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Abstract

The LES/FDFapproachfor turbulent combustionoffers the benefitsof both large eddysimulation(LES)
to treattheturbulentflow, andthePDFapproachto treatturbulence-chemistryinteractions(in termsof the
filtereddensityfunction,FDF).Theapproachis implementedasaparticlemeshmethodandcomputationally
themostexpensiveaspectis determiningthechangein particlecompositionoveratimestepdueto reaction.
Thiscostcanbesignificantlyreducedby usingin situ adaptive tabulation(ISAT). In thiswork weinvestigate
the computationalperformanceof several strategies for the parallel implementationof ISAT in LES/FDF
calculations.Thecapabilityof performingLES/FDF/ISAT computationsof turbulentflamesis developedby
incorporatingthe ISAT algorithmin theStanfordstructuredlarge eddysimulation(LES) andcomposition
“filtered densityfunction” (FDF) code. The LES/FDF/ISAT simulationof a spatiallydevelopingmixing
layer is usedasthe testcaseto studythe performanceandload balancingof different ISAT strategiesfor
idealizedturbulent flamesof bothhydrogenandmethane.Detailed9-speciesand35-speciesmechanisms
areemployed for the hydrogenflameandthe methaneflame,respectively. The resultsshow that whenit
is almostalwayspossibleto retrieve from the ISAT table,thenusingpurely local processing(without any
messagepassing)is optimal. But whena significantnumberof direct integrationsof thechemicalkinetic
equationis required,thenparallelstrategies,suchastheuniform randomdistribution (URAN) strategy, are
advantageous.Finally, a simplemodelis developedto explain theobservedcomputationalperformanceof
thedifferentparallelstrategiesin differentsimulations.

1. Intr oduction

For themodelingof turbulentcombustion,large
eddy simulation (LES) has the advantageof ac-
counting for the large scale unsteadymotions,
which accountfor the bulk of the spatial trans-
port. Within the pastdecade,large eddy simula-
tion of turbulent reactingflows hasbeenthe sub-
ject of widespreadinvestigation.A significantre-
centdevelopmentof thesubgridscale(SGS)mod-
eling is basedon the “filtered density function”
(FDF)[1] whichprovidesacompletedescriptionof
thesubfilter-scalecompositionfluctuations.There-
fore the effect of chemical reactionsappearsin
closedform andtheFDF offers theability to treat
finite-ratechemistryandthe turbulence-chemistry
interactions. The compositionFDF is considered
by many investigators[2–8] and this combined
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methodologyLES/FDF (with very simple chem-
istry) hasbeenappliedto the SandiaD flame by
Sheikhi et al. [9], and to the Sydney bluff-body
flameby Ramanet al. [10].

The computationalcost of directly using real-
istic combustion chemistryin the LES/FDF sim-
ulation of turbulent combustion is expensive (and
sometimesprohibitive) becauseof thestrongnon-
linearitiesof thereactionsourcetermandthewide
rangeof time scalesin thechemicalkinetics. The
in situ adaptive tabulation (ISAT) algorithm [11]
greatlyfacilitiestheincorporationof realisticcom-
bustionchemistry(e.g.,of order10 and20 species
for hydrogenand methane,respectively) and re-
ducestheCPUtimedramatically, whichmakesthe
LES/FDFsimulationof turbulentcombustionwith
realisticchemistryfeasible.DifferentISAT parallel
strategiesareimplementedusingthe x2f mpi soft-
waredevelopedby Pope& Lantz[12].

The parallel LES/FDF/ISAT capability for the
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numericalsimulationsof turbulent reactive flows
with realistic combustion chemistry is devel-
oped([13]) by incorporatingISAT into theStanford
structuredLES [14, 15] code with a Lagrangian
Monte Carlo implementationof the composition
FDF method[16]. Also a preliminarystudyof the
parallelLES/FDF/ISAT capabilityhasbeencarried
out [13].

