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Abstract
This work presents a large eddy simulation (LE8pgtof diesel sprays and particle laden flows. &-on
equation dynamic structure LES model is used whilres an additional transport equation for suld-gri
kinetic energy (k). The atomized liquid droplet® ayenerally smaller than the computational cellj an
therefore the sub-grid scale interaction of drapleith the ambient gas phase needs to be modelig:in
LES of diesel sprays. This two-phase interactiondsounted through the spray source term inkihe
transport equation. The spray source term is gatuct of the droplet drag and the gas phase sdlzgs
velocity. An approximate deconvolution techniqueused to obtain the sub-grid velocities from the
resolved flow field. The results of the LES preditimean and turbulence velocities for a partidetgjet
are shown to compare very well with the previoupeginents. A discussion on the sub-grid, resolved,
turbulence and mean kinetic energies is preserihd. non-evaporating diesel spray LES results are
compared with previously published X-ray radiognaptxperiments conducted at Argonne National
Laboratory. The comparisons are made for quantdigsh as transverse integrated mass (TIM), mass
averaged axial velocity profile and spray momentum.
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: homogeneous shear flows by using this deconvolution
Introduction technique for correcting sub-grid velocity field fdrop

An engine flow consists of a vast range ofdrag calculations. In a recent work, Bharadatagl [9]
turbulence scales, ranging from droplet size (a fewgrjyeq ak  transport equation using a LES specific
micrometers) to cylinder diameter (several centerst g N
Direct Numerical Simulation (DNS) of such complex W0 phase filtering procedure (see Sirignano [18)).
flows requires an enormous amount of computationamodel for the unclosed spray source term was then
expense and is impractical based on the currerRfoposed. The model was applied in an LES study of
computational limitations. In Large Eddy Simulation €vaporative diesel sprays and was found to have a
(LES), depending upon the spatial filter size, ¢asgale  Significant improvement in spray penetration result
turbulence is resolved while the unresolved sntles This study uses a dynamic structure non-viscosity
turbulence is modeled. LES has the ability to captu LES model (Pomraning and Rutland [11]) in which
the local unsteadiness of the flow. Such unsteatgild ~ Sub-grid shear stress calculation is based on gdb-g
of a flow are lost in another turbulence modelingkinetic energy (ksgs) obtained from a transport
technique, called, Reynolds Averaged Navier Stoke
(RANS) simulations which solve ensemble average

governing equations. Due to its ability to providach o0 is related to filtered strain rate using ety
more detailed flow information than RANS, on grids viscosity. Sub-grid kinetic energy is also used for

which are still much coarser than those required fodroplet turbulent dispersion. In the current wothe
DNS, LES has received a lot of attention in bothl_ES spray source model from Bharadveajal [9] is
fundamental and practical research communitieghén applied to a particle laden gas jet and high speed
context Of.d'636| engines, th.e kpowlgdge of Spag/-g evaporative diesel sprays. The primary focus of the
turbulent interaction is crucial in gaining a ddi .\ rent work is to analyze sub-grid scale turbutenc
understanding of the combustion characteristicsl an o s caused by the particle phase, asdess two-
hence, this study is focused on LES model develtmbmephase LES results through co}nparisons with

and validation of the two-phase turbulence intéoact revious experiments of Gillandt et al [12] for
between high pressure liquid diesel sprays andyése prev P .
phase turbulent field particles laden gas jet and Kastengren et al [4B, 1
Since the droplets interact with very small gasfor non—evaporat!ve d|esgl sprays. .
phase length scales, the LES of sprays presents ne The rest of this paper is organized as followsstfir
e basic gas-phase LES models in the LES filtered

conceptual challenges. There have been several L ; i .
studies on particle laden flows that consistertigged ~ €duations are provided. Then, the modeling approach
for the spray source term in the sub-grid kinetiergy

the ability of LES to provide reasonably accurate SR ; )
predictions in varied flow configurations. For exam transport equation is discussed. The Lagranglant pol
approach and the phenomenological spray

