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Abstract

A tightly coupledfluid-structureinteraction(FSI) solutiontechniqueincorporat-
ing fluid andsolid mechanics,phasechangeandchemicalreactionsis presented.
Thecontinuumequationsaresolvedwith acell-centered,multi-materialICE solu-
tion method.This formulation is integratedwith a Lagrangian,particle based,
solid mechanicstechnique,known astheMaterialPointMethod,asdescribedby
Kashiwa et al. [1] andGuilkey et al. [2]. Thecombinedmethodcanhandlelarge
deformationsand phasechangewithin a single grid, without the needof sepa-
rate domainsfor fluids and solids,or the passingof boundaryconditions.This
paperdiscussesalgorithmicissuesinvolvedin accountingfor chemicalreactions
andphasetransitionamongmaterialphases(e.g.,solid � gas).Validationis pre-
sentedas are simulationsshowing large deformationwith phasechange.These
simulationswereperformedwithin acomputationalframework thatcontainstools
for parallelization,performanceanalysis,datamanagement,algorithmintegration,
anddatavisualization.Featuresof this framework aredescribed.

1 Intr oduction

Advancementsin informationandcomputingtechnologyhavesignificantlyincreased
thelevelof sophisticationthatcanbeachievedin fluid structureinteractionsimula-
tions.Theseadvancements,in bothsoftwareandhardware,includecomputational
frameworks,scientificvisualization,datastorage,processingpower andcommu-



nication bandwidthfor massively parallel computationsto namea few. These
advanceshaveenabledengineersto performFSIsimulationsonlargeparallelplat-
forms.Specifically, thedevelopmentof a computationalframework, with built-in
parallelization,datastorageandvisualization,waskey to the implementationof
the multi-materialEulerian-Lagrangianalgorithmdescribedin Guilkey et al. [2]
(which is Part 1 of thispaper, andappearsin theseproceedings).

The algorithmcombinesa multi-materialEuleriansolution for the governing
continuumequationsfor the fluids with a Lagrangianparticle basedtechnique
for the solid mechanics.Incorporatedin the algorithmare termsto accountfor
momentumandenergy exchangealongwith phasechangebetweenthe different
materialsor phases.Theorganizationof thispaperis asfollows,first, theimportant
aspectsof the computationalframework aredescribed,followed by a discussion
directedat thegoverningequationswith anemphasison massconversionamong
thematerials.Thepaperconcludeswith validationanddemonstrationsimulations.

2 The Computational Framework

Ourcodedevelopmentandproductionenvironmentis calledtheUintahComputa-
tional Framework (UCF) andwasinitially developedat theUniversityof Utahin
supportof theDOE sponsoredCenterfor theSimulationof AccidentalFiresand
Explosions(C-SAFE).TheUCFwasspecificallydesignedasageneralframework
for performingmassivelyparallelsimulationsaswell asatool for visualizinglarge
datasets.It providesa platform for incorporatinga varietyof physicsalgorithms
into acomputingenvironmentthatsupportsbothMPI andthreadbasedparallelism
[3, 4]. In theUCF a wide assortmentof datastructuresareavailableto theappli-
cation programmer, including Particle, Cell, Node and Facecentereddataon a
structuredgrid.

Domaindecompositionis thefoundationof theUCFwhereinthecomputational
domain is divided into individual “patches”,upon which the algorithm is per-
formed.To hidethecomplexitiesof paralleldatamanagementfrom theresearcher,
theUCFincorporatesthreekey features;1) ataskgraphrepresentationof thealgo-
rithm, 2) a componentknown astheDataWarehouse,3) anda Schedulercompo-
nent.TheDataWarehouseactsasaglobal,singleassignmentmemoryabstraction
with automaticdatalifetimemanagementandstoragereclamation.Thiswarehouse
automaticallyhandlesI/O, check-pointingandrestarting.The applicationdevel-
oper’s algorithmis describedby “tasks” whereeachtaskcorrespondsto a single
majoralgorithmicstep.Eachtaskcontainsa list of requiredinput variablesanda
list of computedvariables.Theinputrequirementshaveinformationondatadepen-
dencieson neighboringpatches.The Schedulercomponentarrangesthesetasks
into ataskgraphrepresentationof thealgorithm.Dataflow amongthepatchesand
tasksare representedas “edges”on the graph.From the applicationdevelopers
perspective, tasksto do this communicationaregeneratedautomatically, andare
scheduledalongwith thosetasksspecifiedby theresearcher.

