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Evaluation of numerical strategies for LES of
two-phasereacting 
o ws

By E. Riber� ; y, M. Garc��a� , V. Moureau, H. Pitsch,
O. Simoniny A N D T. Poinsoty

Predicting particle dispersion in recirculating two-phase
o ws is a key issuefor react-
ing 
o ws. In this study, Euler/Euler and Euler/Lagrange LES formulations have been
comparedin the blu�-b ody con�guration from Bor�eeet al. (2001) where glassbeadsare
injected into a complex recirculating 
o w. These tests are performed for non-reacting,
non-evaporating sprays but are mandatory validations before computing realistic com-
bustion chambers. Two di�eren t solvers (one explicit and compressibleand the other
implicit and incompressible) have also been tested on the same con�guration. Results
show that the gas
o w is well predicted by both solvers. The dispersedphaseis also well
predicted but the Lagrangesolver predicts RMS valuesmore precisely. The importance
of inlet boundary conditions for the gas and the dispersed phase is revealed through
various tests.

1. Motiv ations and objectives
Today, RANS (Reynolds-averagedNavier-Stokes)equationsare routinely solved to de-

sign combustion chambers,for both gaseousand liquid fuels.Recently , in order to provide
better accuracyfor the prediction of mean 
o ws but also to give accessto unsteady phe-
nomenaoccurring in combustion devices(such as instabilities, 
ashback or quenching),
Large-Eddy Simulation (LES) has beenextendedto reacting 
o ws. The successof these
approaches for gaseous
ames in the last years (Caraeni et al. 2000; Chakravarthy &
Menon 2000; Colin et al. 2000; Forkel & Janicka 2000; Pitsch & Duchamp de la Gen-
este 2002; Mahesh et al. 2004; Selle et al. 2004; Sommereret al. 2004; Moureau et al.
2005;Roux et al. 2005;Poinsot & Veynante 2005) is a clear illustration of their poten-
tial. LES givesaccessto the large scalesstructures of the 
o w reducing the importance
of modeling, and naturally capturing a signi�cant part of the physics controlling these

ames. Even though LES has already demonstrated its potential for gaseous
ames, its
extension to two-phase
ames is still largely to be done. First, the physical submodels
required to describe the atomization of a liquid fuel jet, the dispersion of solid parti-
cles, their interaction with walls, evaporation and combustion are as di�cult to build in
LES as in RANS becausethey are essentially subgrid phenomena.Second,the numeri-
cal implementation of two-phase
o w LES remains a challenge.The equations for both
the gaseousand the dispersed phasesmust be solved together at each time step in a
strongly coupled manner. This di�ers from classicalRANS where the resolution of the
two phasescan be done in a weak procedure,bringing �rst the gas 
o w to convergence,
then the solid particles and �nally iterating until convergenceof both phases.Finally, in
the context of parallel super-computing, numerical e�ciency is an additional constraint.
For single-phase
o ws, e�cien t and accuratesolvershave beendeveloped and speedupsof
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Figure 1. Con�guration of Bor�ee (Bor �ee et al. 2001). The dimensions are : R j = 10 mm,
R1 = 75 mm, R2 = 150 mm. The total length of the experiment is 1:5 m.

the order of 5000 are not uncommon (www.cerfacs.fr/cfd/parallel.h tml). Maintaining a
similar parallel e�ciency for a two-phase
o w solver while representing the main physics
of the 
o w raisesadditional questions.

In LES of two-phase
o ws, physics and numerics interact strongly: the �rst question
is to choose a paradigm to describe the two-phase 
o w. Most RANS codes use Eu-
ler/Lagrange (EL) methods in which the 
o w is solved using an Eulerian method and
the particles are tracked using a Lagrangian approach. An alternativ e technique is to
use two-
uid models in which both the gas and the dispersed phasesare solved using
an Eulerian method (Euler/Euler or EE). The history of RANS development has shown
that both EE and EL are useful and either is found today in most commercialcodes.For
LES, both EE and EL formulations are being developed and the focus of this study is
to test them in a referencecasewhere complete sets of solutions for gas and dispersed
phaseare available. This exerciseis performed here without evaporation or combustion.