; . . |
using a one way coupling (from gas to particle),Parce , , :
Armenio et al [1] compared particle dispersion from mode_Is are provided next, Then the s_lmulatlorj tesul
fully resolved DNS velocity field with that fromifered &€ discussed for a particle laden gas jet and $pged
DNS velocities and found that the results becamd&l€Sel spray cases. Finally, a conclusion is gaethe

poorer with increasing filter size. A priori and a €N

posteriori studies of particle laden mixing laydrg

Okong'o and Bellan [2] and Leboissetiet al [3] LES Gas Phase Models

showed that similarity and dynamic LES models LES filtered mass, momentum, internal energy
predicted better turbulent statistics than constamd species transport, and sub-grid kinetic energy &ong
dynamic coefficient based Smagorinsky models. Ir[9] are solved in the KIVA-3v release 2 code [16].1

their LES a priori study Okong'o and Bellan [2] Thg closure of the sub-grid shear stress termsedan
pointed out that for particle laden flows, the de?® e gynamic structure one-equation non-viscosity

provided a significant contribution to the gas ghas ,qqel given by Pomraning and Rutland [11].
kinetic energy. Calibrated sub-grid stress co@fits  according to this model, sub-grid shear stress is

based on thia priori study were later successfully used . ; _ari
in ana posterioristudy by Leboissetiest al [4]. calculated asG; =Gj kgs » Wherekls the sub-grid

Stolz and Adams [5] and Stot al [6] developed Kinetic energy discussed below. Using Germano
an approximate deconvolution technique (ADM) fag th identity [17], the tensor coefficieng; is calculated
reconstruction of unfiltered velocity field basedl l0ES
filtered velocities. Shotorban and Mashayek [7] an
Shotorban et al [8] later showed consistent that relates the filter level and test filter level
improvement in their results for particle laden velocities as:

quation. The non-viscosity LES approach is difiere
han a viscosity LES approach in which sub-grigsgr

F£SG = L / Ly wherel; is the Leonard stress tensor



Ly =(u){y )-(u)y). G=Gl(y)= (1-6%(y)

where the operator implies a test level filterThe

unclosed sub-grid scale dissipation rate term ia th =<ui>+(<u>-(<u>>)+ , 3)
resolved internal energy is equal to the dissipatete
term of the sub-grid kinetic energy equation. Using (<Ui>' 2<<‘4 >>+ <<<H‘>>>)+

turbulent viscosity approach (Menon [18]), the j then, obtain the sub-grid velocity as
unclosed sub-grid heat flux in the resolved scalar sS o
transport equation is modeled as uooy- (y). (4)
sgs _ _ : The first three terms in the above series expansion
h; (nr,th/Prr)‘ﬂ T, have been found sufficient to give good predictions

and the sub-grid species flux is modeled as pervious studies [5-8]. Hence, the sub-grid velodt
F ’J?‘?ksz - (m1S6Y (\Om X finally modeled as

Turbulent Prandtl and Schmidt numbers are presgribe U =2(y)- 3<<Li'>>+ <<< lr'>>> ®)

as Pr =1 and Sg =1. The relation for turbulent The extra brackets in this equation implgitidnal

viscosity is given below. The spray contributionggas  filtering applied through a test filter formed by axtra
phase equations appear as the source terms of mass|l layer around the cell being filtered. The dfitd
momentum, and energy. Please see references §2, 4, droplet drag is obtained as

for a detailed discussion on the basic two-phase F 4
coupling in the gas phase conservation equations. F = _d ’ ©)
I V !

cell

LES Spray Source MOde“ng where F, , is the drag on each droplet lying within

The two-phase turbulence interaction is accounted o/
through the spray source term in the transport tegua '€ Cell of volum

> @nd the summation is over

of the sub-grid kinetic energy, and a response oéll droplets within the cell. The aerodynamic model
turbulence towards the sub-grid scale droplet moiso  for droplet drag [15] is

accounted through turbulence dispersion. The fotigw 37 myV,
transport equation ok, is solved in the KIVA code Fia zgr_l 3 = (<Ui>+ug:,i - \ﬁ,i)CD’ 7
[15] where 7|, 1y, my, Vgq; and Cp are the liquid droplet
ﬂfksgs+ﬂf<ui>ksgs _ density, radius, mass, velocity and drag coeffigien
qt Tix; B respectively, andi§; is the doplet turbulent dispersion
q TKsgs ’ velocity based on a Gaussian (or locally isotropic)
% ’7?? +P- g Wsgg relation with the standard deviation proportional t
] 1

