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Num eriCalanalysisofexplosivelygeneratedshocksinaTi-Al

powdermixture

LaLngdonS.BENm ■,Katstlmi TANAm ●andMasahideKATAYAMA'●

nreecon86tudyemodehbyebeenappliedtocomputatio血lymodelexplosiydy

gezIeratedshockwaycsina304staidessstedrecoverycapsdecontainingaTi-Alpowder

mixttwe.ThemodelsusedarethedassiiaIMie-Gnmeisふmdel,theⅥmodel(Void-hert)

proposedhereinzLndtheⅥRmodel(Void-hert-Reacふe)preyiouslypropsedbyBennett

andHorie.nLeformadonofweakMachre8ecdonsill.thepowdermixttm duetothediE･.

ferencebetweentheexplosivedetonadonve)批ityandtheshockw eyelodtyinthepowder

mixttweisobseryed.LargedifferencesareobservedinthecomputedtemperattqeprdileBbet･

wecntheMie-GruneisenandⅥ (orⅥR)modeb.Theresidualtemperatwe.profilesmaybe

signi丘canttothereactedreglOn与ObservedintheactualexperiJnentS.

J. Introduction

Shock-inducedreactionsiniJ)termebllicaJId

metauic-ceramicpowdermixture80fEeronemedlod

tognthesizenoyelcompotmdsathigh pressuresIJ.

nesereactionsmaybezle伽Lromthepartialorhll

cohpseoftheporesbetweenthepowderpardclesby

the血ockware.Thedi8tribudonoftheporecolhpse

ener苦ymayfayorthemoreducdleconsdtuentsand

becenteredarouJ)dtheporecouapsepointstopro･

duce血ortlivedbutextremehot･印Ot8withinthe

compressedm血 托2J.ncsehot-SPtSwinrapidly

equlibratewiththesm tmding̀cold'materialdue

tothermaI00nducdonandma8Stransport,butthey

codascryeasreactioninidadonpoints.Preyiousin･

vesdgadonshaveindicatedthatsi卯ificaJttifnotcom･

plete+shock･iJ)dtlCedreacdon8'antakeplaceata

loonsrateduringandjustbehindthe8hodkLrcntin

thepowdermixtureトS)a80ppOSedto s̀hock
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assistedr也Ctions"whichmaybenefit血omtheshock

waveenyironment,butoqW afterthe血cckpr鰯t)re
isrel飽壷 d6).

Fortheexpbsiveloadingexperimez)Imodeledhere.

a1:l申○micradomixttm ofsphedcalTiandAl
▲ヽ_

pqtd町wi 8-iniddlycompreSd tozLnini血l如o?ity
of2096inadoublewdled304stainlessSteel(304

SS)r∝ overycapsdewithSqewoncap87),asseenin

Fi即re1.ThecapsulewasSurrOt)ndedwith

nitromethaneorcommercialemulsionexp)osiyeina

plasdctubeaJldtoppedwithan explosivelensthat

producedap血ardetonadonamundthecapsde8).

nedetonationgeedintheexplosiyeisq eaterthan

theshockspeedinthecapsuleandpowdermixture.

soaweakMachreAectiondeve)OPSaJongthecenter

axisofthepowdermixttJJ,e.Withinthi8Machreflec･

tionthe血ockpressureandtemperatureaswellas

theresidualtemp甘atureWmbesigmiGcantlyhigher

thanthatoutsideofit.Azoneofhigherparticleyelod･

tythaJlthesurrouzldingpowdercalleda石upStreamis

FormedbehhdtheMachre瓜ectionwhidlCOuldbea

sowceofadditiondmassmmng.

TherecoveredspecimensLorm thcseexperiments

werecutopen axiallyandpobhedformaterial

analysis.A r喝ionoffullyreactedmateridwas

obseryedinthecenteroEthespecimeJ)SrCtlghIycor･

regondingtotheslipstreaJnregion.nemrrotm･
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I●Fig.1Tbe軸 mentalarraJ)geme血Eorexplosiye)oading

andrecoverydingmaterialq

fasfullycompressedbutnotreactedTiandAl

parddes.Itisunclewbmtheserecoveredspecimensvhetherthercncdont00kpuc
eduringthes

hockwareorafterd sduetothehighresidualte

mperatures.h thisstudy.theexperimentswerecomp

utationallymodeleduSingthreeconstibdyemodelsi

mp)ementedontwod'Merentnumericalhydr∝odestoc

orrelatetheMachre瓜ectionpressureandtemperature

profilestothereactedregIonsobserved.2.