2. Con�guration and work objectives
In this study two solvers developed at CTR and CERFACS are used to investigate

somecritical issuesfor LES of two-phase
o ws on massively parallel computers:
� an implicit incompressiblesolver (CDP) using a EL formulation. For this study,

hexahedron-basedgrids are usedin CDP.
� an explicit compressiblesolver (AVBP) using both EL and EE formulations (Kauf-

mann et al. 2003). For the present study, AVBP is usedon tetrahedron-basedgrids.
These solvers are used to study a blu�-b ody con�guration (Bor�ee et al. 2001) where
a jet of air and solid particles are injected in a co
ow of air (Fig. 1). The jet velocity
on the axis is 4 m/s and the co
ow maximum velocity is 6 m/s. The experiment is
designedto provide large recirculation zonesbetweenthe central jet and the co
ow. The
dispersedphaseconsistsof solid particles (glassbeadswith diameter ranging from 20 to
100microns with a meanvalue of 60 microns) sothat evaporation, coalescenceand break
up do not have to be considered.The material density of the glassparticle is � p = 2470
kg.m� 3. The mass loading ratio of particles in the inner jet is 0.22 corresponding to
a solid volumetric fraction less than 10� 4. Thus collision e�ects will be assumedto be
negligible in the modelling approaches.
The issueswhich can be studied are still very relevant for LES of two-phase
o ws:

� Compare performancesand cost of EE and EL approaches.
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� Evaluate in
uence of meshtype (hexahedravs tetrahedra).
� Compare implicit and explicit formulations for time advancement.
� Study e�ects of boundary conditions for the dispersed phase: should the particle

velocities at the domain inlet be modulated to account for turbulence or not?

3. Description of solvers and models
Numerical methods used in both LES solvers for the gasphasehave beenextensively

described in the literature (Moureau et al. 2005; Selle et al. 2004; Schmitt et al. 2006;
Maheshet al. 2004;Ham & Iaccarino 2004) and will only be summarizedhere.
The LES solver CDP solves implicitly the incompressibleNavier-Stokes equations. The
time integration of CDP is basedon the fractional-step method (Kim & Moin 1985)and
the spaceintegration relies on a second-ordercentral schemewhich conservesthe kinetic
energy (Mahesh et al. 2004; Ham & Iaccarino 2004). The dynamic Smagorinsky model
(Germano et al. 1991) is usedto model the subgrid stresstensor.
The explicit LES solver AVBP solves the compressibleNavier-Stokes equations with a
third-order schemefor spatial di�erencing and a Runge-Kutta time advancement (Colin
& Rudgyard 2000; Moureau et al. 2005). For the present case,the Smagorinsky model
is usedto model SGStensors.Walls are treated using the law-of-the-wall formulation of
Schmitt et al. (2006).The boundary conditions are handledwith the NSCBC formulation
(Poinsot & Veynante 2005;Moureau et al. 2005).
The in
uence of the particles on the gasphaseis taken into account in the EL simulations
by using the point-force approximation in the general framework of the particle-in-cell
method (PIC) (Boivin et al. 1998; Vermorel et al. 2003), with standard single-phase
subgrid turbulence modelling approaches. According to Boivin et al. (2000), such an
assumption is valid for small mass loading ratio of particles (t ypically, � p� p=� g � 1)
with responsetime larger than the subgrid turbulence characteristic time scale.
The in
uence of the particles on the gas phaseis taken into account through the drag
force in the EE simulations. Modi�cation of the gas subgrid-scaleturbulence model by
the particles is neglected.
This section focuseson techniques usedfor the dispersedphase.