The dissipation rate and turbulent viscosity areleded 4 ksgs [9].
as 6,=C, rk¥i/D and m =C, k2 . In these

Sgs sgs

relations, D is the filter (or grid) sizeC, =0.05 and Lagrangian Formulation and Spray
C, =0.3. The production termP = -G; § where G; Models

is the sub-grid shear stress afds the filtered strain The diesel spray is assumed to be compo$ed o
discrete liquid droplets. For numerical efficiency,
rate. several droplets with the same size and locatien ar

The spray source termil, is modeled as a dot treated together in the form of a computationakcekar
product of the filtered drag and the gas phasegsish- The droplets are tracked using Lagrangian equatibns
velocity, motion coupled with mass and energy balance [15]. A

W, = - F U, @) pomt_pa_rqel approach is utlllzed_ in which the detp _
are invisible to the surrounding gas phase. This

The sub-grid velocity,u’® , is obtained after approach is based on the assumption that the $iae o
applying an approximate de-convolution on the fdte  droplet is much smaller then the size of the surding
gas velocity. Assuming that the inverse of theefitg ~ gas phase eddy. ('jl’hledprimary %n% %eCKOTqari/' t;;sr?kl-up

; -1 - fi ; : rocesses are modeled using a hybrid Kelvin Heltmho
I/uer:ggi?;ég[sj 6]eX|sts, first obtain the unfiltered gas ?KH) _ Rayleigh Taylor (RT)gmogI/eI [19]. The droplet



collision is based on O’'Rourke’s model [20]. Theassp plane. The grid density is highest in the corerg¢gfion
is injected using the blob injection model [21]vithich ~ and decreases towards the wall.
the liquid core is represented by the droplet darce (a)

Simulation Results and Discussion IO
The resuits and discussion are presentegkiticle o
laden flows and diesel sprays. The focus is onrtban O
and fluctuation characteristics, the estimates loa t
resolved and sub-grid scales, and comparison of the
results with the available experiments. These ssue =
covered in the following sub-sections by presenting
results for (i) a particle laden stationary turlmtlgas jet
case and (ii) non-evaporative high speed diesayspr T
cases.
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Particle Laden Gas Jet

This section presents LES results from alsin
phase and a two phase (particle laden) gas jet. The (b)
simulation conditions are taken from the Phase-
Doppler-Anemometry (PDA) measurements of Gillandt
et al [12] (see Table 1). The two phase jet in the

| . . . . ity
experiment was obtained by seeding the single please %g@ iz 7
\ _ _ S
with glass beads (mean particle size 1t®. The :%\\_§2§§\\\“\\\\\‘““5‘-‘ 72 Dy

velocity measurements in both single and two pletse
were based on tracer silica particle (size 1). féxicle
size statistics in the present simulations is mieit
using a Rosin-Rammler distribution around 110.
The droplet injection location is uniformly distuted
within the inlet area at a mass loading ratio of.ofhe
mean velocity at the pipe exit (inlet in the sintidas)
for the gas jet i) o, = 7.7m/s, and for the particles is

U

RN
iR
N

/i

iy W\

A
//// ]

0
7 ///lIIIIIIIIII\\\\\\\

o

=0.83) g Figure 1 Front (a) and top (b) views of the meshdus
for gas jet simulations. The dimensions of the rajir
are 20cm (diameter) x 25cm (length).

p, jet

Table 1 Measurement conditions for particle lades g

et

: Reynolds number 5700 Figure 2 shows a qualitative picture of gasticle
Tube diameter 12mm laden jet simulation. In this figure an iso-surfaxdehe
Particles Glass bead second invariant of vorticity at an arbitrarily cem

Mean particle diameter | 110/7m value of 3" 10 cnf /€ is overlaid by injected species

mass fraction to elaborate the flow structures.sThi

figure highlights the capability of LES to prediostth

. . . .. the initial intermittency and the large scale cemer
The simulations are conducted in a cylindricaly, jent structures. The particles are shown aallsm

domain of diameter 20 cm and length 25 cm. Thediscrete color contours. The figure also shows that

perlp_h_eral yvall and th_e wall around th? inlet areheavy particles tend to maintain their inertia tigbout
sp_ecmed with a free slip boun(_jary condition aMt. their travel where as the lighter particles loseirth
exit boundary an outflow condition. The CFD mesh ISinitial inertia and disperse radially outward. Thize

sh_o_wn in Figure 1. The mesh contains a ‘Ot%' of 0-3and color) of discrete spheres is proportionalthe
million cells where 290 ce!ls gre in the axial diten. size of the physical particles.

