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Abstract

The LES/FDFapproachor turbulent comhustion offers the benefitsof both large eddy simulation(LES)
to treattheturbulentflow, andthe PDF approactto treatturbulence-chemistrynteractiongin termsof the
filtereddensityfunction,FDF). Theapproachs implementeasaparticlemeshmethodandcomputationally
themostexpensvie aspecis determininghe changen particlecompositiorover atime stepdueto reaction.
This costcanbesignificantlyreducedy usingin situ adaptve takulation (ISAT). In thiswork weinvestigate
the computationaperformanceof several stratgiesfor the parallelimplementatiorof ISAT in LES/FDF
calculations.Thecapabilityof performingLES/FDF/ISAT computation®f turbulentflamess developedby
incorporatingthe ISAT algorithmin the Stanfordstructuredarge eddysimulation(LES) andcomposition
“filtered densityfunction” (FDF) code. The LES/FDF/ISAI simulationof a spatially developing mixing
layeris usedasthe testcaseto studythe performanceandload balancingof differentISAT stratgiesfor
idealizedturbulent flamesof both hydrogenand methane.Detailed9-speciesand 35-speciesnechanisms
areemplg/ed for the hydrogenflame andthe methandlame, respeciiely. The resultsshav thatwhenit
is almostalwayspossibleto retrieve from the ISAT table,thenusingpurely local processingdwithout ary
messaggassing)s optimal. But whena significantnumberof directintegrationsof the chemicalkinetic
equationis required thenparallelstratgies,suchasthe uniform randomdistribution (URAN) strategy, are
advantageousFinally, a simplemodelis developedto explain the obsered computationaperformanceof
thedifferentparallelstratgiesin differentsimulations.

1. Intr oduction methodologyLES/FDF (with very simple chem-

istry) hasbeenappliedto the SandiaD flame by

na
For the modelingof turbulentcomtustion,large ~ Sheikhiet al. [9f and to the Sydng bluff-body

eddy simulation (LES) hasthe adwantageof 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 widespreadnvestigation. A significantre-
centdevelopmentof the subgridscale(SGS)mod-
eling is basedon the “filtered density function”
(FDF)[1] which providesacompletedescriptiorof
the subfilterscalecompositiorfluctuations.There-
fore the effect of chemicalreactionsappearsin
closedform andthe FDF offers the ability to treat
finite-rate chemistryandthe turbulence-chemistry
interactions. The compositionFDF is considered
by mary investigators[2—8] and this combined
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flameby Ramanet al. [10].

The computationalcost of directly using real-
istic comhustion chemistryin the LES/FDF sim-
ulation of turbulent comhustionis expensve (and
sometimegrohibitive) becausef the strongnon-
linearitiesof thereactionsourcetermandthewide
rangeof time scalesin the chemicalkinetics. The
in situ adaptve tatulation (ISAT) algorithm [11]
greatlyfau itiestheincorporationof realisticcom-

ustionchemistry(e.g.,oft order10 and20 species
for hydrogenand methane,respectrely) andre-
duceshe CPUtime dramatically which makesthe
LES/FDFsimulationof turbulentcomhustionwith
realisticchemistryfeasible.DifferentISAT parallel
stratgiesareimplementedusingthe x2f_mpi soft-
waredevelopedby Pope& Lantz[12].

The parallel LES/FDF/ISAT capability for the



numericalsimulationsof turbulent reactve flows
with realistic comlustion chemistry is devel-
oped([13]) by incorporating SAT into theStanford
structuredLES [14, 15] codewith a Lagrangian
Monte Carlo implementationof the composition
FDF method[le Also a preliminarystudyof the
para{l\%ILES/FDF/ISAI' capabilityhasbeencarried
out .

