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Abstract  This paperdescribesa studyof EulerLagrangetwo-phaseo w solwer for Large-
Eddy Simulations(LES). In modernLES for reactingtwo-phase o ws, the cou-
pling betweerthe dispersedindthe gaseougphases not only a physical problem
whereall submodeldor drop evaporation,comhustion, wall interactionmustbe
speci ed. It is alsoa numericalproblemthat, especiallyfor strongcoupling be-
tweenthe two phasesiustbe performedat eachiterationof anunsteadycompu-
tationandrun ef ciently on massiely parallelmachines.Theseissuesareinves-
tigatedhereby implementinga dropletsolver into a LES compressibleodeand
assessingheresultsin termsof physicsbut alsoof numericalef ciency. Thetests
are performedfor dispersedparticlesin homogeneousurbulence: resultsshav
thatthe codescalesvery well whenthe particlesare homogeneouslylistributed
but leadsto large numericallossesf particlesarelocatedin onepartonly of the
computationalomain(asit is oftenthe casefor reacting o ws). Resultsdemon-
stratethe needfor dynamicloadbalancingn suchcases.

Keywords Parallelcomputingunstructuredrids,two-phaseo ws, Lagrangiarmethod solid
particles.

INTRODUCTION

Today the RANS (Reynolds AveragedNavier Stokes) equationsarerou-
tinely solvedto designcomhustionchambersfor both gaseousandliquid fu-
els. Recently in orderto provide betteraccurag for the predictionof mean

0 ws but alsoto give accesgo unsteadyphenomenaccurringin comhustion
devices(suchasinstabilities, ashbackor quenching)lLarge-EddySimulation
(LES) hasbeenextendedto reacting o ws. The succes®f theseapproaches
for gaseousames in thelastyears[1, 2, 3,4, 5,6, 7, 8,9, 10,11] is aclear
illustration of their potential.LES givesaccesgo the large scalestructureof
the o w, which reducegheimportanceof modellingandnaturallycapturesa
signi cant partof the physicscontrollingthese ames.

EventhoughLES hasalreadydemonstrateis potentiaffor gaseousames,
its extensionto two-phaseames is still largely to be done. Therearemary
reasonsvhich slow down theapplicationof LES to two-phaseeacting o ws:



the physical submodelsequiredto describehe atomizationof aliquid
fuel jet, thedispersiorof droplets their interactionwith walls, evapora-
tion andcomtustionareasdif cult to build in LES asin RANS because
they areessentiallysubgridscalephenomendor which eventhe basic
mechanismsareoftennotwell understood.

the numericalimplementatiorof two-phaseo w LES remainsa chal-
lenge.Theequationgor boththegaseousndthedisperseghasesnust
be solvedtogetherat eachtime stepin a stronglycoupledmanner This
differsfrom classicaRANS wheretheresolutionof thetwo phasesan
bedonein aweakprocedurebringing rst thegas o w to corvergence,
thenthedropletsand nally iteratinguntil corvergenceof bothphases.

This papermainly focuseson the secondssue:the ef ciency of the cou-
pledsolversfor thetwo phasesespeciallyin thecontext of parallelcomputers.
Recenttestsperformedat CERFACS shawv thata modernLES codecanrun
gaseougeacting o ws with speedup®f the order of 4900 on 5000 proces-
sors(seewww.cerfacs.fr/cfd/,Eventssection). Maintaininga similar parallel
ef ciency for atwo-phaseo w solver raisesquestionsvhich have never been
addressedbefore. The rst questionis related,for sucharchitecturesto the
paradigmusedto describethe two-phaseo w: mostRANS codesuseEuler
LagranggEL) methodsn whichthe o w is solvedusingan Eulerianmethod
andtheparticlesaretrackedusinga LagrangiarapproachAn alternatve tech-
niqueis to usetwo- uid modelsin whichboththegasandthedisperseghases
aresolvedusinganEulerianmethod(EulerEuleror EE). Thedravbacksand
adwantage®f eachmethodarediscussedbelow:

The EL approachs moreintuitive becauset highlightstrajectoriesof

particles(or droplets)which appealto the CFD user However, these
particlesareoftennotreal particlesbut parcelswhich cancontainthou-

sandof dropletsbecaus@resentomputersannot handlethe millions

of dropletswhich are createdoy standarduel injectorsevery second.
Thereforemodelsarerequiredfor theseparcelsvhichsometimesnalkes
modellingmoredif cult [12].

