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Abstract

For most industrial companies,parallel methodshave becomestandardfor
CFD calculationsasa meansto speedup designanddevelopmentwork. Dur-
ing theEuropeanCommission-fundedEuroportproject,a numberof commercial
CFDcodeswereparallizedunderMPI. Mostportswerebasedondomaindecom-
position,usingMPI for all communication.Thusthe resultingparallelapplica-
tionscouldeasilyberunondistributedmemorymachinesandsimpleworkstation
or PC-clusters(BEOwulf). Nevertheless,thepricepaidfor parallelizinganumer-
ical methodusingmessagepassingparadigmis high, becausepartsof the code
have to be completelyrestructuredand the IO mustbe reorganized. Sincethis
work cannotbedoneautomatically, MPI parallelcodedevelopmentis expensive
andtimeconsuming.

OpenMp,anew programmingmodelfor sharedmemoryparallelarchitectures
is becomingmoreandmorepopular. Within the EU-fundedPOSTproject, the
CFDapplicationComethasbeenparallizedusingOpenMP;thework wasassisted
by a tool, to reducethe effort to createthe OpenMPcode. The OpenMp/ MPI
mixedcodehasbeenbenchmarkedon differentplatforms.OpenMPis usedon a
nodeandMPI betweenthenodesusingthedomaindecompositionapproach.The
results,whichwill bedescribedhere,show thatOpenMPcombinedwith MPI is an
interestingstandardfor practicalusein industry, wheremany MPI-basedparallel
codesarealreadyavailable.Wedescribeourwork with Comet,showing different
parallelizationstrategiesconsidered,andbenchmarksbasedonthem.Wewill also
show how assistancetoolscanhelpin parallelizationwith OpenMP.
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1 Intr oduction

Multiphaseflows like flows with freesurfacecover a wide rangeof applications
from thesloshingof fuel in thetankduringacarcrashto theflow field in achemi-
cal reactor. Therehavebeensignificantadvancesin thescienceandtechnologyof
multiphaseflowsin thepastfew yearsbecauseof enhancedcomputationalandex-
perimentalcapabilities.Becauseof thewidevarietyandimportanceof multiphase
flows in industrialprocesses,in the last few yearscomputationalfluid dynamics
(CFD) becamemoreandmorea standardtool in the industry. CFD-calculations
areusedby engineersfrom the designphaseto the final optimizationphaseof
cars,chemicalreactorsandvariousflow devices.

The physicsof fluid flow with free surfaceis characterizedby complicated
time dependentflow fieldswhich is obviousfor situationslike theflow in a tank
of a carduringa crashor complex chemicalmixing procedures.Especiallyin the
caseof acrashtheaccelerationof thefluid is enormous,sothatthecalculationof
suchprocessesrequiresverysmalltimestepsto calculatethefreesurfacewith the
requiredprecision.Thehydrostatichightof theliquid at leastdefinesthepressure
load on the wall of the tank. Two-dimensionalcalculationsbasedon the Finite-
Volumemethodusingunstructuredgridsneedsup to twenty hoursof CPU-time
on a oneprocessormachine.Fine meshesandsmall timestepsarenecessaryto
resolve thephysics.Therefore,suchsimulationsrequiresconsiderableCPUtime.
Threedimensionaltimedependentcalculationsof suchflows increasethetime for
calculationsby oneorder of magnitude. In the short time scheduleof product
developmentthis is notacceptable.

Becauseof theserequirementsmostof thecommercialCFD-toolshave been
parallelizedusingPVM or MPI usingdomaindecompositiontechnique.A high
numberof publicationsshow the enormoussuccessin reducingthe simulation
time by parallelmethods([8],[11],[12], [13]). Furthermore,this new featurebe-
camequitepopularandwassoonof greatinterestfor theindustrialmarket. Tools
havebeenimplementedin orderto assistthecodedeveloppersparallelizingthere
applicationsusingMPI [2]. Performancemeasurementtoolscompletedthesetof
toolsavailableon themarket now. Theadvantageof thestandardMPI is thefact
that it canbe usedon a wide rangeof hardwareplatforms. MPI is availablefor
distributedmemorysystemslike workstationclusters,PC-clustersandmassivly
parallelarchitectureslike theCrayT3Easwell asfor sharedmemorysystems.