To usetheUCFfor any particularapplication,aresearcherdefinesthealgorithm
onasinglepatchwith tasks.In thosetasksthedatarequirementsmustbespecified,



includingthenumberof “ghost” cellsneededfrom theneighboringpatches.Once
the tasksare specified,the Schedulercreatesa task graph,and then distributes
thetasksto theavailablecomputationalresources.Sincecommunicationtasksare
automaticallyscheduledandexecuted,retrieval of datafrom neighboringpatches
is transparentto thedeveloper.

For example,supposewehaveanalgorithmthatconsistsof just two steps,inter-
polatingtheparticlestateto thenodes,andtheninterpolatingthenodaldataback
to theparticles.Thetasksdescribingthisalgorithmare:(seeFig. 1)

1. InterpolateParticleDataToNodes

Requires: Particleposition,massandvelocity, fromthepatchandonelayer
of ghostcells.

Computes: Nodalvelocityon thepatch

2. InterpolateNodeDataToParticles

Requires: Nodalvelocity, from thepatchandonelayerof ghostcells.
Computes: Particlevelocity, positionon thepatch

Patch 2Patch 1 Task 1

Task 2

InterpolateToParticles

Requires:    Node Data from Patch 1 & 2

Computes:  Particle Data on Patch 1

Ghost nodes = 1 layer

InterpolateToParticles

Requires:    Node Data from Patch 1 & 2

Computes:  Particle Data on Patch 2

Ghost nodes = 1 layer

InterpolateToNodes

Requires:    Particle Data from Patch 1 &  2

Computes:  Node Data on Patch 1

Ghost particles = 1 layer

InterpolateToNodes

Requires:    Particle Data from Patch 1 &  2

Computes:  Node Data on Patch 2

Ghost particles = 1 layer

Figure1: Schematicdiagramof a taskgraphgeneratedby theSchedulercompo-
nent.Arrows, or “edges”,representdatadependency. Diagonalarrows
indicatedatacommunicationbetweenpatches.

This representationof the algorithm makes it effortlessfor the researcherto
parallelizean algorithm,sinceno additionalcodeis neededto extend a single
patch,singleprocessorsimulationontoa largecomputingplatform.



Becauseanalgorithm’s individual tasksareinsulatedfrom theunderlyingcom-
municationand parallelizationinfrastructure,it is possibleto make significant
changesto theframework withoutdisturbingtheresearcher’swork. Thisgivesthe
computerscientiststhe freedomto implementnew schedulers,integrateperfor-
manceandanalysistoolsandoptimizeexistingschedulerswithoutmakingradical
changesto theindividual tasks.

3 Incorporation of PhaseChangeand Heat Release

ThecoupledEulerian-Lagrangianapproachpresentedin Part1 is directedat solv-
ing largedeformation,full-physicsproblems.By full-physics,wereferto transient
solutionsof the governingequationsof both solids and fluids, including phase
change,without limiting assumptionsmadeonmaterialbehavior or eventualstate
of deformation.An examplescenariois an exploding metal container, initially
filled with plasticbondedexplosives(PBX), subjectto an externalheatsource.
Theexternalheatinginitiatesa solid � gasreactionin thelayerof PBX adjacent
to the case.Generationof gasin the gapcausesa rapid pressurizationandlarge
deformationof thecaseuntil it eventuallyruptures.Sucha scenariois known asa
“f astcookoff” test,andis of interestin thesolid rocketmotorcommunity.

Severaldifferentapproacheshavebeendevelopedfor solvinglargedeformation,
full-physicsproblemsovertheyears.Mostof thesefall into aclasswheredistinctly
separatedomainsareassignedto thefluid andsolidfields.Thesetechniquesoften
useanALE meshfor thefluid anda Lagrangianmeshfor thesolid.Somegeneral
classificationsandexampleshavebeenprovidedby otherauthors(e.g.,[5]). Other
approacheshaveuseda purelyEuleriansolutionwith surfacetrackingto keepthe
boundariesamongthedifferentmaterialsdistinct.In bothclasses,communication,
or boundaryconditionpassingis requiredbetweenthe fluid and the solid. One
canimaginethe difficulties that eitherof theseapproacheswould have with our
target scenario.For example,the solid � gasreactiongeneratesa fluid where
solid existedpreviously or whenthecontaineris strainedbeyondits plasticlimit
rupturinginto severalsmallerpieces,with interiorgasesescaping.