Euler/L agrangeapproach

The dispersedphaseconsistsof particles which are assumedto be rigid sphereswith
diameter comparableor smaller than the Kolmogorov length scale.If the particle density
is much larger than the 
uid density, the forcesacting on particles reduce to drag and
gravit y. With these assumptions, the particle equations of motion can then be written
for a single particle as:

dxp;i

dt
= up;i (3.1)

dup;i

dt
= �

3
4

� g

� p

CD

dp
jv r j vr ;i + gi = �

up;i � ~ug;i

� p
+ gi : (3.2)

The local drag coe�cien t in Eq. (3.2) is CD and may be expressedin terms of the particle
Reynolds number Rep following Schiller & Nauman (1935):

CD =
24

Rep

�
1 + 0:15Re0:687

p

�
; Rep =

jv r j dp

� g
� 800 : (3.3)
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The local instantaneousrelative velocity betweenthe particle and the surrounding 
uid
is vr ;i = up;i � ~ug;i where gi is the gravit y vector and ~ug;i is the �ltered 
uid velocity
at the position of the particle assumingthat the 
o w �eld is locally undisturbed by the
presenceof this particle (Gatignol 1983;Maxey & Riley 1983)and that the subgrid 
uid
velocity seenby the particles is negligible (Fedeet al. 2006).The particle relaxation time
� p is de�ned as the Stokescharacteristic time:

� p =
4
3

� p

� g

dp

CD
jv r j (3.4)

where dp is the particle diameter, � p is the density of the particle, � g is the kinematic
viscosity of the 
uid at the particle location.

Euler/Euler approach

The treatment of the dispersed phase is based on an Eulerian approach: Eulerian
equationsfor the dispersedphasemay be derived by several means.A popular and simple
way consists in volume �ltering of the separate, local, instantaneous phase equations
accounting for the inter-facial jump conditions (Druzhinin & Elghobashi 1999). Such an
averaging approach is restrictiv e becauseparticle sizesand particle distanceshave to be
smaller than the smallest length scaleof the turbulence. Besides,they do not account for
the Random Uncorrelated Motion (F�evrier et al. 2005). In the present study, a statistical
approach analogousto kinetic theory (Chapman & Cowling 1939) is usedto construct a
probabilit y density function (pdf) �f p(cp; x ; t) which givesthe local instantaneousprobable
number of particles with the given translation velocity up = cp. The resulting model
(F�evrier et al. 2005; Moreau et al. 2005) leads to equations for the particle number
density �np and the correlated velocity ûp:

@
@t

�np +
@

@x j
�npûp;j = 0 (3.5)
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�np

c� R
�

p;ij �
@
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2
3

�np
b� � p (3.6)

where �np, ûp and b� � p are respectively the �ltered particle number density, correlated
velocity and Random Uncorrelated Energy (RUE). The two �rst terms of the rhs of
Eq. (3.6) are the drag force and gravit y e�ects on large scales,the third oneaccounts for
the SGSe�ects, the fourth one takes into account the RUE e�ects and the last one is a
dissipation term by RUE. Tp;ij stands for the particle subgrid stresstensor:

Tp;ij = �np( dup;i up;j � ûp;i ûp;j ) (3.7)

As in 
uid anisotherm turbulence, an additional equation on energy is needed. The
transport equation of �ltered RUE is:
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The �rst rhs term is the RUE destruction by drag force, the second one is a RUE-
dilatation term, the third one is a production term by �ltered Random Uncorrelated
Velocity (RUV) tensor, the next one is the di�usion by �ltered RUV third correlation
tensor. � � � p and Qp;j are respectively production and di�usion terms by subgrid scales:

� � � p =
�

�np� Rp;ij
@�up;i

@x j
� �np

d� Rp;ij
@̂up;i

@x j

�
and Qp;i = �np

�
dup;i � � p � ûp;i

b� � p

�
(3.9)

Closure of �lter ed RUV terms

Using an equilibrium assumption, Kaufmann (2004) model � R �
p;ij by a viscous term

and � Sp;iij by a di�usiv e term similar to Fick's law. For LES approach thesemodels are
adapted by replacing non �ltered quantities by �ltered ones leading to (Moreau et al.
2005):
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�
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+
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3
) and
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2
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@b� � p
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(3.10)

wherethe RUM viscosity, �̂ R U M , and the RUM di�usion coe�cien t, �̂ R U M , are given by:

�̂ R U M =
� p

3
b� � p and �̂ R U M =

10
27

� p
b� � p (3.11)