The LES/FDF codeemplg/s domaindecompo-
sition, andhencethe particlesareon differentpro-
cessorsThe computationaﬁoal is to completethe
reactionfractional stepin the shortestwall clock
time. In this work, the parallel LES/FDF/ISA
simulation of a spatially developing mixing layer
is usedasthe test caseto study the performance
of differentISAT stratgiesfor idealizedturbulent
flamesof both hydrogenand methane For the hy-
drogenflame, we usethe detailedmechanismof
Li [17], which has9 species. For the methane
flame, the GRI3.0 mechanisn|18] without nitro-

enchemistryis employed. Thisis generatedrom

the standardGRI3.0 mechanismby stripping out
all the N containingspeciesand reactionsexcept
for No. In the next sectionsthe ISAT implemen-
tationin the parallel LES/FDF/ISAT capabilit?/is

briefly reviewed. Thenthe performanceof differ-

entISAT stratgiesin the mixing layersimulations
is discusse@ndinvestigated.

2. In situ adaptive tabulation (ISAT)
implementation

In the parallel LES/FDF simulationsof turbu-
lent comhustion, if domaindecompositions em-
ployedin the parallelcomputationgachprocessor
Is assignedhecomputationaivork of asubdomain.
Moreover, if a splitting schemeis usedto sepa-
ratethecomhustionchemistryfrom otherprocesses
suchascorvective anddiffusive speciedransport,
thereactionfractionalstepcorrespondso thereac-
tion of a homogeneousadiabatic,isobaricsystem
consistingof n, chemicalspecies.At time ¢, the
compositionis representedy theny, = n, + 1

variablesg(t) = {#1, ¢2, ... , ¢n, }, Whichcanbe

takento bethespeciespecificmolesandenthalyy.
Modelmg reactionkineticsin this systemeadsto a

setof stiff ordinarydifferentialequation§ODES)
de(t
@0 _se), (1)

whereS is therateof changeof compositiongiven
by the detailedchemicalmechanism(andthe con-
senation of enthaly). The taskin the reaction
fractionalstepis to determinghesolutionto Eqg. 1,
the compositiong(t + At) after reactionhasoc-
curredfor the time-stepintenal At startingfrom
the initial compositiong(t) at time ¢. Direct in-
tegration (DI) of Eq. 1 using an ODE integrator
is computationallyexpensve. Consequentlywhen
the reactionfractional stepis performeda huge
numberof timeswith mary differentinitial com-
positionssuchasin the LES/FDFsimulations sig-
nificantcomputationatesourcegrerequired.

Thealternatve to DI for computingthe solution
¢(t + At) is ISAT, which is a storage-retrieal
methodology(with error control) introduced by
Pope(1997). An ISAT table storespairsof values
of ¢ beforeandafter reaction{¢(0), ¢(At)}, so
thatgiven ¢(t) the correspondingalue¢(t + At)
canberetrieved from thetable. (Sincethe govern-
ing ordlnarﬁdﬁferentlalequatlons(ODEs areau-
tonomousthevalueof ¢ is immaterial,andwithout
lossof generalitywe cansett = 0.) As needed,
pairsof values{¢(0), ¢(At)} areaddedto the ta-
ble by integratingthe governingODESs.

DitferentISAT parallelstratgieshave beende-
velopedandthesestratgiesareimplementedising
thex2f_mpi software. In theparallelLES/FDFsim-
ulation of a comhustion problem, eachprocessor
hasits own ISAT table. For eachprocessqrin the
reactionfractionalstep,theinitial compositionsof
all the particlesin the subdomairarepassedo the
x2f_mpi software. In x2f_mpi, different message-
passingstratgies are implemented,which deter
mine how the particlescompositionsareprocessed
by the ISAT tableson the differentprocessorsin
this study we focuson two strateies: purelylocal
processingLOCAL) anduniformrandomdistribu-
tion (URAN). For thepurelylocal processingstrat-
egy, theparticleson eachprocessoarelocally pro-
cessedy usingthelocal ISAT tableandthereis no
messag@assing For the uniform randomdistribu-
tion stratgy, all the particleson eachprocessoare
randomlydistributed uniformly amongall the pro-
cessordby the x2f_mpi software (using MPI) and
processedhereusingthe local ISAT table. Then
the compositionsafter reaction are passedback
to the original processoby x2f_mpi. Hencethe
URAN strat@y requiresalargeamountof message
passing.