The mesh structure in the jet inlet plari2 € Dje,) has The simulations are run for three flow ptsugh
times (~0.3s) and the mean statistics are evaluated
during the final flow through time. Since the flaw
homogeneous in the azimuthal direction, the meaa da

Mass loading 1

a Cartesian form witt8® cells, and in the outside region
has a polar form with an additional 21 azimuthdl ce
layers. There are overall 2500 cells in the créms-f



is shown only in the half radial plane where eaalue
is averaged in time and in the azimuthal direction

(represented by an overbar). distribution shifting from negative to positive
downstream.
(@)
121
b LES (1 Ph)
s, = ----- LES (2 Ph)
O osf
S 0
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Figure 2 Qualitative picture of the particle ladgas jet A o4l
simulation showing iso-contours of the second irardr vl
of vorticity at a value of 3.0xf0cn?/s? overlaid by 0gf s adal
mass fraction of injected species (air). ;
% — 2 3
Figure 3 compares the LES predictions with rr,
experiments for the radial profiles of the normediz (b)
axial mean and fluctuation velocity at x, equal to 3, 12r LS (1Ph)
6 and 9cm. This figure confirms the ability of LES® £ il LES (2 Ph)
accurately predict both measured velocity mean and ¥
fluctuations over a range of axial and radial |owoas. :;Qo_s(’
Since the single phase and the two phase gastgets s 3 f _
with the same initial velocities, the gas phase mmea S o6l Cﬁggit?/x'al
velocities for the two cases are similar initiakiyd o |
differ in the downstream direction due to particlertia A o4k
effects. The fluctuation profiles show that the Hhig |3 5
inertia particles in the central region slightlycdsase 02f \rglf)gi’t(iya'
the fluctuation in comparison with the single phge 10O
This is because of the ‘crossing trajectory’ effetthe o; L 1
particles in which particles trajectories cut tighuthe M,
small gas phase turbulent eddies, thereby decgettsin ©
fluctuating velocity correlations and hence the 12r
turbulence levels (Gillandit al[12]). ; LES (1Ph)
Figure 4 shows the probability distribution L LES (2 Ph)
functions (PDF) plots of the spray source termwo t 8 |
separate regions: (a)x- x,< 6cm and (b) g o8
6<x- x,<12cm . This figure shows that the 08k ey !
magnitudes ofl; 4 in the upstream region are higher 2
—_ . . A 0.4
and distributed more on the negative side, whereas |\?
those in the downstream region of are smaller and 02f  Mmsaxal
distributed slightly more on the positive side. Shi y

shifting in the sign of\,

s, sgs IS @ consequence of the dot

product between the drag force and the sub-grid
velocity. The solid particles, due to their higheertia

here), and

is mainly responsible for t

rit,

Figure 3 Radial profiles of mean and fluctuationahx

R,

than the gas phase, lose momentum at a much sloweelocity at x- x,= 3cm (a), 6cm (b), 9cm (c) and 15cm
rate. Therefore, recalling that the particles ajedted (d). Experimental results are shown by symbolsles
with a smaller (85%) velocity than the gas phake, t for single phase (1Ph) and squares for two phaé)2
particle velocities remain smaller than the gaseities For (a) and (b) experimental two phase results wete
only up to a certain axial location and become &igh discernible from single phase results and hence not
afterwards. This cross over in the relative velosign  shown here. Experiments are from Gillaatial[12]

takes place at approximatek+ x,» 6cm (not shown
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Figure 4 PDF of sub-grid spray source term in two
separate downstream regions for the particle lagen
jet.

