the film does not
contract any more in the spanwise direction, which indicates a vanishing of the rim. This statement is supported by
the fact that ligaments spreading away from the film surface can be detected (C0, We = 5312).

For nozzle B the situation is quite different. At lower Re numbers the behavior is comparable to C0. Moving to
higher velocities, the region of a smooth surface disappears and the film roughens immediately after exiting the
nozzle. Further downstream, these surface waves seem to become longer in wavelength, probably driven by surface
tension effects that tend to smooth out the surface. It is difficult to obtain a quantitative measure of the wave growth
from the pictures. However, for a certain range of We numbers there appears to be no growth at all. Note the slightly



different magnification between the pictures of C0 and B. In contrast to C0 the liquid film of B contracts in the
streamwise direction under the effect of surface tension, even for the highest We numbers. This means that the
surface tension still influence the edge of the film.

For nozzle C the situation is similar to B. Here the film roughens at the nozzle exit, even for the lowest
velocities. The increased disturbance level produced by the wire, which is assumed to be much higher than for the
case of the cavities, can explain this phenomenon. For higher velocities, cavitation occurs in the wake of the wire.
Basically this effect was not desired in this investigation since the existence of bubbles represents another parameter
in the system. However, for a certain range, the cavitation bubbles disappear before the nozzle exit, leaving the
liquid film still as a single-phase flow. In this case, the amplitude of the surface deformations is much larger than in
the cases described above. Even for low We numbers, ligaments can be seen detaching from the film surface.
However, the film still contracts under the influence of surface tension.

Conclusions
The main objective of this work was to investigate how turbulence influences the stability of liquid films.

Looking at the results of nozzles A, C0, and nozzle B one comes to the conclusion that turbulence has a stabilizing
effect on the disintegration of the free films. In the case of C0, initial surface disturbances are amplified downstream
and cause the free surface to disintegrate into ligaments and drops. This behavior is described by linear instability
analysis and is mainly driven by aerodynamic effects. In the case of nozzle C for We = 25, where aerodynamic
effects are clearly absent, one can see that large enough fluctuations in the flow always tend to disturb the surface
locally. They also disrupt the surface as soon it is formed after the nozzle, without any temporal or spatial delay. The
need of a minimum disturbance level can be seen from nozzle B, where for Re < 3000 there is basically no
difference between the disturbed an undisturbed case C0. As long the velocity fluctuations remain below a certain
value, namely <50% in the near wall region and <5% in the central flow for nozzle B, turbulence decreases spatial
growth rates of surface waves. Since it is known from linear instability analysis that viscosity has the same effect,
the above result might be explained by the increased vorticity of the turbulent flow, which produces additional shear
stresses. These can also be interpreted as an increased turbulent viscosity. When the disturbance level is too high,
like in the case of nozzle C, the disrupting forces of the fluctuations seem to overcome the stabilizing effects and
they then to have an even larger effect than the aerodynamic forces.

Unfortunately LDV data could not be obtained to support all interpretations. However, comparing the liquid
film of nozzle B for Re = 6041 and C for Re = 959, bearing Fig. 5 (b) in mind, there is no reasonable doubt of the
fact that nozzle C produces higher turbulence levels. A still unresolved question is whether a relative increase in the
velocity fluctuations in the y direction, namely v’, between nozzle B and C or the general increase of fluctuations is
responsible for the observed phenomena. The appearance of cavitation also needs to be reduced in order to study
nozzle C in a wider range of Re numbers. This will be investigated by placing the wire further upstream in the area
of the contraction zone. In this case any cavitation bubbles will have enough time to collapse before exiting the
channel.
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Abstract
The main objective of the present study is the optimization of the water mist efficiency for turbulent premixed
methane/air flame extinction. An experimental set-up has been developed for this purpose. In particular, an air blast
atomizer to produce and control the water mist was inserted into an opposed jet burner system. Phase Doppler
Anemometry is used for the characterization of the water mist. Typical water mist mean droplet diameters D10 are in
this study around 4 µm. The flame extinction limits were determined with and without the addition of the water
mist. Different parameters related to the flame and to the water mist are varied ; the equivalence ratio, the mean
strain rate applied to the flame, the water flow rate and the application time of the water mist. A new parameter
defining the water mist extinction efficiency was introduced and used in the interpretation of the results. It has been
found that the efficiency of the water mist depends strongly on these parameters. Rich flames are more difficult to
extinguish than leaner ones. Furthermore, the extinction efficiency of water mist increases with the increase of the
water flow rate. However, this effect reaches a plateau and further increases do not affect flame extinction, possibly
due to the reduction of water droplet vaporization rates by water vapor saturation. The influence of water mist
application time as a function of the injected water flow rate is also studied. There exists a critical value of water
flow rate below which the extinction is impossible ; in addition, there exists an optimum water flow rate where
extinction is obtained with a minimum application time corresponding to a minimum amount of water.

Introduction :
The security against unwanted fires and explosive systems is of primary importance. The phase out of Halon

constitutes a real challenge for their replacement. As one of the most effective fire suppression solutions, water
mists represent a good alternative because of their neutrality with respect to the environment and their various
advantages. Water mists have been an active area of research and development in recent years, and many
commercial systems are available or in development [1]. However, there is no current theoretical basis to design an
optimum water mist system for fire suppression as a function of its parameters [2], due to the variety of parameters
related to the existing accidental situations and water mists characteristics.

Some studies were interested in the study of injection characteristics of water mists, on extinction of gaseous
fuel flames [3, 4, 5, 6] and liquid fuel flames [7, 8, 9]. In order to compare the extinction effectiveness of water
mists, authors generally use as parameter the water/fuel flow rate ratio. It has been found that the effectiveness of
the water mist increases with the increase of this parameter. A recent study on the effects of water mists and NaCl-
water solutions on the extinction of laminar premixed methane-air counterflow flames has been conducted [5].

The present study also concerns extinction of opposed jet premixed flames with water mist but in the turbulent
regime. In order to improve their efficiency and to determine the predominant mechanisms in the extinction of
premixed flames, an experimental work have been conducted in the laboratory [10]. The water mist efficiency for
the extinction of opposed jet turbulent premixed methane/air flames, as a function of parameters related to the flame
and to the water mist has been determined. The extinction limits of the flame were determined with and without the
addition of the water mist. The various mechanisms of flame extinction by water mist have been analyzed by
investigating different configurations of  water mist /flame interaction [10, 11]. A new parameter defining the water
mist extinction efficiency was introduced and used in the interpretation of the results. The main objective of the
present study is to determine the effect of the injected water mist flow rate and its application time on the flame
extinction for the optimization of the water mist efficiency.



Experimental set up :
An experimental set-up has been developed to study the opposed jet turbulent premixed flames extinction with

water mist (Figure 1). Two geometrically identical burners of 30 mm inner diameter are placed such that the
generated opposed jet flow field produces an axisymetric free stagnation plane. The stability regimes of the flame is
explored by varying the equivalence ratio and the strain rate (imposed by the reactants velocity at the exit of the
burner U0). An air blast atomizer to produce and control the water mist has been developed. The atomizer  is
inserted into the lower burner. In a previous study [11], the extinction limits of opposed jet turbulent premixed
methane air flames have been studied for different flame configurations. In this paper, results concerning a
configuration where a single flame stabilized by injecting the reactants from the upper burner interacts with a flow
of air and water mist mixture injected from the lower burner are presented. In this case, the dilution mechanism does
not affect the extinction process as the water mist approaches the flame from the burnt gases side. Therefore the
cooling of the burnt gases is the predominant mechanism of flame extinction.

AIR+CH4

AIR
Atomizer

Water flow rate q

Water mist

upper burner

lower burner

stagnation flame

Figure 1 : Set-up for
flame/water mist interaction
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Figure 2 : Apparatus layout for PDA measurements

Results

Water mist characterization
The water mist structure is characterized by simultaneous two-component velocity and size measurements

performed with a TSI Phase Doppler Anemometer (IFA 755). The 514.5 nm and 488 nm emission lines of an Ar+

laser are used for the axial and radial velocity components, respectively. The optics and electronics of the PDA
layout are schematized on Figure 2. In the following we present results on water mist characterization in terms of
axial and radial velocity of droplets, respectively U and V, the volume flux of liquid and droplet size (both mean
diameter D10 and Sauter mean diameter D32) as a function of axial and radial positions. PDA measurement have
been performed at the exit of the lower burner for a fixed axial position (Z=5 mm) and on the centerline for fixed
radial position (r=0 mm). The main flow rate of air introduced in the burners for this study is Q=10.18 m3/h which
corresponds to a bulk velocity at the exit of the burner of U0=4 m/s. Three injected water flow rates have been used
ranging from q=2 ml/min to q=6 ml/min.

Effect of water flow rate on the dynamic field of droplets
Figure 3 shows radial profiles of respectively axial and radial velocities of droplets at the exit of the lower

burner (Z= -15 mm) for three water flow rates. It is observed that the flow field of droplets is homogeneous at the
exit of the burner and axisymmetric. The axial velocity of droplets correspond to the bulk velocity of the main flow
(4 m/s). Figure 4 shows axial profiles of U and V (from the exit of the burner to the stagnation plane) at r=0 mm
(along the burner axis) for different water flow rates q. We can observe the expected decrease of the axial velocity
from the exit of the burner to the stagnation plane. Another important observation from the two figures is that the
increase of water flow rate does not affect the flow field of droplets and the structure of the water mist.

Effect of water flow rate on droplet size
In the following we present radial profiles of the volume flux of water and droplet diameters at the exit of the

burner (Z= -15 mm), for three water flow rates. Figure 5 shows the radial profiles of the volume flux of water. The
volume flux increases with the increase of water flow rate. Figure 6 shows the radial profiles of the Sauter mean
diameter D32 and of the mean diameter D10 for the three injected water flow rates. The size of droplets are not
affected by the increase of the injected water flow rate : D32=9 µm and D10=4 µm. This is very important for the
interpretation of the flame extinction results. Furthermore, these two figures confirm the homogeneity of the water
mist structure for each injected water flow rate.
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Optimization of the flame extinction with water mist
The design of good water mist fire suppression systems requires considerable thought at the outset ; the

situation is not straightforward, due to the variety of the parameters related to the fire and those related to the water
mist. The advantages of laboratory-scale tests are related to the high degree of control of these parameters. On the
contrary, there are substantial problems in extrapolating the results of small-scale fire test to the full-scale fire
situation. Two parameters related to the flame and to the water mist are varied in this study :

• The equivalence ratio φ and the velocity of the reactants at the exit of the burner U0 (or the mean strain rate
applied to the flame ab)

• The water flow rate q injected into the burner and the application time of the water mist text.

The mean strain rate ab is estimated by the expression ab=2U0/H where H is the separation distance between the
upper and the lower nozzle exits [12]. In this study nozzle separation is fixed at H=40 mm. In order to quantify the
Water Mist Efficiency for premixed flame extinction, we define a parameter WME expressed in %. Its definition is
derived from the extinction limits curves using the mean strain rate at extinction aE, without the addition of water
mist and in the presence of water mist aEmist for the same equivalence ratio φ (see Figure 7). WME is therefore given
by the following expression WME =(aE-aEmist)100/aE.



Effect of injected water flow rate on water mist efficiency
In order to study the effect of the increase of the injected water flow rate on flame extinction, we used in these

experiments different water flow rates ranging from q=6 ml/min to q=72.7 ml/min; we limited the study only to
some equivalence ratios (0.9, 1, 1.1 and 1.2). Figure 7 shows the flame extinction limits with and without water mist
as a function of equivalence ratio and strain rate for some water flow rates. The stability domain of the flame is
reduced significantly with the increase of the injected water flow rate q. Figure 8 shows the water mist efficiency as
a function of q for different equivalence ratios. The efficiency of the water mist depends strongly on the equivalence
ratio and the water flow rate; rich flames are more difficult to extinguish than leaner ones. Furthermore, for each
flame, the extinction efficiency of water mist increases with the increase of water flow rate q. However, this effect
reaches a plateau and further increases do not affect flame extinction. The maximum of water mist efficiency we
obtained in our experiments is about 50 % independently of equivalence ratio. This plateau is possibly due to the
reduction of water droplet vaporization rates by water vapor saturation.
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Effect of water mist application time
Water mist application time is defined as a period of time between the activation of water mist and the cessation

of the combustion process. Some of the authors calls this parameter “extinguishment time” or time to extinguish
[13]. Its determination is very important for the optimization of the amount of the water required for the flame
extinction and hence reduction of the collateral damage caused for fire extinction, and the manual or automatic
systems activation period. Moreover, the application time can affect the water mist efficiency.

The experiments presented here concern the extinction of flames with an equivalence ratio of φ=0.9 and
different velocities of reactants at the exit of the burner (2.5, 2.7, 2.9 and 3 m/s) corresponding to flames with
different mean strain rates (104, 112, 120 and 124 s-1). The increase of U0 increases the mean strain rate of the flame
and hence reduces its stability. Figure 9 shows the water mist application time as a function of the injected water
flow rate q and different values of U0. There is a strong dependence between text, q and U0. For each flame, the
application time decreases with the increase of the injected water flow rate. Furthermore, the injected water flow
rate used is more important for the extinction of stable flames (i.e. with lower U0 or mean strain rate) than flames
near extinction limits conditions (i.e. with higher U0 or mean strain rate). Therefore, in the presence of stable flames,
a fast extinction can be obtained only by applying a strong water flow rate. On the other hand, to extinguish the
unstable flames (for example, when the strain rate is rather significant), a low water flow rate is enough to guarantee
fast extinction. In order to represent the consequences of the application time on the water mist efficiency and the
total water quantity, we present on Figure 10 the evolution of the water mist efficiency (on the left) and total water
quantity Qtot (on the right) as a function of water mist application time text with a fixed injected water flow rate of
q=32.7 ml/min. The water mist efficiency is calculated by taking the mean strain rate aE = 207 s-1, at flame
extinction without water mist. The total quantity of water required for flame extinction Qtot may be derived from
Figure 9 using this equation Qtot = text q. Figure 10 shows that the water mist efficiency increases with the increase in



the application time text. However, the improvement of the water mist efficiency obtained increases the total water
quantity consumption Qtot.
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Optimization of the total water quantity for the flame extinction
The effect of water mist application time as a function of the injected water flow rate for a relatively stable

flame with φ=9 and U0=2.5 m/s is shown on Figure 11. We observed that there exists a critical value of water flow
rate qcritical below which the extinction is impossible ; in addition, there exists an optimum water flow rate qopt where
an extinction is obtained with a minimum application time corresponding to a minimum amount of water. From this
figure we deduce on Figure 11 the variation of the total water quantity Qtot as a function of the injected water flow
rate q. The optimal water flow qopt which ensures a fast extinction with a minimum of water quantity used here is
qopt=53.3 ml / min. These results are in good agreement with a theoretical analysis for an ideal agent for fire
suppression [13].
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Summary and Concluding remarks
The experimental set up used for the study of water mist extinction of opposed jet turbulent premixed

methane/air flames is described. An air blast atomizer is developed to produce and control the water mist. Phase
Doppler Anemometry is used for the characterization of the water mist. Typical water mist mean droplet diameters
D10 , are in this study around 4 µm. The effect of water flow rate on the dynamic field of droplets and their size was
studied. It hase been found that the increase of water flow rate does not affect the structure of the water mist.

In order to improve the efficiency of water mist for the flame extinction the effect of several parameters has
been studied, including those that characterize the flame in terms of strain rate and equivalence ratio, and those that
characterize the water mist in terms of water flow rate and the application time. A parameter characterizing the
water mist efficiency is introduced and used for the optimization of the flame extinction with water mist. The
capability of water mist for premixed flame extinction and its limitation has been studied. The main conclusions of
the work indicate that :

• The extinction efficiency of water mist increases with the increase of water flow rate q. However, this effect
reaches a plateau and further increases do not affect flame extinction. The maximum of water mist efficiency
we reach in our experiments is about 50 % independently of the equivalence ratio. This plateau is possibly due
to the saturation effect on water droplet vaporization rates.

• Water mist application time text is very important for the optimization of the amount of the water required for
the flame extinction. It decreases with the increase of the injected water flow rate.

• The injected water flow rate used is more important for the extinction of stable flames  than flames near
extinction limits conditions. In the presence of stable flames, a fast extinction can be obtained only by applying
a strong water flow rate, while a low water flow rate is enough to guarantee a fast extinction of unstable flames.

• Water mist efficiency increases with the increase in the application time text. However, the improvement of the
water mist efficiency obtained increases the total water quantity consumption.

• There exists a critical value of water flow rate qcritical below which the extinction is impossible ; also, there exists
an optimum water flow rate qopt where an extinction is obtained with a minimum application time
corresponding to a minimum amount of water.
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Abstract
The results of imaging of waves on the air core/liquid interface of a pressure swirl atomizer are

presented.   Two techniques were used, high speed video and deflected laser beam.  The results were
compared with data taken previously using LDA and good agreement was obtained.  The
measurements show that the effects of the inlet ports are carried through to the spray cone and, it is
theorised, contribute to the break-up of the spray.

Introduction
This work is a continuation of LDA measurements of the internal flow field of a large scale pressure

swirl atomizer and presented at an earlier ILASS conference [1], and is aimed at investigating the
presence of what appeared to be ‘waves’ on the surface of the air core.  These ‘waves’ or ‘fluctuations’
had been reported by other researchers.   DeKeukelaere [2] stated that the air core showed “small
fluctuations in position and diameter”.   The presence of “sinuous, wave-like undulations” were
described by Kong[3] and Vamvakoglou [4] who noted that “the air core seemed to fluctuate”.  The
U(axial) and W(tangential) velocity components in the swirl chamber were measured by means of
LDA and  the presence of localised recirculation regions in the liquid near to the air core along was
deduced.  The present paper provides a more detailed examination of the internal flows.

Experimental Apparatus
The Atomizer

The atomizer was constructed from Perspex in modular form so that the number of inlet ports,
length of swirl chamber and outlet geometry could be changed independently. For the purpose of this
paper, as shown in Fig [1], the length of the swirl chamber and the outlet geometry were kept constant
and two and eight inlet ports were used.  The working fluid was water supplied to the atomizer from a
holding tank by means of a centrifugal pump via a flowmeter.     The working fluid was fed into a
plenum chamber immediately above the atomizer body so that any swirl and entrained air could be
removed.
The flow rate was varied as shown in Table [1], where Reynolds number is defined as ( )pRe=  u d /ρ µ

where dp  equals the equivalent inlet port cross sectional area and u is the mean inlet velocity.

Total Flow           Inlet Re Inlet Velocity
    l/s                                                     m s-1

  0.152               7428        0.572

  0.212             10361        0.798

  0.303             14808        1.14

  0.354             17301        1.33

  0.428             20917        1.61

  0.5             24436        1.88

  0.567             24729        1.91

  0.678             33135        2.55

  0.73             35677        2.75 
    

Table 1     Atomizer flow rate
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Fig 1        The atomizer



Camera System
The camera used was a Kodak Ectapro HS Motion Analyser 4540 video camera fitted with a

Cannon J6x11, 11 to 70mm zoom lens.  Full frame (750 x 540 pixel) images were obtained at 4500 fps
over 0.683 seconds and stored in digital memory before being transferred to video tape.  Single frames
were captured from the tape by means of a VideoLogic Captivator PCI video capture board fitted in a
Pentium II PC.  Individual frames could then be imported into suitable software for analysis. Lighting
was by means of two 500W Halogen spotlights fitted with diffuser screens situated behind and slightly
to either side of the atomizer.

Laser System
The beam from a Helium Neon laser was positioned so as to just strike the edge of the air core and

the presence of waves on the air core would then deflect the laser beam. The deflected beam swept
across a lens with a focal length of 150mm that focused the laser light on to a pinhole in front of a
photodetector.  The result of this was to produce a series of electrical pulses at the output of the
photodetector, each pulse representing the presence of a ‘wave’.  The data were captured by means of a
high speed ADC connected to a computer, and was analysed by means of a FFT routine to give a
frequency spectra.

Experimental Results
Figure 2 shows one video frame of the air core within the swirl chamber at a flow rate of 0.212 l/s.
This low flow rate was insufficient to allow a full spray cone to develop, however it illustrates the
different physical aspects of events on or near the air core.    This particular air core was generated by
means of the two-port inlet and it was clearly seen that the two discreet inlet flows form a double helix.
The double helix is rotating in the same sense as the swirl in the chamber, giving the
localised appearance of surface waves moving upstream, away from the outlet. For the 2 inlet atomizer,
at this low flow rate, the helix angle varies insignificantly throughout the swirl chamber. Figure 3
shows the same view as Fig 2,  with the same flow rate, but this time there were 8 inlet ports.  It can be
seen that the ‘double helix’ form of Fig 2 has changed and although it is not clear exactly how many
‘streaks’ are visible there seems likely to be, on average, eight.   It is clear, for the 8 inlet case, that the
helix angle changes as the flow moves downstream.  This shows that the two inlets feed the flow into
the air core while the eight inlets “spreads” the flow more uniformly at the inlet.  Below a flow rate of
0.4 l/s, increasing the flow gives a shallower helix angle and a larger spray cone angle.  However,
above 0.4 l/s increasing the flow, still decreases the helix angle at any given position within the swirl
chamber, which appears to be the same for both 2 and 8 port cases, while leaving the spray cone angle
almost unaffected.  Typically, for a flow rate of 0.428 l/s the air core helix angle within the swirl
chamber is 27o at 50mm before the outlet, increasing to 45o at 22mm before the outlet.
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Fig 3   Air core in swirl chamber, 8  inlets



For both 2 and 8 inlets, and quite separate from the helical waves, observations have been made of a
phenomenon whereby  localised regions of the air core are seen to expand and contract with a regular
period.  These expansion/contraction regions appear in two locations on the air core/liquid interface
and are spaced approximately 48mm apart as can be seen in Fig 4 and they will be referred to as the
“stationary waves”.   LDA data of the U(axial) velocity component plotted as iso-contours are  shown
in Fig 5, and the position of one of these regions coincides with semi-circular contour lines on the left
hand vertical axis between 16mm and 22mm from the outlet.   this may indicate the presence of a
toroidal vortex in the liquid. If this vortex is asymmetric, and rotates about its axis, this would explain
the above expansion and contraction of the air core.   Examination of a number of video frames
indicates that the interval between expansion and contraction is approximately 0.038 sec giving a
frequency of 13Hz at 0.428 l/s flow rate,  the frequency increasing as the flow rate increases.  As a
check on this an FFT was performed on one set of the LDA W (tangential) component data to extract
the frequency spectrum.  This is shown in Fig 6 and it can be seen that there is a main peak at 12 Hz,
which accords with the frequency obtained from the video film, together with contributions due to the
helical waves.
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When using the laser beam deflection method, one initial problem was that the signal was
contaminated by ‘noise’ caused by low amplitude, random ripples on the surface of the air core.  To
remove this contamination the signal was filtered by means of a MathCad routine then an FFT was
performed to extract the frequency spectra.   As shown in Figs 7 and 8, for the flow rate of 0.290 l/s it
can be seen that there is a main peak at 9Hz with a second peak 57 Hz. For the 0.428 l/s flow rate there
is a main peak at 12 Hz and a smaller second peak at 68 Hz.  Looking at these two spectra (the trend
continues with lower or higher flowrates) it appears that, taking any one significant spectral peak, the
frequency increases with flow rate.   The frequency peak at 12 Hz agrees with that obtained speed
video, Fig 4. The higher peak appears to be the result of the rotating double helix wave.

It is generally assumed that the liquid film thickness in the exit orifice remains sensibly constant,
however it was seen from the high speed videos, e.g. Fig 9, that in fact the continuity of the liquid film
breaks down in a time dependent manner with segments of the air core actually reaching the atomizer
wall. From a purely visual view the breakdown appears to be correlated with the fluctuations in the air
core diameter, as discussed previously. These breakdowns of the liquid film are seen to be carried
through to the spray cone, causing perforations or waves and fluctuations on the surface of the spray
cone. It appears that the break-up of the liquid sheet  forming  the spray cone is principally caused by
variations in thickness due to air core fluctuations in the atomizer allowing the formation of ‘holes’
which,  ultimately, lead to droplet formation.  In addition droplet formation could be observed to often
occur in “clusters”, which are traceable in their histories, back to waves on the air core.  The helical
waves seen in the exit orifice have the same angle as the spray cone half-angle and they thus reflect the
true axial and tangential velocity components.   It is also seen that the effect of the number of inlet
ports is transferred throughout the atomizer and to the conical sheet.
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Fig 7  frequency spectra,  0.29 l/s, 2 inlets
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Figure 10, gives consecutive frames showing of the spray cone   at 0.428 l/s. On the left hand  edge
can be seen a number of relatively long wavelength waves (W1 to W4) with an average wavelength of
9.65mm. The time interval between frames is 2.6 mSec and the distance travelled by the waves in this
time is 9.508mm giving an average velocity of 3.36 +/- 0.3 m s-1 for the convection of the waves, an
average passing interval of 0.035 +/- 0.006 seconds and an average frequency of 14.3 +/- 2.3Hz.
It is believed that these waves are the results of the varying liquid film thickness in the exit orifice,
caused by resulting fluctuations from the helical and stationary waves in the swirl chamber.   Finally,
although both visualisations and measurements allow waves to be traced from the swirl chamber to the
conical sheet, Fig 10 shows that there is a growth of disorder and three-dimensionality during this
process.

Conclusions
♦ High speed video recordings of the air core in the swirl chamber show the presence of surface

waves that have a range of size and degrees of orderliness.  Three distinctive types of waves were
detected; helical, low amplitude random ripples and low frequency stationary waves.  The
frequencies increase and wavelengths decrease with flow rate.  The history of the number of inlet
ports is carried through to the exit of the atomizer via  helical waves.

♦ The disturbances on the air core/liquid interface caused by these ‘waves’ manifest themselves in
the exit region of the atomizer by the liquid film breaking down locally, with the air core itself
impinging on the wall of the atomizer.  The effect is, in turn, carried through to the spray cone and
is manifested by low amplitude three-dimensional waves appearing on the surface of the spray
cone,  giving mechanism of break up into droplets.

♦ Study of the high speed visualisations indicate that other mechanisms are significant in producing
air core waves including the secondary motion that has been measured in the liquid flow in the
swirl chamber.  One hypothesis is that there are rotating toroidal type vortices encircling the air
core producing standing waves.  This is supported by the LDA data which indicates a cross-section
of a stationary toroidal vortex upstream of the exit orifice.

♦ Measurements made by using a laser beam deflection technique were exploratory in nature.
However, the laser beam technique used to obtain the frequency spectra supports the evidence
from the LDA measurements and the high speed video, that localised contractions/expansions of
the air core diameter within the swirl chamber are linked with the breakdown of the liquid film in
the exit orifice and with the presence of the waves on the spray cone surface.
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Abstract
Innogy plc is developing a reciprocating isothermal compressor, in which the air is cooled with intense water

sprays simultaneously as the compression takes place. Another paper at this conference (Part 1) described an
experimental investigation carried out at Cranfield University, which provided information on spray penetration, cone
angle, velocity and drop size data for a range of different atomisers, nozzle differential pressures and cylinder
pressures. These data were used to develop and validate a CFD model of individual hollow cone and fan spray nozzles,
suitable for application to an array of nozzles in the compressor. The present paper (Part 2) describes the experimental
demonstration of quasi-isothermal compression of atmospheric air at a pressure ratio of 25:1 and speeds of 100 and
200 rpm, using an array of 18 nozzles in a “Proof-of-Concept” compressor. 72% of the theoretical work saving
attainable with ideal isothermal compression at this pressure ratio was achieved at 100 rpm and 63% at 200 rpm. The
design of a Prototype compressor of much greater flow capacity is also described in which the speed is increased to
600 rpm, the inlet pressure is increased to a maximum of 8 bars and the final pressure increased to a maximum of 100
bar. The water flow is increased to match the increased air flow by the use of 360 nozzles. CFD analysis predicts a
work saving of up to 60% of the theoretical maximum for a provisional nozzle arrangement of this large compressor
but it is expected that this performance can be improved by an optimised design. An experimental facility is under
construction to test these predictions and to develop the design.

1. Introduction
Air and gas compression is important both in power generation and in the process industry, but requires

considerable amounts of power. The power consumption can be minimised by cooling the gas in order to make the
compression as near to isothermal as possible. The theoretical work saving of isothermal compression of air relative to
an isentropic process increases with the pressure ratio and reaches 39% at a pressure ratio of 25:1. Quasi-isothermal
compression of air and other gases to high pressures is commonly performed by the use of multi-stage reciprocating
compressors with interstage cooling. Each compression stage has a maximum pressure ratio of about 4, because of the
temperatures reached. The performance is also limited because of the pressure losses of the flow through several heat
exchangers and valves, and because each individual compression stage is essentially adiabatic. The mean piston speed
is usually limited to about 5 m/s, which limits the length of stroke at a particular rotational speed. An alternative
approach to achieving quasi-isothermal compression of air at high pressures is to have a reciprocating compressor with
a single stage of high pressure ratio (i.e.~25) and to cool the air with intense water sprays while the compression takes
place. The injected water (typically 3 to 4 times the mass of the air) is expelled with the air via the discharge valves at
the top of each stroke. This type of compressor is more efficient than conventional compressors and should also be
cheaper to build, since a single stage could replace up to three stages of a conventional compressor and only a single
compact heat exchanger is required to cool the recirculated spray water.

The isothermal compression process described here has been developed in two stages as follows.
� A Proof-of Concept compressor was built and tested at low speed (100-200 rpm), inlet pressure of 1 bar and >25

bar discharge pressure. 18 hollow cone nozzles (arranged in 6 clusters of 3) were used to spray the water into the
cylinder. Computational Fluid Dynamics (CFD) simulations have also been carried out on this compressor.

� A Prototype compressor operating at high speed (600 rpm), inlet pressure of up to 8 bar and discharge pressures of
up to 100 bar has been designed. 360 nozzles (a combination of hollow cone and fan spray nozzles) were used to
spray the water. CFD simulations have been carried out and an experimental facility is under construction.



2. Proof-of-Concept compressor
2.1. Description

The isothermal compressor rig was based on a Bolnes cross-head diesel engine which was modified for this
purpose. The compression cylinder had a bore of 200mm and a stroke of 350 mm. The cylinder head contained 6
nozzle clusters, each containing three hollow cone nozzles, placed at the junction of the flat cylinder head and walls.
Each nozzle cluster protruded into the cylinder volume with its axis offset by an angle of 20° from the vertical plane
containing the axis of the cylinder and the nozzle cluster. The axis of each nozzle cluster was also angled with respect
to the horizontal plane. The piston crown contained cut-outs to accommodate the cluster protrusion as the piston
approached top-dead-centre (TDC).  All the nozzles were hollow cone nozzles supplied by Spraying Systems Ltd. The
inlet and discharge valves were hydraulically actuated poppet valves. Water injection was performed with an
adjustable piston pump, in which both the timing and injection quantity could be varied in a flexible way.

2.2. Experimental results
The key operational parameters, which were varied during the test programme, were:

� Rig running speed (100 or 200 rpm)
� Size of hollow cone spray nozzle ranging from the N1 (5.1 litres/hour at 5 bar injection pressure) to the N12 (61

litres/hour at 5 bar injection pressure). The nozzle number is proportional to the flow capacity.
� Timing and mass of water addition
� All the tests were done with a discharge valve timing which gave a discharge pressure greater than 25 bar(a).

It was found that near-isothermal compression could be achieved, giving significant work savings2. Smaller nozzles
resulted in smaller droplets and therefore greater heat transfer area per unit mass of water. However, with the fixed
number of nozzles, the lower flow rates of the smaller nozzles were not adequate at the higher speed. The best results
achieved were a 28% work saving at 100 rpm and a pressure ratio of 25:1 using the N4 and N6 nozzles. At 200 rpm,
bigger nozzles (N8 and N10) were used in order to supply the high flow rate needed and a saving of 24.5% was
achieved. Discharge of the air-water mixture from the cylinder was satisfactory and concerns that the piston could be
damaged by impact with incompressible water near the top of the stroke (“hydraulic locking”) did not materialise.

Although good performance was achieved in the Proof-of-Concept tests, it was recognised a different configuration of
nozzles would be needed for a larger compressor operating at higher speed and pressure. A computational fluid
dynamics (CFD) model of the Proof-of-Concept compressor was therefore developed to characterise the physical
processes that take place inside the cylinder, and to assist the development of the Prototype compressor.

2.3. CFD methodology
A detailed description of the modelling strategy for single spray nozzles can be found in the accompanying paper

by Abdallah et al [1]. A Star-CD CFD model [2] was developed using the results of an experimental investigation at
Cranfield University. The CFD model of the Proof-of-Concept compressor is illustrated in Figure 1.

Figure 1. Proof-of-Concept CFD model
The cut-outs in the piston crown, which were needed to accommodate the six nozzle clusters, can be seen. User-
supplied coding represents the nozzles; the mesh itself does not include any geometrical representation of the nozzles.

                                                          
2 The compression work was calculated using the indicated rig compression work from atmospheric pressure to 25 bar
(including work of atomisation, including the ideal intake and discharge work but excluding valve pressure losses).
The work saving was derived by comparison of this work with an ideal isentropic compression of air.



It does, however, include a local coordinate system aligned along the axis of each spray.  These local coordinate
systems, together with the user-supplied coding, defined the physical location of each nozzle. The key advantage of
this approach is the ease with which it can be extended to models with several nozzles and to moving meshes. The
computational mesh of the compressor consists of approximately 90,000 cells, and the full geometry is modelled since
there is no symmetry. The volumes immediately surrounding the nozzle clusters are meshed using tetrahedral cells, and
the remaining cylinder volume is meshed using hexahedral cells. The computational mesh consists of a static mesh
volume, a compressing mesh volume, and a translating mesh volume representing the clearance region, the
compression region and the piston cut-out, respectively.

2.4. CFD results
One of the biggest challenges in modelling the isothermal compressor was that the dense sprays were on the limit

of what could reasonably be modelled using the Lagrangian (droplet tracking) method.  Star-CD monitors the “void
fraction”, defined as the volume fraction of a computational cell that is filled with the discrete phase, i.e. water in this
case.  When this limit is exceeded the equations for the continuous phase (air) assume that the void fraction equals the
limit value (set at 0.4). The heat transfer to or from the discrete phase is evaluated in the Lagrangian part of the
calculation and included as a source term in the Eulerian calculations for the continuous phase.  Hence energy
conservation is achieved between phases.  Therefore, although there may be some effect of limiting the void fraction to
0.4, the heat transfer between phases should be unaffected. Coalescence was found to have very little effect on the
result, but droplet break-up did occur resulting in smaller droplets than the initial value set up to model the nozzles.

Figure 2 illustrates the computed temperature and droplet distribution at different crank angles during the compression
(using this notation, Top Dead Centre is 0° and Bottom Dead Centre BDC is 180°) at 200 rpm. The water injection
flow rate was 43 g/cycle. Figure 2 shows that the water is evenly distributed especially at the end of the compression
when most of the compression work is consumed. Using initial conditions measured in the Cranfield University
experimental investigation, including an SMD of 75 microns, results were achieved that closely matched the
experimental results.

Figure 2. Computed temperature and droplet distribution during the compression stroke
Figure 3 compares experimental and predicted temperature profiles during the compression. The final temperature is
390°K compared to 745°K for an ideal adiabatic compression with the same initial temperature and pressure ratio.
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Figure 3. Comparison between the CFD and the experimental temperature profiles



The validation of the model gave enough confidence to simulate the Prototype compressor using the
Lagrangian/Eulerian model while limiting the void fraction to 0.4 in the Eulerian phase calculation, using the Reitz
Diwakar break-up model [3] and representing the nozzle with droplet parcels with an initial SMD of 75 microns.

3. Prototype compressor
3.1. Description of the Prototype compressor

The Prototype compressor will operate at 600 rpm, with an inlet pressure up to 8 bar, and a discharge pressure up to
100 bar. The cylinder is significantly bigger (385 mm bore and 400 mm stroke) than that of the Proof-of-Concept
compressor (200 mm bore and 350mm stroke). Given the larger volume, higher speed and increased inlet pressure, this
implies air and water mass flow rates about 100 times those of the Proof-of-Concept compressor. Following discharge
of the air-water mixture, the water is separated, cooled in a heat exchanger and re-injected. There is no net
consumption of water, since separator losses are compensated by moisture condensing from the atmosphere. Three
poppet valves are provided for the inlet flow to the cylinder and four for the discharge flow. The inlet valves are cam-
operated and open into the cylinder, whereas the discharge valves are pneumatically actuated and open in the opposite
direction.

To provide the much larger flow rate required by the Prototype compressor, the separate nozzle clusters are
replaced by two spray rings containing a total of 360 nozzles arranged in four rows around the upper circumference, as
shown in Figure 4. The flow capacities of the nozzles are also larger and the injection pressures have been increased
relative to the Proof-of-Concept compressor. The two spray rings containing the nozzles can be removed and replaced
if necessary by other spray rings with nozzles of a different size, number and orientation. The upper and lower spray
rings have separate water feeds. This allows the option of different injection profiles for the two groups of nozzles. In
particular, the supply to the lower nozzles can be shut off as the rising piston covers these nozzles, and all the available
remaining water can be directed to the two upper rows of nozzles.

Figure 4. Schematic of the compressor showing the decline angles of the four rows of nozzles

All nozzles within a particular row are aligned similarly. The axes of the fan nozzles in the three upper rows are rotated
to different positions, with the wide angle of the topmost nozzles horizontal. Since all the nozzles are mounted in the
upper part of the cylinder, it is advantageous to decline their axes from the horizontal plane in order to assist downward
penetration of the spray. In this case the nozzles are declined by between 3° and 20°. Also, rather than aiming the
nozzles at the axis of the cylinder, they are offset by between 7.5° and 16° to avoid localised concentration of droplets.
This particular layout of nozzles is provisional. Optimisation of the design to improve the performance is on-going and
will be reported in due course.

3.2. CFD model of Prototype compressor
In order to reduce the computational time, the CFD model represents only a 4° sector of the cylinder, with the

remainder of the cylinder represented by cyclic boundary conditions.  The piston movement is modelled using the
moving mesh options within Star-CD.  To retain the cell aspect ratios at acceptable values even as top dead centre



(TDC) is approached, the mesh movement includes both distortion of cells and deletion of complete cell layers.  The
model of the 4° sector includes four nozzles, representing each of the four rows. A similar approach to the one used in
the Proof-of-Concept compressor CFD model was used to model the nozzles. The basic mesh (together with the local
coordinate systems used to define the nozzle locations) is shown in Figure 5.

Local coordinates
representing nozzles

Cylinder
wall

Cylinder
i

Piston crown

Cylinder top

Figure 5. CFD mesh at start of calculation (bottom dead centre) and near end of calculation

The simulations indicated that the coalescence model has more effect than the break-up model, leading to predictions
of droplets typically in excess of 1 mm diameter with a maximum of 7.5 mm. Although no measurements are available,
it was considered that these droplet sizes were unrealistic. Simulations are therefore being run without droplet
collision, which limits the precision of the model. It is recognised that further development and validation is needed for
the coalescence model in particular.

3.3. CFD Results
Figure 6 shows vertical sections through the cylinder at four selected crank angles, showing air temperature

contours. Comparing Figure 6 with Figure 2 we note the penetration of the spray is significantly reduced. Indeed, the
water only reaches the centre of the cylinder just before TDC. This is caused partly by the increase in speed from 200
rpm to 600 rpm and partly because the higher pressure in the cylinder increases the drag on the droplets. There is also
insufficient penetration downwards. On the other hand the configuration of 360 nozzles gives a good circumferential
distribution.

Figure 6. Air temperature contours at different crank angles for the Prototype compressor

Figure 7 shows the predicted variation of mean cylinder temperature with crank angle for a pressure ratio of 12.8:1 (7.8
to 100 bar) and a speed of 600 rpm. The reduced pressure ratio means that the maximum theoretical work saving
achievable by perfect isothermal compression is 29% and therefore the scope for practical work savings is reduced.
The work saving predicted in this case was 10% relative to an ideal adiabatic compression process, which represents
30% of the theoretically achievable work saving. The predicted temperature is compared to the ideal isothermal and
isentropic temperature, and with polytropic compression with index m=1.18 and 1.25. The profile of water flow rate
during the compression is also shown. The figure shows that the predicted temperature follows a 1.25 polytropic index
“path” at the beginning of the compression. Above a CA of 270°, the water flow rate reaches a maximum and the
temperature difference between the droplets and the air increases significantly, and therefore the heat transfer between
the droplet and the air is enhanced and the representative polytropic index of the compression decreases to around 1.1.
Finally, towards the end of the compression, the gas volume is reduced much more rapidly causing a corresponding
rapid increase in the pressure. The droplet heat transfer cannot prevent a significant temperature rise under these
conditions and so the polytropic index increases to around 1.18.
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The isothermal compression work saving was also determined for different inlet and discharge pressures. Table 1
shows that the work saving predicted for the Prototype compressor with the present spray ring design is significantly
higher at pressure ratios above 20. The results also emphasise the influence of penetration on the performance since the
work saving is greater when the inlet pressure is 1.15 bar compared to 2.9 bar although the pressure ratio is smaller.

Compression work relative to
adiabatic. All at 600 rpm.

Inlet
pressure
[bar]

Outlet
pressure
[bar]

Pressure
ratio

Adiabatic Isothermal CFD

Work Saving
(CFD relative to

Isothermal)
2.9 69 24 100% 61% 80% 52%
1.15 23 20 100% 63% 78% 60%
7.8 99.5 12.8 100% 67% 90% 30%

Table 1 . Comparison of  CFD predicted work with ideal adiabatic and isothermal compression work

4. Conclusions and future work
Quasi-isothermal compression has been demonstrated experimentally at a pressure ratio of 25:1 and rotational

speeds of 100 and 200 rpm, with work savings (allowing for water pumping work) of 24.5% and 28% respectively
compared to an ideal adiabatic compression. A CFD simulation of this Proof-of-Concept compressor indicated good
agreement with the measured cylinder pressure transient and the derived air temperatures.  The design of a Prototype
compressor operating at 600 rpm with an air flow capacity approximately 100 times that of the Proof-of-Concept
compressor has also been described and CFD calculations performed for a provisional nozzle arrangement indicating
work savings between 10% and 22%, depending on operating conditions. This represents between 30% and 60% of the
maximum theoretical work saving. The CFD simulations also suggest that the performance of the prototype
compressor could be improved by enhancing the rapid penetration of the spray both inward and downward in the
cylinder. A new spray ring design has been developed to improve the spray penetration and an experimental test
facility is being constructed to test this design. This work will be reported in a future publication.
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Abstract
In this research work, the effects of the operational and geometrical parameters on pressure distribution and flow
pattern in Y-jet atomizers were studied using an experimental apparatus working with air and water. The results
show that the mixing point pressure is very dependent on the diameter ratio of the mixing duct and the air port and
the water supply pressure ratio. A correlation to predict the mixing point pressure was developed and showed a good
agreement with the experimental data. With this correlation it is possible to predict the occurrence of the critical
condition for the air flow at the exit of its port. In a second group of results, the influence of geometrical and
operational parameters on the pressure distribution inside the mixing duct were analyzed. The main result found was
that for air liquid ratio between 0.1 and 0.2 this pressure distribution can be taken as linear. The pressure levels at
the end of the mixing duct suggest a choked flow generate by the friction inside it or the presence of oblique
expansion waves out of its end. Finally, using a two-phase map, it was found that the flow pattern inside Y-jet
atomizers is a transition between the annular flow and the wispy-annular flow.

Introduction
Y-Jet atomizers are widely used to atomize heavy-oils in Brazil due to the possibility of burning them with

relatively high efficiency and moderate rate of emissions. The key factor in this case is the efficiency of the
atomization process. Y-Jet atomizers permit a closer contact between the fuel and the auxiliary fluid and a low
consumption of auxiliary fluid [1, 2]. These two characteristics promoted a good spray quality because the
momentum transfer inside the nozzle occurs more efficiently.

A great number of studies focusing on these atomizers have been carried out to determine the influence of
geometrical and operational parameters in regard to the quality of the sprays generated by them. [2] reported an
extensive parametric study and proposed some design criteria for these nozzles. [3] were able to predict the pressure
drop inside the nozzles and also the mean drop diameter in the spray through the use of one correlation with Weber
and Ohnesorge numbers based on a semi-empirical model for the flow inside these Y-jet atomizers. [4] studied the
influence of mixing duct length on the internal flow characteristics and on the spray quality. They also developed
one correlation using the Weber number, based on the flow inside the atomizer. [5] determined how the symmetry
and the liquid film thickness inside the mixing duct influence spray characteristics externally to the nozzle, showing
a close connection between both flows. [6] made a photographic study of the flow patterns inside and outside the Y-
jet atomizers and were able to determine the main mechanisms involved in the fuel atomization.

In order to study and design Y-jet atomizers, it is important to know the flow behavior inside the mixing duct.
Particularly, the information about the flow pressure at the mixing point and along the mixing duct is very important
to yield hypotheses that are simple and accurate. By using an experimental apparatus specially constructed [7], this
research aims to study how some geometrical parameters such as the diameter ratio of the mixing duct and the air
port and the angle between the water port and the mixing duct, influence the flow pattern and pressure distribution in
the mixing duct of Y-jet atomizers.

Experimental
Fig. 1 shows, in a schematic drawing, the experimental apparatus used. Air and water were the working fluids.

Air and water mass flow rates (Wa and Wc, respectively) were measured by corner tap orifice plates according to [8].
Through the frequency control of the pump’s driving electric motor and by adjusting the two valves upstream the
pump, it was possible to obtain the desired levels of water mass flow rate and pressure supply (Pc). The air mass
flow rate was obtained from its pressure supply (Pa) –there was an electronic adjustment in the compressor– and the
pressure drop of the air line. In the same figure Ta and Tc represent the air and water supply temperatures,
respectively. All the experiments were conduct at room temperature. Pa ranged from 4.7 to 11.7 bar and Pc from 1.5
to 17 bar. The spray was discharged in the laboratorial environment, i.e., at atmospheric pressure.

In order to allow parametric analysis, seven Y-jet atomizers were constructed according to design criteria from
[3]. The tested nozzles can be seen in the Fig. 2 in a schematic drawing. Table 1 shows the main values of the
geometrical parameters used. All the pressure points, i.e., Pa, Pc, PM, P1 and P2 were measured by pieso-resistive



transducers, where PM is the mixing point pressure, P1 the pressure at the middle point in the mixing duct and P2 the
pressure as near as possible to the end of mixing duct –there was a limitation for this position due the dimension of
the pressure tap diameter. Table 1 shows their exact positions in the mixing duct.
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FIGURE 1. Schematic draw of the
experimental apparatus used in the tests.

FIGURE 2. Schematic draw of one
generic Y-jet atomizer used in this work.

Y-jet
Atomizer

lc
[mm]

l
[mm]

lm
[mm]

da
[mm]

dm
[mm]

θ lm/dm dm/da z1
[mm]

z2
[mm]

1 40 13.5 50 5.5 10 57o 5.00 1.82 25 42.5
2 50 14.0 50 6.0 10 57o 5.00 1.67 25 42.5
3 50 14.7 50 6.0 12 57o 4.17 2.00 25 42.5
4 50 16.7 50 6.0 10 45o 5.00 1.67 25 42.5
5 50 12.1 50 6.0 10 70o 5.00 1.67 25 42.5
6 50 14.1 35 6.0 10 57o 3.50 1.67 − 27.5
7 50 14.0 100 6.0 10 57o 10.00 1.67 50 92.5

Table 1. Geometrical values for the parameters in the Fig. 2.

The atomizers were manufactured using a 3:1 scale in order to allow easier access to the pressure and
temperature sensors, without perturbing the flow. To maintain a comparison basis relative to the air (Ga) and the
water (Gc) fluid mass velocities generally used in Y-jet atomizers, Wa and Wc ranged as follows: 40 < Wa < 320 kg/h
and 240 < Wc < 2600 kg/h.

For the seven nozzles the main geometrical parameters studied were: the water port to the mixing duct entry
angle (θ); the ratio between the mixing duct length and diameter (lm/dm); and the ratio between the mixing duct and
the air port diameters (dm/da) that includes the effects of the air flow expansion from the air port to the mixing duct.
The ranges used for the tests of these geometric parameters were: π/4 ≤ θ ≤ 7π/18; 3.5 ≤ lm/dm ≤ 10; and 1.67 ≤ dm/da

≤ 2. The following sets of atomizers were used for each parametric study: nozzles 2, 4 and 5 for θ; nozzles 2, 6 and
7 for lm/dm; and nozzles 1, 2 and 3 for dm/da. These values are shown in Table 1 for each nozzle.

Results
The results for the PM/Pa and Pc/Pa ratios as function of the geometrical relationship of nozzles 1 to 7 and the air

liquid ratio, ALR (= Wa/Wc), are shown in Figures 3 to 5 and 7.
In qualitative terms, all results are similar, i.e., PM and Pc decreases with the increment of ALR. This behavior

occurs because the increment of ALR is the result of the increment of Wa or the decrement of Wc, which induces the
air flow momentum to have a larger influence on the mixing process, and particularly on the mixing point pressure.
On the other hand, as the water flow determines the back pressure for the air expansion, the value of the ratio Pc/Pa0
is also important. This behavior is intrinsic to any compressible fluid expansion and yields to the conclusion that PM
is controlled by the water flow rate in the mixing point.

In Figures 3 to 5, it can also be seen that there are values for PM/Pa smaller than 0.5283 (for ALR > 0.25), in all
the cases studied. The hypothesis here is that the flow from air port to the mixing point is single phase (air only)
with γ = 1.4, where γ is the ratio of specific heats. This critical condition happens because of the air port geometry



and the air flow discharge in the mixing duct. These nozzles in Y-jet atomizer are similar to a converging–diverging
nozzle, where the air port (da) acts as a nozzle throat and the mixing point pressure (PM) as the back pressure in the
diverging passage (controlled by the water flow in this region). More details about the critical air phenomenon can
be found in [7].
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Figure 3 shows the influence of θ on PM/Pa as a function of ALR. There is virtually no difference among the
results, concluding that θ doesn’t exert significant influence on the mixing point pressure.

Figure 4 shows the influence of lm/dm on PM/Pa as a function of ALR. The results indicated that PM increases with
the raise of lm/dm since the pressure drop inside the mixing duct is smoother for larger values of lm. Thus, the
environmental pressure being the same for the three nozzles (i.e., the atmospheric pressure), the atomizers with
higher lm have also higher values for PM. 

Finally, it has been confirmed that the influence of dm/da on PM is the most significant of all the geometrical
relations studied here. These results can be seen in Figure 5. Higher values of dm/da produces higher values of the
pressure drop between the air pressure supply (Pa) and the pressure in the mixing point (PM). Particularly, in the
range 0.1 < ALR < 0.4, the influence of dm/da is more remarkable, indicating that the air pressure drop in this region
is larger when dm/da is incremented.

Similarly, the Pc/Pa as a function of ALR has the same behavior of that found for PM/Pa for the geometrical
parameters analyzed. Figure 7 shows the results of all tested nozzles.

In order to show in a single curve the influence of all parameters analyzed in Figures 3 to 5 and 7, two
correlations for the PM/Pa and Pc/Pa were proposed. Figures 6 and 8 show these correlations for PM/Pa and Pc/Pa,
respectively, along with the results obtained for nozzles 1 to 7. These correlations are,
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The correlations shown in Eqs. (1) and (2) are valid for the following range: 0 ≤ ALR ≤ 1; 3.5 ≤  lm/dm ≤ 10;
1.67 ≤  dm/da ≤  2; and 45o < θ < 70o. In the correlation, θ must be given in radians (π/4 < θ < 7π/18). As it can be
seen in Figures 6 and 8, there is a good agreement between the experimental points and the correlations given by
Eqs. (1) and (2).

An important design parameter is the condition for critical air flow. For the present case PM/Pa0 < 0.5283 (critical
condition) is obtained when θ-0.22(lm/dm)-0.38(dm/da)4ALR0.87 > 1.2.

Figures 9 to 11 show the slope ratio (SR) of the pressure distribution inside of the mixing duct as a function of
ALR. This slope ratio is given by the following relationship,

( )( )
( )( )

1 2 1

1 2 1 0

MP P z z
SR

P P z z
− −

=
− − (3)

where z0, z1 and z2 are, respectively, the locations of the tap for the mixing point pressure (PM), middle point
pressure (P1) and near end pressure of mixing duct (P2) –see Fig. 2 and Table 1.

SR is on important parameter for this kind of analysis because it can indicate the regions where the pressure
distribution approximates the linear. It is possible to say from Figures 9 to 11, that this linearity occurs for 0.1 <
ARL < 0.2. Because this range of ALR is the most used in practice, this yields an important direction for the
mathematical modeling of pressure drop inside the mixing duct of Y-jet atomizers.
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In terms of geometrical parameters, Fig. 9 shows the influence of θ. There is no significative differences among
the data, showing that this parameter does not exert significative influence on the slope ratio. Fig. 10 shows the
influence of lm/dm. Nozzle 6 was not including in this analysis because it was not possible to accommodate three
pressure taps in the atomizer’s body. It can be seen a smaller dispersion over the data, similarly to the influence of θ.
Fig 11 shows the influence of dm/da. Nozzle 3 presents a behavior slightly different comparing to nozzles 1 and 2. Its
data, for SR ≅ 1, are found for ALR ≅ 0.1, unlike the other nozzles (0.1 < ALR < 0.2). This behavior could be
explained by the fact that a larger expansion rate in the air port (dm/da) always determiner a smaller value of PM



compared to the other nozzles with small values of dm/da. For the same air supply pressure (Pa), nozzle 3 will carry a
larger quantity of water. As a consequence the value of ALR will decrease. The behavior found for nozzles 1 and 2
at one ALR level (0.1 < ALR < 0.2) will occur for nozzle 3 at a smaller ALR (ALR ≅ 0.1). This behavior is observed
in all results for nozzle 3, as shown in Figs. 5 and 6.

Values of SR > 1 signify that the pressure drop near the mixing point is large than at the end of the mixing duct.
Considering that the momentum transfer inside the mixing duct is the main source for the acceleration of the liquid
film the pressure drop due to its effect exerts an important role in the flow inside the mixing duct. Small values of
ALR (ALR < 0.1 and SR > 1), according to the results shown in Figs. 9 to 11, indicate a larger pressure drop at the
beginning of the mixing duct and a slight accommodation near the end. Small values of ALR yield the air to a small
expansion at the mixing point due to the blockage by the water, leading to a larger pressure drop in the first half of
the mixing duct.

Fig. 12 shows the values of P2 for all nozzles tested comparing it to the atmospheric pressure. The results
indicate high pressure levels of P2 in the region for the small values of ALR. For these cases, a kind of
accommodation must occur at the end of the mixing duct for the pressure to reach the atmospheric value. It is
proposed here that in that situations in which did not occur the choked flow at the air port (in the expansion region
from da to dm), that is, for PM/Pa > 0.5283, the flow is choked at the end of the mixing duct by to hypothesis: (1) the
friction inside the mixing duct; or (2) the pressure adjustment to the atmospheric level occurring out the mixing
duct, but near its end, in the form of a expansion oblique waves [9]. In fact, a study of critical pressure at the end of
the mixing duct was carried out, although its results could not be shown here due paper space limitation. More
experiments are needed in order to clarify this point.
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Finally, Fig. 13 shows a vertical upward two-phase map for water and air extracted from [10]. The coordinates
present the superficial momentum fluxes for the air (ordinate) and water (abscise). ja and jc are the superficial
velocities for air and water, respectively. The specific mass of the air, ρa, was calculated as the average value
between the mixing point (at mixing point pressure, PM) and the exit of mixing duct (at atmospheric pressure, Patm).
Although the tests were carried out in a vertical downward orientation, the influence of the gravity compared to the
momentum transfer was found to be minimal inside the mixing duct. The results shown in this figure stand for all
the seven nozzles tested. It can be seen that the main flow patterns are the annular and the wispy-annular. In terms of
ρc.jc

2, ALR increases with the decrement of ρc.jc
2. Then, according to this map, for small values of ALR the main

flow pattern is a transition between the annular flow and the wispy-annular flow. The region of interest, for practical
applications, that is 0.1 < ALR < 0.2 (see Fig. 13), occurs on an envelope area circling the transition between the two
flow patterns and part of the annular region. It should be noted that these frontiers in the two-phase maps are not
exact [11]. Although this map was not plotted specifically for flows inside Y-jet atomizers, it can yield important
information to improve the existing models and their results.

Conclusions
In this study the influence of the operational and geometric parameters on the pressure distribution and flow

pattern inside of the mixing duct of Y-jet atomizers was carefully examined. Air and water were the working fluids.
Water supply pressure exerts a large influence on the mixing point pressure, acting as a back pressure for the air
expansion, if one considers a converging–diverging nozzle analogy. The ratio between the mixing duct and the air



port diameters was the main geometric parameter that regulated the mixing duct pressure. The correlation developed
to foresee the mixing point pressure [Eq. (1)] as a function of operational and geometric parameters studied, showed
to agree well with the experimental results.

An important design parameter is the condition for critical air flow. For the present case PM/Pa < 0.5283 (critical
condition) is obtained when θ-0.22(lm/dm)-0.38(dm/da)4ALR0.87 > 1.2.

For 0.1 < ALR < 0.2 the pressure distribution inside the mixing duct can be taken as linear. For ALR < 0.1 this
pressure drop is larger in the first half of the mixing duct, being to the opposite for ALR > 0.1.

The high pressure levels for the pressure near the end of the mixing duct suggest: (1) that the friction inside the
mixing duct could yield a choked condition at its end; or (2) a expansion oblique waves out of the mixing duct, but
near its end, occurred in order to accommodate the pressure distribution.

Finally, using a two-phase map, it was found that the flow pattern inside Y-jet atomizers is a transition between
the annular flow and the wispy-annular flow.
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Abstract
An experimental study has been performed to improve the understanding of the ultrasonic atomization of aqueous
liquids when excited with waves in the MHz range. In the present experiments, small volumes of water have been
atomized, observing the temporal evolution of the process. Typical diameters of the resulting droplets are of the
order of a few microns. To visualize them, images have been acquired with very high magnification. Appropriate
lenses have been used to enable high resolution at a distance from the flow. Droplet size distributions have also been
calculated with a Malvern diffractometer. Under the conditions in this study, droplet formation cannot be accurately
described by the simplified surface wave theory usually invoked to explain these processes. This suggests that
cavitation might be the main mechanism controlling the atomization. It is also noticeable that as the remaining liquid
mass deposited over the ultrasonic transducer decreases, the atomization characteristics change, and a second peak
of larger droplets appear in the size distribution function. This phenomenon is related to the change in the curvature
of the liquid surface.

Introduction
Ultrasonic atomization is a very effective way to generate small size droplets. Two approaches are common in

this context: pass the flow across a standing ultrasonic wave [1] or deposit the liquid over an ultrasonic transducer.
The second case originates a fine mist of droplets that are ejected from the transducer with very low velocity. This
procedure is going to be studied in the present job, and is used, for example, in many commercial humidifiers.

The present work is subjected to some specific characteristics. First, the atomization is restricted to aqueous
liquids, and all the experiments have been performed with water. Second, the ultrasonic frequencies have been
selected in the MHz range, because interest has been focussed on micron-range droplets. Finally, in contrast to most
experimental studies reported in the Literature, for some measurements discrete water volumes have been atomized,
without supplying a constant flow to keep a fixed liquid level over the transducer. All these conditions are
representative of those that would occur if an ultrasonic atomizer is used to administer by inhalation a metered dose
of a drug diluted in an aqueous solution. The objective of this work is to determine the physical processes
controlling the droplet formation in this particular situation, and the characteristics of the generated spray.

Historical review
The possibility to generate a cloud of droplets by means of ultrasonic waves was first reported by Wood and

Loomis [2] in 1927. Two different mechanisms have since been invoked to explain the ultrasonic atomization,
capillary waves and cavitation. It is still not clear, however, the interaction between them, or which one is
predominant in different atomizing situations.

The first studies on stationary waves on the free surface of a liquid mass subjected to a periodic vertical forcing
were reported by Faraday [3] in 1831. This research was continued by Rayleigh [4] who starting from Kelvin´s
formula derived the well-known expression
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Eq. (1)

where λ is the wavelength, σ is the surface tension coefficient, ρ is the liquid density, f is the frequency of the
surface waves and F is the forcing sound frequency. It is to be noted that the relation f = F/2 appears there obtained
empirically, from experimental measurements.



In 1917 Rayleigh [5] described the first mathematical model to explain the bubble collapse in incompressible
liquids, in his attempts to explain the physical mechanisms involved in ultrasound propagation in liquids.

This was the current theoretical basis when Wood and Loomis [2] discovered the possibility of atomizing
liquids exciting them with ultrasonic waves. An explanation for this process was proposed by Söllner [6] based on
cavitation produced under the liquid film. However numerous posterior works [7,8] pointed to unstable surface
capillary waves as the origin of the droplet formation, mostly relying in simplified linear instability analysis. In
1962, Lang [9] published a detailed experimental research presenting his famous expression relating wavelength
with droplet size through an empirical constant k, whose value was reported to be 0.34, placed in front of eq. (1). A
more elaborated theoretical model based on interfacial Taylor instability triggering the surface waves was later
developed by Peskin and Raco [10]. Together with the wavelength, they introduced the wave amplitude and the
sheet thickness as parameters determining the droplet diameter.

The atomization theory based on cavitation, abandoned during this period, was resumed by Eknadiosyants and
coworkers [11]. After these, several studies have tried to combine both theories, some of them indicating that the
prevalence of each one might depend on the ultrasonic intensity.

These explanations are still subject to controversy, and papers on this topic continue being published both from
experimental [12] and theoretical [13] approaches.

Description of the experiment
Water has been atomized depositing small amounts over an ultrasonic transducer. The transducer was formed

by a PZT 4 piezoceramic disk with a diameter of 20 mm and a thickness of 1.3 mm. The resonance frequency of this
disk was measured to be 1.65 MHz. The disk was excited with a sinusoidal wave coincident with the resonance
frequency and variable amplitude. The maximum voltage that could be delivered without damaging the ceramic was
48 V. For voltages below 15 V no atomization was observed.

To visualize the atomization process, images have been acquired with a CCD camera. To freeze the motion, the
flow has been illuminated with 6 ns pulses from an Nd:YAG laser. The optical system has been arranged to operate
with high magnification to resolve the small droplets. An inverted 50 mm Nikon lens attached to a bellows
extension has been used, as well as a Questar QM100 telemicroscope. With these configurations, a maximum
resolution of 2 mm/pixel has been achieved. Top and side views of the vibrating disk with water have been obtained
to observe the liquid surface and the air water interface. In some cases, to avoid laser reflections, a fluorescent dye
was used (Sulforhodamine B) recording the induced emision.

Droplet size distributions have also been measured, with a Malvern Mastersizer laser difractometer. From the
distributions, mean diameters and other statistical parameters have been calculated. In particular, having in mind that
the specific atomization configuration under study is prone to occur in medical drug administration to the respiratory
track based on nebulization and inhalation of the resulting aerosol, those parameters more relevant in this situation
have been studied. Two diameters, D10 and D30 plus the 10% and 50% volume percentile Dv0.5 and Dv0.1 have been
analyzed.

Visualizations
For the present experiments the following atomization scenario has been observed. After depositing a small

amount of water (typically 0.2 to 0.4 ml) over the piezoceramic disk, and upon excitation with a 1.65 MHz
sinusoidal wave, the disk starts vibrating. For voltages below 15 V no atomization is produced, although a pattern of
surface waves can be observed in the liquid interface. This effect is evidenced in Fig. 1, corresponding to a
resolution of 12 µm per pixel and a field of view of 4.6 x 3.5 mm. In this case, the excitation amplitude was 15 V.
For varying voltages it has been observed that the visible wavelength of the capillary instabilities is approximately
constant, in agreement with most theories relating the surface waves with the ultrasonic forcing. The wavelength has
been estimated to be 0.9 mm, although the appearance of the surface pattern is formed by receded polygons
bordered by thinner crests. The width of these crests would be around 100 µm. Applying Rayleigh´s relation, eq. (1),
the calculated wavelength value is 8.7 µm, in notorious discrepancy with the visually observed wavelength. There
would be a possibility of having a superposition of two waves with different spatial frequency. In the present
images, the conjectured one with the shorter wavelength has not been observed.

As the voltage is increased, the liquid assumes a conical shape, irrespective of the surface waves. Figure 2 is an
example of this situation. Depicts a field of view of 2.9 x 2.1 mm with a resolution of 12 µm/pixel. This shape
would be indicative of a fundamental vibration mode of the ultrasonic transducer. Occasionally, the tip of the cone
detaches, forming big droplets of diameters around 500 µm. They quickly fall under the action of gravity. As they
can, in any case, be easily filtered, they will not be considered in this study. At a determinate voltage, superimposed
both to the whole mass displacement that produces the conical shape and the interfacial waves, cavitation bubbles
are generated in the liquid/transducer interface. The bubbles either collapse or propagate to the free surface creating
a fine mist of small droplets. This process can be seen in Fig. 3 with a resolution of 5 µm/pixel, a field of view of
1.45 x 1.9 mm and an excitation voltage of 33 V. It has to be noted that this image has been obtained recording the
laser-induced fluorescence of Sulforhodamine seeded in the atomized water. This is why the surface waves are
barely visible, because laser reflections have been eliminated. Although inferring droplet sizes directly from the
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Droplet size distributions
In good agreement with previous studies, the droplet size distribution measurements in the present experiments

confirm a series of statements that are generally accepted. As pointed in the previous Section, the range in which
droplet diameters vary is quite reduced, in agreement with Lang´s hypothesis relating droplet sizes with ultrasonic
frequency. However, the transient measurements in this study reveal that the change in the atomization
characteristics described in Figs. 5 a) and 5 b) related to the water level over the transducer, is accompanied by the
appearance of a second peak of larger droplets in the size distribution function.

