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Developmentora2DeuleriancodefわrreactiveShock

analysiSusingCIPscheme

zhiytJeLiù,Shir°Kubota●●,MasatoOtsuki…,KoichiⅥ)8himura''',KenOknda●,

Yo8hioNahyam8㌧MasatakeYoshida'1andShuzoFujiwara'

Euleri8nnumericaltechniquei8SuperiortotheLagrangianmethodinthecalcuhtionof

problem8involving8hock8andlargedeformations.However,theEulerianmethodh88its0WrL

severaltechnicalproblemsthatarebeinglmprOVedpresently.Amajoroneorthosei8the

numericaldifru8ionrelatedtothecomputationalscheme',anotheristhedeterminationor

pre88ure8inmixedcellsWhenproblemsincludetwoormoretypes0fm8teri818.Thecubically

interpolatedpolynomi81(°ip)8ChemeexhibitsitsadvantagestOthepreventionofnumerical

diLfuSion.Forthepre8Sure8inmixedcells,arelativelysimplemethodh88recentlybeenpropo8ed

for801vingtheinteraCtion80fm8terialswithsolidandga8eOuSphaSeB.Themethodexplicitly

80lve8pre88ureSinmixedcel18withoutuseoftheiterationprocedures.ThispaPerwilldescribe

thedevelopmentoratwo･dimenBionalEuleriancode,MARS2D(Multi-dimen8ionalAnalyBiB

CodeforReactiveShocks,2Dvision),thatemploystheabovetwotechnicalroutinesforthe

purpo8eeOfcalcu)atingtheproblem8involvingStrongShocksandreactivemedia.Problem80f

high-velocityimpact.bla8tWavesinAir,andcylinderexpansiontestwillbetaken88the

computationalexAmple8.

1.lntroduction

ShockwavesandlargedeformationsareOften

encounteredintheprDCe88e80rhighvelocityimpact

ofmaterialsandorexplo8ion80rexplosivesinthe

stm undingmedia.ThepropagationofShockwave

andthematerialdeformationpresentedinsuch

phenomenaareverycomplicatedandcannotbe

solvedbyempiricaIformula80ranalyticalmethods

inpractice.So,numericalapproachesbecome

majortoolinthetreatmentOnthosetypesOr

problems.Generallytherearetwokindsof

numericalformulationstOSolvetheproblems

involving8hock8andlargedeformations,
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LagranianAndEulerianmethod8･llThe

Lagrangianmethodh88theadvantagesin

numericalaccuracyand8180inthetracingofthe

motionofthematerialinterrace8Whenaproblem

involvesmultiplematerials.However.inthecaSeS

ofstrongshocksandlargederormation8,the

LagrangianformulationexpoBe8itsdrawbacksin

thecalculation.Meshtanglingandcra8he8dueto

thestronglydeformedcellswillresultinthe

stagnationoftheprogre880rthecalculatiorLunleSS

averycomplexprocedure,rezoningtechnique,is

introducedtoweakentheer∫e(:tortho8e

shortcomings.TheEulerianformulationdoesnot

possessSuchproblemsbecausethemeshusedin

thecalculationisfixedregardingtDtheSpace.From

thispointofview.theEuleriantechniquei80fgreat

advantageovertheLagranglanmethod.Even80,

theEulerianmethodhasits0WnSeveraltechnical

problemsthatarebeing)mprovedpresently.A

majoroneofthoseiStherLumericaldim18ionrelated

tothecomputationalSCheme;anotheri8the

determinationofpre88ure8inthemixedcellsWhen

problemsincludetwoormoretypes0rmAteri818.
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Onthecomputationalschemes,thecubically