Therefore, recalling that the particles amjected
with a smaller (85%) velocity than the gas phake, t
particle velocities remain smaller than the gasdities
only up to a certain axial location and become &igh
afterwards. This cross over in the relative velosign
takes place at approximatek+ x,» 6¢cm (not shown

N,

S, Sgs
to positive

here), and is mainly responsible for t

distribution  shifting from

downstream.
Relative order of magnitudes of resolvel.d),

mean Kpean): SUb-grid Kyys) and turbulence TKE )

negative

kinetic energies can provide additional insight.eTh
axial variations of these quantities are shownigure

5 both for single and two phase flows at a specific
instant. Here, the TKE is approximated by the varéa
of the LES resolved kinetic energy fluctuation atbitsl
mean. The resolved kinetic energy is fluctuatinguad
the mean since the mean velocities are calculaited f
the resolved velocities. It is interesting to nettbat the
downstream TKE in the two phase flow is less than t
single phase flow, whereas the downstrelag in the

two phase flow is higher than the single phase .flow
This is consistent with the ‘crossing trajectorifeet

and the spray source ternW( ) effects discussed

previously. Figure 5 also shows over all similadarof
magnitude and axial trends for TKE akg..

In summary, this section dealt with stateitly

analyzed. Finally, a comparison between the sutb-gri
and turbulence kinetic energies was discussed.
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Figure 5 Centerline axial profiles of resolved, sulal,
mean and turbulent (rms) kinetic energies: (a) lsing
phase jet and (b) two phase jet. The profiles hosva

at a specific time arbitrarily selected during the
stationary stage of the jet.

Non-evaporative Diesel Sprays

This section now extends the ongoing disonssf
sub-grid scale two-phase turbulence interactionao-
evaporative high speed diesel spray simulationg Th
LES results are compared with the near nozzle X-ray
radiography line-of-sight measurements (Kastengten

stationary cases of single and two phase gas jets}, 2007a and 2007b) for non-evaporative dieselyspr
LES was shown to provide good agreement withrhe resolution of the X-ray experiments dependsnupo
experimental results in predicting mean and rmshe beam size which was 476n in the spray injection
guantities. The sub-grid spray source was then



direction and 80m in the transverse direction.

Figure 6 shows a schematic of the experiaient szl ) TNz Fiow
set-up. The beam is collected on a photodiode afte Window

passing through the diesel spray. The photodiod =
measures the incident intensity of the X-ray beam \
This intensity { ) and the intensity at the photodiode @ -

with the spray shut-off (, ) are used in an ggglaﬂe
todiode
absorption based formula to obtain the spray nrass i

the beam’s line of sight. As shown in this figuhe t
measurements are performed at several axial ar 2
radial locations in the spray. Each measuremer
provides the integrated spray mass along the X-ra
beam path. The projected mass density is the
obtained by normalizing the spray mass with the
beam cross-sectional area. A collection of thes:
measurements results in a two-dimensiona
distribution of spray mass in a plane perpendictdar
the beam. The measurements were conducted for
hydroground and a non-hydroground nozzle.
However no such distinction was possible in the
present simulation, since the injector nozzle flow
was not simulated.

The simulations were performed in a cylinder
with a diameter of 2 cm and length of 10 cm. WithFigure 6. Schematic of experimental line of sight
the nozzle located at=0, the comparisons with the measurements which results in a two-dimensional
experiments are made at axial distanceszof0.2 spray structure (schematic taken from Povetllal
mm, 10 mm, and 20 mm. The computational grid423])
used for these simulations are shown in Table 2. Th
ambient is filled withN, at atmospheric pressure, Table 2. Computational grids for non-evaporative

and the spray is injected at 250 bar with an irpact _SPray study

6 KeV

FlFuel AT0 pm
Iniector

Measurement
Locations
(~1500)

Spray

duration of 1.0 ms. The experimental time varying Grid | N.xN xN, | Dx(= Dy) (mm) | Dz(mm)
spray velocity atz=0.2 mmwas prescribed as the|a 30x30x150 0.67 067
injection velocity for the simulations (see Figute B 30530300 0.67 033
This method provided an accurate representation of 60Xx60x300 033 033

