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1. CONTEXT AND OBJECTIVES: 

To reduce pollutant emissions from aeronautical 
combustion chambers a better understanding of injection, 
atomization, evaporation and mixing phenomena is required. 
In this study we focus on the evaporation process. 

  One of the first droplet-evaporation models proposed by 
Spalding [1] describes a single-component isolated droplet in 
a quiescent environment. Many authors have offered 
contributions to update the description level of this model. 
For example, Hubbard [2] accounts for variables properties of 
the surrounding vapour. Also, Abramazon and Sirignano [3] 
studied convection-driven effects and introduced modified 
Nusselts and Sherwood numbers. Then, Chiang and Sirignano 
[4] accounted for the wakes of the neighbouring droplets. As 
for turbulence/droplets interaction, it seems to have 
contradictory effects:  on the one hand, Birouk [5] showed 
that turbulence increases isolated droplet evaporation rate but 
on the other hand, the formation of droplet clusters, because 
of turbulence, may hinder the overall vapour production [6]. 
Finally, composition aspects have been addressed in a variety 
of ways such as the discrete component model [7], quite 
accurate but cumbersome, the Gamma Continuous 
Thermodynamic Model [8] needing less computational time 
but lacking accuracy in the case of condensation and the 
quadrature method of moments [9,10] which is basically a 
combination of the two other methods. 
 The focus of this study is on the interaction of a droplet 
spray with a highly turbulent flow. Composition aspects are 
addressed through the use of two-component droplets 
(octane/3-pentanone). Droplets diameters, velocities and 3-
pentanone concentration in the liquid phase will be measured. 

 

 

2. EXPERIMENTAL SETUP: 

The experimental setup consists in a vertical channel with 
optical access (Fig.1). Preheated air (473K) is injected in a 
tank and passes through a turbulence generator before 
entering the channel.  The generator has been adapted from a 
previous setup by Videto and Santavicca [11] 
and is made of a circular plate perforated by 45 holes of 3mm 
diameter and a convergent. When the air passes through the 
holes it creates number of jets impacting on the convergent, 
which generates turbulence levels much higher than classical 
grid turbulence: up to 25% for a mean velocity of 2m/s. In a 
previous study [12] the turbulence was shown to be isotropic 
after X/H = 4.5 (Fig.2), where X is the vertical axis (X = 0 
corresponds to the entrance of the channel) and H the cross 
section of the channel. Radial profiles of the mean 

longitudinal velocity 0/UU (where the operator •  denotes 

temporal averaging and U0  is the bulk velocity) are very flat 

on more than 80% of the cross-section indicating that the 
flow is homogeneous at each section. The superimposition of 
u’/Uo and v’/Uo shows a good level of isotropy on a large 
section of the bench. 

The incoming air is heated with a resistance and radial 
temperature profiles are found to be quite flat (Fig.3). 
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Fig.1 Experimental setup 

The droplet injector is placed in the centre of the 
perforated plate and the tip of the nozzle is located at X/H = 
0. The atomization is performed with an ultrasonic system 
providing a wide range of droplet diameters leading to a 
variety of droplet behaviours from tracers to highly inertial 
droplets. The droplets are a mix of octane (85%) and 3-
pentanone (15%). 

 

 

Fig.2 Velocity statistics at X/H=4.5 
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Fig.3 Radial profiles of temperature at X/H=1 

 

3. MEASUREMENT TECHNIQUES: 

The diameter, axial and radial velocity of each droplet are 
determined using 2D Phase Doppler Anemometry (PDA). A 
continuous Argon PDA laser with 2 couples of beams (544 
and 488 µm wavelengths) was used, such that both axial and 
radial velocities can be measured. This technique also allows 
the determination of the velocity conditioned by the droplet 
diameter.  
 The concentration of 3-pentanone in the droplets is 
determined using Laser Induced Fluorescence (LIF) noting 
that the fluorescence signal of octane is negligible. The laser 

used for LIF experiment is a pulsed Nd:YAG laser (λ = 

266nm, ε = 40mJ, f = 10Hz). The fluorescence signal is 
collected with a 16-bit 1024x1024 pixels intensified camera. 
A [300-500 µm] band-pass filter is used to select the 

fluorescence signal. The LIF signal fS  can be described 

using Eq.1, where 0I is the incident laser intensity, 
fφ is the 

quantum yield, σ is the absorption cross section, and N  the 

molecular concentration of fluorescent species. 
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σ
 for the spray, which 

corresponds to Beer-Lambert absorption, all the other terms 

can be determined by calibration so that fS  depends linearly 

on N . This allows the determination of the mass fraction of 

3-pentanone in the liquid phase.  

4. RESULTS: 

4.1. Initial conditions of droplet injection (PDA): 

The first measurements to characterize the initial 
conditions of the spray were performed without preheating 
the airflow. The longitudinal velocities conditioned by the 
diameter along the channel axis (Fig.4) reveal a recirculation 
zone after the injector. As expected, the largest droplets, 
which are more inertial, are less influenced than the smallest 
ones. Incidentally, the middle-size class is representative of 
the whole droplets behaviour. The diameter probability 
density function (pdf) on the X axis (Fig.5) shows an 
evolution from small to large diameters. This is conjectured to 
be due to both coalescence and small particles that are pushed 
away from the axis by the turbulence. 