A lot of benchmarksshow the benefitof parallelCFD-codesin reducingthe
simulationtime. NeverthelessparallelizingcodesunderMPI needsa complete



restructuringof partsof the codewhich is very time intensive. Typically, even
in parallelizedCFD packagestherearestill someconstraintsregardingtheparti-
tioning in subdomainsof advancedfeatureslike sliding grids. Furthermore,the
changeof thenumberof processorsduringa calculationrequiresa re-formating
of the restartfilesto get the coderestarted.Suchconstraintsarenot existing for
sharedmemoryparallelizedpackages.May be thesethingsarenot so important
in theparallelresearchcontext but during thedayby daywork with parallelnu-
mericalmethodsit is anonnegligible factor.

Mostof majorhardwarevendorsmarketcost-effectiveparallelsystemswhich
consistsof a modestnumbersof processorsandsharedmemory. Also largescale
platformsaredeployedwhichareacombinationof distributedmemoryandshared
memorysystemsconnectedvia a high speednetwork. At the otherendof the
performancescalemultiprocessorworkstationsandPCswith sharedmemoryare
increasinglybeingdeployed. OpenMPwhich hasoriginally beingdevelopedfor
SMPsis alsoavailableonccNUMA systems.Thewidespectrumof Dual-pentium
architecturesup to ccNUMAs like a SGI Origin can be usedfor parallel cal-
culationsbasedon OpenMP. OpenMPasa high-level programmingmodel can
easily integratedin applicationsif thereis no datadependency inside the loop-
construction.Toolsareavailableon themarket to supporttheengineerin paral-
lelizing hisapplicationunderOpenMP. Oneof suchatool, namedForesys[3] has
beenextendedto OpenMPwithin the EU-fundedproject POST(Programming
with theOpenMPStandard).Oppositeto MPI theparallelizationunderOpenMP
canparticularilyperformedautomaticallyby usingsuchtools. In theareaof CFD-
CalculationsOpenMPis an very interestingissueto be usedby CFD-codesto
speed-upthe applications.Therefore,the commercialCFD-codeComet which
is alreadyparallelizedunderMPI (domaindecomposition),hasadditionallybeen
parallelizedunderOpenMP. Benchmarkshave beenperformedwith the paral-
lelizedapplicationin orderto comparetheefficienciesof thepureOpenMPcode
to the MPI-version. Finally mixed calculationson several platformshave been
performedto getinformationsaboutthehardwaredependenciesof thecode.The
resultsof thosebenchmarksshow, thatOpenMP, whichhasa lot of advantagesin
thepracticalusefor industrialissues,doesn’t scaleaswell aswith MPI. However
thereis agreatpotentialwhichmaybeachievedby aconcertedactionof hardware
providers,providersof compilersandfinally theendusersfrom industry.

2 Description of the CFD Method

Cometis amulti-purposeCFD-Softwarefor thesolutionof continuummechanics
problems(both fluid andsolid mechanics).It is a self-containedpackageincor-
poratingmathematicalmodelsof a wide rangeof thermo-fluidsandsolidsphe-



nomena,powerful solversenablingfull complex-geometrycapabilities,highly ef-
ficientandstablesetof numericalsolutionalgorithms,flexible pre-processingand
post-processingfacilitiestailoredfor bothexpertandnoviceusers.

A uniquefeatureof Cometis thepossibilityto useblockwise-generatedgrids,
wherethegridsdonothaveto matchatblockinterfaces(only theinterfacesurface
hasto bethesame).Every polygoncommonto two CVs is treatedasa cell face;
CVs next to an interfacemay thushave many faces. Thesefacesaretreatedin
thesameway asothercell faces– implicitly andconservatively (the interfaceis
notaboundary!).This featureenableseasiercreationof bettergrids;also,for big
problems,thegrid canbegeneratedpiece-by-piece(evenby differentpeopleon
differentcomputers).

