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Abstract
The biodiesel physical properties, as well as the biodldselding percentage in Diesel fuel affect the injector noz-
zle flow and the emerging spray atomisation and spray charstits. In the present study, the computational fluid
dynamics (CFD) methodology is used to simulate the injeicternal flow and the spray development for fuels at
increasing biodiesel blending percentage in Diesel fuelrRest fuels were examined, namely, pure diesel fuel,
10 % by volume of biodiesel blending in diesel fuel, 50 % bywoe of biodiesel blending in diesel fuel and pure
biodiesel, denoted B0, B10, B50 and B100, respectively. Hllerian single-phase modelling methodology was
used for the simulation of the fuel flow in a multi-hole Dieggkctor. The Eulerian/Lagrangian two-phase flow
modelling methodology was employed for simulations of thexgs produced by the four test fuels in a constant
volume chamber, at atmospheric and high pressure and tatopeiconditions. From the injector internal flow
simulations of the test fuels, the nozzle exit velocity watedmined. The nozzle exit velocity and the physical
properties of test fuels were used in an empirical expragsiealculate the injected spray angles. The mass flow
rate of the fuel, the nozzle geometry data and the spray avegie used as input in the Reitz-Diwakar spray atom-
isation model. The transient spray simulations were cduig using the Reitz-Diwakar spray atomisation model,
along with the Reitz-Diwakar droplet break up model and Qifke inter-droplet collision model. From the sim-
ulations, it was found that cavitation takes place at thezlgoinlet for all test fuels and with increasing biodiesel
blending percentage the turbulence level in the injectarleis reduced. The resulting spray angle decreases with
increasing biodiesel blending percentage approximateR% from pure diesel BO to pure biodiesel B100 fuel.
Comparisons of the simulated sprays of the test fuels warfenpeed, and BO and B100 sprays at high pressure
and temperature chamber conditions were compared agaibissiped spray photographs and penetrations. It was
found that the resulting spray penetration increases wieibdiesel blending percentage is increasing. From
the validation against the experiments, the spray pematratas slightly overpredicted and the spray shape was
wider than the experimental sprays, for both pure diesepamd biodiesel sprays.

Introduction

There is recent interest for the utilisation of renewabld alternative fuels and this is regulated by the Eu-
ropean Union (Directive 2009/30/EC), which for the caseiotiiesel currently imposes a limit of 7% by volume
biodiesel fuel blending in diesel fuel. The specificatiohthe biodiesel fuel used for blending diesel fuel should
meet the European standard EN14214 [4]. The ranges and liinitensity, viscosity and flash point of biodiesel
are defined in EN14214. However, other properties impoftaritiel injection and spray atomisation, such as sur-
face tension coefficient, vapour pressure, boiling pointlatent heat of evaporation are not speficied in EN14214.
Biodiesel physical properties, as well as the physical erigs of different blends of biodiesel in diesel fuel are
considered to affect the injector internal fuel flow, theaspatomisation and the atomised spray development.

The biodiesel physical properties, including density, @yic viscosity, and surface tension coefficient have
been investigated by [1].[7]..[13] and [16]. At atmospherimditions, the density of biodiesel compared to pure
diesel fuel is around 5 to 10% higher, and the viscosity ofllgisel given at 40C is higher by almost factor of
two than the viscosity of pure diesel. Limited data was pnees for surface tension coefficient, which ranges
from 0.025 to 0.03 N/m for biodiesel, while for diesel rangpproximately from 0.02 to 0.025 N/m. The effects
of temperature on diesel and biodiesel fuel physical pitigmewere investigated by Rt al [13] over a range of
temperatures between 300 to 1000 K.