If a constant water level is maintained over the ceramic disk, the distribution does not change with time. This
can be observed in Fig. 6, corresponding to an excitation voltage of 32.5 V. The axes in the plot represent time (in
linear scale), droplet diameter (logarithmic) and percentage in volume of the atomized liquid corresponding to each
diameter class.

(a) (b)
FIGURE 5: Atomization characteristics for different water levels over the transducer: a) with an approximate
volume of 0.2 ml; b) in the final stages of the process with only a thin layer of liquid on the disk surface. In both
images, resolution is 5 µm/pixel, field of view is 1.45 x 1.9 mm, and the forcing voltage was set to 30 V.
FIGURE 6: Temporal evolution of the droplet size distribution for a fixed liquid level over the transducer and a
forcing voltage of 35 V. Note the logarithmic scale in the droplet diameter axis
At this point, it has to be noted that the distribution function actually represents a histogram with bins of a
width that is not constant. On the contrary, it increases exponentially with the diameter. For this reason, plotting the



histogram in logarithmic coordinates gives a direct indication of the liquid volume percentage in each bin as if they
were equal.

In Fig. 6 a main peak is clearly located around 3.5 mm. A secondary peak is observed in some measurements
about 5.2 µm. A final rise is also observed in the 60-70 µm region, which can be mainly related to splashing due to
the displacement of the liquid volume as a whole.

When the water mass initially deposited over the transducer is allowed to be atomized in its entirety, the
temporal evolution reveals a change in the nebulization conditions. Figure 7 shows an example of temporal
evolution for an excitation voltage of 40 V. Initially, a distribution similar to that described in Fig. 6 is observed.
However, as time progresses, the distribution evolves, and the peak located in the 60-70 µm range increases at the
expense of the one corresponding to 3-5 µm. It can also be noted that the initial double peak in 3.5 and 5.2 µm tends
to merge into a single one as time advances for most of the voltages measured. In any case, the size dependence on
voltage is relatively weak. It has to be remarked that, although droplet size is mainly dependent on frequency, the
rate at which liquid is atomized is mostly controlled by the forcing amplitude.

From the size distributions, some statistical parameters have been calculated. Mean diameter, D10, and mass
mean diameter, D30, both of them based on number of droplets, as a function of the forcing voltage are presented in
Fig. 8. The same plot includes also 10% and 50% volume percentiles, Dv0.5 and Dv0.1. D30 and especially Dv0.5
increase for high voltages due to the higher relative weight given to large droplets. Despite this increase, it is
remarkable that for voltages between 22.5 and 37.5 V, even the 50% percentile is located below 6 µm. For
temporally evolving atomization, a diameter increase is observed for the final stages, when almost all the water has
been nebulized.

Conclusions
Ultrasonic water atomization at MHz frequencies has been studied. Experiments have been performed both

maintaining a constant water level over the piezoceramic transducer, and leaving a fixed liquid volume to be
atomized completely. In this way, the temporal evolution of the process has been analyzed. It has been confirmed
that the droplet size distribution is relatively independent of the forcing voltage. For the oscillation frequency in the
present measurements, 1.65 MHz, the droplet size distribution function presents a main peak between 3 and 5 µm.
However, at high voltages, violent splashing displaces the droplet distribution towards a secondary maximum,
corresponding to larger diameters on the order of 60 µm.

The atomization process occurs according to the following sequence. The ultrasonic vibration of the ceramic
disk causes the oscillation of the liquid mass, and the appearance of surface waves in the air/liquid interface.
However, generation of the small droplets appears to originate from the presence of cavitation bubbles that are
formed in the disk/water interface, and that subsequently collapse or propagate to the liquid surface. Bubble
formation only occurs for amplitude oscillations over a certain threshold, corresponding to forcing voltages above
15 V.

FIGURE 7: Temporal evolution of the droplet size distribution for the atomization of a small amount of water
deposited over the transducer without further addition of liquid. Forcing voltage 40 V.



For the final atomization stages, when the water over the transducer is almost depleted, the spatial distribution
of the droplet cloud changes. Instead of a homogeneous mist, droplets emerge in discrete filaments. This is
accompanied by an increase in the droplet diameter, evidenced by the presence of a second peak around 50 µm. This
effect has been tentatively associated to the decrease in the surface curvature.
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ABSTRACT:
 The characteristics of spray droplets produced by the disintegration of liquid ligaments formed at the edge of a rotating
disk have been experimentally investigated. The Phase Doppler Particle Analyzer (PDPA) has been used to measure the
size, velocity, density and mass flux of spray droplets. Experimental tests were carried out to study the effect of the
following variables on the spray characteristics: the speed of rotation in the range of 8,000 to16, 000 rpm in steps of
2000 rpm; the liquid flow rate in the range of 2 to10 L/hr in steps of 2 L/hr; and the values of rotating disk diameters of
4, 8, and 12 cm.  Average droplet size and droplet velocity have been correlated with rotational speed, liquid flow rate,
rotating disk diameter, and the down stream tangential distance. The results indicated that average diameters such as
Sauter mean diameter (d32) increased by an increase of the down stream tangential distance and liquid flow rate.
Similarly, a decrease of rotational speed and rotating disk diameter resulted in d32 being increased.  In addition, it was
found that droplet velocities decreased by an increase of the tangential distance and liquid flow rate, or by a decrease of
rotational speed and rotating disk diameter.

Introduction
The atomization process is of great importance in many applications such as combustion, cooling, chemical engineering
processes, and agricultural applications. The main function of an atomizer is to generate of a large surface area to
volume ratio, resulting in increased heat and/or mass transfer rates, reaction rates…etc.  The rotating disk atomizer has
been well known for its production of a liquid spray with high droplet size uniformity. Walton and Prewett [1] indicated
that spray of almost uniform droplet size is formed when liquid is fed to the center of rotating disk and centrifuged-off
the edge in droplet form.  Reley [2] used flat rotating disks with different diameters, rotational speeds, and flow rates to
obtain uniform droplet sizes.  He correlated both Sauter mean diameter (d32) and the maximum diameter (dmax ) with
operating variables by dimensional analysis. A good correlation between smd, and dmax and the appropriate products of
dimensionless groups has been found. Boize and Dombrowski [3] investigated the effect of viscosity on the atomization
characteristics of a spinning disk. They concluded that the droplet size is controlled effectively by disk speed alone
regardless of flow rate and viscosity. The process of droplet formation was found to be dependent upon the operating
conditions. Frost [4] concluded that a rotary atomizer could produce sprays with narrow ranges of drop size either by
forming droplets directly at its edge, or by the disintegration of liquid ligaments formed at the edge.  He also studied the
modes of disintegration and the criteria for its occurrence and developed a mathematical expression for the prediction of
droplet size.  Akhtar and Jule [5] described a system of producing uniform droplet sprays by means of a rotating cup
enclosed in a cylinder with a small aperture.  They reported that the volume of satellite droplets was very small with a
further size reduction at low flow rates.  The number of droplets was decreased with the distance from the rim of the
rotary cup.  They concluded that by proper choice of rotational speed, flow rate and distance from the cylinder aperture,
it is possible to independently vary droplet size, drop velocity and mass flux at an impaction surface.

Experimental Setup
A schematic layout of the experimental set with full descriptions is shown in [6]. In the current study the droplet
trajectories are found mainly horizontal. So, two stands each of 15 degrees inclination are used for measurement so that
the optical packages are of 30 degrees in vertical plane as shown in figure 1.  Current measurements of size, velocity,
density, and mass flux of spray droplets are carried out at the following ranges of operating conditions: disk rotational
speed 8,000 to 16,000 in steps of 2000 rpm; disk diameter 4, 8, and 12 cm; supply flow rate 2 to 10 L/hr in steps of 2
L/hr; and down stream tangential distance 4 to 24 cm in steps of 2 cm. The measurements are replicated four times and
the average values are considered.

RESULTS and DISCUSIONS
The PDPA measurements were analyzed in the present study to add information on the size and velocity of spray
droplets. The operating variables are selected so that the spray droplets are generated in the ligament formation mode.
The lower and upper criteria for the transition from direct drop to ligament and from ligament to sheet formation mode,
as develop by Frost [7], are given by equations (1) and (2) respectively.
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Where: D is the disk diameter, m., Q is the supply flow rate, m3/s., µ is the liquid viscosity, Pa.s., ρ  is the liquid density,
kg/m3., σ  is the liquid surface tension, N.m/m2.,  and ω is the disk rotational speed, rad/s.
Equations (1) and (2) are plotted in figure 2 for 4, 8, and 12 cm disk diameters. In the present measurements, significant
changes in both the diameter and velocity of spray droplets with operating conditions were observed. Therefore, it is
necessary to develop a correlation between these variables and the related parameters.  Such a correlation is useful for
engineering purposes especially when using similar atomizers at similar operating conditions. The Excel software
package was used to obtain the optimum correlation for the experimental data. The final form of the correlated
equations of spray droplet size with 0.98 regression coefficient   and spray droplet velocity with 0.96 regression
coefficient are formulated as follow:
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Where:  D is the disk diameter, cm.,  d32 is the Sauter mean diameter, µm., N is the disk rotational speed, rad/s.,  Q is the
supply flow rate, L/hr.,  R is the down stream tangential distance, cm., and  v is the droplet velocity, m/s.
The above empirical equations are used to present the variation of both the droplet size and velocity versus down stream
tangential distance for different operating conditions. These conditions include disk rotational speed, supply flow rate,
disk diameter and down stream tangential distance. In the following section, effects of the operating conditions on the
droplet size distribution are presented and discussed.
1. Disk Rotational Speed.
Effect of the variation of disk rotational speed from 8,000 to 16,000 rpm on both droplet size and velocity is presented
and discussed at different operating conditions (flow rate from 2 to 10 L/hr, and disk diameter from 4 to 12 cm).
1.1. Effect of disk rotational speed on the spray droplet size:
The effect of rotational speed on the average size of spray droplets is presented for different values of supply flow rate
and disk diameter.  Only, two different sets of results are included here to show the variation of droplet size at different
rotational speeds. The first set of results for 4 cm disk diameter and supply flow rates of 2, and 10 L/hr is shown in
figures 3 and 4. It is clear from these figures that the droplet size varies from 160 to 300 µm at 10,000 rpm to 110 to
200 µm at 16000 rpm. The range of variation of droplet sizes with the down stream tangential distance is almost the
same for supply flow rates of 2, and 10 L/hr. The last one of experimental results is shown in figure 5 for a disk
diameter of 12 cm. and supply flow rate of 10 L/hr. The droplet size varies from 90 to 160 µm at 8,000 rpm to 60 to
110 µm at 16,000 rpm. Based on figures 3 to 5, it was observed that increasing the rotational speed tends to decrease
the droplet size. This trend is absolutely true for all values of supply flow rates and disk diameters. Decreasing the
droplet size with increasing rotational speed is attributed to an increase of the atomization energy where the applied
energy to the fluid increases with the increase of rotational speed.
1.2. Effect of disk rotational speed on the spray droplet velocity:
The effect of rotational speed on the velocity of spray droplets is studied for different operating variables. Only, two
different values of supply flow rates have been selected for each specific value of disk diameter. For a disk diameter of
4 cm, the variation of spray droplet velocity with down stream tangential distance at supply flow rates of 2, and 10 L/hr
is shown in figures 6, and 7.  The droplet velocity varies from 20 to 11 m/s at 10,000 rpm, to 24 to 13 m/s at 16,000
rpm. For a disk diameter of 12 cm, and supply flow rate of 10 L/hr, figure 8 indicates the variation of droplet velocity
with down stream radial distance where the droplet velocity varies from 30 to 12 m/s at 10,000 rpm, to 35 to 15 m/s at
16,000 rpm. Based on figures 6 to 8, one can conclude that increasing the rotational speed increases the velocity of
spray droplets for all values of supply flow rates and disk diameters. This is attributed to the increase of the peripheral
velocity of the spray droplets as the rotational speed increases. Increasing the rotational speed of the disk decreases the
boundary layer thickness of the fluid and increases the angular displacement of the fluid which resulted in a higher
average velocity of the liquid leaving the edge of the rotating disk as indicated in [8].
2. Diameter of Rotary Disk.
The variations of both size and velocity of spray droplets as a result of an increase of disk diameter from 4 to 12 cm are
explained in the following section
2.1. Effect of disk diameter on the size of spray droplets:
The effect of varying the diameter of a rotating disk on the size of spray droplets is shown for two selected values of
rotational speed. At 10,000 rpm, figures 9, and 10 show the variation of droplet size for supply flow rates of 2, and 10
L/hr.  The droplet size varies from 100 to 300 µm for a 4 cm of disk diameter. For a disk diameter of 8 cm, the droplet
size varies from 80 to 200 µm while for a disk diameter of 12 cm; the droplet size varies from 70 to 150 µm. At 16,000
rpm, figures 11 and 12 display the variation of droplet size for supply flow rates of 2,and 10 L/hr. From these figures,
droplet size varies from 80 to 220 µm for a disk diameter of 4 cm, from 70 to 150 µm at 8 cm diameter of disk, and
from 60 to 110 µm at 12cm disk diameter. It is obvious from figures that an increase of rotating disk diameter tends to
decrease the droplet size. Furthermore, increasing the size of disk diameter increases the maximum arrival distance by
the spray droplets where this trend is valid for all studied values of rotational speeds and supply flow rates. This is
attributed to an increase of the peripheral speed as the disk diameter increases. Consequently, a more energy is imparted
to the atomization process and a higher kinetic energy is stored in the spray droplets



2.2. Effect of disk diameter on the velocity of spray droplets:
Variations of spray droplet velocity due to an increase of disk diameter are studied at two different rotational speeds.
First, at 10,000 rpm, the variation of droplet velocity is shown in figures 13 and 14 for supply flow rates of 2, and 10
L/hr. The droplet velocity varies from 20 to 10 m/s for a disk diameter of 4 cm, from 28 to 15 m/s at a disk diameter of
8cm, and from 31 to 15 m/s at a disk diameter of 12 cm. Last, at 16,000 rpm, figures 15 and 16 present the variation of
droplet velocity for supply flow rates of 2, and 10 L/hr. It is found that, for a disk diameter of 4 cm, the droplet velocity
varies from 22 to 15 m/s, for 8 cm disk diameter, the velocity of droplets varies from 30 to 18 m/s, to 35 and from 18
m/s for 12 cm disk diameter. Based on figures 13 to 16, one can conclude that by increasing disk diameter, the velocity
of droplets increases. The reason is that an increase of disk diameter resulted in the peripheral speed of spray droplets
being increased. Also, increasing the disk diameter increases the surface area, hence more energy imparts to the
atomization process.
3.The Supply Flow Rate.
 Effect of supply flow rates ranging from 2 to 10 L/hr on both size and velocity of spray droplets is explained in the
following section.
3.1. Effect of supply flow rate on the size of spray droplets:
Variations of size of spray droplets due to an increase of supply flow rates from 2 to 10 L/hr are shown for two specific
diameters. For a 4 cm disk diameter, figure 17 presents the variation of size of spray droplets at 16,000 rpm. For 12 cm
disk diameter, figures 18 and 19 show the variation of size of spray droplets at 8,000 and 14,000 rpm respectively.
Based on figures 17 to 19, it is clear that there is no apparent effect caused by increasing the flow rate within the range
of experimental measurements, on the droplet size. This is valid for all values of disk diameters and rotational speeds.
The reason is that, in the range of experimental measurements which are between transition from direct drop to ligament
mode and transition from ligament to sheet formation mode, any further increase of flow rate will increase the number
of ligaments rather than the droplet size.
3.2. Effect of supply flow rate on the velocity of spray droplets:
Effect of increasing supply flow rate on the velocity of spray droplets is shown for two different disk diameters. At a 4
cm disk diameter, the variation of droplet velocity is shown in figure 20 for 16,000 rpm. Also, at a 12 cm disk diameter,
figure 21 shows the variation of spray droplet velocity for 14,000 rpm. As indicated above, there is no significant effect
of increasing supply flow rate on the velocity of spray droplets.
4. Down Stream Tangential Distance.
The variation of both the droplet size and droplet velocity versus tangential distance is explained for the above-
mentioned range of flow rates, rotational speeds and disk diameters.
4.1. Variation of the size of spray droplets versus tangential distance:
 For each operating condition, it was found that the droplet sizes increase with the increase of down stream tangential
distance. This is attributed to a decrease of droplet density as a result of the increased tangential distance. It means that
the spray droplets leave the ligaments with approximately the same velocity and that the distances traveled by droplets
depend on their sizes. The larger the size of the droplet, the farther the distance it reaches. .
4.2. Variation of the velocity of spray droplets versus tangential distance:
Based on the above figures the droplet velocity, it is clear in all cases that the velocity of spray droplets decreases with
an increase of tangential distance. This is due to the effect of the drag force, which decelerated the spray droplets.

CONCULSIONS
Spray characteristics of rotary disk atomizer are experimentally investigated using PDPA. Both the measured droplet
size and velocity are correlated with operating variables. Results of correlation elucidate that the droplet size increases
with an increase of down stream tangential distance, a decrease of rotational speed and disk diameter. In addition, it is
found that droplet velocity decreases with an increase of down stream tangential distance, and a decrease of rotational
speed and disk diameter. However, no significant effect of supply flow rate on both droplet size and velocity was
realized.
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FIGURE 1. A schematic diagram of PDPA  set up.

0

5

10

15

20

25

6000 8000 1 104 1.2 104 1.4 104 1.6 104 1.8 104

D=4 cm
D=8 cm
D=12 cm

D=4 cm
D=8 cm
D=12 cm

Fl
ow

 ra
te

, Q
,  

l/h
r

N, rpm

Eq. (1) Eq. (2) Measured

0

50

100

150

200

250

300

0 5 10 15 20

Q = 2 l/hr   
D = 4 cm

N=10000 rpm
N=12000 rpm
N=14000 rpm
N=16000 rpm

d 32
, µµ µµ

m

Distance, R, cm

Measured Correlated

FIGURE 2. Comparison of test conditions with lower
and upper criteria of ligament formation mode.
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FIGURE 5. Measured and correlated values of d32
versus R, at Q = 10 l/hr, and D = 12 cm.
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FIGURE 7. Measured and correlated values of
velocity versus R, at Q = 10 l/hr, and D = 4 cm.
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FIGURE 9. Measured and correlated values of d32
versus R, at Q = 2 l/hr, and N = 10000 rpm.
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FIGURE 10. Measured and correlated values of d32
versus R, at Q = 10 l/hr, and N = 10000 rpm.

FIGURE 11. Measured and correlated values of d32
versus R, at Q = 2 l/hr, and N = 16000 rpm.
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FIGURE 12. Measured and correlated values of d32
versus R, at Q = 10 l/hr, and N = 16000 rpm.

FIGURE 13. Measured and correlated values of
velocity versus R, at Q = 2 l/hr, and N = 10000 rpm.
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velocity versus R, at Q = 10 l/hr, and N = 10000 rpm.

FIGURE 15. Measured and correlated values of
velocity versus R, at Q = 2 l/hr, and N = 16000 rpm.
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FIGURE 17. Measured and correlated values of d32
versus R, at N = 16000 rpm, and D = 4 cm.
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FIGURE 18. Measured and correlated values of d32
versus R, at N = 8000 rpm, and D = 12 cm.

FIGURE 19. Measured and correlated values of d32
versus R, at N = 14000 rpm, and D = 12 cm.
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FIGURE 21. Measured and correlated values of
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Abstract
The impact of a drop on a wetted wall with a relatively high impact velocity, leading to the formation of a crown-
like jet, is studied theoretically. Four main regions of the drop and film are considered: the perturbed liquid film on
the wall inside the crown, the unperturbed liquid film on the wall outside the crown, the vertical axisymmetric jet
(crown), and the free rim bounding this jet. The theory of Yarin and Weiss [1] for the propagation of the kinematic
discontinuity is generalized here for the case of arbitrary velocity vectors in the inner and outer liquid films on the
wall. Next, the mass, momentum balance and Bernoulli equations at the base of the crown are considered to obtain
the velocity and the thickness of the crown at the wall. Furthermore, the dynamic equations of motion of the crown
are developed in the Lagrangian form. An analytical solution for the crown shape is obtained in the asymptotic case
of such high impact velocities that the surface tension and the viscosity effects can be neglected in comparison to
inertial effects. The edge of the crown is described by the motion of a rim, formed due to the surface tension. The
theoretical predictions of the height of the crown are compared with experiments. The agreement is rather good in
spite of the fact that no adjustable parameters used.

Introduction
The recent progress in the field of the drop and spray impact on a wall can be attributed to rapid development of

experimental techniques, allowing one to obtain high quality images of impacting drops and to collect detailed
information about the drop shape, crown propagation, splashing threshold [5], fingering of the rim, etc. [2,3,4], as
well as to measure distributions of the secondary drops in the impinging spray [6], [7]. Several reviews [8,9,10,11]
can be recommended for further details of the phenomena. In the study of polydisperse spray impingement [12] it
was shown that the resulting flux of secondary droplets is influenced by the flux of the primary impacting spray. It
was found that the parameter characterizing the probability of crown interactions at the wall depends partially on the
rate of change of the crown diameter and the total time of the crown propagation.

Detailed data about the phenomena, including the velocity field in the drop and film, can also be obtained using a
direct numerical simulation of the drop impact [13,14] or even of multiple drop impacts [15]. These data can be
especially important at the initial stages of the drop impact, at times of order of t1=D0/U0, when the geometry of the
droplet is complicated and the theoretical analysis of the problem provides only order of magnitude values and not
exact solutions. Here D0 and U0 are the initial droplet diameter and impact velocity, respectively. However,
experiments show that the duration of the crown evolution is usually much larger than t1. Moreover, at large times
after the impact, the radius of the crown is much larger than the thickness of the crown and than the thickness of the
film on the wall. Therefore, the computations of the drop impact require a fine mesh, a wide computation domain
and are very time consuming. On the other hand, the small thickness of the crown and the film on the wall at large
times, t>>t1, makes the phenomena very attractive for theoretical modelling.

In the theoretical work of Yarin and Weiss [1] the impact of a drop onto a liquid film is considered. The crown-
like jet formed by impact is described in this work as a kinematic discontinuity of the liquid film. The velocity fields
in the liquid film on the wall and the expansion of the base of the crown in the axisymmetric case of normal drop
impact were expressed analytically. Following their theory, the base of the crown can be considered as a kinematic
discontinuity of radius RB, subdividing the liquid film on the wall into two parts: an outer unperturbed film with of
constant film thickness fh  and radial velocity 0=fV ; and an inner part of thickness lh  and radial velocity lV ,
where at large times

τ+
=

t
rtrVl ),( ,           

( )2),(
τ

η
+

=
t

trhl
,           2/1)( τβ += tRB (1a,b,c)

Here the overbar denotes a dimensionless value with the drop initial diameter 0D  used as a length scale, its impact
velocity 0U  as a velocity scale.  r is the radial coordinate, t is the time since initial impact. Parameters β , τ  and η
are some dimensionless constants depending on the parameters of the impact: Reynolds number, Weber number and
the dimensionless initial film thickness fh . Equation (1) satisfies the mass and momentum balance in the film on the
wall and the jump conditions at the kinematic discontinuity.



The main subject of the present work is the
description of the expansion of a crown ejected
from the wetted wall due to impact of a liquid drop.
The impacting drop and the crown are shown
schematically in Fig. 1. Four main regions are
considered: the liquid film on the wall inside the
crown (region 1 in Fig. 1), the unperturbed film on
the wall outside the crown (region 2), the jet
(region 3), and the free rim bounding the crown
from above (region 4). The crown is ejected from
the boundary between regions 1 and 2, a kinematic
discontinuity, where the film thickness and the
velocity of the liquid both jump. The radius vectors
XB, XJ and Xr (see Fig. 1) correspond to the front of
the kinematic discontinuity, to the wall of the
crown and to the centerline of the free rim,
respectively.

Below, the theory of the motion of the
kinematic discontinuity is generalized to the
arbitrary non-axisymmetric case. The equations of
motion of the crown and rim are formulated. Also,
an analytic expression for the shape of the crown is obtained for the case when the viscosity and surface tension are
negligibly small.

Shape of the kinematic discontinuity on the wall: equations of motion for an arbitrary case.
Let us consider the general case of a discontinuity when the components of the velocities tangential to the

discontinuity are not zero. Denote 1h  and 2h  as the thickness of the film, and V1 and V2 as the velocity vector of the
liquid on each side of the discontinuity. U is the velocity of the discontinuity normal to its front. Consider a
Cartesian coordinate system with the base unit vectors { }τee ,n  normal and tangent to the discontinuity front and
parallel to the wall. The mass and momentum balances in this coordinate system can be written in the form

( ) ( ) QUhUh nnnn =•−−•− eeVeeV 2211 (2a)
( )[ ] ( ) ( )[ ] ( ) )(222111 ndnnnnnn UQUUhUUh eVeVeeVeVeeV −=−•−−−•− (2b)

where Vd is the velocity of the liquid at the discontinuity front, Q is the sink strength at the discontinuity. If the
viscous and surface forces are small relative to the inertial forces, this velocity should be equal to the center-of-mass
velocity
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From (2) and(3) we arrive at
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Consider an arbitrary Cartesian coordinate system {x, y} fixed in the plane of the wall. The shape of the
discontinuity is given in parametric form is

yBBxBBB tYtX eeX ),(),( ξξ += (5)

where tB is the time and ξ is a parameter. It can be shown that the line defined as
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moves normal to the discontinuity with the velocity U given in (4a). Equation (6) is the differential equation of the
motion of the kinematic discontinuity, which can be integrated for the given velocity fields V1 and V2.

Liquid jet formed at the kinematic discontinuity: equations of motion for an arbitrary case
Interaction of two liquid flows at the kinematic discontinuity results in the forming of a liquid jet inclined to the

wall. The mass balance, the momentum balance in n and τ directions, and the Bernoulli equation at the base of the
crown can be written in the following form:
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B

rel
nB

B =
αcos

(7a)

FIGURE 1. Sketch of the crown produced by the drop
impact and of the regions considered.
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where hB is the thickness of the crown at its base and Bα  is the inclination angle at the base, rel
BV  is the velocity of

the liquid in the inclined jet at the base relative to the coordinate system moving with the discontinuity front with the
velocity

τ
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The solution of the system of equations (7), (8) yields the following expressions for the velocity of the liquid in
the jet at the base of the crown, its thickness and the inclination angle:

( ) zBBnnnBB Q
VV

hh
hh

Qhh
hh eeVVV 








+−

+
−+








+

+
+= ασαασ sin2tan)(

2
cos2

21
21

21

21

2211 (9a)

( )
2

2121
2

21
2

21

21
2

21

)(4)()(

)(

ττ VVhhVVhh

VVhhh
nn

nn
B

−+−+

−+
= (9b)

( ) ( ) ( ) 













−−+
=

QVVV

V
rel
d

rel
n

rel

rel
nd

B
/2

arccos
22

1
2

1 σ
α

ττ

(9c)

Surface of the crown and its thickness: equations of motion for an arbitrary case
The surface of the crown can be defined in the Lagrangian form as

zBJyBJxBJBJ ttZttYttXtt eeeX ),,(),,(),,(),,( ξξξξ ++= (10)
such that
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The equation of motion of the material point of the jet is in general form
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where hJ is the thickness of the jet, dAJ is the element of the jet surface, dT, dS and dq are the capillary, viscous, and
body forces applied to the element dAJ of the jet. The details of the forces dT, dS and dq applied to the element
crown, as well as the quasi-two-dimensional equations of the motion of the free liuqid film can be found in [16].
Equation (12) must be solved subject to the initial conditions:
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Conservation of mass of the element of the crown
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yields the following expression for the thickness of the jet
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Normal impact of a single drop on a wetted surface
Consider a liquid drop of diameter D0 impacting with the impact velocity U0 on a liquid film of thickness hf.

Denote ν, ρ and σ as the kinematic viscosity, density and the surface tension of the liquid respectively. If the impact
velocity is high enough, the initial deformation of the drop and wall film is followed by a crown formation. Assume
that the impact velocity is so high that the viscous and surface tension effects are negligibly small in comparison to
the inertia of the liquid. The theory of [1] describes the velocity inside the kinematic discontinuity and the thickness
of the film in dimensionless form (1a,b). It can be shown that equation (6) in this case yields the radius of the
kinematic discontinuity in the form of (1c).

The velocity and the thickness of the jet at the kinematic discontinuity can be obtained by substituting
expressions (1) in equations (9) and neglecting the terms associated with the surface tension:
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In the right-hand-side of the equation of motion of the crown (12) only gravity effects are taken into account. In this
case an analytic solution for the shape of the crown is derived in the form
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The solution for the thickness of the crown is obtained by substituting expression (17) in equation (15).
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where the radius of the crown and the functions )( ,1 ttG B  and )( ,2 ttG B  are defined as
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Description of the rim
The crown is bounded by the free rim. Denote the location of the rim as Xr. Because the rim belongs to the

crown surface it can be written in the form
),()( ttt rJr XX = (20)

where the parameter rt  is a function of time t . The material point located at the time instant tr at the kinematic
discontinuity reaches the rim at the instant of time t. The parameter rt  can be found from the volume balance of the
rim: the total volume of the rim at time instant t is equal to the total volume of the liquid ejected from the wall at the
time tr.

Following the theory of Taylor [17], the velocity of the rim relative to the velocity of a film is
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Note, that the rim is formed at the end of the free liquid film due to the surface tension. Therefore, the surface
tension effects can not be neglected in the analysis of the rim motion. We obtained the following differential
equation for the parameter rt , corresponding to the rim moving with the velocity (21) relative to the liquid in the
crown:
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where Rr is the radius of the centerline of the rim at the time instant t. Equation (22) is the ordinary differential
equation for the parameter tr and can be calculated numerically. At the instant when the value of rt  reaches Bt  the
rim reaches the wall and the crown disappears.

In the study of Yarin and Weiss [1] the loss of the rim stability and formation of jets is explained by a cusp
formation. The velocity rU  of the rim propagation relative to a free liquid film is given by equation (21). Consider
small perturbations of the rim centerline. The rate of change of the radius of the curvature of this centerline is equal
to rU . The instant t* when the radius of curvature vanishes corresponds to the cusp formation and beginning of the
jetting and splash. The time instant t* can be thus estimated as σρ /~ 0* JhDt . Here D0 is taken as a scale for the
initial radius of curvature of the rim centerline.

At times larger than t* the liquid flows from the rim to jets, which then break up into the secondary droplets. The
radius of the cross-section of the rim does not growth significantly and the inertial effects associated with the mass
of the rim per unit length can be neglected. This means that even after the time instant t* the velocity of the rim
relative to the film can be approximated well by equation (21).

Results of calculations
As in the model [1] we also consider the initial phase of drop deformation when it becomes a disc of radius R0

and thickness hf. The duration of this first period is of order 1≈t . Neglecting the momentum loss of the liquid
during the drop deformation, invoking the mass balance of the drop, and considering the initial conditions yields the
following expressions for the parameters of the problem
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The results of computations of the height of the rim are shown in Fig. 2 for four different Weber numbers. The
dimensionless film thickness was 29.0=fh . The results of theoretical predictions are compared with the
experimental data [4]. The agreement is rather good.  The analytical shapes of the crown defined by equations (17)
and (18) are shown in Fig. 3 at different time instants. Note, that this shape is obtained by neglecting the surface
tension effects and viscosity. However, the resulting forces applied to the element of the surface of a free film
associated with the surface tension, are directed normal to the film. Therefore, surface tension could influence the
radius of the crown, but its effect on the height of the crown will not be significant. Note also, that the crown
formation and splash take place in the case of high Weber number, when the surface tension effect is small. This is
the reason for good agreement of the results presented in Fig. 2.

The results of the theoretical analysis of the oblique impact of the droplet are shown in Fig. 4. The analytical
expression for the base of the crown is obtained using equation (6). The shapes are shown for three different values
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FIGURE 2: The height of the crown. Comparison of the theory with the experimental data [2], 29.0=fh .
(a) - We = 297, (b) – We = 484, (c) – We = 667, (d) – We = 842.
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FIGURE 4. Shape of the base of the crown in the case of the oblique impact at time instants: ,3=t  5, 10, 15.The
dimensionless thickness of the film is 29.0=fh .  (a) – normal impact, 0=τV ,  (b) – 1=τV , (c) – 2=τV .

of the dimensionless tangential velocity τV  of the drop. The shape of the kinematic discontinuity is shown only at
points where the source term Q defined in equation (4b) is positive, meaning that the given points produce an
inclined jet. It is shown that if the impact angle α, which is the angle between the velocity vector of the drop and the
wall surface, is relatively high (α=π/4 on Fig. 4b), the shape of the crown can be represented as a moving expanding
circle. If the impact angle is smaller than some critical value (α=0.147π on Fig. 4c), the shape of the base of the
crown is not a close curve anymore. A similar behavior of the crown after an oblique drop impact was observed in
the experimental study [18].

Conclusions
The equations of the shape of the kinematic discontinuities and for the velocity vector and the thickness of the jet

formed at this kinematic discontinuity are developed for the general case.
The model for the crown shape takes into account inertial effects and neglects the surface tension and the viscous

forces in the crown. The surface tension effects are accounted for in the description of the motion of the free rim
bounding the crown. The model is valid for a high velocity impact of a low viscous liquid drop on a relatively thin
liquid films. The theoretical prediction for the height of the crown are compared with the experimental data found in
the literature. The results of the comparison are good, in spite of the fact that no adjustable parameters are used. The
results of the shape of the base of the crown in the case of oblique impact are presented.
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Abstract
This paper describes the results of visualisations and PDA measurements for droplet impaction and reatomized

droplet characteristics that are produced at high impact Weber numbers and realistic droplet sizes for impaction on a
hot surface. A 3.0mm diameter flat stainless steel surface is heated to temperatures 140oC<Tw<400oC. The spray is
produced from a near monosize droplet generation system based on an 80mm diameter rotary cup. Droplet sizes in
the range 20µm<D<160µm, are used, impacting with velocities 5ms-1<U<18ms-1. Based on these visualisations,
models for different forms of droplet breakup in different regimes are developed. Correlations are proposed for
estimating the droplet spreading characteristics, as well as the reatomized droplet characteristics, under relatively
high Weber number conditions (i.e. 100<We<750). PDA data for reatomized droplet characteristics are obtained
using measurement positions at 1.2±0.2mm from the surface. These data showed total numbers of reatomized
droplets per impaction to be about 3.5 times those seen in visualizations. However, the overall reatomized droplet
characteristics are in agreement with the visualisation results.

Introduction
It is generally believed that the phenomena involved in droplet impaction influence the heat transfer from a

wall. The detailed understanding of the processes involved is of interest in spray cooling applications [1], fuel
injection [2] and fire extinguishing systems [3]. Apart from the thermodynamic properties and temperature of the
liquid, two types of parameters are involved in droplet impaction: hydrodynamic parameters and surface parameters.
The hydrodynamic parameters include droplet size, velocity, impaction frequency or mass flux, impaction angle and
liquid properties such as density, viscosity and surface tension. The surface parameters include surface type (which
can determine wettability), shape, thermo-physical properties (mainly, thermal conductivity, specific heat and
material density), roughness and temperature. For given surface parameters, the impaction behavior of droplets and
the related heat transfer, may be controlled by varying the surface temperature and hydrodynamic parameters, singly
and/or combined. Significant research has been performed [4,5,6,7,8] on droplet impaction phenomena on hot
surfaces. However, most of the previous work has used very large droplets and low Weber numbers (We= ρLU2D/σ,
based on normal velocity component and considering, for the present research, water properties at 20oC, density
ρL=998kgm-3, and surface tension σ =0.073Nm-1). Little information is available for droplet diameters D<200µm
impacting with velocities U>10ms-1, which actually occurs in most industrial applications of droplet impaction. The
aim of this investigation is to provide such quantitative information and to establish better understanding of
phenomena involved in droplet impaction, at different surface temperatures, particularly above the Leidenfrost
temperature, by using high speed visualisations, PDA measurements and heat transfer measurements (although these
cannot be reported here for reasons of space).

Experimental Set-up
Figure 1 shows the schematic diagram of the apparatus. The droplet generation system is based on an 80mm

diameter rotary cup driven by an air motor and enclosed in a cylindrical casing which has a small aperture [9]. This
produces droplets that arrive randomly in position and time at the surface. The test surface heating system is based
on a 3.0mm diameter, stainless steel polished flat surface, heated by an electrical heating method [1]. The surface
temperature is recorded by an on-line temperature data acquisition system (Pico Technology Ltd.) and a 0.5mm
(OD) stainless steel sheathed K-type thermocouple axially positioned at 0.7mm below the surface centre. An array
of these thermocouples inside the tip of the  test-piece, also enabled heat transfer rate to be determined. For the
results reported here, the cup was operated at 7500rpm and 50mlmin-1 water flow rate supplied to the cup, and at
140mm distance between the cup and the target surface. At this operating condition, more than 90% of the volume
of droplets were in a size range 120µm<D<145µm [1,9] (these primary droplets could be assumed to account for the
steady state heat transfer rate). However, there were also droplets in the size ranges 20µm<D<120µm and
145µm<D<160µm. Consequently, by keeping constant operating conditions of the droplet generation system,
throughout the visualisation experiments, it is possible to obtain droplet impaction data covering a wide range of
droplet impact Weber numbers, i.e. 10<We<750. In order to visualise the impaction processes on the hot surface, a
Kodak Ektapro High Speed Motion Analyser (Model 4540) system, along with a 30X magnification mono-lens



(Monozoom-7E, Cambridge Instruments) is used. It comprises a high speed video camera, a processor that contains
memory banks for frame storage, a video recorder, a monitor, a controller unit, and a PC for frame grabbing. Most
of the visualisations are performed using two 50W halogen light sources. Results were also obtained using a 15W
Cu-vapor laser light source (Oxford Lasers Ltd.) with a light burst frequency controller to synchronise the light
source with camera framing rate. All the visualisations were taken at framing rate 27000frames/s, with frames
having resolution 128x64 pixels. Figure 2 shows a frame viewed from the top of the 3.0mm diameter stainless steel
surface, giving a 3.0mmx1.5mm area in the frame. Sequences of images (frames) of the impaction processes
occurring near the centre of the focusing plane were stored in the PC and then processed further using Cyclops
(Kinetic Imaging Ltd.) software for contrast enhancement and for determining information such as droplet spreading
and reatomized droplet characteristics. For brevity, only a selected set of impaction events are included in this paper.
The reatomized droplet characteristics were also obtained using a Dantec PDA system at 1.2±0.3mm from the
surface centre. These results are compared with the visualisation results and discussed in a later section.

Image
processor

   Monitor
PC for
frame
grabbing

Video recorder

Casing wall of the
cup assembly unit

High speed
camera with
monolens

Heated stainless
steel surface with
temperature data
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Covering plate
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Controller unit
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          Figure 1  Set-up for visualisation experiments
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Figure 2 Imaging view from the top

Impaction Results
Imaction Behaviour: Figure 3 shows the impaction event for droplets diameter D=132(±5)µm with the surface at a
wall temperature Tw=400oC, involving impact velocity U=15.5ms-1 and We=440. The time interval between the
adjacent frames is ∆t =37µs. The primary droplets are appearing as cylindrical shapes, due to the “streak effect”
caused by the equivalent shutter speed, and they are of course nearly perfect spheres. The primary droplets approach
the target surface at a slight angle (5o–8o) from the normal to the surface. This misalignment was necessary due to
the restrictions involved in apparatus mounting and optical access. The effect of this small deviation on impaction
behaviour of droplets is negligible [10]. The majority of the visible reatomized droplets are ejected with a significant
absolute velocity (i.e. 4.0ms-1 or more) and they generally have a relatively small ejection angle (αej<20o) to the
surface. This is similar to some previous results [6,7], but it is in contrast to other results [4,8].

Different values of the critical Weber number Wecrit, which determines whether or not a droplet disintegrates at
the surface during the deformation/spreading, have been proposed by some researchers. This is also referred to as
the splashing limit. For the case of water droplet impacts on surfaces above the Liedenfrost temperature (i.e. the film
boiling regime), these include [4,11,12] Wecrit=80, 65, and 45. Figure 4 shows the impaction behaviour of a droplet
with We=57, using two frame increments (i.e. ∆t=74µs). This indicates the typical splashing limit (Wecrit=60±10)
observed in the present visualisations at Tw=400oC. The reatomized droplets produced upon impaction are ejecting at
angles to the surface larger (i.e. 60o<αej<80o) than those produced at higher impact energies (higher We values).

Figure 5 show that the impaction behaviour of a droplet at Tw=260oC, impacting with Weber number We= 630.
The surface temperature Tw=260oC is considered to be the boundary temperature (i.e. Liedenfrost temperature)
between the film boiling and the upper region of the transition regime of a boiling curve [13]. Vapor blowing
through the central part of the liquid film, accompanied by reatomized droplets of relatively small size, is
distinguishable in this figure. These are ejected out almost normal to the surface with velocities larger (i.e. 4ms-

1<Uej,n<8ms-1) than the normal velocity component of the main reatomized droplets formed at the periphery of the
film (i.e. 0ms-1<Uej,n<2ms-1). The main reatomized droplets formed at the periphery of the film have ejection
velocities and angles that are function of the primary droplet Weber numbers, similar to that observed and discussed
above for the droplet impaction at higher surface temperature conditions. Figure 6 shows the impaction behaviour of
a droplet at Tw=200oC, impacting with We=460. The process of vapor and small droplets blowing through the central
part of the liquid film is similar to that observed for the case at Tw=260 oC. The majority of the secondary droplets
formed at the periphery of the film move away from the surface at ejection angles (i.e. 30o<αej<60o) larger than
those observed at higher surface temperatures under the similar impaction conditions. This is similar to the H type
form of breakup reported [5] for Tw = 200 oC.
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Figure 3 Impaction behaviour of a droplet (D=132µm, U=15.5ms-1, Tw=400oC, ∆t=37µs, We~440).
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Figure 4 Impaction behaviour of a droplet (D=72µm, U=7.6ms-1, Tw=400oC, ∆t=74µs, We~57).
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Figure 5 Impaction behaviour of a droplet (D=144µm, U=18.1ms-1, Tw=260oC, ∆t=74µs, We~630).
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Figure 6 Impaction behaviour of a droplet (D=132µm, U=16.0ms-1, Tw=200oC, ∆t=74µs, We~460).
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Figure 7 Impaction behaviour of a droplet (D=132µm, U=13.9ms-1, Tw=400oC, ∆t=74µs, We~350)
using a Cu-vapor laser illumination method.

Figure 7 shows the impaction behaviour of a droplet at Tw=400oC, impacting with We=460, using a 15W
copper vapor laser light sheet aligned to coincide with the focussing plane (i.e. the centre of the target surface). The
high intensity laser light source causes one side of the primary droplet to be significantly brighter than the other side,
such that the primary droplet size is difficult to estimate. However, a nominal primary droplet diameter D=132µm,
which typically existed within the PDA data [9], is considered. It can be seen from Fig. 7 that the reatomized
droplets produced at the initial stages of impaction are ejected out in directions almost parallel to the surface (i.e.
αej<10o).

Impaction models: Based on the visualisations, modified droplet breakup models at different surface temperature
conditions, have been proposed and discussed as below. Figure 8 shows the droplet breakup forms in the film boiling
regime and the upper transition regime (260oC<Tw<400oC), as a function of droplet impact Weber number. These
breakup forms include: (a) the pure rebound for We≤15±5, (b) the rebound with breakup for 20±5<We<50±5, (c)
the splashing limit Wecrit=60±10, (d) the typical splashing region for 60±10 <We<350±20, and (e) the prompt splash
for We>350. The “prompt splash” form of droplet breakup is more clear from the impaction results obtained by the
Cu-vapor laser illumination method, see Fig.7, and it involves reatomization during the initial stages of the impact.
It has not been reported in literature for hot surfaces but a similar phenomenon has been reported [14] for the case of
a water droplet (D=3.4mm) impacting with velocity 2.8ms-1<U<3.6ms-1 (i.e. 365<We<605) on a cold dry surface.

Figure 9 shows the model for droplet breakup forms in the lower transition regime (160oC<Tw<200oC), as a
function of droplet impact Weber number. These breakup forms include: (a) the pure rebound for We≤15±5, (b) the
boiling induced breakup for 20±5<We<50±5, (c) the typical splashing region for 60±10 <We<350±20, and (d) the
prompt splash for We>350. The “pure rebound” form, shown in Fig. 9 (a) for We≤15±5, is similar to the R type
form reported [5] for 200oC<Tw<400oC. However, the probability of “pure rebound” decreases with the decrease in
surface temperature within the lower transition regime, as the droplet is increasingly likely to “stick” to the surface
until its complete evaporation for surface temperatures 140oC<Tw<160oC. The “boiling induced breakup" form for



20±5<We<60±10, where the vapor blowing through the liquid film results in a relatively violent breakup, is similar
to that observed [6] for We=26 at Tw<200oC, and also the N type form of breakup reported [5] for droplet impaction
at Tw=200oC. Note that no typical values of droplet impact Weber number are available for the droplet breakup
model reported in [5]. The “typical splashing” form of breakup for 60±10<We<350±20 is mainly dependent upon
the droplet impact Weber number rather than boiling. However, the dependency on the primary droplet impact
Weber number, of the ejection angles of the main reatomized droplets, is less significant than that observed in the
film boiling regime, see Fig. 8.

Figure 10 shows the model for droplet breakup forms near the critical heat flux temperature
(140oC<Tw<160oC), as a function of droplet impact Weber number. As mentioned earlier, the probability of “pure
rebound” for We≤15±5 decreases with the decrease in surface temperature and the droplet starts to “stick” at the
surface until its complete evaporation, for temperatures 140oC<Tw<160 oC. For 20±5<We<300±20, the droplets
“spread and deposit” on the surface until their complete evaporation, without reatomization. Droplet “splash”
occurs for We>300.
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(c) Splashing limit (We ~ 60±10)

(d) Typical splashing region (60±10<We< 350±20)

(e) Prompt splash (We > 350)
Figure 8 Droplet breakup forms in the film boiling regime

and the upper transition regime (260oC<Tw<400oC).

Droplet Spreading Characteristics
Figure 11(a)&(b) shows maximum spreading diameter
ratio, Dmax/D, as a function of Weber number for
260oC<Tw<400oC and 160oC<Tw<200oC, where Dmax is the
maximum diameter observed for the liquid film. The
following correlations are proposed:

For 260oC<Tw<400oC Dmax/D =0.0065We+3.61     (1)
where 100<We<750

For 160oC<Tw<200oC Dmax/D =0.003We+3.21     (2)
where 100<We<650

small reatomized droplets + vapour
moving near  normal to the surface

small reatomized droplets + vapour
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small reatomized droplets + vapour
moving near  normal to the surface

(b) Boiling induced breakup(20±5<We<60±10)

(c) Typical splashing region (60±10<We< 350±20)

(d) Prompt splash (We > 350)

(a) Pure rebound (We≤15±5)

Figure 9 Droplet breakup forms in the lower
transition regime (160oC<Tw<200oC).
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(c) Splash (We > 300)
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Figure 10 Droplet breakup forms near the critical heat
flux temperature (140oC<Tw<160oC).

In the images, the pixels represent a
“real” length 24 µm, which introduces an
error of ±24 µm, or, arguably, ±12 µm. Due
to the relatively large droplet spreading
involved (i.e. Dmax/D >5), in most of the
data, the maximum error involved in
estimating the maximum spreading diameter
ratio, Dmax/D, is expected to be within 20%.
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Figure 11 Droplet spreading characteristics as a function of
impact Weber number



Reatomized Droplet Characteristics
The strong dependency of reatomized droplet characteristics on the

impact Weber number is observed, particularly at high surface
temperature conditions (i.e. Tw>TLFP). Figure 12 shows the results for the
number of visible reatomized droplets produced per impacting droplet,
N(Vis), as a function of droplet Weber number, using the visualisation
results at surface temperatures 260oC<Tw<400 oC. These results are based
on visualisations using the normal lighting illumination method. It can be
noted that the N(Vis) value increases almost linearly with the increase in
Weber number. Using the results shown in Fig 12, the following
correlation is proposed for estimating N(Vis):

N(Vis) =0.0427We + 10.46 (3)
where 100<We<750

Figure 13 shows the average ejection angles αej of the main
reatomized droplets produced at the film periphery at surface
temperatures 260oC<Tw<400oC. Only the reatomized droplets produced
near the vertical edges of the imaging frames are considered for
estimating the ejection angles. The following correlation is proposed for
estimating the average ejection angle, αej in the film boiling and the upper
transition regimes (i.e, 260oC<Tw<400oC):

   We
ej e 0045.099.85 −=α (4)

where αej is measured from the surface and 100<We<750.

PDA Results on Reatomized Droplet Characteristics

N (Vis)= 0.0427We + 10.465
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Figure 12 Number of reatomized
droplets per impaction at
260oC<Tw<400oC.
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Figure 13 Average ejection angles of
the main reatomized droplets
at 260oC<Tw<400oC

Laser power,
Wavelength
Beam separation
Focal length (transmitting)
Beam diameter
Fringe spacing
Focal length (receiving)
Scattering angle

100mW
514.5nm
  38mm
400mm
 1.3mm
5.42µm
310mm
  72o

The reatomized droplet size distribution and ejection velocities were
difficult to determine quantitatively from the visualisation results, mainly
because of the limitations involved in the image resolution, depth of focus
and the width of the imaging frame. Thus, in order to determine these
reatomized droplet characteristics, a Dantec phase Doppler anemometer
(PDA) was applied. The measurement point was located 1.2±0.3mm from
the target with its centre aligned with the central axis. The optical
parameters used in the PDA setup are given in Table 1. Figure 14 shows
typical droplet impaction data obtained near the surface at Tw=400oC,

  Table 1 Optical setup parameters.

using the spray impaction condition similar to that used in the
visualisation. The size-velocity scatter diagram, obtained from 6000
droplets, Fig. 14(a), confirms that the peaks to the right hand side of
the PDF curves of droplet size and velocity, correspond to the primary
droplets. Note that a typical droplet size PDF curve, shown in Fig.
14(b), is based on the number distribution of the droplets, whereas the
volume distribution is also required to better understand the
contribution of primary droplets and the reatomized droplets within the
data. Table 2 shows the PDA results, obtained after applying high pass
(U=10ms-1 lower cut-off) and low pass (U=1ms-1 upper cut-off) filters
for primary and reatomized droplets respectively. It can be noted that
the reatomized droplets although very significant in numbers (92.6%
of the total number of droplets in the PDA data) constituted only

(a) Velocity-diameter scatter plot at 400oC
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(b) Droplet size PDF at 400oC
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20.7% of the volume of the data, or
about 26% of the primary droplet
volume. The small volume of the
reatomized droplets is partly because the
larger reatomized droplets are expected
to be scattered at relatively shallower
angles and miss the PDA measurement
volume. Of course, in addition some
primary droplet volume is converted into
vapor. The reatomized droplet sizes vary
from 5µm to 80µm. Those with small
values of the normal ejection velocity
Uej,n have wide ranges of diameters.

Figure 14 PDA Results for droplet impaction at Tw=400oC



Those with larger values of Uej,n are all small, e.g.
D<20µm for Uej,n≤10ms-1. The small droplets are
mostly formed from the central zone of the liquid film
at impaction, as shown in Fig. 8. Assuming that each
primary droplet forms only reatomized droplets and
with no vaporization, an approximate expected
number of reatomized droplets per impaction is

Primary Droplets Reatomized droplets
D 32 U We D 10,s D 32,s U ej,n No. Vol. N (PDA) N (PDA)2 N (Vis)

µ m m/s - µ m µ m m/s % % # # #

135 15.6 450 29 43 2.4 92.6 20.7 30 104 30
Table 2 Results obtained at 400 oC (involving non-

wetting condition at the flat insulation)

3

,32
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PDA D
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The value of N(PDA) is similar to that observed in the visualisations under similar impaction condition (N(Vis)=30 at
We=450 from Eq. (3)). The quantity (D32/D10,s)3 obtained from the PDA data, N(PDA)2 in Table 2, is considered to
give an indication of the total number of reatomized droplets per impaction, which includes the very small droplets,
and this is about 3.5 times larger than the value N(Vis). It is noted that for some conditions data are contaminated by
relatively larger sized reatomized droplets formed at the wetted insulation surface surrounding the target. Further
PDA measurements are needed using a larger target surface size, typically >20mm diameter. The PDA data,
confirmed by the visualisations, were used to propose the following equation for estimating the main reatomized
droplet diameter (D32, s), for We>200 and for 260oC<Tw<400oC

n
s

WeD
D








+= 602.0
32

,32          (6)

where 1.0 < n < 1.5.

Conclusions
The impaction behaviour of droplets has been experimentally investigated to provide a family of qualitative models
of impaction, which depend upon Weber number and surface temperature. These models are novel and more
detailed than in previous work and cover wider ranges of impact Weber numbers. Weber number is found to be the
principal parameter for droplet spreading characteristics, for two relatively broad temperature ranges. Correlation
equations are presented for reatomized droplet numbers, angles of flight and diameters as functions of droplet
Weber number and surface temperature.

Nomenclature
D droplet diameter, [m]
D10 arithmetic mean droplet diameter,

D10=∑ Ni Di /N, [m]
D32 Sauter mean droplet diameter, D32 = ∑

Di 3/∑  Di 2, [m]
Dmax/D   maximum spreading diameter ratio, [-]
d diameter of rotating disk or cup, [m]
N number of droplets or data points
∆t time spacing between two frames, [s]
Tw surface temperature, [oC]
U droplet velocity, [ms-1]
We Weber number, We=ρLU2D/σ

α angle, [degrees]
µL liquid dynamic viscosity, [Nsm-2]
ρL liquid density, [kgm-3]
σ surface tension, [Nm-1]
Subscripts
crit critical
ej ejection
LFP Liedenfrost point
max maximum
n normal to surface or normal component
PDA result obtained from PDA measurements
s secondary or reatomized
Vis result obtained from visualisations
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Abstract 
Understanding and controlling the deposition of a molten microdoplet on a colder substrate with simultaneous heat 
transfer is of central importance to novel technologies like electronic microchip manufacturing [1], but the physics 
of involved interfacial phenomena is still poorly understood. For instance, the transient resistance to heat transfer at 
the droplet-substrate interface still cannot be quantified theoretically. Serious obstacles to its determination are the 
very short time and length scales involved (of the order of microns and microseconds). In the present paper, a 
numerical modeling for droplet impact and solidification based on the Navier-Stokes and energy equations [2] is 
used in order to reproduce transient measurements [3] of the deposition of a eutectic Pb-Sn microdroplet on a 
multilayer wafer. The resistance to heat transfer at the droplet-wafer interface and the surface energy of the molten 
microdroplet are determined by matching numerical and experimental results.  
 
Introduction 

The fluid and heat flow phenomena occurring during the impact and solidification of a molten droplet on a flat 
substrate are complex. Droplet spreading is a free surface problem with large deformations in the presence of 
surface tension (see Figure 1). An accurate determination of the droplet surface energy is important since it controls 
the motion of the solidifying splat, as well as the frequency of post-spreading oscillations and the final splat shape. 
The associated transient heat transfer and solidification processes involve convection in a deforming domain, 
complex fluid flow exemplified by the multidimensional motion of the phase change interface and the dynamics of 
the liquid phase, as well as conduction in the substrate [2,3]. During the spreading of a droplet on a substrate, the 
thermal contact between the droplet and the substrate is not perfect (due, for example, to roughness, air entrapment 
or substrate oxidation [4]), a phenomenon that slows the heat transfer process.  

 

 
Figure 1: Definition of the problem to be studied. Spreading, oscillations and freezing of a solder droplet on a 

flat substrate [3]. Initial conditions: v0 =1.54 m/s, d0=80 µm, T1,0= 210°C, T2,0= 48°C. 
 
Surface energy and heat transfer through interfaces are typical mesoscopic phenomena, whose physics is often 

related to nanoscale phenomena and cannot be fully understood using the classical continuum approach. A common 
way to handle these mesoscopic phenomena is to match experiments with numerical or analytical models, in order to 



 
 

  

estimate the needed model parameters. Using this approach, several temperature measurements under relatively 
large (mm-size) solidifying droplets have been performed and matched with numerical simulations in order to 
estimate the values of the thermal contact resistance between the splat and the substrate [4-6]. For instance, 
interfacial resistance to heat transfer has been handled macroscopically and empirically by introducing a tunable 
contact heat transfer coefficient between the drop and the substrate [4], or by inserting a thin layer of interface of 
elements between the droplet and the substrate with a lower and tunable thermal conductivity [2]. In the present 
article, the numerical code described in [2] is used in order to reproduce transient droplet height measurements 
reported in [7].  

 
Experiments 

Results of the experimental case pertaining to this study are presented in Figure 1 and concern the impact, 
spreading and solidification of a molten solder droplet on a solid substrate at a lower temperature: an 80 µm 
diameter D0 droplet of eutectic Pb-Sn solder at an initial temperature of 210°C impacts with a vertical velocity v0 of 
1.54 ms-1 a horizontal substrate whose initial temperature equals 48°C. The substrate is a 675 µm thick Silicon wafer 
covered with layers of Au, Ti-W and Si-N, from top to bottom, with a respective thickness of 0.1, 0.3 and 1 µm. The 
wafer and cover layers thermal properties are described in [7]. The relatively low substrate initial temperature 
induces solidification at the very early stages of the spreading [3, and Figure 1], reducing the influence of wetting 
phenomena, whose physics for impact at intermediate Weber numbers is still poorly understood [8]. Molten droplets 
were generated with a drop-on-demand microdroplet jetting device from MicroFab Technologies Inc. (Dallas, 
Texas) based on the piezoelectric generation of pressure waves in a capillary tube [1]. The technique used for the 
visualization of droplet impact and solidification is a strobe microscopy technique, with time and space resolution of 
respectively 5 µs and 1.2 µm [3]. Sample pictures of this visualization are shown in Figure 1. 
 
Numerical Model 

The numerical model, extensively described in [2], is formulated to simulate the impact and solidification of an 
initially spherical molten droplet on a flat substrate beginning at the instant of contact. The initial conditions are the 
same as in the experiment presented above. The model is based on the Navier-Stokes and energy equations applied 
to the axisymmetric coordinate system shown in the first frame of Figure 1. Constant thermophysical properties are 
assumed for the fluid. The governing equations are written using a Lagrangian approach, allowing an accurate 
tracking of the free surface. Nondimensionalization is performed with respect to the droplet initial diameter D0, the 
impact velocity v0, the liquid density ρL, and the initial pressure in the drop p0.  

Due to lack of experimental data on dynamic wetting, the wetting force at the dynamic contact angle is 
neglected through this analysis. This assumption is clearly justified when the impact pressure gradient in the radial 
direction is high.  In general, one is justified to neglect wetting if the value of the Weber number based on the 
contact line velocity is greater that O(1). Gravity effects are negligible [2]. The dimensionless numbers for the fluid 
dynamics are defined as follows, where the subscripts S and L stand respectively for the solid and liquid phase of the 
solder and the symbols µ and σ stand for the dynamic viscosity and the surface energy, respectively: 

Reynolds number   Re = µ
ρ 00vDL

       (1) 

Weber number    We =
σ

ρ 2
00vDL        (2) 

The energy equation for the droplet and substrate is also cast in Lagrangian form. For all practical purposes, 
the cooling occurs through convection in the bulk fluid and conduction to the substrate [2]. It is assumed that the 
phase change occurs through a sharp boundary, at equilibrium temperature, and that the densities of the solid and 
liquid material are the same in the fluid dynamics calculation. The phase change is modeled according to [2], where 
the effect of latent heat release is introduced in the computation by a local increase of the heat capacities. This 
approach has shown very accurate energy conservation capabilities [2]  

During the spreading of a droplet on a substrate, the heat transfer at the interface is reduced [4]. Also, in the 
specific case pertaining to this study, the three thin layers at the top of the substrate have different thermal 
conductivities than the Silicon wafer. Therefore, the interfacial resistance to heat transfer and the effect of the three 
top layers has been handled macroscopically by inserting a thin layer of interface elements between the droplet and 
the substrate with a tunable thermal conductivity k3 [Wm-1K-1], [2,7], lower than the Silicon substrate thermal 
conductivity. It has been shown that the value of the thermal conductivity of the interface layer depends on the 
imperfect thermal contact only and not on the thermal conductivities of the three top layers [7]. The dimensionless 
interfacial conductivity K3 (K3 = k3kL

-1), where kL is the thermal conductivity of the droplet liquid phase, is related 
through the contact Biot number (Bi = h3kL

-1D0) to the interfacial heat transfer coefficient h3 [Wm-2K-1] by the 
equation  

33 LBK i=        (3) 



 
 

  

where L3, the dimensionless interface thickness (L3 = l3D0
-1), is based on the total thickness l3 = 1.4 mum of the three 

top layers of the substrate. Our results will be expressed in terms of the contact Biot number, which is the relevant 
dimensionless number for interfacial conductance (inverse resistance). The heat capacity of the interface layer is 
determined by a weighted average of the heat capacities of the three top layers [7]. 
 
Numerical Simulations compared with Experiments 

We have performed seven numerical simulations with the code presented in [2,7] aiming at reproducing the 
experimental case described above and at testing the modeling sensitivity to variations of parameters like surface 
energy and interfacial heat transfer coefficient, exemplified respectively by the Weber and Biot numbers. The 
numerical simulation procedure is explained in [2]. A detailed study has been performed in order to obtain a solution 
independent of grid size and time step [7]. 
 
Baseline Case and Parametric Variations 

The simulation that was found to have the best agreement with the experiments has been performed with the 
following values for the thermophysical properties of the eutectic solder (c, L and TM are respectively the specific 
heat, latent heat of fusion and melting temperature): σ=0.507Jm-2, µ=0.00262Pas, ρL=8218 kgm-3, ρS=8420 kgm-3

, 
L=42000 J kg-1, cL=238 J kg-1 K-1, cS=176 J kg-1K-1, kL=25 Wm-1K-1, kS=48 Wm-1K-1, and TM=183 °C. These 
properties and the initial conditions correspond to the experimental case described above. The following 
dimensionless numbers are obtained: Re =386, We = 3.08, Pr= [µcLkL

-1]= 0.025, and Ste=[cL (TM-T2,0)L-1] = 0.765. 
The substrate is flat with radial and axial dimensions respectively four and eight times larger than the diameter of the 
droplet, in order to simulate the impact on a substrate much larger than the droplet. We assumed two distinct values 
for the interfacial heat transfer coefficient h3: h3 was set individually for every interface element in accordance with 
the phase of the splat material in contact with the interface element (liquid, respectively solid): h3L = 1.31x105 Wm-

2K-1, h3S= 1.25x104 Wm-2K-1, giving the respective contact Biot numbers, BiL =0.42 and BiS =0.04. This approach 
can be considered as a first step toward a thorough consideration of the strong time dependence of the interfacial 
heat transfer measurements [4].   

Four runs besides the baseline case have been performed in order to address the sensitivity of the modeling to 
the value of the surface energy and of the interfacial Biot number BiS (BiL is kept at a constant value that sets the 
initiation of the freezing at the instant of the spreading arrest).  

 
General Description of the Droplet Oscillation Process 

The temporal evolution of the dimensionless height of the droplet viewed from the side, Ht=HD0
-1, calculated 

numerically for the baseline case is shown in Figure 2, and is compared with the same parameter obtained 
experimentally [3] (one star per measurement). The experimentally observed mildly damped oscillation process is 
reproduced in Figure 2 by our numerical study. The increase of the oscillation frequency is related to the reduction 
of the liquid mass due to the freezing process by the following equation: 

f  ∝(σ/ρLVL)1/2          (4, [9]), 
which shows that the frequency f of the droplet free oscillation is proportional to the square root of the ratio of the 
surface energy and the liquid mass remaining in the droplet. 

A good agreement in terms of maximum amplitude and frequency of the oscillation has been obtained for the 
first three periods of droplet height oscillation (latter measurements are too noisy to be interpreted). The final value 
of the simulated droplet height also shows a very good agreement with the measurements.  
 
 Parametric Variations: Surface Energy and Biot number 

The effects of surface energy variations are exemplified by two results shown in Figure 3, corresponding to 
about half (We = 6.0), respectively twice (We = 1.5), the surface energy of the baseline case. Only the first 200 µs 
have been plotted for clarity. In the We=6.0 case (lower surface energy), the frequency of the oscillations of the 
droplet is lower than the experimental frequency (as exemplified by the time of the second minimum of the height, 
150 µs). Such a decrease of the oscillation frequency can be explained by means of Eq. (4). In the We=1.5 case 
(high surface energy), the frequency of the oscillations of the droplet is higher than the experimental frequency (as 
exemplified by the time of the first two minima of the height). 

The effects of different heat transfer coefficients between the substrate and the solidifying splat, expressed in 
terms of the solid interfacial Biot number BiS, are shown in Figure 4. It appears that the rate of the increase in 
oscillation frequency during the solidification process is proportional to BiS (The higher the BiS is, the higher the rate 
of increase in oscillation frequency). This can be understood by considering again Eq. (4), which relates the 
oscillation frequency to the inverse of the liquid volume square root. Increasing the interfacial Biot number 
augments the heat exchange at the interface, accelerating the solidification rate. The faster diminishing liquid 
volume taking part in the oscillation induces therefore a larger frequency increase of the height oscillation. Since the 
oscillation frequencies corresponding to BiS = 0.06 or 0.02 are respectively too high or too low compared to the 
experimental values in Figure 2, the effective interfacial Biot number has to be between the two values.  