Segregatedsolution algorithmsare preferredto block solutionsbecauseof
their small memorydemands(only one transportequationis solved at a time).
Becauseof thenon-linearnatureof thegoverningequations,aniterationfor inter-
equationcouplingbecomesa partof a non-lineariteration,suchthat for mostof
thepracticallyrelevantsituations,noextracostis to bepayedin termsof increas-
ing computertime.

Thelinearizedalgebraicequationsaresolvedusingefficient conjugategradi-
entbasedsolvers( e.g. ICCG, CGSTAB). Additional improvementsin thealgo-
rithm areachievedby employing ’full multigrid’ (FMG) algorithm.FMG should
deliver in a typical situationcomputertimeswhichscalelinearlywith thenumber
of discretisationelements.

A generationof progressively finer gridscanbeaidedwith a numberof error
estimators,leadingtowardsanoptimalnumericalgrid which givesthemaximum
accuracy for a given numberof discretisationelements.The main featuresare
listedbelow:

� finite-volume

� polyhedralcontrolvolumes

� cell-wiselocalgrid refinement

� numericalgridsmadeof anumberof non-matchingblocks

� discretizationschemes:

– midpointrule integration

– linearinterpolation

– secondorderdiscretisationof diffusivefluxes

– convective fluxes discretisedusing upwind, linear upwind, central,
MINMOD or HRIC discretization



– fully implicit: 3 time levels(2ndorder),Euler(1storder)

Interface-capturingmethodenablescomputationof free-surfaceflowswith an
arbitrary deformationof the interfacebetweenthe two fluids. Surfacetension
effectscanalsobetakeninto account.Theflow of bothfluidsis computed.Figure
1 shows a typical geometryof a mixer. The liquid inside the vesselhasa free
surface.Theliquid is mixedby rotatingbaffles. At thesametime liquid is let in
from thetop.

Figure1: Typicalgeometryof amixer

Thenumericalmethodreliesonthefinite-volumediscretizationof thegovern-
ing fluid mechanicequationson a bodyfitted, unstructuredcomputationalmesh.
With cell orientedlocal refinementeven exceptionallycomplicatedgeometries
canbetreatedin detail,keepingthenumberof grid pointsto aminimum.Popular
grid generatorscanbe usedto createcomputationalmeshes.Import of grids is
facilitatedby theunstructureddataarrangement.

3 Parallelization

LargeproblemscanbesolvedusingComet onparallelcomputersor onworksta-
tion or PC clusters.Parallelizationis basedon domaindecompositionandmes-
sagepassing.This providesflexibility to port Comet parallelversionto almost
any parallelconfiguration.



3.1 Domain Decomposition

The unstructuredgrid is partitionedusinga standardgraphpartitioner[4]. The
parallelversionof Comet is implementedaccordingto the SingleProgramme
Muliple Data(SPMD) programmingstyle usingMPI or PVM messagepassing
library for communication.Eachpartition is surroundedby anauxiliary layerof
cells originatingfrom neighbouringpartitions,in orderto accomodatehalodata
which areneededfor thesolutionof thecurrentpartition.

3.2 OpenMP

In thesharedmemoryprogrammingmodelgrid partitioningis equivalentto par-
titioning the loopsrunningover the whole grid. This aim canby acchieved by
applyingthePARALLEL DO directive to thecorrespondingdo-loops.An analy-
sis of the mosttime consumingroutinesin Comet shows that therearemainly
occuringthreedifferentloopstructures:

� Thefirst kind of loopsis runningover all cellswith thecell index asloop
index.

� In thesecondtypethecell faceindex is theloopindex sotheloopis covering
all controlvolumefacesof thecomputationaldomain.

� The third loops structureis a nestedloop wherethe inner loop visits all
neighboursof acell andtheouterloopcoversall cells.