Single-hole injectors as well as multi-hole Diesel injestaere used in experimental and computational stud-
ies. Injector internal flow and cavitation phenomena wewestigated numerically iri [6][[9]/[12] and T15]. It
was reported that for diesel fuel, the cavitation phenonsramore pronounced, because of the higher vapour
pressure that diesel fuel exhibits compared to biodies! fllowever, further investigations are required for bette
understanding and validating the very complex phenomepafation.
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The resulting sprays from diesel fuel and biodiesel blendsevexamined experimentally byl [5].] [8]._]18]
and [20] among others. It was found that the spray cone argfieeedses and spray penetration increases with
increasing blending percentage of biodiesel. Computatigpray studies were performed by [11],][15] and [17]
among others. It was reported that cavitating nozzle flowlte# reduced spray penetration[17].

In the present study, the CFD methodology was employed,evhereffects of biodiesel blending percentage
in diesel fuel on the Diesel injector internal flow and spragmcteristics were investigated. Four test fuels were
examined, namely, pure diesel fuel, 10 % by volume of biadietending in diesel fuel, 50 % by volume of
biodiesel blending in diesel fuel and pure biodiesel, ded@&0, B10, B50 and B100, respectively.

Numerical methods and simulations setup

In the present section, firstly the modelling methodolofpeshe simulation of the injector internal flow and
the spray simulation are briefly described. Then, the modpdpproach adopted in the present study for linking
the injector internal fuel flow with the spray atomisation disfining the injected spray angle is presented. The
computational meshes employed for the simulations arstilited, and the numerical details for the simulations
of the injector internal flow and spray simulations are sumseda.

The commercial CFD code STAR-CDI[3] was employed for the stigations, and simulations were carried
out using the Eulerian single-phase modelling methodofogyhe injector flow, while the Eulerian/Lagrangian
two-phase flow modelling methodology was used for the spraylations. For the injector internal flow, a steady-
state simulation was performed during the phase of fullynopeedle of the injector. The transient spray simu-
lations were carried out using the Reitz-Diwakar atomisatnodel [14], along with the Reitz-Diwakar droplet
break up model[14] and O’Rourke inter-droplet collisiondeb[10]. The collision model accounts for coales-
cence, separation and bouncing of spray droplets, and iemgdoyed in the present study following Diesel spray
simulation setup practices|[2]. TheekRNG turbulence model21] was used for both the internalcitgeflow
and the spray simulations. For the simulations, the diffeirlg scheme MARS was employed and the conjugate
gradient algorithm[3] was used.

The mass flow rate of the fuel, the nozzle geometry data ansptasy angle were used as input in the Reitz-
Diwakar spray atomisation model. The cone angle for a Dijes@lon-evaporating liquid spray in the atomisation
region is given by the following empirical formula (from \de [19]):

tanf = Al(p/pl)1/3Rel1/3Wez42 . 1)

Here, A; and A; are coefficients given in Equatiois 4 ahHt p5s the gas densityy, is the liquid densityRe; is
the liquid Reynolds number antf ¢; is the liquid Weber number. The latter two quantities arensefirespectively
as:

VDp,

Rel = ) (2)
Hu
V2D
Wey = —F, 3)

0.0001(L/D)*, forL/D <6,
Ay = (4)
A =0.7, forL/D > 6,

3-1L/D

Ag_m. (5)

whereV is the jet velocity assumed equal to the nozzle exit averafgcity, D is the nozzle diamete, is the
nozzle orifice lengthy;, is the dynamic viscosity of the fuel ardthe surface tension coefficient of the fuel. The
injector internal flow simulation provided the nozzle exieeage velocity for the four test fuels examined.

For the investigations of the injector internal flow, a tygdisix-hole Diesel injector geometry was modelled
and three-dimensional simulations of the injector intefioav were carried out for the test fuels. The holes were
assumed to be symmetrically located around the periphetiyeoinjector tip. The injector nozzle diameter and
length were assumed 0.2 mm and 1 mm, respectively, resuttiegratio of nozzle orifice length over nozzle
diameterL./D = 5. For computational economy, only the symmetrical one softthe injector geometry was
modelled using the block-structure approach for the thiliegensional mesh generation with hexahedral cells,
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Figure 3. Injector mesh perspective