interpolatedpolynomial(CIP)scheme2-3'exhibit8

itsadvantage8tOthepreventionofnumerical

diffusion.Employingthat8Cheme,a8erie80f

computerprograms(MARSlD,MARS2Dand

MARS3D)havebeendevelopedorareStillbeing

developedatAIST1).ontheotherhand,forthe

pre88ure8inmixedcells,themostcommonlyused

methodiStheiterationproceduresbya88uming

thateachcomponentinthemixture8iSinthermal

andpre88ureequilibriaoronlyinpressure

equilibrium･Recently,VorobievandLomov5'have

triedarelativelysimplemethodonthe

determinationofpre88ure8inmixedce1180f

materialsWith801idandgaseousphases.The

methodexplicitly80lve8pressuresinmixedcells

withoutuseOftheiterationprocedures.It

demon8trate8muchSuperioritybothinprogram

co°ingandinreductionorcomputingtime.This

paperWillde8Cribethedevelopmentofatwo･

dimensionalEuleriancode,MARS2D,which

employsbothtechnicalroutinesforthepurpose8

0fcalculatingtheproblemSinvolving白trOngBhock8

andreactivemedia.Problems0fhigh-velocity

impact,b188tWavesinair.andcylinderexpansion

testareused88thecomputationalexamples.

2.CJPScheme

Thebasicconsiderationint,henumerical

techniqueofcubicallyinterpolatedpolynomial

(CIP)Schemei8tOdivideahyperbolicformofpartial

differentialequationintotwopartsCalledthenon･

advectionphaseandtheadvectionphase,

respectively.andthesolutiontotheequationis

takena8aCOn8equenCeOftheadvectionofthe

temporarysolutionobtainedatthenon･advection

phase.Inordertohaveaquickunderstandingto

thisnumerical8Cheme,aone-dimensionalpartial

diWerentialequationiSemployedforillustration,

響 ･･,些㌘ -g(x･t･, (1)

whereJandgarefunction80f8paCeCOOrdinate,

x.andtime,I,ui8apositivecon8tantandiさu8ually

calledtheadvectionvelocity-1ntheGIPscheme,

theaboveequationi8dividedintotwosub･eqtlation8

8uCha8,

響 -g･x･,,.(non･advectionph88e) (2)

誓 ･･･警 坐-oI(advectionphase) (3)

Ingeneral,Eq.(I)canbe80lvedbyfinite

differenceapproachwithnodifficulty.Ifdenoting

the801utionatthenon･Advectionpha8eby/and

keepinginmindthat/i8adi8Crete80lutionwith

respecttOSpaceatnewtimecycle,then,the

80lutionattheintermediatepo8itionbetween

8patialpositionofxandit8immediatelyleft(or

right)neighboring叩atialpositionisconnectedby

acubicpolynomialof

/･･e･･如 .- ,･qe-x,2･･5-"響 ･′.･x･,･･(4)
whereちi8the叩aCeCOOrdinateatthe

neighborhoodor叩atialpositionor∫,∂//∂Ji8the

partialderiVativeofJb:,I)withrespecttOX.Onthe

otherhand,thesolutionattheadvectionphase

hasthetrivialformofJtr,t+a)=Jh･uLy,I).A8a

result,the8ubStittltionoftwithx･uArintoEq.(4)

lead8tOtheacquirementofthesolutiontoEq.(1)

at8paCeXandnewtimecycle,i+AL,88

･･x･･･/- 一･･̂,･.･b･-"̂･,,･･-･LJ"響 ･′･･x･L,･(5)
ltShouldbenotedthatinEq.(4)thevalueof

partialderivative∂//∂xi8usedandthi卓quantity,

atpre8ent,i88tillunknown.However.itcanreadily

bereali乙edthatwhenapartialdiErerentiationwith

re8peCtXi8performedonboth8ide80fEq.(1),the
followingequationmaybegained

孟[讐 牛 評禦 ]-響 (6)

Itcambe8eenthatEq.(6)or∂〝∂∬hasthe

8imilarformofEq.(1).Likely.iti8a180divided

intothenon･advectionphaBeandtheadvection

phase.Inthenon･advectionpha8e,∂P∂xis801ved

forthe118einthecubicpolynomialinterpolation.