the experiments, and was possible since the lotati

of the nozzle_ exit plane c0|nC|_ded with 'the Figure 8 compares contour plots of projectess
z:O_.2 mmlocation for the computatlonal cell SiZeS gensity between experiments and the LES run with
considered here. The experiments used dies@lig-B. Even though the radial grid resolution in
calibration fuel which was simulated using simulation (0.66 mm) is much coarser than the aptic
Tetradecane(,,H,) in the calculations. resolution of experiments (0.08 mm) and the nozzle
A recently developed gas-jet model by Abeinal.  diameter (0.183 mm), this computational grid is
[22] is also explored in the results. The gas-jeidet  reasonably fine in the context of practical diemggine
serves to reduce the grid dependencies associatied wsimulations. Considering such a thin spray zone is
the spray-ambient coupling. The simulation on thebeing resolved with a relatively coarse grid, it is
intermediate Grid-B is the basis of all the compams  €ncouraging to observe that the simulation is dble
in this section. Unless otherwise mentioned, alSLE provide a reasonable estimate of the spray length a
runs include the LES spray source model discussefle spray head structure in comparison with the
earlier in this paper. A primary objective of tisisction ~ experiment.
is to compare and validate the LES spray resukag
the near nozzle experimental spray data.



the LES results on either side of the spray axis ar
asymmetric due to the unsteady nature of the flw.
assess the importance of the spray source model, th
projected mass density profile from Grid-B withale
spray source model is also shown in Figure 9. it loa
seen that without the spray source model the peak
projected density is under-predicted. The inclusidn
the spray source model increases turbulence dispers
of the droplets in the surrounding ambient. Thexfo

in comparison with the simulation without the spray
source model, the simulation with the spray source
model results in a higher momentum loss leadingno
increased projected density at any given axialtiona

Figure 7. Spray velocity boundary condition at atge:
Experimental velocity profile at z=0.2 mm was
assigned at injector exit plane for simulation

Figure 9. Projected density profiles at an axiatafice
z=10 mmand timet =376 s

The projected density [;/mmz] is integrated in

the transverse direction to obtain the transverse
rr]ntegrated mass (TIM) [g/mm] as a function of the

axial distance. Figure 10 shows experimental
Contour values are between 0 and 160nnt . comparisons of the LES TIM evolutions at three

different axial locations for (a) Grids A and (b}i6B.

Figure 9 shows experimental and predictedrhis figure also shows results from an additional

projected density profiles a=10 mmandt =376 s.  simulation that uses the gas-jet model [22].
The LES results shown in this figure include: (a)ds Figure 10 shows that the simulation rescis
B run with the spray source model, (b) Grid-B run@ccurately predict the important spray characiesist
without the spray source model and (c) Grid-C rutnw SUch as the times when the spray reaches a particul
the spray source model. In these results each dymbg*ial location and the time rates of increase and
represents a grid cell. This figure shows that thelecrease of TIM. The peaks of TIM are somewnhat over
additional cells in Grid-C simulation provide a goo Predicted by the simulation which is acceptablecein
comparison of the projected density values with thdh€ experimental results are ensembled whereas the
experimental profile. The Grid-B LES simulation wit LES results are unsteady and contain higher
the spray source model gives a good predictiorhef t fluctuations. The simulation result from the coaiged,
centerline peak projected density value and thayspr Crid-A, reduce fluctuation effect in the TIM prafiand
width. For Grid-B, the first grid cell next to the Provide a better comparison for the peak value (see
centerline is beyond a significant portion of tiray ~ Figure 10(b)). However, the evolution profile ofvTis
half-width, and therefore a good estimate of thehOt significantly different between the two gridsn
centerline peak projected density value is considler Inclusion of the gas-jet model reduces the grid
significant achievement of the present LES. Notwt th dependencies and provides similar TIM evolution

Figure 8. Projected mass density contours fro
experiment (top) and simulation (bottom)tat 331 s.



between Grids A and B. The TIM evolution profilethvi between LES and experiments for global spray
the gas-jet model is very similar to that withdué fgas momentum evolution. The use of the gas-jet model
jet model, except a reduction in the peak TIM valueresults in a slightly higher momentum. Also, as

with the gas jet model. mentioned previously, simulation results make no
distinction between the hydroground and non-

(@ hydroground nozzles results.