3. Flow configuration and numerical
specification

The LES/FDF/ISAT simulation of ideal two-
dimensional spatially developing, reacting,plane
mixing layersis consideredIn the simulationsthe
densityis takento beconstanandthereforethereis
nofeedbackromthe FDFtotheLES computation.
Theprimaryobjectve of thesimulationis to inves-
tigatethe performancef differentISAT stratgies.
No attemptis madeto studynumericalaccurag, to
investigatethe effect of modelsand modelparam-
Sters,or to make comparisonswith experimental

ata.

In the simulations,the reacting planar mixing
layeris composef cold diluted hydrogenin one
stream(fuel stream)andhotleancomlustionprod-
uctin theotherstream(oxidantstream).For thehy-
drogenflame,thecompositiorfor thefuel streams
takento be (in volume percentagelN, (75%) and
Hy (25%); thetemperatures 305K. The composi-
tion for the oxidantstreanis takento be(in volume
percentage)V, (75%),0, (15%)and H>O (10%);
the temperaturas 1045K. For the methandlame,
thecompositiorfor thefuel streams takento be(in
volume percentage)V, (52.9%),0, (14.1%)and



CH, (33%);thetemperatures 320K. Thecompo-
sition for the oxidantstreamis takento be (in vol-
umepercentageNVs (73.1%),0, (12%)and H,O
(14.9%);thetemperaturdés 1500K.

In thesimulationstheflow variablesarenormal-
ized with respectto selectedreferencequantities,
denotedby the subscriptr. Thereferencevelocity
U, is choserio bethefuel streamvelocity 66 m/s,
thereferencdength L, is takento be 3.3mm,and
thenon-dimensionaimeis givenby ¢t* = U, t/L,.
The kinematic viscosity v, in the simulation is
taken to be a constantthroughout,which is based
on the fuel streamproperties.The Reynoldsnum-
berRe = U, L, /v, is 15200.Thetwo-dimensional
computationalomainin non-dimensionalinitsin
the simulationis the rectangularegion, wherez*
from -10 to 50 andy* from 0 to 15. The splitter
plateliesin theregion, wherex* from-10to 0 and
y* from 7.2to 7.8. The presenttwo-dimensional
calculationsare performedon a nonuniformmesh
with 128 grid nodesin the streamwisedirection
(z*) and 64 grid nodesin the trans\ersedirection
(y*). Themeshin thesmallregion nearthe splitter
plateis refined. The simulationusesparallelcom-
putationwith 8 processorsandthe computational
domainis decomposedhto 8 blocksin the z* di-
rectionwith eachblock having the samenumberof
grid cells.

In the simulation, the inlet velocity profiles at
z*=-10 are taken to be laminar plug profiles and
turbulencedevelopsin the dowvnstreamlayer due
to the instability of the shearlayer The ratio of
oxidantand fuel streamvelocitiesis fixed at 0.4,
with the non-dimensionafuel streamvelocity be-
ing unity, and oxidant streamvelocity being 0.4.
Thesevaluesof the free streamvelocitiesare se-
lectedso that the flame exists throughoutmost of
theflow. Thewall boundaryconditionsatthesplit-
ter plateareNeumanrconditionsfor all scalarsand

ressureand no-slip Dirichlet conditionsfor ve-
ocity. All theopenandoutflov boundariesisethe
corvective boundarycondition.

In FDF, theMonte Carloparticlesaredistributed
at t=0 throughoutthe computationablomain. The
nominalparticlenumberdensityof 30 particlesper
cellis usedin the simulations.Particle cloningand
clusteringare utilized to minimize the fluctuations
in thenumberdensity New particlesareintroduced
attheinlet at a rate proportionalto the local mass
flow rate, and the compositionof incoming parti-
clesis setaccordingto the compositionof thefluid
atthe pointof entry

4. ISAT performanceand discussion

In parallelLES/FDF/ISAT simulationsof turlu-
lentcomhustion,thereactionfractionalstepis usu-
ally the mosttime-consumingThereforethe com-
putationalgoal is to completethe reactionfrac-
tional stepin the shortestwall clock time. The
objective of this work is to investigateand com-
parethe performanceof different ISAT stratgies
(which are usedto treat comhustion chemistryin

Table1l: Parametersn differentsimulations:the ISAT error
tolerancee, the maximumassignedtoragethe fraction of di-

rectintegration Pp, the nonuniformityfactor A, the average
CPUtimeperretrievet g, theaveragecommunicatiortime per
particlecompositiontc, andthe averageCPUtime perdirect
integrationtp;.