Intheadvectionph88C,its801utionmaybefound

bydifferentiatingEq.(4)withrespecttOちand

Sub8titutingちwithx･uAr8ub8equently.Thedetailed

illu8trationisnotrecitedandcanbefound

elsewhere.2川

3.Multi-materialsSystem

Thepracticalproblemsinvolving8hockand

reactiveproce88eSu8uallypresenttheeo･exi8tenCe

ofmultiplemateri818.Beforepur8uingnumerical

801utionto8uCh8y8tem,thegoverningequations

ofm888,momentumandenergy8houldfirstbe
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established.Foramuユti-materialsSystem

includingNcomponent8thatcanbetakenA8

compreSSiblefluidS,OneWayfordoingthisisor

thefollowingβetOfequations,5川

普 ･･7･V/q=fa(A-I)V･Z7
塾生 .,7･∇(/djh)=-fdf?q∇･u-
∂J

壁 ..7･∇諒三一⊥vp
aL p

也 ..7･V(/qpqeq)=-fqpqea∇･u--qqp∇･,7
∂J

(7)

where,αdenotesacomponentwithinItoN/
iBthevolumefractionofonecomponentintotal

volume,biSthepressure,PiSthedensity,eisthe

Specificinternalenergy,uisthevectorofvelocity.

RLi8thebulkmoduluBOfonecomponent,Histhe

equivalentbulkmodulusoftotalcomponentB,qq

i8thema88fractionofonecomponentinatotal

ma88.Theexpre88ionsforKq,Handqqwillbe

givenlater.Naturally,therearevalidthatr/q1-I
andrqa=)fromdefinitions.ItiSnoticeablethat

Eq.(1)isnotwritteninaconservativeformbutin

anon･conBervativetypefavorableforbeingdivided

intothenon-advectionphaseandtheadvection

phasethatarereqtliredbytheCIPSCheme.

Aftertheestablishmentofthegoverning

equationsforamulti-materialssystem.itiSStill

nece888rytOhaveknowledgeoftheequationof

Stateinordertomakethesystemsolvable.Fora

Singlematerialsystem,theequationofstatehas

beenkrLOWninonewayOrOtherways,however,

foramulti･mAterials8yStem,Studiesonthisaspect

SeemtObesparse.Ageneralmethodologytoachieve

thisgoaliStOA88umethatthecomponents0r

multi･mAteri&188yStembeinthermalandpreBSure

equilibriaoronlyinpresstweequilibrium,andthen.
toperformtheiterationprocedure8tOObtainthe

preSBureB.NeedlesstosaythatSuchtreatmenti8

troublesomeinprogramcodingandmorei6time･

consumedincomputation.FollowingVorobievand

Lomov'Spointofview,5)aSimpleprocedureforthe

aCqulrementOfpressureinthemulti-materials

Sy8temwillbeintroduced.

Fornthcomponentwhoseequationofstateis

known,88firstapproximation,thepreB8ure

variationatstate(P.,Va)maybeexpressedas

nq--Kq草 (7)
where,KqisthebulkmodulusofLrthcomponent

whichi8givenby-VqaPq/3Vd.Tothetotal

sy8tem,itisabletoassumetheSameeXpreSSion

forthevariationofpressure.Hence,iti8VAlidfor

晋-一昔-一筆--El告?]-=祭 (8,

where,KI尽theequivalentbulkmoduluSforthe

By8tem.Accordingtothepointofpre8Bure

equilibrium,thevariationofpre88ureineach

componentisequaltothatfortheByStem,80,there
i8Obtained,

弓=打 (9,

0ntheotherhand,Owlngthattheworkdone

bypreSSuJ･eWithinthechangeofvolumeforthe

8yStemiSequaltothe8umOftheworkdonefor

eachcomponentwithit8individualchangeOf

volume(inreality,itisthevirtualworkprinciple),
itleadstotheacquirementofpre88ure88

p-K∑管 (10)

Forthemassfractionofacomponent,itiBglVen

by

･,O-碧 ･ (ll)
where,prepreSentSthedensityoftotal

components.