Subgrid terms modeling

By analogy to single phase
o ws (Moin et al. 1991;Vreman et al. 1995), Riber et al.
(2005) propose a viscosity model for the SGS tensor Tp;ij . The trace-free SGS tensor
is modeled using a viscosity assumption (compressibleSmagorinsky model), while the
subgrid energy is parametrized by a Yoshizawa model (Yoshizawa 1986):

Tp;ij = � CS2� 2
f �np jŜp j(Ŝp;ij �

� ij

3
Ŝp;k k ) + CI 2� 2

f �np jŜp j2� ij (3.12)

where Ŝp is the �ltered particle strain rate tensor, jŜp j2 = 2Sp;ij Sp;ij and � f the �lter
characteristic length. The model constants have been evaluated in a priori tests (Rib er
et al. 2006) leading to the valuesCS = 0:02, CI = 0:012.

The subgrid di�usion term in the �ltered RUE is modeled by an eddy-di�usivit y model:

Qp;j = �
�npCS2� 2

f jŜp j

PSGS
r ;p

@b� � p

@x j
(3.13)

with the particle turbulent Prandtl number P SGS
r ;p = 0:8. The subgrid production of

�ltered RUE term � � � p acts like a dissipation term in the subgrid energy equation.
Using an equilibrium assumptionon the particle correlated subgrid energyand neglecting
di�usion terms leadsto:

�
�np

� p
(
Tp;k k

�np
� qf p;S GS ) + � � � p � Tp;ij

@̂up;i

@x j
= 0 (3.14)

where the subgrid covariance is qf p;S GS = dup;k uf ;k � ûp;k ûf ;k . To �rst order, the drag
force term can be neglectedand � � � p can be modeled by: � � � p � Tp;ij @̂up;i =@x j with
the SGS tensor modeled by Eq. (3.12). This model ensuresthat the correlated energy
dissipated by subgrid e�ects is fully transfered into RUE.
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Figure 2. Grids used by AVBP (Tetrahedra, left) and CDP (Hexahedra, right).

Figure 3. Instantaneous �eld of velocity modulus (AVBP). Maxim um value (black): 6 m/s.
Minim um value: 0.

CDP AVBP

Grid type Hexahedra Tetrahedra

Number of cells / nodes 3207960/ 3437576 2058883/ 367313

Time step (microseconds) / CFL 147 / 50 3; 2 / 0:7

Averaging time (s) / Iterations 2; 65 / 18000 1; 03 / 320000

LES model / Wall model Dynamic Smagorinsky/None Smagorinsky/La w-of-the-wall

Table 1. Summary of parameters and models used for the 'no-particles' computation.

4. Comparison of gas
o w without particles
Before discussingresults for the dispersedphase,the accuracy of the LES solvers for

the gas phase is evaluated by computing the 
o w without particles and comparing it
to the samedata provided in Bor�eeet al. (2001). The two codes(AVBP and CDP) are
usedon two di�eren t grids (Fig. 2) (seesummary in Table 1). A typical snapshotof the
velocity �eld (modulus) in the central plane is displayed in Fig. 3 for an AVBP result
(CDP �elds are very similar). The complex structure of the recirculating 
o w is obvious:
on the axis, the 
o w is recirculating down to z = 200 mm. On the sidesof the channel,
the 
o w also seemsto separatefrom z = 50 mm to z = 400 mm.

Figures 4 to 7 present the results of the two LES codes along with the experimental
measurements. The two LES solvers capture most of the 
o w physics: the axial mean
and RMS velocities (Fig. 4 and 5) agreewith the LDV measurements. The length of
the recirculation zone (evidencedby the negative values of axial velocities on the axis)
is well predicted. In the co
ow, the RMS values predicted by LES are too low because
no turbulence is injected at the inlet of the domain for thesecomputations.
The meanradial velocity levels (Fig. 6) remain small (lessthan 1 m/s) and the two LES

codes capture the radial velocity �elds correctly except at the corner of the co
ow and
the step (�rst station at z = 3 mm) where the RMS velocities are underpredicted by
CDP (Fig. 7). The stagnation point (around z = 170 mm) is a delicate zonewhere both
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Figure 4. Radial pro�les of mean axial gas velocities at 7 stations along z axis. Symbols:
experiment; solid line: AVBP; dot-dashed line: CDP.
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Figure 5. Radial pro�les of RMS axial gas velocities at 7 stations along z axis. Symbols:
experiment; solid line: AVBP; dot-dashed line: CDP.