 
 

  

 
Figure 2: Comparison between measurement and simulation (baseline case) of the droplet height as a function 

of time. 



 
 

  

 
Figure 3: Comparison between measurement and simulations of the droplet height as a function of time, for three 

values of the Weber number. 
 

 
 

Figure 4:  Comparison between measurement and simulations of the droplet height as a function of time, for 
three values of the interfacial Biot number BiS, 



 
 

  

This approach that matches measured and simulated droplet oscillations in order to determine BiS can be 
considered as a viable method for determining phenomenologically the heat transfer in the presence of an interface. 
Contrary to matching techniques including thermocouple measurements [4-6], the method presented in this paper is 
non-intrusive, therefore better suited for experiments involving microdroplets, where a classical thermocouple 
measurement would have the following two drawbacks. First, it would strongly perturb the event to observe. 
Second, thermocouple positioning would be a delicate issue, considering the highly transient and local nature of the 
flow field and convection heat transfer [2]. However, one should keep in mind that matching techniques such as the 
one developed here only give a heuristic insight in the physics of interfacial heat transfer, which is typically a 
microscale phenomenon. According to this lack of understanding, there is no guarantee that the values obtained for 
the Biot number can be used generally. We expect that this rather poor understanding of interfacial heat transfer will 
be improved by investigating systematically topics like non-equilibrium solidification, recalescence, as well as the 
influence of initial temperature difference between splat substrate on the interfacial heat transfer. To this end, it is 
worth noting the emergence of thermal conductivity studies [10] using discrete methods like Molecular Dynamics. 
These methods at the molecular level show promise to produce a physical (not only phenomenological) insight into 
interfacial heat transfer. 

It is also interesting to mention that a situation like the baseline case considered here, where the interfacial heat 
transfer coefficient is larger during the spreading than during the solidification phase (h3L = 1.31x105 Wm-2K-1, h3S= 
1.25x104 Wm-2K-1), has also been evidenced in the most extensive experimental study on contact resistance to date 
[4], where the authors attributed this fact to the following reasons: at first, when the molten material lies upon the 
colder substrate, one would expect good thermal contact because the fluidity of the melt allows it to ‘match’ the 
shape of the substrate (with the exception of small scale roughness and gas-filled gaps). In addition, the high 
temperature of the melt may result in good mechanical or chemical bond between the melt and the substrate. This 
good contact would then degrade due to thermal contraction of the splat upon solidification.  

 
Conclusion 

This article presents a comparison between experimental results with microdroplets and results of a numerical 
modeling [2]. A good agreement of the oscillation process of the droplet maximum height has been obtained 
between experimental and numerical results, and the sensitivity of the modeling to values of surface energy and 
interfacial Biot number has been demonstrated. Such an approach that matches experimental and numerical results, 
by tuning unknown problem parameters whose microscale physics makes them currently difficult to attain, is a 
viable method for investigating mesoscopic phenomena such as interfacial heat transfer. This method, however, does 
not provide a deep insight in the physics of interfacial heat transfer. Here, diverse methods at the molecular level 
appear promising, but are not yet developed to the extent that they could be used reliably in realistic applications. 
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Abstract 
The development of a fine spray of controlled initial characteristics against the thermally stratified turbulent 

environment of a free convection flow generated over a heating horizontal surface is studied. Measurements of the 
droplet characteristics and the temperature field for two different sprays interacting with the thermal field generated 
by a constant heating rate surface are presented. Measurements for the corresponding reference cases, namely the 
two sprays in isothermal environment and the thermal field in the absence of the spray influence are also presented. 
Droplet characteristics, including droplet velocities and the corresponding statistics as well as droplet size and 
volumetric flux, have been obtained with a phase Doppler anemometer. Mean temperature distributions and 
statistics as well as power spectra characterizing the turbulent thermal field have been obtained with a fine 
thermocouple. 
 
Introduction 

The interaction of sprays with thermal fields and heated surfaces is of primary importance for many physical 
and technological problems. Droplet phenomena and the evaporation of atomized liquids or spray droplets is a 
common feature of a broad class of processes, ranging from atmospheric transport of rain droplets and weather 
forecasting to spray-cooling and spray-drying and from surface coating to liquid fuel atomization and combustion in 
internal combustion engines and burners.  

During the last decades several investigators have presented significant contribution addressing various aspects 
of these problems. Dispersed flow and heat transfer in the boundary layer of a flat plate have been analyzed by 
Kabadi and Yao [1]. Herman et al. [2] performed experiments for the heat transfer from high-pressure sprays to the 
surrounding air. They developed a correlation relating the average sprayed liquid temperature to the operating 
variables. Green et al. [3] performed similar experiments with glycerin. A detailed study of a vaporizing spray 
interacting with a co-flowing turbulent air-stream was performed by Yule et al, [4]. Droplet velocity profiles in 
evaporating kerosene sprays issuing into a co-flowing heated air-stream were depicted. The evaporation of a Freon-
11 spray injected into still air, was studied by Solomon et al [5]. A detailed study of a non-evaporating spray, 
interacting with a co-flowing turbulent air stream, was performed by Rudoff et al. [6]. Presented measurements 
included distributions of local droplet size, gas and droplet velocities as well as size velocity correlations. Recently 
McDonnell and Samuelson [7] provided a detailed database of reacting and non-reacting methanol sprays using 
different atomizers. The velocity field of the spray droplets and gas, the evolution of the Sauter mean diameter and 
the correlations between droplet size and mean droplets velocity were presented and discussed in detail. The 
dependence of the spray characteristics on the liquid flow conditions, was examined by Kufferath et al. [8] using an 
internal-mixing twin-fluid atomizer with coaxial liquid feed. Results were correlated with nozzle geometry and the 
flow rates of liquid and gas. It was observed that flow conditions of the liquid jet leaving the inlet port have a strong 
influence on the Sauter droplet diameter along radial traverses across the spray. Sommerfeld and Qiu [9] worked on 
a pipe configuration where heated air entered through an annulus formed by a hollow cone spray nozzle. In the 
experiments isopropyl alcohol was used as a liquid because of its high evaporation rate. Profiles of the droplet mean 
velocities, as well as rms velocities, skewness and flatness factors of the droplet velocity field and droplet mean 
diameters were obtained by averaging over all droplet classes. 

The initiative of the present work was provided by a project related to the use of sprays as a means to 
extinguish fires and more specifically forest fires. The need to have a more concise basic understanding of the spray-
thermal field interaction led to the need of a detailed study of a simple configuration in order to obtain basic 
information regarding the effect of the dispersed phase structure, on the turbulence field of the continuous phase as 
related to turbulent heat and mass transport processes. For this purpose the development of a fine spray against the 
thermally stratified turbulent environment of a free convection flow generated over a heating horizontal surface was 
selected for investigation. The merit of the study of this configuration is that besides improving our knowledge, 
regarding the nature of the basic interaction mechanisms between the droplets, the turbulence and the thermal field it 
is also pertinent to a broad class of applications such as fire extinguishing, spray coating etc. 



 
Experimental Setup and measuring procedures. 

Since the aim of the present work is the study of the interaction of two simple flows, namely the free 
convection thermally stratified field generated over a horizontal heated surface and a fine water droplet spray, these 
flows had to be first studied separately in order to establish the reference conditions for the interaction. The free 
convection field was generated by a stainless steel, non–magnetic plate of dimensions 1000x500x12mm3 (fig. 1). It 
was heated by ten uniformly spaced resistance elements attached to its lower side [10]. The heated elements were 
connected independently to an equal number of voltage regulators. Surface plate temperature distribution was 
measured 11mm below the free horizontal heated surface by means of ten J-thermocouples embedded in the plate at 
a spacing of 100mm in x-direction. Temperature uniformity on the plate surface was achieved by controlling the 
power supply to each element, and by placing a 20mm thick layer heat resisting cement between the back surface of 
the plate and the heating elements. The heated plate has been encased in a wooden box filled with insulating 
material, minimizing heat flow in all other directions. To protect the flow from disturbances due to accidental 
draughts in the laboratory suitable glass windows, allowing optical access, surrounded the experimental setup. 

The turbulent temperature field generated over the heated surface was monitored in the absence and presence of 
the droplet cloud. A type–E thermocouple with a sensor of diameter 12μm was used for this purpose. At each 
measuring location 20000 samples were recorded at 1000 Hz sampling rate. Obtained data include mean 
temperature values and statistical characteristics of the fluctuations such as rms values, skewness and flatness factors 
as well as PDF (Probability Density Function) and PSD (Probability Spectral Density) distributions. 

The spray was atomized in a commercial air nebulizer. A liquid mixture of 2/3 water and 1/3 glycerin 
(σ = 0.069 kg/s2, ρ = 1087 kg/m3) was used. The process was controlled by a regulated air supply. The liquid 
mixture was blended in the nebulizer with the incoming compressed airflow producing a fine spray, which through a 
bronze tube of 40cm length was delivered to the injection location. The injecting nozzle had been positioned in such 
a way as to produce a round jet vertical spray developing normal to the flat plate (fig. 1). A support– holder was 
used for positioning the nozzle over the plate. The spraying nozzle was positioned at a distance l = 55cm from the 
plate. Preliminary measurements were conducted establishing the axisymmetry of the spray cone. 

A phase Doppler anemometer system (PDA) was used to measure the droplet velocity and size as well as their 
turbulent statistical characteristics. The scattering angle was 35 deg off axis from the forward scattering direction 
due to access limitations. The detection was made by a Dantec system equipped with three photodiodes. At each 
measuring location 20000 validated samples were recorded. A maximum phase error of 10 deg. and maximum 
spherical deviation of 10% was allowed for the validation of samples. Sampling rate was depending on droplet 
presence and signal processing logic attaining a mean value of 800 Hz close to the spray axis. A traversing 
mechanism providing 3D motion was available for positioning the PDA optics. The dimensions and the 
characteristics of the PDA optical system are summarized in Table 1. 

For the presentation of the results a Cartesian coordinate system is used (fir. 1). The origin of the coordinate 
system is located at the center of the flat plate, and the jet axis is coinciding with the z-axis. All the measurements 
over the heated surface were obtained on the positive quarter of the xz plane. As related to the spray characteristics x 
coordinate may be also interpreted as the radial distance from the centerline and (l - z) gives the distance from the 
nozzle. 

The single phase free convection turbulent thermal field generated over the heated plate was studied first as 
reference flow and is designated in the following as Test Case 1. The same power supply settings were maintained 
during all the experiments with the heated surface. Thus a constant heat flux boundary condition for most of the 
heated surface was established. The corresponding Grashof number based on the length of the plate and the 
temperature difference between the plate and the ambient air, was equal to 7.76x109, indicating that the free 
convection flow was in the turbulent regime. Two isothermal sprays with different flowrates, generated with 
nebulizer working pressures of 1 and 3 bars were also studied as reference sprays and will be designated as Test 
Cases 2 and 3 in the following. The study of the development of both sprays against the free convection flow 
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FIGURE 1: A general view of the 
experimental setup 

 
TABLE 1: Parameters of the PDA optical system 

Transmitting optics 
Wavelength of the laser  
Diameter of laser beam 
Focal length of front lens 
Beam separation  
Half beam crossing - angle 
Fringe spacing 
Fringe number 
Shift frequency 
Elevation angle 

632.8nm 
1.0mm 
605mm 
50mm 
2.37deg 
7.67μm 
64 
40MHz 
0 deg.  

 Receiving optics 
Off–axis angle 
Focal length of collimating lens 

 
35o 
310mm 



generated over the heated surface and their influence on the free convection turbulence is the main outcome of the 
present work. These tests will be designated respectively as Test Cases 4 and 5. As already mentioned during these 
experiments the power supply to the heating elements was maintained the same as for the single phase Test Case 1. 
Thus the constant heat flux boundary condition was retained although the steady state temperature, which the 
surface was allowed to reach unrer the influence of the spray, was not any more uniform presenting maximum 
difference of 4oC in the worst case (fig. 2). It has to be noted that even for the high flowrate spray no droplets were 
observed to reach the surface, which remained dry in all the experiments with the heating surface. The basic 
characteristics of all Test Cases are presented in table 2. 
 
Experimental Results 
Temperature Field (Test Cases 1, 4, 5) 

The stratified thermal turbulent field generated over the heated plate for plain air (Test Case 1) and under the 
influence of sprays created at two different nebulizer-working pressures (Test Cases 4 and 5) has been monitored at 
locations forming a grid on the xz plane with x varying from 0 to 130mm in 10mm steps and z varying from 1mm to 
70mm on the z-axis. In the present work the main characteristics of the temperature field are presented based on 
measurements along the z-axis normal to the heating surface, which is also the spray centreline (fig. 3, 4, 5).  

Regarding the distributions of the mean temperature and the statistical characteristics of the thermal field (fig. 
3) as well as the corresponding Probability Density Functions (PDF, fig. 4) it can be surmised that the sprays, in 
accordance to their flowrates, result to a spatial suppression of the turbulent activity closer to the surface. Mean 
temperature profiles (fig. 3a) become steeper close to the surface indicating higher heat transfer coefficients, which 
also result to lower surface temperatures. The presence of the spray forces the continuous medium to attain the 
ambient temperature at smaller distance from the surface. RMS values for the single phase case (Test Case 1) close 
to the surface increase monotonically attaining maximum value at z=5mm indicating the existence of a conduction 
layer below that height. The corresponding maxima are obtained at z=2mm for Test Case 4 and z=1mm for Test 
Case 5, indicating the reduction of the conduction layer thickness. The spatial suppression of turbulence is further 
demonstrated, more notably for Test Case 5, by the fast decrease of the rms values as the distance from the surface 
increases. Skewness and flatness measurements (fig. 3c, d) along with the corresponding PDF distributions (fig. 4) 
demonstrate the intermittent character of the flow field influenced by thermals going upwards and colder fluid 
parcels going downwards. The cold fluid parcels, for Test Cases 4 and 5, make their presence evident in the PDF 
distributions at distances as close as z=2mm from the surface resulting to a distribution centered at low temperatures 
with a skirt towards higher temperatures indicative of the presence of the thermals. The same pattern for Test Case 1 
is observed at larger distance from the surface close to z=3mm and more notably at z=5mm. Quantitative evidence 
of this behaviour is shown in skewness and flatness values in fig. 3c-3d. Test Cases 4 and 5 present maximum 
values closer to the surface compatible with the previous interpretation and reduced values away from the surface 
indicative of the domination of the thermal field by the cold fluid parcels supported by the droplet presence. 

Further information regarding the interaction of the 
selected sprays with the stratified free convection thermal field 
indicative of the flow structure modifications, can be obtained 
from the power spectra measurements presented in fig. 5. The 
presence of the spray droplets (Test Cases 4, 5) results to a 
significant redistribution of the turbulence structure most 
notably for the low flowrate case (Test Case 4). This 
redistribution appears to favor the larger turbulent production 
eddies and the following buoyancy affected region (-3 part of 
the spectrum) at the expense of the higher frequency 
dissipation region. Moreover, it appears that the strongest 
modifications occur close or within the adjacent to the heating 
surface conduction layer discussed previously. As suggested 
by Townsend [11] and further investigated by Papailiou [12] 
the occurring in this layer physical processes are essential in 
defining the mechanism of heat transfer from the hot surface. 

TABLE 2: Flow conditions for the considered measurements 
Test 

Cases 
Nebulizer 
working 

pressure (bar) 

Air volume 
flow rat 

 (103 m3/s) 

Air mass 
flow rate 

(g/s) 

Maximum 
air velocity 

(m/s) 

Liquid volume
 Flow rate 
(103 m3/hr) 

Plate Surface 
Temperature 

(oC) 

Reynolds 
number 

1 - - - - - 105.5 - 
2 1 0.12 0.145 9.4 0.13 20.0 2492 
3 3 0.18 0.65 14.6 2.15 20.0 3870 
4 1 0.12 0.145 9.4 0.13 96.8 2492 
5 3 0.18 0.65 14.6 2.15 87.2 3870 
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Spray Characteristics (Test Cases 2, 3, 4, 5) 

Spray characteristics including droplet mean velocities and the corresponding velocity statistics as well as 
droplet Sauter mean diameters (SMD) and volumetric flux have been monitored at locations forming a grid on the 
xz plane with x varying from 0 to 130mm in 10mm steps and z in the range from 5 to 22cm. The lowest height was 
dictated by the heating surface blocking the lower beam of the PDA optics and the highest was due to transversing 
mechanism limitation. Currently modifications allowing the increase of the measuring locations range are under 
way. In this work the main characteristics of the spray are presented based on measurements of the spray properties 
distributions along the x-axis at distances 5 and 18cm from the heating surface, which when referred to the spray 
and the nozzle may be interpreted as radial distributions at distances  50 and 37cm from the nozzle exit (fig. 6, 7). 

FIGURE 4: PDF Distributions for the Measured Test Cases at the Center of the Flat Heated Plate (x=0cm) 

FIGURE 3: Mean and Statistical Properties of Turbulent Thermal Field (x=0cm) 

FIGURE 5: Temperature Spectra at x=0cm 
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The isothermal droplet cloud velocity field (Test Cases 2, 3) appears to follow a jet-like distribution, with 
maximum velocity values on the spray centreline decreasing towards the spray edges with a bell shaped distribution 
(note: although the droplet velocities are in the negative z direction in respect to coordinate system used in this 
work, the droplet velocity component, w, presented in the graphs is considered positive in the downward direction in 
conformity with common spray and jet results). The velocity distribution is narrower closer to the nozzle exit 
(z=18cm) and is rearranged attaining lower maximum value and a wider distribution further downstream (z=5cm) 
from the nozzle exit. Maximum droplet velocity fluctuations indicative of the interaction of the spray-jet with the 
ambient air are observed in the area between the centreline and the spray cone edges (fig. 6c). The spray edge area is 
characterized by maximum values of the skewness and flatness factors (fig. 6e, 6g) since the flow in this range is 
highly intermittent due to the formation of a mixing layer between the spray-jet cone and the stagnant ambient air 
entrained by the spray. 

The interaction of the stratified thermal field with the spray (Test Cases 4, 5) appears to have a large influence 
on the distributions of the mean droplet velocity and the corresponding statistics. A first observation during the 
experiments was that the spray under the influence of the thermal field becomes much less dense due to evaporation. 
The interactions taking place as this thinner spray is developing against the stratified thermal field in both Test 
Cases 4 and 5, result to a significant widening of the droplet velocity distribution even at the closer to the nozzle 
location (fig. 6b, z=18cm). It appears that although the bell shape is retained the velocity distribution extends 
significantly outside the range of the measurements. Further downstream from the nozzle (fig. 6b, z=5cm) the 
distributions retain almost the same shape shifted to lower values. As the corresponding rms velocity distributions 

FIGURE 6: Mean and Statistical Properties of Droplet Velocity Field  
- - and - -Test Cases 2 and 3 respectively for z=5cm, - - and - -Test Cases 2 and 3 for z=18cm 
- - and - -Test Cases 4 and 5 respectively for z=5cm, - - and - -Test Cases 4 and 5 for z=18cm 

FIGURE 7: Distributions of droplet Sauter Mean Diameter and Volumetric Flux 
- - and - -Test Cases 2 and 3 respectively for z=5cm, - - and - -Test Cases 2 and 3 for z=18cm 
- - and - -Test Cases 4 and 5 respectively for z=5cm, - - and - -Test Cases 4 and 5 for z=18cm 
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(fig. 6d) indicate the droplet velocities fluctuate significantly under the influence of the thermal field turbulence. 
This is probably the reason for the widening of the droplet velocity distributions. Due to the influence of the thermal 
field to the whole area of the spray cone, skewness and flatness factor measurements (fig. 6f, 6h) present reduced 
maxima indicating the development of a weaker mixing layer at the edges of the spray cone. 

Important complementary information for the interaction of a spray with the thermally stratified field can be 
obtained from the droplet Sauter Mean Diameter (SMD) distributions depicted in fig. 7a,b and the droplet 
volumetric flux distributions depicted in fig. 7c,d although the latter are burdened with the high uncertainty 
associated with PDA flux measurements. An overall interpretation of these measurements leads to the conclusion 
that the imposed thermal field results to a significant increase of the evaporation rate besides the increased spreading 
of the spray already discussed.  
 
Conclusions 

The development of fine sprays against the thermally stratified field associated with the free convection flow 
created above a heating horizontal surface has been investigated experimentally. Temperature field measurements 
show that the presence of a spray results to steeper profiles close to the surface and thus to higher values of the heat 
transfer coefficient as expected. Moreover the spray appears to spatially suppress the turbulence activity to a smaller 
region close to the surface. The spray influence results to significant redistribution of the turbulent eddy structure, 
favoring the larger and intermediate scales at the expense of the higher frequency dissipation region, especially close 
to the conduction layer.  

Droplet field statistics indicate that besides a significant concentration and size reduction due to evaporation, 
the presence of the heating surface results to a broadening of the droplet distributions due to spreading. Moreover, 
the interaction of the thermal field with the spray results to the intensification of the droplet velocity fluctuations 
within the spray cone and consequently to a weaker mixing layer at its edge.  

Complementary measurements extending the spatial range of the presented data are currently performed. 
Moreover the development of models prescribing the interaction of the spray with the thermal field and the 
evaluation of these models with a numerical code is under way. 
 
Nomenclature 
d Distance normal to the flat surface at which ambient temperature is attained (m) 
F Flatness factor 
l Distance of nozzle from the surface 
PDF Probability density function 
PSD Probability Spectra Density  
r.m.s. Root mean square 
S Skewness factor  
SMD Sauter Mean Diameter (μm) 
T0 Ambient temperature (oK) 
Ti Mean temperature (oK) 
Ts Plate surface temperature (oK) 
W Vertical velocity component (m/s) 
x, y, z x, y, z coordinates. 
Θ Temperature (οC) 
ρ Density 
σ Surface tension 
Subscripts 
T Temperature 
w Vertical velocity component (m/s) 
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Abstract 
A significant research effort has been devoted in the last few years to the investigation of molten droplet impact 
phenomena. The reason for this activity is the pressing need of an in-depth understanding of these phenomena for 
the successful development and implementation of a host of emerging technologies such as rapid prototyping, spray 
forming, spray coating and precision molten droplet dispensing in the manufacturing of microelectronics and other 
micromanufacturing applications. This work presents for the first time an investigation of the thermofluidic 
phenomena during the axisymmetric pile-up (deposition one upon another) of molten picoliter size liquid metal 
droplets on a substrate, based on both theoretical/numerical modeling as well as validating, transient experimental 
results. In terms of non-dimensional numbers, the orders of magnitude of the corresponding Weber and Reynolds 
number in the investigated experimental and numerical range are O(1), and O(100) respectively (based on initial 
droplet diameter and impact velocity). On the experimental side, the order of magnitude of the dimensional 
diameters of the investigated droplets is O(80 µm). The dimensional velocities of the produced droplets are in the 
range of 1.1 – 1.8 m/s. The dimensional time for completion of solidification from the instance of impact on a 
presolidified droplet is in the range of 200 - 400 µs. 
 
Introduction 
      The impact of molten droplets on various types and shapes of surfaces is encountered in many engineering 
processes, such as rapid prototyping, spray forming, spray coating and precision solder droplet dispensing in the 
manufacturing of microelectronics. Most existing work has been focused on the investigation of droplet impact on 
planar substrates. Little information can be found in the scientific literature on droplet impact on non-planar 
substrates. The limited work published to date in this challenging field consists of either simplifying computational 
models without experimental validation [1], or non-transient experimental work with some approximate analytical 
modeling [2,3]. 
       The aim of this investigation is to shed more light on the complex interplay of the different physical phenomena 
occurring during the successive (one over the other) deposition (pile-up) of molten droplets. This is pursued both 
experimentally and numerically. More specifically, the work is focused on the process in which a molten droplet 
impacts on a previously impacted and solidified droplet of the same material. A two droplet pile up can be 
considered as the simplest building block in the creation of a complex three-dimensional structure. A schematic of 
the investigated process is shown in Fig. 1. Only the axisymmetric case of the pile-up is considered. Furthermore, 
the work limits itself in investigating eutectic melts since the majority of solder materials in electronics 
manufacturing are eutectic, exemplified by eutectic tin-lead solder (63% Sn-37% Pb). The focus is on the fluid 
mechanics of the impact process, the heat transfer between the impinging and a predeposited already solidified 
droplet, the subsequent solidification of the molten material, and the related wetting process. Influence of t he inert, 
gaseous environment on the impact process has been shown to be negligible [4,5].  
 
 
 
 
 
 
 
 
 
Figure 1: Schematic of the pile up process. (a) The impinging droplet is deposited ballistically on top of an already 

solidified droplet. (b) Spreading/recoiling and concurrent solidification of the impacted droplet. 
 
Experiments 
      A series of droplet impact experiments with varying initial conditions were performed in order to visualize the 
temporal evolution of the impingement process. Eutectic tin-lead solder (63% Sn-37% Pb) was employed as pile up 
material. The characteristic length scale of the investigated process is of the order of O(100 µm). The characteristic 



time-scale of the process is on the order of O(100 µs). The investigation herein utilizes a modified microdroplet 
jetting device manufactured by Microfab Inc., Dallas, Texas. A schematic of the deployed microdroplet generator 
device is given in Figure 2.  
 
 
 
 

 
 
 
 

 
 

 
 

 
 

Figure 2: Schematic of the droplet generator and the experimental setup. 
 
      The droplet generation method is thoroughly described in [6]. Ranges of approximately 50 – 100 [ µm] for the 
droplet diameter and approximately 1 – 2.5 [m/s] for the impact velocity are achieved. The temperature of the 
molten solder is kept at 210 [°C]. The visualization of the pile up process with microsecond resolution is achieved 
using flash video microscopy [7]. An optical magnification of 29x on the CCD matrix plane was utilized giving a 
spatial resolution of 1.2 [um] in the object plane. The experimental procedure consists of electronically generating 
trigger pulse sequences in order to control droplet generation and strobe flash/camera triggering. In order to get a 
pile up structure two droplets per acquired image are ejected subsequently. The first of these two droplets creates the 
presolidified solder droplet upon which the second droplet impacts. As substrate for the presolidified droplet serves 
a gold coated silicon wafer. Images are only acquired upon impact of the second droplet respectively. Positioning 
stages move the wafer substrate in the focal plane of the camera a fixed distance after the creation of each pile up. A 
single image is acquired for every pile up created with a fixed time delay of 5 [µs]. This enables the piecing-together 
of a total event of the impact of the second droplet until its complete freezing, from a sequence of such frames each 
corresponding to a different identical pile up. A schematic of the experimental setup is shown in Figure 2. The x-y 
positioning is accomplished using Aerotech (MP100M, ALS130-150; USA) fast precision stages. The pitch from 
one pile up to the next is 200 [µm]. Droplets are created at a frequency of 8 [Hz]. The substrate temperature is 
controlled using a resistance heater for high substrate temperatures and a cooling fluid from a thermostat (Lauda 
RCS Instrumenten Gesellschaft AG, Germany) for low substrate temperatures. The employed substrate is a 
semiconductor wafer (EM Marin; Switzerland) cut to rectangular sizes of 10 ∗ 100 [mm]. The wafer consists of the 
following layers from top to bottom: 0.1 [µm] Au, 0.3 [µm] Ti90W alloy, 1 [µm] silicon nitride and 675 [µm] P-
silicon.  

 
Mathematical Modelling and Numerical Simulation 
      The axisymmetric computational domain of the pile up problem is shown in Figure 3. For the solution of the 
fluid mechanics equations, only the domain of the impacting droplet as well as the boundary of the presolidified 
droplet are considered. The solution of the energy equation covers all four regions in Figure 3. The multi-layer 
substrate is “manufactured” numerically to duplicate the go ld wafer substrate employed in the experiments. The 
substrate width is truncated at twice the droplet diameter which is sufficient for the thermal solution [4]. 
      The pile up is modeled as an unsteady, viscous, incompressible flow with constant density accounting for 
surface tension at the free surface of the impinging droplet. The artificial compressibility method [8] is employed in 
order to solve the continuity equation. Thus the following Lagrangian set of governing equations [9], including the 
energy equation, is solved, where the different domains, as shown in Figure 3, are numbered as: impacting droplet i 
= 1, presolidified droplet i = 2, interface layer i = 3, wafer substrate i = 4.  
 

Continuity equation:  0up
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      (1) 

Momentum equation:  0gupuit =ρ−∆µ−∇+∂ρ
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, i ∈ {r, z, θ}   (2) 

Energy equation:   ( ) 0TkTc ii
2

iti,pi =∇−∂ρ , i = 1, 2, 3,4   (3) 

 
where c is the speed of sound, p is the pressure, u i is a component of the velocity vector, µ is the dynamic viscosity, 
ρ is the density, g is the gravitational acceleration, T is the temperature, cp is the specific heat, and k is the thermal 
conductivity 
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      The exact specific heat method proposed by Bushko and Grosse [10] is employed to model solidification of the 
impinging droplet. The dynamic contact line is modeled utilizing the Navier-Slip model. 
 

    tu
1

tn
r

r
r

r

⋅⋅
ε

=⋅σ⋅        (4) 

      where n and t are the unit normal and tangential vectors, σ is the stress tensor, and ε is the slip parameter. It is 
assumed that heat transfer from the exposed droplet and substrate surfaces is neglected. The solidified shape of a 
molten droplet deposited on a substrate is not only influenced by the impact dynamics, but also by the simultaneous 
heat removal process from the molten material to the substrate [4]. A key factor in this process is the thermal contact 
resistance at the interface between the substrate and the molten, or the molten and the already solidified material. 
Two connecting interfaces where thermal contact resistance occurs have to be taken into account in the present 
model as insinuated in Figure 3. An interface is present between the impinging droplet and the presolidified droplet 
as well as between the latter and the wafer substrate. Two different approaches are chosen to incorporate thermal 
contact resistance in the present study. The contact resistance between the presolidified droplet and the wafer 
substrate (Region 3, Figure 3) is modelled according to Waldvogel et. al. [4] by defining a thin layer of arbitrary 
thickness which attaches the two domains. It is assumed that this layer has zero heat capacity and experiences only 
axial conduction. The interface between the impinging and the presolidified droplet is treated as an internal 
boundary with the following heat transfer condition: 
 
    ( )j,2j,1ziziriri TTnTknTk −α=∂+∂     (5) 

 
      where the temperatures T1,j, T2,j refer to boundary temperatures of the impinging droplet (1) and the presolidified 
droplet (2) at the j-th node of the interface, and α is the interfacial heat transfer coefficient, respectively the thermal 
contact resistance. According to Wang and Matthys [11] the thermal contact resistance varies considerably during 
the impingement process. This effect is modeled in the present investigation by assuming two different values of the 
interfacial heat transfer coefficient α (i.e. liquid/solid contact, and solid/solid contact at the interface). 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Schematic of the computational domain. 
 
      The mathematical model described above is governed by the following dimensionless groups, Eqns. 6. The 
foremost important groups are thereby the Reynolds and Weber number controlling the fate of the impinging droplet 
(i.e. amount of spreading, possible splashing and break up), the Biot number accounting for thermal contact 
resistance, and the Stefan number controlling both the heat transfer and the solidification process. The above 
mathematical model is solved using the finite element method. 
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      where the corresponding properties for eutectic tin-lead solder are: ρ = 8218 [kg/m3], γ = 0.345 [N/m], µ = 
0.00262 [Pa s], the melting temperature Tm = 183 [°C], c p = 238 [J/kgK], and k = 25 [W/mK]. 
 
Results and Discussion 
      Two different series of impact sequences were visualized experimentally and simulated numerically. In the fir st 
series the droplet diameter and the substrate temperature were kept constant while the impact velocity varied. In the 
second series both droplet diameter and impact velocity were kept constant and the substrate temperature was 



varied. In terms of dimensional values and dimensionless groups the following regimes were covered. In the first 
series the impact velocity was varied in the range 1.12 – 1.74 with a mean droplet diameter of 78.98 [ µm] and a 
substrate temperature T2,0 = 25 [°C]. This corresponds to the following range of dimensionless groups Re ≈ 277 – 
431, We ≈ 2.33 – 5.7, and Ste = 0.895. In the second series th e substrate temperature was varied in the range T 2,0 = 
25 – 150 [°C] with a mean droplet diameter of 76.5 [ µm] and a mean impact velocity of 1.5 [m/s]. This corresponds 
to the following range of dimensionless groups Ste = 0.895 – 0.187, Re ≈ 359, We ≈ 4.1. In the above dimensionless 
groups the interfacial heat transfer coefficient in the Biot number, respectively the thermal contact resistance is 
unknown. It has to be determined by matching experiments and numerical simulations since no correlations or data 
for the present case exist in the literature. A further unknown is the slip parameter ε in the Navier-Slip model (Eq. 4) 
which has to be chosen ad-hoc.  
      In the cases where only the impact velocity is varied and the substrate temperature is kept at 25 [°C] a good 
conformity between the experimental and the numerical results is observed, exemplified by the transient sequence 
shown in Figure 4. However, this is only the case for a choice of optimal interfacial heat transfer coefficients, 
respectively Biot numbers. As mentioned above, the thermal contact resistance varies considerably during the 
impact of a molten droplet. In the present model this is accounted for by assigning two different Biot numbers to the 
heat transfer between a liquid/solid (Bil) interface respectively a solid/solid (Bis) interface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: Experimental visualization and numerical simulation of a pile up. The corresponding dimensionless 
groups governing the impact process are: Re = 363.9, We = 4.17, Ste = 0.895, Bis = 0.2, Bil = 0.9. 

 
      Given a set of impact parameters (i.e. impact velocity, diameter, and substrate temperature) the Biot numbers, 
respectively the thermal contact resistance, have a dominant influence on the transient behaviour as well as the 
solidified endshape of the pile up. This is due to the fact that they control the conjugate heat transfer between the 
impinging droplet and the solid substrate.  
       In the range of impact velocities covered in this study capillary effects play at high Stefan number a minor role. 
This means the spreading of the impinging droplet upon contact with the substrate is largely inertia controlled. 
However, during the last stages of the spreading process, shortly before the final spread factor is attained, capillarity 
becomes dominant. This causes a deviation from the numerically predicted final spread factors as can be seen in 
Figure 5a). The spread factor is thereby defined as the ratio between the initial droplet diameter and the distance 
travelled by the contact line along the surface of the presolidified droplet surface. The numerical solution predicts 
the trend very well, however, it underpredicts the final spread factor due to the fact that the modelling of the 
dynamic contact line, the Navier-Slip model respectively, does not account for capillarity. This deviation between 

30 µs 

25 µs 

15 µs 

10 µs 

20
0 

µm
 

5 µs 

20 µs 130 µs 

105 µs 

80 µs 

55 µs 

180 µs 

155 µs 

205 µs 

280 µs 

255 µs 

230 µs 

305 µs 

330 µs 

405 µs 

380 µs 

455 µs 

430 µs 

680 µs 

355 µs 

1 

2 0 1 



the numerically calculated and experimentally measured final spread factors increases with decreasing Stefan 
number (increasing substrate temperature) as can be seen in Figure 5b). This means that the importance of capillary 
or interfacial effects become, even in an impact-inertia dominated impact regime, increasingly important. Wetting 
experiments using metal droplets on metal surfaces (not of the same material) have shown that an increase of the 
substrate temperature usually leads to an increased wettability. Therefore, a decreasing conformity between the 
experimental and the numerical results is observed for decreasing Stefan number, exemplified by the transient 
sequence shown in Figure 6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: a) Final spread factors for varying impact velocities and constant Stefan number (Ste = 0.895). b) Final 
spread factors for varying Stefan numbers and constant Weber and Reynolds number (We ≈ 4.1, Re ≈ 359). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6: Experimental visualization and numerical simulation of a pile up. The corresponding dimensionless 
groups governing the impact process are: Re = 357.7, We = 4.13, Ste = 0.329, Bis = 2.0, Bil = 3.0. 

 
      From inspection of the solidification times measured by Attinger et. al. [5] on approximately identical droplets 
impacting on flat substrates at approximately the same temperatures it is observed that solidification times during a 
pile up are about 30% larger. Furthermore, as shown in Figure 7, solidification times are not dependent on the 
impact velocity (Reynolds number). This means higher convection and deformation of impinging droplets at higher 
Reynolds number do not lead to shorter solidification times in the investigated impact velocity range. Solidification 
is dominated by the geometrical features (i.e. height, width, contact area) of the presoldified droplet as shown in 
[12]. The presolidified droplet influences the solidification time by its fin-type nature and causes a time lag in the 
solidification time of a pile up as compared to droplet impinging on flat substrates. 
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Figure 7: Solidification times for cases with varying impact velocities (Ste = 0.895) 
 
Summary 
      To the best of our knowledge, this investigation presents the first experimental as well as verified numerical 
results on the transient fluid dynamics, wetting and solidification of molten microdroplets impinging on non-flat 
substrates, respectively on a presolidified droplet. The cooling and subsequent solidification of the impinging 
droplets is strongly influenced by the fin-type structure of the substrates employed. The solidification time therefore 
depends, in addition to the thermal contact resistances at the interfaces, on the transport of heat through the solid 
structures above the flat wafer substrate. The impact velocities affect strongly the final shapes of the observed pile 
up structures but not the solidification time due to possible better thermal contact and/or higher convection in the 
impinging droplets. For decreasing Stefan number (i.e. higher substrate temperatures) an increasing importance of 
capillary phenomena, or wettability, is observed. Given an optimal choice of the Biot numbers for the conjugate heat 
transfer, a very good matching between numerical and experimental results is achieved. However, this is strongly 
dependent on the Stefan number. The latter controls in an implicit manner the wettability. Capillary effects have to 
be accounted for with the help of experimental data (currently unavailable in the literature) in order to achieve good 
numerical agreement with the experiments in the low Stefan number regime.  
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Abstract
A deposition model is employed to numerically simulate charged and uncharged drop deposition on an electrically
earthed disc target. The target is treated as a solid object and standard wall functions are used based on the log-law
formula. The electrostatic data reveal that the introduction of charged drops into the domain leads to the production
of attractive electric fields between the charged drops and both upper and under sides of the target. The electrostatic
force analysis indicates a drastic increase in the electric image and Coulomb forces in the target vicinity. The ratio of
image to Coulomb force reveals that the Coulomb force conveys the major contribution to the electrostatic dynamics
of a charged drop. The spray axial velocity follows the same pattern as the electric forces exhibiting higher drop
velocities in the near-target region in agreement with the experimental data. The drop residue results show the
applicability of the deposition model for predicting the quantity and the trend of the measured data. The deposition
results also confirm the direct effect of charging voltage on an increase in the number of deposited drops. The air
flow displays the creation of a recirculation region at the target underside beside the atomizing and entrainment
zones formed in the domain.

Introduction
The rising concerns about environmental contamination have compelled scientific research to devise and/or

regard substitute methods for pollutant systems. The application of agricultural pesticides for crop protection is
listed among the top ten ecological and human health risks [1], which necessitates improvements in the overall
exploitation of these chemicals. From different technological aspects of pesticide usage, e.g. formulation,
manufacture etc., the traditional crop sprayers are considered as a major source of spray drifting into the surrounding
atmosphere and soil underneath the crops causing poor deposition. The incorporation of electrostatic forces to spray
droplets is practically shown to provide an effective means of particle deposition on an earthed object by introducing
an extra attractive force field between the droplets and the target. This specification has drawn the attention of
scientists towards electrostatic crop spraying during the past decades in order to prove its rationality and
practicability for on-field applications [2].

The induction charging method in conjunction with air-assisted nozzles have shown a highly satisfactory
performance for pesticide spraying of aqueous liquid solutions. In addition to the production of charged droplets, it
enhances the biological efficacy of pesticide spraying by generating finely atomized droplets [3], whose drift
problems are reduced by imparting an electric charge onto the droplets. The authors’ survey on the related literature
reveals that much research work on the drop charging and deposition efficiency has been undertaken whereas very
little work has been dedicated to the hydrodynamic roles of charged sprays. Hence, the conducting charged sprays
produced by the induction-charging air-assisted nozzles lacks a flow analysis. This investigation is devoted to
rectifying this deficit.

This work employs a finite-volume scheme to numerically model the hydrodynamics and deposition of aqueous
charged droplets on an electrically earthed disc target. The electric field distribution due to the existence of charged
droplets within the domain is accounted for by the Poisson equation in association with prescribed conditions of free
boundaries and the zero potential target. The drop deposition submodel is incorporated into the simulation taking
account of the two modes of splash and deposition, which are distinguished from each other by the value of
Ohnesorge and Reynolds numbers. The results include electric and air flow field patterns, spray deposition and
hydrodynamics in the target proximity.

Mathematical Formulation
The model employs the discrete droplet model (DDM) to formulate the sprays emerging from an air-atomizing

induction-charging nozzle. It models the spray as a two-phase medium in terms of the Eulerian conservation
equations for the gas phase and the Lagrangian description of the liquid phase. The interactions between the phases
are accounted for through the shear terms in the liquid phase momentum equations and source or sink terms in the
gas phase governing equations by providing a fully coupled two-phase simulation of the spray. The dynamic effect



Fig. 1: Physical continuous domain.
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of electric charge conveyance by the droplets is included
in the source terms in the drop momentum equations in
conjunction with the Poisson equation.

This study considers the same procedures as
reported in the previous work [4, 5] but extends its scope
by incorporating a drop deposition submodel to estimate
drop residue on a disc target with a geometrical
configuration as shown in Fig. 1. Also developed in the
model are the grid generator and solid target boundary
conditions. The main structures of these inclusions are
outlined as follows.
Deposition Model

The model assumes a constant temperature, i.e. room
temperature, for the gas and liquid phases and so two
regimes of splash and deposition exist [6]. The criterion
distinguishing between the deposition and splash modes
takes account of the empirical correlation that was
developed by Mundo et al. [7] for impacting droplets on
a flat surface at room temperature as follows,

(1)                                 Re OhK    where          
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The dimensionless numbers of Ohnesorge and Reynolds are determined using the normal velocity component of the
impinging droplet onto the surface. The droplet deposition is assumed to produce a homogeneous droplet
distribution on the surface, i.e. a flat circular disc, with a liquid film diameter of 6Di [6]. The use of this identity into
the mass conservation between the incident droplet and the resultant deposited film results in a liquid film thickness
of  ft=(1/54)NiDi. The mass ratio of the splashed to incident parcel depends on the surface wetness as given by Bai
and Gosman [8],
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where ft denotes the liquid film thickness on the surface, Di is diameter of the incident droplet and RN(0,1) is a
random number in the range of (0,1). The splashing droplet is assumed to undergo a breakup process by producing
secondary droplets with a population 64 times greater than the number of the incident droplet, i.e. Ns=64Ni  [9]. The
diameter of the splashing droplets can be related to the diameter of the incident droplet based on mass conservation,
yielding,
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The secondary velocity component for the splashing droplet parcel is determined using energy conservation between
the incident and splashing droplets. This yields the normal velocity component of the splashing droplets as,
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where Wec is a critical Weber number proposed in [8] in terms of the Laplace number, La, depending on the wetness
or dryness condition of the surface as follows,
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On the other hand, the maximum possible velocity of a drop from drop stability yields,
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Thus, the normal velocity component of the splashing droplet takes the minimum value of equations (5) and (7). The
tangential velocity component is assumed to remain the same as before the drop impingement [9].



Domain Discretisation
The two-phase mathematical governing equations were numerically discretised using the finite volume scheme.

Accordingly, the physical continuous domain (shown in Fig. 1) was discretised in order to provide a consistent
solution space with the numerical equations. For this purpose, the grid generator employed in the previous work [5]
was developed to treat appropriate grid nodes around the disc target and
its vertical holder bar. This led to a discretised computational domain of
Fig. 1 as depicted in Fig. 2. It contains a mesh size of 39×32 contiguous
subdomains with regions of constant, geometrically progressed and
reflected cell spacing.
Treatment of Target Conditions

In construction of the computational domain the grid nodes within
and surrounding the target, as a solid obstacle, needed appropriate
treatments for the gas phase governing equations. The internal nodes
were suppressed by introducing two overwhelming source terms into the
equations of momentum, pressure, and turbulent kinetic energy and
dissipation rate, which physically conveyed a nil flux of each quantity to
the solving procedures of the equations. The cell plane adjacent to the
surface of the target was dealt with as a no-slip boundary condition by
setting the normal component of the velocity to zero on the plane with
no need to perform a pressure correction. Setting the relevant coefficient
of that plane to zero in the pressure correction equation satisfied the
latter. For all other variables, i.e. equations of momentum parallel to the
target surface, turbulent kinetic and dissipation rate, special sources
were constructed depending on the turbulent or laminar regime of the
flow. This took account of the near-wall relationships of the standard k-ε
model in which the transition from laminar to turbulent flow depends on a criterion defined based on the friction
velocity. In the laminar case, the calculation of wall shear force in terms of the wall shear stress and area resulted in
an expression for the source term in the tangential momentum equation. In contrast, the source terms for the
turbulent tangential velocity and turbulent quantities were introduced into the related equations using the log-law
formula. In addition, it required to suppress the links between the cells and the wall by setting the corresponding
coefficients to the wall to zero in the discretised equations. The electrically grounded condition for the target, i.e.
zero potential, was treated similar to the internal nodes in addition to the explicit introduction of zero voltage to
surrounding cells on the plane coinciding with the target surface.

Results and Discussion
The computational simulations presented in this paper are based on the test conditions listed in Table 1.

Initialisation and termination of calculations in addition to initial and free-spray boundary conditions obey the same
treatments as introduced in [4, 5].

Geometry Run Conditions Flow Conditions
Length (mm) 708 ∆t (µs) 55 T (K) 293
Width (mm) 304.8 tmax (s) 0.648 Pair-assist (kPa) 103
Mesh Size 39×32 Cone Angle (°) 18.0 Voltage (kV) 0, 0.8, 1.1, 1.4
Target Dia. (mm) 25 Uinj (ms-1) 101.5 Liquid Flowrate (mLmin-1) 60
Target Thickness (mm) 1.0 D32 (µm) 29.3 Air Flowrate (Lmin-1) 102

Table 1. Simulation test conditions.
Fig. 3 shows the contours of the radial and axial components of electric field within the domain and in the near-

target region. The radial electric field, with reference to Fig. 3a, reveals the creation of two distinct zones above and
below the target. The zone above the target consists of a negative radial component of the electric field whereas the
zone below the target constitutes a positive radial field. Since the spray droplets are subjected to a positive induction
voltage inside the injector, the droplets carry negative electric charge. Therefore, the spray bulk above the target is
acted on by a positive radial electric force while the spray drops below the target are acted on by a negative radial
Coulomb force. The negative radial electric field above the target is created due to the repelling effects of similarly
charged drops on each other. This causes the droplets to penetrate into the surrounding air as it is a null electric area
and a less dynamic resistive space compared with the central core of the spray. In contrast, the presence of a zero
potential object, i.e. disc target and its vertical holder, in the bottom middle part of the domain provides an electrical
induced field for the charged droplets attracting them towards the centre-line. The axial electric field contours in
Figs. 3b and 3c exhibit the existence of three zones within the domain. The first zone is formed in the top part of the
domain up to the mid axial positions, and contains positive axial electric fields. The second zone has the same
positive axial electric field as the first zone but covers the area in close proximity to the target underside as seen in

Fig. 2: Computational discretised domain.
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 Fig. 3c. The third zone contains the rest of the domain and compared with the two other zones has a negative axial
electric field. In each zone according to the definition of Coulomb force, the opposite sign of the axial electric field
determines the axial direction of the electric force acting on a charged droplet since all the drops carry a negative
electric charge. The droplets existing in the first zone are electrically decelerated due to encounter with their
preceding electrically repulsive droplets, which generate a dynamically resistant area against the following drops.
The charged droplets in the second zone gain a negative axial motion tending to deposit them on the target underside
due to the attracting force induced to them by the opposite charges accumulated on the target surface. This inducing
role also causes the spray stream above the target, after passing the first decelerating zone, to be accelerated towards
the target within the upper part of the third zone above the target. This pattern can be considered as a significant
result of the introduction of the charged droplets to the earthed target, which produces an attracting interaction
between them.

Fig. 4 shows the normalised image and Coulomb forces in addition to the ratio of the image to Coulomb force
acting on a droplet of 30 µm diameter as a function of the drop distance from the target surface. The image and
Coulomb forces are normalised with respect to their corresponding forces at 450 mm axial distance from the target
except that the opposite sign of the Coulomb force at that distance is used for the normalisation of Coulomb force.
The image force increases dramatically at close proximity to the target surface. Since the image force is
proportionate to the squared ratio of the electric charge to distance, the relative dominance of these two parameters
determines the force. For a given drop diameter, the amount of electric charge delivered by the drop remains
unchanged during its motion within the spray cloud. Thus it is the position of the drop relative to the target surface
which affects the strength of the image force. At small distances from the target surface the image force starts to
increase (relative to farther distances from the target surface) leading to the vertical asymptotic behaviour of the
image force as seen in Fig. 4a. The figure also shows that the Coulomb force contains a smaller rate of increase in
the target proximity than the image force. However, the ratio of the image to Coulomb force depicted in Fig. 4b
reveals that the image force conveys a negligible contribution to the electrostatic dynamics of the drop. Since this
ratio is proportionate to the quotient of the drop charge to the axial electric field, for the drop sizes used in this study
(29.3 µm Sauter mean diameter) the drop charge is predominated by the axial electric field suppressing the image
force effect. The changeover of the sign of the ratio of image to Coulomb force implies the intersection between the
positive and negative axial electric fields, which inverts the acting direction of the Coulomb force on the droplet.

The drop axial velocity versus the drop distance from the target surface for given air pressure and liquid
flowrate is shown in Fig. 5. The figure indicates that there is a sharp increase in the drop axial velocity of charged
spray in the target proximity compared with the uncharged spray. The figure also shows that the drop axial velocity
follows the same trend as the electrostatic acting forces (Fig. 4), indicating the dominant influence of this force on
the charged drops near the target. This confirms the creation of the additional sources of dynamic acceleration acting
on a charged droplet adjacent to the target surface, which a similar uncharged droplet lacks. These accelerating
sources are created due to the existence of the electric charge within the spray cloud, which creates attractive electric
fields between a charged drop and the earthed target leading to an increase in the drop velocity. The figure also
shows that the predicted data have captured the trend of measured data particularly near the target at which there is a
high velocity gradient. The underpredicted values of drop velocity may be associated with the breakup of drops in
the target vicinity. Since a drop in the near-target region suddenly undergoes a sharp dynamic change corresponding
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Fig. 3: Contours of electric field of a charged spray at 103 kPa atomizing air pressure, 0.8 kV charging
voltage and 60 mLmin-1 liquid flowrate for components of (a) radial electric field (b) axial electric field (c)
axial electric field in near-target region.
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to the dramatic increase in the electric forces, drop breakup in that region is more likely to occur. This increases the
rate of kinetic energy dissipation due to the production of a greater number of small drops within the spray. This
effect is not accounted for in the model.

The measured and predicted drop deposition on the target, normalised with respect to the uncharged spray,
against induction charging voltage at a given atomizing air pressure and liquid flowrate is depicted in Fig. 6. The
figure shows an increasing trend of drop deposition versus the charging voltage, which explains the advantage of the
use of charged sprays for improvement on drop residue. The improved deposition of charged droplets can be linked
with the effects of electrostatic charging on the spray hydrodynamics that distinguishes it from an uncharged spray.
The discussion above on the electric field shows that the charged droplets are more directed towards an earthed
target due to the attracting electric forces operating between the target and the droplets. Moreover, the target
underside is more likely to be reached by the charged drops due to the directionality of the electric forces in that area
compared with the uncharged droplets. The higher levels of specific charge acquired by charged droplets at a larger
voltage, which increases the strength of the electric field within the domain leads to reinforcement of the attracting
electric forces between the drops and the target. The comparison between the experimental and numerical data of the
drop deposition verifies that the predictions have succeeded in capturing the main trend of the measured data.
However, the numerical results show an underprediction on the drop deposition throughout the voltage range. The
predicted pattern can be explained in connection with the spray dynamics as shown in Fig. 5, which implies less
kinetic energy for the numerical spray than the actual spray leading to an underprediction in the drop residual
dynamics in the near-target region.

The air flow field velocity vectors for a charged spray are plotted in Fig. 7. The air field pattern in Fig. 7a
shows the creation of a suction zone adjacent to the spray peripheral boundary which entrains surrounding air into
the spray cloud due to the high driving energy within the spray compared with the quiescent surrounding air. Fig. 7c
shows the existence of a recirculation area under the target that is generated due to the energy transfer from the

Fig. 4: Normalised electrostatic force against drop distance for a droplet of 30 µm diameter on the
spray centre-line at 103 kPa atomizing air pressure, 1.4 kV charging voltage and 60 mLmin-1 liquid
flowrate, (a) image and Coulomb forces (b) Image to Coulomb force ratio.

0 0.4 0.8 1.2 1.6
Charging Voltage (kV)

0.8

1

1.2

1.4

N
or

m
al

is
ed

D
ro

p
D

ep
os

iti
on

Num.
Exp.

Fig. 5: Normalised axial velocity against drop
distance on the nozzle centre-line for 103 kPa
pressure and 60 mLmin-1 liquid flowrate.

Fig. 6: Normalised drop residue against charging
voltage for 103 kPa air pressure and 60 mLmin-1

liquid flowrate.
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spray driving air into the stationary air underneath the target. This area also enhances the drop deposition onto the
target underside particularly in a charged spray that is influenced by the electric attractive forces in that region.
However, the relative vector size shown in Fig. 7b reveals that the main quality of the air phase dynamics is
included in the atomizing air stream exiting from the nozzle orifice.

Conclusion
The spraying of charged droplets onto an earthed target produces attractive electric fields between the target

and the drops. The evaluation of electric forces accelerating the drops towards the target shows an increasing trend
when the charged drop approaches the target. The rate of increase in the electrostatic forces shows a tremendous rise
in the target vicinity. The Coulomb force contains the major contribution to the electrostatic dynamics of a charged
drop whereas the image force has a negligible contribution to the spray dynamics. The Coulomb force, which is
lacking in an uncharged spray, plays the main role on directing the charged droplets towards the target leading to an
increase in the drop velocity and in turn deposition on the target. The comparison between the measured and
predicted drop deposition data shows that the deposition model appears to be applicable for the simulation of drop
residue on a cold target. The air flow field constitutes three regions of air stream, i.e. entrainment, drop delivery and
recirculation; the recirculation area underneath the target enhances the drop residue on the target.

Nomenclature
D diameter Oh Ohnesorge number x axial position
f film Re Reynolds number µ viscosity
K deposition criterion RN random number ρ density
La Laplace number r radial position  σ surface tension
m mass U velocity ∆t time step
N number of drops We Weber number

Subscripts
c critical max maximum  t thickness
d drop n normal
i incident s splash
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Abstract
A commercially available code is used to numerically simulate single drop and spray impact of shear-thinning

fluids and idealised Bingham fluids. The code is based on the volume-of-fluid method. It has previously been
adapted to simulate a spray by insertion of droplets into the computational domain with time. Viscoelastic or
thixotropic effects are not taken into account so far.

For non-Newtonian fluids the code has been verified for simple stationary flows, where an analytical solution is
known or could be found. The numerical solution agrees very well with the analytical one in both of the examined
cases.

The preliminary results on single drop impact of shear-thinning fluids have been extended to investigate the
influence of additional quantities. Results for single drops of Bingham fluids show the formation of a virtually
unsheared cone-like zone, its base is situated at the solid wall, and its axis coincides with the axis of impact. The
zone is solid-like, the remaining part of the drop slides down along the lateral edge of the cone until motion is
stopped by viscous dissipation. The contact angle in the final state is clearly different from the observed value for
corresponding fluids under absence of a yield stress; furthermore, a small depression formed at the upper pole of the
impinging drop during the impact process never smooths out. Both are manifestations of residual stresses in the fluid
at rest. The behaviour approaches the one of Newtonian fluids in the limit of vanishing yield stress. In practical
situations it may be difficult to separate the pure Bingham behaviour from a possible contact angle hysteresis.

Introduction
Impact of liquid sprays onto walls and films is of importance in a variety of practical applications. In several

applications the non-Newtonian behaviour of the fluid is a crucial aspect of the process. In this paper we report on
results obtained from numerical simulations of a single drop and of a spray impact of shear-thinning fluids
(following a simplified power law) and of idealised Bingham fluids. Bingham fluids can be considered as a special
case of shear-thinning fluids. Viscoelastic or thixotropic effects are not yet taken into account.

In the first section we describe the constitutive equations used to model the fluids and the related dimensionless
groups. In the subsequent two sections we briefly sketch the numerical method, with some special features used for
this particular case. This is followed by a verification based on simple test cases. The paper concludes with a
discussion of the results.

Constitutive Equations
Two types of constitutive equations (CE) have been used in the studies presented here. These are chosen to

investigate separately the importance and influence of the corresponding non-Newtonian behaviour on the results.
The first type of CE used is to describe a shear-thinning behaviour:
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with (in general) finite viscosity limits for very low (η0) and for very high (η∞) shear rates γ� , respectively. Here, λ0,
λ1 and n are model parameters determined by a best fit of non-Newtonian behaviour to experimental data.

The second type of CE used is to describe (idealised) Bingham fluids, i. e. fluids with a yield stress τ0, below
which the shear stress is proportional to the strain as in an elastic solid. The stress behaves according to
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where the differential viscosity η∞ is the viscosity assumed at very high strain rates and is taken to be constant here.
G is the modulus of shear. In the numerical simulations G is chosen to infinite.

The new physical quantities occurring in the two CE, 0 and τη∞  respectively, give rise to the dimensionless
groups:
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Further to the Bingham and Reynolds number, Bi and Re, the Weber number and the Bond number have been
introduced in the manner used for single drop impact.

Numerical Method
The code used (Flow-3D®) is based on the volume-of-fluid method. The code has been adapted previously to

allow for the simulation of a spray by insertion of droplets into the computational domain with time [1].
To capture the rheological behaviour of the liquids described above, equation (2) relating the stress to the strain

rate for a Bingham fluid must be rearranged as:

,  /     0 γτ+η=η ∞ � (4)

For numerical reasons equation (4) must be modified to prevent the viscosity from diverging. A cut-off is therefore
applied for the dynamic viscosity at low shear-rates, i. e. the viscosity is set artificially to η0 for shear rates smaller
than : cγ�

.  if   c0 γ≤γη=η �� (5)

This can be expressed by

( ) .  / 1    c0 γ⋅γη−η+η=η ∞∞ �� (6)

Note that the constants η0 and cγ�  are each just numerical parameters, but the combination

( ) )  (since      0c0c00 ∞∞ >>≈−= ηηγηγηητ �� (7)

has some obvious physical meaning. In practice, one has to make sure that η0 is sufficiently large (and cγ�
sufficiently small) to obtain reasonable results; on the other hand, cγ�  cannot be taken to be arbitrarily small (and η0

arbitrarily large) due to numerical reasons.

Verification of the Code
In addition to the checks performed previously for Newtonian liquids (and reported on elsewhere [1]), the code

has been tested for simple stationary, non-Newtonian flows, where an analytical solution is known or could be
found. In this way, problems can be avoided that may arise in experiments when adequate and accurate constitutive
equations of the fluids used are to be formulated. An analytical solution can be derived for a Poiseuille flow in a
circular tube, using the model expressed by equation (1) with 1 and01n 0 =λ=η−= ∞, :
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Similarly, a solution for the same problem is known for a Bingham fluid:
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(where a sufficiently large pressure gradient ∆p/l is assumed to achieve a flow in the tube: ∆p/l > 2τ0/R), i. e. the
fluid shows a solid-like core at distances r ≤ rc from the axis, where the stress is below the yield stress, and therefore
the strain rate vanishes.
Comparison of the numerical solutions with the corresponding analytical solutions show very good agreement. The
deviation of the numerical solution for the Bingham fluid (in particular for the strain rate, the spatial derivative of
the velocity) from the analytical one near the surface of the solid-like core, can be related to the finite grid resolution
in the numerical calculation, i. e. the global deviations become smaller and smaller with increasing spatial
resolution. It is found that the maximum relative deviation in the velocity, for r < rc, is below 0.7%.

Results
Numerical results for single drop impact of shear-thinning liquids have been presented earlier [1]. Results

obtained for single drop impact of Bingham fluids show the formation of a virtually unsheared cone-like zone, its
base is situated at the solid wall, and its axis coincides with the axis of impact (see Fig. 1). The zone is solid-like, the
remaining part of the drop slides down along the lateral area of the cone until motion is stopped by viscous
dissipation. The contact angle in the final state is clearly different from the value for corresponding fluids at the
same Bond number under absence of a yield stress; furthermore, a small depression, formed at the upper pole of the
impinging drop during the impact process, solidifies rather late, but is not smoothed out. Both are manifestations of
residual stresses in the fluid at rest.

The evolution of the dimensionless diameter d* of the wetted surface underneath Bingham drops with different
yield stresses are shown in Fig. 2 in comparison to the Newtonian drop impact with η = η∞ = const., the other
parameters are the same. Up to Bi = 0.15 the dimensionless diameter is not influenced by the Bingham
characteristics (for this Re). The dimensionless diameters of the Bingham fluids with Bi <≈ 0.15, as well those for
the Newtonian fluid, have the same evolution and fit very well with experimental data. Fig. 2 shows that an increase
in Bi leads to a �solidification� at higher shear rates and to a decrease in the maximum wetted diameter.

Simulations for sprays containing drops of shear-thinning or Bingham fluids have been performed in only two
spatial dimensions so far (mainly to save computation time). Size and velocity data for the input drops are taken
from experiments performed with a real spray, inserted randomly in space into the domain of computation. Any
overlap is avoided at the moment of insertion. Nevertheless the drops may collide during their flight within the
computational domain. Results for spray impact of a shear-thinning fluid are shown in Fig. 3. It can be seen that the
free surface does not smooth out during the calculation. The strong damping, caused by the high viscosity (η0 = 10
Pas), shifts the typical time scale of the levelling out. Levelling is dominated in this scale by surface tension forces
rather than by gravitational forces. The effect of surface tension can be seen in Fig. 3 at time 0.7 ms, in which many
small radii of curvature exist on the free surface. The results for a Bingham fluid (Fig. 4), a special case of shear-
thinning fluids, are very similar to the non-Newtonian fluids discussed here. The important difference is the absence
of levelling out in regions where the material is solid-like (i. e. at c0 γ<γτ<τ ��, ).

Discussion
The results of droplet impact of shear-thinning liquids have been extended to sprays. Single drop calculations

have been performed for Bingham fluids, showing clear manifestations of residual stresses in the fluid at rest. The
behaviour approaches the one of Newtonian fluids in the limit of vanishing yield stress. In practical situations it may
be difficult to separate the pure Bingham behaviour from a possible contact angle hysteresis.

Calculations have been performed for sprays of shear-thinning and Bingham fluids in two spatial dimensions so
far. The results show in the Bingham case incomplete levelling and for the shear-thinning case a strong damping of
the surface levelling.

Nomenclature
Bi Bingham number, Bi = Dτ0/Uη∞

Bo Bond number, Bo = ρgD2/(4σ)
D single drop diameter before impact
d* Dimensionless diameter of the wetted

surface underneath the drop
g acceleration due to gravity
l unit length in flow direction
n real number (not necessarily an integer) used

in the model for shear-thinning liquids
p pressure
r radius
rc radius of the solid-like core of a Bingham

fluid in Poiseuille flow
Re Reynolds number; Re = ρDU/η∞
U single drop impact velocity

v velocity
We Weber number, We = ρDU2/σ

γ� shear rate

cγ� cut-off shear rate
η dynamic (shear-rate dependent) viscosity
η0 dynamic viscosity at very low shear rates
η∞ dynamic viscosity at very high shear rates
λ time constant used in the model for shear-

thinning liquids
ρ fluid density
σ surface tension coefficient
τ stress
τ0 yield stress for Bingham fluids



FIGURE 1. Single drop impact for a Bingham fluid; velocity magnitude, strain rate, and dynamic viscosity are

shown for times t* = t·U/D after impact. The parameters used are:
s
120Pas0280Pas100 c0 =γ=η=η ∞

.
,,, ,

leading to We =  53, Re = 62, Bi = 150, Bo = 0,31

FIGURE 2. Wetted surface underneath the drop for Bingham fluids with different Bingham numbers;
We = 53, Re = 62, Bo = 0,31
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FIGURE 3. Wall impact of a spray containing 22 drops of a shear-thinning liquid. Pas010Pas100 ,, =η=η ∞
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FIGURE 4. Wall impact of a spray containing 26 drops of a Bingham liquid. 52 Pas,010Pas10 c0 ,,, =γ=η=η ∞ �
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Abstract
Electrostatic Spray Deposition (ESD) is investigated intensively in the recent years for production of particles

and functional surfaces with precisely controlled properties. Compared to other deposition techniques ESD bears the
advantage of high deposition efficiency since the droplets are driven towards the substrate by electrical forces [1].
The simple setup, the wide choice of precursors, and the easy control of product stoichiometry and morphology are
further benefits [2].

The theoretical description of simultaneous migration, mass and heat transfer of charged spray droplets
emitted from an electrified nozzle towards a heated plate or substrate is developed in this work. The simulation
describes a process for controlled deposition of a thin electrolyte film made of yttria-stabilized zirconia (YSZ) used
in solid oxide fuel cells (SOFC) [3]. In this study the precursors (yttrium nitrate and zirconium acetylacetonate) are
dissolved in ethanol. The solvent/solute ratio of the droplet reaching the substrate is one of the most important
parameters for the quality of the growing dense thin film. If the ratio is either too low or too high inhomogeneity
leads to cracks and the film is not utilizable as electrolyte. In order to obtain dense and homogeneous films the salt
concentration should be close to precipitation within the droplet. Here, the model is used to describe evaporation and
transport of the droplets from the needle to the plate enabling thus process and quality control.