Loop over cells Betweentheiterationsof thecell loopstherearenodatadepen-
dencies.Therefore,the parallelizingwaspossiblein a straightforward manner.
Figure2 shows a typical loop over cellswhich hasbeenparallelizedby Foresys.
Thesekind of loopsareverycommonandneedto beparallelizedseveraltimesin
severalunits.

!$OMP PARALLEL DO
do ip=nstc,nenc

ps(ip)=q(ip)+bet*ps(ip)
end do

!$OMP END PARALLEL DO

Figure2: Loopovercell



Loops over faces An examplefor a parallelfaceorientedloop is givenbelow
in Figure3. Thiskind of loopcannotautomaticallybeparallelized.For thatloop
structurea reorganisationof theloop is necessary:Theparallelizationstrategy is
to rearrangetheorderin which thecontributionsof thefacesarecalculated.This
new orderis storedin the arrayifacsq. Also, the loop hasto be transformed
in two nestedloopswheretheinnerloopdo iom=ivecst(i), ivecen(i)
is runningover thecell rangeandtheouterloopdo i=1, maxnnb is running
over theneighboursof thecells.

!$OMP PARALLEL PRIVATE(I)
do i=1,maxnnb

!$OMP DO PRIVATE(J,IP1,IP2)
do iom=ivecst(i), ivecen(i)
j=ifacsq(iom)
ip1=lf(1,j)
ip2=lf(2,j)
wrk(ip1)=wrk(ip1)+af(1,j)*sv(ip2)
wrk(ip2)=wrk(ip2)+af(2,j)*sv(ip1)

end do
!$OMP END DO

end do
!$OMP END PARALLEL

Figure3: Loopover faces

Loop over cellsand faces A third typeof loopsoccursin thesparseLU factor-
izationpreconditionerof theCGmethods:theforwardandbackwardsubstitution.
Thereareonly two loopsin thecodewith this structurebut asonecanseefrom
the profiling thereis lot of computingtime spentin thesetwo loops. Therefore,
theparallelizationof theseloopsis necessary. Theseloopscouldbeparallelized
by Foresysin a straightforwardmanner. But theefficiency of the resultingcode
is very poor. The reasonis the large overheadfor the languageconstructsin
OpenMP. If OpenMPconstructsareusedin the innermostloop a hugeincrease
of computingtime canbe observed. To createan efficient OpenMPversionthe
only possibility is theusageof theOpenMPdirectivesfor outermostloopsor at
subroutinelevel. Also, a wavefront reorderingapproachof theseloopsrequires
to muchoverheaddueto OpenMP. Therefore,a completereorganizationof these
stronglyrecursive loopsis only possibleat costof numericalperformanceto gain
speedup.A typical way aremulti color methodswhich areusedin theOpenMP
versionof Comet .



Tool assessment Severaltoolsfor parallelizationareavailableonthemarket for
a long time, mainly to supportthe softwareengineersparallelizingtheir appli-
cation. As part of the POSTprojectOpenMPcodecreationtools arebeingde-
veloped.ThecommercialreverseengineeringsoftwareproductForesys[3] from
Simulogis at theheartof this development.During theapplicationdevelopment,
extensionsof thebasictool Foresyshavebeenfoundnecessaryin orderto beable
to guidetheuserin parallelizinghisapplicationandsupporthim by a transforma-
tion tool to getsemi-automaticallyloopwiseOpenMPdirectivesinserted.Foresys,
a commercialFortransourcecodeanalysisandrestructuringsystem,which sup-
portsalsodata-dependency analysis,hasbeenextendedto assistin the creation
of OpenMPsource. Foresyshasbeenusedfor the CFD-codeCometfor data-
dependency analysisandfor creationof OpenMPsourcewherepossible.Typical
CFD-codeshaveonly afew subroutineswheremostof theCPU-timeis spentdur-
ing a calculation.Thesesubroutinesneedto beparallelizedefficiently to achieve
goodspeed-upresults.As describedin theprevioussectionstheloopsinsidethose
specificsubroutineshaveacomplicatedstructurewith anumberof datadependen-
cieswhich cannot easilybetransformedto OpenMP. Therforethe ideacameup
to couplethe basictool Foresyswith a kind of expert tool called TSF [1] and
AGM (AutomaticGuidanceTool). TSFis basedon ”scripts”which caneasilybe
adoptedto specificrequirements.Thereforecodespecificstructurescanthenbe
describedby thosescriptsandtransformedto aparallelizablecodestructure.It is
clearthatawidescript-databaseis necessaryto fulfill therequirementsconcerning
variouscodes.Neverthelessthis databasecanbefitted andextended.