codeshave di�culties. The sourceof this problem is the exact position of the stagnation
point: any small mismatch in this position leads to large changesin pro�les measured
around this point. Upstream and downstream of this point, the agreement is very good.
The overall result is that both codesprovide similar results even though they usetotally
di�eren t grids and methods. This indicates that grid independencefor the gasis achieved
for this test caseand that tests for the dispersedphasecan be performed with reasonable
con�dence.

5. Results for two-phase
o w cases
This sectionpresents results for the 22 percent massloading of the central jet, obtained

with three di�eren t computations summarized in Table 2. The grids and the time steps
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Figure 6. Radial pro�les of mean radial gas velocities at 7 stations along z axis. Symbols:
experiment; solid line: AVBP; dot-dashed line: CDP.
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Figure 7. Radial pro�les of RMS radial gas velocities at 7 stations along z axis. Symbols:
experiment; solid line: AVBP; dot-dashed line: CDP.

usedin AVBP and CDP are the sameas in Table 1y. In all computations presented here,
the injected particles have a sizeof 60 microns. Separatedstudieswhich are not reported
here,using the Lagrangian solver and multidisp erseparticles or 60 microns particles only
haveshown that usinga monodispersedistribution of sizewasvery closeto the 22percent
caseof Bor�ee et al. (2001) and was su�cien t to capture both the mean 
o w e�ects on
the gas(through two-way coupling) and the dynamics of the 60 microns class.
An essential part of theseLES is the intro duction of the particles in terms of position and
velocity (Fig. 8). The injection planesare not the samefor all codes.The methodologies
used to inject the particles are also di�eren t to evaluate their impact on results. In
AVBP-EE, both the massloading and the mean velocity imposedin the injection plane

y For these runs, the RUM model is not used and the b� � p term in Eq. (3.6) is set to zero.
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Figure 8. Injection position for particles.

CDP Euler/Lagrange AVBP Euler/Lagrange AVBP Euler/Euler

Averaging time (s) 4 0:43 0:64

Particle mean speed Exp. pro�le Exp. pro�le Exp. pro�le

Turbulent 
uctuations White noise (10 %) White noise (12 %) Zero

Particle distribution Homogeneous Homogeneous Exp. pro�le

Table 2. Summary of parameters and models used for the particle injection (22 percent mass
loading computation). The particles are injected in the central tub e.

(z = � 200 mm) are the ones measured experimentally at z = 3 mm. No turbulent

uctuations are intro duced. In AVBP-EL and in CDP, the massloading is homogeneous
over the injection section and the injection speed pro�le is also the experimental one
measuredat z = 3 mm. In AVBP-EL and in CDP, a white noise(amplitude of the order
of 10 percent of the mean velocity) is added to the particle mean velocity pro�les to
match experimental measurements at z = 3 mm.
The velocity �elds for the gas phasechange when the particles are injected but these

e�ects are limited and are not discussedhere. Figures 9 to 12 show velocity �elds for
particles obtained with the three codes along with the measurements of Bor�ee. The
agreement betweenthe experiments and the three LES setsof data is good. An interesting
result is that AVBP-EL (dashedline) and AVBP-EE (solid line) provide extremely similar
resultsshowing that the EE approach is able to computesuch a 
o w and to provide results
which are equivalent in precision to an EL computation.
The best results are obtained with CDP and injection of turbulence on the gasphase.A