Hy-1 Hy-2 CH4-1
€ 1x10° [ 5x107%[1x10°°
storaggMbyte) 300 20 50
Pp1(%) 0 0.31 0.5
A 1 4.6 4.2
tr (48) 8 8 25
to (48) 4 4 16
tpr (us) 1600 1600 24300
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Fig.1: TheCPUtime andwall clocktimein reactionfractional
step(in microsecondgper particlestep)for eachprocessofor
caseH>-1.

thereactionfractionalstep)underdifferentparam-
eterregimes.

In order to study the ISAT performance
in the statistically stationary period, the full
LES/FDF/ISA simulationsarecarriedout, restart-
ing from the statisticallystationaryflow andcom-
position fields. In this section,the ISAT perfor
mancedrom threedifferentLES/FDF/ISAT simu-
lations(23 hoursrunwith constantime stepdt* =
0.06) arepresentecndanalyzed.The correspond-
ing parameterge.g., error tolerancee, the maxi-
mum assignedstorage)for ISAT arelisted in Ta-
ble 1. Figuresl, 2 and3 shav the measuredCPU
time andwall clock time (in microsecondgerpar
ticle step)in the reactionfractional stepsfor the
threecases.

ForthecaseH,-1, alarge|SAT tablestorageand
alargelSAT errortolerancearespecifiedandhence
cheapretrievesaredominantandtherearenodirect
integrationsin thesimulation(seeTablel). As may
be seenfrom Fig. 1, if the purelylocal processing
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Fig.2: TheCPUtimeandwall clocktimein reactionfractional
step(in microsecondgper particlestep)for eachprocessofor
caseH»-2.

stratgy (LOCAL) is used,evenfor this simplege-
ometry and chemistrycase,the load balancingis
not good. The CPU time spentby processom is
almost3 timesthe CPUtime spentby processol.
Accordingly processofl hasa significantamount
of idle time. This is dueto the following fact: in
the active flame region there are strong chemical
reactionsandsothereactionfractionalstepis usu-
ally computationallyexpensve. In the computa-
tional domainof processorl (adjacentto the in-
let), thereis no flameat all, whereador processor
8 (adjacento the outlet), thereis significantflame
actvity. (For a more complicatedflame, suchas
the methaneflamein this study muchworseload
balancingis obsered when the purely local pro-
cessingstratgy is employed.) In contrastto the
purely local processingstratey, the uniform ran-
dom distribution (URAN) strateyy achiezes much
betterload balancing. However, the URAN strat-
egy givesa largerwall clock time comparedo the
LOCAL strateg)ﬁ For this particularcase,as far
asthe wall clock time is concernedasit should),
theLOCAL stratgy hasadwantageoverthe URAN
stratgy eventhoughtheURAN modeachieresbet-
terloadbalancing.

Henceloadbalancings nottheissue:wall clock
time is. The optimal ISAT strategyy, which mini-
mizesthewall clocktimefor thecomhustionchem-
istry, maynot give thebestloadbalancing.

Figures2 and 3 comparethe parallel ISAT per
formancefor both the hydrogenflame H,-2 and
the methaneflame C H,-1. For both thesecases,
a relatively small ISAT table storageand a small
error tolerancee are specified,henceas may be
seenfrom Table 1, there are significantfractions
of direct integrations. The fraction of direction
integration is 0.31%for caseH,-2 and 0.5% for
caseC Hy-1. As may be seenfrom Figs.2 and3,
if purely local processings emplg/ed, thereis a
significantload imbalancefor both of thesecases
(thisis alsoimplied by the value of the nonunifor
mity factor A\ as discussedater), and the URAN
stratgy hasbetterloadbalancing.More important,
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Fig.3: TheCPUtime andwall clocktimein reactionfractional
step(in microsecondgper particlestep)for eachprocessofor
caseC' Hy-1.

for the caseH,-2, the URAN stratgy is aboutl1.6
timesfasterthanthe LOCAL strategg; andfor the
caseC Hy-1,the URAN strat@y is about2.9times
fasterthanthe LOCAL stratgy. Hencefor these
two casesthe URAN stratgy hasa clear adwan-
tageoverthe LOCAL stratey.