4 Parallel Performance

In orderto provide a wide spectrumof hardwareseveral hardwarearchitectures
havebeenbenchmarkedusingtheCFD-codeComet.A testcaseof 100.000Con-
trol Volumeshasbeencreatedandbeenportedto following platforms:

� SmallLinux-cluster, 4 Pentium800MHz,Dual ProcessorBoard

� SGI,SGIPowerChallenge,195MHz R10Kprocessors

� SGI,workstationcluster, 8dualprocessorworstationsSGIOctane(R10000,
225Mhz)

� SGI,SGIOrigin 2000,48 processorsR10000195MHz

To beableto getonly theparallelefficienciesthenumberof outerandinner
iterationshave beenfixed. Therfore,in all casesthe samenumberof iterations



were performed. Furthermore,the Comet codehasbeenbenchmarked in the
following way:

� Only OpenMP

� Only MPI

� MixedOpenMP/Mpi,differentMPI, OpenMPprocesses

Power Challenge Concerninga real SMP machineComet hasbeenbench-
marked on a Power Challengewhich is not the newest architecture. However
theresultsobtainedaregood.Table1 showstheresultsachieved.Thecodescales
up to 16 processorsquitewell. But it canbeseenthatthereis a lossof time from
oneto two threads.

OpenMpThreads Time [s] Efficency [%]
1 346 -
2 195 89
4 92.8 93
8 48.5 89
16 27.2 80

Table1: MeasuredEfficienciesfor aPowerChallenge(OpenMP)

OpenMpThreads Time [s] Efficiency [%]
1 229 -
2 147.7 77.5
4 74.4 76.9
8 37.3 76.3
16 22.9 62.5

Table2: MeasuredEfficenciesfor aOrigin (OpenMP)

Origin This is muchbetteron a Origin. As it canbeseenthecodescalesvery
goodup to 8 Processors.But increasingthenumberof processorsto 16, theeffi-
ciency is smallercomparedto thatoneachievedon thePower Challenge.To get
an impressionhow MPI workson sucha architecturetheCFD-codeComet has
beenrunwith pureMPI. Table3 showstheefficienciesachievedrunningthecode



OpenMpThreads MPI processes Time[s] Efficiency [%]
1 1 229 -
1 2 130.2 88.0
1 4 44.5 128.6
1 8 22.4 127.8
1 16 14.4 99.3

Table3: MeasuredEfficienciesfor aOrigin (MPI)

with the domaindecompositionmethodusingMPI. It turnsout that computing
time andefficienciesusingMPI arebettercomparedto theOpenMPvalues.The
obvious reasonfor this behaviour is the considerableoverheadof the OpenMP
languageconstructs[6], [7]. Thereasonfor thesuper-linearspeedupfor theMPI
case(Tab. 3) is a cacheeffect which increasesthe processorperformance.A
small testcaseshows that for the grid sizesusedin this benchmarkthe floating
point performanceis morethen40%largerfor the4 processorpartitioning.