convenient way to look at the results is to considerthe central z axis of the con�guration:
a critical zone is located around z = 160 mm where the stagnation point for the gas is.
This is also a zonewhere particles accumulate and must stop before turning around to
escape from the recirculating 
o ws by the sides.Figure 13 shows �elds of gasvelocity and
of local volume fraction of solid particles for AVBP-EE on the left and CDP on the right
side. Both solvers capture the zone where the solid particles accumulate. Local droplet
accumulation is also observed upstream of the stagnation point within the central jet.
However, the EE computation presented in Fig. 13 shows a droplet 
o w which stops
slightly before the EL computation.
This can be quanti�ed by plotting mean velocities along the axis for the gas (Fig. 14)

and for the solid particles (Fig. 15). On this axis, the results provided by CDP are
excellent while the two AVBP results match but are slightly o� the experimental results.
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Figure 9. Radial pro�les of mean axial particle velocities at 7 stations along z axis. Symbols:
experiment; solid line: AVBP-EE; dashed line: AVBP-EL; dot-dashed line: CDP.
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Figure 10. Radial pro�les of RMS axial particle velocities at 7 stations along z axis. Symbols:
experiment; solid line: AVBP-EE; dashed line: AVBP-EL; dot-dashed line: CDP.

The causeof this discrepancywas investigated through various tests during the project
and was identi�ed as the absenceof turbulence injected on the gasphasein the central
duct in AVBP: a direct veri�cation of this e�ect is that in the two AVBP computations
(solid and dashedlines), the gas and the particle velocities in the central duct increase
between z = � 200 and z = 0 mm, indicating that the 
o w is relaminarizing. This also
demonstrates the importance of injecting not only the proper mean pro�le for the gas
velocity but also 
uctuations with a reasonablywell-de�ned turbulent spectrum as done
in CDP. Additional tests also reveal that the injection of white noise on the particle
velocities has a very limited e�ect on the results.

Figures 16 and 17 display axial pro�les of RMS velocities for the gasand the particles.
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Figure 11. Radial pro�les of mean radial particle velocities at 7 stations along z axis.
Symbols: experiment; solid line: AVBP-EE; dashed line: AVBP-EL; dot-dashed line: CDP.
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Figure 12. Radial pro�les of RMS radial particle velocities at 7 stations along z axis.
Symbols: experiment; solid line: AVBP-EE; dashed line: AVBP-EL; dot-dashed line: CDP.

Figure 13. Instantaneous volume fraction in the central plane. Maxim um value (black): 0.0002.
Minim um value (white): 0. Right: values obtained from averaging the Lagrangian simulation in
CDP. Left: output from AVBP-EE.



208 E. Riber et al.

5

4

3

2

1

0

-1

-2

0.40.30.20.10.0-0.1-0.2

PSfrag replacements

Distance z (m)

M
ea

n
ve

lo
ci

ty
(m

/s
)

Figure 14. Axial pro�les of mean gas velocities. Symbols: experiment; solid line: AVBP-EE;
dashed line: AVBP-EL; dot-dashed line: CDP.
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Figure 15. Axial pro�les of mean particle velocities. Symbols: experiment; solid line:
AVBP-EE; dashed line: AVBP-EL; dot-dashed line: CDP.
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Figure 16. Axial pro�les of RMS gas axial velocities. Symbols: experiment; solid line:
AVBP-EE; dashed line: AVBP-EL; dot-dashed line: CDP.
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Figure 17. Axial pro�les of RMS particle axial velocities. Symbols: experiment; solid line:
AVBP-EE; dashed line: AVBP-EL; dot-dashed line: CDP.
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These plots con�rm that the position where the maximum levels of gas and particle
turbulence are found on the axis is shifted towards the jet inlet and is too intense for
both AVBP computations.

6. Performancesand conclusions
For the present test case(mass loading of 22 percent), the total number of particles

present in the domain for the Lagrangecodesis of the order of 600000.For such a small
number of particles, the computing power required by the Lagrangian solvers compared
to the power required for the gas
o w remains low: the addedcost due to the particles is
small and no load balancing problem is observed. The EE formulation addedcost (of the
order of 80 percent) is independent of the massloading so that, for the present problem,
the EL formulations proved to be faster.
In terms of results quality, the EL and the EE results with AVBP are very closeshowing
that both formulations lead to equivalent results in this situation. An important factor
controlling the quality of the results is the intro duction of turbulence on the gas
o w in
the injection duct: without these turbulent 
uctuations, the results are not as good on
the axis in terms of positions of the recirculation zones.