The LES/FDFcodeemploys domaindecompo-
sition,andhencetheparticlesareon differentpro-
cessors.Thecomputationalgoalis to completethe
reactionfractional step in the shortestwall clock
time. In this work, the parallel LES/FDF/ISAT
simulationof a spatially developing mixing layer
is usedas the test caseto study the performance
of differentISAT strategiesfor idealizedturbulent
flamesof bothhydrogenandmethane.For thehy-
drogenflame, we use the detailedmechanismof
Li [17], which has 9 species. For the methane
flame, the GRI3.0 mechanism[18] without nitro-
genchemistryis employed.This is generatedfrom
the standardGRI3.0 mechanismby stripping out
all the N containingspeciesand reactionsexcept
for

���
. In the next sections,the ISAT implemen-

tation in the parallel LES/FDF/ISAT capability is
briefly reviewed. Thenthe performanceof differ-
entISAT strategiesin themixing layersimulations
is discussedandinvestigated.

2. In situ adaptive tabulation (ISAT)
implementation

In the parallel LES/FDF simulationsof turbu-
lent combustion, if domaindecompositionis em-
ployed in theparallelcomputation,eachprocessor
isassignedthecomputationalworkof asubdomain.
Moreover, if a splitting schemeis usedto sepa-
ratethecombustionchemistryfrom otherprocesses
suchasconvective anddiffusive speciestransport,
thereactionfractionalstepcorrespondsto thereac-
tion of a homogeneous,adiabatic,isobaricsystem
consistingof �
	 chemicalspecies.At time � , the
compositionis representedby the �
����� 	����
variables����������� � �"! � � !$#$#$#
! �&%('*) , which canbe
takento bethespeciesspecificmolesandenthalpy.
Modelingreactionkineticsin thissystemleadsto a
setof stiff ordinarydifferentialequations(ODEs)+ �������+ � ��,-�.�����/�/� ! (1)

where , is therateof changeof compositiongiven
by thedetailedchemicalmechanism(andthecon-
servation of enthalpy). The task in the reaction
fractionalstepis to determinethesolutionto Eq.1,
the composition ����� �10 ��� after reactionhasoc-
curredfor the time-stepinterval 23� startingfrom
the initial composition �����/� at time � . Direct in-
tegration (DI) of Eq. 1 using an ODE integrator
is computationallyexpensive. Consequently, when
the reaction fractional step is performeda huge
numberof timeswith many different initial com-
positionssuchasin theLES/FDFsimulations,sig-
nificantcomputationalresourcesarerequired.

Thealternative to DI for computingthesolution�4��� �50 ��� is ISAT, which is a storage-retrieval
methodology(with error control) introducedby
Pope(1997). An ISAT tablestorespairsof values
of � beforeandafter reaction � ���768� ! �9�:23�/�;) , so
thatgiven �����/� thecorrespondingvalue �4��� � 2<���
canberetrieved from thetable. (Sincethegovern-
ing ordinarydifferentialequations(ODEs)areau-
tonomous,thevalueof � is immaterial,andwithout
lossof generalitywe canset �=�>6 .) As needed,
pairsof values � ���768� ! �?�:2<���;) areaddedto theta-
bleby integratingthegoverningODEs.

DifferentISAT parallelstrategieshave beende-
velopedandthesestrategiesareimplementedusing
thex2f mpi software.In theparallelLES/FDFsim-
ulation of a combustion problem,eachprocessor
hasits own ISAT table. For eachprocessor, in the
reactionfractionalstep,the initial compositionsof
all theparticlesin thesubdomainarepassedto the
x2f mpi software. In x2f mpi, different message-
passingstrategies are implemented,which deter-
minehow theparticlescompositionsareprocessed
by the ISAT tableson the differentprocessors.In
this study, we focuson two strategies:purelylocal
processing(LOCAL) anduniformrandomdistribu-
tion (URAN). For thepurelylocalprocessingstrat-
egy, theparticlesoneachprocessorarelocally pro-
cessedby usingthelocal ISAT tableandthereis no
messagepassing.For theuniformrandomdistribu-
tion strategy, all theparticlesoneachprocessorare
randomlydistributeduniformly amongall thepro-
cessorsby the x2f mpi software (using MPI) and
processedthereusing the local ISAT table. Then
the compositionsafter reaction are passedback
to the original processorby x2f mpi. Hencethe
URAN strategy requiresalargeamountof message
passing.