Figure 1. Injector mesh front view. Figure 2. Injector mesh side view. view

comprising a symmetrical mesh 66° wedge angle. The mesh that was used for the simulations afjigxeor
internal flow for the different test fuels is included in Figa[1,[2 andl3, which show the mesh front, side and
perspective views, respectively. The total number of cadsprising the mesh was around 75000. The mesh
was refined at the nozzle inlet area in order to capture thalgletf the flow at the region of nozzle inlet. The
boundary conditions applied on the mesh, were inlet boynaliethe top of the computational domain, symmetry
plane boundary on both sides of the wedge mesh, pressurel&yuat the nozzle exit and wall boundary on the
remaining surfaces.

Figure 4. Constant volume chamber mesh perspective, side and tog.view

The computational mesh for the constant volume chambey simaulations is shown in Figufd 4, where its
heightis 200 mm, width is 100 mm and length is 100 mm. The meshcemposed of 70000 hexahedral cells. The
mesh was refined at the central region, where the the spraiynjeated and evolved, where the minimum cell side
was 0.5 mm. The spray that emerged from one of the six nhozftee injector was only modelled and simulated.
The nozzle exit was located at the centre of the top surfatieeafnesh. The boundary conditions employed were
slip wall boundary at the top surface of the mesh of the chaypbessure boundary at the bottom of the mesh of
the chamber and no-slip wall boundaries at the four sidesasfof the chamber. The droplet parcels introduction
rate was arcels/us and the time step size wag2.

The same amount of fuel of 2@m> was assumed to be injected for an injection duration of 3 msatio-
spheric conditions, the fuel density of BO, B10, B50 and B4@@ 860, 864, 880 and 900g/m?, respectively.
The molecular viscosity was assumed 0.00215, 0.002376324€and 0.0045¢/ms, for BO, B10, B50 and
B100, respectively. The surface tension coefficient wasos@t025, 0.0255, 0.0275 and 0.03/m for B0, B10,
B50 and B100, respectively. It was assumed that test fuevapdur properties have the same dependence on tem-
perature with n-octane and data for biodiesel propertias welected from literature [IL3[,I[4]. The fuel properties
of the test fuels differ, and it is expected to result in diiet nozzle flow, primary atomisation and spray droplet
behaviour.

Results and discussion

First, the results from the injector internal flow simulatsoare presented followed by the spray simulations
in the constant volume chamber for atmospheric conditionthfe test fuels. Then, the comparisons of simulated
sprays with BO and B100 against experimental data at higbspre and temperature conditions of the constant
volume chamber are illustrated.
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Figure 5. BO velocity field at the symme Figure 6. B100 velocity field at the symmetry section
plane of the nozzle. plane of the nozzle.

Figure$b and16 show the velocity prediction at the symmedeyisn plane of the mesh for the test fuels BO and
B100, respectively. It can be observed that the flow stredtisimilar, and that the maximum fuel velocity slightly
decreased by approximately 1% when the biodiesel blendinggptage increased from zero in diesel BO to 100%
in biodiesel B100. The trend is that fuel velocity slightlgaleases with increasing biodiesel blending percentage.
Also, the recirculation zone observed at the tip of the itgeslightly decreases for increasing biodiesel blending
percentage. Views of the velocity fields for BO and B100 tesid are presented in Figulds 7 amd 8, where the
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Figure 7. BO velocity field at the symmetry section  Figure 8. B100 velocity field at the symmetry section
plane of the nozzle. plane of the nozzle.

nozzle area is zoomed at the symmetry section plane plotteerspective view. It can be seen that the velocity
fields are similar, and the higher velocities of the field aspldced towards the upper edge of the nozzle, due to
the effect of the upstream flow and the flow into inlet of theziez Views of the velocity fields for BO and B100
test fuels at the section plane normal to the symmetry septane are shown in Figurek 9 dnd 10. It can be seen
that the velocity profiles are similar and almost symmeltifimathe test fuels.