As describedin detail in Part 1 [2], a different approachis taken here.The
governingmulti-materialequationsaresolvedon a singlemeshusinga conserv-
ing, Eulerian,finite volumemethod.Thesolid phasematerialsaredescribedin a
Lagrangianframeusingthe particlebasedmaterialpoint method(MPM) that is
describedin Sulsky etal. [6, 7]. TheMPM solutiontechniqueis embeddedwithin
the Eulerianmethodand information is passedbackandforth betweenthe two
methodsin the Eulerianframe of referencevia the single grid as describedby
Kashiwa et al. [1]. Becauseall materialsusethesamegrid for at leastpartof the
computation,thealgorithmis capableof handlingany amountof materialin any
cell (i.e., arbitrarily small). This makes the generationof gasin the midst of a
solid a possibility that would be difficult if the solid andfluid weredescribedin
separateddomains.

Thesolidphasematerialsthushaveadualrepresentationin boththeLagrangian
andEulerianreferenceframes.Thereaderis encouragedto readPart1 of thiswork



for adetaileddescriptionof theintegratedtechnique.

3.1 Governing Equationsand ReactionModels

We begin by reviewing the governingmulti-materialequationsas describedin
Guilkey etal.[2] andKashiwa[8] with ourattentionfocusedonthe
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termsof mass,momentum,energy andspecificvolume.Themulti-materialequa-
tionssolvedin theEulerianframework are
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where
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,
� �)� �  , and

� ��8 �  arethe
�
-materialmass,momentum,andenergy per

unit volume,-  is thevolumefractionand @  is thespecificvolume.A key feature
of the methodis that the intrinsic properties(temperature,velocity andspecific
volume)of the materialsarewell definedeverywhere,even if the massof that
materialis zeroin a region.% 6& �( , % 6& �(67 , % '& �(6H and % '& �U#W represent,for each

�
-material,the changein

mass,momentum,energy andspecificvolumeresultingfrom the conversionof
massamongmaterials.As anexample,we returnto theexplodingcontainersce-
nariodescribedabove.Whenthetemperatureandpressureareabove a threshold,
thesolid � gasreactionof PBX occursonasurfaceandis givenby:
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where ] is a surfacearea, ^ is a reactioncoefficent, and [ G is the enthalpy
of reaction.̂ and � in Eq. 5 wereexperimentallydetermined[9]. To maintain
conservation, careful accountingof not only the mass,but also the transferof
momentumandenergy amongthematerialsis important.Accountingfor changes
to the solid stateis straightforward,asdecrementinga particle’s massautomati-
cally decrementsit’s momentumandenergy. Thesesamequantitiesareexplicitly
addedto theproductmaterialasadditionalsourcetermsin Step8 of Part 1[2]. To
date,only solid � gasreactionshave beenconsidered,however, otherprocesses
arepossible.For example,with appropriatemodels,asolidmaterialmaymelt into
a liquid thatsubsequentlyvaporizesinto agas.

In additionto thesourcetermsin Eqs.5-8,theestimatedtimeadvancedpressure
hasanadditionaltermto accountfor massexchange:
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where d  is the
�
-materialbulk compressibility. Equation9 is derived from the

massequation,Eq.1 andthestatement,�� �! -  �
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thusany changein massmustbeincluded.For detailsseeKashiwa [10].

4 DemonstrationSimulationsand Validation

In thissectionsimulationresultsarepresentedfor threedifferentscenariosto val-
idateanddemonstratethe capabilitiesof this approach.The first simulationis a
classicalthermodynamicsproblem,a pistoncompressinga gamma-law gasvery
slowly. This servesto validatetheevolutionof thespecificvolumeandthesource
of internal energy underlarge volume changes.The next demonstrationis of a
transientsimulationof aflexible structurein acrossflow. Thisdemonstrationillus-
tratesalgorithmfeaturesin large-deformationFSI problems.Thefinal simulation
involveslargedeformationsof asealedmetalcylinderresultingfrom highpressur-
izationfrom asolid � gasreaction.In all casesasinglestructuredmeshwasused,
with materialpointsrepresentingthesolid materials.

