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Abstract

A tightly coupledfluid-structureinteraction(FSI) solutiontechniqueincorporat-
ing fluid andsolid mechanicsphasechangeandchemicalreactionss presented.
Thecontinuumequationgresolvedwith acell-centeredmulti-materiall CE solu-
tion method.This formulation is integratedwith a Lagrangian,particle based,
solid mechanicgechnigueknown asthe Material PointMethod,asdescribedy
Kashiwa et al. [1] andGuilkey etal. [2]. The combinedmethodcanhandlelarge
deformationsand phasechangewithin a single grid, without the needof sepa-
rate domainsfor fluids and solids, or the passingof boundaryconditions.This
paperdiscusseslgorithmicissuesnvolvedin accountingfor chemicalreactions
andphasdransitionamongmaterialphasege.g.,solid — gas).Validationis pre-
sentedas are simulationsshaving large deformationwith phasechange.These
simulationswvereperformedwithin acomputationaframework thatcontaingools
for parallelizationperformanceanalysisdatamanagemenglgorithmintegration,
anddatavisualization Feature®f this framework aredescribed.

1 Intr oduction

Advancements informationandcomputingechnologyhave significantlyincreased
thelevel of sophisticatiorthatcanbeachiesedin fluid structurdnteractionsimula-
tions. Theseadvancementsn bothsoftwareandhardware,includecomputational
frameworks, scientificvisualization,datastorage processingpower andcommu-



nication bandwidthfor massvely parallel computationsto namea few. These
adwancesave enabledengineerso performFSlsimulationsonlargeparallelplat-
forms. Specifically the developmentof a computationaframework, with built-in
parallelization datastorageand visualization,was key to the implementatiorof
the multi-materialEulerian-Lagrangiamalgorithmdescribedn Guilkey et al. [2]
(whichis Part 1 of this paperandappearsn theseproceedings).

The algorithm combinesa multi-material Euleriansolutionfor the governing
continuumequationsfor the fluids with a Lagrangianparticle basedtechnique
for the solid mechanicsincorporatedn the algorithm are termsto accountfor
momentumandenegy exchangealongwith phasechangebetweerthe different
materialor phasesTheorganizatiorof this papelis asfollows, first, theimportant
aspectf the computationaframewvork are describedfollowed by a discussion
directedat the governingequationswith an emphasion masscorversionamong
thematerialsThe paperconcludesith validationanddemonstratiosimulations.

2 The Computational Framework

Our codedevelopmentandproductionenvironmentis calledthe UintahComputa-
tional Framevork (UCF) andwasinitially developedat the University of Utahin

supportof the DOE sponsoredCenterfor the Simulationof AccidentalFiresand
ExplosiongC-SAFE).TheUCFwasspecificallydesignedcisageneraframeavork

for performingmassvely parallelsimulationsaswell asatool for visualizinglarge
datasetslt providesa platformfor incorporatinga variety of physicsalgorithms
into acomputingervironmentthatsupportdothMPI1 andthreadbasedparallelism
[3, 4]. In the UCF awide assortmenbf datastructuresareavailableto the appli-
cation programmerincluding Particle, Cell, Node and Face centereddataon a
structuredgrid.

Domaindecompositiorns thefoundationof the UCFwhereinthe computational
domainis divided into individual “patches”,upon which the algorithmis per
formed.To hidethecompleities of paralleldatamanagemerftom theresearcher
theUCFincorporateshreekey features]l) ataskgraphrepresentationf thealgo-
rithm, 2) acomponenknown asthe DataWarehouse3) anda Schedulecompo-
nent.The DataWarehousectsasa global,singleassignmentemoryabstraction
with automaticdatalifetime managemergndstorageeclamationThiswarehouse
automaticallyhandlesl/O, check-pointingandrestarting.The applicationdevel-
opers algorithmis describedy “tasks” whereeachtaskcorrespondso a single
majoralgorithmicstep.Eachtaskcontainsa list of requiredinput variablesanda
list of computedrariablesTheinputrequirementfaveinformationondatadepen-
dencieson neighboringpatchesThe Schedulerromponentarrangeshesetasks
into ataskgraphrepresentationf thealgorithm.Dataflow amongthe patchesand
tasksare representeds “edges” on the graph.From the applicationdevelopers
perspectie, tasksto do this communicatiorare generatecutomaticallyandare
schedulealongwith thosetasksspecifiedby theresearcher