The EE approachrequiresan initial basic modelling effort which is
larger thanfor the EL method[13]. Whena two- uid modelis used,
theEE modelfacedif culties in handlingdropletcloudswith extended
sizedistributionsbecausé basicallyassumethatall dropletsin agiven
cell move atthe samespeed.



In very densezoneswherethe topology of the o w might differ from
a cloud of droplets,the EE approachis often preferred. For RANS
computationsEE techniquesrecommonlyusedfor uidized beds[14,
15] or for chemicalreactorq416, 17,18].

In termsof computelimplementationthe EL approachs notwell-suited
to parallelcomputers:sincetwo differentsolversmustbe coupled,the
complity of theimplementatioronaparallelcomputeiincreasesiras-
tically comparedo a single-phaseode. Two methodsmay be usedfor
LES: (1) task parallelizationin which certainprocessorgomputethe
gas ow and otherscomputethe droplets o w and (2) domain parti-
tioning in which dropletsare computedtogetherwith the gas ow on
geometricasubdomainsnappedon parallelprocessorsDropletsmust
then be exchangedbetweenprocessorsvhen leaving a subdomainto
enteranadjacentdomain.For LES, it is easyto shav thatonly domain
partitioningis ef cient onlargegridsbecausé¢askparallelizationvould
requirethe communicatiorof very large three-dimensionadatasetsat
eachiterationbetweerall processorsHowever, codeshasedn domain
partitioningaredif cult to optimizeon massvely parallelarchitectures
whendropletsareclusteredn onepartof thedomain(typically, nearthe
fuel injectors). Moreover, the distribution of dropletsmay changedur-
ing thecomputationfor agasturbinereignitionsequencdpor example,
thechambeiis lled with dropletswhentheignition beginsthusensur
ing analmostuniformdropletdistribution; thesedropletsthenevaporate
rapidly duringthe computation)Jeaving dropletsonly in the nearinjec-
tor regions. This leadsto a poor speedun a parallelmachineif the
domainis decomposeih the sameway for the entirecomputation.As
aresult,dynamicloadbalancingstrat@iesarerequiredto redecompose
the domainduring the computationtself to presere a high parallelef-
ciency [19].

Ontheotherhand,EE techniquesrenaturallyparallelbecaus¢he o w
andthedropletsaresolved usingthe samesolver [20].

Thehistoryof RANS developmenhasshavn thatbothEE andEL areuse-
ful andeitheris foundtodayin mostcommercialcodes.Moreover, coupling
stratgiesbetweerEE andEL methodswithin thesameapplicationareconsid-
eredfor certaincases.In the presenwork, we focuson the EL techniquefor
LES andinvesticatethe key issueof parallelef ciency. This questionhasal-
readybeenidenti ed by othergroupsasacritical issueto run LES for reacting
two-phaseo ws on massvely parallelcomputerg19].



In the presenfpaper a Lagrangiarsolveris rst coupledwith acompress-
ible LES codefor reacting o ws on hybrid grids (the AVBP codeof CER-
FACS: seewww.cerfacs.fr/cfd/abp.html). Parallelizationis performedusing
domainpartitioning. The partitioningalgorithmis the sameasthe oneused
for gaseouso ws and doesnot take into accountthe additionalcomputing
costinducedby the droplets. Theimplementatioris rst veri ed by comput-
ing the dispersionof non evaporatingdropletsdistributed homogeneouslyn
homogeneoutirbulencewhichis aclassicatestcasd20, 21,22]. For thisho-
mogeneousasetheparallelef ciency is tested.More realisticcasesarethen
testedwherethe dropletsare distributed non-uniformly in the domain: this
situationis morerepresentatie of real comhustionchambersvheredroplets
will bepresenmainly nearthefuel injector. For thistypeof loading,adequate
speedupsre moredif cult to obtain, which con rms the needfor dynamic
loadbalancing.