4.1 Validation: Adiabatic compressionof a confinedgasby a piston

A pistonadiabaticallycompressinga confinedgamma-law gaswassimulatedto
testtheEulerianevolution equationfor thespecificvolume,Eq.4 andthesource



of internalenergy underlargevolumechanges.Thissimulationalsodemonstrates
thatthealgorithmaccuratelyrepresentstheinteractionbetweenthepistonandthe
gasthroughthemomentumcoupling.Thepistonwasdescribedby materialpoints
andits motionwasspecified.Asmentionedin Guilkey etal. [2] thespecificvolume
mustbecomputedaccuratelyto obtainthecorrectequilibrationpressure.Figure2
shows thecell centeredgaspressureat f �bg0h g versustime,wheretheanalytical
solutionassumingthermodynamicequilibriumis givenby

Y5i � Y  <?j  j i Alk (11)

A largemomentumexchangecoefficient,( ^  2 ��emg  on ) waschosen.Thisdrives
the velocity of the gasandthe pistonto the samevaluein cells whereboth gas
andpistonarepresent(i.e., at the interfacebetweenthe gasandthe solid). This
enforcesa no-slip,no-interpenetrationconditionbetweenthe pistonandthe gas.
Thisproblemhadacompressionratioof p h q .
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Figure2: Adiabaticcompressionof a confinedgasby a piston.Pressureversus
timeat f �\g0h g .

4.2 Flexible structur e in a crossflow

This simulationis intendedto demonstratethe dynamiccapabilitiesof the algo-
rithm.Specifically, alight, flexible,rectangularbeamwith adensityof 1.18 r)s�tvuBw
andbulk andshearmodulusof .2 x Yzy and.15 x Yzy respectively is attachedto



thefloor of anenclosedchannel.Thebeamis representedby 8 materialpointsper
computationalcell, hasa footprint of .5 u X .5 u , is 1.5 u tall andis initially
at a temperatureof 300K.Air at 400K is forcedthroughthechannelwith aninlet
velocity of 10 u{tQ| . Upon start-up,the beamdeflectsandundergoessubsequent
oscillations.Figure3 is a snapshotof thedeformedshapeof thebeamaswell as
a vertical slice of the surroundingflow field at an instantin time. The particles
comprisingthe beamareshadedby temperature,indicating that heattransferis
occurringin thissimulation.Therectangularboxshowsthecomputationaldomain
andthedividing line indicatesthattwo patcheswereused.

Figure3: Flexible structurein a crossflow.

4.3 Explosionof ConfinedEnergetic Materials

This final simulationillustratesthe algorithm’s capabilitieswith regardsto mass
exchangeamongmaterials,largedeformations,andthehandlingof multiplemate-
rials.Thesimulationinvolvesa cylindrical coppercontainer(grayparticles)filled
with a PBX (dark particles).The initial temperatureof the containerwas })p g ^ ,
well above the reactionthresholdtemperaturefor PBX. The reactionmodeldis-
cussedin section3.1 wasemployed.Figures4a-dshow a time sequenceof the
evolution of thecontainerandPBX. Theinitial configurationis shown in a e t�~����
symmetryview in Fig. 4a.Thereactioninitiatesat theinterfacebetweenthecop-
per andPBX, resultingin the generationof gases(not explicitly depictedin the
figure). The creationof productgasesin the gapgeneratesa high pressurethat
furtheracceleratesthereactioncausingthecaseto deformasshown in Figs.4b-c.
Noticetheuniformcircumferentialdeformationof thecaseasa resultof thehigh



(a) (b)

(c) (d)

Figure4: Deformationof a pressurizedcontainerfrom the reactionof explosive
contents.Thecoppercontaineris denotedby graycolorparticlesandthe
darkparticlesarePBX. A e t�~ view of theinitial configurationis shown
in (a).

pressureforcesin Fig. 4c.Eventually, thecaseimpactson thesidesof thecompu-
tationalboundary, resultingin thedeformedshapeshown in Fig. 4d.An important
featureto recognizeaboutthis simulationis that initially the volumefraction of
the gaswaszeroeverywherewithin the container. As the reactioninitiated,gas
wasgeneratedin regionsformally occupiedby thesolidmaterials.Thissimulation
wasperformedon 125 processorsof an SGI Origin 2000.Suchsimulationsare
madepossiblethroughrecentIT advances,namelythe developmentof the UCF
computationalframework thatis capableof takingfull advantageof thishardware.
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