3. Flow configuration and numerical
specification

The LES/FDF/ISAT simulation of ideal two-
dimensional,spatiallydeveloping, reacting,plane
mixing layersis considered.In thesimulations,the
densityis takento beconstantandthereforethereis
nofeedbackfrom theFDFto theLEScomputation.
Theprimaryobjective of thesimulationis to inves-
tigatetheperformanceof differentISAT strategies.
No attemptis madeto studynumericalaccuracy, to
investigatetheeffect of modelsandmodelparam-
eters,or to make comparisonswith experimental
data.

In the simulations,the reactingplanar mixing
layer is composedof cold dilutedhydrogenin one
stream(fuel stream)andhot leancombustionprod-
uctin theotherstream(oxidantstream).For thehy-
drogenflame,thecompositionfor thefuel streamis
taken to be (in volumepercentage)

���
(75%) and@A�

(25%); thetemperatureis 305K.Thecomposi-
tion for theoxidantstreamis takento be(in volume
percentage)

���
(75%), B �

(15%)and
@A� B (10%);

the temperatureis 1045K.For the methaneflame,
thecompositionfor thefuel streamis takentobe(in
volumepercentage)

���
(52.9%), B �

(14.1%)and
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C @AD
(33%);thetemperatureis 320K.Thecompo-

sition for theoxidantstreamis taken to be(in vol-
umepercentage)

�E�
(73.1%), B �

(12%)and
@A� B

(14.9%);thetemperatureis 1500K.
In thesimulations,theflow variablesarenormal-

ized with respectto selectedreferencequantities,
denotedby thesubscriptF . ThereferencevelocityGIH

is chosento bethefuel streamvelocity 66 m/s,
the referencelength J H is taken to be3.3mm,and
thenon-dimensionaltimeis givenby �/KL� GIH ��M J H .
The kinematic viscosity N H in the simulation is
taken to be a constantthroughout,which is based
on the fuel streamproperties.TheReynoldsnum-
ber O?P4� GIH J H M(N H is 15200.Thetwo-dimensional
computationaldomainin non-dimensionalunits in
the simulationis the rectangularregion, where QRK
from -10 to 50 and S K from 0 to 15. The splitter
platelies in theregion,whereQRK from -10 to 0 andSTK from 7.2 to 7.8. The presenttwo-dimensional
calculationsareperformedon a nonuniformmesh
with 128 grid nodesin the streamwisedirection
( QRK ) and64 grid nodesin the transversedirection
( STK ). Themeshin thesmallregion nearthesplitter
plateis refined.Thesimulationusesparallelcom-
putationwith 8 processors,andthe computational
domainis decomposedinto 8 blocksin the QRK di-
rectionwith eachblockhaving thesamenumberof
grid cells.

In the simulation, the inlet velocity profiles atQ K =-10 are taken to be laminar plug profiles and
turbulencedevelops in the downstreamlayer due
to the instability of the shearlayer. The ratio of
oxidant and fuel streamvelocitiesis fixed at 0.4,
with the non-dimensionalfuel streamvelocity be-
ing unity, and oxidant streamvelocity being 0.4.
Thesevaluesof the free streamvelocitiesarese-
lectedso that the flameexists throughoutmostof
theflow. Thewall boundaryconditionsat thesplit-
terplateareNeumannconditionsfor all scalarsand
pressure,and no-slip Dirichlet conditionsfor ve-
locity. All theopenandoutflow boundariesusethe
convective boundarycondition.

In FDF, theMonteCarloparticlesaredistributed
at t=0 throughoutthe computationaldomain. The
nominalparticlenumberdensityof 30particlesper
cell is usedin thesimulations.Particlecloningand
clusteringareutilized to minimize thefluctuations
in thenumberdensity. New particlesareintroduced
at the inlet at a rateproportionalto the local mass
flow rate,and the compositionof incomingparti-
clesis setaccordingto thecompositionof thefluid
at thepoint of entry.