To usethe UCFfor ary particularapplicationaresearchedefineshealgorithm
onasinglepatchwith tasksIn thosetasksthedatarequirementsnustbespecified,



includingthe numberof “ghost” cellsneededrom the neighboringpatchesOnce
the tasksare specified,the Schedulercreatesa task graph,and then distributes
thetasksto the availablecomputationatesourcesSincecommunicatiortasksare
automaticallyscheduledaindexecuted retrieval of datafrom neighboringpatches
is transparento thedeveloper

For example supposeve have analgorithmthatconsistof justtwo stepsjnter-
polatingthe particlestateto the nodesandtheninterpolatingthe nodaldataback
to the particles Thetasksdescribinghis algorithmare:(seeFig. 1)

1. InterpolateRrticleData®Nodes

Requires: Particleposition,massandvelocity, from thepatchandonelayer
of ghostcells.
Computes: Nodalvelocity onthepatch

2. InterpolateNodeDataParticles

Requires: Nodalvelocity, from the patchandonelayerof ghostcells.
Computes: Particle velocity, positiononthepatch

Patch 1 Task 1 Patch 2

InterpolateToNodes InterpolateToNodes

Requires: Particle Data from Patch 1 & 2 | | Requires: Particle Data from Patch 1 & 2

Computes: Node Data on Patch 1 Computes: Node Data on Patch 2
Ghost particles = 1 layer Ghost particles = 1 layer
Task 2
InterpolateToParticles InterpolateToParticles
Requires: Node Data from Patch 1 & 2 Requires: Node Data from Patch 1 & 2
Computes: Particle Data on Patch 1 Computes: Particle Data on Patch 2
Ghost nodes = 1 layer Ghost nodes = 1 layer

Figurel: Schematidiagramof a taskgraphgeneratedy the Schedulecompo-
nent. Arrows, or “edges”,representlatadependeng Diagonalarrons
indicatedatacommunicatiorbetweerpatches.

This representatiorf the algorithm makesit effortlessfor the researcheto
parallelizean algorithm, since no additionalcodeis neededto extend a single
patch,singleprocessosimulationontoa large computingplatform.



Becausanalgorithmsindividual tasksareinsulatedrom theunderlyingcom-
municationand parallelizationinfrastructure,it is possibleto make significant
changeso theframavork without disturbingtheresearcheswork. This givesthe
computerscientiststhe freedomto implementnew schedulersintegrate perfor
manceandanalysigoolsandoptimizeexisting schedulersvithout makingradical
changedo theindividualtasks.

3 Incorporation of PhaseChangeand Heat Release

The coupledEulerian-Lagrangiaapproactpresentedn Part 1 is directedat solv-
ing largedeformationfull-physicsproblemsBy full-physics,wereferto transient
solutionsof the governing equationsof both solids and fluids, including phase
changewithoutlimiting assumptionsnadeon materialbehaior or eventualstate
of deformation.An examplescenariois an exploding metal containey initially
filled with plastic bondedexplosives (PBX), subjectto an external heatsource.
The externalheatinginitiatesa solid — gasreactionin thelayerof PBX adjacent
to the case.Generatiorof gasin the gapcausesa rapid pressurizatiorand large
deformationof thecaseuntil it eventuallyruptures.Sucha scenarids known asa
“fastcookoff’ test,andis of interestin the solid rocketmotorcommunity

Severaldifferentapproachebave beendevelopedor solvinglargedeformation,
full-physicsproblemsovertheyears Mostof thesedall into aclasswheredistinctly
separatelomainsareassignedo the fluid andsolid fields. Thesetechniquesften
usean ALE meshfor thefluid anda Lagrangiamrmeshfor the solid. Somegeneral
classificationandexampleshave beenprovidedby otherauthorge.g.,[5]). Other
approachebave useda purely Euleriansolutionwith surfacetrackingto keepthe
boundarieamongthedifferentmaterialdistinct.In bothclassescommunication,
or boundarycondition passingis requiredbetweenthe fluid andthe solid. One
canimaginethe difficulties that either of theseapproachesvould have with our
target scenario.For example,the solid — gasreactiongenerates fluid where
solid existedpreviously or whenthe containeris strainedbeyondits plasticlimit
rupturinginto severalsmallerpieceswith interior gasesscaping.