The ratio of the predicted turbulent viscosity over the malar viscosityy; /. is shown in FigureE11 and
[12 for BO and B100 test fuels, respectively. The levels dfilence are higher for pure diesel fuel than the levels
of turbulence for pure biodiesel. In Figufed 11 dnd 12, itlvarseen that the ratje; /i decreased by more than
5% when the biodiesel blending percentage increased fromiagoure diesel to 100% in pure biodiesel B100.
The higher levels of turbulence in the nozzle for pure digisah pure biodiesel are expected to affect more the
downstream fuel jet atomisation.

The calculated pressure fields for BO and B100 at the symrmsettjon plane of the injector mesh are shown
in Figure$IB and 14, respectively. From the predicted predglds, it can be observed that zones with pressures
lower than atmospheric pressure occur at the upper and kxiggr of the nozzle inlet for the test fuels. This obser-
vation reveals that cavitation takes place at the nozzé& area, which is expected to affect the jet emerging from
nozzle and spray atomisation. However, cavitation phemansbould be examined using cavitation modelling, in
order to quantify the effects of biodiesel blending perageton cavitation.
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Figure 9. BO velocity prediction at the normal section ~ Figure 10. BO velocity prediction at the normal sec-
plane of the nozzle. tion plane of the nozzle.
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Figure 11.BO ratio of turbulent viscosity over molec-  Figure 12. B100 ratio of turbulent viscosity over
ular viscosityyu; /p at the symmetry section plane of ~ molecular viscosityy; /¢ at the symmetry section
the nozzle. plane of the nozzle.

From the injector internal flow simulations, the velocitggdictions were used to calculate the average velocity
normal to the nozzle exit cross-sectional area. The averalgeity, the fuel properties and the constant volume
chamber density were used in Equafidn 1 to calculate they spree angle, in order to link the nozzle flow with
the emerging spray atomisation and structure. The nozitl@esrage velocity is given in Tablé 1, which slightly
decreases with increasing biodiesel blending percenfdgecalculated spray cone angle of atmospheric and high
pressure and temperature chamber conditions is also idtluidTabledl. The spray cone angle which depends
on the average velocity at nozzle exit, the chamber comditand the fuel properties of the test fuels decreases
with increasing biodiesel blending percentage. For atiesp chamber conditions, the spray cone arfglg, is
approximately by a factor of two smaller than the spray coret),; o, at high pressure and temperature chamber
conditions. Furthermore, for both atmospheric and higlsguree and temperature conditions, the spray cone angle
decreased approximately by 20%, when the fuel was pureldirdédbecame pure biodiesel.

The comparisons of simulated sprays with the four test finedsmospheric chamber conditions at 1.5 ms after
the start of injection (ASOI) are shown in Figlrd 15. The et parcels of spray droplets are plotted in colour
and are scaled according to their diameter. From Figuret&n be seen that near the nozzle exit the spray is
narrow and further downstream at the region of the spray lloelyspray widens because of the droplet breakup
and collision phenomena and the interaction with the indyzes flow field. At the tip of the spray, the structure of
the droplets is narrow. Similar spray patterns are obsdral| the test fuels with two trends, first the body of the
spray slightly narrows and second the spray tip penetratightly increases with increasing biodiesel blending
percentage.

Spray photographs and spray penetration data were sefeateg@ublished experiments|[8]. The spray exper-
iments were carried out with BO and B100 fuels in high pressund temperature chamber conditions, and data at
1.5 ms ASOI was available. The cases of BO and B100 test fuezks modelled for chamber conditions same to the
experiments, with chamber pressure of 42 bar and temperat000 K. The simulations of BO and B100 sprays
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Figure 13. BO pressure field at the symmetry section Figure 14. B100 pressure field at the symmetry sec-
plane of the nozzle. tion plane of the nozzle.