Introduction
The field of Electrostatic Spray Deposition (ESD) is investigated recently since it bears several advantages

over competing processes in thin film production. First to mention is the high deposition rate and a high deposition
efficiency [1]. The simple setup, the wide choice of precursors and the easy control of product stoichiometry and
morphology are further benefits [2]. Applications of ESD are found e.g. in the production of thin LiMn2O4 films
used as cathode material in rechargeable lithium batteries [4]. Chen et al. [2] used this process for the deposition of
ZnO, ZrO2, and Al2O3 with sols as precursor liquids. Besides the preparation of functional surfaces ceramic powders
can also be synthesized, e.g. nanocrystalline ceramic SnO2 powders [5].

In order to improve and control the ESD performance it is important to gain information on key parameters
of Electro Hydrodynamic Spraying (EHS). First experimental and theoretical description of EHS were done by
Zeleny [6] giving a solid scientific description of the process. Since the rediscovery of these phenomena by
Vonnegut and Neubauer [7] a multitude of works have been published reflecting the multiplicity of spraying modes
which can be adjusted in EHS. At low electric field strength the dripping mode was investigated by Ogata et al. [8]
and Takamatsu et al. [9]. At higher electric field strength in the range of several kV/cm the meniscus at the end of
the nozzle takes the shape of a cone (cone-jet mode). G.I. Taylor was the first to calculate the shape of the liquid
cone at the nozzle exit analytically [10]. The investigation of EHS in the Taylor-cone or cone-jet mode can be split
in three almost independent processes. The first is the acceleration of the liquid after leaving the nozzle [11 - 15].
The second process is the breakup of the electrified jet emitted by the cone apex [16 - 19]. The third process is the
development of the spray. Gañán-Calvo et al. [14], and Grace and Dunn [20] developed numerical models to
describe the droplet transport. Their work as well as the work of Tang and Gomez [19] include also experimental
investigations. At even higher electric fields the multicone-jet mode appears where the cone splits up into several
emitting jets. With increasing voltage the number of jets increases. Contributions to this topic were published by
Hines [21], Hughes and Pavey [22], and Wilson [23]. The multitude of modes and appearances make a qualification
of the effects difficult. A review article on electrosprays was written by Clopeau and Prunet-Foch [24].

 The droplet dynamics and the mass transfer in an Electro Hydrodynamic Spray (EHS) and its influence
onto the resulting product are investigated in this work. The specific process of interest is an EHS for the production
of thin electrolyte films for fuel cells made from yttria stabilized zirconia [3]. The general requirements for an
electrolyte are good ionic conductivity, negligible electron conductivity and impermeability for the fuel gases. The
quality of the film is depending on the ratio of the dissolved precursor salts (yttrium and zirconium salts) to the
liquid solvent (ethanol) when arriving at the substrate. The salt concentration in the droplets has to be close to the



precipitation value when deposited on the substrate. The evaporation of the solvent during the droplet transport to
the substrate is thereby an important parameter and has to be controlled carefully. For this purpose a model to
describe the transport and evaporation of two-component droplets consisting of a volatile solvent and a non
evaporating solute emitted by an electrified nozzle in the Taylor-cone mode is developed. The task is to extract the
droplet size distribution and the concentration of the dissolved salt while arriving at the substrate. The temperature
of the substrate is varied between 200 and 400°C to induce the pyrolysis process of endothermic oxidation reactions
of the yttria and zirconia salts. The actual substrate temperature condition is very strict and depends on the geometry
of the electrospraying setup and can be varied only by C25°± . This narrow temperature window can result in
complete drying of the droplets during the transport for temperatures higher than the nominal value or in cracks in
the deposited film due to inhomogeneous drying for lower temperatures. In either case this leads to inhomogenities
in the film. The quality of the film is thereby depending on a sensitive interaction between the parameters of the
setup geometry (distance nozzle-plate, nozzle radius), the spraying parameters (volume flux, electrical potential), the
properties of the solution (viscosity, conductivity, density) and the substrate temperature. Here, the developed model
is used to scale the electrospray plant as well as to help understanding the influence of spraying parameters on
product properties. The model for the transport of the droplets is based on the work by Gañán-Calvo et al. [14]
which describes the droplet motion in EHS by a Lagrangian model. During droplet transport towards the plate
evaporation of the solvent is calculated simultaneously using the model of Abramzon and Sirignano [25].

Theory
A model developed by Gañán-Calvo et al. [14] describes the migration of droplets emitted from an

electrified mensicus towards an earthed counter electrode. Their model applies a Lagrangian approach for the
description of a dilute two-phase flow. It is based on single-droplet tracking. Using the assumptions of a dilute spray
they reduced droplet interaction to the electrical forces between charged droplets. The forces acting on a single
droplet after its emission by the nozzle are the aerodynamic force by the surrounding atmosphere, the external
electric field extE

�

which is applied between nozzle and substrate, the mutual electric forces between the charged
droplets and their image forces created by the induced charge on the conductive substrate. The external electric field
is derived as the field between a semi-infinite line of charges (representing the needle) and an infinite plane
(representing the plate) separated by the distance H [26,27]. It is assumed that the droplets are migrating in still air.
Gañán-Calvo et al. [14] supported this assumption by calculating the ratio of air to droplet velocity which is in their
work far smaller than unity. The calculation is done in three dimensions although the spray seems to have a
symmetry axis through the center of the spraying cone. By using the properties of symmetry it would be possible to
reduce the necessary spatial dimensions which would spare computational time, but the symmetry properties of the
spray are only given for statistical values such as time averaged droplet diameter and velocity at certain locations.
However, for the calculation in this work the location, diameter and velocity of each droplet have to be known at
each time instant. At a certain time instant the spray is not symmetrical as shown in Figure 1. Here a snapshot of a
calculated spraying cone (the technical data of this calculation are presented later) is plotted. Each data point is
representing a droplet. As it is evident the droplets are discretely distributed.

The droplets undergo an evaporation process on their way from the nozzle to the heated plate which is
crucial in determining their size and the concentration of dissolved salt while depositing on the heated plate and
thereby determining the quality of the resulting electrolyte film. For the low concentration of the yttrium and
zirconium salts in the ethanol solvent used they have a negligible influence onto the evaporation process. For low
vapor concentration the mass transport is described by the following equation [28]:

[ ]∞−⋅⋅⋅π−= c)T(cSh)T(Ddm SS0dD , (1)

where d is the droplet diameter, D is the diffusion coefficient of the solvent in air at )TT(
3
1TT SS −+= ∞ [28],

)T(c SS  is the vapor concentration at the droplet surface with droplet temperature ST , )r(c
�

∞ is the concentration of
the vapor outside the boundary layer in the surrounding of the droplet. Correlations for the Sherwood number

0Sh are given for example by Ranz and Marshall [29].
The correlations for heat transfer (Nusselt number 0Nu ) are analog, where the Schmidt number is replaced

by the Prandtl number. The equation for heat transfer to the droplet is:

[ ] dS0S mhTTNu)T(dQ �� ⋅−−⋅⋅λ⋅π−= ∞ (2)
where )T(λ  is the thermal conductivity and h the evaporation enthalpy. The relative velocity of the droplets to the

surrounding air is equal to the absolute velocity, iv , due to assumption of zero air velocity. Here, it is assumed that
heat conduction within the droplet is much faster compared to the conduction of the surrounding medium (infinite
conductivity model). With this assumption the temperature inside the droplet is uniformly distributed.



An extended model was developed by Abramzon and Sirignano [25]. They included the Stefan flow into
the mass and heat transfer. The equations for mass and heat transfer are therefore:

Mass transfer: meffgd BShDdm ⋅ρ⋅π=D (3)

Heat transfer: dSeffref,gS mh)TT(NudQ DD ⋅−−λ⋅π= ∞ (4)
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where h,mB are the transfer numbers. ∞,SY are the mass fractions of the vapor at the droplet surface and outside the
evaporation film, ∞,Sh  are the enthalpies at the droplet surface and outside the film, respectively.

The background concentration, ∞c , of the gaseous solvent in the spray is an important parameter for the
droplet evaporation (see equation (1)) and depends on the transport of the solvent vapor by diffusion and convection,
and the source strength determined by the evaporation rate of the droplets. Here, the extreme cases for the lowest
and the highest possible background concentration are considered and the resulting droplet evaporation is compared.
The lowest possible vapor background is 0c =∞ . The highest possible background concentration is valid if there is
no convection and only diffusion is considered for vapor transport. A mean concentration over the spray volume can
be calculated from the source strength of vapor which is represented by the evaporating droplets and an air exchange
rate ψ  induced by convection driven by thermal buoyancy effects and momentum transfer from the droplets to the
air. The air exchange rate has to be estimated in order to distinguish the extreme cases of the vapor concentration. In
this work we are accounting only for the air exchange rate through convective air flow induced by momentum
transport from the spray droplets to the surrounding air.

Results
A validation of the droplet transport model (without evaporation) was performed by comparing the

calculated results of this work to the calculation of spatial and velocity distribution of droplets obtained by Gañán-
Calvo et al. [14]. The liquid which is sprayed is heptan. Heptan has low vapor pressure at room temperature, so the
mass transfer can be neglected for this substance. The mean drop size is m38d µ=  with a RMS of 4% of the

droplet mean diameter. The volume feed flux is s/m104.2V 39
l

−⋅=� . The electric current is A105.4I 8−⋅= , the

distance nozzle plate is cm0.3H =  and the applied potential is V52000 =Φ . The initial velocity of the droplet
after their breakup is taken from a graph of the paper of Gañán-Calvo et al. [14] (Figure 2). The breakup z-position
of the jet was not exactly given in the paper and also had to be estimated from the graph. They further described that
the releasing point of each droplet was randomized both for its radial and transversal positions using a Gaussian
distribution while its width is not given. In our work the droplet breakup position was varied between the locations z
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= 0.4 mm and z = 0.6 mm from the nozzle exit and mm1.0± in radial direction. Figure 1 shows a snapshot of the
spray. Each point is representing a droplet. In the average 552 droplets are between nozzle and plate. The spreading
of the spray in r-direction with increasing distance from the nozzle is due to the mutual electric repulsion of the
charged spray droplets. In Figure 2 the results of the calculation of droplet velocities performed by Gañán-Calvo et
al. [14] with calculations of this work are compared. The mean velocity of droplets in the work of Gañán-Calvo et
al. [14] is slightly higher at most z-positions. The most striking difference between the calculations is the
tremendous acceleration of the droplets close to the plate in the work of Gañán-Calvo et al. [14]. This was not found
in our work. Gañán-Calvo et al. [14] is explaining this effect by the mirror force acting onto the droplets. A droplet
close to the plate is pushed by all the „real“ droplets in its back (which means closer to the nozzle) towards the plate
and is as well torn by the mirror charges into the same direction. The same effect is seen in this work but to a
smaller extent.

In the following the results of an example calculation for combined droplet transport and evaporation is
presented. The sprayed solution is 0.05mol/l yttrium nitrate and zirconium acetylactetonate dissolved in pure
ethanol. The yttrium and zirconium salts do not affect the evaporation for their low concentration throughout the
whole process so they are neglected. The distance between nozzle and substrate was H = 3.0 cm. The applied
potential is 5200 V. The volume flux of the ethanol is 5 ml/h. The substrate temperatures were varied between
200°C and 400°C. As already mentioned, the calculations will be performed for the two extreme cases of zero
background concentration and the background concentration obtained when the transport of the ethanol vapor is

driven by diffusion only. Also calculations for the mean background concentrations are presented. The electric
current of the spray and the mean droplet diameter were obtained from the scaling laws of Gañán-Calvo et al. [30]
for the properties of ethanol. From these relations the mean droplet diameter and the electric current are calculated
to be m7.36d µ= and 12.5 nA respectively. For the calculation a Gaussian distribution of the droplet size was
assumed with m4 µ=σ . The initial velocity of the droplet is assumed to be equal to the capillary jet velocity. Using
Raleigh’s criterium for the breakup of liquid jets, the breakup wavelength of a jet is d5.4 ⋅=� , and from the liquid
volume flux the droplet velocity emitted by the Taylor-cone can be estimated. With the given values the jet diameter
is m3.17d µ= and the velocity of the jet (and the droplets) is 5.9 m/s. The size and the velocity of the droplets with
the distance from the substrate is plotted in Figure 3 and 4 for the case of zero background concentration and
substrate temperature T = 400°C. An acceleration of the droplets when approaching the plate can be noticed. This is
due to the fact that the droplets become smaller through evaporation but do not loose charges in this process. This
calculation was done with the Sherwood number given by Ranz and Marshall (1952) in the extended evaporation
model of Abramzon and Sirignano (1989). In Figure 5 the final sizes and distributions of droplets deposited on the
plate are plotted for different temperature conditions. The temperatures were varied between 200°C and 400°C for
the following vapor background conditions: zero vapor background concentration, the concentration transport driven
by diffusion only and the mean concentration influenced by the air exchange rate in the spray volume. As expected
the droplet size for 400°C is considerable smaller compared to the one for 200°C for the calculated vapor
concentration. Calculations performed for the same substrate temperature with different transport mechanisms for
the vapor background concentration show also a significant difference in the mean droplet size at the position of the
plate. The true value for the droplet size at a certain temperature is in between the values for zero background and
the diffusion controlled vapor concentration. As the droplet diameters calculated for the mean background
concentration is very close to the value for zero concentration it can be concluded that the background concentration
can be neglected for this electrospray setup.
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The resulting salt concentration of the deposited droplets can be seen in Figure 6. The initial salt
concentration in the ethanol feed is 0.05 mol/l. The concentration value for precipitation is 0.1 mol/l. In order to
obtain a dense and homogeneous electrolyte film the concentration of the yttrium and zirconium salts should be
close to precipitation. For the production of the electrolyte film this means, that substrate temperatures between 300
and 400°C are necessary to obtain a good film.

Conclusion
In this work a combined model for the transport and mass transfer of droplets in an electrospray setup was

developed. The transport of the droplets is calculated according to a model by Gañán-Calvo et al. [14] which uses a
Lagrangian approach to track the droplets. The mass transfer was calculated with a mass transfer coefficient
developed by Ranz and Marshall [29] combined with the extended model by Abramzon and Sirignano [25] for
spherical particles in a forced convection. The size of the droplets arriving on the plate or substrate can be calculated
at given temperature boundary conditions. The result depends on the assumptions that are made for the background
vapor concentration. Their two extreme cases are introduced. The highest possible background concentration is
obtained if it is assumed that vapor transport is by diffusion only. The lowest possible concentration is zero which is
obtained if there is considerable air movement induced by the spray droplets. An estimate of the air velocity for a
given setup which has an essential influence on the background vapor concentration can be made by applying the
law of momentum conservation. With this model it is possible to scale a wide range of possible setups for ESD. It
was shown that the air velocity or respectively the background concentration of the solvent vapor are important
parameters and should therefore be carefully considered.
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Abstract
The spray deposition of charged and uncharged droplets on an electrically earthed target is experimentally
investigated. A particle tracing method in association with spectrophotometry analysis is employed to calibrate and
quantify the drop residue. The charged sprays show a greater amount of deposition on the target due to the creation
of an extra attracting electric field between the droplets and the target compared with uncharged sprays. The larger
charging voltage and atomizing air pressure increase drop residue by introducing larger attracting force and mass
flux in the target vicinity. The farther axial positioning of the target relative to the nozzle exit shows a decrease in
the deposition-voltage gradient implying the dependency of electro-deposition improvement on the drop population
delivered to the target vicinity by spray aerodynamics. The spray hydrodynamics indicates the accumulation of a
greater number of large and very small droplets within a charged spray in the near-target region in addition to the
possession of higher axial velocities than an uncharged spray. The charged spray patterns show an attracting nature
to the target whereas there is a nil dynamic interaction between the uncharged spray and the target.

Introduction
Electrostatic spraying of liquids has offered an effective approach for enhancement of spray deposition on

targets within a broad and diverse spectrum of applications ranging from crop spraying, surface coating, metal
powder production to ink-jet printing. Provision of significant economic, environmental and energy related benefits
encourage the utilisation of charged sprays to be adopted as a potential alternative to the conventional methods of
liquid spraying [1]. It improves droplet deposition on various parts of a target due to an additional induced attractive
force generated between the charged droplets and the grounded object, which is not available in the commonly
employed sprayers [2].

Despite the fact that the electro-deposition of droplets is dependent on the various electric and hydrodynamic
parameters involved in a charged spray, the research work has mainly concentrated on the issue from the
applications perspectives. This causes the crucial roles of the various parameters to be missed, which may provide
non-comprehensive understanding of the processes for different applications [3, 4]. Therefore, the gathering of
electrostatic and hydrodynamic knowledge in research programmes is needed in order to elucidate the effects of
basic physical processes. This study describes part of a long-term ongoing research project on electrostatic spraying
of liquids, which includes experimental, numerical and theoretical aspects of charged sprays.

The development of electrostatic crop sprayers has been motivated by their potential to increase the amount of
drop residue on plants and reduce the contamination to the natural environment due to inefficient conventional
spraying of pesticides. Among the various sprayers, a great deal of research attention has been dedicated to an
induction charging method associated with air atomizing sprayers, which has shown the capability of satisfying
agricultural spraying requirements [5]. However, the main focus of the investigations has been devoted to
electrostatic and biological efficiency of the sprayer irrespective of the hydrodynamic contributions to the
phenomenon. The inclusion of the fluid mechanics viewpoint in the existing knowledge of electrostatic crop
spraying can enhance the current situation by complementing the different disciplines involved in the charged spray
deposition. In addition, the outcome may be applied to the other areas of utilising charged droplets in order to
provide a better insight into the processes.

This investigation presents an experimental analysis of deposition of inductively charged aqueous sprays
emerging from an air-atomizing nozzle employed in electrostatic crop spraying [6]. It consists of quantitative and
qualitative deposition features of charged and uncharged water-based droplets onto an electrically earthed target
consisting of a metal disc. The work takes account of spectrophotometry analysis for quantification of spray
deposition on the target based on the use of fluorescent tracer particles in the spray liquid. The hydrodynamic
behaviour of charged and uncharged droplets in the near-target region has been studied using phase Doppler
anemometry measurements to obtain drop size and velocity data. High-speed imaging techniques have also been
employed to establish the spray pattern near the grounded targets.



Experimental Procedure
The inductively charged sprays were produced using the air-atomizing induction-charging sprayer examined in

[7, 8]. The experimental layout employed in this work is shown in Fig. 1. It comprises the nozzle for spraying
droplets onto an electrically earthed metal disc positioned co-axially with the nozzle axis. A metal bar holder
covered by an insulating PVC material sustained the target
vertically. Tests were carried out in a Faraday chamber, i.e. a
cubicle of 2.5 m dimensions, which isolated charged sprays
from electric fields existing in the ambient surrounding.  A
standard tracer-tagged preparation consisting of 1.5 g
fluorescent tracer particles, 0.1 g NaCl, 1.0 mL Triton X-100
non-ionic surfactant, all mixed into 1 L of distilled water,
was used as the working spray liquid. The examination of
spray deposition concerned the spraying of 1 mL test liquid
onto the target. The deposited mass was diluted into 50 mL
of the base liquid, i.e. spray liquid with no fluorescent tracer,
by washing it off the target. Then, the washed-off sample
was applied to a single-beam spectrophotometer to measure
the light absorbance of the solution.

To quantify the amount of spray residue on the target
required carrying out preliminary spectrophotometry
analyses of solutions of the test liquid. For this purpose, a set
of test samples with different and known concentrations of
the fluorescent tracer particles were prepared. The first step
of the investigation dealt with measurement of the
wavelength for which the light absorbance of the solution
was maximum. The wavelength of the maximum absorbance
was found on average to be 489.4 nm, which was employed
as the wavelength for subsequent stages of absorbance
measurements. The second step related to the measurement
of light absorbance by the set of samples at the wavelength
of the maximum absorbance in order to calibrate the light
absorbance against the sample concentration. The
spectrophotometry analysis results of the samples are shown
in Fig. 2. The measured data indicate a nonlinear trend of the
absorbance at concentrations greater than 18.12 mgL-1

disobeying the Beer-Lambert law. This is due to the
occurrence of chemical reactions and other physical causes
at high concentrations. Thus, the results of absorbance for
concentrations smaller than that concentration were fitted to
a least-squares regression to provide a linear distribution of
the absorbance versus the fluorescent concentration. The
linear distribution shown in Fig. 2 was employed in this
work as the calibration graph to obtain the concentration of
the diluted sample of drop residue on the target. The
resultant concentration of the sample, Cf, equals the ratio of
fluorescent tracer mass, mflu, within the deposited liquid to
the total volume of the deposited and wash-off liquids,
Wd+Wb, as given by,

(1)                                               
bWdW

flum

fC
+

=

Since the concentration of the residue on the target remains the same as the concentration of the test liquid, Ci, the
tracer mass is the product of that concentration and the volume of the base liquid deposited on the target, i.e.

dWiCflum = . The substitution of this relation in equation (1) provides an expression of the base liquid volume in

terms of all other known data by yielding:

(2)                                                                                  
fCiC
bWfC

dW
−

=

Figure 2. Deposition calibration graph.
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Figure 1. Configuration of deposition rig.
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Results and Description
Experiments were conducted to provide an electrohydrodynamic insight into the deposition phenomenon of

charged and uncharged droplets on the electrically earthed target. This objective was sought in terms of the
electrostatic and hydrodynamic parameters of sprays in association with quantitative aspects of deposition as
addressed in the following sections.
Test Liquid Chargeability

The deposition test liquid differed from the spray liquid, i.e. tap water, used for the free spray analysis reported
in [8]. This necessitated the measurement of charge levels attained by the droplets in order to evaluate chargeability
by the induction charging method within the nozzle. Fig. 3 shows the specific charge of the deposition test liquid
against induction charging voltage at a constant liquid flowrate, applying various atomizing air pressures. The data
exhibit a similar trend for the deposition test liquid as for the free spray measurements; the spray specific charge is
directly proportionate to the charging voltage and atomizing air pressure. This ensures the emergence of charged
droplets from the nozzle orifice needed for the electrohydrodynamic tests of spray deposition. The relative electric
current of the deposition liquid to the free spray liquid is depicted in Fig. 4. The figure shows that the average
charge levels of the deposition liquid lie between 59.2% and 91.7% of the specific charge of the free spray test
liquid. This reveals that the additives to the pure water play a negative role on electric specific charge by reducing
the chargeability of the spray liquid. The figure also indicates that an increase in atomizing air pressure leads to an
increase in the relative specific charge. This confirms the role of a high atomizing air pressure in which a direct
physical interaction between droplets and the charging electrode declines resulting in a purer contribution of the
induction approach into the charging mechanism compared with a low atomizing air pressure. The atomizing air
pressure also appears to increase the charging voltage at which the maximum relative specific charge is acquired.
This may be due to the production of smaller drops at higher air pressures, contained within a narrower size
distribution. This provides a more homogeneous solution of the deposition spray droplets smoothing the charge
transfer over the drops, instead of the irregularities existing at a low air pressure owing to the greater disparity of
size distribution during the induction charging.
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Spray Deposition Quantity
The metal disc target was placed at two positions, Xt=500 mm and 650 mm from the nozzle (see Fig. 1). Fig. 5
depicts the deposition results of the spray base liquid calculated by employing the spectrophotometry absorbance
data into equation (2) for 50 mL volume of wash-off liquid and using the calibration graph (Fig. 2) to derive the
concentration of the collected sample. Despite the nonlinear functionality of spray deposition volume, Wd, to the
concentration of the sample, Cf, (and in turn to the absorbance), it provides the same patterns as the patterns of the
absorbance data. This is due to the strong dominance of the concentration of the test liquid, i.e. Ci=1500 mgL-1,
which makes the denominator in equation (2) essentially constant, thus providing a linear relation between Cf and
Wd. The figure also shows that the main role of the use of a charged spray is to raise the spray residue on the target.
This confirms the effect of the charging voltage on improvement of spray deposition on a target due to the
establishment of an additional attractive force between the charged droplets and the target compared with an
uncharged spray. The electrostatic attractive force causes more droplets to tend towards the target leading to a
greater deposition of droplets. The application of a higher charging voltage results in the delivery of higher levels of

Figure 3. Average mass specific charge of
deposition test liquid versus charging voltage at
various atomizing air pressures for 60 mLmin-1

liquid flowrate.

Figure 4. Ratio of specific charge of deposition to
free spray test liquids versus charging voltage at
various atomizing air pressures for 60 mLmin-1

liquid flowrate.



electric charge by droplets compared with a lower voltage. The larger specific charge strengthens the attractive
force, which causes a greater number of droplets to reach the target leading to an increase in the deposition. The
deposition results also show that a greater amount of spray deposits on the target at a larger atomizing air pressure.
The air pressure affects the disintegration and charging performance of the spray liquid. At a higher air pressure,
smaller droplets with higher velocities are present, which contain a larger mass flux within the central core of the
spray than at a lower air pressure at a given liquid flowrate. In this case, the co-axial positioning of the target with
the nozzle provides a greater amount of the spray to be faced by the target at a higher air pressure resulting in a
larger drop residue on the target. Fig. 5b shows a decrease in the spray deposition at the larger axial position. This is
explained by the greater radial dispersion of a spray at a larger axial position, which reduces the amount of spray
droplets reaching the target due to continuity at each axial section and in turn leads to a decline in the spray
deposition. In addition, the deposition distributions at the farther target position have smaller gradients (typically
around 60%) compared with the closer target position. Since the gradient shows an increase in the drop deposition
per unit charging voltage, the decrease in this identity at the farther position implies the predominant role of the
mass flux on the drop deposition. This implies that the electrostatics serves to improve the deposition of available
drops in the target vicinity on the target whereas the provision of drops in the target vicinity depends on the
directionality of drops by the spray aerodynamics. The delivery of a greater number of drops by the aerodynamic
force to the target proximity leads to a more enhanced drop deposition on the target due to the electrostatic forces.
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Hydrodynamic Parameters
The normalised drop count distributions at two different distances from the upper side of the earthed target

against relative axial velocity and drop diameter are shown in Figs. 6 and 7. The normalisation of ordinates is
performed with respect to uncharged spray conditions. Fig. 6a displays an increasing trend of charged droplet
population with an increase in the relative axial velocity, which provides greater charged drop counts for axial
velocities of more than twice the average of the uncharged drops. The pattern implies that a greater number of
charged droplets have acquired higher values of the axial velocity compared with the uncharged droplets. Thus the
resultant axial velocities are on average larger for charged droplets than for uncharged droplets at the same
measuring station. The achievement of a larger axial velocity by a charged droplet confirms the effective action of
electrostatic Coulombic and image forces on the droplet in the vicinity of the target. These forces become more
reinforced with smaller distances from the target due to the provision of a stronger accelerating induced electric field
between a charged droplet and an earthed object. This gives rise to the dynamic momentum of a charged spray
approaching the target, which results in a larger axial velocity relative to an uncharged spray. In contrast, Fig. 6b
exhibits a leftward shift of the drop count distribution of charged sprays towards the smaller normalised axial
velocities due to an increase in the distance of the measurement location from the target surface. In addition, the
charged sprays indicate lower deviations from the uncharged spray at that location compared with the smaller
distance from the target upper side. Since the electric field is stronger at the distances close to the target due to
electrical inducing role of the zero voltage target, the effectiveness of the electric force declines at greater distances
leading to a smaller contribution to the acceleration of charged droplets. Fig. 7 shows the existence of a greater
number of large and very small droplets within the charged spray at the target proximity whereas the charged drop
size shows little deviation from the uncharged drop size at the farther distance. This indicates that the electric field
near the target simultaneously affects both large and very small charged droplets. In a charged spray, the large
droplets, due to higher momentum, are less susceptible to removing from the spray core. Moreover, the greater

Figure 5. Effects of charging voltage and atomizing air pressure on drop deposition for 60 mLmin-1 liquid
flowrate at two different axial positions of the target of (a) 500 mm (b) 650 mm.



amount of electric charge conveyed by the large droplets make them more capable of being attracted to the earthed
target compared with the uncharged droplets. The appearance of very small droplets may be explained in terms of
the higher level of dynamic instability created in a charged spray due to the presence of the higher electric forces at
the target vicinity. This causes the occurrence of drop breakup to be more probable in a charged spray leading to the
generation of a greater number of very small droplets within the spray. In addition, the small droplets existing in a
charged spray owing to the extra electric force have greater tendency to be attracted to the target compared with the
uncharged small droplets. This behaviour is dampened at the farther distance from the target in which there is a
weaker influence of electrostatic acceleration on droplets providing smaller differences between charged and
uncharged drops of all sizes.
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Spray-Target Interaction
The charged and uncharged spray patterns near an electrically earthed metal bar are shown in Fig. 8. The

pictures display the attraction of charged sprays to the target whereas no interaction between the uncharged spray
and the target is observed. The patterns imply the existence of an attracting force field between the charged droplets
and the earthed target. This confirms the creation of an electric field in the vicinity of the target due to the presence
of the charged spray cloud, which establishes an induced positive electric charge (opposite to that of the charged
spray) on the target surface causing the attraction of charged droplets. The figure also shows that an increase in the
charging voltage results in a larger portion of the spray moving towards the earthed bar. The reason lies in a higher
level of electric charge attained by charged droplets at a larger charging voltage so that a stronger electric field is
created in the near-target region. In consequence, higher electrostatic attracting forces apply to the droplets in
addition to increasing its effective volume to a greater number of droplets within the charged spray. The effective
volume also causes charged droplets to reach various parts of a geometrically complex target, e.g. underside surface,

Figure 6. Normalised drop count distributions against relative axial velocity at various charging
voltages for 159 kPa atomizing air pressure, 60 mLmin-1 liquid flowrate and 500 mm axial positioning
of target for axial distances from the target upperside of (a) 8 mm (b) 50 mm.

Figure 7. Normalised drop count distributions against relative drop diameter at various charging
voltages for 159 kPa atomizing air pressure, 60 mLmin-1 liquid flowrate and 500 mm axial positioning
of target for axial distances from target upperside of (a) 8 mm (b) 50 mm.



which are in general unachievable by pure aerodynamically driven droplets. This phenomenon, known as the wrap-
around feature, is one of the main characteristics of a charged spray in the proximity of an earthed object, which
provides greater deposition and coverage efficiency of droplets on the target.

    
     (a)       (b)         (c)

 

Conclusion
The spectrophotometry analysis of a water-based fluorescent solution indicated a nonlinear trend of absorbance

distribution for concentrations greater than 18.12 mgL-1. For concentrations less than this value a calibration graph
was constructed and employed. The test liquid showed adequate electrical chargeability for production of charged
droplets in spite of achieving a lower specific charge compared with tap water used earlier for free spray
measurements. The charged sprays proved capable of providing higher residues on an earthed target than did an
uncharged spray. Increased charging voltage provided a direct positive effect on spray deposition for similar
hydrodynamic conditions. The influence of larger air pressures was to increase the deposition by delivering higher
mass flux within the central core of the spray. The drop deposition per unit charging voltage showed a decrease at
larger orifice-target distances revealing the dependency of electro-deposition enhancement on the drop population
provided by the aerodynamic force in the target proximity. The charged sprays possessed larger velocities in the
target vicinity with a larger population of large and very small drops in comparison with uncharged sprays. The
charged sprays established a drop attraction pattern near an earthed target whereas there was no dynamic interaction
between an uncharged spray and the target.

Nomenclature
C concentration D diameter X axial positioning
W volume U axial velocity

Subscripts
avg average f final collection  t target
b wash-off flu fluorescent tracer
d drop deposition i original spray

Superscripts
0 uncharged
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Abstract
Oblique drop impact on deep fluids is studied for a wide Weber number range (15 ≤ We ≤ 1030). The impact

angle α is varied between 3° and 64° with respect to the target fluid surface, the drop and target consisting of the
same fluid. The following results hitherto unknown are found for the impact of single drops:
1. In the range of parameters studied always coalescence takes place. Only for α < 16° rebouncing is found after

initial coalescence in some impact events, but even in the range α < 16° most drops coalesce permanently.
2. For We < 140 and α < 23° the drop volume speads out evenly on the target fluid surface with no visible

immersion of drop fluid into the target fluid. Outside this range partial immersion of drop fluid can be seen,
for larger α it occurs in the rear part of the crater, for higher We in the front part of the spreading drop.

3. The spreading patterns of the drop fluid are visualized with dyed drop fluid once it has come to rest after
impact. The drop volume spreads out forming patterns of high complexity in many cases and strong sensitvity
to the impact conditions (We, α). Pattern formation shows to be very reproducible for similar impact
conditions.

4. Characteristic changes in the evolution of drop spreading indicate that the normal component of the impact
velocity is of primary importance in pattern formation. Below a critical level of the Weber number WeN
(formed with the normal velocity) the internal pressure front caused by the impact produces a capillary wave
on the drop surface. Above this critical level of WeN a lamella is ejected from the drop volume that seems to
be the cause for an abrupt change in the spreading patterns.

5. For impacts of multiple droplets permanent coalescence is only found for We < 340. For We > 340 secondary
droplets are ejected at all α considered, but droplets are also ejected at lower We in some cases.

Introduction
There is extensive literature describing vertical drop impact on deep fluids (see e.g. [1]), but very little is

known about oblique drop impact on deep fluids and the modes of mixing of drop and target fluid. Former
investigations of oblique drop impact mainly focused on the regimes of rebouncing and coalascence in the low We
range (We ≈ 1) [2],[3], or at higher We (15 ≤ We ≤36) [4], and all used periodic streams of drops for an easier
visualization. At low We rebouncing takes place when the colliding drop does not rupture the intervening air film,
but the corresponding regimes could only be described in terms of probabilities [3]. At higher We the results of
periodic streams of drops could be transfered to single drop impacts, since [4] found rebouncing for drop streams,
but never saw single drops to rebounce. Drop streams produce wave patterns on the target surface, thus the surface
conditions are different from those of single drops.

Up to now, there is no description how the interface between drop and target fluid develops after coalescence
of two mixable fluids. This question is the key issue of this study. To that aim, a broad parameter range of impact
angles and velocities will be presented and phenomena occuring in the evolution of drop spreading will be
described. Regimes for different types of drop spreading, for stratification of drop fluid on the target surface or
partial immersion, for rebouncing and for secondary droplet ejection will be given. The results serve as a basis to
formulate possible physical mechanisms that take place during oblique drop impact.

Experimental Methods
Single drops of diameters D were generated with a nozzle of ∅ 0.3 or 0.6 mm connected to a pressure

chamber closed with a membrane at the rear which was compressed and immediately released magnetically,
producing drops with 1.45 mm ≤ D ≤ 2.0 mm. At higher drop velocities v ≥ 2.5 m/s often fluid jets were ejected
that disintegrated into multiple drops, for v < 2.5 m/s mostly single drops could be produced.

The drops collided at the liquid surface of a pool of dimensions 95 x 45 x 50 mm (length x width x depth) at
an impact angle α and an impact velocity vi as depicted in FIGURE 1 a. Both the drop and the target fluid
consisted of a glycerol/water mixture with 61% of glycerol (w/w), density ρ = 1.157 kg/m³ and viscosity ν = 10



FIGURE 1. a Sketch of parameters of drop impact. b Experimental set-up. High-speed photographs using the
shadowgraph optics shown could be taken alternatively either in vertical perspective (as shown) or in lateral

perspective, i. e. parallel to the pool fluid surface.

mm²/s. The drop fluid was dyed with bromthymol blue which did not influence the surface tension σ = 67.3 mN/m
which was identical for both the drop and target fluid.

Drop impact and the spreading of drop fluid on the target fluid surface were visualized with a shadowgraph
optics as shown in FIGURE 1 b. Flash light illumination was produced by a Nanolite lamp (High-Speed Photo-
Systeme, Wedel, Germany) with a flash duration of 80 ns (half width). Visualizations were recorded with a high-
speed rotating drum camera (Zeiss, Oberkochen, Germany) with maximally 10,600 frames/s on a 35 mm b/w film
with a frame height of 10 mm. Two lenses with f = 320 mm, ∅ 80 mm were used for the shadowgraph optics, the
camera objective had a focal length f = 90 mm. Drop impact visualizations could be taken alternatively either in
vertical perspective with illumination from below the pool or in lateral perspective. To eliminate distortion caused
by a meniscus at the pool walls the glass walls were coated with parafin and the pool was filled exactly to the rim.
In lateral perspective, α, D and vi could be evaluated directly from the photographs (by means of the last ten
pictures before impact whenever possible). In vertical perspective, α and vi had to be evaluated taking into account
the horizontal and vertical distance between nozzle and location of impact and the influence of gravity and air
friction according to an approximation reported by Kaskas (see [5]).

Since only vi and α were varied over a wide range, i. e. 0.73 m/s ≤ vi ≤ 6.10 m/s, 3.3° ≤ α ≤ 64.0°, whereas D
was roughly constant (1.4 mm ≤ D ≤ 2.1 mm) and all fluid parameters ν, ρ and σ were kept exactly constant in all
experiments, the Weber number We and the impact angle α suffice to characterize all impact events. For the
experiments shown here the following parameter range was covered:

    We = ρvi
2D/σ     15 ≤ We ≤ 1030

Re = viD/ν    116 ≤ Re ≤ 1030
    Fr = vi2/(Dg) 0.36 ≤ Fr ≤ 576

In the presentation of results, the time after impact t is normalized to yield a dimensionless time τ = tvi/D. All
length scales are normalized with the drop diameter D and all velocities with vi.

Results
FIGURE 2 shows the evolution of drop spreading in vertical perspective. Only five time steps out of a series

of 60 pictures are shown (flash period: 0.94 ms). The first image shows the oscillating drop just before coalescence
in its oblate phase. The second image is the first after impact, where the deformation of the target fluid surface
defracts the flash light so that dark areas are either dyed drop volume or waves on the target fluid. In the last image
of FIGURE 2 at τ = 31.0 the front wave is far detached from the drop fluid so that the pattern formed by the dyed
drop volume can be recognized clearly.

The evolution of drop spreading and velocities of wave propagation (front wave and crater waves) are
determined from the visualizations and are shown in FIGURE 3. Two impact events are compared, one recorded
in vertical perspective and one in lateral, impact parameters are given in the legends of FIGURE 2 and FIGURE 3.

α

vi

D

a b

single drop
generator

flash light
(80 ns)

pool
95 x 45 x 50 mm

shadowgraph
optics

rotating drum camera
(max. 10,600 fps)

refracted light beam



FIGURE 2. Evolution of drop spreading in vertical perspective for α = 20°, D = 1.95 mm, vi = 1.95 m/s, We =
163 at different time stages. From left to right: τ = -1.1; τ = 0; τ = 3.2; τ = 15.0; τ = 31.0.
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FIGURE 3. a Spreading of drop volume on the target fluid vs. time. Two impact events are compared. Vertical
view: impact parameters given in FIGURE 2; lateral view: α = 19.2°; D = 1.8 mm; vi = 2,22 m/s; We = 153.

impact visualization: see FIGURE 5 a. b Velocity evolution during drop spreading, data of FIGURE 3 a
differentiated. Three stages I, II, III can be classified during impact, see text.

As can be seen, vertical and lateral recording match very well, taking into account that impact conditions are only
similar, but not identical. Front wave and drop front are at the same height until τ ≈ 16, where the front wave
detaches from the drop front, as can be seen from an extrapolation in FIGURE 3 a. For τ ≥ 16 the spread drop
volume has almost come to rest on the target fluid, its slow movement in forward direction results presumably
from the velocity field that the drop induced on the target fluid during impact.

FIGURE 3 b shows the velocity evolution of waves on the target fluid, using the differentiated data of
FIGURE 3 a. It can be seen that there are three stages (I, II, III) of front wave propagation vfw: During stage I, the
front wave (together with the drop front, see above) propagates with a velocity which is by 20% larger than vi. For
τ ≥ 3 holds that vfw  < vi which markes the onset of stage II where vfw decreases exponentially. This means that the
drop, the driving force of the front wave, loses kinetic energy through viscous interaction with the target fluid. For
τ ≥ 16 vfw becomes equal to the velocity of crater waves in lateral direction which means that the drop no longer
acts as driving force for the front wave. This result corresponds to the result found in FIGURE 3 a where it was
found that at τ ≈ 16 the front wave detaches from the drop front.

The fact that vfw > vi during stage I needs explanation, since it could be found for many, but not all impact
parameters of this study. A proposal to explain this phenomenon will be given in the discussion to FIGURE 5.
First the full parameter range studied here will be taken into consideration to view the occuring phenomena.

As can be seen in FIGURE 4, the spreading patterns diversify for different We and α. The most prominent
effect is that changes in pattern morphology are not continuous but rather discrete so that the different patterns can
be classified into several groups of similar patterns.

For α < 16° the spreading pattern shows a harpoon-like front and a long tail, the tail width being only about
¼⋅D. For α > 16° the rear part of the spread drop widens to a maximal width of about 3⋅D. Furthermore, the
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FIGURE 4. Morphology of spread drops at rest after impact. a Classification into groups of similar spreading
patterns in the We-α plane. For curved line see FIGURE 5. b Visualizations of different spreading patterns.

spreading patterns show three stages in streamwise direction: an expansion zone in the rear part, a second
widening in the middle part and, for We > 100, a harpoon-like front shape. From the visualizations of pattern
development with narrow time resolution it can be shown that the harpoon front shape only develops once the drop
has come to rest and „floats“ on the target fluid surface, i. e. for 16 < τ < 40. This means that the harpoon shape is
not a result of the stagnation point at the drop front but instead produced by the induced velocity field on the target
fluid surface that shifts the whole drop pattern without streching it in streamwise direction (see FIGURE 3 a, τ >
16).

For α > 16° the spreading patterns in FIGURE 4 b are surounded by an outer sharp line of dyed drop fluid,
whereas pattern � (α < 16°) only consists of a single central line. This difference can be explained using the
visualizations in lateral perspective:

FIGURE 5 a shows a visualization of oblique drop impact in lateral perspective at four different stages. At τ =
0 the drop coalesces with the target fluid surface, at τ = 1.6 a lamella of drop fluid is ejected in forward direction
due to the high pressure rise caused by the inelastic collision of drop and target fluid (→ in FIGURE 5 a). Lamella
ejection is described in detail for vertical drop impact [6], [7], but we are not aware of experimental studies on
oblique drop impact describing lamella ejection. At τ = 3.1 a shallow crater has formed in the region of initial
contact while the drop front has emerged in forward direction inducing surface waves on the target fluid. At τ = 15
the surface waves spread over the target fluid surface causing a long flat plateau in the region of drop spreading
while the crater has almost completely vanished. There is no drop fluid immersed into the target fluid volume, for
details of partial immersion see FIGURE 6.

Other visualizations at low We and α reveal no lamella ejection at the drop front, instead a capillary wave that
moves upwards from the contact line of drop and target fluid to the zenith of the drop, in most cases only visible at
the frontside hemisphere, but sometimes also on the backside hemisphere. The contours of ejected lamellae and
capillary waves on the drop are sketched in the legend of FIGURE 5 b.

The ejection of drop fluid forming a lamella is supposed to be an effect of the high pressure rise inside the
drop volume, which is related to the normal velocity component vN = sin α vi. FIGURE 5 b shows the regimes of
lamella ejection and capillary wave on drop in the WeN - α plane, where

WeN = sin² α⋅We. (1)

As can be seen in FIGURE 5 b there exists a uniform threshold at WeN = 10 between the two regimes for all
measured α. Some impacts around WeN = 10 are classified as transitional, since the corresponding drop contours
are ambiguous. The result of a sharp threshold indicates that a nonlinear instability might take place which
transforms the capillary wave into a lamella. The threshold WeN = 10 is shown as curved line in FIGURE 4 a. It
can be seen on FIGURE 4 that pattern � (with WeN < 10) is not surrounded by a second sharp line of drop fluid,
but all other patterns � - � are (even if it is not visible everywhere due to the reduced quality of the
reproductions). It may therefore be assumed that the surrounding line is formed by the ejected lamella. Pattern �
should be discriminated into two groups, since for WeN > 10 the surrounding line can be seen, whereas for WeN <
10 there seems to be no surrounding line (not shown).
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FIGURE 5. Evolution of drop spreading in lateral perspective. a Visualization for α = 19,2°; D = 1.8 mm; vi =
2.22 m/s; We = 153. b Regimes of lamella ejection (as shown in FIGURE 5 a, τ = 1.6; see →) or capillary wave

on drop. Normal Weber number WeN as given in (1). The threshold WeN = 10 for lamella ejection is shown as
curved line in FIGURE 4 a.

The classification into a lamella ejection regime and a capillary wave regime helps to solve another question:
FIGURE 3 b shows that vfw > vi for 0 < τ < 3, but this only occurs for impacts with WeN > 10. This means that the
ejection of a lamella produces propagation speeds of the drop front and the front wave higher than the velocity of
the impacting drop in the first stage after impact.

FIGURE 6 depicts the regimes of partial immersion of drop fluid into the target fluid volume. FIGURE 6 a
shows the regions of a needle shaped immersion at the crater rear as sketched in the legend. This immersion might
be caused by the strong vorticity generated in this area [8]. As can be seen on FIGURE 6 a no immersion becomes
visible for approximately α < 23°, for α > 23° an immersion in the rear part is always visible. The appearance of
an immersion at the crater rear which is strongly dependent on α and only weakly dependent on We indicates that
not the magnitude of drop momentum but rather the ratio of normal to tangential momentum is decisive for the
generation of this type of immersion.

It has to be added that the statement „no immersion“ only means that an immersion could not be visualized,
which might be a problem of insufficient resolution. Therefore, only the ascertainment of an existing immersion is
unambiguous in a rigorous sense. This technical restriction also applies to FIGURE 6 b.

In FIGURE 6 b the regime of a horseshoe shaped immersion in the front part of the spread drop is shown. It
can be seen that this type of immersion is strongly dependent on We and only weakly dependent on α. However,
the forces or even mechanisms playing a role for this type of immersion are far from being determined and the
phenomenon is still under study.

Summarizing the results concerning partial immersion of drop fluid it may be said that for We < 140 and α <
23° impinging drops spead out evenly with no visible immersion so that drop impact ends with a stratified layer of
drop fluid floating on the target fluid. For α > 23° and We < 50 drop fluid is immersed in the rear part of the
stratified drop fluid, for α < 23° and We > 140° in the front part. Only for α > 23° and We > 50 immersion occurs
both in the rear and in the front part, for some impact even two horseshoe shaped immersions develop.
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FIGURE 6. Regimes of partial immersion of drop fluid into the target fluid volume. Straight dashed lines for
comparison with FIGURE 4. a Needle-formed immersion at the crater rear (as sketched in the legend). b Horseshoe
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In FIGURE 7 a the regimes for coalescence and rebouncing of single drops in the We-α plane are shown.
Here, ‚rebouncing‘ means that the drop first coalesces with the target surface, starts spreading, but then contracts
and takes off. As the drop diameter is of about the same size after rebouncing, only small amounts of drop fluid
are presumably left on the target surface. As can be seen in FIGURE 7 a there are only six cases where rebouncing
takes place, in most cases the drops coalesce permanently without rebouncing. Permanent coalescence is found in
the full parameter range studied for single drop impact without exclusion, whereas rebouncing only occurs for α
<16° and in the full We-range under consideration. There is no explanation at hand how this type of rebouncing
occurs, since there are impacts with permanent coalescence for almost identical parameters. Possible influences
could be surface contaminations or strong drop oscillations before impact.

0

50

100

150

200

250

300

0 10 20 30 40 50 60

no rebouncing
rebouncing

100

1000

0 10 20 30 40

no droplet
ejection
droplet
ejection

FIGURE 7. a Regimes for rebouncing or permanent coalescence for impacts of single drops. b Regimes for
secondary droplet ejection of multiple drops impacting.

FIGURE 7 b shows the regimes of secondary droplet ejection for multiple drop impact. Multiple drops were
produced by a disintegrating jet that was formed at high ejection rates of the drop generator. Thus, the target
surface was not smooth after the impact of the first drop when the succeeding drops collide and hence impact
conditions were undefined. ‚Droplet ejection‘ means that one small drop (much smaller than the impacting drops)
is ejected after the succeeding drops have collided with the crater produced by the first drop. It cannot be
distinguished whether the ejected droplet consists of drop or target fluid. The process of droplet ejection does not
resemble to the well-known splashing which occurs for normal drop impact, since during splashing many droplets
are ejected around the circumference of a so-called crown. In the case of multiple droplets impacting obliquely,
mostly only one droplet is ejected. As can be seen on FIGURE 7 b droplet ejection occurs preferably for We >
340, but also for lower We with no apparent restriction in α. In other words, the omission of droplet ejection is
only observed for We < 340 in this study. But due to the stochastic nature of the drop impact conditions it is
doubtful whether these findings can be generalized.

Nomenclature
D drop diameter τ dimensionless time
g acceleration of gravity Fr = vi

2/(Dg)   Froude number
t time after impact Re = viD/ν       Reynolds number
v velocity We = ρvi

2D/σ   Weber number
α impact angle Subscripts
ν liquid viscosity i at impact
ρ liquid density fw front wave
σ surface tension N normal component of velocity
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Abstract
A quantitative analysis of  heat and mass transfer of a single droplet impinging on a hot radiative surface has been
developed. With surface temperature of 900 ÷ 1000 K and surface emission coefficient ≈ 1, the radiative heat
transfer between surface and droplet is expected to be not negligible and to give a contribution to droplet
evaporation before and after impact.
In order to evaluate this contribution, both a numerical and an experimental approach has been used. Numerical
results have been compared with droplet radius measurement achieved by a fast CCD camera system synchronized
with droplet fall and impact. A comparison has been done between water and fuel behaviour in same thermal and
dynamic conditions.

Nomenclature
ε emissivity
F direct flux area
σ Stefan-Boldtzman constant
t time [s]
T temperature [K]
u velocity [m/s]
We Weber number

Subscripts
0 time origin
a air
d droplet
w wall

Introduction
Droplet impact upon hot surface is a widely studied phenomenon for its implication both in spray cooling systems
(water droplets) and in combustion chambers (fuel droplets).  In particular water sprays have been widely applied in
many cooling systems because of the high heat transfer rate they provide. Continuous casting process in iron and
steel making industries or nuclear reactor safety devices can be mentioned as application field for spray cooling.
Spray heat transfer has been characterised into three regimes [11]: nucleate , transition and film boiling. The
nucleate boiling region is characterized by the temperature range where the surface is available for wetting by the
droplet. The heat transfer in this region increases exponentially with the increase in surface temperature until a point
is reached beyond which lies the transition region in which the drops may experience an availability of surface for
wetting or a vapour cushion may separate them from the surface. The film-boiling region is characterised by the
immediate formation of a vapour blanket resulting into dancing droplets. In this region the heat transfer is
considerably less than in the case of the nucleate boiling region except at extremely high temperature.
The model and the tests described in this report have been developed in order to characterize this last case of film
boiling heat transfer at high surface temperature varying from 900 to 1000 K. Particularly radiative heat transfer
between surface and droplet has been analyzed before and after impact, that is when droplet and surface are closely
near to each other but not in contact.
Secondary droplets which are generated during impact have been considered too. The small size of these droplets
with respect to the impinging one allows their almost complete annihilation with evaporation phenomena near the
hot surface.

Theoretical Model
Two case have been considered for droplet motion in the model :



1. droplet falling on the hot surface from given height (before impact)
2. droplet rabounding (after impact)

The difference between the to cases is in droplet velocity and direction at t0.
Motion equation for both case has been formulated taking into account droplet radius decreasing due to heat and
mass transfer.
Heat transfer equation has  been written taking into account radiative heat transfer between surface and droplet and
convective heat transfer between droplet and hot air stream generated from natural convection upon the hot plate.
Finally mass equation  has been formulated considering droplet evaporation due to

• Radiative heat transfer
• Convective heat transfer
• Convective mass transfer

The temperature distribution inside the droplet has been supposed to be uniform.
Theoretical calculation provide the following parameter to be tested and confirmed by experimental tests:

1 Duration of droplet fall and rebound
2 Droplet velocity at impact
3 Weber number at impact
4 Droplet radius reduction during fall and rebounding

The radiative heat transfer between droplet and surface has been expressed by the following formula:

(1)                                  )(4 442
dwrdw TTFrQ −⋅⋅⋅⋅⋅= σεπ

where the direct flux area has been assumed to be ≈ 1 because the hot surface is semicylindrical with radius much
more bigger than droplet radius.
There is a consistent difference between water and fuel emissivity. It has been supposed :

• ε=0.0001 for water
• ε=0.1 for fuel

Equations have been solved by finite time steps in order to consider the change in thermodynamic and geometric
parameters during the phenomenon.
From theoretical calculation it has been argued that for falling heigth varying from 0.3 to 0.5 m, duration of fall and
first rebound is of almost 20 ms.
During all this time radiative heat transfer between water droplet and hot surface at the considered temperature is
absolutely negligible. For fuel there is a different situation: radiative heat transfer is some consistent; droplet
annihilation time for radiative heat transfer depends upon droplet radius so that if droplet radius is less than 20 µm,
it can annihilate in a time comparable with fall or rebound.
In experimental tests performed falling droplet radius varies from 0.3 to 0.7 mm so that droplet radius reduction
during falling phase can be neglected.
For We > 80  droplet breaks up generating a big number of small secondary droplets which can be annihilate by
radiative heat transfer from the hot plate when their radius is comparable to 20-50 µm [10].

Experimental setup
Droplets are created using different diameter steel capillary pipes connected with a free surface liquid tank
thousands of times bigger than single drop bulk.
Solid surface consists of a 300 mm insulated copper semicilindrical plate with, thickness of 5mm and radius of 150
mm. To realize a steady - state operating condition, the electrical power to the plate was adjusted with a temperature
feedback electronic control device so max 1 K deviation from set point was got.
Cameras store images with a frequency variable from 50 to 4000 frame/sec. Each camera was controlled by software
statements which set imaging frequency, pixels number and frames number to be stored.
Up to 60 full frames (128x128 pixels) can be stored each time. Because of working with high frequencies, a short
period is available to catch the whole impact, so that a synchronization system is needed.
For example with a frequency of 1000 frame/sec a total period of 60 ms can be inspected.
A low power (95µW) He-Ne laser was used to excite a photodiode linked to an electronic trigger circuit. Drop
passage through laser ray, stops exciting so a trigger signal is sent to cameras and acquisition begins.



Fig.1 Experimental facility

Two CCD cameras are available to be used from image acquisition device.
The first camera is synchronized by an external trigger and it records the droplet near the injector and the radius at
the instant t1. The second camera takes place near the impact zone and by the external synchronized trigger records
the frame just before the impact and the entire break-up phenomenon.
The same lens have been mounted on the two cameras so the same zoom ratio can be achieved in images from the
first and the second camera and a comparison can be made between droplet radius in the frames from the cameras.
Temperature of the plate and  of the air stream generated from natural convection can be measured by thermocouple.

Experimental tests and results
Tests were made in order to analyze the contribution of radiative heat transfer from plate to the droplet evaporation
when it isn’t in contact with the plate.
The first camera stores one frame because the information required from this device is only droplet diameter when it
begins falling.
The second cameras stores the maximum frame number available for image size (60 frames for 128x128 pixel
images) in order to catch the whole phenomenon of drop impact, deflection, break-up and rebound of secondary
droplets.
Droplet radius just before impact can be  valutated by the first frame of the sequence.
Droplet velocity at impact can be valutated by the first two frames of the sequence considering the two different
droplet height from the plate and the time between the frames (frequency inverse).
Impact mode can be analyzed by the middle frames of the sequence.
Secondary droplets annihilation and motion direction can be inspected in the last frames of the sequences.
In fig.2 a typical impact sequence is shown
Test were performed with water and fuel in the following conditions:
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1.droplet generator
2.laser
3.photodiode
4. camera 1
5. camera 2
6. cupper plate
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8. external trigger
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12. thermograph
13. liquid tank



• Droplet falling height 200÷1000 mm
• Wall temperature 900÷1000 K
• Droplet radius 0.2÷1.0 mm

In the plate temperature range considered, impact is characterized  by droplet deflection and break-up into many
secondary droplet.
The higher is the falling height the higher is the droplet velocity and so Weber number at impact, the bigger the
number of secondary droplet and the smaller their radius.
As calculated by the theoretical model, images from falling phase confirmed that droplet radius reduction from fall
beginning to the impact is negligible both for water and fuel droplet; that’s bacause also with a not negligible
emissivity as fuel one, droplet sizes are to much big to have consistent diameter reduction during the small period of
falling phase (5÷8 ms).
During droplet deflection on the plate the main heat transfer contribution is by conduction. This phase lasts at
maximum 2 ms.
At droplet break-up secondary droplet leave the surface for 5÷7 ms. During this period a consistent radius
decreasing can be achieved if secondary droplet radius just after break-up is < 50µm. This is only for fuel because
for water secondary droplet no significant droplet raduction has been detected during first rebound: so it can be
deducted that total radiative heat transfer of secondary water droplets can be neglected as suggested by theoretical
model.
After first rebound secondary droplets have so much kynetic energy enough to rebound again and stay on the plate
until annihilation is completed in 1÷3 sec for heat transfer conduction through  vapour cushion between plate and
sessile drop.
For fuel secondary droplet with small diameter also interesting evaporation phenomena have been observed with
smoke generation after impact.
Air temperature measurement upon the plate (≈330 K) confirmed that convective heat transfer  between air stream
from natural convection and droplet can be neglected with respect to the radiative one (Tw=1000 K).

Fig. 2 Typical impact sequence from second camera (f=500 Hz, Tw=900 K, H=600mm, rd=0.5mm)



Conclusions
The complex phenomenon of heat transfer between drop and plate has been analyzed in its simplest phase to be
modelized that is the phase before and after impact, when there isn’t conduction heat transfer through vapour
cushion that is formed immediately at impact.
The results from the simple model of heat and mass transfer in this phase have shown to be well tuned with
experimental results.
The more interesting aspect of this analysis seems to be the behaviour of secondary droplets which are generated at
impact with hot surface. For fuel, their radius can be small enough to feel the effect of radiative heat transfer with
intriguing evaporation phenomena.
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Abstract
This study presents the CFD simulation results from a cadaver based throat model used to study inhalation spray
dynamics and deposition in the larynx and trachea. Flow conditions within the larynx and trachea affect the delivery
of inhaled medications to the lungs.  Deposition in these regions is considered undesirable and has been shown to be
a particular problem for pediatric patients.  All previous CFD simulations of the throat are based on simplifying the
larynx and trachea into a circular or elliptical pipe with a constriction. For this study, a posterior pharynx, larynx,
and trachea were obtained from a cadaver (female, aged 84). Then the throat was suspended from a ring stand and a
positive mold was then produced using polyurethane. This cadaver based rubber model was cut into slices 3 mm
thick. These slices were scanned to produce digital images and subsequently to obtain coordinates for the
computational CFD mesh generation. The mesh includes the proper angle between the larynx and trachea, as
observed on the cadaver model. The CFD simulation was performed using the KIVA-3V code. The chosen inlet air
velocity was based on an approximate adult breathing condition with a steady flow rate of 18 liters per minute. This
fluid flow condition corresponds to a Reynolds number of 1754 based on the tracheal diameter and tracheal velocity.

Introduction
The advantage of pulmonary drug delivery through inhalation has recently led to the development of a series of

new aerosol medications. For some medications this route is utilized because it offers topical treatment of specific
lung conditions while limiting the whole-body effects. Modeling medical aerosol dynamics in the human throat may
contribute to minimizing the amounts of medication deposited on the throat surfaces thus increasing the dose to the
lungs. To accomplish this a realistic throat model is necessary to accurately characterize the fluid mechanics and
spray dynamics in this region. Numerical simulation utilizing a cadaver based throat mesh is performed in this
study.

The deposition of aerosol medications in the throat has been demonstrated to be a particular problem for
children, based on scintigraphy studies [3, 5, 10, 19]. Aerosol studies using in vitro models or casts of the mouth,
throat and central airways have been performed [4, 13, 15, 16,17].

A few numerical studies have been performed by simplifying the larynx and trachea into a circular or elliptical
pipe with a constriction. Martonen et al. conducted a 2-D larynx simulation with ventricular and glottal constrictions
followed by a straight-tube tracheal section and a bifurcation [14]. This work is extended to three dimensions in
Katz et al. [11, 12]. In their model, the ventricular and vocal fold constrictions were represented as ellipses.
Stapleton et al. numerically studied aerosol deposition in the mouth and throat [18]. They chose to create an
“average” geometrical model of the airways based on data from computed tomography (CT) scans, magnetic
resonance imaging (MRI) scans, and direct observation of living subjects. By using this information, they
constructed a model of the extra-thoracic airways using simple geometric shapes. For simplicity, the trachea was
assumed to be a smooth circular tube and the cartilaginous rings were neglected. Gemci et al. numerically studied an
inhalation flow containing a medicinal spray passing through a simple model of the larynx and trachea [6, 7, 8]. The
constriction of the vocal folds within the larynx was represented by a semi-triangular shape based on an image from
video bronchoscopy.  Gemci et al. performed a study utilizing a cadaver based throat model without the inclusion of
a relative angle between the larynx and trachea in Ref. [9].

In this study, a more realistic throat model including the proper angular orientation was generated based on a
cadaver (female, aged 84). Fig. 1 shows the dimensions of this positive cast including posterior pharynx, larynx, and
trachea. With this cast it was possible to duplicate the exact shape of the constriction in the larynx area and the
cartilaginous rings in the trachea.

Numerical Simulation
CFD simulations were performed by using KIVA-3V code [2]. KIVA-3V is a CFD program for the numerical

simulation of transient, three-dimensional, chemically reactive fluid flows with sprays.  Simulations are derived by



solving the conservation equations of mass, momentum, and energy. The code is an extension of earlier KIVA codes
for the complex mesh geometry of combustion chambers and valves in diesel engines. This code considers two-way
coupling to account for the spray dynamics effects such as transport, coalescence, break-up, evaporation or
condensation, deposition, and turbulent dispersion.

The complex turbulent air flows and high spray number densities in the throat affect the overall spray dynamics
as they pass through the larynx constriction. The gas phase is assumed to consist of three species: O2, N2, and water
vapor (H2O) representative of the humid conditions in the throat. The numerical simulation is performed with the
standard k-ε turbulence model. The code solves the spray equation with Stochastic Particle Technique and its
complete description can be found in the KIVA-II code [1].
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FIGURE 1. Dimensions made from a positive cast of a larynx/trachea sample from an 84-year-old female.

Mesh Generation
An RTV Silicone rubber cast of a human larynx from a cadaver was made.  The human sample was suspended

from a ring stand and positioned in approximately the anatomical position (see Fig. 1).  A positive mold was then
made using RTV Silicon rubber (GI-1110, Silicones Inc., High Point, NC). After the solidification, the tissue was
removed, and the positive cast was used to produce a split mold of polyurethane (C-1506, Smooth-On Inc., Easton,
PA).  This mold was used to create a clean positive cast [4].  A reference axis in the model was established by
inserting ink via a needle in a straight, vertical line into the throat when the throat was suspended in the anatomical
position.

The cast was later cut into slices approximately 3mm thick, perpendicular to the reference axis.  The true
thickness of each slice was measured using dial calipers. Images of the slices were then digitized using a flatbed
scanner (see right images in Figure 2). X-Y measurements about the outside of the slices, with reference to the axis,
were made manually in Adobe Photoshop (Adobe Systems Inc., San Jose, CA) using the “Show Coordinates”

Slice mesh images Scanned slice images

FIGURE 2.  KIVA-3V mesh images from the constriction and bottom of trachea are on the left and scanned images
are in the middle. Three sample images of the entire tilted mesh of the larynx and trachea model are on the right.



option, and recorded in a text file. A program was written to convert the coordinates in the text file into the proper
block-structured mesh format required by KIVA-3V’s meshing software (see left images in Figure 2).

In KIVA's mesh generation code, K3PREP, the mesh design is based around a block structure.  For this model,
each slice was divided into 32 blocks in the azimuth direction.  K3PREP designates left, right, front, derriere,
bottom, and top faces to all blocks.  For the blocks in this model, the left faces of all the blocks represented the
central axis.  The right faces represented the wall of the trachea.  After the blocks were created, the fronts and
derrieres were patched in the azimuth direction.  Each block was then patched to the corresponding top and bottom
blocks, and the appropriate inlet and outlet boundary conditions were applied. The top 7 slices of the throat were
then tilted to the appropriate anatomical angle of 13 degrees, as observed on the cadaver model, using the NTILT
function in K3PREP.  The CFD mesh was created from 25 slices and last exit slice formed circularly. The total
number of computational cells in the model was NX·NY·NZ=5x32x25=4000.

Typical human respiratory parameters and average droplet size distributions of medical nebulizers were then
used to determine inlet and outlet boundary conditions for the numerical model.  It was then run through the KIVA-
3V code.  The chosen inlet air velocity was based on an approximate adult breathing condition with a steady flow
rate of 18 liters per second. This flow rate was divided into the inlet cross section area of the mesh and the
simulation was started with an air inlet velocity value of 164 cm/sec. The drops were introduced into the flow as
randomly sampled from a Gaussian distribution about the Sauter Mean Radius of 2.2 µm.

Results
This study performs a 3-D CFD simulation of the inhalation of a spray medication through a cadaver based

throat model with proper angular orientation. The model takes into account the turbulent carrier gas flow and the
spray dynamics.  The spray dispersed air flow and particle deposition in the throat were studied in detail during
typical inhalation conditions. The inhaled gas enters the mesh with an axial inlet velocity of 164 cm/sec, which
corresponds to a steady, slow inspiration by an adult. The droplets were distributed randomly and entered the flow
field with the same gas axial velocity. A poly-dispersed size distribution was chosen based on the measured Sauter
Mean Radius, SMR=2.2 µm. The turbulent flow in the throat affects the spray dynamics and the associated droplet
deposition on the airway surfaces. The following results were taken at problem time t=0.0623 seconds, reached at
the time step of NCYC=1500.