4. ISAT performanceand discussion

In parallelLES/FDF/ISAT simulationsof turbu-
lentcombustion,thereactionfractionalstepis usu-
ally themosttime-consuming.Thereforethecom-
putationalgoal is to completethe reaction frac-
tional step in the shortestwall clock time. The
objective of this work is to investigateand com-
parethe performanceof different ISAT strategies
(which are usedto treat combustion chemistryin

Table1: Parametersin differentsimulations:the ISAT error
toleranceU , themaximumassignedstorage,thefractionof di-
rect integration VTW&X , thenonuniformityfactor Y , theaverage
CPUtimeperretrieve Z.[ , theaveragecommunicationtimeper
particlecompositionZ:\ , andtheaverageCPUtime perdirect
integration Z.W&X .

@A�
-1

@A�
-2

C @AD
-1] �_^`� 6badc e ^`� 6badf �?^`� 6badc

storage(Mbyte) 300 20 50gihkj �.l=� 0 0.31 0.5m
1 4.6 4.2

�/n ( o
p ) 8 8 25
�/q ( o
p ) 4 4 16
� hkj ( o
p ) 1600 1600 24300
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Fig.1: TheCPUtimeandwall clocktimein reactionfractional
step(in microsecondsperparticlestep)for eachprocessorfor
caserts -1.

thereactionfractionalstep)underdifferentparam-
eterregimes.

In order to study the ISAT performance
in the statistically stationary period, the full
LES/FDF/ISAT simulationsarecarriedout,restart-
ing from thestatisticallystationaryflow andcom-
position fields. In this section,the ISAT perfor-
mancesfrom threedifferentLES/FDF/ISAT simu-
lations(23hoursrunwith constanttimestep

+ � K �6 # 6vu ) arepresentedandanalyzed.Thecorrespond-
ing parameters(e.g., error tolerance] , the maxi-
mum assignedstorage)for ISAT are listed in Ta-
ble 1. Figures1, 2 and3 show themeasuredCPU
timeandwall clock time (in microsecondsperpar-
ticle step) in the reactionfractional stepsfor the
threecases.

For thecase
@ �

-1,alargeISAT tablestorageand
alargeISAT errortolerancearespecifiedandhence
cheapretrievesaredominantandtherearenodirect
integrationsin thesimulation(seeTable1). As may
beseenfrom Fig. 1, if thepurely local processing
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Fig.2: TheCPUtimeandwall clocktimein reactionfractional
step(in microsecondsperparticlestep)for eachprocessorfor
caser s -2.

strategy (LOCAL) is used,evenfor this simplege-
ometry and chemistrycase,the load balancingis
not good. The CPU time spentby processor8 is
almost3 timestheCPUtime spentby processor1.
Accordingly, processor1 hasa significantamount
of idle time. This is dueto the following fact: in
the active flame region thereare strongchemical
reactionsandsothereactionfractionalstepis usu-
ally computationallyexpensive. In the computa-
tional domainof processor1 (adjacentto the in-
let), thereis no flameat all, whereasfor processor
8 (adjacentto theoutlet), thereis significantflame
activity. (For a more complicatedflame, suchas
the methaneflamein this study, muchworseload
balancingis observed when the purely local pro-
cessingstrategy is employed.) In contrastto the
purely local processingstrategy, the uniform ran-
dom distribution (URAN) strategy achievesmuch
betterload balancing. However, the URAN strat-
egy givesa largerwall clock time comparedto the
LOCAL strategy. For this particularcase,as far
asthe wall clock time is concerned(asit should),
theLOCAL strategy hasadvantageovertheURAN
strategy eventhoughtheURAN modeachievesbet-
ter loadbalancing.

Henceloadbalancingis not theissue:wall clock
time is. The optimal ISAT strategy, which mini-
mizesthewall clocktimefor thecombustionchem-
istry, maynotgive thebestloadbalancing.

Figures2 and3 comparethe parallel ISAT per-
formancefor both the hydrogenflame

@A�
-2 and

the methaneflame
C @AD

-1. For both thesecases,
a relatively small ISAT table storageand a small
error tolerance ] are specified,henceas may be
seenfrom Table 1, thereare significant fractions
of direct integrations. The fraction of direction
integration is 0.31%for case

@=�
-2 and 0.5% for

case
C @AD

-1. As may be seenfrom Figs.2 and3,
if purely local processingis employed, thereis a
significantload imbalancefor both of thesecases
(this is alsoimplied by thevalueof thenonunifor-
mity factor

m
as discussedlater), and the URAN

strategy hasbetterloadbalancing.Moreimportant,
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Fig.3: TheCPUtimeandwall clocktimein reactionfractional
step(in microsecondsperparticlestep)for eachprocessorfor
casewkryx -1.

for thecase
@A�

-2, theURAN strategy is about1.6
timesfasterthantheLOCAL strategy; andfor the
case

C @ D
-1, theURAN strategy is about2.9times

fasterthan the LOCAL strategy. Hencefor these
two cases,the URAN strategy hasa clearadvan-
tageover theLOCAL strategy.