Acknowledgment
The help of J. Bor�ee in providing the experimental data and analyzing the results is

gratefully acknowledged.

R E F E R E N CE S

Boivin, M., Simonin, O. & Squires, K. 2000On the prediction of gas-solid
o ws with
two-way coupling using large eddy simulation. Phys. Fluids 12 (8).

Boivin, M., Simonin, O. & Squires, K. 1998 Direct numerical simulation of turbu-
lencemodulation by particles in isotropic turbulence. J. Fluid. Mech. 375, 235-263.

Bor �ee, J., Ishima, T. & Flour, I. 2001The e�ect of massloading and inter-particle
collisions on the development of the polydispersedtwo-phase
o w downstream of a
con�ned blu� body. J. Fluid Mech. 443, 129-165.

Caraeni, D., Ber gstr om, C. & Fuchs, L. 2000 Modeling of liquid fuel injection,
evaporation and mixing in a gas turbine burner using large eddy simulation. Flow
Turb. and Combustion 65, 223-244.

Chakra var thy, V. & Menon, S. 2000Subgrid modeling of turbulent premixed 
ames
in the 
amelet regime. Flow Turb. and Combustion 65, 133-161.

Chapman, S. & Cowling, T. 1939(digital reprint 1999) The Mathematical Theory of
Non-Uniform Gases. Cambridge Mathematical Library Edn. Cambridge University
Press.

Colin, O., Ducr os, F., Veynante, D. & Poinsot, T. 2000A thickened
ame model
for large eddy simulations of turbulent premixed combustion. Phys. Fluids 12 (7),
1843-1863.

Colin, O. & Rudgy ard, M. 2000Development of high-order Taylor-Galerkin schemes
for unsteady calculations. J. Comp. Phys. 162 (2), 338-371.

Dr uzhinin, O.A. & Elghobashi, S. 1999 On the decay rate of isotropic turbulence
laden with microparticles. Phys. Fluids 11 (3), 602-610.



210 E. Riber et al.

Fede, P., Villedieu, P., Simonin, O. & Squires, K. 2006Stochastic modeling of the
subgrid 
uid velocity 
uctuations seenby inertial particles. In Proc of the Summer
Program. Center for Turbulence Research, NASA Ames/Stanford Univ.

F�evrier, P., Simonin, O. & Squires, K. 2005 Partitioning of particle velocities in
gas-solidturbulent 
o ws into a continuous �eld and a spatially uncorrelated random
distribution: Theoretical formalism and numerical study. J. Fluid Mech. 533, 1-46.

Forkel, H. & Janicka, J. 2000Large-eddysimulation of a turbulent hydrogendi�usion

ame. Flow Turb. and Combustion 65 (2), 163-175.

Gatignol, R. 1983The Fax�en formulae for a rigid particle in an unsteady non-uniform
Stokes
o w. Journal de m�ecanique th�eorique et appliqu�ee, 1 (2), 143-160.

Germano, M., Piomelli, U., Moin, P. & Cabot, W. 1991A dynamic subgrid-scale
eddy viscosity model. Phys. Fluids 3 (7), 1760-1765.

Ham, F. & Ia ccarino, G. 2004 Energy conservation in collocated discretization
schemeson unstructured meshes.In Annual Research Briefs , pp. 3-14. Center for
Turbulence Research, NASA Ames/Stanford Univ.

Ka ufmann, A. 2004Vers la simulation desgrandes�echellesen formulation Euler/Euler
des�ecoulements r�eactifs diphasiques.PhD thesis.

Ka ufmann, A., Simonin, O., Cuenot, B., Poinsot, T. & Helie, J. 2003Dynamics
and dispersion in 3D unsteady simulations of two phase
o ws. In Supercomputing in
Nuclear Applications. Paris: CEA.