Fig. 3 shows the turbulent kinetic energy (tke) results in the anterior-posterior plane and the medial-lateral
plane. Turbulence occurs after the laryngeal constriction because of the nature of the contained jet. The turbulent
kinetic energy increases abruptly in the larynx constriction because of the increased velocities. The turbulent flow
intensity causes an increased fluctuation velocity, which directly affects the droplet paths, causing deposition.
Regions of maximum tke are noted in the anterior-posterior plane starting from the larynx constriction region to the
middle region of trachea (darkest red region in Fig. 3).  The maximum value noted is 21800 cm2/s2.

The gas velocity field based on vector magnitudes is shown in Fig. 4. The gas entered with an axial inlet velocity
of 164 cm/s. It reaches a maximum velocity of 605 cm/s (3.7 times of the inlet velocity) while extending into the

FIGURE 3. Turbulent kinetic energy (tke, cm2/s2) in the anterior-posterior plane looking from the anterior-right
side (left) and the medial-lateral plane looking from the anterior side (right).



FIGURE 4. Velocity vectors as magnitude (cm/s) in the anterior-posterior plane looking from the anterior-right side
(left) and the medial-lateral plane looking from the anterior side (right).

Z=1 cm Z=2 cm Z=2.5 cm Z=3 cm Z=4 cm Z=5 cm

FIGURE 5. Velocity vector magnitudes in selected cross-sections of throat (in axial Z-plane of mesh)
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FIGURE 6.  Time evolution of total mass of suspended and deposited droplets on the human airway surfaces.



 

FIGURE 7. Velocity vectors of gas flow field in the whole throat looking from the anterior side (left) and anterior-
left side (middle), and spray droplet velocity vectors in the whole throat looking from the anterior-right side (right).

trachea in the form of a laryngeal jet.  This high-velocity jet persists for Z=4 cm down from the inlet expanding into
the posterior side of the trachea.  Figure 5 demonstrates the velocity magnitudes in the different cross sections of the
throat. The right side of these images is the anterior and the left side is the posterior side of the throat. At Z=1 cm the
velocity increases to the range of 300 cm/s (green color in the scale) from the starting value of 164 cm/s due to the
decrease in cross sectional area at the constriction.  In the larynx cross sections of Z=2.5 cm and Z=3 cm the
velocity vector reaches its maximum (red color in scale) of 605 cm/s. These images also demonstrate the cross
sectional area changes of the laryngeal jet. The laryngeal jet is directed towards the posterior side of the trachea. The
last two frames on the right side of Fig. 5 demonstrate the velocity decay of the jet.

Figure 6 represents the time evolution of suspended and deposited droplet mass. The total spray mass flow rate
of 0.0087 g/sec was represented with the 8x104 computational droplet parcels per second and a SMR of 2.2 µm. The
droplets were added to the flow field at the problem time t=0.005 sec after reaching a steady gas flow field.  Spray
injection was ended at t=0.055 sec with a total injected droplet mass of 0.435 mg. The calculation was continued
until the remaining suspended droplets from the previous cycles have reached the exit area of the trachea at t=0.1028
sec. The total deposited droplet mass reached 0.174 mg at this time.  This means that the deposited droplet mass is
40% of the total inhaled spray mass.

Fig. 7 demonstrates the velocity vectors of the gas flow field and spray droplets in the whole throat looking
from the anterior side (left image) and from the anterior-right side (middle image). The velocity vectors depicted as
arrows demonstrate the direction of the gas flow in the throat. Again the laryngeal jet can be seen in the central mesh
area as a red color. The spray velocity vectors are shown in the left image of Fig. 7. Spray droplets accelerate
immediately after interacting with the gas flow field. These images also help to track the trajectory lines of the
spray. There are some droplets following the gas recirculation. The highly turbulent gas flow in the laryngeal jet
area interacts with the droplets. Some recirculation zones cause the droplets to move toward the throat walls and
result in undesired deposition.

Conclusions
The transport and trajectories of inhaled spray droplets were studied numerically using a cadaver-based throat

mesh.  Within this real throat model it was possible to duplicate the exact shape of the constriction in the larynx and
the cartilaginous rings in the trachea. The simulation, when performed in a realistically generated throat model
allows for a detailed illustration of the behavior of inhaled particles. The dominant effects of the laryngeal jet and



the propagated core flow were visualized via this simulation. This study demonstrated that the recirculation regions,
turbulence, and the direct effects of the natural laryngeal jet all influence the spray droplet deposition, trajectories
and velocities.
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Abstract
Recently, the authors have presented results on the simulation of electrostatically supported high speed rotary bells

used in painting in the automotive industry [1]. Applying an extended version of FLUENT which includes the static
electric field and the space charge effect due to the charged droplets, transfer efficiency and film thickness distribution of
the coating process of flat plates could be estimated to a high degree of accuracy. In the present contribution the obtained
results are transferred to the case of high speed rotary bells with so-called external charging. This charging mechanism,
using electrodes to produce a flux of free ions interacting with the paint droplets is mainly applied in the case of water
based conductive paints. Hence, the existing program for direct charging atomisers has to be extended further, consider-
ing the following features:

• calculation of the static local density of ion current and the corresponding space charge field
• calculation of particle trajectories taking into account the transient charging within the flow domain

In principle, the space charge field is calculated solving an additional conservation equation for the flow of ions. For
the time dependent charging of the paint droplets existing models are applied using additional corrections factors based
on experimental results of the local currents.

Current results indicate a good agreement of the main features of measured and calculated static film thicknesses,
e.g. the general geometry and the extension. This is also true for the transfer efficiency. Consequently, also the dynamic
film thickness profiles, produced by the atomiser moving over a flat target, are very similar. As the next step, the pro-
gram will be verified with respect to the sensitivity to parameter changes of the atomiser and more complex target
geometries. Future applications of the program are not limited to the calculation of the coating process only. A potential
task may also be the development of improved atomizers.

Introduction
One of the magic words in automotive industry is Digital Factory, describing long-term efforts to represent the

whole production process in a computer using an appropriate software tool. The major aim of this development is to have
a faster and cheaper introduction of new products in the market, since physical or logistical problems could be detected
in a very early stage, probably without having realised any piece of hardware equipment.

With respect to painting, it is required to describe and model all relevant processes involved physically sound and to
a high degree of accuracy, including the spray painting with electrostatically supported atomisers. Here, one of the major
atomisation techniques especially used in automated paint shops are high-speed rotary bells. As this type of atomiser is
used for filler, base coat and clear coat, the number of installations in a standard painting line for car bodies may easily
exceed 20. In general, high voltage is applied to support the transport of the droplets to the grounded target to be painted
and to improve the so-called transfer efficiency. It is important to note, that two principles must be distinguished. In case
of solvent based, non-conductive paint the potential is directly applied to the metallic rotating bell and charging of the
droplets mainly takes place directly at the bell edge immediately before the disintegration process. In case of water
borne, conductive paint charging is made via external electrodes producing ions interacting with the paint droplets. This
is, of course, less effective, but it prevents from insulating the whole liquid supply system.

Recently, the authors have presented results on the simulation of electrostatically supported direct charged high
speed rotary bells [1]. Applying an extended version of FLUENT which includes the static electric field and the space
charge effect due to the charged droplets, transfer efficiency and film thickness distribution could be estimated to a high
degree of accuracy. The present paper deals with the extension of the calculation to external charging atomisers



Experimental set-up and measuring techniques
The investigations shown here were made with state-of-the-art high-speed rotary bell atomisers (Dürr Systems

GmbH) used in automated paint applications. A cross section of the front part of the atomiser including the bell, the
shaping air outlet and the external electrodes is depicted in Fig. 1. Usually, 6 of these electrodes are arranged symmetri-
cally around the atomiser body. In Table 1, the major characteristics of the atomiser and the specific operating condition
investigated are summarised.

At a bell diameter of 55 mm, the bell edge speed varies between 86 m/s at 30000 1/min and 172 m/s at 60000 1/min.
In the present investigations, the results of a silver metallic paint with a solid content of 18 % per mass will be presented.
Apart from the non-Newtonian behaviour of this paint which will be
discussed below, it contains a small fraction of 5-25 µm aluminium
flakes (approximately 1-2 % per mass) that may also influence the
atomisation process.

Both high voltage and shaping air are means to direct the droplets
towards the target. As indicated by Fig. 1, the shaping air is delivered
through a ring behind the bell edge at very high speed and directed
along the outer surface of the bell. At the bell edge, its axial velocity
has been measured to be around 35 m/s, accelerating the radially
outwards flowing droplets towards the target. Additional forces are
created by the high voltage applied to the electrodes, charging the
droplets mainly in the region close to the electrode tips, directing them
towards the grounded target. In this way the transfer efficiency, i.e. the
solid mass fraction of atomised paint that actually reaches the target,
may exceed 90 % when using a large flat plate.

As tests were performed with real water-based paint the
experiments had to be conducted in a closed spray booth equipped with
a full air condition system and constant downdraft air velocity of
approximately 0.3 m/s. To maintain the practical relevance of results,
all tests were performed using a painting robot and original equipment

to handle and control the atomiser.
Several measuring techniques were used to investigate the at-

omisation of the high-speed rotary bells considered. In former tests [1] using a Nanolight flash it was found that the dis-
integration process is completed within a few millimetres distance
from the bell edge. Hence, the inlet conditions with respect to the
droplet size distributions could be measured easily by positioning the
measuring volume of  a Malvern Spraytec Fraunhofer type particle
sizer very close to the bell edge. Hence, cross effects with the very
complex spray flow, leading to recirculation of fine droplets in the
spray cone could be avoided. An identical Malvern set up has already
been used by Corbeels et al. [2].

In addition, a DANTEC 2-component backscatter fibre LDA
system, equipped with a 5 W ArIon laser was applied to measure the gas velocity field between the atomiser and the flat
target yielding comparative data for the numerical simulations. A standard fog generator was used to produce the neces-
sary seeding particles. The final paint film thickness profiles were determined measured using an automated 2-
component film thickness measurement table.

Basic principles of the numerical simulations
The full details of the numerical simulations should not be discussed here, as they are based on the commercial code

Fluent5.4 (unstructured). It is important to note that the fully 3-dimensional, turbulent flow field was calculated using the
RNG k-ε model, which distinguishes the present investigations from former work (e.g. Ellwood and Braslaw [3]).

The principle geometry includes the atomizer located in a spray booth with a downdraft air velocity of 0.3 m/s. The
target, a flat panel of size 1 m x 1 m, was located horizontally at an axial distance of 230 mm from the atomizer.

To account for the significant electrical effects in the spray characteristics and the deposition process, the numerical
code was extended implementing

1. the static electrical field
2. the space charge field of ions (local density of ion current)

1 Bell 3 External Electrodes
2 Shaping air ring

Fig. 1: External charging high-speed rotary bell

Table 1: Atomiser characteristics

Bell diameter 55 mm (no serrations)
Bell material Stainless steel
Rotary speed 45 000 1/min
Liquid flow rate 150 ml/min
High voltage 60 kV
Shaping air flow rate 120 l/min

1
2

3



3. the Coulomb forces acting on the droplets
4. the space charge effect due to the flow of charged droplets
5. particle trajectories taking into account the transient charging within the flow domain

   The local density of the ion current and the corresponding
space charge field is calculated by solving a conservation equation
for the ion density [4]. The solution of this equation is integrated
completely in the Fluent extended code. The resulting ion charge
density on the target is depicted in Fig. 2. The final pattern is
nicely corresponding to the symmetric arrangement of 6 electrodes
around the atomiser body.

The time dependent charging of the droplets was calculated
according to Pauthenier and Moreau-Hanot [5]:
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In this equation, the charge pq  is acquired by a spherical
droplet with radius r and relative permittivity rε  ( 80=rε  for water based paint) when exposed to an ion flux in a field
E. t is the resident time of the particle and τ is charging time constant that is given by

J
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However, the obtained results have to be corrected to match the measured local and overall currents within the spray
cone. It should be noted, that the current of free ions is approximately a factor of 10 – 15 times stronger that the current
produced by the charged paint droplets. Although several experimental attempts have been used to determine the charge
of the paint droplets accurately, there is still a significant uncertainty concerning the true charging behaviour of the
droplets.

Of course, the Lagrangian approach was chosen to calculate the two-phase flow field. In this case the additional
electrical forces can be implemented fairly easy and physically sound. A careful procedure must be chosen to achieve a
stable iterative solution of the space charge field, using certain underrelaxation factors in a specific strategy. The film
thickness was derived from the local mass flux of droplets depositing on the target. Similarly, the transfer efficiency was
calculated as the ratio between the deposited mass of droplets and the mass of the overspray droplets.

Due to the complex flow field in the vicinity of the bell it is essential to define correct inlet conditions for both, the
airflow and the particle phase. From preliminary calculations it was found that the shaping air flow had to be calculated
using the exact geometry, i.e. more than 40 individual nozzles in the shaping air ring behind the bell to obtain a correct
velocity profile at the bell edge. This was verified through detailed
LDA measurements. Consequently a very fine mesh had to be used
in this region, as shown in Fig. 3. The final inlet flow field is de-
picted in Fig. 4. As discussed below, the inlet conditions for the
particle phase were taken directly at the bell edge, using results of
Malvern measurements. The initial velocity of the droplets was
calculated from the speed of the bell, hence, neglecting velocity or
joint size/velocity effects during the disintegration process. The
resulting droplet inlet measurements are between 100 and 120 m/s,
depending on the bell speed.

The calculations were performed on a dual-processor PC
(Windows2000, 1 Gbyte RAM), allowing grids with up to 400 000
cells and trajectory calculations of up to 1,2 106 droplets. This was
found to be enough to obtain the necessary statistical reliability of
the results, especially of the final film thickness as an integral re-
sult.

Figure 2: Ion charge density distribution on the target

Figure 3: Adapted mesh used in the simulations



Mean droplet diameters and inlet conditions
After disintegration, the droplets are initially flowing in tan-

gential direction then being exposed to the axially directed
shaping air. Due to the size dependent acceleration of the drop-
lets this results in a very strong separation of the different size
classes, with larger droplets reaching larger radial distances from
the spray cone centre. This was confirmed by phase-Doppler
measurements that were made at an axial distance of 2 mm from
the bell edge. Taking also the results from visualisation studies
into account, it can be concluded that it is essential to measure
the inlet droplet size distribution as close to the bell edge as
possible. At these locations, cross effects with the shaping air
flow can be still neglected allowing to apply the very simple and
fast Malvern particle sizer with sufficient accuracy and stability.
In this case new measurements are only necessary if either paint
flow rate or rotational speed of the bell have been changed.
Again, it should be stressed that the purpose of this work is to deliver a tool for the simulation of electrostatically sup-
ported spray coating processes that can be used as part of a general program to simulate the complete painting process.

Considering the full set of results, not shown here in detail, the atomisation is characterised by relatively small mean
diameters comparable to high pressure air atomisation of paint [6]. However, the initial expectations in the development
of this type of atomiser, i.e. to achieve very narrow size distributions, have been achieved only partially. This has signifi-
cant consequences for the local spray characteristics.

Numerical results
In the following, the results of the comparison between numerical simulation and experimental investigations are

discussed.
In Fig. 5 the calculated air flow field is depicted. For comparison, the flow field of the paint droplets as obtained by

a laser light sheet on the centreline of the spray is shown in Fig. 6. In both cases, a large vortex can be seen located ap-
proximately 3 bell diameters downstream the bell edge. In
the centre of this vortex a recirculation region can be ob-
served, transporting paint droplets back to the bell. Of
course, this effect leads to significant differences in the
residence time of the droplets within the spray cone and
consequently to differences in the evaporation. As mainly

Figure 4: Inlet flow at the shaping air ring

Fig. 6: Laser light sheet on the centreline of the spray
cone (with paint applied, external electrodes
not used)

Fig 5: Calculated velocity vector field



small droplets follow this air flow a certain amount of fine, relatively dry droplets are produced.
The trajectories of the droplets which are injected at the bell edge are mainly influenced by the shaping air flow field

and the electric field components. Through parametric studies it was found that all three major components, i.e. flow
field, static electric field and space charge effect are of equal importance. Moreover it was observed that the spray char-
acteristics are very sensitive to the chosen boundary conditions, e.g. the conductivity of the atomizer body. Hence, these
parameters have to be matched to the practical situation very precisely.

An overall impression of the droplet trajectories
is given by Fig. 7. Basically, the droplets separate
within the spray cone according to their diameter with
smaller droplets concentrating in the inner spray cone
region. This results from the size dependent momen-
tum/drag force ratio of the droplets being injected
into the cross flowing shaping air at the bell edge. As
expected, some of the very small droplets are able to
follow the backflowing air in the centre region of the
spray cone. Again, there is a nice agreement of the
overall spray cone shape shown in Fig. 6.

The final aim of the numerical simulations is, of
course, the correct estimation of the film thickness
distribution on the target and the transfer efficiency of
the painting process. These parameters represent
ultimate results, as they depend strongly on the accu-
racy of the individual droplet trajectory calculations.

In Fig. 8, calculated and measured film thick-
nesses are compared using a so-called static spray pattern. This spray pattern is produced by statically operating the at-
omizer for a period of 20 s without any movement. After application the paint film on the target was dried according to
the given specifications.

In general, a good agreement
between calculated and measured
static film thickness distributions was
observed as far as the general geome-
try and the extension of the spray
pattern is concerned. In the measure-
ments, 6 well-separated spots of film
thickness can be observed, corre-
sponding to the location of the elec-
trodes. This is different for the simu-
lations, also indicating film thickness
spots at similar radial distances from
the centre of the spray, however, more
randomly distributed in circumferen-
tial location. The location of these
spots various from calculation to cal-
culation, indicating a certain instabil-
ity of the solution. It should be
stressed, however, that a corresponding sensitivity of the results was observed in the experiments. Future investigations
will focus on this topic. Calculated (88 %) and measured (90-92 %) transfer efficiencies are in excellent agreement. The
difference in the film thickness near the centreline has been obtained before [1], the reason being a certain instability of
the spray cone in the experiments.

The calculated static spray pattern is further used to derive the dynamic film thickness by artificially moving the
spray pattern along a straight line and integrating the mass in stream wise direction. In Fig. 9, the resulting dynamic film
thickness is compared to the experimental result. Obviously, the degree of agreement is very similar to the static result,
especially at the edge of the profile. Through the integration procedure, the differences in the film thicknesses near the
centreline of the spray cone have almost disappeared.

Fig 7: Samples of calculated droplet trajectories

Fig 8: Comparison between measured (left) and calculated static film
thickness distribution (coloured by film thickness)



Summary and Outlook
The present contribution summarizes investigations of an external charging high-speed rotary bell used mainly in

automated high quality painting, e.g. car industry. Similar results for direct charging atomisers have been presented be-
fore [1]. The main objectives of these investigations are

1. To realize a practical tool for the simulation
of the electrostatic painting process. Such a
tool has numerous applications, the most so-
phisticated one being to incorporate it into a
complete simulation of a painting line. The
results presented herein may be taken as a
further step in this direction, basically indi-
cating the general feasibility to calculate the
static application with an extended commer-
cial CFD code. For direct charging atomisers,
the calculations have already been success-
fully extended to 3-dimensional complex tar-
gets, representing certain parts of car bodies.

2. To improve the knowledge of the electrostatic
supported painting process with high-speed
rotary bells. Although this kind of atomiser is
used now for more than 30 years, there are
still a number of problems to be solved, e.g.
the contamination of atomiser electrodes that
can be observed with specific paints.

3. To realise a future design program for high-speed rotary bells, e.g. the geometry of the shaping air outlet to achieve
a certain spray cone shape. This is of specific importance, as there are still limits in the application of high-speed
rotary bells.

Of course, it is also intended to use different atomiser types in the coating simulation such as airless or pneumatic
spray guns with and without electrostatic support. A significant problem, however, arises in the determination of the inlet
conditions, requiring complex phase-Doppler measurements to determine local size and velocity distributions throughout
the whole spray cone. In a preliminary study with pneumatic spray guns it was found that no PDA measurements are
feasible below a distance of 50 mm to atomiser due to the high droplet number density in this region. Hence, PDA meas-
urement would be necessary for each operating condition considered, which is unacceptable in the daily use of the simu-
lation tool.

Nomenclature
E Electric field V t Residence time s
J Current density A/m² ε0 Permittivity of free space F/m
qp Droplet charge µC εr Relative permittivity F/m
r Droplet radius m τ Charging time constant s
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Abstract
The effect of a pulsating DC field on the break-up of a highly viscous and conductive liquid jet is addressed.
Aqueous solutions of PVA have been used as the working liquid. Solution with two different viscosities (0.04 Pa s
and 0.14 Pa s) have been prepared. The influence of the physical properties of these solutions on the wavelength of
the travelling axisymmetrical superficial jet wave has been investigated, and the resulting size distributions of the
droplet have been quantified. Within a range of frequencies it is possible to control the wavelength of the wave to
produce a train of monodisperse droplets. The formation of monodisperse droplets occurs near the upper limit of the
frequency of the pulsating DC field, when using an appropriate electrode design. Models proposed in literature to
predict the optimum wavelength and frequency are compared with the experimental results and good agreement is
found. The electro-spraying technique is demonstrated to be a valid method to atomise liquids having a high
viscosity.

1 Introduction
    In many industrial applications the control of particle properties such us size distribution is of crucial importance.
One way of achieving this is by liquid atomization by jet break-up [1,2].
    A liquid issuing from a nozzle in either air or in liquid can form a stable jet under some well-defined conditions,
depending on nozzle geometrical characteristic and liquid physical properties [3,4,5]. The jet first flows as a
continuous thread and after a short distance it breaks-up into droplets. The liquid jet break-up is due to
axisymmetrical waves, which travel along the jet grow until jet disruption occurs. Rayleigh [6] presented a theory
for this phenomenon for inviscid liquids, while Weber [7] extended the theory to liquids for which the viscosity
cannot be neglected.
    Later works have considered the effect of electrostatic forces on a spraying liquid. A classical set up for the
process, commonly termed as the electro-spraying, is a metallic nozzle facing a disk-shaped plate. On the nozzle a
high voltage is applied while the plate is earthed. When the liquid is issued from the nozzle it falls through the
electrostatic field showing a number of electrohydrodynamic spraying function modes [8,9].
    The application of the electrostatic-field leads to the formation of a finer jet than when there is no field, as
reported by Mutoh et al. [10]. However it is found that the ratio of droplet diameter to the jet diameter is not affected
by the application of the electric field for both viscous fluids [10] as well as inviscid fluids [11]. Further
confirmation can be found in the work of Shneider et al. [12] and Neukermans [13], who extended the Rayleigh
theory to an electrically charged jet. They observed that the break-up of the jet into droplet is weakly dependent on
the electric field as compared to the surface tension.
    Later investigations have been conducted using an AC electric field. The idea is to induce mechanical oscillations
on a liquid jet surface by electrostatic means in a way to control the axisymmetric superficial jet wavelength, which
in turn controls the size distribution of droplets and satellites [14]. Further work in this direction has been conducted
using an AC superimposed on a DC field. This arrangement allows a fine control on the jet break-up and on the
droplet and satellite diameter [15,16]. The present work focuses on the jet break-up of a smooth jet by the action of a
pulsating DC field. Investigations on the effect of the pulsating frequency on the droplet and satellite diameter as
well as on their size distribution, with respect to the physical properties of the liquids are reported here.

2 Experimental Set-up
    The apparatus was arranged for a vertical spray. It consisted of a stainless steel nozzle (I.D. 1.1 mm, O.D. 1.4 mm
and 3 cm long) to which a high voltage was applied and a stainless steel disc, which was connected to the earth. The
schematic representation of the apparatus is shown in Fig. 1. The stainless steel disc had a diameter of 10 cm and 6
mm hole in the middle in order to avoid the accumulation of the liquid. The disc was positioned at 5 mm underneath
the nozzle. The spraying apparatus was enclosed in a metallic cage with a Perspex transparent wall. Protection from
the high voltage was provided by the earth cage and the Perspex transparent wall, which allowed the process close to



the nozzle to be visually observed. The spraying process was recorded using a high-speed digital video camera
model Kodak Ektapro HS 4540 with a Leica Monozoom 7 lens. The images were recorded with the technique of
shadow photograph obtained using a halogen commercial lamp, which was illuminating the rig from the rear. Each
experiment took only a few minutes and hence avoiding a long exposure of the jet to the light, which could change
the viscosity of the liquid by heating it up. The recorded images were downloaded into a PC and later processed by
Optimas software (Optimas Corporation). All the experiments were conducted at room temperature.
    Using a syringe pump (Harvard Apparatus 22 Model 55-2222), the liquid was fed to the nozzle with a flow rate of
32.2 ml/min, which was kept constant through out the experiments. The high voltage source was a capacitive EHT
unit (Nada Electronics model 2300). The applied voltage had a pulsating pattern with positive polarity and a voltage
setting of 4 kV. This voltage gave an electric field of 2.4x106 Vm-1, according to Jones and Thong’s formula [17]. In
all the experiments conducted the pulse was kept on for a time which was the 50% of the period.
    Aqueous solutions of polyvinyl alcohol Airvol 325 with different concentrations were chosen as the working
liquid. The solutions were prepared by heating the polyvinyl alcohol powder in distilled water for 30 minutes at 96
ºC, while stirring. The physical properties of the solutions prepared in this way were measured at room temperature
and their values are reported in Table 1. The electrical conductivity was measured using a conductivity meter (4310
Jenway). The surface tension was measured with the method based on the pendant drop using a contact angle-
measuring instrument (A G10 Kruss GmbH). The viscosity was measured using a cone-and-plate rheometer (Carri-
med 50 rheometer TA instruments).

Liquid Electrical Conductivity
(S/m)

Viscosity
(mPa s)

Surface tension
(mN/m)

Density
(kg/m3)

PVA3% 0.048 40 66 1002
PVA5% 0.093 140 58 1009

Table 1 Physical properties of polyvinyl solutions

    The density was measured using a volumetric flask. Polyvinyl alcohol was chosen since it could produce a wide
range of viscosity in water solution, maintaining the high conductivity characteristic of the water. The polyvinyl
alcohol solutions are virtually Newtonian for the flow rate and the nozzle diameter used. There are many liquids
reported in the literature that have been used by previous investigators. Grace and Marijnissen [18] report the
physical properties of a number of these liquids.

3 Experimental results
3.1 Frequency range
    The experiments are conducted in the regime of smooth jet mode using the above mentioned PVA solutions. The
jet flows through a pulsating electric field by which it is possible to control the jet break-up. The maximum
frequency used to pulsate the electric field is 150 Hz, which corresponds to a half period of 0.0034 s in which the
electric field is switched on. This time is sufficiently long to ensure a full effect of the electric field on the liquid
atomization, considering that the less conductive liquid of Table 1 has a relaxation time, τ , of the order of 10-8 s.
For an electric-spraying system set up, and physical properties of the liquid used, e.g. surface tensionσ , viscosity µ
and density ρ , there is a range of frequency, f , within which it is possible to control the wavelength, λ , of the
wave which is responsible of the jet break-up. The controlling frequency is between 60-150 Hz for the PVA 3%
solution and between 30-105 Hz for the PVA 5% solution respectively as shown in Fig. 2. Within the frequency
ranges the wavelength monotonically decreases as the frequency is increased until it reaches asymptotically a
plateau. This plateau is close to the optimum wavelength, which can be worked out from the Weber’s relationship
given below (see Fig. 2)
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    Where optλ  is the wavelength of the disturbance which will grow most rapidly to break-up a viscous liquid jet
into droplets.
    The optimum value of the applied frequency can be evaluated for viscous liquids following the approach of Strom
[19], the optimum modulation frequency for inviscid liquids is based on
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   The quantity jD2π represent the wavelength of the disturbance which will grow most rapidly to break-up an
inviscid liquid jet into droplets. In this work we assume that the above quantity can be replaced by the optimum
frequency as given in Equation (1), and an average velocity can be used on the liquid flow rate through the nozzle.
This gives Equation (3)
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   The values of the above frequency are calculated for the PVA 5% and PVA 3% respectively and are reported in
Fig. 2. Applying frequencies over the optimum value does not produced shorter wavelengths minimum theoretical
limit jDπ . Any frequency increase above the optimum frequency leads to poorly definable wavelengths. On the
other hand reducing the frequency produces, larger wavelengths until axisymmetric instability stops and kink
instability takes place.

3.2 Droplet and satellite
    The action of the electrostatic field on the wavelength is to reduce the drop size as well as to control the size
distribution. Inside the controlling frequency range it is possible to vary the main droplet diameter within a range of
20%-30%. The wider variation achievable is for the more viscous liquid. The possibility of changing the droplet
diameter within a 20%-30% results quite limited if compared with the wider control which would be attained using a
spraying system set up for dripping mode [20].
    On the other hand the effect of the applied frequency plays an important role on the reduction of the satellite
droplet size. When the experiment is performed using the PVA 3% solution, a gradual decrease in the diameter of
the satellite is observed when applying a frequency between 60 Hz to 80 Hz. However, beyond 80 Hz the satellite
diameter decreases with a steep gradient, until it completely disappears for the frequency values over 100 Hz, hence,
a train of monodisperse droplets is produced, see Fig. 3.
    Successful elimination of the satellites is also achieved for the PVA 5% solution. Above a frequency of 60 Hz
there is no production of any satellite, but in this case the disappearing of the satellite follows a different trend.
Starting from a frequency of 30 Hz, a small and gradual decrease of the satellite size can be noticed until the applied
frequency reaches 60 Hz above which the satellite suddenly disappears, see Fig. 4. The results of the droplet size
distribution in the absence and with the presence of an optimum pulsating field are shown in Figures 5 and 6.

Conclusion
    Modulating the applied frequency the wavelength can be controlled within a given range which became shorter to
the liquid viscosity increment. The controlling frequency range is characterised of an area in which no satellites are
produced and this area interests the more high frequencies. Applying frequencies gradually higher, waves with tinier
wavelengths are produced and these approaches to a plateau, which is close to an optimum value of the wavelength
predicted by Weber. Above 105 Hz for the PVA5% and 150 Hz for the PVA3% an ill-defined trend for the
wavelength is observed, instead of the expected monotonic decrease of the wavelength for higher value of the
frequency.
    The model worked out by Weber and Strom analysis and proposed in Equation 3 is in good agreement with the
experimental results, though the effect of the electric field is ignored. This suggests that, in our system, the effect of
the electric field on the optλ  is rather limited.
    The control of the main drop diameter is quite modest, while greater control can be achieved on the satellite
diameter, which can be effectively eliminated, see Fig. 7. Therefore the electrostatic technique using a pulsating
electric field is demonstrated to be a valid method to atomise liquid with considerable viscosity in a controlled
fashion.

Acknowledgement
The work reported here is financially supported by Unilever Research for which the authors are grateful. The
authors would also like to thank Mr Ignacio Leciñana Burgos an Erasmus exchange student from Universidad de La
Rioja, Avenida de la Paz, 93 26004 Logroño (La Rioja), Spain, for helping with the experimental work.



Fig. 1 Schematic spraying arrangement

Fig. 2 Wavelength versus frequency

Fig. 3 Diameter versus frequency for PVA 3%
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Fig. 4 Diameter versus frequency for PVA 5%

Fig. 5 Size distribution in the absence of an electric field for PVA5%

Fig. 6 Size distribution in the presence of an optimum electric field for PVA5%
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Fig. 7 Electrically driven droplet formation for PVA 5%

Nomenclature

jD jet diameter

optf optimum frequency

Q flow-rate

jv jet velocity

optλ wavelength of the fastest growing wave
µ viscosity
ρ density
σ surface tension
τ relaxation time
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Abstract
Monodisperse aerosols show therapeutic advantages, but they are difficult to generate. A new method ,electro

hydrodynamic atomisation, is described. A high voltage is applied to a nozzle through which a solution is pumped,
containing dissolved drug. At the nozzle tip a liquid cone is formed and a stream of monodisperse droplets is re-
leased. The droplet diameter is governed by the density, conductivity and the flow rate of the fluid. The droplets are
charged, and need to be neutralised. Therefor a corona discharge system is used.

Methylparahydroxybenzoate (MPBH) was used a model drug and additional data generated using beclometh-
asone dipropionate (BDP). At a flow rate of 1 ml.hr-1 and 0.5% MPBH 1.58 µm particles were produced with a
geometric standard deviation of 1.18. Increasing the flow rate to 3 ml.h-1 and the concentration to 3% resulted in
4.55 µm particles with a GSD of 1.29. The experiments with BDP resulted in similar particles sizes. The mass of
BDP was found to range between 1.42 and 6 µg/litre air. Aqueous solutions can not be sprayed using this set up.
This method can be used to deliver anti-asthma drugs to patients.

Introduction
In the treatment of asthma and other chronic obstructive lung diseases, inhalation therapy is the most frequent

applied method for the administration of drugs. Direct local administration into the lungs realises an immediate ef-
fect and smaller doses are needed compared to oral administration. However, using conventional inhalation devices,
only a small fraction of the inhaled drug reaches the lower airways, where it has its therapeutic effect1. A large part
is deposited in the mouth and throat, after which it is swallowed and subsequently absorbed in the gastrointestinal
tract. The low efficiency of the inhalation equipment is related to the size of the particles released.

Conventional inhalation devices produce particles with a broad size range from which most particles are larger
than 5 µm. Large particles are less or even inefficient, so they can be eradicated from the emitted dose without re-
ducing the therapeutic effect. However, they still have the potential to elicit side effects. Small particles, on the other
hand, end up in the alveoli and are also not effective due to the lack of smooth muscle and are most probably rapidly
absorbed. The latter might be equivalent to the fast emerging side effects as hypokaliemia. As result of these find-
ings an interest in (producing) monodisperse aerosols has emerged as means to improve the therapeutic quality2.

The means to produce monodisperse or narrow ranged aerosols are however limited, which impedes daily
practice use. Current systems like the spinning top generator are cumbersome in their use and are therefore confined
to a laboratory environment3. Electro hydrodynamic atomisation (EHDA) is a new technique able to produce mono-
disperse droplets of a defined size in the micrometer range. It is based on techniques, which are new to the field of
medical atomisation, and although the system is still in its infancy it seems a promising technique because of its
potential to be converted into small hand held systems. The application described here focuses on the generation of
monodisperse corticosteroid aerosols, which up to now has not been possible or described.

Theory
Atomisers, used to produce a spray of droplets from a bulk liquid, can be distinguished by the source of energy

used (air, ultrasonic vibrations). In electro hydrodynamic atomisation (EHDA) the source of energy is an electric
field. A typical set up used for EHDA is shown in Fig. 1. A liquid is supplied to a nozzle at a low flow rate and an
electric field is generated between the nozzle and a counter electrode when a potential difference is applied.



pump

high voltage
source

nozzle

counter
electrode

Fig. 1. Basic set-up used for EHDA

As a result of Coulomb interactions between the electric field and charges (ions) in the liquid, an electric stress
on the liquid surface is formed. Through this stress the liquid is accelerated and subsequently disrupted into droplets.
The formation of droplets at the nozzle progress (keeping flow rate, geometry and liquid properties constant)
through several spray modes. Cloupeau and Grace gave a clear overview of these modes 4, 5. They can be separated
into two general categories: those that exhibit a continuous or non-continuous flow of liquid through the nozzle. In
the second group dripping or microdripping are observed, the first group comprises the so-called cone-jet, simple-jet
mode and ramified-jet mode.

The mode of interest now is the cone-jet mode, which is shown in Fig. 2. This mode occurs when the electric
field strength is at a level at which the electrical stress overcomes the surface tension stress of the liquid. In that
case, the electric stresses transform the droplet at the nozzle into a conical shape. At the apex of the cone a continu-
ous jet is emitted which breaks up into droplets.

Fig. 2. Photograph of EHDA in the cone-jet mode

Following Fernandez de la Morra and Gañán-Calvo, Hartman developed a model, able to calculate the shape of
the cone and jet, the electric fields in- and outside the cone and the surface charge density at the liquid surface 6, 7, 8.
The produced droplet size was shown to be mainly dependent on the liquid flow rate and the liquid properties (i.e.
conductivity, surface tension). Using this model one is able to predict the droplet size produced depending on the
earlier mentioned parameters. Following Fernandez de la Morra and Gañán-Calvo, Hartman developed a model,
able to calculate the shape of the cone and jet, the electric fields in- and outside the cone and the surface charge den-
sity at the liquid surface. The produced droplet size was shown to be mainly dependent on the liquid flow rate and
the liquid properties (i.e. conductivity, surface tension). Using this model one is able to predict the droplet size pro-
duced depending on the earlier mentioned parameters. Hartman found the following law for the droplet size in the
varicose break-up regime:
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ρε
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where ρ = density of the fluid (kg.m-3)
ε0 = permittivity of vacuum (8.85.10-12 C2.N-1.m-2)
Q = flow rate of the fluid (m3.s-1)
I = current through the jet, depending on liquid properties (A)



The constant c was fitted to the experiments and was found to be equal to 2.05.
As the current through the jet is a strong function of the conductivity of the liquid used, its conductivity to-

gether with the flow rate applied determines the size of the droplets produced. As the conductivity is an intrinsic
property of the solution used, it has to known. The flow rate can be used as a controlling parameter for the droplet
size. The droplet size produced varies between 10-50 µm, which reduces to smaller sizes due to evaporation of the
solvent, leaving much smaller dry particles. The size of the latter depends on the concentration of the drug in the
solvent.

The droplets, produced with EHDA, have a high charge and have to be neutralised for two reasons. The first
reason is Rayleigh explosion. Due to evaporation the droplets shrink and so the charge in the droplets increases. At a
certain point the mutual repulsion of electric charges exceeds the surface tension and the droplet disrupts in an un-
controllable fashion into smaller (polydisperse) droplets. The second reason is to prevent high deposition of charged
medicine particles in the (upper) airways during inhalation.

Different methods can be used to discharge the droplets. Mixing the droplets with ions of opposite charge is
one way. High concentrations of unipolar ions can be produced using a direct current (DC) corona discharge. This
technique can be easily integrated into the conventional EHDA set-up.

Experimental
In the design of the device the following requirements had to be met:

• Particles of certain sizes had be produced (1-5 µm)
• The droplets produced by EHDA must be neutral or low in charge
• The solvent must evaporate so that solid dry particles are inhaled
• It should be possible to inhale the particles in adequate concentrations, up to a dose of 100 µg delivered to the

mouth
• The device must contain a sampling system for particle size distribution and concentration measurements

Based on these requirements, the device shown in Fig. 3 was developed.

Fig. 3. Schematic picture of the device developed for the production of pharmaceutical particles

The device can be divided into four main sections: a spray section, a neutralisation section, an evaporation section
and a sampling section. The aerosol can be inhaled from a section at the exit near the sampling system.

The device developed intends to produce monodisperse particles of the corticosteroid beclomethasone dipro-
pionate (BDP). As BDP is expensive most of the initial experiments were performed with a solution of methylpara-
hydroxybenzoate (MPHB) in ethanol. MPHB was chosen because it is an ethanol soluble and safe food additive,
while the physic-chemical properties closely resemble that of BDP. Table 1 gives an overview of the MPHB solu-
tions (and their conductivity) prepared for the EHDA experiments.

flow
 meter air supply

discharge needle

syringe pump
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solution % w/w conductivity (µS.cm-1)

pure ethanol - 0.62

MPHB in ethanol 0.5 0.60-0.70

MPHB in ethanol 2.0 0.52-0.70

MPHB in ethanol 3.0 0.58-1.10

Table 1. Conductivity (at room temperature) of the MPBH solutions.

Results
For the MPBH solutions the effect of increasing flow rate through the nozzle on particle size and distribution of the
latter is shown in Table 2. At increasing flow rates, the size of the particles increases, as expected by theory. At a
low liquid flow rate, particles are produced with a small geometric standard deviation, but at increasing flow rates
the distribution becomes broader.

1 ml.hr-1 2 ml.hr-1 3 ml.hr-1

wt% mmad (µm) gsd mmad (µm) gsd mmad (µm) gsd
0.5 1.58

(0.05)
1.18

(0.03)
2.07

(0.07)
1.17

(0.02)
2.51

(0.07)
1.23

(0.03)
2.0 2.22

(0.02)
1.18

(0.03)
3.04

(0.03)
1.22

(0.03)
3.43

(0.17)
1.28

(0.01)
3.0 2.69

(0.05)
1.37

(0.02)
3.98

(0.05)
1.37

(0.02)
4.55

(0.05)
1.29

(0.05)

Table 2. Influence of the MPHB concentration in ethanol on the mass mean aerodynamic diameter (MMAD) and
geometric standard deviation (GSD) as function of flow rate. The data depicted represent the mean (SD) of 10 con-
secutive measurements at 1 min intervals.

At equal flow rates, a clear increase in particle size for increasing concentration for 0.5, 2.0 and 3.0 % MPHB solu-
tions is present. In Table 3 the mass of material per litre air is depicted. This mass per litre air is the result of the
mass input per unit of time, the volume of the tubing of this nebuliser and the outflow of the system. This means that
for different configurations other masses will be obtained.

wt% 1 ml.hr-1 2 ml.hr-1 3 ml.hr-1

0.5 1.42  (0.23) 2.61  (0.32) 2.90  (0.65)
2.0 4.75  (0.48) 7.27  (0.64) 5.83  (0.44)
3.0 5.90  (0.39) 9.50  (0.39) 6.04  (0.43)

Table 3. Influence of the MPHB concentration in ethanol on the aerosol mass (µg/l air) as function of flow rate. The
data depicted represent the mean (SD) of 10 consecutive measurements at 1 min intervals.

Conclusions
We have shown that it is possible to generate methylparahydroxybenzoate (MPHB) aerosols of various particle

sizes with very narrow size distributions using electro hydrodynamic atomisation (EDHA). Up to now generation of
monodisperse aerosols was only possible with complicated laboratory equipment, like spinning top, vibrating orifice
or Sinclair-LaMer generators. These devices all are characterised by moving mechanical parts, high use of com-
pressed air, complicated manner to operate and/or high temperatures. EDHA is characterised by non-moving parts,
no use of compressed air and easy operation.

We noted that a (large) increase of the flow rate causes the size distribution of the aerosol to widen slightly.
Although the reasons for this phenomenon are not exactly known yet, the relation with increasing flow rates leads to
an assumption of stronger instabilities in the jet formed. The jet becomes thicker and it is conceivable that instabili-
ties are more probable, resulting in higher variability of the aerosol size. Recently a variant of the same application
of EHDA was described and here a GSD of 1.6 was reported, which points at less optimal settings of the process,
most probably due to very high flow rates 9.

The next step in the development will be the use of beclomethasone dipropronate instead of the placebo, fol-
lowed by an efficiency test on a group of people.
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1. Introduction
It is known that a charged drop spraying process in an electric field is nonlinear essentially. In particular the emissive

lugs are shaped by a superposition of infinite number of interacting modes of drop capillary oscillations. The nonlinearity of
the spraying drop process is a main barrier to build-up of a common model of the phenomenon.

Analytical methods for a studying of drop disintegration are not simple and researchers undertake attempts of a
numerical analysis. For example authors [1] carry out a numerical investigation of the electrohydrodynamics equations to
describe disintegration charged drop process. Calculations have shown a high degree of nonlinearity for some particular
cases of the phenomenon (the extracting of only several daughter droplets was designed). The full investigation was not
carried out because complexity of the problem.

2. The method of calculation
The most common physical model of a charged drop spraying in an electric field can be grounded on energy principles.

Note that the process of the disintegration of an initially unstable parent drop on daughter droplets is not equilibrium. Hence
the known minimum energy principle for a final state of a system is not valid. Another hand the spraying process can be
viewed as the number of the nonequilibrium individual acts of daughter drops emission. If every act is considered as quasi-
static process then Onzager principle of minimum energy dissipation rate may be used [2] for one daughter drop extracting
act then for one again and so on.

Let a liquid drop resides in an external uniform electric field E . The drop has a form of revolution spheroid and it is
elongated along the electric field. Let use following notation. Symbol R  notes a drop radius, Q  is a full charge and e is an
eccentricity. The liquid has density ρ , surface tension σ , dielectric permittivity ε , electroconductivity λ .

The way of a spraying may be determined if to compare two characteristic time scales )4/( πλετ =q  (charge relaxation

time) and ))16/1(/( 223 πσρτ wWRu −−=  (time instability growth caused by presence of surface charge) where

)/(22 εσREw =  is Taylor parameter and )16/( 322 RQW πσε=  is Rayleigh parameter [3]. The drop may be called
nonconductivity if qu ττ << . In these case the drop disintegrate on two compatible parts [4]. If qu ττ >>  then drop has an
excellent conductivity and a number of small drops is emitted.

Let 1−n  and 1−l  events of emission are happened from first apex and from second apex respectively. The apexes are
opposite. We suppose radii of daughter drops Rrij <<  and their charges 2ERQqig +<< . The index i  indicates an apex
from which a daughter drop is emitted. A direction from second apex to first apex is same as the electric field direction. In
fact 1=i  if the daughter drop move in the direction of the electric field and 2=i  if the daughter drop moves in the opposite
direction. The index j  indicates an order number of the daughter drop. The emission time of a daughter drop is evaluated

as the capillary oscillation period that calculated for the main mode of the daughter drop 2/3~ ijr . During an emission of one

big drop from second apex, k  small drops are emitted from first apex ( k  is the integer part of 2/3
12 )/( nl rr ). The one

daughter droplet emission process is represented as quasi-static and we may calculate the energy change for this individual
emission act:

−−−−−−−−++++++++++++−−−−==== −−−−
ij

ijij
ij

2
ij

ij

ij2
ijij

2
ij

2
1ij

2
ijij R

)e(BQq
R2

)e(BQ
r2

)e(B
q))e(Ar)e(AR)e(AR(4U πσπσπσπσ∆∆∆∆

)(qER)1(
R

)(K
Qq

R2
)e(BQ ijijij

1i

ij

ij
ijij

1ij

2
ij ννννΩΩΩΩ

νννν ++++

−−−−
−−−−++++++++−−−−                           (1)



(((( )))) (((( )))) 6/12
ij

ij

ij2/12
ijij e1

e
earcsin

e1
2
1)e(A

−−−−
−−−−














++++−−−−====  

(((( ))))
)e(arth

e
e1

)e(B ij
ij

3/12
ij

ij
−−−−

====

(((( ))))












−−−−====
ij

3/12

ij
earth

e
e1)(K

νννν
νννν  

2/1

2
ij

ij a
1 










++++====

ξξξξ
νννν

(((( ))))(((( ))))
(((( )))) (((( ))))earthee1

e1earth)1(e
)( 3/12

12
ijijijij

ij
−−−−−−−−





 −−−−−−−−−−−−−−−−

====

−−−−νννννννννννννννν
ννννΩΩΩΩ

3/1
1l

1j

3
j2

1n

1j

3
j1

3
ij

3
ij rrrRR 








∑∑∑∑−−−−∑∑∑∑−−−−−−−−====
−−−−

====

−−−−

====
 








∑∑∑∑−−−−∑∑∑∑−−−−====
−−−−

====

−−−−

====

1l

1j
j2

1n

1j
j1ij qqQQ

Here a  is a biggest semi axis of the parent drop, ijν  is a distance between centers of the parent and the daughter drop,

ijξ  and ije  are spheroidal coordinate and eccentricity of the daughter drop at the time moment when a neck between the
parent and the daughter drops is rupturing.

First term in (1) characterizes a surface energy change of the system. Second term is the proper electrostatic energy of the
daughter drop. The sum of the third and fourths term is the proper electrostatic energy of the parent drop after an emission
act. Fifth term is the proper electrostatic energy of the parent drop before an emission act. Sixths term is the energy of the
electrostatic interaction between the daughter drop charge and the proper charge of the parent drop. Seventh term is the
energy of electrostatic interaction between the daughter drop charge and the polarization charge of the parent drop.

The emission goes on till the electricity force acted on extracting drop stronger than the laplace force *2 ijrπσ ( *
ijr  is a

neck between parent and daughter drops). It is true if the following condition is satisfied.
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Here ijX  and ijY  are nondimensional radii and charges of daughter drops; ijb is smaller semi axis of daughter drops.
The energy change ijU∆  in one act of the emission depends on the dimensionless radius ijX  on the charge ijY  of the

daughter droplet and on the dimensionless distance ijν  between daughter and parent drops at the separation moment. A
change of energy must have minimum to Onsager principle was satisfied. For the function ),,( ijijijij YXUU ν∆=∆  was
found a minimum under the condition (2). It leads to a system of six algebraic equations to define jX1 , ijY , ijν .



3. Numbering analyses
The solution of the system of equations depends on two dimensionless parameters: Taylor’s parameter and Rayleigh’s

parameter. Taylor’s parameter is σε /22 REw =  and it describes a stability of the parent drop in depended on polarization

charge. Rayleigh’s parameter is )16/( 322 RQW πεσ=  and it describes a stability of parent drop in depended on proper
charge [5].

Fig.1 show it is possible to mark six zones of various problem solutions on the plane of parameters ),( 22 wW . The
spraying occurs only from first apex of the parent drop in the zone 1A . Emission is going only from second apexes in the
zone 2A . The parent drop is stable in the zone B . The emission occurs from both emissive lugs and the charge signs of
opposite extracting daughter drops are same in the zones 1D  and 2D . The emission in the zone C  is like in 1D  and 2D  but
signs of opposite extracting daughter drops is inverse.

4. Conclusion
The instability of conductive drop in an external electric field caused by combine affecting of proper and inductive drop

charges may be realized different ways in depended on the intensity of external electric field and also on the quantity and
the sign of the proper charge. The external electric field is the reason for the asymmetric spraying of the parent drop. Hence
a moving phenomenon of the parent drop during a spraying must be happened due to a reactive effect. The appearance of
the parent drop moving agrees with some experimental dates.
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Abstract
In this paper, the stabilising effects of the AC field superimposed on the DC field are explained in terms of the
system characteristic time constants. The importance of the charge convection relative to the charge conduction in
terms of the parametric time constants is also examined. The break up process of Electrohydrodyinamically driven
jets of conducting liquid is analysed in the parametical limits of the system and the charge relaxation effects.
Comparisons between the experimental and theoretical results are reasonable. It has been shown that the AC
frequency needed to control the break up mechanism is a function of the system time constants.

Introduction
    When a conductive liquid jet is subjected to an electric field, the free charges (or ions) within the liquid start
moving toward the liquid surface, which results in a build up of surface charge. For a flowing liquid jet, the flow
transports the surface charge shifting its value from the equilibrium value. As a result, the electric field inside the
liquid ceases to be zero, and electrical currents set up through it in an attempt to restore the electrostatic equilibrium,
Fernandez de la Mora and Loscertales 1994 [1]. The shifting of the surface charge from its equilibrium value results
mainly from the convection of the interface. These field induced macroscopic motions of the liquid are called
Electroconvection. Electroconvective phenomena can be divided into two types: those which occur in the body
(bulk) of a single fluid, and those which occur in the vicinity of the interface of two fluids (phases) with different
electrical properties, such as air and water.
    It was reported by Malkus and Veronis 1961 [2] that when a liquid is subjected to an external applied electric
field, at some critical value the fluid in the vicinity of the surface starts to move in a pattern of regular steady
motions. In addition to the surface motion, it was observed that some liquids exhibited a slower, quasi cellular, body
motion throughout the fluid. This latter motion was unsteady and distorted. Avsec and Luntz 1937 [3] observed that
high electric fields applied to dielectrics resulted in a form of fluid convection. An account of an experimental
investigation into the effects of an AC potential superimposed on a DC potential on the disintegration and stability
characteristics of a jet of highly conductive liquid was previously reported [4-6].
    The reason for employing such a technique is to suppress the dominant effects of charge relaxation, which are
exhibited by conducting liquids. The AC field serves the function of assuring a perturbing force on the jet which
varies essentially at the fundamental frequency of the applied AC field. The oscillation of the applied field due to the
AC component will establish a potential gradient within the liquid. This potential gradient ensures that the surface of
the jet is subjected to a tangential electric field in the direction of the liquid flow. Consequently, an electrical shear
stress is confirmed on the surface of the conducting liquid jet. The induced electrical shear stress causes deformation
of the jet and results in a downward longitudinal force which stabilises the jet to axisymmetrical disturbances.
    In this paper, the stabilising effects of the AC field superimposed on the DC field are explained in terms of the
system characteristic time constants and the polarisation mechanisms. At the electrohydrodynamic (EHD) boundary
layer viscous effects must balance the induced electrical shear stress. The fluid viscosity also tends to resist
continued motion of the liquid. Depending on the relative strength of these competing effects, the displaced fluid
may or may not continue to move in one direction and this distinguishes an unstable from a stable jet. The field
induced motion of the liquid will in turn influence the charge distribution and the overall stability of the jet. The
interaction of the fields with the surface currents or charges appears as an interfering effect in the observation of the
surface waves, i.e., lateral or varicose waves. The role of bulk and surface charges on the stability and controllability
of a full developed conducting liquid jet is considered.

Conduction and Convection Processes in Liquid Jets
    When a liquid jet stressed by an electric field disintegrates into droplets, the resultant system current is composed
of two terms namely: conduction and convection current. The former is due to the bulk conduction of charged
species within the working fluid. The latter current emanates from the convection of free charges along the jet
surface. The first type of current is dominant at the origin or base of the jet ( large cross section and very small
liquid velocity), while the second type becomes dominant at some distance below the nozzle tip (smaller cross
section and larger velocity) Ganan-Calvo et al 1997 [7]. In between, there is a transition region of the jet at which



both conduction and convection are of the same order. The importance of the region to the stability of
electrohydrodynamic jet, particularly to the determination of the system total current, will be considered later.
    The conduction current is associated with the charge relaxation process and is operative in the bulk of the liquid.
While the convection current which is called surface current is observed on the liquid surface, and it is responsible
for charge distribution on the surface. The surface or convection current increases at the expense of the bulk or
conduction current as the jet travels and elongates down stream.
    The total system current, I, fed to a jet of radius rj is equal to the sum of the surface convection current, Is, and the
bulk conduction current, Ic, across a transversal section of the jet:

I = σσσσEππππr j
2 + 2ππππ qsr jv j        (1)

where qs=εE is the surface charge density, E is the field strength, σ is the conductivity of the test liquid, vj is the jet
velocity and ε is the relative permittivity.
    Near the base of the jet the conduction process is dominant, and hence it is the main contributor to the systems
current. But by the time a fully developed jet is formed, and due to the short charge relaxation time, the convection
process increases at the expense of the conduction current, and the convection current becomes as important as the
conduction current. The overall role of the convection current to the electrohydrodynamic stability of conducting
liquid jets is an important part. Let Ir be the ratio of the conduction current to that of the convection current:

Ir =
Ic
Is

=
σσσσEππππr j

2

2ππππqsr jv j
       (2)

Substituting for qs yields:

Ir =
ττττ f
2ττττ        (3)

    It can be seen from equation (3) that the ratio of the conduction current to the convection current is a function of
the charge relaxation time, τ=εεo/σ, and the system hydrodynamic time, τf= rj/vj. The importance of these time
constants to the stability of the jet will be fully discussed in subsequent section.
    According to pervious experimental work reported by Huneiti et al 1997 [5], for water, typical experimental
values obtained for; rj=1x10-4 m, τ=1.77-3.5 µs and vj=2m/s (vj is defined as the liquid flow rate divided by the
cross sectional area of the capillary nozzle), and the currents ratio is about 10.
    The electric field direction and the jet dominant regions are illustrated schematically in figure 1(a). For a liquid
flow rate, Q, of 3.2 ml/min, a CCD image of a distilled water jet issuing from a nozzle of inner diameter of 0.23mm
and outer diameter of 0.4mm is shown in figure 1(b). Near the tip of the needle, region 1, the contribution of the
liquid velocity can be neglected, i.e. vj=0. This yields a total system current I=σEπrj2. It can be seen that this value
of current is equal to the first term of equation (1), which is the conduction current Ic.
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Figure 1. Electric field directions and dominant current regions

    Region 1 can be termed as the charge relaxation region, where the current is mainly due to the conduction
process. The length, le, of this region can be calculated using the expression which was introduced, for an electrical
relaxation length, by Fernandez de la Mora and Loscertales 1994 [8]. This length strongly depends on the charge
relaxation process and the liquid flow rate and can be written as follows :

le = Qττττ( )1
3        (4)

    For distilled water at flow rate of 3.5 ml/min, le is 49µm. So this length is half of the jet radius, which is about
100µm. Region 2 is merely a transition region between regions 1 and 3. This transition is expected to occur when the
conduction through the bulk and convection of charges along the surface are of the same order. The charges are
convected along the surface of the jet with the bulk velocity. Hence, the charge distribution is determined by the
system hydrodynamic time (the time required for the fluid particles to spend in a given region of the jet), which is
given by:

ττττ f =
r j
v j

r j = ττττ f vj        (5)

For a constant liquid flow rate, where Q=πrj2vj, equation (5) can be written as:

r j =
Qττττ f

ππππ
 

 
 

 

 
 

1
3        (6)

    For a flow rate of 3.6ml/min, the calculated jet radius is about 98µm while the experimentally measured radius is
100µm. The transition region can be, also, identified as the point where the convection and conduction currents are
equal, Hines 1966 [9]. That is:

Ic = Is = σσσσEππππr j 2 = 2ππππ qsr jv j        (7)
    Therefore from equation (1), the following relation can be obtained:

I
2

= σσσσE ππππr j 2 = 2ππππqsr jv j        (8)

    Calculating for the surface charge density in this region, qs2, by eliminating the velocity and the jet radius in
equation (8) gives:

qs 2 =
I
4

ττττ f

ππππQ2
 

 
 

 

 
 

1 3        (9)



    Equation (9) is independent of the charge relaxation phenomena. This is because the free charges have relaxed to
the surface of the jet. It can be seen that the qs2 is dependent on the system dynamic time, that is due to the fact that
charges are convected along the surface with the liquid velocity.
    In region 3, due to the conductive nature of the test liquid, it is assumed that all of the free charges have relaxed to
the jet surface, as shown above, and then travel along the jet surface with the fluid. Hence the charge convection
replaces charge conduction in adjusting the charge distribution so that the electric field is almost perpendicular to
the jet surface. In this region the bulk of the liquid is quasi-neutral and the free charges are confined to a very thin
layer underneath the liquid air interface. In this region, it is assumed that the jet has fully developed into a cylinder
having a surface charge density qs3. The current in this region will be mainly due to the convection of charge, hence
Is will be of the same order as the total current which is given by:

Is = 2ππππr jqsv j       (10)

   From equation (10), it can be seen that the current is equal to the second term of equation (1) which is the
convection current. Therefore, for this region the surface charge density, qs3, can be calculated:

qs 3 =
I
2

ττττ f

ππππQ2
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3

      (11)

     Comparing the surface charge densities in regions 2 and 3, it can be seen that the charge density in region 3 is
double that of region 2. This is because the convection current in region 3 is twice of that in region 2, i.e. the
convection current increases on the expense of the conduction current which decreased to be nearly zero. As a result
a cylindrical field configuration can be considered. This requires that the distance from the tip of the needle to
region 3 is much greater than the jet radius. Equations (9) and (11) provide estimates of the charge densities as a
function of the known experimental parameters for the jet. An interesting and important feature of these results,
equations (9) and (11), is that the surface charge density is independent of the charge relaxation.
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Figure 2, Variation of q/m with applied DC potential, Q=3.4ml/m

    Region 4 is the jet break up zone, when the jet of liquid is formed, and breaks up into droplets. The level of
charge on the droplets will be determined by the jet's surface charge. The level of charge to mass ratio is shown in
figure 2.

Spray System Characterisation
    In electrohydrodynamic spraying, it is possible to analyse the spray system using certain characteristic time scales.
Pfeifer 1973 [10] characterised the electrohydrodynamic spraying by examining three parametric time constants;
namely: the charge relaxation time, ττττ=εεεεεεεεo/σσσσ , the viscous relaxation time, ττττv=rj2ρρρρ/µµµµ, the flow Relaxation time, ττττf=
rj/vj.
    The ratio of the charge relaxation time to a time which characterises the system dynamics, ie the flow relaxation
time, was termed by Stuetzer 1962 [11] as the electric Reynolds number, Re.. The present system involves two
electric Reynolds numbers having different significance. The first which characterises the flow of the liquid and
measures the relative importance of electrical relaxation time to the characteristic time of the fluid motion; it is
defined as Re1=τ/τf. In a similar manner, a second dimensionless number, Re2, can be defined as the ratio of the
charge relaxation time to the viscous time; Re2=τ/τv.



    The first Reynolds number is a measure of the importance of the charge convection relative to the charge
conduction. For a characteristic length equal to the radius of a jet of water 1x10-4m, Re1 is about 0.1. This implies
that 10% of the total current in this region (relaxation region) of the jet is due to the convection process. Therefore
the charge relaxation in water can be considered instantaneous. Thus, all of the electromechanical coupling occurs at
the interface, where there are both free and polarisation charges. The free charges are confined to a very thin
interfacial layer. The thickness of this surface layer, of the order of Debye’s length, is always very small compared
to the jet radius. For water the Debye’s length is 22x10-10m. At the interface the fluid motion results in a re-
distribution of the field at a rate determined by the competition between viscous and electrical stresses. However, the
charge relaxation is unchanged.
    The second dimensionless number measures the relative importance of the charge relaxation time and the viscous
time. Since the charge relaxation time governs the dynamical behaviour of electric field in the liquid, while the
viscous relaxation time determines the dynamical behaviour of the molecules within the liquid; i.e. molecular
(viscous) diffusion. At the interface the viscous forces are to be balanced by the induced tangential electrical forces.
Then the competition between the electric driving force and the viscous retarding force can be controlled by
adjusting the frequency and the nature of the applied electric field.

Discussion
If the applied electric field is static, and the test liquid is conducting, then the shear stresses make no contribution
because the electric field acts normal to the liquid interface, hence the viscous effects do not play a role. In this
situation the fluid is simply polarised, with the electric field confined to the thin interface and directed perpendicular
to it. As a result there would be no field gradient nor an interfacial electric shear force to either stabilise or aid the
formation of jets. In consequence, both the electrical and polarisation forces will be acting normal to the interface,
which is the major cause of instability in the electrostatic atomisation of conducting liquids. The applied DC field
excites electrical instability on the liquid surface which gives rise to rapid oscillating instability whose wavelength is
limited only by the surface tension of the test liquid. In the absence of an imposed gradient the effect of the field is
to destabilise the liquid with peaks and valleys of the disturbance running perpendicular to the applied electric field
direction. This phenomenon is known as lateral mode of instability, see figures 3 (b), (d) and (f).

Figure 3. Jet Disintegration Modes for Q=3.5ml/min and VDC=7kV
(a) Distilled Water  VAC=3kVpp f=3.1kHz    (b) Distilled Water  VAC=0

(c) Tap Water  VAC=3kVpp  f=2.8kHz   (d) Tap Water  VAC=0
(e) Ethanol  VAC=3kVpp  f=5kHz (f) Ethanol  VAC=0

    By contrast, if the applied electric field is modulated by a certain frequency, the finite relaxation time for charge
to polarise comes into play either through the bulk forces or at the interface, and in particular, when the reciprocal of
the frequency of the imposed field is in the order of the viscous diffusion time. The viscous damping hinders the
response of the liquid to the pulsating component of the externally applied electric field. The induced bulk charges
which are not in phase with the applied electric field nor with the surface charge. Consequently, there is an effective
dipole moment from the induced charges that lags the imposed electric field and a resultant shear surface force is
established. This prevents or reduces induced charges from forming at the air-liquid interface in such a way as to
eliminate the shear stress of electrical origin, which are the main source of instability in the EHD of conducting
liquids. It also isolates the effects of charge relaxation that accounts for instabilities with DC fields. Under these
conditions, the applied electric field creates a shear stress at the air-liquid interface which induces the fluid motion,
and an equilibrium flow is established when the electrical stress is balanced by the viscous stress arising from the
fluid motion. Melcher and Schwarz 1968 [12] showed that electrical shear forces can lead to overstability of the
interface of air and liquid, as shown above in figures 3 (a), (c) and (e).



    When the frequency of the applied electric field is small compared with the reciprocal of one of these Reynold
numbers Re1 and Re2, the fields are excluded from the bulk of the liquid and confined to the interface as was the
case of the DC field. In this extreme the liquid molecules have a sufficient amount of time to diffuse and hence free
charges relax to the surface, where they shield the electric field from the bulk of the liquid, thus the potential in the
medium is zero. In the opposite extreme, in which the applied AC frequency is high compared to reciprocal of one
of the Reynold numbers Re1 and Re2, the potential distributions become different. In these situations the electric
field penetrates the test liquid, that is, the potential distribution would be similar to semiconducting liquids with
reduced amount of free charge at the surface. In this frequency limit (ie fAC=1/Re2) one period of excitation is not
sufficient time for appreciable molecular diffusion which in turn leads to a reduction of free charges on the interface.
    Under the influence of the applied electric field when a microscopic liquid particle ( in the shape of charge carrier)
starts to move in a viscous liquid towards the extremities of the liquid, if the viscous forces can resist the motion of
the liquid particle well enough, then the motion of the particle is arrested. Hence the destabilising effects of the
applied electric field are diffused. On the other hand if the viscous stresses cannot balance the electrical stresses then
the particle continues to move towards the interface and instability ensues. This class of bulk interaction causes the
electrohydrodynamic motion which induces polarisation force, proportional to the local strength of the electric field.
If the applied electric field, which is responsible for the polarisation is alternating the polarisation will also alternate.
The motion of the microscopic particles required to reach a certain value of polarisation have characteristic times.
When the applied electric field strength varies appreciably within a period of the same order as the characteristic
time, the motion of the microscopic particles will not be sufficiently rapid to build up the equilibrium polarisation,
and the actual value of the polarisation will, as it were, lag behind the alternating field. Hence, the effect of the
viscosity can be controlled by subjecting the liquid to a time varying electric field with a frequency equal to the
reciprocal of Re2. Huneiti et al 1995 [6], showed that a frequency range exists, for a given flow rate and jet radius,
where the coupling of an AC field of appropriate frequency and strength to a DC field would stabilise a jet of
conducting liquid. This is characterised by transforming the whipping mode of instability, which is exhibited by the
conducting liquid when subjected to a DC electric field, into a well ordered varicose mode of instability. For three
types of liquid tested, a summary of the experimental results and the characteristic time constants are presented in
table 1.