(a)

(b)

Figure 11. Trajectory of peak TIM location from the
LES run on Grid-B

(b)

Figure 10. Transverse integrated mass (TIM)
comparison between experiments and simulationapr (
Grid A and (b) Grid B

Figure 11 shows the LES predicted time etmtu
(or, trajectory) profiles of the peak TIM locatidrom  Figure 12. Evolution of global axial momentum.
simulations with and without the gas-jet model. The
slope of this trajectory can be interpreted asitherse Figure 13 compares axial profiles of massraged
spray penetration speed. These figures show tleat thaxial velocity between LES and experiment. LES
results with and without the gas-jet model are veryresults without the gas-jet model are shown in Fégu
similar, with a higher spray penetration speed wihen  13(a), and with the gas-jet model are shown in f&gu
gas jet model is used. 13(b). The experimental results are shown for
Figure 12 shows evolution of the global gmazial t =438 s. In order to make a reasonable comparison
momentum. The LES results with and without the gagetween the instantaneous LES results and the
jet model are shown. There is a very good comparisoensemble experimental results, a time evolutiothisf



profile is shown for simulations between spray velocity is obtained after applying further
380 s<t<480 s anintervals of 20 s.

Figure 13. Mass averaged axial velocity profilenfro
experiments (symbols) and LES (lines). LES resailés
shown betweer880 s<t <480 s at an interval of 20

S.

Figure 13 shows that &38 s the simulation

predictions show the spray is still evolving. Ateda
times, at its quasi steady state, the spray védsditom
the simulations are higher than those from experime
The LES results with the gas jet model are flatighe

calculations on the measured data. These calcuogatio
involved application of a control volume approaah o
flow continuity and numerical integration over cerv
fits. Hence the comparison of spray velocity betwee
LES and experiments is reasonably good considering
experimental uncertainties and a relatively coarse
nature of the computational grid (see Figure 9)islt
expected that improvements in the primary break-up
would be a key factor in obtaining more accuratarne
nozzle results on the similar type of grids.

From Figures 10 to 13, it is concluded that
results obtained with the gas-jet model are not
significantly different from the results withoutettyas-
jet model. The gas-jet model has been found to be
useful in spray prediction on very coarse grids}.,e.
grid sizes greater than 1-2 mm [22] in the contaixt
RANS diesel spray simulations. A future study is
suggested to further explore the effect of the jghs-
model on coarse grid LES of diesel engines.

Figure 14. PDF of spray source term at severall axia
locations. Each PDF profile is based on the drsplet
within an axial width of 1cm centered at the indéch
location

Figure 14 shows PDF plots of the spray s®ur
term at various axial locations downstream of {heg
nozzle. This figure shows that the shapes of t&es
are similar to those observed in the particle lapgn
configuration but the magnitudes change signifigant
downstream. The droplet size distribution does not
change much axially in the particle laden jet, velasrit
changes significantly in sprays due to primary and
secondary break-up processes. The PDF plots shaiw th

near nozzle region and deviate more from th§, he near nozzle region the spray is a significan

experimental profile. Fro these results the LESultes
without the gas-jet model provid a better predittiti

is important to mention that the experimental axial

source of sub-grid kinetic energy, whereas at the
idownstream locations the distribution & oo is



symmetric on positive and negative sides with mucrRaferences

smaller magnitudes. This indicates the isotropitirea
of the sub-grid scale droplet ambient interactidn al
downstream locations.

Conclusions

This paper presented LES results for a g@arti
laden gas jet and non-evaporative diesel sprays. Th
simulations results were compared with experiments.
The primary focus of the study was to explore thes,
capability of LES in predicting two-phase interadati
with a focus on the modeling of the sub-grid scale
droplet effects on turbulent kinetic energy.

For stationary jet cases, the LES resultsewe
found to provide very good predictions of the meam,
and rms quantities in comparison with previous
experiments. The shifting distribution the LES spra
source term from negative to positive direction was
discussed.

Non-evaporative diesel spray results fronSLE 5,
were found to compare with experiments reasonably
well at near injector locations. At such locatiothe
spray is too thin (< 1-2 mm) to be adequatelys.
resolved with computational cells, and a very
important role is played by the spray models. Adjoo
experimental comparison for peak projected density
and transverse spray width (~1.5mm) was obtained
from LES on relatively coarse mesby=0.67mm). 7.
Without the LES spray source model, the comparison
was shown to become poorer. The LES comparisons
with experiments were also made for spatial times.
evolution profiles of transverse integrated mass,
mass averaged axial velocity and global axial
momentum. All results show a good agreement. It
was shown that a high speed diesel spray can create
significant energy at the sub-grid scale in thernea9.
nozzle region. This sub-grid kinetic energy is
important in the models of sub-grid shear stress an
droplet turbulent dispersion.

10.
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