NUMERICAL AND PHYSICAL MODELLING

This sectiondescribedrie y the governingequationsusedin the AVBP
solverfor thegaseousnddisperseghasegor thetwo-phaseo w EulerEuler
[23] andEulerLagrangianmodelfor dilute o ws with one-way couplingbe-
tweenthe two phases.The particle-trackingschemeandthe interpolational-
gorithmarealsoincludedat the endof the section.

Two-phase o w EE model

Gaseougphase

The continuity momentumandenegy equationdor thegaseouphaseare:
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computedromthemasdractionsr = R=W with W theair moleculamweight.

TheNewtonianviscoustensors de ned as: |
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andthe heatdiffusionis calculatedrom theclassicalFourierlaw:

Ogij = g%jg : %)

Dispersedphase

The continuity, momentumand enepgy equationdor the dispersedhase
are:
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where , = n d®=6 with n the numberof particlesby unit volume, |
is the particlesrelaxationtime (to be de ned in the following section)and

oB = 5 pEqgs =3 whereEqgg q§ is the quasi-Bravnian enegy which
accountsfor the uncorrelatedparticlesvelocity as describedin [13]. The
quasi-Bravnianpressurandstresstensompoe and ggjj arede nedby anal-
ogy with thekinetic theoryof gases.pgg is calculatedhroughanequialent
equationof state:
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and gg;j hasade nition similarto thegaseouwiscoustensor:
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where g = pEqgs =3 isthequasi-Bravnianviscosityandl ; is the stan-
darddragforce (se€g[23] for details).



Two-phase o w EL model

Gaseougphase

The compressibldNavier-Stokesequationsaresolvedin their conserative
form for the gaseougphase The continuity momentumandenegy equations
arethe sameasfor the gaseouphaseof the EE model(seeEqgs.1, 2 and3).

Dispersedphase

The dispersedhaseconsistsof particleswhich are assumedo be rigid
spheres.If the densityof particlesis muchlargerthanthe uid density the
forcesacting on particlesreduceto dragand gravity [21] (thoughthe latter
is not consideredn this study). Particle sizeis assumedmall comparedo
the smallestturbulencelength scale,the Kolmogoros scale,while collisions
amongparticlesareneglected. The analysispresentedn this work is limited
to one-way couplingfrom gas-to-particlgphasesvith theassumptiorof small
particleloadings. The particle equationsof motion canthenbe written for a
singleparticleas:

% = Up; (11)
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wheretty; is the uid velocity atthe positionof the particleassuminghatthe
ow eld is locally undisturbedy the presencef this particle[24, 25]. Due
to the very small droplet Reynolds numbermeasuredn the simulation,the
particlerelaxationtime , is de ned asthecharacteristi¢ime for Stokesdrag:

p= —— (13)

Locating particles in elementsof arbitrary shape

In orderto interpolatethe discretedow elds from the grid point onto
the particle position (insidea cell) it is necessaryo know the cell the parti-
cle is locatedin aswell asthe particle exact location within the cell. This
is straightforvard for regular, uniform Cartesiargrids wherethe physical co-
ordinatescanbe transformednto a uniform computationakpace.However,



thisis nolongervalid for unstructuredyrids. In orderto decideif the particle
is locatedinside the elementor not, the scalarproductis taken betweenthe
vectorstartingfrom the vertex of the elementto the particle positionandthe
inward normalvectorof the correspondingedge. Then,the particleis inside
theelementf all the scalarproductsof eachedgearepositive. If ary of them
is negative, the particlefalls outsidethe elementin thatdirection.