Table 1, Liquid properties and time constants, vj=2m/s, Q=3.5ml/min
Parameters Distilled water Tap water Ethanol

Conductivity σ  (Ωm)-1 2-4x10-4 3-5x10-2 1-1.2x10-4

Surface Tension γ  (N/m) 0.073 0.073 0.024
Density ρ  (kg/m3) 1000 1000 789

Permitivitty ε 80 80 24.3
Viscosity η  (Ns/m2) 0.0013 0.0013 0.0012

τ=εεo/σ  (µs) 1.77-3.5 0.01-0.02 1.8-2.2

τc=(ρrj3/γ)1/2  (µs) 117 117 181

τv=ρrj2/η  (µs) 7700 9300 6600

τf=rj/vj  (µs) 50 50-55 50
rj (m) 1x10-4 1.1x10-4 1x10-4

DC (kV) 7 9 7
AC (kV) 2-4 2-4 2-4
∆f (kHz) 1-3.75 1.3-3.25 3-7.25
Re2=τ/τv 4.5x10-4 4x10-4 2.7x10-4

1/Re2 2.2k 2.5k 3.7k
fopt (kHz) 2.25 2.25 4

    For each synchronous frequency band there is an optimal frequency value. Around this value the disintegration
process of the liquid jet very closely follows the Rayleigh break up criteria. Details on how the lower and upper
limits of the band and the optimum frequency are calculated may be found in our paper [10]. From the experimental
results it can be seen that the AC frequency needed to control the jet break up process, for the three types of liquid
tested, is in the kHz region. Using the typical values of liquid parameters and the characteristic time constants listed
in table 1 yields the optimal frequency values needed to control the jet break up mechanisms. It can bee seen that the
calculated values of reciprocal of Re2 are very close to the values of the optimal frequency particularly for water. It
must be pointed out that in the case of tap water because of the very high conductivity, the surface of the jet is,
therefore, assumed to be an extension of the electrode. Hence, the charge distribution is only influenced by the
charge relaxation and the dynamic of the liquid jet. Consequently, the system is characterised by Re1 instead of Re2.



Conclusions
    The stabilising effects of the AC field superimposed on the DC field were explained in terms of the system
characteristic time constants. To avoid the effects of charge relaxation, a field of an alternating nature with a
sufficiently high frequency may be used so that the fluid responds to the time average force density. Charge
relaxation effects which result in times that are short compared with one period of the alternating field can then be
neglected. Therefore, it is due to the dielectric loss and polarisation effects caused by the application of the AC field,
the conducting liquid is made to support a shear force, which helps in the formation and stability of jet. This work
clearly demonstrates the complex mechanisms involved with the break up process of highly conducting liquid jets,
and provides a better understanding of the behaviour of the surface instabilities.
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Abstract
Aerosol inhalation is widely accepted as one of the most important routes for systemic drug delivery. Drug delivery
via the respiratory system offers many advantages to patients and can in some cases provide an alternative to
intravenous treatments. Acceptance of such a delivery system requires accurate targeting of the aerosol to specific
deposition sites within the respiratory tract. One of the most important factors in defining the delivery efficiency is
the aerosol particle size.

Cascade impaction is currently the accepted method for measuring the particle size of respirable aerosols. The
particle fractionation method used in impactors is believed to correlate well with the behaviour of aerosols within
the respiratory tract. However, measurements made on impactor devices are limited in terms of the particle size
range which can be measured, the measurement time resolution and the air flow rates which can be used. It is also
not possible to change the airflow rate through the impactor during measurements.

In this paper we present a method for measuring the particle size of respirable aerosols using the technique of laser
diffraction. A new device has been developed which is compatible with standard inhaler and nebuliser testing
equipment Rapid data acquisition at speeds of up to 2500Hz (one measurement every 0.4ms) allows the dynamics of
atomisation and drug delivery to be studied for the first time. It is also possible to make measurements under
variable flow rate conditions such as those experienced during breathing, allowing the particle size changes which
occur within the aerosol plume to be monitored under the same conditions as would be experienced during use by
the patient. We present recent studies where aerosol development for m-DPI and nebuliser devices has been
monitored, both under constant flow rates and with the measurement device attached to an artificial respiratory
system.

Introduction
    A key parameter in defining the efficiency of respirable drug treatments is the particle size of the aerosol cloud, as
this defines the disposition site for the drug within the respiratory system [1]. The smaller the particle size of the
aerosol, the more likely it is that the particles within the aerosol plume will be deposited in the lungs rather than in
the mouth or throat. However, care must be taken to avoid the production of extremely fine particles (size < 0.5
microns) as these may be exhaled. Modelling work carried out during the 1960s helped to define the deposition site
for differently sized particles (Table 1) [2]. This showed that significant deposition within the lungs is only observed
for particles below 5 microns in size.

% DepositionParticle Diameter
/ Microns Oropharynx Tracheobronchial Alveolar

% Exhaled

1 0 0 16 84
2 0 2 40 58
3 5 7 50 38
4 20 12 42 26
5 37 16 30 17
6 52 21 17 10
7 56 25 11 8
8 60 28 5 7

Table 1. Particle deposition sites with the human respiratory system.

The development of new aerosol drug delivery devices and formulations requires accurate control of the delivered
dose and the deposition site of the aerosol within the respiratory tract. A good understanding of the dynamics of
aerosol formation and the aerosol particle size is therefore essential. In this work we present a new laser diffraction
system which has been specifically developed to improve the understanding of the dynamics of drug delivery from
DPIs, MDIs and nebuliser devices.



Aerosol Particle Size Measurements
    Historically the sizing of droplets or particles in aerosol drug delivery systems has been conducted by Cascade
Impaction (CI) [3]. CI devices measure the aerodynamic diameter based on inertial impaction and are believed to
model the deposition of particles within the respiratory tract. A downside to the use of CI measurements is the need
to operate the device being tested many times in order to minimise experimental error. Average results across the
entire aerosol “event” are obtained, thus it is not possible to look at the dynamics of aerosol formation. Finally, CI
devices can only operate under fixed flow rates, thus testing cannot be carried out under the conditions experienced
during natural breathing. For this reason Laser Diffraction is becoming accepted as a valuable technique in
characterising respirable drug delivery systems.

Laser diffraction as a technique for particle sizing has been around since the late 1970’s [4]. It is widely used for
particle sizing in many different applications. Its success is based on the fact that it can be applied to a variety of
different particulate systems. The technique is well established with the recent ISO standard “Particle Size Analysis
– Laser Diffraction Measurements” [5], the stated purpose which is to “provide a methodology for adequate quality
control in particle size analysis.” The ISO standard provides a clear description of the general principles of Laser
Diffraction particle sizing with all the terms formally defined and tells the user what to expect from an instrument of
this type.

The laser diffraction measurement principle is based on the fact that a particle passing through a collimated laser
beam will scatter light at an angle which is inversely proportional to its size. A typical experimental set-up is shown
in figure 1. The particles being measured are passed through a parallel laser beam. Any scattered light is focused
onto a radial array of silicon diode detectors using a Fourier transform lens. This lens has the property of imaging
the scatter from particles of the same size to the same part of the detector array, regardless of their position within
the laser beam and their speed. Consequently at any given moment, there is a light energy distribution across the
detector which directly corresponds to the particle size distribution of the droplets which are present in the laser
beam at that moment.
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Figure 1. A schematic of a typical laser diffraction system.

The particle size distribution relating to a given scattering pattern is obtained by fitting the data obtained to an
appropriate scattering model. Historically, the Fraunhofer approximation was employed for calculating particle size
distributions. However, this model incorrectly predicts the scattering seen for particles smaller than 50 microns in
size [5]. For this reason it is necessary to use the Mie scattering model. The Mie model correctly accounts for the
scattering seen from small and transparent particles and can therefore be used to accurately assess the respirable
faction produced by aerosol drug delivery systems. To do this the refractive index of the particles, the refractive
index of the medium (air) and a parameter relating to the transparency of the particles are required.

Application of Laser Diffraction to Respirable Aerosol Measurements
    Within Malvern Instruments a new inhalation measurement cell has been developed based on the Spraytec laser
diffraction measurement device. This cell is compatible with standard respirable drug testing equipment (Figure 2).
This allows the device to be mounted either before or after a standard USP throat. Rapid data acquisition at speeds
of up to 2500Hz are possible (one measurement every 0.4ms) allowing the dynamics of drug delivery to be studied.
Measurements can be made in parallel with a CI, allowing comparisons to be made between the MMAD and the
MMD reported by laser diffraction in relation to the emitted dose and fine particle fraction.



Figure 2. Laser Diffraction inhalation measurement cell.

Nebuliser Measurements
    Measurements of the particle size produced by a standard nebuliser device have been carried out using the
Spraytec inhalation cell. The British standard for gas powdered nebulisers [6] specifies that the respirable fraction
produced by the nebuliser must be greater than 50%, based on the mass of material which is aerosolised. The
Spraytec system can be used to measure the particle size produced by a nebuliser system in order to define the
driving gas pressure required to give the desired output, following the measurement procedure prescribed in the
British Standard (see Figure 3 and Table 2).

Figure 3. Cumulative particle size distributions measured for a nebuliser system at driving gas flow rates between
5LPM and 13LPM. An overall decrease in size is observed as the flow rate is increased.



Driving Gas Flow
Rate/ LPM

Respirable Fraction
(%< 5 Microns)

Dv10 /
Microns

Dv50 /
Microns

Dv90 /
Microns

5 20.10 2.96 10.11 22.20
6 26.44 2.20 8.51 17.00
7 36.25 1.48 6.90 15.02
8 41.67 1.21 6.15 14.65
9 46.20 1.12 5.47 12.77

10 53.94 0.90 4.51 12.76
11 58.56 0.81 3.99 11.67
12 57.88 0.80 4.01 12.75
13 55.92 0.80 4.19 14.55

Table 2. Particle size distribution statistics calculated for the distributions shown in figure 3. The required respirable
fraction is obtained at driving gas flow rates above 10LPM.

    As mentioned above, the rapid data acquisition speed possible using laser diffraction allows the particle size by a
device to be measured under varying airflow rates. Figure 4 shows the time history profile obtained during the
inhalation of a nebuliser aerosol. The particle concentration increases rapidly at the beginning of the inhalation
cycle, as evidenced by a reduction in the laser light transmission level. The initial particle size is relatively large
(Dv90 > 10 microns). This is due to droplet coalescence in the nebuliser mouthpiece prior to the start of inhalation.
The particle size then decreases and remains relatively stable during most of the inhalation phase. Towards the end
the flow rate through the nebuliser mouthpiece decreases, leading to particle coalescence and a corresponding
increase in overall particle size. Averaging of the data obtained during the inhalation cycle allows the respirable
fraction delivered by the nebuliser to be accurately determined.

Figure 4. Nebuliser particle size distribution parameters measured during inhalation (Blue curve = D10; Red = D50;
Green = D90; Black = Laser transmission).

DPI Measurements
    The output of DPI devices has been measured using the experimental set-up shown in figure 2. Rapid
measurements at 2500Hz can be used to monitor the dynamics of powder release from a DPI, allowing the
discrimination of the different parts of aerosol cloud, such as primary drug particles and aggregates, carrier particles
and drug particles delayed by adhesion. This can aid in the understanding of the agglomeration-deagglomeration
processes that occur between the drug and carrier particles, along with the adhesion between particles and the
inhaler walls. The effect of varying flow rates on the state of dispersion can also be rapidly assessed.

Figure 4 shows an example of the data obtained for the actuation of a DPI. Measurements were made at a flow rate
of 50LPM, with the aerosol passing through the measurement zone of the instrument in less than 0.5 seconds. The
measurement was triggered by monitoring the laser light transmission.



Figure 5. Chart showing the variation in the D10 (blue), D50 (red) and D90 (green) measured during the actuation
of a DPI. The transmission (black) relates to the concentration of particles in the measurement zone.

    Separation of the fine drug particles and the lactose carrier was observed in this case, with the fine particles
appearing in the measurement zone first (0.0sec - 0.07 sec). During the mid-point of the spray plume (0.07sec – 0.4
sec) a mixture of lactose carrier and fine drug particles was observed. Finally, the tail of the spray plume (0.4sec -
0.45 seconds) contained mainly fine drug particles. It is believed that these particles were delayed by adhesion to the
inside of the inhaler.

    The average particle size distribution obtained for the entire spray plume from the time history data obtained for
two separate actuations is given in figure 5.

Figure 6. Particle size distributions calculated for the entire DPI aerosol plume. The size distributions for two
separate actuations are shown, showing the reproducibility of the sample delivered by the device.



Both the lactose excipent (80 micron mode) and the fine drug particles (9 micron mode) are observed. The
measurement reproducibility is excellent (0.8% RSD based on the reported Dv50), showing the output of the device
to be uniform in this case. It is hoped that the dynamic and averaged data will improve the understanding of the
processes occurring during actuation of the DPI, leading to more efficient drug delivery to the lungs.

Conclusions
    A new device for carrying out laser diffraction particle size measurements has been developed which specifically
addresses the testing requirements for respirable aerosols. This system allows for the accurate determination of the
respirable fraction produced by a range of different devices including nebulisers and DPIs. In addition, the dynamics
of aerosol production during simulated breathing can be determined. The system is therefore a valuable tool is
helping in the development of new respirable aerosol delivery systems.
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Abstract
A new spray drying nozzle(special quadruplet fluid spray nozzle) has been developed by one of the authors for drug
manufacturing and it has succeeded in manufacturing a large quantities of several microns particles(SMD). The
flow visualization results indicate that the two under-expanded air jets generate shock and expansion waves
alternately on each side of the nozzle edge and reach the edge tip, where they collide, unite, and spout out while
shock and expansion waves are again formed in the mixed jet. When the edge surfaces are supplied with water, the
water is extended into thin film by the air jet and intensely disturbed. At the nozzle tip, it is torn into ligaments,
which are further atomized afterwards in the flow of shock and expansion waves. At the spray tip, the friction with
ambient air shears the droplets furthermore, and they decrease further in size. Some varieties of this nozzle for
laboratory use are also shown and they have produced droplets of a few microns diameter(SMD).

Introduction
    The technology which atomizes the liquid in the particles of a few microns can be effectively applied not only to
the high-efficient, low-pollutive spray combustor but also to the high-efficient manufacturing methods for such as
drugs absorbed better in human body, electrode materials of new-model batteries, new catalysers and raw materials
for new semiconductors by using it as “spray drier”.
    A new spray drying nozzle[1] (special quadruplet fluid spray nozzle) has been developed by one of the authors
for drug manufacturing and it has succeeded in producing fine particles of 2 µm diameter of 1/15 ratios to those
currently in use.
    There are three types of nozzle, namely, circle one(radial flow), flat one(straight flow) and pencil one(coaxial
flow). The former two have the same wedge-shaped edge on their nozzle tips. The latter has the additional center
air jet. For schlieren and shadow systems, the nanosecond spark light sources of about 70ns and 25ns were used,
which had been developed by one of the authors[2].
    In this study, using the optical techniques, the atomization mechanisms of the new nozzles are made clear and
their basic characteristics are investigated by measuring the droplet size distributions applying the laser light
scattering method.

Principle and construction of new spray nozzles
    Fig. 1(a) shows the cross section of circular or flat nozzle edge and Fig. 1(b) that of pencil one. The conventional
twin-fluid spray nozzle[3] is an equipment which atomizes liquid using the high-speed gas flow. Generally, in the
internal mixing system, there is a fear that the nozzle inside is stuffed up with spray solution. In the external mixing
system, the gas-liquid ratio must be increased and the nozzle exit diameter must be reversely decreased to produce
fine droplets. After all, it is unsuitable for the large volume of spray. The new nozzle was developed in order to get
rid of these defects.
    In case of new nozzles, the two air jets become under-expanded on both edge sides of the nozzle, generate shock
and expansion waves alternately on each side and reach the edge tip, where they collide, unite, and spout out while
shock and expansion waves are again formed in the mixed jet. When the edge surfaces are supplied with water, the
water is extended into thin film by the air jet and intensely disturbed. At the nozzle tip, it is torn into ligaments,
which are further atomized afterwards in shock waves[4-6]. At the spray tip, the friction with ambient air shears the
droplets furthermore, and they seem to decrease further in size.
    The edge outer diameter of a circle nozzle is 51 mm. There exist 0.12 mm air slit and 0.2 mm liquid slit on each
side of the nozzle edge. Both slits are also circular. The flat nozzle has also the same wedge-shaped edge on its
nozzle tip but it is very narrow and flat. The edge width of a sample nozzle is equal to 2 mm. The width of conical
air slit of pencil nozzle is 0.15 mm and that of circular liquid slit is 0.25 mm. The inner diameter of center air duct
is equal to 0.5 mm. The cone angle of nozzle tip is 60°.

Experimental methods
    To elucidate the atomization mechanism of the new spray nozzles, schlieren and shadow systems are used for
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                            (a)                  ��               (b)
FIGURE 1. Cross section of new spray nozzle edges(a: circle and flat nozzles, b: pencil nozzle).

optical visualization of supersonic nozzle flow. The system shown in Fig. 2 is set up with two schlieren lenses of
60mm diameter and 600 mm focal length. The photographs are taken on the ASA 400 film by a conventional 35
mm camera with a lens of 250 mm focal length. The spark light sources used had been developed by one of the
authors and are called “Nanospark”, which possess the light pulse widths of 25 ns and 70 ns(FWHM) for
visualization of high-speed phenomena.
    The laser diffraction method was employed for measurement of droplet size distribution. A particle size analyzer
LDSA-1300A from TOHNICHI Computer Applications Co., Ltd. was used for this purpose. It can measure the
droplet size in the range of 0.5 to 2000 µm in diameter. Fig. 3 shows the experimental set-up for size measurement
of sprays. Atomization characteristics can be obtained changing the air pressure, the air and liquid quantities and
the measurement point. Water is here used as liquid. Measurements were conducted three times at each condition
and the mean values are adopted. The air pressure was measured at the inlet of the nozzle.
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FIGURE 2. Schlieren system for optical visualization.

Experimental results and discussions
    Visualization results of 4-fluid circle nozzle of 51 mm edge outer diameter have been already reported in the
references[7]. Therefore, we show in this paper mainly the results of pencil type nozzle for laboratory use.
    In Fig. 4, the schlieren photographs of center air flow(a) and conical air flow(b) are indicated, where the knife
edge is horizontal(parallel to the center flow direction). The center and conical air flow rates are equal to 43 Nl/min
and 63 Nl/min, respectively. Both nozzle inlet pressures attain 0.4 MpaG.
    The photograph (a) indicates that the center air jet becomes under-expanded at the center nozzle exit and
generates shock and expansion waves. The photograph (b) indicates that the conical air jet becomes also under-
expanded at conical air slit and generates shock and expansion waves alternately on the cone(the waves cannot be
seen so clear) and reaches the nozzle tip, where it collides, unites and spout out while weak shock and expansion
waves are again formed. The waves are not clearly seen in case of lower nozzle pressures.



FIGURE 3. Experimental set-up for size measurement of sprays.

(a)

(b)
FIGURE 4. Schlieren photographs of center air flow(a) and conical air flow(b).

    Fig. 5 shows the schlieren photograph(a) and shadowgraph(b) of a spray flow on the same air conditions as
above. Liquid flow rate attains about 23g/min. Water is used as liquid and sucked in because of the nozzle negative
pressure. The spray is drawn out from the nozzle by an axial-flow fan. In case of (a), the knife edge is horizontal,
namely parallel to the flow direction. In photograph (a), we cannot distinguish droplets from the turbulent flow
field. However, we can compare photograph (a) to photograph (b) in order to distinguish them because by focusing
the camera on spray flow, only the shadow of droplets can be photographed. At the nozzle tip where the outer and
center flows collide, ligaments can be seen and they become droplets and are further atomized afterwards in the
turbulent flow, that is, in shock and expansion waves. At the spray tip, the frictional force with ambient air shears
the droplets more and more, and they seem to decrease further in size.
    The relationships between droplet size, air and liquid flow rates of both pencil nozzle and 2 mm flat one are
shown in Figs. 6 and 7. The measurement distance from the nozzle tip is equal to 150 mm. Droplet diameter
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increases as the liquid flow rate grows. When the air pressure at nozzle inlet increases, both air flow velocity and air
flow rate increase. As a result, the under-expansion is intensified and shock waves etc. are strengthened and

(a)

(b)
FIGURE 5. Schlieren photograph(a) and shadowgraph(b) of a spray flow.
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FIGURE 6. Droplet size versus air pressure at nozzle inlet.



Distance from nozzle edge : 150mm    Air flow rate : 55Nl/min
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FIGURE 7. Droplet size versus liquid flow rate.

therefore the atomization is enhanced. The shock waves play an important roll in atomization[5-6]. The droplet size
of average 4-5 µm (SMD) was obtained at air and liquid flow rate of 55 Nl/min and 20 g/min, respectively. As the
droplets recombine afterward, the droplet diameter increases with the distance from the nozzle.

Conclusion
    As a result of investigation into new spray nozzles by optical flow visualization method of high-speed
photographing and laser light scattering method, the nozzle flows were visualized and the existence of great
turbulence(e.g. shock and expansion waves) was confirmed along the nozzle edge slopes and also in the mixed jet.
The droplet of average 4-5 µm diameter(SMD) was obtained. The measuring experiments will be carried out further
in detail and the atomization mechanism will soon be analyzed.
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Abstract
Electrostatic atomization can generate a fine charged spray with a narrow size
distribution in micro-sized range. This makes electrostatic atomization have many
industrial applications. This paper reports the results of experimental study on ethanol
sprays generated by an annular electrostatic atomizer. The results show that applied
potential and liquid flow rate have a significant influence on the size of the ligaments and
the spacing between the ligaments along the edge of the atomizer. This, in turn,
determines the size of the droplets. These observations are fairly in agreement with
theoretical calculation.

1. Introduction
Electrostatic atomization has been attracting worldwide interest for over a century due to
its inherent advantages over other atomization techniques. For example, electrostatic
atomization can generate very fine spray with a narrow size distribution in a controllable
way. Another important characteristic feature is that the spray generated by electrostatic
atomization is charged. This makes it possible to manipulate the trajectory of the spray by
an appropriate arrangement of auxiliary electrodes. This is extremely useful for targeting
deposition and painting, guided pesticide and herbicide spray in order to reduce the
contamination to the environment as well as save materials and chemicals. However
electrostatic atomization also has a disadvantage of an incapability of handling high flow
rates. Quite a lot of effort has been made to overcome this disadvantage. Annular slit
nozzle is one of the measures which can handle comparatively high flow rates compared
with a single tubular nozzle, while still keeping the advantage of producing charged fine
spray. An array of single nozzle and linear slit nozzle are alternative solutions. However,
the design of an array of single nozzle is more complicated. The linear nozzle presents
edge effect at its two ends. The annular slit nozzle is comparatively simple and can
generate uniform spray along its slit without edge effect. Therefore fully understanding of
the electrohydronamic behaviour of the spray generated by an annular slit nozzle is of
interest.



Balachandran and Bailey studied liquid dispersion process generated by centrifugal and
electrostatic forces [1]. They deduced an equation to calculate the wavelength of the
standing wave governing the ligament formation of liquids along the edge of a spinning
disk. The equation is written below:
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where ε0 is permittivity of vacuum [C2/Nm2], E is electric field strength [V/m], T is the
surface tension of a liquid [N/m], ω is rotational speed [m/s], D is the disc diameter [m]
and ρ is the density of the liquid [kg/m3].

If the effect of the centrifugal force is taken off from above equation, i.e. the ω is zero, a
similarity of the spray process can be found between the spinning disk and an annular slit
atomizer. Then equation (1) can be simplified to be:
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This is the equation governing the spacing between neighbouring ligaments of a liquid
along the edge of an annular slit nozzle.

In this paper, experimental results of the influence of applied potential and liquid flow
rate on the formation of the spray will be compared with the theoretical calculation using
equation (2). Droplet size and charge to mass ratio of the sprays generated in various
experimental conditions will be also presented.

2. Experimetal set-up
The experimental configuration is schematically shown in Figure 1. The system is
composed of an annular slit nozzle with a diameter of 19mm. The slit is about 0.3mm
wide. A ring electrode with a diameter of 58mm is made of a 3mm thick copper wire.
This electrode is positioned 26mm above the nozzle edge. A grounded metallic plate was
place 150mm away from the nozzle. High voltages of a few KV to a few tens of KV were
applied between the nozzle and the ring electrode which was also grounded. Liquids were
fed to the nozzle by an electric pump at the flow rates from 90ml/h to 500ml/h. The spray
process was imaged using a high shutter speed CCD camera (Pulnix). Droplet size and
size distribution of the spray was measured by a laser diffraction technique (Malvern
sizer). The charge to mass ratio was obtained by measuring spray current using a Faraday
pail.



   Figure 1 The schematic diagram of the experimental set-up.

3. Experimental results and discussions
Figure 2 shows the influence of the applied potential on ethanol sprays generated by the
annular nozzle. In the figure, when liquid flow rate is kept constant at 90ml/hr, the
spacing between neighbouring ligaments decreases with the increase in the applied
potential. From the CCD images, the ligament spacing can be estimated to be about
3.4mm, 2.04 mm and 1.69mm respectively, which corresponds to the potential of 25kV,
27kV and 30kV. This tendency is in agreement with the equation (2). When the applied
potential was raised to 30kV, spark was observed to occur occasionally, indicating that
the electric field was approaching the field limit in the air environment, which is about 3
x 106 V/m. The surface tension of ethanol was measured to be about 24 x 10-3 N/m at
room temperature. If these parameters together with permittivity of vacuum (8.854 x 10 –
12 C2/Nm2) are inserted into equation (2), the ligament spacing will be calculated to be
2.52mm. This is close to the spacing of 1.69mm estimated from the experimental
observation. The difference between the theoretical calculation and experimental
observation probably results from the inaccurate estimation from the CCD image.

Figure 2 shows the influence of the potential on spray. (a) 90ml/hr, 25kV
                    (b) 90ml/hr, 27kV and (c) 90ml/hr, 30kV.

In Figure 3, the applied potential was kept unchanged at 25kV, the flow rate was altered
from 90ml/hr to 500ml/hr. It can be seen that the ligament size, hence the droplet size
increases with the increase in liquid flow rate. This is understandable, because a thicker
ligament will accommodate a higher flow rate. Figure 3 also shows that the ligament
spacing increase with the increase in flow rate. This is different from the theoretical

Ring
HV

Pump

CCD Nozzle
Strobe

LaserDetector

Targat

(a) (b) ©



prediction from the equation (2) where the factor of flow rate is not included. Why the
experimental observation is different from the theory is not clear.

               Figure 3 shows the influence of the flow rate on the spray. (a) 25kV, 90ml/hr,
               (b) 25kV, 100ml/hr, (c) 25kV, 200ml/hr, (d) 25kV, 300ml/hr, (e) 25kV, 400ml/hr
                and (f) 25kV, 500ml/hr.

Figure 4 presents the influence of the potential on the droplet size and size distribution at
a fixed flow rate of 100ml/hr. When the potential varies from 15kV to 30kV, the Sauter
mean diameter, D(3,2) of the droplets decreases from 14.58µm to 6.07µm. From equation
(2), it can been seen that a higher electric field strength, i.e. a higher potential results in a
smaller ligament spacing, which means more ligaments will be formed along the nozzle
slit. Since the flow rate is constant, more ligaments will certainly lead to smaller ligament
size, hence smaller droplet size. This explains the result of the size measurement. Figure
4 also shows that the size distribution will be narrowed if a higher potential is applied.

Figure 4 shows the influence of potential on droplet size. Here flow rate is kept constant at
100ml/hr. The potential (from left to right) is 15kV, 20kV, 25kV and 30kV. The Sauter mean
size D(3,2) is 14.58µm, 9.87µm, 6.33µm and 6.07µm correspondingly.

(a) (b) ©

(d) (e) (f)



Similar size measurement was also performed when flow rate was set at 150ml/hr and
200ml/hr. The results are shown in Figure 5. From Figure 5, it can be clearly seen that for
a given potential, droplet size increases with the increase in flow rate. This is in
agreement with the experimental observation using CCD camera in Figure 3. For a given
flow rate, the droplet size decreases with the increase in potential.

                       Figure 5 shows the influence of potential and flow rate on droplet size.

Spray current was measured using a Faraday pail at various potentials and flow rates. The
charge to mass ratio can be calculated by following equation:

                                                             
ρQ
I

m
q =                                                                (3)

where I is the spray current (A), Q is the liquid flow rate (m3/hr), ρ is the liquid density
(kg/m3). In the case of ethanol, ρ was measured to be 789kg/m3 at 20oC. The results of
the charge to mass measurement are summarized in Figure 6. The figure shows that for a
given flow rate, an increase in the potential leads to an increase in charge to mass ratio.
For a given potential, charge to mass ratio decreases with the increase in flow rate.

              Figure 6 shows the influence of potential and flow rate on charge to mass ratio.
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4. Conclusions
Experimental study on electrohydrodynamic behviour of ethanol sprays generated by an
annular slit nozzle has been performed. The results showed that applied potential and
liquid flow rate have a significant influence on the ligament spacing, droplet size and size
distribution. The droplet size and charge to mass ratio can be tailored by proper
combination of applied potential and liquid flow rate. The liquid flow rate which an
annular nozzle can handle is several orders of magnitude higher than flow rate a single
tubular nozzle can handle in the similar size range [2].
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Introduction
There are a many technological applications of an electrostatic spraying. The drops and jets with

different sizes and charges and drop-jet patterns are results of the spraying on depending from
physical conditions. The attempts of classification of these conditions as a rule have been based on
the visual observation and in best case on the trivial qualitative comparison with one of the physical
properties of the liquids (electroconductivity, surface tension or viscosity). Probably the classifica-
tion of Pfeifer [1] is best among known. Pfeifer has proposed to classify the regimes of electrostatic
sprayed liquids on the basis of comparison of four temporal parameters which characterize electro-
static spraying: the flow characteristic time Mmm /=τ ; relaxation time of electric charge

σεεετ /0= ; the viscous relaxation times: νντ /2R= - the time of viscous relaxation of liquid

meniscus on the tip of capillary through which liquid is supplied and νντ /2rr = - the time of
viscous relaxation of emitted droplet. In these expressions σε , and ν are permittivity, electro-

conductivity and kinematic viscosity of liquids, respectively; 0ε is the permittivity of vacuum, r
and m  are radii and mass of emitted droplet, R  is the radius of capillary and M  is the mass flow
rate. Using these four temporal parameters, Pfeifer (on the basis of their comparison) has marked
out three diverse regimes of electrostatic dispersion of liquids.

The Pfeifer classification has two distinct drawbacks: (1) it is dos not take into consideration one
of the main physical characteristics of the phenomenon – the applied voltage and geometry of dis-
charge system used (the electric field intensity in vicinity of liquid meniscus at the tip of capillary
through which the liquid is supplied); (2) it exploits the time parameters ντ r and mτ which
depend on the sizes of the emitted droplets. Such a situation is not convenient because of the size of
droplets, which we can determine only after realization of particular mode of atomization. In the
following more perfect classification is proposed using idea of Pfeifer to compare different time
scales.

2. The principles of classifications
We have the possibility of selection of electrostatic atomization of liquids on the basis of compari-

son of forces, which detach the droplet from the liquid meniscus on the capillary tip. As in a general
case the detachment of droplet occurs under the combined action of gravitation gmFg

�

�

= , electric
EqFU

��

= and hydrodynamic τ/VmFV

��

= forces, the crude classification can be made by taking into
account the domination of one of the forces considered. In these expressions m and q are the mass
and charge of detached drop, E

�

is the electric field intensity in the vicinity of the drop, V
�

is the
velocity of the liquid motion in the capillary and τ is the period of drop's emission from the tip of
the capillary. The regimes separated in such a procedure must be subdivided on the modes of electro-
static dispersion of liquids on the basis of comparison of temporal parameters of two types: character-
istic relaxation times which are defined by physical properties of working liquids, and technological
times which are defined by applied voltage, by mass flow rate and geometry of the apparatus for
electrostatic atomization.



As the characteristic relaxation times we should choose the following parameters: the relaxation times
of electric charge in liquids, σεετ ε /0= ; the time of viscous relaxation of hemispherical meniscus
on the tip of the capillary through which the working liquid is supplied, ντν /2R= . The characteris-
tic time ετ is defined in terms of the innate (bulk) electrical conductivity of the liquid, σ .

As the technological characteristic times we shall use the following:

(1) The characteristic time of leak-in of the working liquid in the hemispherical meniscus:

V
R

V 3
2 3πτ = ,

where ρ/MV = is the volume flow rate ( ρ is the density of liquids).

(2) The characteristic time of capillary oscillation of the meniscus which is sustained at elec-
trostatic potential U :

)1(

3

W
R
−

≡
α

ρτα , ,11
44

22
0

2
0 R

LR
UREW mm






 +≡=
α

εε
α

εε

where mε is the permitivity of the ambient medium; α the coefficient of surface tension of
working liquid; L is the distance from the tip of capillary to counterelectrode; [ ]LRUE /1/1 +≡
specifies the electric field intensity in the vicinity of liquid meniscus at the tip of capillary; the pa-
rameter W characterizes the electrostatic stability of meniscus which is stable at

RWW αρν /1 2+≡< ∗ and unstable at ∗> WW .

(3) The characteristic time of electrostatic capillary instability in the hemispherical meniscus at
∗> WW ,
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α
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(4) The characteristic time of damping of capillary oscillation of hemispherical meniscus at
∗<< WW1 :
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3.The spraying modes

3.1. Common position.
The qualitative classification of modes of electrostatic atomization of liquids is introduced in Fig.1

for nonviscous )( νε ττ << liquids in Fig.2 for viscous )~( νε ττ liquids. In Figs.1 and 2 the direc-
tion of transition from one mode to the other, which takes place with the increase of electric field
intensity in the vicinity of liquid meniscus is indicated by arrows. Fig.1 and 2 will be described shortly
to clarify the subject of discussion. We have found only a few experimental works containing ample
information for the necessary estimations of characteristic times [2,3]. Besides, we will refer to [4-11]
where elaborate phenomenological description of modes of electrostatic atomization of liquid or their



photographs had been presented. In the following a reference near a name of spraying mode show
work where details of the mode are discussed.

3.2. Nonviscous liquids )( νε ττ <<
a) Dripping mode [3,8,9]. In the absence of an electric field the drops with the size of the or-

der of capillary radius are torn out from the tip of vertically oriented capillary through which the
liquid is supplied by the gravitational force. The emission frequency of drops is small (1~2 per sec-
ond) and determined by volume flow rate of liquid in capillary. The application of dc voltage be-
tween the capillary and the plate counterelectrode causes a rise in the emission frequency up to sev-
eral hundred per second and a reduction in the droplet size.

b) Jet-dripping mode [3]. This mode  is realized  by some elevation of applied voltage in the
dripping mode. In this case the electric field at the apex of the suspended droplet is sufficient to
create a jet which disintegrates  into multitude of tiny droplets. The frequency of emission of tiny
droplets is by one power greater than frequency of production of main drops.

c) Spindle mode [3-5]. This mode is realized by the elevation of applied voltage in the jet-
dripping mode and has nearly the same external appearance. A fine jet emerges from the apex of

(Dripping mode)
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Fig 1. Diagram of the succession of modes
in the electrical spraying of low liquids:
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Fig 2. Diagram of the succession of modes
in the electrical spraying of viscous liq-
uids: εν ττ ≤



stretched-out meniscus and breaks up into droplets.  The elongation of the meniscus is accentuated
and throttling occurs at the base of the tapered part. A spindle-shaped liquid volume detaches and
contacts to the form of main drop while the remaining filament continues to break up into fine
droplets. The frequency of droplet emission can reach 10000 per second.

d) Micro dripping mode [2]. A jet at the end of which there is accumulation of liquid ap-
pears at the apex of the meniscus. This accumulation leads to the formation of a single droplet. Af-
ter separation of the droplet, the incipient jet retracts and cycle begin again. The frequency of
droplet emission ranges from a few tens of droplets to several tens of thousands  of droplets per
second and droplet sizes range from hundreds to units of  micrometers.

e) Cone-short jet mode [3,10]. The meniscus takes the form of a cone extended at it apex by
permanent jet whose breakup gives rise to the droplets. The size of droplets is much less than the
diameter of the capillary.

3.3. Viscous liquids )~( νε ττ
The modes of electrostatic dispersion of the viscous fluids are only a variety of similar modes of

nonviscous liquids. As the characteristic time ντ depends on the radius of capillary R , there
exist a possibility to spray the same liquid as nonviscous (then the radius R  is large) and viscous
(then the radius R is small). Thus, one may consider the modes of electrostatic dispersion of vis-
cous liquids as the tendency of modifying the analogous modes of nonviscous liquids with a change
in relationship between the characteristic times ντ and ετ . The modes are following.

a) Dripping mode with a long neck [3,6]. In difference with the dripping mode for nonvis-
cous liquids now the detached drop is connected with the meniscus with the long neck which dis-
integrates into several satellite droplets. The sizes of satellite droplets are much smaller than the
size of the main drop.

b) Intermittent cone-jet mode [7]. This mode is variety of spindle mode for nonviscous liq-
uids. The filament which is formed up at the apex of meniscus in non-regular fashion disintegrates
into small droplets. Periodically, all the filament detaches from the meniscus and then disintegrate
into droplets. The diameter of the filament at different stages of the cycle can change. This leads
(comparatively to the spindle mode of dispersion of nonviscous liquids) to the widening of a func-
tion of distribution according to the dimension of the emitted droplets.

Cone-long jet mode. This mode differs from the cone-jet mode mainly by substantially longer
jet that forms up at the apex of conical meniscus. With the increase in liquid viscosity the size of
emitted drops increases. The function of distribution according to the dimension of emitted droplets
is much wider than for cone-jet mode because of the formation of satellite droplets.

4. Conclusion.
The main principle of proposed classification of electrostatic spraying is a comparison of relaxa-

tion and technological time scales which characterizes the phenomenon of electrostatic  dispersion
of liquids. There are several published results of experimental investigations of this phenomenon
but they cannot be used for classification construction due to the luck of descriptions of physical
conditions under which the experiments have been provided, and due to the nonperfection of re-
cording facilities which were used in experiments fifteen years ago. We must note that for detecting
some modes of electrostatic atomization of liquids, nowadays devices with time resolution less than

s1.0 µ are used. Due to these reasons in reality the set of experimental dates on the modes of
electrostatic atomization of liquids is not very large and the classification proposed in Fig.1 and 2
should be considered as the preliminary one which will be filled up and revised as new correct ex-
perimental datas appear. Hence, the parameters in the introduced inequalities are not very critical in
determining the spraying modes.

The intensity of electric field in the vicinity of liquid meniscus  E , one of the most important
physical characteristics for correct classification of modes of electrostatic atomization of liquids, is



very sensitive to the geometry of device for electrostatic atomization (length of capillary, for exam-
ple), but is roughly estimated as
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We are not aware of any experimental investigations of the electrostatic atomization of liquids
which contains all the data necessary for correct estimation of field intensity on surface of menis-
cus: the size of capillary, form and size of counterelectrode, distance from tip of capillary to the
nearest electroconductive devices used in experiments and so on. We hope in future new experi-
mental investigations would pay more attention to such characteristics of the apparatus (and to the
physical properties of working liquids also).

In the absence of data on the geometry of devices for atomization, the proposed classification is
oriented on ideal (for theoretical estimations) device in which voltage is applied to two flat round
disk with radius much large than the radius of the capillary which only slightly protrudes at the
center of one of the disks surface. In that case cited expression for field intensity E  on the surface
gives the appropriate estimation. It is evident that for devices with different geometry true expres-
sion for E  is more complexity.

The proposed classification indicates the set of physical and technological parameters to be con-
trolled in future experiments to revise the classification and defines the entire scheme and princi-
ples of classification and trends of further investigation.
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Abstract
Descaling of steel in hot rolling processes is an application of high-pressure spray nozzles. The impact force and
pressure of theses nozzles can be determined using Newton's 2nd and 3rd axiom. This allows calculating the impact
pressure approximately by a simple formula. Direct measurement of the impact is possible with a force transducer,
scanning the area of direct impingement of the spray. Droplet size of the spray jet seems to be a secondary factor,
because pure mechanical considerations lead to a sufficient model of the impact. However, measurement of the area,
covered by the spray, shows that the water film of the jet has been disintegrated, when impinging on the surface, but
has not been atomized completely. This can be proved by short-time photos. Different investigations substantiate the
hypothesis, that thermal shock due to high gradients of surface temperature changes under the spray is a dominant
physical mechanism of descaling, especially for secondary scale. That is why two additional types of experiments
are necessary to characterize the influence of the water jet on the hot surface, which is the measurement of the heat
transfer coefficient of the impinging water and the descaling test under laboratory conditions. The study of
metallurgical and surface quality parameters of the steel before and after the test allows quantifying the descaling
efficiency.

Introduction
Descaling of steel in hot rolling processes is an application of high-pressure nozzles of the flat jet type. Scale is

a layer of oxide build up on the surface of the steel due to high temperatures, up to 1250°C, and the presence of
oxygen and other gases. It can be created as primary scale in the atmosphere of the oil or gas fired furnace, or as
secondary scale under ambient conditions during the rolling process. Primary scale has a porous structure and a

( ) ρpVvmvmvmvm
dt
dF 2DDDD ==+=⋅=     (1)

for constant liquid pressure, i.e. constant v, and using
Bernoulli's law for the relation between v and p. The vertical
component of dF on the target surface is constant (FIG. 2 c).
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FIGURE 1 Definition and calculation of the impact of a flat jet nozzle for descaling purpose



thickness in the range of 1 to 5 mm, whereas secondary scale has a more compact microstructure and a thickness
between 60 and 100 µm [3]. The latter is difficult to remove and usually a layer of 5 to 10 µm remains.

The usage of high-pressure nozzles for descaling in production processes is an indispensable measure for the
quality of the steel. In the literature the mechanism of descaling is explained in different ways. Mechanical forces
due to high impact pressures of a "razor blade" like jet are hold responsible for removal of the scale from the
surface. On the other hand the water jet causes an intensive cooling of the surface and a high temperature gradient in
the area close to the surface is created. This can cause break-up of the oxide layer due to different thermal expansion
rates of the scale and the steel, i.e. high shearing forces between scale and steel and in the scale as well.

Flat jet nozzles with rectangular impact distribution and spray angles between 22° and 40° are preferred for the
generation of high impact pressures at a sufficient working width of the spray. The spray pressure ranges from 80 to
500 bars with flow rates between 10 and 200 l/min. The spray distance typically covers 50 to 200 mm.

Determination of the impact pressure
The impact force F and the impact pressure I of a spray can be determined using Newton's 2nd axiom in the

generalized form d (m·v)/dt = F (FIGURE 1). The water jet results in a propulsion force on the nozzle and the same
force is acting on a surface perpendicular to the axis of the impinging jet, in accordance with Newton's 3rd axiom
“action = reaction”. Because the nozzle has been designed to produce an even impact distribution, calculating the
impact pressure is possible by a simple formula. For verification of this calculation and quality control of the
nozzles the impact pressure can be measured with a force transducer, scanning the area of direct water impingement
(FIGURE 2). The measured values confirm the simple mechanical model of the jet impact, but measurement of the
shape of the spray fan shows that the spray has not an ideal triangular but a convex shape. This influences the
determination of the effective spray width and empirical correction factors for formula (2) are necessary [1].

The impact pressure depends on the nozzle feed pressure, the water flowrate and the impingement area. In order
to get a high impact it is necessary to keep the thickness of the spray jet as small as possible. This can be achieved
using a jet stabilizer in the nozzle feed tube, which avoids rotation and turbulence of the water flow in the liquid
passage. The typical design of a descaling nozzle is shown in FIGURE 3. Another important component of this
nozzle is the filter, which is necessary to avoid clogging of the outlet orifice and the stabilizer.

Disintegration of the jet
A droplet-stream theory has been applied to descaling nozzles [5] but measurement of the droplet size of these
nozzles has showed to be difficult. Failure rates of a Laser-Phase-Doppler-Analyzer can be in the range of 90% of
all detected liquid particles. Reliable result could be obtained, for example, at 100 bar and 500 mm spraying distance
for a nozzle with 18,2 l/min flowrate. D32 was 180 µm, but typical values for the full range of descaling nozzles can

FIGURE 2 Test set-up for impact measurements and example of the test results

FIGURE 3 Basic design principle of a descaling nozzle system and photo of a sectional view



be estimated to cover 100 to 1000 µm depending on the spray conditions and the distance from the nozzle, which is
necessary for a valid test result. Atomization of the jet seems to be a secondary factor for descaling and pure
mechanical considerations, as shown before, lead to a sufficient model of the impact. This can be confirmed by
calculation of the energy, which is necessary to atomize the liquid, i.e. to increase its surface (FIGURE 4). The
Energy per second, which is necessary to create a spectrum of N droplets with the total surface A is given in (3a)
and (3b). The original surface of the flat jet is neglected.  Only for very small drops and low feed pressure the
energy of atomization is a considerable amount of the total energy of the jet. However, comparison of the measured
thickness of the spray jet in comparison with the dimension of the small axis of the outlet orifice (exit gap) and the
theoretical thickness t_min of a true laminar sheet (using the equation of continuity) shows, that the water film has
been disintegrated when impinging on the surface (FIGURE 5 for two nozzle sizes). But it can be shown, that the
momentum and kinetic energy of the jet is transferred completely to the target surface (FIGURE 6). Computed and
measured values of the impact force show - within measuring tolerances - a strong linear relationship.

Disintegration of the jet can be visualized with 18 nanosecond short-time exposures (FIGURE 7). The photos
have been taken at 200 bar in a distance of 50 and 100 mm from the nozzle outlet orifice. The flowrate at this
pressure is 25 l/min, which represents the lower range of nozzle sizes for descaling applications. FIGURE 8 and 9
show results of measured impact values for descaling nozzles versus the flowrate and for different feed pressures
respectively spray distances. The dependence of the impact on the water flowrate is not linear. The larger the nozzle
flowrate, the larger the dimensions of the outlet orifice, and this results in an increasing thickness of the liquid film
escaping the nozzle, i.e. in some reduction of the impact pressure as a result of an increased impingement area.

Mechanism of hydraulic descaling
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The power of the pump has to produce the kinetic energy
of the jet and the surface energy. This results in (3c). The
specific kinetic energy of the jet, thus, is given by (4).
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With â = 0,0729 N/m for water at ambient temperature
this results in the diagram on the left side.

FIGURE 4 Calculation of the surface energy of a spray in comparison to the total energy of the jet

FIGURE 5 Thickness of the spray jet (FUH4  = standard
nozzle; SM = nozzle with stabilizer)

FIGURE 6 Measured and computed impact force at 200
bar



The physical mechanism of descaling still is subject of controversial discussions [2], [3]. Scale is a layer of iron
oxides, a material with the characteristic of a ceramic, i.e. a low thermal expansion coefficient and good heat
insulation properties. The steel on the other hand has a high thermal expansion coefficient. FIGURE 10 shows
results from a REM analysis of a layer of primary scale - typically Fe2O3 – on the steel.  When a high-pressure water
jet hits the surface of a scale/steel compound, not only a sharp peak of mechanical pressure is induced but also a
high gradient of the surface temperature change, due to intensive cooling by the water jet. This creates enormous
shear forces between steel and scale and in the scale itself. It can be observed under laboratory conditions that
secondary scale breaks up explosion-like. Estimations of the mechanical stress, induced by the impact of the jet, and
the shear stress, created by the thermal shock, show that the latter can be about 500 times higher and, thus, is
dominating the process [3]. This substantiates the need for thermal measurements in addition to the pure mechanical
determination of the impact pressure.

Heat transfer measurements
Spraying water on hot steel surfaces with scale causes heat transfer from the solid material to the coolant. The

thermal influence of the water jet on the hot surface can be studied with laboratory experiments [4]. This allows not
only determining the temperature gradient, which is a dominant parameter for the descaling process, but also to
measure peak and mean values of the heat flux and the heat transfer coefficient. Both parameters are important for
the design of steel making and rolling processes. Cooling of the steel is a part of descaling, but to intensive cooling
is not desired. That is, why a high descaling efficiency is required at a moderate or – at least – a controlled cooling.

50 mm 100 mm

FIGURE 7 Short time photos of the spray fan at 200 bar; spray distance 50 and 100 mm; image size 30 x 50 mm

FIGURE 8  Spray impact for different pressures FIGURE 9  Spray impact for different spray distances



(a) (b)
FIGURE 10  Surface of a steel plate with scale; REM image  (a) cross section (b) top view

A typical test set-up is shown in FIGURE 11 (a). A steel plate is heated up to a temperature of 1250°C and then
moved under the spray of a descaling nozzle with the speed of a hot rolling process, typically 1 m/sec. The steel
plate is equipped with thermocouples, which allow measuring the temperature at a small distance – 0.5 to 1 mm - to
the surface. The temperature signals are recorded with a sampling frequency of 100 Hz and stored in a data logger.
After the experiment the recorded temperature data are converted to the heat transfer data via a mathematical model
of the steel plate using a so-called Inverse Task procedure. Results are: The computed surface temperature, the heat
flux from the steel to the cooling water and the heat transfer coefficient. These data allow computations of the
thermal and thermo-mechanical behavior of the steel and the scale under descaling conditions.

FIGURE 12 shows the typical characteristic of the descaling process. With a speed of the steel plate of 1 m/sec
the mechanical impact covers only 6 milliseconds of the time window, whereas the thermal effect, showed here as
heat transfer coefficient HTC, covers about 400 milliseconds.  This illustrates, that the thermal influence of the
sprayed water is very different from the pure mechanical impact. The water, contacting the steel initially in a region,
which equals the area of mechanical impact, afterwards flows over the hot steel surface with high velocity and
creates sudden heat transfer in an area, which is much larger than that of direct impingement of the water. FIGURE
13 shows mean values of the measured heat transfer data, averaged over a length of the steel strip of 100 mm. The
peak of the HTC, shown in FIGURE 12, creates a rapid dropdown of the steel temperature close to the surface. But
this temperature is recovering soon due to heat conducting back from inside the steel plate. For the calculation of the
effective cooling of the steel it is therefore better to use the mean values given in FIGURE 13.

Descaling efficiency

(a) (b)

FIGURE 11 Test bench for the measurement of the heat transfer coefficient (a) and descaling tests (b)



A valid model of the descaling mechanism can only be obtained completing the mechanical (impact) and
thermal (heat transfer) experiments by the study of the descaling itself under laboratory conditions. This requires
producing scale under controlled conditions and then to perform the descaling process. The latter is similar to the
heat transfer test: A hot steel plate with scale is moved under the jet of the high-pressure nozzle and the scale is
removed more or less completely. FIGURE 11 (b) shows two steel plates after descaling under different conditions
and with different descaling success. The scale has been produced under atmospheric conditions, which equals the
so-called secondary scale in the plant. Study of metallurgical and surface quality parameters of the steel allows
quantifying the result of the descaling process. In order to get a defined scale quality, heating conditions, surface
quality and grade of the steel has to be controlled carefully. Evaluation of the test result, i.e. the quantity of the
removed scale and the surface quality of the steel then is done by several methods, as there are: optical or electron
microscopy, image analysis, gravimetric methods or magneto-inductive measurements.

Conclusions
Descaling of steel still is a process, which needs intensive research to understand the underlying physical

mechanisms. Energy and momentum of the jet of descaling nozzles are dominating spray parameters, which create
the impact on the steel surface. Though is can be shown, that the liquid is disintegrating, complete atomization does
not take place under descaling conditions and the droplet size is not a parameter which characterizes the descaling
process. The counteraction of the liquid and the hot surface is of the mechanical as well as the thermo-dynamical
type. The thermodynamics of descaling can be investigated with heat transfer measurements. Heat transfer from the
hot surface causes high temperature gradients in the scale/steel compound and is a dominant reason for break-off of
the scale. The thermal effect of the spray jet covers a wider area on the surface than the pure mechanical impact.
Correlation between mechanical and thermal parameters can only be found by combination of results from
mechanical and thermal experiments. The effectiveness of descaling can be studied under laboratory conditions with
controlled descaling experiments. This work will be continued in order to get a complete model of descaling.

Nomenclature
A [m2] sprayed area
Esur [Nm] surface energy
Ekin [Nm] kinetic energy
D20 [µm] Area mean diameter
D30 [µm] Volume mean diameter
D32 [µm] Sauter mean diameter

F [N] impact force
H [mm] spray distance
I [N/mm2] impact pressure
m [kg] liquid mass
p [Pa] feed pressure
t [mm] spray thickness

V [m/s] liquid velocity
V [m3] liquid volume
α [°] spray jet angle
ρ [kg/m3] liquid density
σ [N/m] surface tension
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Abstract
Simplex nozzles are commonly used as swirl atomizers due to their favourable atomization characteristics.

They produce hollow conical liquid sheet with gaseous core extending all the way through the swirl chamber to the
top surface. Their geometry is relatively simple, yet the flow field associated with them is complex and there is little
knowledge of it. Therefore, the present authors decided to study several models of typical pressurized simplex
nozzles operated with water or glycerin in air. The studies were carried out using numerical simulation methods. All
of the nozzles considered in the present study were also investigated experimentally. In the present work, special
attention was paid to details of the flow fields in both the liquid and the gas phases, with emphasis  to unsteady
effects that could possibly develop.

Introduction
Pressure swirl atomizers are quite common due to their favorable atomization characteristics, low clogging tendency
and geometrical simplicity: The fluid to be atomized enters through one, two or more tangential inlet ports, passes
through the swirl chamber with a conical convergent part and exits through a cylindrical orifice (see Fig. 1). The
high swirl velocity as well as the acceleration of the liquid through a convergent exit part produce an hollow conical
liquid sheet as well as a gaseous core extending from the outlet through the swirl chamber mostly up to the top lid.
After some distance downward the nozzle exit, the sheet becomes unstable and breaks up to form a spray of
droplets. Although the geometrical characteristics are relatively simple, the inner flow pattern is rather complex.
Though several authors tried to gain insight of the internal nozzle flow, there is still distinct lack of knowledge in
this regard. Jeng et al. [1] carried out an experimental study of a swirl atomizer with a long swirl chamber. They
performed a numerical simulation of two-dimensional, turbulent (Baldwin-Lomax model) nozzle model using
moving grids for representing the free surface. The nozzle had the same geometry as used at UMIST
(Yule,Cooper)[2]. The same kind of geometry was used in the references [2], [3], [11] as well. Results were limited
to the comparison of nozzle characteristics such as spray angle, film thickness at nozzle exit and discharge
coefficient. More recently, Lee & Steinthorsson [11] performed numerical simulations of internal flow in a three-
dimensional simplex nozzle and used the same geometry as Jeng [1]. One fourth of the nozzle was simulated using
380,000 control volumes (CVs), the RST-turbulence model and the VOF-method [16]. This resolution was,
however, still insufficient for the case treated; clearly a larger number of cells was necessary.
The main problem that remains despite the above contributions is that there seems to be no general agreement even
about the nature of the flow fields in a typical simplex nozzle. The present authors have not found any satisfactory
definition of characteristic nondimensional reference numbers or expressions that would describe the flow or allow
to discriminate between laminar and turbulent flow behavior, much less to decide where the possible transition takes
place. H.D. Dahl [12] carried out theoretical and experimental investigations of simplex nozzles. His results are very
useful for estimating flow properties for various nozzle geometries. However, due to the small amount of
experimental data collected by him, no general conclusion can be drawn about a possible transition zone in the flow.
In [4], various characteristic nondimensional numbers for describing the spraying properties of simplex nozzles have
been proposed, but again, no evidence about the flow type has been indicated. Nonnemacher [9] conducted
experimental and numerical studies using a two-dimensional model nozzle with inlet distributor that provided
axially uniform inflow. They assumed the flow to be laminar and achieved results that were in good agreement with
their experiments.
The major drawback of all the above studies is that they mostly did not consider or investigate the unsteady behavior
of the the nozzles and assumed steady flow instead. However, it has been observed repeatedly in experiments and
computations that the corresponding flow displays a significant unsteady component.

Due to these reseans, it is still difficult to optimize the simplex nozzles without an intimate knowledge of the
flow effects occurring in it. With this background in mind, the present authors decided to carry out a detailed



phenomenological study of several models of typical pressurized simplex nozzles operated with water or glycerin in
air. The present work was accomplished using numerical simulation methods, while still considering the respective
experimental results obtained for the same configurations by other investigators [11,12]. This paper offers a short
overview of the physical phenomena encountered in both numerical and experimental results the present authors
obtained or considered. The numerical computations were performed on conventional clusters of PCs using the
commercial Navier-Stokes solvers COMET and FLUENT.

Small nozzle:

dc = 50   mm
di = 2x7 mm
d = 15   mm
hc = 7     mm
l/d = 1,0
a = 90°

Re = 100,000
ρ = 1,000  kg/m3
η =        1 mPa s

Large nozzle:

dc = 320   mm
di = 2x44 mm
d = 64     mm
hc = 22     mm
l/d = 0.15625
a = 60°

Re = 2,071
ρ = 1,223     kg/m3
η = 100        mPa s

FIGURE 1. Geometrical data of the swirl atomizers analyzed.

Internal nozzle flow
The numerical simulations were performed using two-dimensional axisymmetric models of the simplex nozzles

investigated by [5] and [12]. The swirl (tangential velocity component) was taken into account. The geometry of the
present nozzle is shown in Fig. 1. It should be noticed that the definition of the Reynolds number is based on the
work published in [10]. In the present authors opinion, this is the physically most meaningful  definition that could
be found in literature [5, 7, 8].  The free-surface between the liquid and gaseous pahases has been modeled using an
interface-tracking algorithm of VOF-type [14]. Details about the simulation approach can be found in, for example,
[5,6].

In Fig. 2, typical contours of the axial velocity obtained in the numerical simulations are shown. Regions of
higher velocity in the liquid can be found near the air core and at the wall. Interestingly, approximately one half of
the total flow passes through these areas, being in good agreement with the corresponding experimental observations
by Cooper [6]. The liquid flows pass the concave wall, giving rise to hydrodynamic instabilities that result in the
formation of Görtler vortices. Figure 3 displays a detailed view of one of such Görtler vortices, as visualized by
pathlines coloured by the magnitude of the axial velocity.

In both nozzles, the interface between the liquid and the gas becomes unsteady, displaying waves of  small
amplitude along its surface (Figs. 4 and 5). The waves originate at the nozzle top, at the stagnation point on the lid,
and propagate toward the exit. Their amplitude seems to decrease with increasing axial distance. After the exit,

 



however, it increases again, causing at times a violent movement of the liquid sheet. The stagnation point next to the
top lid is found in both nozzle simulations. It leads to the formation of a crest at the nozzle top, which can reache the
symmetry axis if the grid resolution is not sufficient. The fluid has now only one possibility to find its way to the
orifice. The mutual interaction of the above phenomena at this point results in the formation of the unsteady waves.
(since the flow has to be deviated downward to the outlet, a vortex forms in the chamber, contributing to the wave
formation on the free surface. In the simulation of the large nozzle, a breaking wave appears). Moreover, in the
authors opinion, the wave formation phenomenon is sustained by the recirculating air flow in the nozzle (zone of
negative velocities in Fig. 3). A Fourier analysis performed of the time signal related to the timewise variation of the
lamella thickness at the nozzle exit (Fig. 6) reveals a fundamental frequency of 8.5 Hz. The corresponding amplitude
at the orifice was 0.0002 m.

For comparison purposes, the mean spray angle as resulting from the computations was also determined. For
the large nozzle, it was 84° - an exactly same value as mesuread by Broll [12]. In the case of the small nozzle,  the
computed spray angle was 99.5°, the experimentally determined spray angle amounted to 100.8° [12]. Again, the
agreement can be considered good.

Air core instabilities
An interesting phenomenon has been observed in the present simulations, whereby a localized region of the air

core expanded and contracted in a regular periodic movement. The frequency of these contractions increased with
increasing flow rate.

 One possible explanation, favoured by Cooper [6], is that these instabilities are produced by toroidal vortices
rotating about the air core.  These vortices may be very much like smoke rings in air with a roughly circular vertical
cross section but being of sinusoidal shape in the horizontal plane. They are travelling upstream at the same axial
velocity as the fluid flowing downstream thereby appearing to remaining stationary at fixed locations (see also Fig.
7).

 The second possible explanation is that these contractions are a series of standing waves superimposed on the
air core. If the swirl chamber has a natural resonant frequency, then the standing waves would represent minimum
and maximum nodes, although it is difficult to see how, at each location, the fluctuations cycle through both a
minimum and maximum unless the waves themselves are rotating about the atomizer axis. These phenomena
certainly need further investigation; the present authors believe that these cyclic expansions/contractions of the air
core are the key to understanding the behaviour of the flow in the exit orifice and in the spray cone and, ultimately,
will lead to the explanation of the break-up mechanism of the spray cone into droplets.

FIGURE 2. Example of instantaneous contours
of axial velocity within the large nozzle.

FIGURE 3. Görtler vortices in the swirl chamber of the small
nozzle, visualized by pathlines coloured according to the

magnitude of the axial velocity.



 

FIGURE 4. Volume fraction distribution for both
phases  (water-glycerin mixture in red  and air in blue )

within the computational domain (right) and the
corresponding numerical grid (left) for the large nozzle.

FIGURE 5. Volume fraction distribution within the
computational domain (water in red and air in blue) for the

small nozzle.

 

FIGURE 6. Lamella thickness at the nozzle outlet
for the large nozzle over time. The amplitude is

normalized with the nozzle outlet. The fluctuating
values show the unsteady nature of the nozzle

internal flow.

FIGURE 7. Form comparison of the rotating air core in
computations  ( top, in red the position of the free surface  ) with
the experiments of Dash et al. (ITT Karaghpur, 2000; bottom)

Conclusions
The flow simulation in a large and a small model nozzles was carried out in the present work using the

assumption of axisymmetric flow. For this purpose, two commercially available computer codes were used,
FLUENT and COMET. Both delivered very similar results.

The flow at the air core interface has been shown to be unsteady, with waves generated at the nozzle top end
and propagating towards the open end. From spectral analysis, we found out frequency values that are typical for
observations made by [6].  The mean spray angles agreed also well with experimental data. Results obtained by the
present two-dimensional simulations are very encouraging, since they enable us to gain understanding of the nature
of the nozzle internal flow. Nevertheless, three-dimensional simulations are obligatory to understand every detail of
this flow, such as the presence of Görtler vortices at the wall or the rotating air core.

Future work
In future work, special attention will be paid to the details of the flow field in both liquid and gas phases as well

as to unsteady effects that could possibly develop since significant instabilities at the liquid/air core interface have
been reported by Cooper et al. [11] and Broll [12], among others.

It is also intended to investigate and study unsteady effects in several other nozzle geometries. Differences
arising between the two-dimensional and three-dimensional simulations will be pointed out. Numerical results will
be compared with the corresponding experimental data.
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Nomenclature

m mass
ρ density
Re  Reynolds number
r   radius at the exit
d  diameter
h  height
l length of the orifice
Θ  spray angle
u  velocity, velocity at the outlet
α  cone angle

Subscripts
c chamber
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ABSTRACT:
Effect of geometry of rotating disks and cups on spray characteristics has been experimentally investigated.  The Phase
Doppler Particle Analyzer (PDPA) has been used to measure the velocity, diameter, density, and mass flux of spray droplets.
Rotating disks with different edge angles (α) in the range of 0.0o to 60o and 0.0o to -60o and with 2 mm edge depth serrated
with different numbers of pitch values (s) in the range of 0.92 to 2.70 mm were used.  Also, rotating cups with different cone
angles (θ) in the range of 15o to 60o, and different ratios of base diameter to top diameter in the range of 0.03 to 0.86 were
used.  Furthermore, a rotating cup-like cylinder with different aspect ratio (h/R) in the range of 0.1 to 1.3 was used.. All tests
have been carried out at a rotating speed of 12000 rpm, a liquid flow rate of 8 L/hr, and 70 mm disk and cup diameter. Results
indicated that no significant difference in the range of size and velocity of spray droplets has been observed with varying edge
angle except for edge angle of –15 degrees, where the most uniform droplet size could be obtained.  In addition, increasing the
number of teeth slightly increase the droplet size range.  Meanwhile, it was found that increasing cone angles and ratios of base
diameter to top diameter has no clear effect on the variation of size and velocity range of spray droplets. However, for rotating
cup-like cylinder, increasing of aspect ratio tends to increase the range of the size and velocity of spray droplets.