Kim, J. & Moin, P. 1985 Application of a fractional-step method to incompressible
Navier-Stokesequations. J. Comp. Phys. 59 (2), 308-323.

Mahesh, K., Const antinescu, G. & Moin, P. 2004A numerical method for large-
eddy simulation in complex geometries.J. Comp. Phys. 197 (1), 215-240.

Maxey, M. & Riley, J. 1983Equation of motion for a small rigid spherein a nonuni-
form 
o w. Phys. Fluids 26 (4).

Moin, P., Squires, K., Cabot, W. & Lee, S. 1991A dynamic subgrid-scalemodel
for compressibleturbulence and scalar transport. Phys. Fluids A 3 (11), 2746-2757.

Morea u, M., B�edat, B. & Simonin, O. 2005A priori testing of subgrid stressmodels
for euler-euler two-phaseLES from euler-lagrangesimulations of gas-particle tur-
bulent 
o w. In 18th Ann. Conf. on Liquid Atomization and Spray Systems. ILASS
Americas.

Mourea u, V., Lar tigue, G., Sommerer, Y., Angelber ger, C., Colin, O. &
Poinsot, T. 2005High-order methods for dns and lesof compressiblemulticompo-
nent reacting 
o ws on �xed and moving grids. J. Comp. Phys. 202 (2), 710-736.

Pitsch, M. & Duchamp de la Geneste, L. 2002Large eddy simulation of premixed
turbulent combustion using a level-set approach. Proc. of the Comb. Institute 29,
2001-2005.

Poinsot, T. & Veynante, D. 2005 Theoretical and numerical combustion R.T. Ed-
wards, 2nd edition.

Riber, E., Morea u, M., Simonin, O. & Cuenot, B. 2005Towards large eddy sim-
ulations of non-homogeneousparticle laden turbulent gas 
o ws using euler-euler
approach. In 11th Workshop on Two-PhaseFlow Predictions. Merseburg,Germany.

Riber, E., Morea u, M., Simonin, O. & Cuenot, B. 2006 Development of Euler-
Euler LES Approach for Gas-Particle Turbulent Jet Flow. In Proc. Symposium
Fluid-Particle Interactions in Turbulence. 2006ASME Joint U.S. European Fluids
Engineering Summer Meeting. Miami, FEDSM2006-98110.



LES of two-phase
ow 211

Roux, S., Lar tigue, G., Poinsot, T., Meier, U. & B�era t, C. 2005Studiesof mean
and unsteady 
o w in a swirled combustor using experiments, acousticsanalysisand
large eddy simulations. Combust. Flame 141, 40-54.

Schiller, L. & Nauman, A. 1935 A drag coe�cien t correlation. V.D.I. Zeitung 77,
318-320.

Schmitt, P., Poinsot, T., Schuermans, B. & Geigle, K. 2006Large-eddysimula-
tion and experimental study of heat transfer, nitric oxide emissionsand combustion
instabilit y in a swirled turbulent high pressureburner. J. Fluid Mech. in prin t .

Selle, L., Lar tigue, G., Poinsot, T., K och, R., Schildma cher, K.-U., Krebs,
W., Prade, B., Ka ufmann, P. & Veynante, D. 2004Compressiblelarge-eddy
simulation of turbulent combustion in complex geometry on unstructured meshes.
Combust. Flame 137 (4), 489-505.

Sommerer, Y., Galley, D., Poinsot, T., Ducr uix, S., La cas, F. & Veynante,
D. 2004 Large eddy simulations and experimental study of 
ashback and blow-o�
in a lean partially premixed swirled burner. J. Turb. 5.

Vermorel, O., B�edat, B., Simonin, O. & Poinsot, T. 2003Numerical study and
modelling of turbulence modulation in a particle laden slab 
o w. J. Turb. 4, 025.

Vreman, B., Geur ts, B. & Kuer ten, H. 1995Subgrid modeling in lesof compressible

o w. Appl. Sci. Res. 54, 191-203.

Yoshiza wa, A. 1986Statistical theory for compressibleturbulent shear 
o ws, with the
application to subgrid modeling. Phys. Fluids. 29 (7), 2152-2164.