Linux-cluster Benchmarkshave alsobeenperformedon a smallLinux-cluster
which is usedat Battelleasan experimentalclusterfor numericalcalculations.
This Linux-clusterconsistsof 12 PCs.Four nodesaredualpentiumIII machines
with 800Mhz.ThePCsareconnectedvia 100MbitEthernet.Tables4 and5 show
theresultsachievedon thatcluster. Thecodedoesnot scalevery goodfrom one
OpenMPthreadto the second.Among otherreasonsthis is dueto the memory
contentionon thedualpentiumboardswhenrunningapplicationswith largedata
setswhich fits not to thecache.But overall it scaleswell up to eight processors
two OpenMPthreadson eachof thefour PCsandMPI usedfor theoverall com-
municationfrom PCto PC.By usingMPI processesinsteadof OpenMPthreads
thecodescalesnearlyin thesameway (table5).

OpenMpThreads Numberof processors(MPI) Time [s] Efficiency [%]
1 1 156.3 -
2 1 100.7 77.6

2 2 53.8 72.6
2 4 30.6 63.8

Table4: MeasuredEfficienciesfor a Linux-cluster(OpenMP/ MPI)



OpenMpThreads Numberof processors(MPI) Time [s] Efficiency [%]
1 1 155.4 -
1 2 102.4 75.8
1 4 54.3 71.5
1 8 29.5 65.8

Table5: MeasuredEfficienciesfor aLinux-cluster(MPI)

SGI-cluster The fourth hardware be testedis a SGI workstationclusterbuilt
of 8 dualprocessorSGI Octane(R10000,225Mhz)workstationsconnectedvia a
100Mbit Ethernet.Regardingtable6 thespeed-upfrom onethreadto thesecond
oneusingOpenMPanefficienciy of 85%is achieved. This is betterthanon the
previously benchmarkedLinux machine.Probablybecauseof thebettermemory
busthereis lessmemorycontention.But theperformanceachievedfor a increas-
ing numberof nodeseachof it providing two OpenMPthreadsdoesnotscalevery
well.

OpenMpThreads Numberof processors(MPI) Time [s] Efficiency [%]
1 1 215.3 -
2 1 126.7 85

2 2 79.4 79.8
2 4 47.9 66.1
2 8 30.8 51.4

Table6: MeasuredEfficienciesfor aSGI-cluster(OpenMP/ MPI)

5 Conclusions

Industrialneedsto getcomputationalresultsfor complex physicalproblemsdur-
ing onedayis essentialto benefitfrom thoseresults.Therefore,parallelcomputa-
tionsof fluid flow usingdomaindecompositiontechniqueunderMPI is astandard
tool whichwill bealsousedin future.Thebenchmarkresultspresentedin thispa-
per show that the CFD-technologycan benefitfrom OpenMP. For workstation
clusterstheefficienciesachievedby usingMPI / OpenMParesimilar. Mostof the
smallerandmediumsizedcompanieshave clustersandit couldbeexpectedthat
clustersconsitingof SMPmachineswill bewide spreadin industryin future.

As opposedto proprietarysharedmemoryprogrammingmodelsOpenMPis
availableon several sharedmemoryplatforms. Therefore,it is possibleto offer



commercialCFD packageson a lot of sharedmemorysystemsbut theeffort for
parallelizingtheapplicationhasto bemadeonly once. It turnsout thata shared
memoryparallelversionis morecomfortablefor theusers.Thereis no grid par-
titioning necessary, andno constraintswhich resultsfrom this partitioninghasto
betakeninto account:

� no constraintsin theuseof sliding interfaces

� Restartof runsarenot dependenton the numberof processorspreviously
used

� Coupledproblemsareeasierto handle(LagrangeandEuler)

� parallelusercodingsarenotnecessary

Resultsachievedon SMPsor theORIGIN show that thecodeis scalingwell
upto16 processors.However if therearea highernumberof processorsinvolved
theefficiency would decrease.But in the industrialscale16 uptoa maximumof
32processorsin theareaof CFD-technologyareusual.In generaltheresultsshow
the benefitgainedby usingOpenMPfor a wide spectrumof hardwarearchitec-
tures.Also, thebenchmarkresultsshows thatthereis still roomfor improvement
ontheOpenMPin reduzingtheoverheadaswell asin theapplicationsfor increas-
ing theefficieny.
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