4.CoJTIPutationalExal叩Ie$

4.1Onedimensionalimpactproblem

AsaSimpletestfortheapplicationofthepre8ent

code,Onedimensionalimpactproblemischosento

demonstratethecomputationalabilityorthecode.

AnAluminumblockwithalengthof25mm

impActSacopperblockwiththeequivalentlength

atvelocityof2km畠一Ifromtheleft.Thecalculated

8hockpositionsandpre88ureSAt8eVeraltimesare

presentedinFig.I(a).TheoreticalShockamplitude

atthegivenconditionisalsoplottedfor

comparison.ItisfoundthattheShock8in

aluminumandcoppersteadilypropagatewitha

constantStrengthcorrespondingtothetheoretical

va一ue.Atthebeginningoftheimpact,帥meWhat

oscillationappearsinthevicinityoftheinterface

duringthecalculation,however.itsoonvani8he8

andthereasonablepressureisobtained.Tbfurther
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Fig.1Shockpropagationsinonedimensionalimpactofaluminumandcopper.(a)shockprofiles;(b)
compari80nwithresultfromLagranglanco°e.
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examinetheshockprofile,the88meproblemwas

calculatedwithaLagrangiancode.TwoShock

profilesattimeof2.5psa洗erimpactarepresented

inFig.1(b)andcanbefoundingoodcoJIBistemcy

witheachother.

4.2Twodimensionalimpactproblem

lnthetwodimensionalimpactcalculation,the

ca卓ei8COnSideredthatarectangularcopper25

mmlongAnd5mmwidepenetratesaplateor

aluminumwiththeheightof45mmandthe

thickne880f5mm.Theimpactvelocityofcopper

isaSSumedtobe2km8').ThecalculationShould

treattheinteractionsofvariousWaVe8aSWellas

themotion80ftheboundArie8.Vacuum is

introducedasonematerialtoaccountforthe

motions0fthefreeboundaries.Fig.28howsthe

penetrationprocessesatdifferentpha8e80ftime

intheforms0fisopycnic8.AfterShorttimeof

impact,aSShowninFig.2(b),itiSClearlySeen

thatShockpropagation8Occurinbothcopper

impaCtOrandaluminumplate.Withtheincrease

oftime,itiBVisiblethatalargerarefactionarea

atthebackofthealuminumplateoppositethe

impactreg10nappears.Thisi8resultedfromthe

888umptionofthemateri818Withfluid-like

behavioratpresent.1npractice,thernaterial8are

attheStateOfelastic･pla8ticnow,80iti8theplace

inwhichmanyfragmentsformduetotheSpalling

appearance.Therefore,theelongation8hapeofthe

platei8Obtained.

4.3818StV,ayePropagation

UBingMARS2D,ablastwaveproblem is

computationAllyperformedtodemonstratethe

calculationonthe8trOng自hockpropagation.A10

mm 白quareTNTisexplodedintheairwith

dimenBion80floommtimes100mmarea,TNT

isassumedtobeexplodedunderconstantVOlume

model.ThisimpliesthattheinitialTNTga8eSare

withdensityandspecificinternalenergy

eqtlivalenttosolidTNTdensityanditsdetonation

heat.Severaltypicalblastwaveimagesfromthe

calculationarepresentedinFig.3.Thehigh

pre88ureTNTgaSeSCauseaStrongShockinthe

SurroundingairandsubsequentlytheShock

spreadsOutwardtoexpanditsaffectingcircle.

Fromtho8egraphicalresults,itcanbeseenthat

I.hecalculationiSSuCCeSSfulto80meextent.The

interactionsofblastWavesaSWella8the

propagationofblastwaveundercomplicatedly

geometricalconditionareleftforthefuturework.

4.4CyHnderexpansiontest

CylinderexpansiontestiBaStandardexperlment

todeterminetheparametersinJone8･WilkinS･Lee

(JWL)equationofStatefordetonationproducts,

anda180i88goodmeasuretoaBSe88the

Kay8kuGakka;shi,Vol.63,No,5.2002 -267-
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