Therelative performancef theabove two paral-
lel ISAT stratgies (LOCAL and URAN) depends
onthefollowing five parametersthefractionof re-
actionfractionalstepstreatedby directintegration
Ppr (averagedover all particlestepson all proces-
sors);the averageCPU time perretrieve tg (aver
agedover all theretrieve eventson all processors);
the averagecommunicationtime (two way mes-
sagepassingperparticlecompositiont; theaver-
ageCPUtime perdirectintegrationtpr (averaged
over all the directionintegrationeventson all pro-
cessors)andthe nonuniformityfactor A (A > 1).
The parameter\ measureghe ratio of the maxi-
mum (over processorsdf the fractionsof reaction
fractionalstepstreatedby directintegration (aver
agedover the particle stepson the processor}o
Ppr (averagedover all particle stepson all pro-
cessors).Hencethe productof APpy is the max-
imum (over processorsyf the fractionsof reaction
fractional steﬁstreated y direct integration (av-
eragedover the particle stepson the processor),
andthe processomith the maximumof the frac-
tions of directintegrationsis generallymosttime-
consuming.The correspondingarametersor the
threecasesonsideredrelistedin Tablel. As may
be obsered from Table 1, ¢ /tg ~ 0.5 andO0.6,
while tpr/tr ~ 200 and970for the hydrogenand
methandlames respecirely.

Herea simplemodelis developedto explain the
obsered performancef the differentISAT strate-
giesin thethreesimulationsconsideredGiventhe

arametersthe wall clock time perqueryfor pure
local processindLOCAL) strat@y canbeapprox-
imatedas

tr, = A\Ppg XtD[—i-(l—)\PD[) X TR, (2)

wherethe first termis the contrikution of the di-



Table 2: Measuredfrom simulations)and predicted(by the
model,in parenthesesyall clock time (perquery)and~ val-
ues.

Hy-1 | H,-2 CHy-1
tr, (us) 16(8) | 42(31) | 556(535)
tu (us) 17(12) | 26(17) | 196(163)
v (measured) 0.9 1.6 2.9
v (predicted)| 0.67 1.8 3.3

rectintegrationtime andthe secondermis there-
trieve time. Whenthe uniform randomdistribution
(URAN) stratgy achisvesgoodload balancingas
expectedthewall clock time perquerycanbe es-
timatedas

tyr = Ppr xtpr + (1 — Ppr) xtr+tc, (3)

wherethe last term is an estimationfor the com-
municationtime. Hencethe relatve performance
of thesetwo stratgliescanbe measuredy

Y= tr _ APpr+ (1 = APpr) x tr/tpr
tvy  Ppr+ (1= Ppr) Xtr/tpr+tc/tpr

(4)

If v < 1, the LOCAL stratgy hasadwantageover
the URAN stratgy, whereador v > 1, the URAN
stratgy hasadwantage.

As maybeobseredfrom Eq. 4, if thecheapre-
trievesaredominantandtherearenodirectintegra-