INTRODUCTION
Atomization of a liquid into a gas promotes intimate contact between the two phases. Heat, mass, and momentum transfer
often can be accomplished in a very short time. Hence, the atomization has been the key to successful design and operation of
equipment that is used in chemical engineering processes, cooling, and many other gas-contact applications. The main
advantage of a rotary atomizer is that it is particularly suited to slurries, and high viscous fluids.  Despite the wide applicability
of this method of atomization, there is no enough data, which can be used for selection or design of the proper type and the size
of a rotary atomizer. Nor is there any quantitative information, which shows the effect that the various operating variables
might have on the produced spray. Dombrowski [1] mentioned that a rotary atomizer can  successfully handle a wide range of
supply flow rates of liquids having a wide range of properties from thin solutions to highly viscous gels or slurries. Master [2]
mentioned that inverted bowls, cups and plates are classified as vaneless disc atomizers. The mechanism of atomization for
vanless disk atomizers depends on disk design, rotational speed, supply flow rate and liquid properties (density, surface tension
and viscosity). At low supply flow rates and low rotational speeds atomization is by direct droplet formation. This mechanism
changes with the increase of supply flow rate to one of disintegration of liquid ligaments (ligament formation mode). When the
ligaments can no longer accommodate the liquid supply arriving at the disk edge, a film is formed around the complete disk
periphery. Sprays are formed by the break-up of this film. This is known as the velocity spraying mechanism (film formation
mode). At low disk peripheral speeds, sprays of wide size distribution are formed. Further increase in peripheral speed
improves spray homogeneity.  Supply flow rate is expected to have a greater influence if droplets are formed from the velocity
spraying mechanism rather than from disintegration of liquid ligaments. Hinze and Milborn [3] used a rotating cup to obtain
uniform droplet sizes.  Their results of droplet size measurements show that atomization by rotating cup is much more uniform
than that achieved with a pressure atomizer. These measurements were made for the ligament formation as well as for film
formation.  They also studied the disintegration process that takes place around and beyond the edge of a rotating cup.  Three
types of disintegration modes were found which are, (a) droplet formation,  (b) ligament formation, and  (c) film or sheet
formation.  They mentioned that transition from state (a) to state (b) or state (b) to (c) is produced by an increase of flow rate,
angular speed, liquid density, and viscosity, or the decrease of cup diameter and liquid surface tension Adler and Marshall [4]
studied the effect of disk design on the performance characteristics of spinning disk atomizers. A comparison of the droplet
size distribution from seven different disk designs operated at one supply flow rate and peripheral speed showed that disk
design had a negligible influence on droplet size distribution for the condition studied of v=63.5m/s, and 660 L/hr. Lefebvre
[5] concluded that serrated the edge of the cup or the disk delays the transition from ligament mode to sheet mode and
improves the atomization quality.  Tanasawa [6] investigated the effect of shape geometry of rotating disks and cups on critical
flow rates and droplet sizes. He concluded that for the rotary disk, number of teeth affects the droplet size, and for the rotary
cone, the cone angle has no effect on the critical flow rate of transition modes. Based on the above survey of literature, there is
still a definite need to investigate the effect of shapes of rotating disks and cups on spray characteristics. Uniformity of spray
droplets is considered one of the most important factors in design or selection of rotating atomizers. Therefore, disks and cups
of different shapes are tested to study their effect geometry on spray characteristics. The main objective is to find the optimum
shape of rotating disks and cups to get more uniform spray droplets. In the present work, Experimental measurements were
carried out on the following shapes:
1. Flat disks



1.1. with edge angle ranging from –60 to 60 degrees
1.2. . with 2 mm edge serrated with different numbers of teeth

2. Cups
2.1. cone with varying cone angle and base/outlet diameter
2.2. cup-like cylinder with different aspect ratio (2h/D)

Experimental Setup
The experimental set up was established to measure the spray characteristics for different shapes of rotating disks and cups.
The overall arrangement of the experimental set up is shown in figure 1.  The major components include a rotary disk, an AC
variable speed motor, a pressure tank, a three dimensional scanning mechanism, a flow meter, a pressure gage, and associated
piping and valves.  A commercially variable speed AC commutater motor with a built-in taco-generator having a maximum no
load speed of 18,000 rpm was used. Taco-generator calibration has been performed by measuring the rotational speed and the
corresponding output voltage. A digital velocity meter is used to measure the motor rotational speed, which is replicated four
times, and the average value is considered.  The motor was connected with an electrical stabilizer to avoid the large variations
in the main supply voltage. Therefore, the disk rotational speed is kept constant (± 3%) in performing the experimental
measurements. In addition, the motor rotational speed was adjusted according to the specified rotational speed using a voltage
regulator (variac). The electrical motor was assembled with two brass plates and clamped on a stationary plate, which is
mounted on a three-dimensional scanning mechanism. The feed motion in the horizontal, vertical and lateral direction was
obtained using a screw-and-nut (0.25 cm/revolution) for each direction. A constant pressure supply of compressed air was
used, via a pressure regulator, to pressurize the liquid inside the pressure tank harnessed with pressure gages and safety valves.
A rotameter has been used to measure the liquid supply flow rate from pressurized tank to the inlet nozzle, which is used to
feed the liquid onto the center of rotating disk.  The measurement extent of the rotameter ranges from 0.1 to 1 L/min with the
least significant division of   0.01 L/min. A Phase-Doppler Particle Analyzer (PDPA) is used to measure the size, velocity,
density and mass flux of spray droplets as shown in figure 1. Laser tube of the PDPA emits a laser beam, which is split into
two and sent through a fiber optics cable to transmitter.  The transmitter crosses the two beams at the measurement location in
which it depends on the focal length of the used lens.  A droplet passing through the beam crossing scatters light, creating a
fringe pattern in the far field.  The receiver collects some of the scattered light onto three detectors.  The PDPA uses the phase
shift between the signals to determine the droplet diameters. A detailed description of the diagnostic development and signal
processing is explained by [7]. Current PDPA measurements of size, velocity, density, and mass flux of spray droplets are
carried out at disk rotational speed of 12,000 rpm, disk and cup diameters of 7 cm and supply flow rate of 8 L/hr. The
measurements are replicated four times and the average values are considered. Within the range of measurements, the droplet
size, droplet velocity, and mass flux are measured along the distance R at each 2 cm increment

RESULTS AND DISCUSION
PDPA measurements of size, velocity, and mass flux of spray droplets are performed at down-stream tangential distance (R)
ranging from a minimum of 3.5 cm (R=D/2) to a maximum of 19.5 cm (R=5.5 D. In all studied cases, the minimum average
measured diameter occurs at the nearest point (R=D/2), while the maximum average diameter occurs at the farthest point. On
the contrary, the maximum and minimum average velocity of spray droplets was found to occur at  D/2 and 5.5 D cm.,
respectively. The maximum and minimum mass flux are defined the same way as droplet velocity. Furthermore, the droplet
size ratio based on Sauter mean diameter (Rd32 ) and volume median diameter (Rvmd)  or velocity ratio(Rv)  is defined as the
ratio of maximum to minimum diameter or velocity.
1. Rotating Disks:
Spray chrematistics of rotating disks with different values of edge angle ranged from –60 to 60 degrees in steps of 15 degrees
and 2 mm edge depth serrated with different numbers of teeth are investigated. Results of comparisons of size, and velocity of
droplets are explained in the following section.
!.1. Effect of edge angle:
Variations of maximum and minimum spray droplet size such as Sauter mean diameter (d32) and volume median diameter
(vmd) with edge angles are presented in figures 3 and 4. It is clear from these figures that the range of droplet size is nearly
constant, except for two different values of edge angle. At edge angle of –15 degrees, the range of droplet size is the smallest
value where the diameter ratio has a minimum value. On the contrary, at edge angle of –30 degrees, the range of droplet size
and ratio of droplet size reach the maximum value. The variation of velocity of spray droplets versus the edge angle is shown
in figure 5, Based on figure, one can conclude that the smallest value of the range of droplet velocity occurs at the edge angle
of –15 degrees where the velocity ratio is minimum. The conclusion is that the most uniform droplet size could be achieved by
using a flat rotating disk with an edge angle of –15 degrees
1.2. Effect of edge serration:
Variations of droplet size of a flat disk with a 2mm edge and serrated edge with different number of teeth are shown in figures
6, and 7, while the variation of droplet velocity is shown in figure 8. Based on figures 6 and 7, the range of droplet size slightly
increases with increasing of the number of teeth where the minimum range of droplet size is at zero number of teeth. Figure 8
show that there is no significant variation of velocity ratio was observed with an increase of the number of teeth.
2. Rotating Cups
Spray characteristics of rotating cone with angles and ratios of base to outlet diameter are studied.  The cone angles vary from
15 to 60 degrees in steps of 15 degrees, while the base diameter varies from 0.0 to 60 mm in steps of 20 mm. All tested are



carried out at constant value of rotating cup outlet diameter of 70mm. The results of variations of range and ratio of spray
droplets and velocity are presented in the following section.

2.1. Effect of cone angle and ratio of base to outlet diameter
Effect of varying the cone angle with the range and ratio of spray droplets at different value of base to outlet diameter ratio is
shown in figures 9, and 10, while the variation of the ratio of droplet velocity with the cone angle at different base diameter is
shown in figures 11, and 12. Based on figures 9 and 10, there is no clear trend of variation of maximum and minimum droplet
size. However, at cone angle of 30 degrees and diameter ratio of 2/70, the range of droplet size and diameter ratio are
minimum.
2. 2. Effect of height of a cup-like cylinder
Variation of maximum and minimum droplet size with the cylinder height is shown in figures 13, and 14 while the variation of
velocity ratio is shown in figure 15. It is found from figures 13, and 14 that increasing the height of cylinder up to 30 mm, the
droplet size range and diameter ratio decrease. Further increase in cylinder height increases the droplet size range and velocity
ratio. However, based in figure 15, it is clear that by increasing the cylinder height up to 30 mm, the range of velocity and
velocity ratio increase. Further increase of cylinder height reduces the velocity ratio and range of velocity.
2.3. Effect of wetted area of rotating cup:
Effect of the ratio of the wetted area to the flat disk area (Aw/Ad) on maximum and minimum droplet size is shown in figure
16. Also, effect of (Aw/Ad) on the range of velocity of spray droplets is shown in figure 17, and on the diameter ratio and
velocity ratio of spray droplets is shown in figure 18. Based on these figures, it is clear that increasing  (Aw/Ad) tends to
increase the range of diameter and velocity of spray droplets.

CONCLUSION
Effect of geometry of rotating disks and cups on spray characteristics has been experimentally investigated. Rotating disks
with different edge angles (α) in the range of 0.0o to 60o and 0.0o to -60o and with 2 mm edge depth serrated with different
numbers of pitch values (s) in the range of 0.92 to 2.70 mm were used.  Also, rotating cups with different cone angles (θ) in the
range of 15o to 60o, and different ratios of base diameter to top diameter in the range of 0.03 to 0.86 were used.  Furthermore, a
rotating cup-like cylinder with different aspect ratio (h/R) in the range of 0.1 to 1.3 was used.. All tests have been carried out at
a rotating speed of 12000 rpm, a liquid flow rate of 8 L/hr, and 70 mm disk and cup diameter. Results indicated that no
significant difference in the range of size and velocity of spray droplets has been observed with varying edge angle except for
edge angle of –15 degrees, where the most uniform droplet size could be obtained.  In addition, increasing the number of teeth
slightly increase the droplet size range.  Meanwhile, it was found that increasing cone angles and ratios of base diameter to top
diameter has no clear effect on the variation of size and velocity range of spray droplets . However, for rotating cup-like
cylinder, increasing of aspect ratio tends to increase the range of the size and velocity of spray droplets.
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Figure 2   Shapes of rotating disks and cups.
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Figure 1. Schematic diagram of the experimental set up.
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Figure 3. Variation of max., min. d32, and Rd32

versus disk edge angle, α.
Figure 4. Variation of max., min.vmd, and Rvmd versus

disk edge angle, α.
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Figure 5. Variation of max., min. velocity, and RV

versus disk edge angle, α.
Figure 6. Variation of max., min.d32, and Rd32 versus

number of teeth.

�����������������������������������������������������������������������������������������������������
��
�
�
��
��
��
��
��
��
��
��
��
��
��
��
��
��

��
��
�
�
��
��
��
��
��
��
��
��������������������������������

��
��
����� � ��� ������������������������������ ����

���
���
��
��
��
��
��
��
��
��
��
��
��
��
���
���
��
��
��
��
���
���
��
��
��
��
��
��
���
���
��
��
��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

��
��
��
��
��
��
��
��
��
��
��
��

��
��
��
��
��
��
��
��
��
��
��
���������������������������������������������������������������������������������������������

�������������������������������������������������������������������������������������������

��� ���
���

���
���

���
������ ���

��� ��� ���
���
���

���
���

��� ���

0

50

100

150

200

250

0

1

2

3

4

5

0 50 100 150 200 250 300

��������������
��������������
��������������

��
���

�������������
�������������

���
���

 Number of teeth

vm
d,

 µ
m

����������������
����������������
����������������
 vmd 

max
  

 vmd
 min

��������
��������R

vmd

R
vm

d

��������������������������������������������������������������������������������������������������������������������������

�������������������������� � � � ��� �������������������������� ����� � ���

���
���
��
��
��
��
���
���
��
��
��
��
��
��
��
��
��
��
��
��
���
���
��
��
��
��
��
��
���
���
��
��
��
��
���
���
��
��
��
��
��
��
��
��
��
��
��
��
���
���
��
��
��
��
��
��
���
���
��
�����������������������������������������������������������������������������������������������������������������������������������������������������������

��
��
��
��
��
��
��
��
��
��
��
��

�
�
�
�
�
�
�
�
�
�
�
�������������������������������������������������������������������������������������������

������������������������������������������������������������������������������������������

���
���

��� ���
���

���
���

��� ��� ��� ���

���
���

���
���

���
���

���
���

0

0.5

1

1.5

2

0

0.5

1

1.5

2

2.5

3

3.5

4

0 50 100 150 200 250 300

��������������
��������������
��������������

���
���

��������������
��������������

����

 Number of teeth

v 
/ v

o

����������������
����������������
����������������

 v 
max

/ v
o

  v 
min

 / v
o

�����
�����R

V

R
V

Figure 7. Variation of max., min.vmd, and Rvmd versus
number of teeth.

Figure 8. Variation of max., min. velocity, and RV
versus number of teeth.

���������������������������������������������������������������� ������������������������ ������� ����� ������������������� ��� ������������������� ��� ��� ���������������������������������������������������������������������

��������������������
��������������������

��������������������
�������
���������������������� ��

�����
�����

����������������� ��
�����
�����

��
����� ������������������� ��� �������

���
���
��
��
����
����

���
���

��� ��� ����
��

��
��
��
��
���
�����������������������������������������������������

��
��

������

�
�
�
�
�
�
�
�
�
�
�
�

��
��
��
��
��
��
��
��
��
��
��
��������������������������������������������������������������������������������������������

������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������

���
���

���
���

������
���

���
���

���
���

���
���

���
���
��� ��� ������

���
���
���

���
��� ���

���
��� ���

���
���

���
���
���

���
��� ��� ���

���

50

100

150

200

250

0 10 20 30 40 50 60 70

�������������������������
�������������������������
�������������������������
�������������������������

�����������������������
�������������

��������������

�������������������������
�����������

����������������

Cone angle , θ, degrees

d 32
, µ

m

������������������������������
������������������������������d

32 max 
     d

32 min
      d/D�����������
�����������
�����������

  2/70
  20/70
  40/70
  60/70

���������������������
������������������������������������������
���
������
������

������� ����������������
���������������� ����������������

������
��
��

����������� ���
���
���
�� ���

�������������� ����� ��� �����������������
���
���
���
��
��
��
��
���������������������������������������������������������

��

�
�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�
�

�����������������������������������������������������������������������������������������
�����������������������������������������������������������������������������������������

�����������������������������������������������������������������������������������������

���
���

���
���

���

���
���

���
���

���
���

���
���

��
�� ��

��
�����

���
��

��
�� ��

��

0

0.5

1

1.5

2

2.5

3

0 10 20 30 40 50 60 70

��������������
��������������
��������������
��������������

��������������
��
�����
�����
���
������ ������

�������������

Cone angle, θ, degrees 

�������
�������

 R
d3

2

������������
������������
������������
������������

  d/D
  2/70
  20/70
  40/70
  60/70

Figure 9. Variation of max. and min.d32 versus cone
angle, θ.

Figure 10. Variation of Rd32 versus cone angle, θ .
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Figure 11. Variation of max. and min. velocity versus
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Figure 12. Variation of RV versus cone angle, θ.
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Figure 14. Variation of max., min.vmd, and Rvmd
versus cylinder height, h.
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Figure 16. Variation of max. and min.d32 versus
Aw/Ad.
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Abstract
The effect of fluid properties, near nozzle geometry and the applied flow at the optimum point of operation for a
charge injection atomizer were investigated and compared with previous prototypes and work of other authors. We
investigate the efficiency of the atomizer, defined as the ratio of spray to injection current, and the relationship
between the maximum electric field on the jet surface and spray charge density at the optimum point. The results
confirm previous work that more viscous liquids may produce sprays with larger specific charge. The results also
show that at the optimum point of operation in a super-critical regime, a surface electric field of Er ∼ 3.0 ±0.1 MV/m
at the jet surface is likely. This implies that the operation for this type of charge injection atomizer in the super-
critical regime is always limited by the electric field and that air breakdown is responsible for the charge limit. The
variation in the results for the different atomizer geometries show that it is possible to modify the radial charge
density profiles and enhances the spray charge density. In addition, an empirical and previously derived jet break up
model is shown to apply to an extended range of data.

Introduction
Charge injection systems for generating electrically charged sprays of insulating hydrocarbon liquids based on

the point-to-plane geometry have been developed and refined in the recent past [1-4]. The process of charge
injection into insulating hydrocarbon liquids in the point-plane geometry has attracted more than academic interest
due to the development of charge injection atomizers for application in combustion systems [5-7] and invites
application to other spray systems for insulating liquids requiring a high degree of control. The process has distinct
advantages over conventional atomization techniques as sprays may be produced without modifying the electrical
properties of the liquid or using secondary methods such as air blast. The electrically charged spray also has the
unique benefits of lack of droplet agglomeration, low droplet concentration, and controllable droplet size
distribution, spray plume shape and droplet deposition.

Research has been conducted over the past decade in the UK at UMIST and Brunel University [1-4,8-9] and now
at Imperial College on the charge injection technique. Kim and Turnbull [10] first developed the concept, but a low
flow rate limited the usefulness of their “atomizer.” Kelly [11], who developed his ‘Spray Triode,’ solved these
problems by grounding the orifice plate and a specialized charge emitter [12], found to be superfluous for the
present work, was employed. The present investigation extends the work noted above to a third nozzle design and
Fig. 1 shows the key differences of these three designs.

FIGURE 1. Variation of the generic charge injection design for (a) Version 1, (b) Version 2 and (c) Version 3.



The version 1 design used as a basis the geometry of Jido [13]. However, there is doubt that the method
“injected” charge since semi-conducting fluids were used. The version 1 design highlighted the fact that a
specialized emitter tip material was not required and a stainless steel sewing needle gave similar electrical and also
atomization performance. Although the version 1 design injected charge and created charged sprays, the electrode
tip was too far behind the orifice plane to allow small orifice diameters to be used. Therefore, the version 2 design
was conceived, where the nozzle internal geometry is optimized, a classic point-plane electrode geometry where
other workers [14-16] have shown stable space charge limited (SCL) injection. This permitted atomizer operation at
orifice diameter d ≤ 250µm and a more highly charged spray [4]. The present work conceived the version 3 design
to investigate means of further enhancing the degree of spray charging prior to breakdown. The experimental results
for the version 1 and the version 2 designs have been reported in references [1-4], whereas the results for the version
3 design, carried out at Imperial College during the past two years are reported here.

In the charge injection process, a negative or positive voltage differential V is applied between a charge-emitter,
a point of known radius rp and a charge-receiver plate, a plane translated a distance Li from the point as shown in
Fig.1. A stainless steel needle is used in the present study as the high voltage electrode and could be moved co-
axially with respect to the orifice by using a micrometer attachment. Polytetrafluroethylene (PTFE), which has a
good dielectric strength and sealing property due to its ductility, was used to insulate, support and align the needle
from the metal body and the micrometer attachment. Below a threshold voltage V0, field emission [17] of electrons
occurs if negative voltage is applied or field ionization [18] for positive potential. Ionization processes above V0 are
usually SCL [19] and may include electron avalanches and field emission enhancement at the emitter surface,
which, in air, can drive an unsteady pulsing regime [20] in which frequency rises with injection current IT and
therefore, with applied potential V.

Experimental Details
Only a brief description of the experimental methods is given, further details may be found elsewhere [1-4]. A

typical experimental layout and electrical connections for producing a continuous charged fuel spray are shown in
Fig. 2. A pressurized vessel was used as a reservoir for the liquid and for inducing liquid flow in the system. The
liquid was filtered using nominally 7µm porosity sintered metal filters and a standard needle valve was used to
maintain the required steady flow, monitored with a rotameter of range 0.10 ≤ τD  ≤ 0.35 ml/s ±6.0% and 0.15 ≤ τD  ≤
1.26 ml/s ±9.0%. Nylon pipe work and push-in fittings connections ensured effective isolation of the nozzle from
ground. A Spellman Model SL300PN high voltage power supplied negative voltage up to –24 kV ±1.0%. A
grounded sink captured the charged spray and this measured the “spray” current IS, via a Keithley Model 6514
electrometer with an accuracy of ±0.1%. The error arising from not capturing all the spray current is assumed to be
negligible and the fluctuations were inherently damped by applying a 10 point moving average to the incoming
measurement for the displayed current. The leakage current IL is defined as the current that passes through the
liquid, inside the nozzle, to the grounded inner surfaces of the nozzle body and measured with an accuracy of ±7.4%
via a Wavetek Model 23XT digital multimeter. Since the upstream conduction is neglected, the injection current IT
is the sum of the measured currents, IT = IL + IS.

FIGURE 2. A typical experimental layout and electrical connections.

For the version 1 design, Li/d ratio in the range 6.12 ≤ Li/d ≤ 7.12 were investigated for d = 500 and 1000 µm
with Li/d ∼ 6.63 being the optimum. Similarly, 4.0 ≤ Li/d ≤ 0.4 for d = 150, 250, 300 and 500 µm for the version 2,



and d = 116, 140 and 254 µm for the version 3, and the optimum Li/d ∼ 1 regardless of d were found for the version
2 and 3 designs. The radius of the needle tip for the version 1 and 2 designs was rp ∼ 60 µm, and rp ∼ 10 µm for the
version 3 design. The tip radius rp is known [19] only to effects the IT - V characteristic and we assume it does not
has an effect on the critical point as the applied voltage at this point is well above the threshold voltage V0. We may
make this assumption because the charge injection process is SCL and relevant only in a very thin region
surrounding the electrode tip and the bulk flow/space charge interactions upon which the critical
electrohydrodynamics (EHD) depend only occur away from the needle tip. We may therefore separate the
discussion of the charge injection and the EHD of the bulk flow inside the atomizer, and in this paper, we concern
ourselves with the effect of the latter on the spray properties.

Two regime of operation for the atomizer, namely the sub-critical and super-critical regimes have been
documented [1-3]. In the sub-critical regime, a complete electrical breakdown occurs due to electrical failure of the
liquid inside the nozzle as the applied voltage V is gradually increased [21]. This phenomenon is associated with low
liquid flow rate and thought to be due to a space charge build-up inside the atomizer. In the super-critical regime,
which is a typical behaviour of high flow rate operation, a partial electrical breakdown is observed and this
breakdown occurs outside the nozzle, thus the space charge build up cannot occur since the flushing effect of the
flow dominates. This behaviour is probably due to the charged liquid jet discharging itself through the surrounding
air and to the grounded nozzle body. This explanation is justified by a reduced spray current IS and a marked
increased in leakage current IL as the applied voltage V increased from the point of partial breakdown [1].

It is of present interest to investigate the effects of fluid properties, nozzle geometry and applied bulk velocity
on the optimum point of operation for a charge injection atomizer. The optimum point is defined as the point just
prior to a complete or partial breakdown in the operation of the atomizer as the applied voltage being gradually
increased and the spray current is a maximum. The evaluation of charged spray to injection current ratio, IS/IT, and
the relationship between the spray charge density, QV and maximum field at jet surface, Er at the critical point are of
interest in determining the efficiency and reason for limitation respectively of the atomizer.

Data is available for the commercially available kerosene, white spirit and diesel oil (diesel no.1) for Version 1
and Version 2 [1-4]. The present contribution extends the data set to very a small orifice diameter (i.e. d ∼ 116µm)
and for highly viscous fluids (Esso diesel oil (diesel no.2) and Shell diesel calibration fluid). This wide-ranging data
set is used to investigate the sensitivity of various factors on the atomizer performance and to compare the present
contribution with the data of Kelly [22] for Marcol-87 liquid and Bankston et. al [5] for diesel oil and mineral oil
using the ‘Spray Triode.’ The physical properties of the various fuels evaluated are given in table 1. The properties
of diesel oil used in Bankston et. al [5] are assumed to be similar to that of  the fluid used in the present work. The
ranges for viscosity, density and relative permittivity are 0.0009 ≤ µ ≤ 0.030 Ns/m2, 780 ≤ ρ ≤ 850 kg/m3 and 2.0 ≤
εr ≤ 2.2 respectively.

Property
[Ref.]

Units White spirit
[1]

Kerosene
[1]

Diesel No.1
[1]

Diesel No.2 Mineral oil
[5]

Marcol-87
[29]

Density kg/m3 780 800 840 815 850* 850
Viscosity Ns/m2 0.000854 0.001056 0.002352 0.002688 0.025 0.030
Relative

permittivity
- 2.2 2.2 2.2 2.2 2.0* 2.0

*estimates
Table 1. Properties of test liquids.

Results and Discussions
In general, as shown by Fig. 3, the efficiency is improved with an increase in Re, but decreased when reducing

the orifice diameter d moving from Version 1 to Version 3. These observations may be explained by the fact that the
electrode tip in Version 2 and 3 is in a region of relatively fast moving fluid that enhances the removal of space
charge from the tip and therefore, increases the total current injected compared to the version 1 design. In addition,
the electric field gradient due to the proximity of the back face of the orifice contraction also increased which assist
to extract charge surrounding the needle tip. As for Version 3, the focussing effect of the nozzle geometry forced the
fluid flow to turn towards the orifice and thus, the design is thought to be more effective at stripping away the
charge from the needle tip and transporting it downstream as compared to the version 2 design.

The spray specific charge is enhanced for smaller orifice diameter d as shown in Fig. 4. The results also show
that the spray charge density QV for Version 3 using diesel as a test liquid is higher than that of Version 2 design
using kerosene for similar orifice diameter d in the super-critical operation. This infers that the liquid jet operating in
the super-critical regime held more liquid charge if they are more viscous, and this is thought to due to the reduced
radial ion transport by electrical convection since ion mobilities of more viscous liquids are lower. A direct
comparison from the available data between Version 2 and Version 3 designs using diesel as a test liquid at d ∼ 250
µm and uinj ∼ 20 m/s gives the latter a higher magnitude of spray charge density, QV  = 1.77 C/m3 over QV = 1.40
C/m3 [23] for the former.



FIGURE 3. Optimum spray to injection currents
ratio for different orifice diameter for Version 3,

diesel no.2: d=254µm (�), d=140µm (�) and
d=116µm (�), Version 2, kerosene: d=500µm (�),

d=300µm (�), d=250µm (+) and d=150µm (✕ ), and
Version 1, kerosene: d=1000µm (✳), and diesel:

d=500µm (O).

FIGURE 4. Optimum spray specific charge versus
Re for Version 3, diesel no.2: d=254µm (�),
d=140µm (�) and d=116µm (�), Version 2,

kerosene: d=500µm (�) d=300µm (�), d=250µm (+)
and d=150µm (✴), and diesel no.1: d=250µm (✕ ),
Version 1, d=500µm: diesel no.1 ( � ), kerosene (A)

and white spirit (¶), d=1000µm: diesel no.1 (O),
Kelly [16], d=300µm: Marcol-87 (✩), and Bankston
et. al [5], d=422µm: mineral oil (✻) and d=173µm:

diesel no.2 (✠).

FIGURE 5. Electric field at jet surface versus Re for
Version 3, diesel no.2: d=254µm (�), d=140µm (�)
and d=116µm (�), Version 2, kerosene: d=500µm

(�) d=300µm (�), d=250µm (+) and d=150µm (✴),
and diesel no.1: d=250µm (✕ ), Version 1, d=500µm:

diesel no.1 ( � ), kerosene (A) and white spirit (¶),
d=1000µm: diesel no.1 (O), Kelly [16], d=300µm:
Marcol-87 (✩), and Bankston et. al [5], d=422µm:

mineral oil (✻) and d=173µm: diesel no.2 (✠).

FIGURE 6. Jet break up length relationship for
different orifice diameter for Version 3, diesel no.2:
d=254µm (�), d=140µm (�) and d=116µm (�), and
Version 1, kerosene: d=500µm (�), and white spirit:
d=500µm (+).

      The magnitude of the maximum spray charge density QV in the super-critical regime is thought to be controlled
by a maximum electric field at the liquid jet surface as the jet exits the nozzle. Since the radial spray charge
distribution is unknown, a correlation between the bulk spray specific charge with the orifice diameter d was made.
This is done by assuming a uniform mean space charge density in the jet, and that the jet surface is grounded, a
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condition apparent when the jet emerges from the nozzle. With these assumptions, at the jet surface the electric field
is

04 εε r

V
r

dQ
E =  . (1)

Fig. 5 shows the maximum electric field at the jet surface for optimum operation for various atomizers. The
corrected uniform electric breakdown field of air shown in Fig. 5 is for the case of breakdown for the inner cylinder
of radius r in cm of two concentric cylinders as suggested by Peek [24]
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where ρ̂  is the ratio of the gas density to that at 1 atm., unity in this case and Eplane = 3 × 106 V/m. Although there is
some scatter, the mean critical field is of the order ∼ 3 × 106 V/m for small Re, the characteristic field for air
breakdown between parallel plates, and rises as Re increases.
      Clearly, since the breakdown condition at the jet surface remains constant, we feel that the effect of the flow is to
preferentially modulate the radial space charge distribution, i.e. move the charges away from the jet surface. In
addition, this effect is more pronounced in moving from Version 1 to Version 3. The effect of Re rising for a version
3 nozzle increases spray specific charge at breakdown and as discussed in Fig. 3 and Fig. 4, this effect is not due to
the liquid density but the injector geometry. The increased in the spray specific charge by using the version 3 nozzle
compared to Version 2 is thought due to the effectiveness in stripping away the charge from the needle tip which
contribute to the increased in the spray current. We know from Fig. 4 that the atomizer geometry has an effect on the
maximum spray charge a charged liquid jet of mean velocity uinj and diameter d may hold, and generally,

( ) ( ) ( )v1v23v VVV QQQ >>  and from Fig. 5, the results tend to group according to the atomizer type. The results of
Kelly [22] and Bankston [5] also show a similar trend with the present work with an increase in specific charge QV
as Re increases and confirmed that the operation of the ‘Spray Triode’ is limited by the electric field.
      The jet break up length lj to fluid properties i.e. viscosity µ and relative permittivity εr, spray specific charge QV
and the applied flow uinj relationships was investigated by a simple relationship of eq. (3) where tj is the
characteristic time.

V
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The ionic mobility for the liquid is related via an inverse proportionality with the viscosity, κ = Aµ-1, and this
relationship is known as Waldens’ rule [25]. Using the simple relationship of eq. (3) and substituting κ = Aµ-1 for
the ionic mobility, the constant A were calculated to be A ∼ 1.8 × 10-11 ±0.5 × 10-11, ∼ 1.4 × 10-11 ±0.2 × 10-11 and ∼
2.5 × 10-11 ±1.1 × 10-11 for kerosene, white spirit and diesel no.2 respectively for uinj À 10m/s. With the gradient of
the line plotted in Fig. 6 i.e the limit where most of the data can be found, gives lj ∼ 18 mm and the observed jet
break up length in the range 2-25mm and the ionic mobility-viscosity relationship referred by Crowley et. al [26], κ
= 2 × 10-11µ-1, we may suggest that the jet break up length relationship of eq. (3) scales correctly with the
experimental data and the ionic mobility-viscosity relationship is closely agreed with the published work [26].

Conclusions
      The charge injection process inside the nozzle atomizer is dependent on the fluid properties. The atomizer
operation will give a higher magnitude of spray specific charge for viscous fluids. By reducing the orifice diameter,
the spray specific charge could be enhanced but with reduced efficiency. The atomizer operation in the super-critical
regime is limited by the partial breakdown of the charged spray by discharging itself to the surrounding air and to
the grounded nozzle body. A surface electric field of Er ∼ 3.0 ±0.1 MV/m at the jet surface is likely at the optimum
point of operation in the super-critical regime, implying the breakdown strength of air in a plane. This infers that the
operation for this type of charge injection atomizer is always limited by the electric field and that air breakdown at
the nozzle surface near to the orifice is responsible for the charge limit. The simple correlation between the jet break
up length to fluid properties, spray specific charge and the applied flow was found to scale correctly with the
observed jet break up length and the ionic mobility-viscosity relationship is closely agreed with the published work.

      A further study is required in order to understand the EHD of charge injection process inside the nozzle that
influence the operation of the atomizer in the sub-critical regime. The characteristic behaviour in terms of injected
current as a function of dependent variables such as applied voltage, point-to-plane gap, orifice diameter and liquid
flow rate need to be investigated.
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ABSTRACT
After investigating the relation between nozzle geometry and discharge coefficient at different
Reynolds numbers (different liquid viscosities) our experimental work continued with detailed
measurements of the flow inside and outside the nozzle by means of PIV. Although various new
publications discuss the disintegration of liquid sheets, experimental work on the flow inside the
nozzle is rather rare. Efforts to predict the flow characteristics inside the nozzle by using CFD
are mostly reduced to a two-dimensional axissymmetrical case. Three-dimensional computations
of the free surface flow developed into a real challenge for the existing CFD software. Detailed
experimental data of the flow could help to verify and improve the existing solver software.

NOTATION
d Orifice diameter
di Inlet diameter
dc Diameter of swirl chamber
hc Height of swirl chamber
D Droplet diameter
D32 Sauter mean diameter
l Length of orifice
.

V Volume flow rate
∆p Pressure difference
Rep pressure Reynolds number
u potential velocity
veff lamella velocity

x run length of the lamella

greek:
α cone angle of the nozzle
δ liquid film thickness
Θ Spray cone angle
ρ Density

Subscripts:
l liquid
g gas
eff effective

INTRODUCTION
Although the methods to predict the disintegration process of a liquid sheet and the size of the
droplets formed improves constantly, they depend on the exit condition at the nozzle’s orifice set
by the internal flow. For that reason the predicted droplet diameters always will be as precise as
the predicted exit condition at the orifice.

The experiments carried out show that there are conditions in which no air core exists in-
side the nozzle but still a hollow conical liquid sheet is formed outside the nozzle. This phe-
nomenon occurs only at low Reynolds numbers i.e. at low liquid velocities or very small nozzle
diameters.

The general relation between the droplet diameter and the condition of the liquid sheet at
the orifice exit can be described as:

• the higher the sheet velocity veff
• the thinner the liquid sheet δ
• the bigger the spray cone angle Θ

The smaller the droplets.



To compare different nozzle geometries regarding their ability to form small drops for a given
pressure this discharge parameters have to be measured within a range of Reynolds numbers.
The discharge parameters can also be presented in nondimensional numbers, see e.g. [WAL82],
[WAL90]. These numbers are
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when llpu ρ∆= 2  is the potential velocity. Smaller combined parameters 22ϕκ  represent
more favorable geometries at a given Reynolds number since existing theories ( long waves,
[DOM63] ) for the sheet break up then propose smaller drop sizes.

If the liquid flow rate is also measured, it is possible to calculate the liquid film thickness
at the orifice. Then κ becomes:

ud
Vcwithc

D
D

2

.
4

2sin2 πϕπ
κ =

Θ
=

To compare different nozzle geometries the values of the lamella velocity, the spray cone angle
and the liquid flow rate have to be measured at a given Rep-number (or liquid pressure). The real
challenge is to measure the lamella velocity. In our earlier work we used a modified Pitot-probe
to measure the liquid static pressure at the orifice of large nozzles. We obtained values of the
liquid velocity and direction. Also the distribution of the lamella thickness along the circumfer-
ence of the orifice had been recorded. The drawback were relatively large and expansive models.
For smaller models a new method of measuring the lamella velocity had to be found. Our choice
was to use PIV with a special software.

Figure 1: Images of a Lamella at ∆pL = 0,5 bar and tdelay = 400 µsec, water, d = 8 mm

METHODS
The first task is providing a suitable light source to generate short light pulses with a delay of
less then 1 msec. As the area to be illuminated is at least 70 mm wide, the main problem is to
maintain a uniform spatial intensity distribution. A flash light only can be used with a diffusing



screen placed in front of it, but this would cause a excessive intensity loss (90%). Our decision
was to use a LED-panel with 952 superbright red LEDs arranged in an array. An electronic cir-
cuit generates pulses with a duration of 10 µsec when triggered from outside. Because the pulses
are relatively short the LEDs can stand a massive overcurrent. While for continuous operation
the LEDs are fed with 20 mA @ 1,5 V, they here are operated with 1 A @ 7 V. To lower the
current needed, 7 diodes are connected in a row which results in an operating Voltage of 50 V.
The total current is 136 A, which is still high, but can be handled by four FETs. The electrical
energy is stored in a capacitor that is charged by a small power supply. Although the power of
the panel reaches 6700 W, the electrical energy of a single pulse is only 67 mJ. The power of the
LEDs is 233 times higher then for continuous operation. To overcome the problems of intensity
loss due to a diffusing screen a new approach was chosen. The LEDs have a viewing angle of
30° allowing to place the panel far behind the focal plane. The light intensity still remains high
and the LEDs appear blurred. The pictures in Fig. 1 were taken with a 105 mm Nikon lens at an
aperture of 20. The configuration of the camera, the nozzle, and the LED-panel is shown in Fig.
2.

Figure 2: Configuration of Camera, nozzle and LED-panel

For one single setting (one pressure) 50 picture couples were taken and analyzed. The main
problem arises from the absence of no tracer particles but horizontal oriented structures which
are moving downward. This causes usual PIV software to produce a lot of wrong vectors and
renders it useless for this kind of application. Fig. 3 shows a typical vector plot and a correlation
matrix for one picture couple.

Figure 3: Vector plot and correlation matrix for a single picture couple

PIV-Camera

focal plane

nozzle
LED-panel

Although the marked vector
seems to be correct, the correla-
tion matrix shows several nearly
equal peaks.



The new adapted PIV software (Multiphase ePIV)* is able to find the relevant peak by eliminat-
ing the noise from the correlation matrices. Because the liquid lamella always moves in the same
direction it can be assumed that the velocity vectors should be nearly the same for all picture
couples. In this case the relevant peak in the correlation matrix should always be at the same
place. By adding the correlation matrices of all picture couples the relevant peak is intensified
while the random noise is canceled out. Fig. 4 shows the vector plot and the correlation matrix
for 50 picture couples. It is the same nozzle and settings as in Fig. 3.

Figure 4: Vector plot and correlation matrix for 50 picture couples

Using this new software it is now possible determine the velocity of the lamella and the spray
cone angle more accurately. By varying the nozzle geometry in a certain range of Reynolds
numbers their efficiency can be compared among each other.

PROPERTIES OF EXPERIMENTAL LIQUIDS
Pure water and six different water/glycerol mixtures were used for the experiments. The dynamic
viscosity varied from ηl = 1 ÷ 100 mPa s and the liquid density from ρl = 1000 ÷ 1224 kg/m3.
The surface tension varies between 60 to 70 mN/m and is assumed to have a negligible effect on
lamella velocity near to the nozzle orifice. The same is expected to be true for the frictional
losses between the lamella and the ambient air.

LIQUID PRESSURES AND RANGE OF REYNOLDS NUBERS
The liquid pressure was graduated in steps between 0,5 and 1,6 bar. With different liquid vis-
cosities a total range of Rep = 1000 ÷ 260 000 was covered. Tab. 1 gives an overview of the liq-
uid properties and pressures. The graduation of the liquid properties in connection with the pres-
sure range enables to read a complete set of data without interruption over a wide range of Rey-
nolds numbers.

ηl [mPa s] 1,0 2,5 5,0 10,0 25 50 100
ρl [kg/m3] 1000 1064 1117 1155 1189 1200 1224
∆pl [bar] 0,50 1,00 1,60

Table 1: Liquid properties and pressures

All vectors point in the expected
direction. The marked vector is
the same as in Fig. 3, but now
the correlation matrix only shows
one clear peak.

* Developed at the Chair of Process Engineering and Fluid Dynamics, Prof. Dr. K. Strauß
University of Dortmund, http://www.chemietechnik.uni-dortmund.de/ept



GEOMETRY OF THE MODELS

α di

α

dc

di

α

dc
dc = 50 mm
di = 2x7 mm
d = 8; 10; 12; 15 mm
hc = 7 mm
l/d= 0; 0,5; 1,0
a = 60°; 90°
Θ

Figure 5: Dimensions of the model pressure swirl nozzle Figure 5: Nozzle construction kit

The different nozzle geometries are realized by fitting different nozzle parts from a kit. This
allows to cover a total of 24 different geometries.

RESULTS
For one single geometry, liquid viscosity, and  pressure 50 picture couples are taken. This makes
o total of 1050 picture couples for one geometry and the complete range of Reynolds numbers
(liquid viscosities and pressures). For each setting we got values for the liquid pressure, the liq-
uid flow rate, the lamella velocity, and the spray cone angle. Other parameters are calculated
from the above mentioned. The following table shows measured and calculated values for one
geometry.

∆pl [bar] V [m³/h] ηl [Pa s] ρl [kg/m³] T [°C] u [m/s] vax [m/s] veff[m/s] Θ[°] Rep ϕ κ cD κ/2ϕ2

0,5 0,4158 0,00100 1000,0 20,0 10,0 6,30 8,59 85,7 80000 0,859 0,063 0,230 0,042
1,0 0,5808 0,00100 1000,0 20,0 14,1 8,70 12,22 89,2 113137 0,864 0,060 0,227 0,040
1,6 0,7194 0,00100 1000,0 20,0 17,9 10,70 15,53 92,9 143108 0,868 0,056 0,222 0,037
0,5 0,4488 0,00240 1065,0 19,0 9,7 6,10 7,79 77,0 34400 0,804 0,081 0,256 0,063
1,0 0,6072 0,00240 1065,0 19,1 13,7 8,50 11,10 80,0 48648 0,810 0,075 0,245 0,057
1,6 0,7590 0,00240 1065,0 19,4 17,3 10,50 13,84 81,3 61536 0,798 0,074 0,242 0,058
0,5 0,4686 0,00518 1115,5 18,4 9,5 5,87 7,40 75,0 16322 0,781 0,092 0,274 0,075
1,0 0,6270 0,00496 1115,5 19,6 13,4 8,25 10,62 78,0 24091 0,793 0,083 0,259 0,066
1,6 0,7788 0,00475 1115,5 20,8 16,9 10,15 13,25 80,0 31801 0,782 0,080 0,254 0,066
0,5 0,5346 0,01156 1159,1 20,9 9,3 5,65 6,83 68,3 7449 0,735 0,123 0,318 0,114
1,0 0,7194 0,01175 1159,1 20,5 13,1 7,80 9,60 71,4 10366 0,731 0,113 0,303 0,106
1,6 0,8844 0,01199 1159,1 20,0 16,6 9,80 12,30 74,3 12850 0,740 0,105 0,294 0,096
0,5 0,5940 0,03228 1191,5 19,5 9,2 5,43 6,10 54,1 2705 0,666 0,188 0,358 0,213
1,0 0,8250 0,03307 1191,5 18,6 13,0 7,60 8,81 60,8 3734 0,680 0,163 0,352 0,176
1,6 0,9900 0,03455 1191,5 20,5 16,4 9,60 11,54 67,4 4522 0,704 0,136 0,334 0,137
0,5 0,6204 0,05212 1205,3 20,0 9,1 5,10 5,61 49,4 1685 0,616 0,233 0,376 0,306
1,0 0,8712 0,05762 1205,3 18,0 12,9 7,12 7,94 52,4 2156 0,616 0,219 0,374 0,288
1,6 1,0692 0,05343 1205,3 19,5 16,3 9,35 10,65 57,2 2940 0,654 0,184 0,363 0,216

Table 2: Complete set of date for one geometry (d = 8 mm, l/d = 1.0, α = 60°)

Fig. 6 shows the dimensionless parameters ϕ, cD, κ, κ/2ϕ2 over a wide range of Reynolds num-
bers for one geometry. In Fig. 7 the difference between l/d = 0.0 and l/d = 1.0 for d = 8 mm be-
comes obvious. A smaller value for l/d generates less frictional losses (higher ϕ). The combined
parameter κ/2ϕ2 is lower for l/d = 0.0, thus lower drop sizes can be expected at the same pres-

d

l

d

l



sure. The discharge  coefficient cD remains nearly unchanged for both exit geometries. This indi-
cates that the design of the nozzles exit has probably no impact on the flow inside the nozzle.
The liquid exits as a film and its flow regime is supercritical. The frictional losses of this film
increase with its run length, and so a ‘short’ orifice tends to have higher values of ϕ the a
‘longer’ one. As the number of geometries investigated increase, a general overview of efficient
or less efficient geometries can be expected.
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Figure 6: Dimensionless parameters for l/d = 1.0 and d = 8 mm
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Figure 7: Comparison between l/d = 0.0 and l/d = 1.0 for d = 8 mm
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Abstract
This paper reports the last part of a study on the drop size distribution of sprays produced by high-pressure swirl
atomizers dedicated to gasoline direct injection. This last part focuses on the deconvolution of line-of-sight forward
diffraction measurements of the spray drop size distribution in order to understand the variation of the mean drop
diameter D43 in the head of the spray. First, the spatial resolution of the deconvolution technique is improved by
developing a continuous deconvolution procedure. Second, this new procedure is applied on a series of four GDI
injectors. The results show that the variation of the mean diameter D43 in the head of the spray is related to the
presence of the pre-spray. Furthermore, the deconvolution technique allowed the determination of the pre-spray drop
size distribution. It is found that the pre-spray drops are still a problem in GDI application and that there are very
much a function of the injector geometry.

Introduction
This paper reports an investigation on the volume-based drop size distribution of sprays produced by swirl

atomizers dedicated to direct-injection spark-ignited engines. Because of the use of high injection pressures to
reduce the atomization time, the spatial density of the spray is high. This prevents from classical measurements of
spray drop size distribution. In a previous investigation [1], this problem was overcome by combining an
experimental approach to the application of the Maximum Entropy Formalism (M.E.F.). The resulting procedure,
briefly described hereafter, succeeded in obtaining drop size distribution for a series of four swirl atomizers used at
different injection pressures. The behavior of the four injectors was examined under both steady and transient
working conditions.

The experimental part of the procedure
made use of the line-of-sight forward-
diffraction technique. The effects of multiple
light scattering caused by the high spray
density were evaluated according to the
Obscuration parameter Obs given at each
measurement. In accordance with previous
investigation, it was found that the multiple
light scattering effect is non-negligible when
Obs > 0.6. Furthermore, characteristics of the
drop size distributions resulting from the
mathematical inversion procedure were then
corrected from any multiple light scattering
effects. For each working condition, we
focused on the determination of the mean
drop diameter D43 and of the relative span
factor ∆v of the volume-based drop size
distribution. A result is presented in Fig. 1
that reports the temporal evolution of Obs,
D43 and ∆v during one injection, for one
injector (Inj.3) used at an injection pressure
∆Pi = 50-bar and an injection time ti = 3-ms.

The measurements were conducted at a distance d = 50-mm from the injector.
The experimental procedure is restricted to the determination of drop size distribution characteristics as

presented in Fig. 1 for instance. It does not allow the determination of global drop size distribution. This limitation
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Figure 1. Temporal evolution of Obs, D43 and ∆v during one
injection.



was overcome by the application of the Maximum Entropy Formalism (M.E.F.) following a procedure finalized in a
previous investigation [2]. The M.E.F. application leads to an analytical expression for the volume-based drop size
distribution fv, namely:
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where D represents the drop diameter, Γ, the gamma function, and, q and Dq0 are two parameters. It was found
that the use of the experimental couple of information (D43 ; ∆v) to determine the parameters q and Dq0 ensures an
acceptable description of the volume-based drop size distribution [1, 2].

The reliability of the application of the M.E.F. in the present context was checked for injection pressures up to
70-bar. In each situation the main peak of the distribution was satisfactorily predicted and a good description of the
big drop population was observed. Therefore, the M.E.F. distribution ensures a good estimation of the maximum
drop diameter. This latter information is of paramount importance in G.D.I. application since the drops should not
exceed 50-µm in diameter [3].

The investigation summarized above reports drop size distribution spatially integrated along a diameter of the
spray. The purpose of the present study is to determine local drop size distributions to have a better information on
the position of the big particles in the spray. This is achieved by applying a deconvolution technique allowing the
determination of local information from space integrated measurements.

The deconvolution procedure
The deconvolution technique allows

the conversion of line-of-sight averaged
drop size distribution into spatially resolved
information. As a first step, the classical
procedure described in the literature for
similar situations is applied [4, 5, 6]. This
technique requires that the drop size
distribution of the spray is axisymmetric. It
was shown that sprays produced by high-
pressure swirl atomizers satisfy this
assumption [1]. The spray can be divided
into annular rings as shown in Fig. 2, each
ring being characterized by a local drop
size distribution that we want to determine.
To achieve this, a series of N measurements
is performed, each measurement
corresponding to a given position yi of the

laser beam (see Fig. 2): y1 is the external position
and yN is the central position where the
measurement is conducted along a diameter of the
spray. The distance between each consecutive
position (yi – yi+1) is equal to the width δ of the
laser beam. The series of 31 intensities Ij(yi)
collected on the 31 diodes at each measurement are
corrected from multiple light scattering effects
using correction factor series established for each
diode according to the obscuration [1]. For 5 diodes
among the 31, Fig. 3 presents the correction factor
series versus Obs (diode 31 is the external diode).
As said in the introduction, it can be seen in this
figure that the multiple light scattering has a
reduced effect when the Obscuration parameter is
less than 0.6.

The deconvolution procedure is applied on the
corrected intensity series Ij(yi) to determine the
intensity per unit length series Ij(rk). Using the
classical formulation, the two intensity series are
related by:

Figure 2. Description of the deconvolution procedure.
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For each ring, defined by a radial position rk, a series of 31 intensities Ij(rk) is
available and can be sent to the inversion procedure of the instrument to get a local
volume-based drop size distribution and its characteristics. The spatial resolution of

the deconvolution procedure is equal to the diameter of the laser beam used to perform the measurement. In our case
this diameter is equal to 8-mm. Reducing the laser beam diameter can increase the accuracy of the deconvolution
procedure. We did not have the opportunity to do so and we decided to reconsider the previous procedure in order to
develop a continuous deconvolution technique.

The continuous deconvolution technique is identical to the classical method except that the number of
measurements N is increased and the radial shift between each measurement is reduced. This radial shift is now
equal to δ/p where the step p is an even number. Figure 5 shows the position of the measurements for a step p = 2. It
can be shown that the equation system (2) takes now the form:
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where the functions Gj are given by:
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As in the previous situation, the resolution
of the equation system (4) allows to determine
series of local intensities Ij(rk) that are introduced
in the mathematical inversion procedure to
calculate the volume-based drop size
distribution. The equation system (4) leaves us
with a problem. Indeed, according to the last
term of the second equation of system (4), the
number of radial positions involved in the
procedure is equal to N+p/2-1. When the step p
is greater than 2, this number is higher than the
number of available measurements, i.e., N. Thus
a number of p/2-1 supplementary equations is
required to close the system. This problem can
be avoided if the step p is not greater than 2. This
is why we decided to limit the application of the
continuous deconvolution procedure with a step
p = 2. In the present context, the highest
accuracy of the deconvolution procedure is equal

to 4-mm (half of the laser beam diameter). Finally, despite the fact that the deconvolution procedure allows the
determination of local volume-based drop size distribution, it was preferred in the following to concentrate on the
experimental determination of the mean drop diameter D43 and of the relative span factor ∆v. The reason for this is
that the correction performed on the intensities may lead to unrealistic representation of the small drop population.
An example is presented in Fig. 6 that shows the volume-based drop size distribution obtained for Inj. 2 used at 65-
bar. It can be observed that the small drop population is not physical. The determination of the two parameters D43

and ∆v is believed to be of much better quality and allows the reconstruction of the volume-based drop size
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distributions from the application of the
mathematical distribution issued from the
application of the M.E.F. (Eq. [1]). Figure 6
shows the M.E.F. distribution. It can be seen that
the representation of the big drop population is in
accordance to the experimental result.

The deconvolution procedure presented in
this paper was applied on a series of four high-
pressure swirl atomizers dedicated to GDI. These
injectors are those studied in a previous
investigation [1]. They differ from their internal
geometrical characteristics as indicated in table 1

that presents the shape parameters ∆’ and ∆’’ introduced by Dombrowski and Hasson [7] to characterize swirl
injector behavior. All the measurements presented in this paper were performed 50-mm far from the injector.

Results
One of the main objectives of the present work is to

understand the maximum D43 observed in each situation in
the head of the spray. An example of this maximum can be
seen in Fig. 1 where D43 reaches a value greater than 100-
µm 2.7-ms after the injection command. It was suspected
that this maximum is due to the presence of the pre-spray.
Injected at the very beginning of the injection, the pre-
spray is composed of liquid having no rotational
momentum and penetrates the gas environment with a
great axial velocity compared to the fully developed flow.
Pre-sprays are known to mainly contain the biggest drops
of the spray. Furthermore it has often been reported that
pre-sprays drastically increase the penetration length of

the spray. For the four injectors studied here, it can
be seen in Fig. 7 that the pre-spray does not induce
extended penetration length. The pre-spray drops
have a small velocity and are rapidly overtaken by
smaller drops produced slightly later and belonging
to the main spray body. The pre-spray drops take
more time than the drops of the front edge of the
spray to reach the location where the drop size
distribution measurement is performed.

The application of the deconvolution procedure
should confirm this result. This is why we decided to
apply the deconvolution procedure for the sprays
reporting the maximum D43 in the spray head. For
each injector used at an injection pressure of 50-bar,
the series of measurements required for the
procedure was conducted at the time after the
injection command where the maximum D43 was
observed [1]. For the step p = 1, the number of
measurements N was equal to 6 to cover the all
spray. With p = 2, this number becomes equal to 11.
All the measurements were performed at 50-mm

Injector ∆’ ∆’’
Inj. 1 1.92 1.0
Inj. 2 1.92 0.5
Inj. 3 1.18 1.0
Inj. 4 1.18 0.5

Table 1. Shape parameters of the four
injectors.
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from the injector.
Figure 8 presents the results of the deconvolution procedure performed with Inj. 3. This figure shows the local

characteristics D43 and ∆v obtained either with a step equal to 1 and 2. It must be first observed that globally
speaking, the results obtained for the two steps are in good agreement. For both distribution characteristics, a unique
radial evolution is found. However, one should note that the results reported in the outskirts of the spray show some
differences. Indeed, with a step equal to 2, an increase of the mean diameter D43 is observed when the outskirts of
the spray are approached. This behavior is accompanied by a peak in ∆v at the position 3.8-mm. Such results are not
obtained when the deconvolution procedure is conducted with a step p = 1. It is difficult here to claim that the
benefit of accuracy due to an increase of the step parameter allows the observation of behavior hidden when the
analysis is conducted with a smaller step. However, one should add here that many different investigations found in
the literature [8, 9, 10] reported the presence of big drops in the outskirts of the spray and mainly during the first
stage of the injection.

Figure 8 indicates also that the mean drop diameter D43 increases as the axis of the spray is approached and
reaches a maximum at r = 0-cm. This confirms that the maximum D43 reported in the head of the spray is due to the
presence of big particles located on the axis. These particles are of course those that constitute the pre-spray.

As explained in the previous section, the mathematical distribution issued from the application of the M.E.F.
and given by Eq. (1) can be used to represent the global volume-based drop size distribution. The relevance of the
use of this mathematical function was discussed in detail in [1] and can be appreciated in Fig. 6. Although they are
some discrepancies, it must be kept in mind that the big drop population, i.e. the tail of the distribution, is usually
well reproduced by the mathematical distribution. The application of the mathematical distribution was fully
detailed in [2]. It requires the knowledge of the characteristics D43 and ∆v for the determination of the parameters q
and Dq0. The results presented in Fig. 8 were used to determine the local drop size distributions of the spray
produced by Inj. 3, 2.7-ms after the injection command and at 50-mm from the injector. These distributions,
presented in Fig. 9, were calculated for the deconvolution step equal to 2 which offers the determination of a

volume-based drop size distribution
each 4-mm.

The series of drop size distribution
presented in Fig. 9 reports a clear
dependence between the size of the
particles and their position. Considering
the fact that the M.E.F. distribution
offers a rather good description of the
big drop population, we concentrate on
this very population. It can be seen in
Fig. 9 that the large drops are located
either in the outskirts of the spray or in
the center, confirming what was
observed in Fig. 8. As said above, the
presence of large drops in the outskirts
of the spray was reported by
experimental investigations found in
the literature. These drops are probably
produced right at the beginning of the
atomization process and keep a ballistic
trajectory because of their size.

As suspected, the biggest drops of
the spray evolve in the center. This
location confirms that these drops
belong to the pre-spray and that the
maximum D43 reported during the first
injection stage is well related to the
presence of a low velocity pre-spray.
The pre-spray contains very large drop.

Indeed, the distribution obtained at 0.2-cm spread above 600-µm. Studying GDI swirl injector showing an extended
pre-spray, Parrish and Farrel [8], reported in comparable working condition (∆Pi = 48.3-bar) a pre-spray with a
mean diameter D32 not greater than 60-µm. This difference can be explained by considering the velocity of the pre-
spray. In Parrish and Farrell study, the pre-spray velocity was higher than the main spray velocity. In the present
case, this is the opposite. As far as the penetration length is concerned, the present injectors are better than those
studied by Parrish and Farrell since they induce no extended penetration length (see Fig. 7). However, considering
the degree of atomization of the pre-spray, the injectors studied by Parrish and Farrell showed a better efficiency: it
is known that the higher the velocity, the higher the degree of atomization.
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In consequence, the pre-spray drop size distribution is still an important problem in GDI application. The pre-
spray drop size distribution is a function of the internal geometry of the injector. This is presented in Fig. 10 that
shows the pre-spray drop size distribution for the four injectors. The injection pressure is ∆Pi =50-bar. Generally
speaking we can see that the injectors with the largest shape parameter ∆’ (Inj. 1 and 2) produce a better atomized
pre-spray. It is important to add here that these very injector are those that produce less atomized sprays in the fully
open conditions, i.e., in the main spray body [1]. This last remark shows the trickiness of the pre-spray problem.

Conclusion
The work reported in this paper presents a

method to improve the spatial resolution of the
deconvolution procedure applied on space
integrated spray drop size distributions. These
distributions are obtained from a line-of-sight
forward diffraction technique. The deconvolution
procedure allows the transformation of the
measurements into local information. In classical
deconvolution procedure, the spatial resolution is
equal to the laser beam diameter. To improve the
accuracy, one has to reduce the diameter of the
laser beam. In the present study we suggested
another method to increase the accuracy of the
procedure without any modification of the
instrument. Theoretically speaking, this new
method allows reaching a high degree of spatial
resolution. Indeed the spatial resolution of the
procedure is now given by the radial shift between
two consecutive measurements, shift that can be

reduced without any limitation. This is why this technique was called the continuous deconvolution technique. This
new deconvolution technique was applied on a series of four GDI high-pressure swirl injectors. This allowed
understanding that the variation of the mean diameter D43 in the first injection stage is due to the passage of the pre-
spray in the measuring volume. Thus, it was possible to determine the pre-spray drop size distribution and to show
the influence of the injector geometry on this characteristic. It was found that the pre-spray drops are much bigger
when the pre-spray is very slow. In GDI application this constitutes an advantage as far as the penetration length is
concerned. However, the poor atomization quality might be an important problem. It was found also that the pre-
spray drop size distribution is a function of the injector geometry: the injectors with the best atomization efficiency
in fully open condition are those producing bigger pre-spray drops. This result shows that the pre-spray is still an
important and very tricky problem in GDI application
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Abstract
Air-blast atomization of a planar liquid sheet in a co-flowing air stream is studied numerically by using the
commercial software FLUENT. Results are compared to available experimental data to examine the applicability
and performance of FLUENT’s Volume of Fluid algorithm. The flow under investigation is a thin laminar Couette-
Poiseuille flow, consisting of water, with adjacent flat plate boundary layer air flows at each side. In order to
consider the effect of different air inflow turbulence levels, simulations are conducted by assuming either laminar or
fully developed turbulent flow. The Volume of Fluid method is used with geometric interface reconstruction in
combination with a CSF surface tension model. Turbulence is modeled by a realizable к-ε turbulence model.
Wave motion of the liquid sheet is observed in analogy to experiments. Results from two-dimensional calculations
agree very well with experimental data for moderate air free stream velocities.  Global oscillation frequencies agree
best for low air free stream velocities, while spray angles found agree well for high air velocities. Frequencies and
spray angles are strongly influenced by the form and state of inflow boundary layers, whereas wavelengths are
found to depend only weakly upon air inflow turbulence.  Since three-dimensional effects play a decisive role in
liquid sheet breakup, especially for high air velocities, a three-dimensional calculation is conducted and first results
presented.

Introduction
The principal aim of disintegration a liquid jet into a multitude of small droplets is to produce a high ratio of

liquid surface to liquid volume in order to achieve high evaporation and heat transfer rates. Sprays resulting from
this atomization process are used in numerous combustion applications. At gas turbine combustors, liquid fuel is
often injected under low pressure with high velocity air streams passing along either one, or both sides. This process
is called air-blast atomization. The energy needed to disintegrate the liquid is transferred from the air stream to the
liquid via aerodynamic forces. The underlying physical mechanisms that lead from a liquid jet to a spatial
distribution of droplet sizes are, until now, not well understood. This knowledge is of primary importance for
designing atomizers of optimum performance for varying applications. The understanding of disintegration
mechanisms is also necessary to define initial conditions for numerical simulations.

The disintegration process of planar liquid sheets starts with small amplitude, high frequency oscillations.
These  oscillations are, most likely, due to injector vibrations. They cause a high amplitude sinus wave. The
formation of spanwise and streamwise ligaments starts where the sheet begins to bend. Two-dimensional, theoretical
work by [1] and [2] shows that only two types of surface waves are possible for any given frequency. A sinus wave,
where the two sheet surfaces oscillate in phase and a dilational wave with the two surfaces oscillating in opposite-
phase. Furthermore, they showed that the growth rate of sinus waves is always superior to dilational wave growth of
equal frequency. The sinus wave mode is, therefore, considered mainly responsible for the breakup of planar liquid
sheets. Stapper, Sowa, and Samuelsen [3] proposed two aerodynamic breakup mechanisms. Depending on the
strength ratio between spanwise and streamwise vortical waves, the breakup mechanism is called Cellular Breakup
or Stretched Streamwise Ligament Breakup. Cellular Breakup occurs at high liquid and low relative velocities. It is
characterized by  strong spanwise vortical waves, at least equal in strength to streamwise vortical waves. As the
shearing air stretches the sheet, streamwise vortical waves break first and spanwise vortical waves form spanwise
ligaments that eventually detach from the sheet. At low liquid and high relative velocities, the breakup process is
dominated by streamwise vortical waves and is called Stretched Streamwise Ligament Breakup. Streamwise vortices
cause streamwise ligaments with thin membranes stretched in between. As the membranes disintegrate into small
droplets, streamwise ligaments form that finally fragment into large drops. Mansour and Chigier [4] and [5] were the
first to report measurements of global oscillation frequencies. The resulting frequency plot was divided into three
distinct sub regions, divided by jumps in frequency. At low liquid and high relative velocities, planar liquid sheets



oscillate at lower frequencies than at high liquid and low relative velocities. This can also be compared to the two
breakup mechanisms found by [3], [4] observed that half-waves are torn off the disintegrating liquid sheet.

Numerical simulations are necessary to gain further understanding of the breakup mechanisms. This flow is
especially challenging, since it includes two phases, appreciable vorticity, as well as turbulence. We were interested
in the applicability, the effort needed, as well as the performance of the well-known CFD Code FLUENT.

Simulation Setup
Numerical simulations are set up according to experiments conducted at ONERA. A liquid injector is mounted

at the center of a square channel with a width of 46 mm. Air passes at each side of the injector through a gap of
about 46 x 23mm. The air flow at the exit of the channel is considered parallel and the injector wake reduces the air
velocity close to the liquid sheet. The liquid sheet itself has a thickness of 0,3mm and a width of 18 mm, thus
yielding an aspect ratio of 60. Figure 1 shows the experimental setup. For more details about these experiments, the
reader is referred to [6], [7], and [8].

FIGURE 1. Experimental setup overview

Computational domains start at the liquid exit and have a width of 30 mm at each side of the liquid sheet. Their
lengths depend on the air free stream velocity. Since all experimental studies are conducted by minimizing the effect
of gravity, it is neglected in these numerical simulations. The injected liquid is water, as in experiments used for
comparison.