Therelativeperformanceof theabovetwo paral-
lel ISAT strategies(LOCAL andURAN) depends
onthefollowing fiveparameters:thefractionof re-
actionfractionalstepstreatedby direct integrationgkhkj

(averagedover all particlestepson all proces-
sors);theaverageCPU time per retrieve �zn (aver-
agedover all theretrieve eventson all processors);
the averagecommunicationtime (two way mes-
sagepassing)perparticlecomposition� q ; theaver-
ageCPUtime perdirect integration � hkj (averaged
over all thedirectionintegrationeventson all pro-
cessors);andthe nonuniformityfactor

m
(
m|{ � ).

The parameter
m

measuresthe ratio of the maxi-
mum(over processors)of the fractionsof reaction
fractionalstepstreatedby direct integration(aver-
agedover the particle stepson the processor)togkhkj

(averagedover all particle stepson all pro-
cessors).Hencethe productof

m gkhkj
is the max-

imum (over processors)of thefractionsof reaction
fractional stepstreatedby direct integration (av-
eragedover the particle stepson the processor),
and the processorwith the maximumof the frac-
tionsof direct integrationsis generallymosttime-
consuming.Thecorrespondingparametersfor the
threecasesconsideredarelistedin Table1. As may
be observed from Table1, � q M}�/n�~�6 # e and0.6,
while � hkj M}� n ~��(6�6 and970for thehydrogenand
methaneflames,respectively.

Herea simplemodelis developedto explain the
observedperformanceof thedifferentISAT strate-
giesin thethreesimulationsconsidered.Giventhe
parameters,thewall clock time perqueryfor pure
local processing(LOCAL) strategy canbeapprox-
imatedas

�z��� m gkhkj ^ � hkj � � �L� m gihkj � ^ �/n ! (2)

wherethe first term is the contribution of the di-
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Table2: Measured(from simulations)andpredicted(by the
model,in parentheses)wall clock time (perquery)and � val-
ues.

@A�
-1

@A�
-2

C @AD
-1

�z� ( o
p ) 16 (8) 42 (31) 556(535)
��� ( o
p ) 17 (12) 26 (17) 196(163)� (measured) 0.9 1.6 2.9� (predicted) 0.67 1.8 3.3

rect integrationtime andthesecondtermis there-
trieve time. Whentheuniform randomdistribution
(URAN) strategy achievesgoodload balancingas
expected,thewall clock time perquerycanbees-
timatedas

�/��� gkhkj ^ � hkj � � �L� gkhkj � ^ �/n � � q ! (3)

wherethe last term is an estimationfor the com-
municationtime. Hencethe relative performance
of thesetwo strategiescanbemeasuredby

� � �z�
�/� �

m gkhkj � � �L� m gkhkj � ^ �/nIM}� hkjgkhkj � � �L� gkhkj � ^ �/nkM}� hkj � � q M}� hkj #
(4)

If ��� � , theLOCAL strategy hasadvantageover
theURAN strategy, whereasfor ��� � , theURAN
strategy hasadvantage.

As maybeobservedfrom Eq.4, if thecheapre-
trievesaredominantandtherearenodirectintegra-
tions in the simulation,then � � � [� [&� � \

� � and
theURAN strategy hasnoadvantagesover theLO-
CAL strategy. (Even thoughthe URAN strategy
may achieve betterload balancing,the wall clock
time for combustionchemistryis larger compared
with theLOCAL strategy.) This is thecasefor case@A�

-1 wherea large ISAT tablestorageanda large
ISAT errortolerancearespecifiedandtheISAT ta-
ble doesnot becomefull. By contrast,theURAN
strategy will haveadvantageovertheLOCAL strat-
egy only whenthereis a significantfractionof di-
rect integrationsin thesimulation.This is thecase
for