 

Fig.4 Longitudinal droplet velocity on the axis for several 
diameters classes  

2



 

 

Fig.5 Diameter pdf at several axial location from injection  

4.2. Liquid phase characterization (LIF): 

LIF signal is known to be potentially temperature 
dependent. During the droplet evaporation, temperature will 
increase and 3-pentanone concentration will change inside the 
droplet. Validations were conducted to assess that the effect 
of temperature variations have a negligible impact on the 
measurement of the composition. A small quartz tank was 
filled with liquid at several concentrations of 3-pentanone 
(from 3% to 15% in mass) and the LIF signal was measured 
for several temperatures, ranging from 30°C to 60°C (Fig.6 
and 7). For a given mass fraction, the maximum relative 
difference is less than 5%. 

 

Fig.6 Influence of temperature and 3-pentanone mass 
fraction on fluorescence intensity 

 

 

Fig.7 Fluorescence intensity evolution with 3-pentanone 
volume fraction at several temperatures 

The conclusion of this benchmark is twofold; first the LIF 
signal is marginally perturbed by temperature variations 
yielding a good precision of the measure. Then the relation 
between fluorescence intensity and 3-pentanone concentration 
is linear.  

5. PERSPECTIVES  

- As already been explained, the LIF signal depends on 
the amount of fluorescent molecules inside the excited 
liquid volume. In the case of a mist, because of liquid 
phase dispersion in the channel, 3-pentanone volume 
fraction is at least ten times lower than in the tank. 
Therefore an alternative calibration method developed 
by Ferrand et al [13] will be used in the present 
experiment for the spray calibration. This method is 
based on a LIF/PDA coupling and on liquid mass 
conservation, without vaporization. 

- First spray characterizations have been carried out 
using LIF. In this experiment liquid mass loading is 
4% and the area investigated is the first section 
between X=60 and X=160mm. The results show a 
wide range of behaviours of dispersion in the turbulent 
flow (Fig.8a and 8b). Droplets can be completely 
dispersed or grouped advecting vapour. 

 

 
Fig.8a  
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Fig.8b  

Instantaneous concentration fields of 3-pentanone 
 

- In order to find homogenization speed and if 
evaporation occurs individually or by group, droplet 
spotting algorithms will be used. 

- Mean and fluctuant statistics on 3-pentanone liquid 
phase will be calculated. 

- Droplets size and velocities will be obtained up to 
droplets’ complete evaporation

- After complete droplets’ evaporation, vapour structure 
evolution will be investigated using coupled PIV 
fluorescence techniques.   
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NOMENCLATURE 

Symbol Quantity SI Unit 
H Channel cross section mm 

0I  Incident laser intensity a.u. 
 

N Molecular concentration molecule/m3 

fS  Fluorescence signal a.u. 

U Longitudinal velocity m/s 
u’  Longitudinal velocity 

fluctuation 
 

m/s 

U  
Mean longitudinal velocity m/s 

0U  Bulk velocity m/s 

V Radial velocity m/s 
v’ Radial velocity fluctuation 

 
m/s 

V  
Mean radial velocity m/s 

X Longitudinal axis mm 

Y Radial axis mm 

ε Laser energy mJ 
fφ  Quantum yield  

λ Laser wavelength Nm 

σ  Absorption cross section cm2/molecule 

 REFERENCES 

[1] D.B. Spalding. Combustion of fuel particles, Fuel, vol. 
30, 1951. 

[2] G.L. Hubbard, V.E. Denny, and A.F. Mills. Droplet 
evaporation: effects of transient and variable properties. 
International Journal of Heat and Mass Transfert, vol. 
18, pp.1003-1008, 1975. 

[3]  B. Abramzon and W.A. Sirignano. Droplet vaporization 
model for spray combustion calculations. Int. J. Heat 
and Mass Transfer, vol. 32, pp. 1605-1618, 1989. 

[4]  C.H. Chiang and W.A. Sirignano. Axisymmetric 
calculation of three droplets interactions. Atomization 
and sprays, vol. 3, pp. 91-107, 1993. 

[5]  M. Birouk, C. Chauveau, B. Sarh, A. Quilgars, and I. 
Gökalp. Turbulence effects on the vaporization of 
monocomponent single droplets. Combust. Science and 
Technolgy, 1996. 

[6]  J Sornek, R. Dobashi, and T. Hirano. Effect of 
turbulence on vaporization, mixing, and combustion of 
liquid.fuel sprays. Combustion and Flame, 2000. 

[7] Sirignano, W. A., Fluid Dynamics and Transport of 
Droplets and Sprays, Cambridge Univ. Pr. (1999). 

[8] Harstadt, K. G., Le Clercq, P. C. and Bellan, J., 
Statistical Model of Multicomponent-fuel Drop 
Evaporation for Many-Droplet Liquidgas Flow 
Simulations, AIAA Journal, vol. 41, pp. 1858-1874, 
2003. 

[9] McGraw, R., Description of Aerosol Dynamics by the 
Quadrature Method of Moments,Aerosol Science and 
Technology, vol. 27, pp 255-265,1997. 

[10] Marchisio, D. L. and Fox, R. O., Solution of Population 
Balance Equations Using the Direct Quadrature Method 
of Moments, Journal of Aerosol Science,vol.  36, pp 43-
73,2005. 

[11]  Videto and Santavicca, A turbulent flow system for 

studying turbulent combustion processes. Combustion 
Science and Technology, 1991. 

[12] M. Cochet, Evaporation de gouttelettes polydispersées 
dans un écoulement de canal fortement turbulent. 
Analyse de la formation du mélange diphasique par 
imagerie de fluorescence , Ph.D. thesis, INPT, 
Toulouse, France, 2008. 

[13] V. Ferrand, R. Bazile, J. Boree. Measurements of 
concentration per size class in a dense polydispersed jet 
using planar laser-induced fluorescence and phase 
Doppler techniques, Experiments in Fluids, vol. 31, pp. 
597-607, 2001.  

 

4



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