Fuel V(m/s) Ouim Onign

BO 2412 94 212

B10 2406 9.1 20.6

B50 2385 8.3 18.9

B100 2358 75 17.2

Table 1. Nozzle exit average velocity and spray cone angle at atnevapbonditiond,;,,, and at high pressure
and temperature conditiofig; g, .

were carried out using the mesh employed for the atmospbprays, and the boundary and initial conditions
corresponding to the high pressure and temperature conslitif the experiment were applied. Figuré 16 includes
the comparisons of the predicted sprays against the sp@pgtaphs at 1.5 ms ASOI. The spray photographs in
Figure[I6 have a view field height of 50 mm and are scaled 1:heartesh height. The photographs show the
illuminated spray droplets at the body of the spray, and léteghat are located around the body and at the tip
of the spray may not be captured by the experiment. The pfatgralated spray show all the injected droplet
parcels with a visible size that is bigger than their reaé siwhich results in wider spray shape and higher tip
penetration than the experiment. Furthermore, in Figukét8n be observed that the simulated spray produced
with biodiesel penetrates further downstream and it isavegr than the simulated spray with pure diesel. The pre-
diction of increased spray penetration with increasingligisel blending percentage agrees with the experiment.
However, the predicted spray shapes are found wider thaaxgherimental spray shapes. Thus, comparisons of the
calculated spray cone angle against experiments and @dlitralidation studies for spray shape and penetration
are required.

Figure[1Y contains the comparisons of spray penetratiomdset the simulations with BO and B100 and the
experimental data. The penetrations from the experiment weeasured from the spray photographs at 1.5 ms
ASOI. The penetration definition for the simulation was sethee vertical line to the nozzle symmetry line, behind
which the 90% of the total mass of injected spray dropletsless For both test fuels, spray penetration is slightly
overpredicted and is in good agreement with the trend obsgdrvthe experiment, where biodiesel penetration is
higher than diesel penetration. In Figliré 17, it can be seanuntil 0.5 ms ASOI, the predicted penetration for
biodiesel is slightly higher than the predicted penetratar diesel, and from 0.7 ms ASOI the difference in spray
penetration between diesel and biodiesel increases. Fim®ASOI, the rate of increase of spray penetration is
reduced. The differences between diesel and biodieseyspra due to the different droplet physical properties
and the evaporation behaviour which result in differentptibsize and velocity and different induced gas flow
fields.
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Figure 15. B0, B10, B50 and B100 simulated sprays in atmospheric chaattie5 ms ASOI.
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Figure 17. B0 and B100 spray penetration validation at high pressuddemperature chamber.
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Summary and conclusions

In the present study, the CFD methodology was used to simtite injector internal flow and the spray
development for four test fuels at increasing biodiesehthieg percentage in Diesel fuel. The Eulerian single-
phase modelling methodology was used for the simulatioheftel flow in a mutli-hole Diesel injector and the
Eulerian/Lagrangian two-phase flow modelling methodolagg employed for simulation of the sprays.

From the injector simulations, it was found that the nozzig¢ \eelocity slightly decreases and the turbulence
level in the nozzle is reduced with increasing biodiesehbBieg percentage, while cavitation takes place at the
nozzle inlet. The resulting spray angle decreases witleasing biodiesel blending percentage. From the spray
simulations, it was found that the resulting spray penietnahcreases when the biodiesel blending percentage is
increasing. Validations of simulated sprays at high pnesand temperature conditions against experimental spray
photographs and penetrations showed that penetratioiglilgloverpredicted and the spray body shape is wider
than the experimental spray.

For future work, detailed internal geometry of Diesel inggs, the injector needle lift history, experimental
measurements of the fuel mass flow rate history and detadledaf fuel and vapour properties should be used.
Validation studies should be performed, including comgzars with detailed experimental data of spray angle,
spray shape and penetration, droplet size and velocity aeldvepour pattern. Modelling and simulation of
cavitation in the nozzle should be performed, and othetiexgjstate-of-the-art spray atomisation models should
be examined. Furthermore, other modelling methodolodieslsl be used including the volume of fluid method
for transient internal two-phase flow simulation of Diesgéctor.
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