Search algorithm for particles on unstructur ed grids

During eachtime stepof the simulation,the particleschangeheir position.
But beforethey cancontritute informationto the grid or sample eld infor-
mationfrom it, their new hostelement(or cell) mustbeidenti ed. Therefore,
they mustbe tracedto the grid andthe ideais to exploit asan initial, most
likely, guesghathostelementbeforethe particlewasmoved. Undertherea-
sonableconditionthat a particle canonly travel to a neighboringcell during
onesingletime step,it is sufcient to limit the searchto the cell the particle
was locatedin at the end of the previous timestepandto its adjacentcells.
More precisely the closestpoint of the meshto the particlelocationis evalu-
atedandonly the elementssurroundingto that point are considered.In case
of searcHailure,the elementsurroundingall the closepointsareconsidered.
Suchanapproachs usuallyreferredto asmodi ed brute-forcealgorithm[26]
andhasbeenretainedfor this study

Inter polation of gaseous-phasproperties

For this particularcase hexahedralelementsare used,so that, o w vari-
ablessuchasthevelocity vectoror the uid viscosity areevaluatedat particle
positionviatrilinear Lagrangenterpolationfrom thevaluesatthecell vertices.

The AVBP solver

The AVBP solwer is a nite volume codebasedon a cell-vertex formu-
lation. It solvesthe laminarandturbulentcompressibldNavier-Stokesequa-
tions in two and three spacedimensionsfor hybrid and unstructuredgrids.
Steadystateor unsteadyo ws may be simulated andthe variationsof molec-
ular weightsand heatcapacitieswith temperatureand mixture composition
are accountedor. In this work, a Lax-Wendrof schemewas usedfor the
numericaldiscretizatiorin spaceandtime.



APPLICATION TO HOMOGENEOUS ISOTROPIC TURBU-
LENCE WITH PARTICLES

Thebulk of the simulationsfor this studywasperformedon a 643 uniform
grid, the length of the computationadomainis 2 10 3 m in the threedi-
rectionsandhasa cell sizeof x = 9:8171910 ® m. Parallel simulations
wereperformedona CompadAlphaSener SCwith 2, 4, 8, and12 processors
and2.48million particlestrajectoriesverecomputecdat eachtime stepcorre-
spondingapprox.to 10 particlespercell. This numberis aminimumvalueif
propersampling(speciallyfor comhustion)mustbeachievedin eachcell.

Initialization of the gaseougphase

The gaseougphaseis initialized with a divergencefree velocity obeying a
Passot-Pouquedpectruni27] for thekinetic enegy:

k 4 >
E()=C - e 2k=ke)* (14)
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Herek is the wave lengthandke correspondso the mostenepgetic wave
length. ThegaseoudNavier-Stokesequationsrerunuptote = 1:2494210 °s
which correspondso half aneddyturnovertime. This is necessaryo ensure
that the generatechomogeneoussotropicturbulence(HIT) ow is indeeda
solutionof the Navier-Stokesequationdeforeinsertingthe disperseghase.

Tablel. Flow eld parameterattimeto.

N x= [ u%g[m=g] [ of [m?=s] | "g [m*=S7] " [s]
64| 1.04 27534 113721 4:64107 2:4510 °

Table 1 summarizeshe main characteristicef the gaseouseld obtained
attime to. In this table, is the Kolmogoro scale,u? is the uctuating
turbulentvelocity, andqg2 and" 4 arethegaseousineticenegy anddissipation

ratede ned as:
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21 0 0. . w _ g @gi @yg;
= Chluli ; rg= 2 Su =
BT pMeMel e T e e

2
respectiely, and 4 isthekinematicviscosityde nedby = 2:0210 3m?=s2.
The last two parametersre usedto form the Euleriantime macro-scaleor
turnovertime, " = ¢f="y. Averagesof turbulencequantitiesobtainedover
thecomputationatlomainaredenoted i.

(15)
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Figure 1. Snapsho{top) and 2D slice (bottom) of the initial particle distribution for the
homogeneoufeft) andnon-homogeneousight) cases.

Initialization of the dispersedphase

Thedynamicsof the particlesin HIT depend®nthe Stokesnumbemwhich
is theratio betweerthe particlerelaxationtime anda characteristi¢cime scale
of turbulence. In the presentstudywe de ne a Stokesnumberbasedon the
turnovertime, St- = . For all simulationgheparticlesdiameteydp,, wasset
to 17:310 ® m whichgives , = 1:57710 ° s andSt- = 0:64. This small
valuefor St- indicatesthatthe particlesinitial velocity is closeto the gaseous
phasevelocity sothatit is a reasonablassumptiorio initialize the dispersed
phasevelocity eld with the gaseousone. For EE simulations,this implies
thatthe quasi-Bravnianenepy is initialized with a valuecloseto zero.