Boundary Conditions

FIGURE 2. Boundary conditions overview

Air enters the computational domain in form of two boundary layer flows, one at each side of the liquid sheet.
The curvature and wake of the injector are neglected and air velocity inlet profiles are taken as either laminar, or
fully developed turbulent flat plate boundary layer flows. Boundary layer lengths were, according to the length of
the injector, taken as 51 mm. For laminar air inflow cases, velocity profiles are calculated according to Pohlhauses
method by using 4th order polynoms. Turbulence intensity is 0,1% at boundary layer regions and 0% elsewhere.
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Turbulent boundary layers are approximated by the 3-layer model, which consists of a laminar sub-layer, a
logarithmic layer, and an outer layer. In these cases, turbulence intensity is 10% at boundary layer regions and 1% at
regions of constant air velocity. The walls outside of the air inlet are taken as slip walls.

Water enters the computational domain with a constant mean velocity of 2 m/s. Because of the small liquid
sheet thickness of 0,3 mm, a laminar Couette-Poiseuille flow velocity profile is used. Turbulence intensity is 0. The
reference pressure location is at (0, 0), where operating pressure is set to p∞ =1013 mbar .

The remaining boundaries are pressure outlet boundaries. A static pressure is imposed on the boundary and all
other flow variables are free to adjust. If static pressure within the computational domain is lower than the imposed
boundary pressure, back-flow occurs perpendicular to the boundary. Gauge pressure is 0 at all pressure outlet
boundaries. As a result, the zero pressure gradient of incompressible jet flows is considered on the boundaries.

Boundary conditions on boundary faces for the 3-d calculation are equal to 2-d boundary conditions on
corresponding boundary lines. The additional two boundary faces in z-direction are taken as periodic boundaries
with a zero pressure jump. This means that dependent variables are equal on both faces. These boundary conditions
result in a calculation of a quasi-infinite 3-d planar liquid sheet without rims. For an air velocity of 60 m/s, ligament
spacing was found to be about 1.2 mm. The domain depth of the 3-d mesh is 1.5 mm.

Grids
The rectangular grids consist of three regions of different y-spacing at each side of the liquid sheet region at the

center, as indicated in Figure 2. A boundary layer region of small spacing close to the liquid sheet, a region of
intermediate spacing where the air free stream velocity is constant, and a region of large spacing outside the air jets.
This last region is introduced in order to account for the jet entrainment velocity in y-direction, which causes an air
back-flow over the upper and lower domain boundary. Since FLUENT assumes this back-flow to occur
perpendicular to the boundary, the boundary has to be placed at a certain distance to the air inflow for this
assumption to be valid. Cells are equally spaced in x-direction. The  2-d grids finally used consist of  between 6.320
and 8.960 cells. 156.000 cells were necessary for the 3-d grid.

Numerical Methods
Numerical simulations of liquid sheet atomization require algorithms to track the interface between the two

fluids. These algorithms need to find the interface location as well as to model convection of the interface through
the computational domain. They must also model interface physics, such as surface tension, located at the interface.
The numerical techniques chosen to model interface kinematics and dynamics are especially important in
simulations of  interfacial flows using Eulerian methods, where the computational grid remains stationary and the
interface has to be convected through the domain without widening due to numerical diffusion. In addition, these
grids do not permit to model interface physics, such as surface tension, as perfect discontinuities. Surface forces
have to be modeled as localized volumetric forces. Two of the most common surface tracking methods are the VOF
method by [9] and the Level Set method from [10]. Both methods convect a marker function. At VOF methods, this
marker function represents fractional fluid volumes in a cell. Level Set methods convect cell distances to the actual
interface. The interface is given by the zero level set of the marker function. Due to numerical diffusion of the
distance function by the projection method, it needs to be reinitialized every time step. VOF methods need to
reconstruct the interface from given volume fraction data every time step in order to compute volume fluxes.

The VOF method used by FLUENT is restricted to incompressible flow, which is a good assumption for the
flow under investigation. It is calculated using the Segregated Solver. Segregated refers to sequentially solving the
governing equations. All equations are solved in a finite volume discretization and first order implicit in time. Finite
volume discretization requires the knowledge of cell face values of all dependent variables. Since these variables are
stored at cell centers, interpolation schemes are necessary for cell face values. For momentum equations, cell face
values are interpolated using the so called Quick scheme. It is a solution dependent weighted mean between second
order central and second order upwind differences. The Segregated Solver starts with updating the velocity field by
using current values for pressure and face mass fluxes. Only one momentum equation is solved throughout the
computational domain. Velocity and pressure fields are shared among the phases. This way, the interface boundary
condition of equal velocities is obeyed implicitly. Momentum and continuity equations depend on volume fractions
through mean fluid properties in a cell. Since the old pressure field, together with the thereby updated velocity field,
does not satisfy the continuity equation, pressure is corrected at a second step by using a therefrom derived
correction equation. For multiphase flow that includes surface tension, special care has to be taken when correcting
the pressure field. The effect of surface tension is a body force acting on the phases as well as a pressure jump
across the interface. It is therefore necessary to use the so called implicit-body-force method for pressure correction.
This method extends the pressure correction with an additional term involving body forces. In addition, face values
for pressure are interpolated using the body-force-weighted scheme. It assumes that the normal gradient of the
difference between pressure and body forces is constant. This way, the pressure jump is considered. Again, the
thereby corrected pressure field does not, in turn, satisfy the momentum equations. Overall convergence can be
accelerated by using the PISO pressure-velocity coupling. The Neighbor Correction of this algorithm creates a
momentum and pressure-correction iteration loop within one overall iteration. The momentum and pressure-
correction equations are iterated an user specified number of times before turbulence and Volume of Fluid equations



are solved. As a result, velocity and pressure fields are already more exact when solving for scalar variables and less
overall iterations are necessary for one time step. Three of these PISO loops are used at all calculations conducted
for this work. Turbulence is considered by using a realizable κ-ε turbulence model. This model satisfies certain
mathematical constraints on normal stresses, consistent with the physics of turbulent flows.  Especially for jet flows,
the performance of this model has been found to be substantially better than that of the standard κ-ε model. This 5-
equation model combines acceptable computational effort with good performance. Face values for the scalar
turbulence variables κ and ε are interpolated by the same Quick method as used for the velocity. Liquid behavior is
calculated using a Volume of Fluid interface tracking method. It introduces a new variable that represents fractional
volumes of fluid in a cell. These fractional volumes are convected with the flow, whereby fluid volume fluxes over
cell faces are calculated geometrically. Therefore, interfaces remain compact within one mesh spacing and mass is
conserved rigorously. The Geometric Reconstruction scheme assumes interfaces in a cell to be perpendicular to the
cell centered interface unit normal. Interfaces in cells are approximated as straight lines that truncate cell volumes
according to the actual volume fraction field. Surface tension is taken into account as a localized volumetric force in
interface containing cells. This volumetric force is obtained by multiplying the surface tension force per unit
interfacial area with an approximate surface delta function. This way, it falls to zero some prescribed distance away
from the interface.

FLUENT uses two different time steps for a VOF multiphase simulation. Time step sizes for momentum,
continuity, as well as turbulence model equations are chosen by the user. For the time step size used for solving the
VOF equations, FLUENT calculates the shortest time it takes a secondary phase fluid particle to cross a cell. The
user chooses what part of this time ought to be used as VOF time step. Anyhow, VOF equations will be solved at
least once every user defined time step. At the flow under investigation, air free stream velocity limits the time step,
since it is higher than the largest liquid phase velocity. The physical time step used is 0.4 times the time it takes an
air free stream particle to cross one cell. Therefore, VOF equations are solved once every time step by using already
converged pressure and velocity fields. One time step is therefore summarized by:

1. Detect interface containing cells.
2. Compute a cell-centered interface unit normal from the given volume fraction field.
3. Reconstruct the interface geometrically.
4. Solve momentum equations, update velocity field.
5. Correct the pressure field by using the continuity equation.
6. Repeat 4 and 5 a user specified number of times. (PISO)
7. Solve turbulence model equations.
8. Repeat 6 and 7  until  a converged solution is found.
9. Compute volume fluxes.
10. Advance volume fractions in time.

Results
It is known that the main reason for global oscillation of liquid sheets is air/liquid relative velocity. Energy is

transferred to the liquid sheet by air friction that causes it to flap like a flag in the wind. The conducted simulations
show this sinusoidal wave motion in analogy to experiments after being excited by a small perturbation. The
breakup of half-waves, which was  mentioned by [4], is also observed. The four volume fraction plots in Figure 3
show one period of the wave motion of liquid sheets in an air stream. Spanwise ligament breakup in form of half-
waves takes place at t=0 and T/2. The first break-up characteristic that is compared to experiments is the frequency
of this global oscillation. Figure 4 shows the resulting frequencies for all air inflow cases investigated together with
available experimental data. Apart from slightly varying liquid sheet thickness, t, experimental setups differ mainly
in the way air flow is generated. For experiments conducted at ONERA, a liquid injector is placed in the center of a
square channel, review Figure 1. Mansour and Chigier [5] used two air sheets to impinge on the liquid sheet under
an angle of about 48 degree. Air sheets have a thickness of 1.45 mm, only, thus yielding a high maximum air
velocity in the center. They considered compressibility effects in the air flow. A similar setup was employed by
[11], but their air sheets have a thickness of 3,5 mm. Both, water and air nozzles were designed to provide parallel
air and water flow.

For an air free stream velocity of 20 m/s, laminar or turbulent air inflow does not alter oscillation frequency
significantly. This may be due to the fact that, at this low air velocity, the boundary layer is physically not yet
turbulent. The Reynolds number based on the displacement thickness of the laminar boundary layer for 20 m/s air
free stream velocity is 450, which yields, according to a critical Reynolds number of 520, laminar flow. The
artificially turbulent flow may therefore relaminarize further downstream. But the difference between laminar and
turbulent inflow was clearly observable when exciting the instability. For laminar air inflow, no singular
perturbation was sufficient, the instability needed to be excited continuously. All other cases are excited by adding a
constant y-velocity to the liquid inflow for a short time. Frequencies for 20 m/s air free stream velocity, which
correspond to Cellular Breakup, match frequencies found by [5] and [11] almost perfectly.



FIGURE 3. One liquid sheet oscillation period for Uair,∞=40 m/s with turbulent boundary layer air flow

For 40 m/s air free stream velocity, the Reynolds number based on the displacement thickness is 640, which is
beyond the critical point, but not yet fully turbulent. At this air free stream velocity, laminar or turbulent inflow
seems to decide whether breakup occurs according to Cellular or Stretched Streamwise Ligament Breakup.
Frequencies found in experiments are between the two numerical results, indicating that 3-d effects are not yet
dominant, as well as that the used numerical model is well capable of predicting global oscillation frequencies in
Cellular Breakup cases. Frequencies for 60 m/s air free stream velocity than those observed in experiments, which
is, most likely, due to lacking 3-d effects. It can be stated in general that global oscillation frequency increases with
increasing wall shear stress of the incoming air flow.

FIGURE 4. Global oscillation frequencies in simulations and experiments

Wavelengths on the other hand are influenced only little by the form and state of the inflowing boundary layers.
They seem to depend mainly on air/liquid relative velocity.

While frequencies resulting from numerical simulations agree best for low air velocities, spray angles found
match experimental results for high air velocities. Spray angles shown in Figure 5 are taken as the maximal angle
between the x-axis (Figure 2)  and the envelope of the global oscillation of the liquid sheet. These envelopes have an
inflection point, which roughly coincides with the point of liquid sheet breakup. In experiments, spray angles are
often taken as the angle between flow direction and this inflection point. Spray angles found for 20 m/s, as well as
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for 40 m/s with laminar air inflow, may therefore be too little, since breakup is not observed within the
computational domain. Spray angles found for 60 m/s air velocity bracket the experimental value measured by [12].

FIGURE 5. Spray angles resulting from numerical simulations and some experimental data

Because lacking 3-d effects are considered mainly responsible for the global oscillation frequency being too
high at 60 m/s air velocity cases, a 3-d simulation with an air free stream velocity of 60 m/s and turbulent boundary
layer inflow is started. Due to computational times, the domain length is shortened to 0,9 mm. Sinus wave motion is
already observable, but amplitudes are still smaller than in the 2-d case. This may be caused by the domain length
being shorter than one wavelength. The frequency of the observable oscillation is 1330 Hz, which may still be
subject to some changes. Anyhow, a frequency between 1300 and 1400 Hz would be slightly smaller than what was
observed by [11] and, therefore, fit to the already obtained good 2-d results.

Conclusions
FLUENT’s VOF multiphase flow algorithm here used with Geometric Reconstruction and CSF surface tension

model is well capable of time accurate modeling of air-blast atomization processes. Overall accuracy is good, even
though most simulations were conducted 2-dimensional, only. Discrepancies can easily be explained  by missing 3-d
effects, or too short computational domains, they are not necessarily due to the numerical method. Best agreement
was found with experiments conducted by [11], which can be explained by a used air channel half-width close to the
boundary layer thicknesses, as well as almost parallel flow. In particular, it was observed that the injector used for
experiments at ONERA ([6], [7], and [8]) generates a not negligible wake, which reduces the air velocity close to
the liquid sheet and yields therefore smaller frequencies. It was especially interesting that spray angles obtained
from 2-d simulations were in good agreement with experiments, even though frequencies found for corresponding
cases were too high. Global oscillation envelopes seem to depend mainly on 2-d effects, whereas frequencies are
strongly influenced by the third dimension.

Computational times for 2-d calculations were in acceptable limits, one complete air velocity case took one
Ultra Sparc processor of a Sun E 540 about 3 weeks. It will be possible to calculate on refined and enlarged grids to
capture the whole breakup phenomena, including secondary breakup. The 3-d calculation is running for 3 month
already.
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Abstract
The process of liquid film deposition on a wall is investigated under conditions close to those in a diesel engine

in an injection chamber. A technique based on laser-induced fluorescence (LIF) is used to non-intrusively measure
the local and time resolved film thickness during impingement of a diesel fuel spray onto a surface. The boundary
conditions are varied from atmospheric gas pressure and temperature to pG = 3.8 MPa and TG = 600 K, respectively.
The maximum wall temperature achieved is TW = 500 K. At high temperatures almost no deposition of fuel can be
detected during the injection process, whereas at ambient conditions some 100 µm film can be observed.

Introduction
The deposition of liquid fuel at the walls of the combustion chamber in a direct injection engine influences its

performance and emissions. As numerical modelling becomes an important tool in engine design and for predicting
the spray and break-up processes it needs to rely on accurate models. In Computational Fluid Dynamics (CFD) the
common wall break-up models include the treatment of film build-up during spray impingement [1, 2, 3]. Most of
the data those models are based on was derived under low pressure and temperature compared to diesel engine
conditions. The aim of the experimental work presented here is to show especially the influence of injection
conditions on the deposition of fuel. For this purpose a non intrusive fluorescence method is applied to measure the
deposition of fuel with high temporal resolution at different locations in the spray impingement region.

It is possible to measure deposition of thin liquid films by different techniques. At low temperatures stripes
with embedded capacitance sensors can be inserted or glued to walls [4] but influence wetability and roughness
characteristic of the wall. Fluorescence emission is a common tool to measure local film thickness. A two-
dimensional approach can be found in [5] to investigate the movement of wavy films by illuminating the liquid with
ultraviolet radiation and detecting the local intensity of fluorescence with a CCD camera. In the case of limited
access to the wall during the fuel injection at engine applications the optical access can be realised small windows
which are inserted into the wall. Laser light can be guided by optical fibers to the measurement location exciting the
liquid to emit fluorescence light at a small spot. This light is also guided to the detectors by fibers. An almost linear
relation between fluorescence light intensity and film thickness can be found. This technique was established at
different applications measuring engine lubrication films or deposition of fuel in gasoline port injection systems
[6, 7, 8 ,9] at low pressure conditions.

Experimental Set-up
Figure 1 shows a sketch of the modified set-up of the above described technique and a detailed top view on the

used fiber bundle which is applied for measurements under diesel engine conditions using synthetic diesel fuel.
Light from an Argon-ion laser at λ = 457.9 nm is guided by the single centre fiber of a Y-fiber bundle to the
measurement position where a small quartz window with a diameter of 3 mm and a thickness of 2.5 mm allows
access to the processes above the wall. As the window is smoothly aligned with the plane wall surface which has a
roughness of less than Rz = 2 µm the processes at the wall will not be influenced. Temperature resistant ceramic
cement is used to glue the window tightly into the wall which can be adjusted to different radial positions in steps of
1 mm relatively to the spray symmetry axis. The spray plume of a single-hole Common-Rail (CR) injector impinges
perpendicularly on the wall.

The aromatic components in the liquid fuel will be excitated by the incident laser radiation and emit fluores-
cence light which is collected by a bundle of fibers that encircle the centre fiber. This emission is spectrally sepa-
rated by a sharp edge filter from reflected light and detected by a photomultiplier. Its voltage UPM gives information
about the film thickness δfilm. To ensure a precise interpretation of the data the intensity of the incident light is re-
corded as well as the high voltage of the photomultiplier during film thickness measurement. Preceding calibration
of these parameters was performed to balance slight deviation from the operation point.
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FIGURE 1. Set-up for film thickness measurement

The intensity of fluorescence radiation fluoI depends on the quantum efficiency fluoQ and the intensity of ab-
sorbed irradiation absI as fluo fluo abs fluo 0 transI Q I Q (I I )= ⋅ = ⋅ − , (1)
where 0I is the irradiation and transI is the intensity of transmitted light. The Lambert-Beer law describes the trans-
mission of absorbing media trans 0I I exp( c )= ⋅ −ε ⋅ ⋅ δ , (2)
where ε is the molar extinction coefficient, c is the molar concentration of the light absorbing species and δ is the
film thickness. Performing a series expansion knowing that the argument of the exponential function is small we can
write equation (1) as fluo fluo 0I Q I c= ⋅ ⋅ ε ⋅ ⋅ δ (3)
This simple result nevertheless shows that all fluorescence methods need to be calibrated as the parameters

fluoQ , ,cε as well as the response function of the photomultiplier in the fluorescence light intensity are either un-
known or varying with temperature.

The set-up is installed into the high pressure high temperature injection chamber which is used for diesel spray
investigations [10, 11], see Figure 2. Measurements are performed using a synthetic diesel oil which has thermo-
physical properties close to real diesel. The high pressure is provided by a commercial CR system. The temperature
of injected fuel is between 320 and 340 K at the nozzle orifice.

Calibration
To calibrate the functional relation between film thickness and photomultiplier signal a calibration unit was

set-up where a micrometer screw enables accurate adjustment of films with thicknesses between 10 and 500 µm
with a reproducibility of 5 µm. It can be heated to temperatures of 370 K. A variation of laser power, pho-
tomultiplier high voltage and film temperature was performed. The fiber bundle and the optical set-up of the wall
with the quartz window insert is identical to the configuration in the injection chamber.

At experiments with a mixture of iso-octane and the fluorescent 3,4-hexandione in port injecting engines [8] a
decreasing emission is found with increasing fuel temperature. In contrast using a real gasoline fuel consisting of
different aromatic components, [6, 7] report on an increase of fluorescence emission at higher temperatures.

To quantify the influence on the fluorescence emissivity of the multi-component diesel fuel in the present ex-
periments at even higher temperatures a thin glass vessel of 0,5 mm constant thickness is heated up to temperatures
up to 470 K. It is exposed to exciting light with the fiber set-up described above. The vessel was not closed to enable
the more volatile fuel components to evaporate as it happens in a diesel spray during droplet heating, too. The first
fraction starts boiling at about 420 K.

Almost no information can be found in the literature on the influence of high gas pressure on the quantum yield
of the used species. In general the influence is small for a liquid fluorescent. Furthermore quenching by oxygen
molecules is possible, too, but the quantitative effect can not be predicted. At the present investigations this effect is
not quantified and assumed to be negligible.



Figure 3 shows the measured voltage at the
photomultiplier (PM) versus the film thickness
at different temperatures in the range of 300 to
368 K which is below the boiling point of any
component. As no significant trend of the
temperature influence can be found a single
linear calibration curve is fitted to the data. The
uncertainty of this fit is ± 10% for all conditions.
At higher temperatures the fluorescence inten-
sity increases significantly as reported for real
fuels, probably because the relative con-
centration of fluorescent increases due to
evaporation of a non fluorescent volatile  frac-
tion, see Figure 4. The accuracy of the low
temperature range of the calibration is good and
conforms with the data from Figure 3. At high
fluid temperatures it should only carefully be
used for quantitative conclusions but is
sufficient for qualitative measurements.

The influence of spray droplets within the
two-phase flow above the film close to the wall
can be neglected. Assuming a number density of
1012 droplets per m3 and a volume averaged
diameter d30 = 30 µm the liquid volume fraction
is less than 1%. Taking into account that the
view factor between fiber aperture and droplets
is decreasing by a second order power law of the
distance the effect of droplets on the meas-
urements is very small.

Experiments concerning the bleaching of
the liquid due to long exposition to laser radia-
tion show no influence for irradiation times
below 10 s which is 103 times the typical time
scale of an injection process. During calibration
the exposure time was shorter than 1 s.

Film Measurement Results
o determine the influence of  different spraying conditions experiments with three different boundary condi-

tions are performed. Although single injections show good and reproducible data values will be shown in the
following averaged from 15 single injections. The spray always impinges on a dry surface. By moving the wall
insert relatively to the spray axis, different radial position are investigated at identical boundary conditions. The
distance between nozzle orifice and surface is varied between zW = 20 and 40 mm and the injection pressure pinj  is
50 or 100 MPa.

FIGURE 2. Installation of the measurement technique to
the injection chamber
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FIGURE 3. Calibration of system:
measured PM voltage versus film thickness

FIGURE 4. Influence of high temperature
on the measurement
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Case 1: Wall temperature TW = 300 K, gas temperature TG = 300 K, gas pressure pG = 0.1 MPa
At atmospheric conditions the vapour pressure of the liquid components is low and no evaporation during the

spray process and wall contact occurs. Although due to low gas density the impingement velocity is the highest in
the investigated cases and droplet splashing is most likely to occur the liquid deposition is the highest. Figure 5
shows the development of film versus time after start of the injector drive at five radial position between 0 and 8
mm, which is equivalent with the stagnation point and the wall spray region, respectively.
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FIGURE 5. Development of film at TW = 300 K, TG = 300 K, pG = 0.1 MPa

The largest deposition of mass can be detected at the spray’s stagnation point where at a low injection pressure
and a close nozzle distance almost 500 µm film thickness is measured. At the positions further away from the centre
the film starts developing later and reaches 100 to 150 µm maximum height. As the vortices in the two-phase flow
of the spray move along the wall, see [10, 12], their momentum pushes a significant wave of liquid to more distant
locations. Later most of the liquid can be found in a circle between 2 and 6 mm. Increasing the wall distance zW to
40 mm less liquid is deposited in the stagnation region because the droplet momentum is decreased due to air
entrainment in the spray plume. More drops are redirected by aerodynamic interaction upstream the wall and do not
impinge to the surface. The processes at more distant radial positions are close to the above described phenomena.
At higher injection pressures and a short wall distance an increased secondary break-up at the wall takes place and
less droplet will deposit to form a film. The remaining film thickness at 3 ms and later is significantly smaller. As
the high pressure injection generates smaller droplets which closely follow the air movement upstream the wall the
deposition is even smaller in the case of zW = 40 mm at pinj = 100 MPa.

Case 2: Wall temperature TW = 400 K, gas temperature TG = 500 K, gas pressure pG = 3.1 MPa
Under ambient conditions with a high gas density and moderate gas temperature the overall characteristics of

the film development is similar to the non-evaporating condition. Due to more intense droplet-gas interactions and
evaporation the average droplet size decreases and less droplets experience wall contact as most of the droplets
follow the gas motion. Figure 6 shows the processes at identical wall distances and injection pressures as in Case 1.
From measurements of the wall temperature and calculations of the wall heat flux [13] it is known that the
impinging spray has an average temperature of 370 to 400 K at TG = 500 K, thus the calibration factor according to
Figure 4 is chosen to 1/1.2 for Case 2.
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FIGURE 6. Development of film at TW = 400 K, TG = 500 K, pG = 3.1 MPa

The maximum film deposition height is 50 µm and again more mass is deposited at the shorter nozzle-wall
distance of zW = 20 mm. The warm wall enhances quick film evaporation and at 4 ms only few thin fuels spots are
detected leading to an average film thickness of less than 10 µm. At this point the resolution limit of the technique
under high temperature conditions is almost reached. At zW = 40 mm the smaller film height is caused by droplet
evaporation during their track towards the wall.

Case 3: Wall temperature TW = 500 K, gas temperature TG = 600 K, gas pressure pG = 3.8 MPa
Increasing the gas and wall temperatures by 100 K but using constant gas density the effect of evaporation and

boiling can be found. The correction due to increased fluorescence intensity according to Figure 4 is chosen to 1/1.8,
as the spray temperature is approximately 450 to 500 K depending on the wall distance. The graphs of Figure 7
show that the film thickness is again drastically decreased in comparison with Case 2 which is probably a result of
more decreased impinging droplets and the phase chance of many components of the fuel. As the calibration of
fluorescence emissivity is difficult for this conditions, the quantitative interpretation should be done carefully. The
measurements at zW = 40 mm which are depicted in Figure 8 show that there is only partial deposition at a high
injection pressure where the spray has a high penetration depth, but at pinj = 50 MPa no film is detected at all.
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Discussion and Conclusion
A qualitative measurement technique based on laser

induced fluorescence is established under condition close to
those in diesel engines. The higher the temperature the more
difficult is it to perform accurate calibrations to obtain detailed
information on film thickness development. It can be
concluded qualitatively that the deposition of a significant
amount of liquid is unlikely to happen under real diesel engine
condition even if visualizations and PDA measurements show
the existence of liquid fuel droplets at even higher
temperatures. Considering a roughness of casted piston walls
of about RZ =10 µm which is about the size of impinging drops
and which is in the range of film thickness measured as shown
in Case 3 the application of CFD wall models based on
deposition and film splashing seems to be questionable.
Additionally the boiling and evaporation processes at hot walls
need to be investigated under high pressure .
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FIGURE 8. Development of film at
TW = 500 K, TG = 600 K, pG = 3.8 MPa

0

5

10

0 1 2 3 4 5
ms

m z
W

  =  40 mm

p
inj

 = 100 MPa

time

fil
m

 th
ic

kn
es



ILASS-Europe 2001 Zurich 2-6 September 2001

IMAGES OF AIR BUBBLES INCLUDED IN A CYLINDRICAL
LIQUID JET : FIRST STEPS FOR IMPROVING THE

CHARACTERIZATION OF THE CAVITATION PHENOMENON

J. Yon and J-B Blaisot
CORIA-UMR CNRS 6614, Université de Rouen
Site du Madrillet Avenue de l’Université, BP12
76801 Saint Etienne du Rouvray cedex, France

Phone : 33.(0)235953676
Jerome.Yon@coria.fr Jean-Bernard.Blaisot@coria.fr

Abstract
It’s now commonly admitted that cavitation has a strong influence on diesel spray formation. Laser light

scattering is commonly used to show the presence of air cavities in the dense core of the spray. Nevertheless, no
direct interpretation of this type of images can be achieved and consequently the quantification of cavitation is not
yet possible. The work exposed here, consists in the observation of light scattering images from a liquid jet
containing air bubbles. These observations make us think that it is not possible to rebuild bubble shapes from light
scattering signal, which is characterized by spotlights. A simple model explains the presence of these spots and it is
shown that light scattering at an angle of  90° is surely not the best choice to visualize gas cavities in a jet.

Introduction
It is often assumed that the atomization of the liquid jet in direct-injection diesel engine is highly controlled by

cavitation occurring in the nozzle hole [1][2][3]. This phenomenon is supposed to be responsible for the turbulence
increase in the injection nozzle that directly acts on the atomization process [4][5]. The internal flow of the injector
was visualized by several authors through a transparent nozzle [6][7]. This showed the incontestable presence of
gaseous bubbles.

The detection of cavitation bubbles in the liquid jet emanating from the nozzle is a more complicated task, since
the visualization of the liquid core through the surrounding spray is very difficult [8][9][10][11]. Several authors
mentioned the presence of cavitation bubbles on inspection of 90° angle laser light scattering images but no
evidence was put on the link between the presence of gas cavities in the liquid and the observed light distribution in
the images.

An attempt to correlate particular image light signature to the presence of a bubble in a liquid jet was made in
this study. Imaging configuration other than the classical 90° angle light scattering was also tested. We show, among
other things, that cavities are seen by spots reflection depending on the cavity environment. These spots expose the
camera with weak light intensity in comparison with the light directly reflected by the jet.

Nomenclature

bD  Bubble diameter

jD Liquid jet diameter

nD  Air needle injector diameter

bF  Bubble generation frequency

pi   Impact parameter

bL  Distance between two bubbles

sL  Streak length

tL  Laser sheet thickness

bm  Mass of a bubble

oP  Atmospheric pressure

bP  Pressure inside the bubble

iP  Air injection pressure

vQ  Volumic flow rate
zyx ,,  Spatial axes

µ  Dynamic viscosity
ρ  Density
σ  Surface tension
τ  Camera exposure time



Liquid and bubble injection facilities
The experimental setup is presented in figure 1. A vertical liquid jet is produced from nozzles of 1 and 2 mm

diameter at the outlet. The aspect ratio DL / of the two nozzles is 3. The liquid flow is generated by gravity and the
flow rate is controlled by a pressurized tank. The liquid properties (Marcol 82) are: 3kg.m 840 −=ρ , µ = 20 Pl, σ =
0.05 N/m. The body of the injector is 20 mm in diameter and ends with a cone just over the cylindrical section of the
nozzle. The injector is open at the top to facilitate the displacement of the bubble injection needle.

Air bubbles are injected in the liquid at the extremity of a needle of inner diameter nD ( nD  = 200 – 600 µm)
connected to a syringe with piston translated at a regular speed. Bubbles are pulled out by drag forces caused by the
liquid flow surrounding the needle extremity. The
needle has to be placed in a sufficiently high
speed region of the liquid flow to effectively
inject the bubbles in the liquid jet. If the liquid
flow and then the drag force is too low, bubbles
go upward in the injection body. The needle
extremity can be placed at the desired radial, axial
positions in the jet with the aid of a three-axis
precision translation table. During experiments,
the air injection pressure iP is controlled and
remains constant.

Bubbles of relatively high diameter bD are
produced by this setup, compared to the jet
diameter jD . The change of bD is obtained by
vertically translating the needle to reach portions
of the liquid flow of different speeds. This also
changes the bubble frequency generation. The
smaller bubbles are produced when the needle
reaches the tip of the cone in the injector body.
Nevertheless, as the external diameter of the
needle is around 1 mm, a limit is reached when
the needle begins to obstruct the nozzle outlet.
The relatively high viscosity of the liquid
attenuates the deformation of the jet interface
caused by the presence of bubbles.

FIGURE 1 :  Experimental apparatus

FIGURE 2 : Bubble images (at 90°).
laser light scattering (a) ; laser light scattering +

backlighting (b) ; laser light scattering with long time
exposure (c)



Laser light scattering and backlight imaging
A planar vertical sheet is produced from a continuous He-Ne laser with a spherical and a cylindrical lens (figure

1). The thickness of the laser sheet, measured at the beam waist, is tL = 170 µm. This value was chosen to keep the
same ratio 1.0/ ≈jt DL  than for experiments on diesel injector. The impact parameter of the laser sheet on the liquid

jet pi is defined as the x – position of the beam divided by the jet radius.
The scattered light is collected by a CCD camera placed on the arm of a rotating device as indicated in figure 1.

As a continuous laser is used, image of still bubbles is obtained by controlling the electronic shutter of the camera
which can be as low as 2 µs (figure 2(a)).

A backlight image can be recorded simultaneously to the scattered light image on the same camera as can be
seen in figure 2(b). The light source, a tungsten-halogen white incoherent lamp, is placed on the opposite arm of the
rotating device. This image is used to detect the edge of the jet which are not always localizable from scattered light
images. Backlight images are useful to measure jD and bL , the distance between two bubbles.

Diameter and velocity measurements
The jet diameter jD is measured from the detection of the jet edges in the backlight image. As the bubbles

affect the shape of the jet when they are injected, the jet diameter is measured near the nozzle outlet, between two
bubbles.

The bubble velocity is determined by a tracking method. The exposure timeτ of the CCD camera is increased
in a way that the light spots scattered by the bubbles produce streaks of length sL equal to the displacement of the
bubbles (figure 2(c)).

Backlight images present a center light line due to the refraction of light in the jet (figure 2(b)). This is caused
by the effect of ‘cylinder lens’ form by the jet interface. This line is cut where the light cross the bubble interface.
The diameter of a centered bubble is so measured between two opposite extremes of the light line. This was
satisfactorily compared to the diameter estimated from the pressure inside the bubble bP derived from Laplace
equation.
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Results and Discussions
As the bubbles production is totally periodic, regularly spaced bubbles are injected in the jet. Then the laser

light sheet illuminates a string of bubbles giving the scattering image presented in figure 2(a). A gamma correction
is applied to scattering images to enhance the visibility of the scattering signal. Images presented in figures 3 and 4
are zoomed on a bubble. It can be seen on these images that the light is scattered principally from the poles of the
bubble and takes the form of one or several spots. The shape of the bubble can not be deduced from this image.
Bubble contour can only be estimated from a backlight image (figure 2(b)).

Effect of the radial position of the bubbles in the liquid jet
In this part the laser sheet impact parameter remains equal to zero. The bubble injection needle is translated

along x and z axes. The results are presented in figure 3. The scattering signal does not change significantly with the
position of the bubbles in the jet. The spots remains located at the poles. The displacement along the optical axis z
affect only the number of visible spots at each pole. The perpendicular displacement to the laser beam has a more
significant influence. When bubbles are shifted toward negative x position, i.e. toward the camera, a central spot
appears in superposition to the ones at the poles. The number of spots at the poles seems to increase also. For the
displacement in the opposite direction, no central spot has been observed, whereas the number of spots at the poles
increase also.



The scattering signal seems not to be very sensitive to the position of the bubbles. This is rather surprising since
the light scattered from the interaction of a laser beam and a droplet use to be very sensitive to the impact parameter.
It can find an explanation with the model based on light reflection between bubble surface and jet interface that is
presented in the remainder.

Effect of the laser sheet position
In this section the bubbles remain centered in the liquid jet and the laser sheet is shifted in the x - direction. The

impact parameter pi varies from –0.84 to +0.42. Results are presented in figure 4. It can be seen that for pi = 0, the
scattering signal presents a central spot. The reason is that bubbles are in fact not correctly centered in this
experiment. For increasing positive values of ip, the scattering signal vanishes whereas for decreasing pi values, the

FIGURE 3 : Effect of  the bubble position in the liquid jet on the 90°
scattering images

FIGURE 4 : Effect of the impact parameter



light spots remain intense. The direct reflection of the laser sheet on the jet surface appears for pi ≈-0.56 which is not
far from -0.59, the theoretical impact parameter for which reflection at 90 degrees starts (calculated
from tL and jD ). The fringes appearing with the direct reflection are only visible on images without backlight due to
the gamma correction as seen in figures 5 (a) and (b). These fringes follow the deformation of the jet interface and
disappear when the focus is changed. In the same way, for certain curvature of the liquid interface, a spot with a ‘V’
shape appears located on the jet contour (figure 5(a)).

Effect of the light scattering angle
The laser beam and the bubbles are now centered and the camera is rotated from 15 to 150 degrees as indicated

in figure 6. The spots in the scattering signal are present for all angles. It can be noted that central spots appear for
the backward and the forward scattering. The central spots for 135° and 150° are related to direct reflections in the
equatorial plane of the bubble whereas, for 15° and 30°, the single spot in the center of the image is surely related to
direct transmission through the four interfaces (two for the jet and two for the bubble). However, the intense lateral
spot that can be seen at 15° is surely related to a more complicated scheme. Nevertheless, the intensity is more
important for the forward and the backward directions than at 90 degrees. Indeed, these directions are principal
directions for reflection and refraction but are not the only ones as it can be explained with a simple geometric
model.

A model of bubble to bubble reflection
To understand what happens in the jet, the laser sheet was replaced by a single beam and a high motion speed

camera was used to record the images. It was then possible to analyze the movement of the bubble that passes in the
laser beam. It can be seen in the figure 7(a) that when a bubble, say α,  reaches the beam, only the bubbles that are
lower down than the beam are showing light spots. When the bubbles further move downwards and the bubble α is
vertically centered in the beam, no more light is scattered from the jet (figure 7(b)). The spot visible in the three
images of figure 7 is due to direct reflection of the laser beam on the liquid jet. When the bubble α is just lower
down than the beam as in figure 7(c), light spots are visible only for the bubbles higher than the beam. This
demonstrates that the spots seen with the laser sheet are in fact due to reflections between bubbles or between a
bubble, the jet interface and another bubble. This also demonstrates that if it was possible to inject a single bubble in
the jet, no light scattering would be recorded except from direct reflection on the liquid jet.

FIGURE 5 : Effect of the gamma
correction : scattering + backlighting
without γ correction (a); scattering

with γ correction (b)

FIGURE 6 : Effect of the scattering angle
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It is possible to suggest the following scheme. Let consider a bubble string as presented in the figure 8. The
bubbles are centered in the jet and with the laser sheet. As the sheet is not infinitely thin, there is light that is
reflected in a non vertical plane and reaches another bubble with a sufficient angle to be reflected in the x - direction
(ray A). The reflected light can also reach the surface of the jet before the second bubble (ray B). The light is then
guided in the jet to attain successive bubbles. The multiple spots observed in previous images are due to first
reflection on different bubbles and the fact that the spots are preferably located at the poles is due to the effect of
optic guide played by the jet : the light reaches the bubbles from the upper or the lower sides and not from the right
or left sides.

It can be remarked also that the spot intensity decreases with the distance between the bubbles and the beam
(see figure 7(a) for example) as the light undergoes more and more reflections.

Conclusion
An experiment of light scattering on a liquid jet including air bubbles was performed to explore the possibility

to investigate the cavitation phenomenon in diesel jets. It was shown that it is not possible to estimate the bubble
shapes from the scattered light which takes the form of several light spots located preferably on the poles of the
bubbles. Thanks to a time resolved image recording technique, a bubble to bubble reflection model was proposed to
explain the origin of light spots. One important thing that can be learnt from this experiment is that light scattering at
an angle of  90° is surely not the best choice to visualize gas cavities in a jet.
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Abstract
The evolution of the drop diameter of a liquid drop impacting onto a dry wall, the instability of the rim, as well as
the formation of the central jet are studied experimentally and theoretically. In the theoretical model of the rim
motion its mass and momentum balance equations are considered taking into account the inertial effects in the fluid,
surface tension, viscous drag and wettability. The model predicts the evolution of the drop diameter well, in spite of
the fact that no adjustable parameters were used in the model.
Two different types of the rim instability are identified. The first type corresponds to the variations of the height of
the rim and appears as capillary waves along the rim centerline. The second type corresponds to the instability of the
rim in the radial direction leading to the formation of lobe-like jets.
Finally, the theoretical model for the estimation of the vertical motion of the single jet following the receding phase
of the impact, is proposed. The model accounts for the viscous drag, surface tension and the gravity effects.

Introduction
The main subjects of experimental investigations of impacting drops are the evolution of the drop diameter [1,

2], the outcomes of the impact and the determination of characteristic parameters of impact such as the splashing
limit and the maximum spreading diameter [3-7]. In recent years remarkable progress in the direct numerical
simulations of the phenomena has been made. See for example simulations of the multiple drop impact [8], single
drop impact on a wall of complex geometry [9] or modelling of the splash [10]. However, modelling of the
polydisperse spray impact requires information about impacts of drops whose diameter and velocity vary in wide
range, leading to different outcomes of the impacts and different parameters of the secondary droplets. The latter
indicates the necessity of further understanding the mechanisms involved in the phenomena and of developing
simplified theoretical models of drop impact. Theoretical modelling of the drop impact to date has been directed
primarily to the prediction of the maximum drop diameter. Existing models are based on the total energy balance of
the drop [11,12]. Different theoretical approach [13] has been applied to the drop impact on a wetted wall. In this
study the mass and momentum balance of the film on the wall are considered and the velocity field in the film is
analyzed. The crown formation is explained as a result of a kinematic discontinuity of the film on the wall.

The main subject of the present work is the experimental and theoretical description of the advancing and
receding of the liquid drop impacting onto a dry, rigid, non-wettable surface, as well as the formation of a central
vertical jet following the receding stage of the impact.

The theoretical model for the drop impact can be subdivided into three main parts. The first part is associated
with the stage of the initial deformation of the drop during the time interval of order of D0/U0, where D0 and U0 are
the initial drop diameter and velocity, respectively (Fig. 1a). In this first stage the shape of the rear part of the drop
remains almost non-deformed whereas its frontal part, which is in contact with the wall surface, deforms to produce
a relatively thin expanding liquid film (lamella). The model doesn’t describe the kinematics of the drop diameter
change during this stage (whose duration is usually much shorter than the time of the entire drop impact process),
however it allows one to estimate the drop diameter, D1, the thickness of the lamella, h1 and the kinetic energy of the

FIGURE 1. Shape of the impacting drop in various stages of impact:
(a) - initial stage, (b) - spreading, (c) - receding. (d) - vertical liquid jet after receding of the drop.

(a) (b) (c) (d)



liquid in the lamella at the time instant t1=D0/U0. The latter parameters are used in the model as the initial conditions
for the second stage of the drop impact (Fig. 1b,c). During this stage the thickness of the drop is much smaller than
its radius, which allows a simplified theoretical analysis of the problem. The evolution of the drop diameter is
determined by the motion of the rim bounding the lamella.  When the wettability is low enough, i. e. the equilibrium
diameters [2] are smaller than the maximum spreading diameter Dm (see Fig. 1b), then the drop recedes (Fig. 1c).
The radius of the centerline of the rim during the receding phase decreases, and at some instant the rim merges,
producing a vertical liquid jet (Fig. 1d). The height of this jet is determined by the motion of the droplet forming at
its end due to the surface tension.

The details of the model for the evolution of the drop diameter, describing the first and the second stages of the
drop impact, can be found in [14]. In the next two chapters we present the main ideas and theoretical results of the
model.

Initial deformation of the drop
During the stage of initial deformation the

drop is assumed to consist of three parts: rear
undeformed part, which moves towards the wall like
a rigid body with the initial drop velocity U0 (region
1 in Fig. 2); the disc-like gap between the region 1
of the drop and the wall where high velocity and
pressure gradients occur (region 2 in Fig. 2); and the
liquid squeezed from the region 2 (region 3 in Fig.
2). In the region 3 the velocity gradients are not so
high as in the region 2 and the pressure in the region
3 is assumed constant. The characteristic time of
this first stage of the drop initial deformation is of
order t1=D0/U0.  The evolution of the drop radius in time a=a(t) is not described in the framework of the present
model. However, in order to estimate the diameter of the drop and its kinetic energy at the time instant t1 we
approximate the part of the drop including the regions 2 and 3 as a disc of uniform and constant (during entire stage
of the drop initial deformation) thickness h1.

Next, the velocity field in the region 2 is approximated by the creeping flow between two approaching discs:
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satisfying the kinematic boundary conditions at the wall and at the interface between the regions 2 and 3 and the
continuity equation. Here vr and vz are the radial and axial components of the velocity vector, r and z are the radial
and axial coordinates, h is the height of the gap between the discs.

The pressure field in the region 2 is obtained from the solution of the momentum balance equation on the base
of the velocity field (1) and using the dynamic boundary conditions at the free boundary r=a

)cos1(1 θσ −== hp ar
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where p is the pressure, σ is the surface tension, θ is the dynamic contact angle.
The total mass balance, the axial momentum balance and the energy balance of the drop are written in the form
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where ρ is the liquid density, 0KE  and 0SE  are the initial kinetic energy and surface energy of the drop; 1KE  and

1SE  are the kinetic energy and the surface energy of the free surface of the drop at the instant t1. θE  is the work
performed by the radial forces applied from the wall to the contact line. This work is estimated using the dynamic
advancing contact angle θ determined with the help of the Hoffman’s law. The energy loss due to the viscous
dissipation DE  is obtained by integration of the dissipation function throughout the region 2. This dissipation
function is based on the velocity field (1).

The resulting expressions for the thickness h1, drop diameter D1 and the kinetic energy EK1 at the instant t1 are
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FIGURE 2. Schematic of the initial stage of drop impact.
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In equations (4) θ  is the average value of the dynamic advancing contact angle determined with the help of
the Hoffman’s law. The velocity of propagation of the contact line in calculations of the dynamic contact angle is
assumed to be of order U0.  σρ /We 2

00UD=  is the dimensionless Weber number.  Here and below the overbar
denotes a dimensionless value with D0 used as a
length scale, U0 as a velocity scale and D0/U0 as
a time scale.

It can be shown that the cubic equation
(4b) for the thickness h1 has only one real
positive root.

Equations of motion of the rim
The expansion of the drop diameter at long

times (t>>t1=D0/U0) is described by a motion of
the rim bounding a lamella: a relatively thin
liquid film formed after the very initial stage of
drop impact. The liquid in the lamella flows in
the radial direction from the point of impact,
whereas the rim first advances and then recedes.
The momentum and mass balance equations of the rim are
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where Wr is the total volume of the rim, Vr is its radial velocity, Vl is the velocity of the liquid in the lamella, lh  is
the thickness of the lamella, ρ is the density of the liquid, σ is the surface tension, t is the time, hr is the height of the
rim and ar is its half width at the surface of the wall (see Fig. 3). The first term in the right-hand-side of the equation
(5b) is the inertia of the liquid entering into the rim, the second term is the surface tension at the free surface of the
lamella, the third term is associated with the wettability of the surface and the fourth term is the viscous drag force
applied to the rim.

The velocity field in the lamella is approximated in the dimensionless form obtained in [13]
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which satisfies the continuity and the momentum balance equations for the flow in the lamella. τ  and η  are
dimensionless constants which can be found from the initial conditions:
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Conditions (7) with the help of equations (4) and (6) yield the following expressions for τ  and η
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Now the evolution of the drop diameter can be predicted by a numerical solution of the equations (5) of motion
of the rim subject to the initial conditions (7).  The comparison of the theoretical prediction of the rim maximum
diameter with the experimental data is shown in Fig. 4a, and the results of calculations of the time evolution of the
rim are shown in Fig. 5b with the experimental points. We have used for the comparison both our experimental data
and data found in the literature [1, 11]. The results are rather good in spite of the fact that no adjustable parameters
where used.

Rim instability
When the impact velocity is high enough and the time of expansion is long enough, the rim becomes unstable

and breaks into droplets. On the basis of our experimental observation we distinguish two types of the rim
instabilities:

Rr

θ hl

Rim Lamella
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x

FIGURE 3. Shape of the drop after a high velocity impact.



(1) the first type is characterized by the varying of the rim cross-section area along its centerline whereas the radius
of the centerline remains nearly constant (see Figs. 5a, 6b)

(2) the second type of instability, sketched in Fig. 6c, is characterized by the varying of the radius of the rim
centerline

The mechanism of the first type of the rim instability is very similar to the Rayleigh capillary instability [15] of
cylindrical jet. The Rayleigh estimation of the wavelength of the most unstable perturbation cannot be applied
directly to the instability of the rim, because its cross-section generally is not circular and the characteristic size
changes in time. Nevertheless, if perturbations grow much faster than the rate of change of the rim size, we can use a
quasi-static approximation of the length of the fastest growing perturbation as 698.0/2 ** raπλ = , developed for low-
viscous liquid cylinders of constant radius *ra . Approximating the rim as a torus with the radius of the centerline Rr,
the radius of the cross-section *ra , and the volume Wr yields
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FIGURE 4. Result of comparison of theoretical predictions with experimental data. (a) - maximum spreading
diameter of the drop, (b) – Number of perturbations of the rim at maximum drop diameter.
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FIGURE 5. Evolution of the drop diameter and instability of the rim.
(a) - Shapes of the drop after impact at various times for the impact conditions of EXP1. (b) - Theoretically
predicted drop diameter Dr and (c) - the number of capillary waves Nw along the rim as a functions of time in
comparison with the experimental data.
EXP1: water drop impacting onto wax wall. D0=3.17 mm, U0=3.6 m/s, θa= 105°,θr=95°.
EXP2: water drop impacting onto polymer coated wall. D0=3.36 mm, U0=1.7 m/s, θa= 165°,θr=153°.
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FIGURE 6.  Sketch of two types of the rim instability. (a) – stable rim, (b) – first type instability, the cross-section
area of the rim varies along its centerline, (c) – second type instability, the radius of the centerline of the rim varies.

Now, the number of the waves along the rim can be estimated as
2/12/3
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In Fig. 4b the results of estimation using equation (10) for the number of perturbations Nw along the rim are
shown at the instant when the drop diameter reaches its maximum value. Different points correspond to different
impact events. The data used are from our experiments, as well as from Table I in [10]. In Fig. 5c the theoretical
prediction of Nw for two single drop impacts are shown as a function of time and in comparison with the
experimental data. The good agreement indicates that the instability of the rim shown in Fig. 5a has the mechanism
similar to that of the Rayleigh instability of the cylindrical liquid jet, as well as validates the prediction of the radius
Rr and the volume Wr of the rim by numerical integration of equation (5).

The time t*1 at which liquid breaks up corresponds to the instant when the amplitude of the wave reaches the
radius of the cylinder. In our case this time can be estimated as
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where δ0 is the amplitude of the initial perturbation, which is of order of the surface roughness. The rate of
perturbations growth *γ  is given in eq. (11b) for low-viscous liquids.

The second type of the instability of the rim leads to the appearance of liquid jets at the edge of the lamella
(prompt splash [7]). This mechanism is described in [13]. Initial perturbation of the rim in the radial direction leads
to cusp formation and jetting. The liquid is not collected in the rim but ejected into the jets. Therefore, in this case
we can neglect the inertia of the liquid in the rim in eq. (5b), which yields in the case of low-viscous liquids the
following expression for the velocity of the rim relative to the velocity of the liquid in the lamella

l
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r h

VVV
ρ

θσ )cos1( −
=−= (12)

The velocity rel
rV  can be also interpreted as the rate of change of the curvature of the centerline of the rim. The

cusp is formed at the instant of time 2*t  when the radius of the curvature of the rim’s centerline vanishes. The
thickness of the lamella *lh  at this instant can be estimated using eqs. (12) and (6b) as
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Here 2/1D  is chosen as a scale for the radius of the curvature of the initial disturbance of the rim centerline.

Description of the motion of the central jet
At the concluding receding stage of the drop impact, the rim merges with some radial velocity into a central jet

at the time instant tc. This velocity, which can be calculated using the present model (Eq. 5), as well as the surface
tension, gravity, viscosity and wettability determine the behavior of the central vertical jet emerging after the
merging of the rim. This single central jet is assumed to consist of two parts: a cylindrical axially stretching jet
connected to the wall (region 1 in Fig. 7), and a nearly spherical droplet at the top of the jet (region 2 in Fig. 7).

The velocity field far from the wall in the region 1 is approximated using the quasi-two-dimensional
approximation by
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where g is the gravity coefficient, k is a constant obtained from the initial conditions (total energy of the drop at the
instant tc). The kinematic conditions at the jet radial surface and the mass and momentum balance of the drop
emerging at the end of the jet (region 2) are
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FIGURE 8. The height of the central jet as a function of time.
EXP1: Water drop, D0=3.72 mm, U0=1.58m/s, θ=60°, [1]
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FIGURE 7. The shape of the central jet
formed after the rim merges.
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where dj is the diameter if the jet, Md and Vd are the mass and the velocity of the drop (Region 2), µ is the viscosity
of the liquid. The equations of motion of the droplet at the top (region 2) are solved numerically. The model allows
one to predict the temporal change of the height of the central jet and its shape. In Fig. 8 the preliminary results of
computations of equations (15) are shown in comparison with the experimental data. At the present stage of the
research, the energy loss due viscous dissipation during the rim merging and forming the jet is neglected. The latter
can be a reason of an overestimating the results by the present model.

Conclusions
The models presented here describe the impact of a liquid Newtonian drop on a dry, non-wettable surface.

They take into account the inertial effects, the viscous drag, the surface tension and the wettability. The theory
predicts the maximum diameter of the drop, the temporal expansion of the rim at the wall and the temporal elevation
of the central jet. An approximation for the number of waves along the rim of the lamella is also proposed. The
agreement of the theoretical predictions is rather good in spite of the fact that no adjustable parameters were used.
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Abstract
Premixed lean diesel combustion (PREDIC) achieves very low NOx emissions as a result of early fuel

injection. Another consequence of such early injection is an increase in the amount of fuel spray reaching the
cylinder walls.  This results in higher fuel consumption and THC emissions. However, the mechanism of cylinder
wall wetting has not been analysed. This paper deals with the mechanism analysis and quantitative analysis of
cylinder wall wetting in PREDIC.

As the test apparatus, we use a visualization engine that has a remodeled cylinder with a quartz glass window.
Laser Induced Fluorescence (LIF) is used with continuous light for photographing a series of wall wetting
phenomena by the spray in one cycle.

According to the photographs, some fluorescence is emitted on the cylinder even after piston rising during
compression stroke. This means that the expanded spray came into the crevice between the piston top land and the
cylinder to wet the cylinder wall. Once the fuel remains on the cylinder wall, the fuel would not be used in
combustion. Even when the piston would come down to include the wall wetting fuel in a combustion chamber, the
gas temperature would drop only to vaporize the fuel. This would result in unburned fuel emissions, for example,
THC. Moreover, the wall wetting fuel film thickness was determined by a calibration between the fuel film
thickness and the fluorescence intensity. Determined fuel quantity decreases by half with the injection start timing
changing, which corresponds to the THC emission tendency in the engine test.

Introduction
The diesel engine is the most fuel-efficient engine and is common in many vehicles. However, recent trends

towards more global environmental protection have brought about strong efforts to reduce its emissions and to
increase its thermal efficiency. Concerning reduction of emission, various types of research into new combustion
strategies are being carried out [1]-[4]. As for thermal efficiency, one of the methods being tested is higher fuel ratio
to contribute to combustion, which means increasing effective fuel ratio measured by the carbon balance method.
   Current PREDIC has early injection timing of about 120 degrees BTDC. At that moment, the piston is located at
one fourth of the stroke, which means that three fourths of the cylinder wall is exposed. Pressure and temperature in
the cylinder are low, almost the same as the atmosphere. So, the injected fuel has little evaporation and high
penetration to reach the cylinder wall, which results in the emission of HC or oil dilution as one of the problems.

 However, the mechanism analysis and quantitative analysis of cylinder wall wetting have not been accomplished.
In this study, we used a remodeled visualization engine with a quartz glass window on the cylinder. Fuel spray
behaviours including wall wetting were observed under real engine operation condition by Laser Induced
Fluorescence (LIF) [5]-[7].

Experimental Apparatus and Observation Method
Fig. 1 shows a schema of the visualization engine, the fuel injection system and the optical system. Table 1

shows the main specifications. We remodeled visualization engine by installing a quartz glass window on the
cylinder for observation of fuel spray behaviours including wall wetting. An accumulator type injection system is
installed on the engine. A pitle swirl nozzle is set in the injector. The inert intake gas of nitrogen (N2) is supplied by
a gas cylinder for non-combustible ambient condition. As the optical system, a Hg-Xe lamp of 150W is used as the
light source, and a CCD camera with image intensifier (Princeton Instruments) is used for photographing.

Fig. 2 shows the quartz glass dimensions and installation position. The inside surface of the glass for piston
slide is a cylindrical shape, which is equivalent to the piston diameter of φ135. The outside surface of the glass for
observation is a plane. On the inside surface, the glass has a vertical visual field of 145mm and a horizontal one of
30mm. On the outside surface, the glass has a larger vertical visual field of 147mm and a larger horizontal one of
42mm for the optical system. The thickness of the glass is 64.3mm at the center. The vertical installation position of
the glass enables us to observe the maximum vertical length of 122mm among the piston stroke of 140mm. This
visible vertical length corresponds to the piston top surface position from BDC to –40 degrees ATDC. The
circumferential position of the glass is engine front side above the central line of the crankshaft. The radial position
of the glass is adjusted by shims to be a gap of from 10µm to 50µm between the glass cylindrical surface and the



cylinder liner surface. This gap adjustment prevents the glass edge from being chipped by piston ring reciprocating
motion. Moreover, only the second piston ring is installed for the same purpose. The maximum cylinder pressure
reaches around 3MPa.

Fig. 3 shows the optical construction schema. The engine figure shows a cross-section at the middle position of
the quartz glass window. In this study, the measured substance is fuel film on the cylinder liner. The usual scattered
light method is not available for fuel film measurement, and so Laser Induced Fluorescence (LIF) is used with the
fuel including a fluorescent material. The reason is that fluorescence intensity is proportional to fluorescent material
density, in this case fuel film thickness, in general. To observe the series behaviour of fuel spray and fuel film in one
cycle, a continuously working Hg-Xe lamp is used as a light source instead of a single pulse laser.

Fig. 4 shows the Hg-Xe lamp characteristics. Among the characteristics, available wavelengths for excitation
light are less than 400nm as fluorescence, i.e. typical wavelength λ=365nm and λ=313nm. To focus this excitation
light on the inside surface of the glass, the optical system is set up using a cylindrical lens ( f=200 ). The purposes of
this focusing are as follows. One is higher excitation light density for higher fluorescence intensity. The other one is
lower reflected light intensity from the piston surface or the opposite cylinder liner surface to reduce noise intensity
by the excitation light concentration only on fuel film position.

The excitation light of the Hg-Xe lamp is not parallel luminous flux. The reason is that the original light
radiates on all sides, and the light is gathered by a light source box to be concentrated and to be introduced to the
engine. Then the light sheet width is about 10mm at the fuel film position. Moreover, the excitation light axis is
slanted nine degrees horizontally to the camera axis for excluding the reflected light from the quartz window inside
or outside.

The above improvements contribute to raising the signal noise ratio by reducing the scattering intensity against
the fluorescence intensity. Moreover, to raise the fluorescence intensity, an additional cylindrical lens is used to
concentrate the excitation light vertically, because the fluorescence intensity from the fuel film is very low. As a
result, the light sheet vertical length is about 33mm at the fuel film position. This light sheet is set at the top of the
window.

The software for CCD camera control and image processing is WinView32 Version2.3.2.5 made by Princeton
Instruments.

Test Condition
Table 2 shows the engine test condition and the photographing condition. The engine revolution is 1000rpm

and the intake gas is N2. The fuel is n-tridecane mixed with 1wt% N,N,N',N'-Tetramethylparaphenylenediamine
(TMPD). The injection quantity is 60mm3/st and the injection pressure is 100MPa. The injection nozzle is a pintle
swirl type installed in center injector. The injection start timing is –120 degrees ATDC or –80 degrees ATDC. These
injection timings are set for comparison with the THC emission of a single cylinder engine test. Fig. 5 shows the
single cylinder engine test results. Engine specifications, injection system specifications and test conditions are all
the same except for fuel of JIS No.2. THC emission decreases as the injection timing advances, for instance,
1000ppm at –80 degrees ATDC is half of 2000ppm at –120 degrees ATDC. In this study, the fuel film is observed at
the above two conditions.

The photographing interval is 3msec (equivalent to 18 degrees CA) and the photographing frames are nine
(equivalent to 162 degrees CA). The exposure period is 10µsec, which is able to obtain a static piston motion under
the engine revolution of 1000rpm. Photographing start timing is –147 degrees ATDC that can include the spray
behaviour and piston motion during compression stroke.

Test results
(1) Photographing of piston movement

Prior to photographing the fuel film, the piston motion is photographed to verify time resolution for the above
test condition. Fig.6 shows the photography duration and a resulting photo. The photograph consists of ten pieces of
piston motion at every 18 degrees. In the photograph, a white dotted line shows a silhouette of the piston external
form and three piston ring grooves. According to the result, there is enough time resolution because both the piston
head and the grooves are horizontal.

(2) Photography of spray behaviour and fuel film
Fuel injection starts at –120 degrees ATDC or at –80 degrees ATDC. Fig.7 shows the photography results of

the above two conditions. The upper side of the figure is –120 degrees ATDC, and bottom side of the figure is –80
degrees ATDC. Each photograph consists of nine pieces of spray behaviour at every 18 degrees. In the figure, the
piston silhouette is shown by a dotted line.

In the case of injection start at –120 degrees ATDC, the spray penetrates at –111 degrees ATDC and at –93
degrees ATDC, and then it impinges on the piston head at –75 degrees ATDC. During these crank angles, the spray
impinges on the cylinder liner and forms a fuel film on it. It is assumed that the spray impingement to the liner has
two cases. One is direct impingement from the nozzle, and the other one is indirect impingement after the piston



head. However, during these crank angles of the spray being visible, the fluorescence from only the fuel film cannot
be separated because of duplicate fluorescence from the spray and the fuel film.

On the other hand, in the case of injection start at –80 degrees ATDC, the spray penetrates only at –75 degrees
ATDC, and then it impinges on the piston head within small spray penetration. This is why the injection start timing
delays. Also, the spray penetration decreases due to higher ambient density with compression stroke processing.

In both of the injection start timing conditions, some luminescence is observed on the window even after –75
degrees ATDC when the piston covers almost all the observation area in the window. This luminescence is
fluorescence from the fuel, i.e. some fuel is in existence between the cylinder liner and the piston side. Firstly
because the reflected light from the piston side or the window glass is excluded by subtraction as background light.
The processing steps are described in the next paragraph on fuel quantity determination in detail. Secondly because
much higher intensity of luminescence is observed rather than that of –129 degrees ATDC before injection start.

According to the above observations, the fuel film is formed on the cylinder liner with the fuel injection, and
then the fuel film remains even after piston rising. This fuel of the fuel film cannot contribute to effective
combustion, because it is outside of the combustion chamber during combustion.

(3) Fuel quantity determination
Fuel quantity is determined by fluorescence of the fuel film as follows.

1) Photographing the luminescence without the fuel injection under the condition of Table 2 as a background.
(Photo BG)

2) Photographing the luminescence with the fuel injection under the same condition. (Photo L)
3) Subtracting Photo BG from Photo L to calculate only the fluorescence intensity of the fuel film. (Photo F)
4) Measuring the mean fluorescence intensity of –57 degrees ATDC (F57), –39 degrees ATDC (F39) or –21

degrees ATDC (F21) one by one in Photo F.
5) Subtracting the mean luminescence intensity of –129 degrees ATDC from each fluorescence intensity of F57,

F39 or F21 as noise elimination.
6) Calculating the mean fuel film thickness by the coefficient of fuel film and fluorescence intensity, which is

calibrated before.
7) Determining fuel quantity by multiplying observation area to mean fuel film thickness.

Fig.8 shows fuel quantity determination results by fluorescence of Fig.7.  In each crank angle, the left side
graph is the result of injection start timing of –120 degrees ATDC, and the right side graph is the result of injection
start timing of –80 degrees ATDC. At the crank angle of –57 degrees ATDC, determined fuel quantity decreases by
half with the injection start timing changing from –120 degrees ATDC to –80 degrees ATDC. This result
corresponds to the THC emission tendency from 2000ppm to 1000ppm with the injection start timing changing in
the engine test shown in Fig.5. Also, at the crank angle of –39 degrees ATDC or –21 degrees ATDC, determined
fuel quantity decreases with the injection start timing changing from –120 degrees ATDC to –80 degrees ATDC.

(4) Consideration of Fuel quantity determination value
In the previous paragraph, it is described that the determined fuel quantity corresponds to the engine emission

tendency. However, the determination value is relatively large compared to injection quantity of 60mm3/st. Some
possible causes are as follows.

1) Poor accuracy of calibration between the fuel film thickness and the fluorescence intensity.
2) More wall wetting and less vaporizing due to lower temperature of quartz window.
3) Thicker fuel film due to the gap between the cylinder liner and the quartz window.
4) More spray penetration due to lower ambient temperature by non-combustible condition.

Some of the above factors cause increasing fuel quantity itself, and some of them cause calculation error. So,
compensation is needed to improve the precision as a next step.

Conclusions
A visualization method using LIF is designed for qualitative and quantitative analysis of fuel film formation on

the engine cylinder. The following results are obtained by real measurement using a remodeled visualization engine
with an observation quartz window on the cylinder.

1) The fuel film is formed on the cylinder liner with the fuel injection, and then the fuel film remains even after
piston rising. This fuel of the fuel film cannot contribute to effective combustion.

2) Determined fuel quantity decreases by half with the injection start timing changing from –120 degrees ATDC to
–80 degrees ATDC. This result corresponds to the THC emission tendency from 2000ppm to 1000ppm with the
injection start timing changing in the engine test.
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Figure 1. A schema of the visualization engine, the
fuel injection system and the optical system
Table 1. Main specifications of the visualization
engine and the optical system
Engine
Spec.

Bore × Stroke

Displacement

Compression ratio

Swirl ratio

135 × 140 (mm)

2004 �i cc�j

16.5

0.5

Nozzle

Injector

pintle swirl

Center

Piston Shallow dishφ 98

ptical
Spec.

Camera I I - CCD

Light source Hg-Xe Lamp 150 (W)

Injection system Accumulator type

Range of vision H145 x W30 (mm)
< Horizontal cross-section >
< Vertical cross-section >
Figure 2. The quartz glass
dimensions and installation position
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Figure 4.
Hg-Xe lamp characteristics

Figure 5. Single cylinder engine test results

Engine speed

Fuel

1000 (rpm)

n-Tridecane with TMPD

Ambient gas
( molecular weight )

N2 ( 28 )

 Injection quantity 60 (mm3/st)

Injection start timing -120° ATDC,-80° ATDC

Injection pressure 100 (MPa)

Engine
condition

Photographing
condition

Photographing start timing -147�‹  ATDC

Photographing interval
( Engine crank angle )

3 (msec)
( 18 degree CA )

Exposure time 10 (ƒÊ sec)

Table 2.
Engine test condition and photographing condition
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