As describedin detail in Part 1 [2], a differentapproachis taken here.The
governingmulti-materialequationsare solved on a singlemeshusinga conserv-
ing, Eulerian,finite volume method.The solid phasematerialsaredescribedn a
Lagrangianframe usingthe particle basedmaterialpoint method(MPM) thatis
describedn Sulsky etal. [6, 7]. TheMPM solutiontechniquds embeddedvithin
the Eulerianmethodandinformationis passedack andforth betweenthe two
methodsin the Eulerianframe of referencevia the single grid as describedby
Kashiwa et al. [1]. Becausall materialsusethe samegrid for at leastpartof the
computationthe algorithmis capableof handlingany amountof materialin ary
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 weredescribedn
separatedomains.

Thesolid phasematerialthushave adualrepresentatiom boththeLagrangian
andEulerianreferencdrames.Thereadeiis encouragetb readPart 1 of thiswork



for adetaileddescriptionof theintegratedtechnique.
3.1 Governing Equations and ReactionModels

We begin by reviewing the governing multi-material equationsas describedn
Guilkey etal.[2] andKashiwa[8] with ourattentionfocusedonthe(r — n)source
termsof massmomentumenegy andspecificvolume.The multi-materialequa-
tionssolvedin the Eulerianframework are
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wherep”, (pu)”, and(pe)” arethe r-materialmass momentumandenegy per
unitvolume,#” is thevolumefractionandv™ is thespecificvolume.A key feature
of the methodis that the intrinsic properties(temperatureyelocity and specific
volume) of the materialsare well definedeverywhere,even if the massof that
materialis zeroin aregion.

Syem, SpT, Sy and ST representfor eachr-material, the changein
mass,momentum enegy and specificvolume resultingfrom the corversionof
massamongmaterials As an example,we returnto the exploding containersce-
nariodescribedabore. Whenthe temperaturendpressureareabove a threshold,
thesolid — gasreactionof PBX occurson a surfaceandis givenby:

P n
STm = (A) # (K) (7[) ©)
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S(poyr = Sy " (8)
where A is a surfacearea, K is a reactioncoeficent, and Ah is the enthalyy
of reaction.K andn in Eq. 5 were experimentallydetermined9]. To maintain
consenration, careful accountingof not only the mass,but also the transferof
momentumandenegy amongthe materialss important. Accountingfor changes
to the solid stateis straightforvard, as decrementing particles massautomati-
cally decrement#’s momentumandenepgy. Thesesamequantitiesareexplicitly
addedto the productmaterialasadditionalsourcetermsin Step8 of Part 1[2]. To
date,only solid — gasreactionshave beenconsideredhowever, otherprocesses
arepossible For example,with appropriatenodels a solid materialmaymeltinto
aliquid thatsubsequentlyaporizesnto agas.

In additionto thesourceermsin Egs.5-8,theestimatedime advancedoressure
hasanadditionaltermto accounfor massexchange:
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wherex" is the r-materialbulk compressibility Equation9 is derived from the
massequation£q. 1 andthe statement,

N N

dYor=> pv(p) =1 (10)

r=1 r=1

thusary changén massmustbeincluded.For detailsseeKashiwa [10].

4 Demonstration Simulations and Validation

In this sectionsimulationresultsare presentedor threedifferentscenariogo val-

idate and demonstratéhe capabilitiesof this approachThe first simulationis a
classicalthermodynamicgroblem,a pistoncompressinga gamma-lav gasvery
slowly. This senesto validatethe evolution of the specificvolumeandthe source
of internal enegy underlarge volume changesThe next demonstratioris of a
transiensimulationof aflexible structuren a crossflav. This demonstratiofllus-

tratesalgorithmfeaturesn large-deformatiorSI problems.Thefinal simulation
involveslargedeformation®of a sealednetalcylinderresultingfrom high pressur
izationfrom asolid — gasreactionln all cases singlestructuredneshwasused,
with materialpointsrepresentinghe solid materials.