In bothapproachegarticlesarerandomlyplacedwithin thecomputational
domainandperiodicboundaryconditionsareusedin all directions.Figurel
shavstheinitial particledistribution for thetwo casesstudiedin this work:

thehomogeneoudistribution,whereall processorsharehesamenum-
berof particles,

the non-homogeneoudistribution, whereonly one processorcontains
all particles.

Thesetwo casegorrespondo limit situations:for thehomogeneoukad-
ing case high parallelef ciency shouldbeobtainedor theEL approactsince
all processorsvill have the samenumberof particles.On the otherhand,the
non-homogeneousasemimics a real comhustorin which a few processors
only locatedin thefuel injectorswill containmostparticleswhile otherswill
have no particlesatall.

Comparison of dispersedtwo-phase o ws

Figure2 reportsthetemporalevolution of thekinetic enegy of Lagrangian
particles:

2 1 X
b Lagrangian = N- Up;i Up;i (16)
Pi=1
whereN, is thetotal numberof particles. This is comparedvith the particle
kinetic enegy obtainedin the Euleriansimulation(notethatprimein Eq. 15
is omittedhereasin HIT hup;ii = 0):

1 .
oéEuIerian = émpﬁ Up;il - (17)

Notethatq§ Eulerian 1S Obtainedby addingthe correlatecpart(mesoscopic
enegy) q% andthe uncorrelatedoart (or quasi-Bravnian enepy) qg [13].
Theresultsshov anoverall goodagreemenbetweerthe two approacheand
con rm thatbothmethodsrovide the sameresultfor this academidestcase.
As expectedfor this rangeof Stokesnumberd20], the particlekinetic enegy
qg obtainedwith bothmethodss largerthanthe gaseouphasekinetic enegy

2
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Figure 2. Time evolution of thedisperseghasekineticenegy qﬁ, computedvith the Euler
Eulermodel(squares)andwith the EulerLagrangemodel(solid line). Gaseouphasekinetic
enegy ¢ (circles).Quasi-Bravniankineticenegy g3 (crosses).

Analysis of codescalability

In this section,the scalability of the EulerLagrangemodelis analyzed
by meansof two basicparametersisedto measurehe ef ciency of parallel
implementation:the speedup Srun (Nprocs), andthe referencesingle-phase
CPUtime ratio, Trun (Nprocs). Theformeris de ned astheratio betweerthe
CPUtime of asimulationwith 2 processorandthe CPUtime of a simulation
with agivennumberof processor\ p ocs:

Trun(2)
Trun (N procs)
The latter is de ned asthe ratio betweenthe CPU time of a simulation

with a givennumberof procsandthe CPUtime of thereferencesingle-phase
simulationwith 2 processors:

Srun (Nprocs) = 2: (18)

Trun (N procs) .

T N = :
run( procs) Tsingle phase(z)

(19)



The valuesof thesetwo parameteraresummarizedn Tables2 and 3 for
thehomogeneouandnon-homogeneousasegnotethatin the EE model,the
CPUtime is the samefor both casessincethe computationakostof this ap-
proachdoesnotdependon the numberof particles).

Table2. Summaryof the speedumf EE andEL models.

Noprocs 2 4 8 12
Idealscaling 2 4 8 12
Single-phase 2 3.94 7.88 12.18
Two-phaseE 2 3.77 7.69 11.12
Two-phaseEL Homog. 2 3.96 8.84 14.37
Two-phaseEL Non-Homog. 2 3.47 5.53 5.49

Table3. Summaryof the CPUtime ratiosof EE andEL models.