tionsin the simulation,theny = thftc < 1 and

the URAN stratgy hasnoadwantage®vertheLO-
CAL stratgy. (Eventhoughthe URAN stratey
may achieve betterload balancing,the wall cloc
time for comhustion chemistryis larger compared
with the LOCAL stratgy.) Thisis thecasefor case
H,-1 wherealarge ISAT tablestorageanda large
ISAT errortolerancearespecifiedandthe ISAT ta-
ble doesnot becomefull. By contrastithe URAN
stratgy will have advantageovertheLOCAL strat-
egy only whenthereis a significantfraction of di-
rectintegrationsin the simulation. This is the case
for Hyo-2 and C Hy-1, wherea small ISAT table
storageanda smallerrortolerance: arespecified.
Basedon the simplemodel,we canestimatehe
wall clock time and the relatve performancepa-
rametery for the threecasesconsidered.Table 2
lists the measuredvaluesand the corresponding
Predlctedvaluesby the model. As may be seen
rom Table 2, the model underpredictsthe wall
clock time for all the threecases. This is mainly
becaus¢hatthemodeldoesnotcounttheidle time,
which is the executiontime usedfor waiting. (For
the LOCAL stratgy, the idle time on eachpro-
cessotis the correspondinglifferencebetweerthe
wall clock time and CPU time on eachprocessar
For the URAN stratgy, part of the differencebe-
tweenthe wall clock time and CPU time is due

to idle time.) Moreover the modeldoesnot count
thetime spenton otherprocesses thelSAT algo-
rithm and assumes uniform retrieve time for all
the ISAT tableson differentprocessorsWhenthe
contrikution of thedirectintegrationtime to theto-
tal wall clock time becomessignificant,the model
getsmoreaccuratesuchasin caseC Hy-1.

Neverthelessthe simple model gives a reason-
able predictionfor the performanceparametery.
As may be seenfrom Table 2, accordingto the
model, we have v = 0.67, 1.8 and 3.3 for cases
H,-1, Hy-2 and C'Hy-1, respectrely. Theseval-
uesare consistentwith the measuredralues(0.9,
1.6and2.9)readfromtheFigs.1, 2 and3,i.e.,the
simplemodelwell predictsthe performancef dif-
ferentISAT stratgles.

Basedon this simplemodel(Eg. 4), the URAN
stratgy hasadwantageover the LOCAL stratgy
w][]ent efraction of directintegrations(Ppy) sat-
isfies

tc/tor

Por > A o G = 1)

(5)

Undernormal circumstancesvheretg/tpr < 1
and A\Pp; < 1 (this is the casefor the current
study),Eq. 5 canbefurthersimplifiedas

(6)

The above analysisis basedon the assumption
thatthe URAN stratgy would achieve goodload
balancingastheoreticallysuggestedHowever, we
do obsere poorloadbalancingof URAN strat@y
for somepathologicakaseswhichis probablydue
to thecomplicatedstructurein the ISAT table. The
invel;stigatiomf thisissuewill be partof thefuture
work.

5. Conclusion

The LES/FDF/ISAT capability for the numeri-
cal simulationsof turbulent comhustionwith real-
istic chemistryis developedby incorporatinglSAT
into the StanfordstructuredLES codewith a La-
grangianMonte Carloimplementatiorof the com-
position FDF method. DifferentISAT paralleliza-
tion stratgies are implementedusing the x2f_mpi
software.

In this paper the LES/FDF/ISAT simulationof
a spatially developing mixing layer is usedasthe
test caseto study the performanceof two differ-
ent ISAT stratgies for idealizedturbulent flames
of both h?]/drogenand methane. Detailed mecha-
nismswith 9-speciesand35-speciesareemploed
for the hydrogenflameandthe methandlame,re-
smactvely Theresultsshav thatwhenit is almost
always possibleto retrieve from the ISAT table,
thenusing purely local processingSAT (without
ary messageassing)is optimal even thoughthe
load balancingmay not be good (seecaseHs-1).



But whenthereis a significantfraction of directin-
tegrationsin thesimulation,uniformrandomdistri-
bution stratgy (URAN) is adwvantageoug¢seecase
Hy-2 andC’H4-1).

The relevant parameterdfor the ISAT perfor
manceare identified and a simple model is pro-

osedto explain the obsered performanceof dif-

erentISAT stratgjies. Thismodelcouldbeusedto
choosethe appropriateone amongdifferent ISAT
stratgies in different parameterregimes. The
model predictionof the performanceparametery
is consistentvith the simulationresults.

In the future work, the quantitatve studyof the
performanceof other parallel ISAT stratgjies in
differentcircumstancevill be performed.
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