4.1 Validation: Adiabatic compressionof a confinedgasby a piston

A pistonadiabaticallycompressing confinedgamma-lav gaswas simulatedto
testthe Eulerianevolution equationfor the specificvolume,Eq. 4 andthe source



of internalenegy underlarge volumechangesThis simulationalsodemonstrates
thatthealgorithmaccuratelyrepresenttheinteractionbetweerthe pistonandthe
gasthroughthemomentuntoupling. Thepistonwasdescribedy materialpoints
andits motionwasspecifiedAs mentionedn Guilkey etal.[2] thespecificvolume
mustbe computedaccuratelyto obtainthe correctequilibrationpressureFigure2
shavs the cell centeredjaspressureaty = 0.0 versustime, wherethe analytical
solutionassuminghermodynami@quilibriumis givenby

Y
P =P, (%) (11)

A largemomentunexchangecoeficient, (K., = 10'%) waschosenThisdrives
the velocity of the gasandthe pistonto the samevaluein cells whereboth gas
andpistonare present(i.e., at the interfacebetweenthe gasandthe solid). This
enforcesa no-slip, no-interpenetratiogondition betweerthe pistonandthe gas.
This problemhada compressiomatio of 5.9.
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Figure2: Adiabatic compressiorof a confinedgasby a piston. Pressureversus
timeaty = 0.0.

4.2 Flexible structurein a crossflav

This simulationis intendedto demonstratéhe dynamiccapabilitiesof the algo-
rithm. Specificallyalight, flexible, rectangulabeamwith adensityof 1.18kg/m?
andbulk andsheamodulusof .2 M Pa and.15 M Pa respectiely is attachedo



thefloor of anenclosedchannel The beamis representetly 8 materialpointsper
computationakell, hasa footprint of .5m X .5 m, is 1.5m tall andis initially
atatemperaturef 300K. Air at400K is forcedthroughthe channelwith aninlet
velocity of 10 m/s. Upon start-up,the beamdeflectsand undegoessubsequent
oscillations.Figure3 is a snapshobf the deformedshapeof the beamaswell as
a vertical slice of the surroundingflow field at an instantin time. The particles
comprisingthe beamare shadedby temperatureindicating that heattransferis
occurringin this simulation.Therectangulabox shavsthecomputationatiomain
andthedividing line indicateshattwo patchesvereused.
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Figure3: Flexible structurein a crossflav.

4.3 Explosion of Confined Energetic Materials

This final simulationillustratesthe algorithm’s capabilitieswith regardsto mass
exchangeamongmaterials)argedeformationsandthe handlingof multiple mate-
rials. Thesimulationinvolvesa cylindrical coppercontainer(gray particles)illed
with a PBX (dark particles).The initial temperaturef the containerwas650K,
well above the reactionthresholdtemperaturdor PBX. The reactionmodeldis-
cussedn section3.1 was employed. Figures4a-d shov a time sequencef the
evolution of the containerandPBX. Theinitial configurationis shavn in a1/8t*
symmetryview in Fig. 4a. Thereactioninitiatesat theinterfacebetweerthe cop-
perand PBX, resultingin the generatiorof gasesnot explicitly depictedin the
figure). The creationof productgasesn the gap generates high pressurehat
furtheracceleratethe reactioncausingthe caseto deformasshawn in Figs.4b-c.
Notice the uniform circumferentialdeformationof the caseasa resultof the high
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Figure4: Deformationof a pressurizedcontainerfrom the reactionof explosive
contentsThe coppercontainelis denoteddy graycolor particlesandthe
darkparticlesarePBX. A 1/8 view of theinitial configurationis shovn
in (a).

pressurdorcesin Fig. 4c. Eventually the caseimpactson the sidesof thecompu-
tationalboundaryresultingin thedeformedshapeshowvn in Fig. 4d. An important
featureto recognizeaboutthis simulationis thatinitially the volumefraction of
the gaswas zero everywherewithin the container As the reactioninitiated, gas
wasgeneratedh regionsformally occupiedby thesolid materials This simulation
was performedon 125 processor®f an SGI Origin 2000. Suchsimulationsare
madepossiblethroughrecentlT advanceshamelythe developmentof the UCF
computationaframeawvork thatis capableof takingfull advantageof this hardware.
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