Nprocs 2 4 8 12

Single-phase 1 0.51 0.25 0.16
Two-phaseEE 247 131 0.64 0.45
Two-phaseEL Homog. 2.09 1.05 047 0.29

Two-phaseéEL Non-Homog. 2.59 1.49 0.93 0.94

Homogeneougatrticle loading

For the homogeneousaseFigure 3 exhibits an excelentspeedugor both
singleandtwo-phasemodels.More precisely the goodparallelimplementa-
tion of thetwo-phaseEL modelcanbe obseredfrom the superlinearvalues
obtainedwith morethan4 processorskigure3 (bottom)indicatesthattaking
into accounthedisperseghaseaesultsin abouttwice andahalfthe CPUtime
the single-phaseimulationfor the EE modelandabouttwice the CPUtime
for the EL approach.The differencedbetweerboth modelsincreasewith the
numberof processorghus,the higherthenumberof processorghefasterthe
EL model,leadingto differencedrom 18% for a two-processorsimulation
up to 55% for the simulationperformedwith 12 processorsThis is dueto a



lower ratio of particlesby processowhich implieslesscomputationabpera-
tions, lessmemoryrequirements&nd, therefore lesscachememorydefaults.
Theseeffectsarestrongerthantheincreasef thecommunicatiorcostrelated
to ahighernumberof particlescrossingprocessorglomain.

Although the currenttestshave beenperformedover only a few proces-
sors,theresultsreportedin Figure3 shov encouragingcalingof the EL ho-
mogeneousase.Thesupetlinearspeedumbtainedfor the EL homogeneous
casecon rms theimprovedbehaiour of the EL approactwhenincreasinghe
numberof partitions.

Non-homogeneoupatrticle loading

In the non-homogeneousase the dispersedhasean the EL modelis only
computedby asingleprocessofthe”master’nodein the presenstudy). This
leadsto asigni cant increasen CPUtime comparedo thehomogeneousase
whereall parallelprocessorsxecutethe samenumberof instructiongfor both
gaseousnddisperseghasesThe mainreasonsontributing to this increase
are: 1) a highernumberof numericaloperationgper processorelatedto the
solutionof Egs.11 and 12, suchassearchandinterpolationprocedures?)
highermemoryrequirementsnd3) communicatiorcostrelatedto the ux of
particlesbetweenprocessors.On the otherhand,the EE approachdoesnot
suffer from this load balancingproblem.This is con rmed in Figure4 which
shavsthatthespeedumf thenon-homogeneouso-phasdeL approactdrifts
rapidly far from theideal, linearcurve. Thedrop of performanceén this case
is not relatedto large communicationgostsbetweenprocessordut merely
to the parallelload imbalance.Thus,an ef cient parallelimplementatiorof
an EL modelcanonly be achiered by applyingthe sameprinciplesusedin
parallelcomputingsoasto reduceghecomputationalimerequirecto complete
atask: namely decompositiorof a datasetinto smallersubsetsxecutingthe
sameinstructionson separatgrocessorsThis pointsoutthe needof dynamic
load balancingfor real two-phaseo w LES in comple geometry(seealso
[19]), e.qg.,by using multi-constraintpartitioning algorithmswhich take into
accounfparticlesloadingon eachprocessar
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ow models,Eq. 18. Bottom: CPU time ratio with respectto the single-phasesimulation,
Eq. 19 (all scalingsarereportedrelative to the correspondingwo-processorsimulation).
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CONCLUSIONS AND PERSPECTIVES

In the presentwork EulerEuler and EulerLagrangeformulationfor two-
phaseeacting o ws werecomparedn termsof parallelef ciency. Testswere
performedor dispersegbarticlesn homogeneouisotropicturbulence:results
shav thatthecodescalesrery well whentheparticlesarehomogeneouslglis-
tributedbut leadsto large numericallossedf particlesarelocatedin only one
partitionof thecomputationatiomain.As a consequence stratey to control
theload of particlesbeforeandduringthe simulationsmustbe consideredn
orderto avoid big differencesn the numberof particlesbetweernprocessors,
e.g.,with multi-constraintpartitioning algorithmsto take into accountparti-
clesinformation. Futurework includesthe integration of particle/mesHoad
balancingcapabilitiesandthe developmentof additionalmodulesfor evapo-
rationandtwo-way coupling.
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