@A�
-2 and

C @3D
-1, wherea small ISAT table

storageandasmallerrortolerance] arespecified.
Basedon thesimplemodel,we canestimatethe

wall clock time and the relative performancepa-
rameter� for the threecasesconsidered.Table2
lists the measuredvaluesand the corresponding
predictedvaluesby the model. As may be seen
from Table 2, the model underpredictsthe wall
clock time for all the threecases.This is mainly
becausethatthemodeldoesnotcounttheidle time,
which is theexecutiontime usedfor waiting. (For
the LOCAL strategy, the idle time on eachpro-
cessoris thecorrespondingdifferencebetweenthe
wall clock time andCPU time on eachprocessor.
For the URAN strategy, part of the differencebe-
tween the wall clock time and CPU time is due

to idle time.) Moreover the modeldoesnot count
thetimespentonotherprocessesin theISAT algo-
rithm andassumesa uniform retrieve time for all
the ISAT tableson differentprocessors.Whenthe
contribution of thedirectintegrationtime to theto-
tal wall clock time becomessignificant,themodel
getsmoreaccurate,suchasin case

C @3D
-1.

Nevertheless,the simplemodelgivesa reason-
able prediction for the performanceparameter� .
As may be seenfrom Table 2, accordingto the
model, we have � ��6 # uv� , 1.8 and 3.3 for cases@ �

-1,
@ �

-2 and
C @ D

-1, respectively. Theseval-
uesareconsistentwith the measuredvalues(0.9,
1.6and2.9) readfrom theFigs.1, 2 and3, i.e., the
simplemodelwell predictstheperformanceof dif-
ferentISAT strategies.

Basedon this simplemodel(Eq. 4), theURAN
strategy hasadvantageover the LOCAL strategy
whenthe fraction of direct integrations(

gkhkj
) sat-

isfies

gihkj � � q M}� hkj
� �L� �/nIM}� hkj ��� m ��� � # (5)

Undernormal circumstanceswhere �/niM}� hkj�� �
and

m gkhkj�� � (this is the casefor the current
study),Eq.5 canbefurthersimplifiedas

gkhkj � � q M}� hkj
� m ��� � # (6)

The above analysisis basedon the assumption
that the URAN strategy would achieve good load
balancingastheoreticallysuggested.However, we
do observe poor loadbalancingof URAN strategy
for somepathologicalcases,which is probablydue
to thecomplicatedstructurein theISAT table.The
investigationof this issuewill bepartof thefuture
work.

5. Conclusion

The LES/FDF/ISAT capability for the numeri-
cal simulationsof turbulent combustionwith real-
istic chemistryis developedby incorporatingISAT
into the StanfordstructuredLES codewith a La-
grangianMonteCarloimplementationof thecom-
positionFDF method. DifferentISAT paralleliza-
tion strategies are implementedusing the x2f mpi
software.

In this paper, the LES/FDF/ISAT simulationof
a spatiallydevelopingmixing layer is usedas the
test caseto study the performanceof two differ-
ent ISAT strategies for idealizedturbulent flames
of both hydrogenand methane. Detailedmecha-
nismswith 9-speciesand35-speciesareemployed
for thehydrogenflameandthemethaneflame,re-
spectively. Theresultsshow thatwhenit is almost
always possibleto retrieve from the ISAT table,
thenusing purely local processingISAT (without
any messagepassing)is optimal even thoughthe
load balancingmay not be good(seecase

@A�
-1).
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But whenthereis asignificantfractionof directin-
tegrationsin thesimulation,uniformrandomdistri-
bution strategy (URAN) is advantageous(seecase@A�

-2 and
C @3D

-1).
The relevant parametersfor the ISAT perfor-

manceare identified and a simple model is pro-
posedto explain theobserved performanceof dif-
ferentISAT strategies.Thismodelcouldbeusedto
choosethe appropriateoneamongdifferent ISAT
strategies in different parameterregimes. The
modelpredictionof the performanceparameter�
is consistentwith thesimulationresults.

In the futurework, the quantitative studyof the
performanceof other parallel ISAT strategies in
differentcircumstancewill beperformed.
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