CompLJtatJ'onMuldpleconstitutiyemodelsofpo

wdermaterialresponsetosh∝kcompressionex

ist.Thesimplermod由 treatthepowdermixttweas an

inertcon･tintmmwhidhrespndsasabl)lkmaterial

,whilemorecompte9(mOddsseparatetheindiyidua

JconstitlJ助tSoEthepowderm血 re.acmuntEorche

micalreacdonsbetweentheconstituents,andindudetheformation oEhot-spotszLndsubseqtlentheat

transfertothestw･rouz)ding c̀oldlconsdtuents.

TuspaperwillconpaDetheresultsoEthreeoEthe

semodebastheyaLreemp)oyedto'modeltheTi-AIpowdermix

tureexperiments.2.I 2-DLModelThefirstm

o一dusedtomodelthiseXPenmentisthetwodimensi

onalLagrangianhydrocode2-DL8).ThismodelemploysthedassicdcoJ

ISdbtiyemodel･ingapproachofonlya

lteringtheequationofstate(EOS)usedto

describetheiJ)ertpOWdermixtureandleayest

hehydrodynamicconservadonofmass,momentum,an

denergyequadonsintheiroriginalEormS.ne比ie-Gr

BeiseJlreladon,P-PR=(r/V)(E-ETt),isappliedto

accotntfわrtheadditionalenerw depositedint

othehertsohdastheporescol･hpsewhereP享S

theshod prcw e,yiSthespecificvolume,Eis

thespecificintemalenerw,ristheGraeisenp

anmeterd也 edr=U(aP/aE),,aJ)dthesubscriptArefer

stoareEereJ)CeState.nereferenceStateistakenastheidealshockHug

oniolofa801idmater

ialwhoseshod⊂propertiesareCalcdatedかomthoseoEtheindividualc



T8ble1 Properdestlsedinthesecalculations

AI(,) Titd Th):Ab 30

4SS∴恥(ks/qt) 2707 4530t. 3645-

. 7900_:.∴ ∴LAI...., A...._..0.L3604.‥

0.6396 I.0C.(m/S) .5386 二 5020:

5003.. 4570,;ーS

I.34 0.98 1.24 I.49PT.(GPa) 76.7 107.7,㌔ ー91.3 165

.0PTo' 4.36 2;92

3.96 4.96r 2.0 1.09 1.42

2.2Cv(kJ/kBK) 0.884 0.705

0.770 0.440∠些 N

itromethanep-A(1-荒 )eOl# ']･B(.
-叢;)C4r%d].upe.ReferencedenSity,p.A (g/CJ) I.128

ParameterA(Mbar)

2.0925ParaJneterp-(hbar) 0

.05689ParameterRl 4.4ParaJn

eterRZ 1.2Pau eter41 0.3De

tonadOnvelOcity,D(CD/PS) 0.628Enerw/tmityolume

,e.(Mbar) 0.051wherev-isthespecificvolume

onthecompressedpowderEOS,a.isitsinidal比和preSStm

Value,andPT'isapr鮒 econstantcontrol)ing

theporecoI･lapse.Forthiscase,thenitrometha

ne,capsu)e,andpowderweredlmodeledinLagra

J)Biancoordinatesandthedoublewalled capsulewa

smodeledasonethickwall.mematerialproper

desusedLortheKHTmodel9) describingthenitromet

hanedetonation,U.-1LpeqtndonsIO)ofthe304SSad

)dtheTi一山mix･lurearegiyeninTable1.h thismo

deltheGraeisenparameterWZLSauSSuned

toremainconstant,r=r.,throughoutthe computa

tion.Pressureandtemperattmcontourplots

intheTi-AJmixttuebythismodd with PT'=)･864GP

a,i.e.acrush-uppresN eOE6･OGPa,aredi印hy

edinFiBtJre2.neweakMadIrenecdoniseyidentinthepr鰯 WeCOn･ tours.Theresidtlaltemperaturesd

onotseemrel

atedtothereactionregIOnSObservedinther∝ov

eredspecimen7)･Apanmetricstudyoftheporecol

lapsepre88Wewasperformedtoinvestigateits

eLLectsontheMachre瓜ection.neMach8teJnwidth

wasshowntoin･crc

asewithdecreasesintheporecollapsepresmre.2

.2 VJandVIRModelsThesecondaJldthirdmodel

sbothemployacon･sdtutiyemethodthatsimdta

JIeOuSlysolyes thehydrodynamiccomser

yadonofenerw eqt)ationinLagran耶m̀C00rdinates,G

.--(タ+ゥ)血 (3)aJldallEOSwi)ere pisthearuICi

alviscosity.Forbothofthecalcuhdonsgiven

here,theBirch-Mur･naghanEOSisusedto
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km Ce(cm)Fig.2 Pressureandtemperahrecontotqplotsat16.OFESeCaSCalculate
dbythe2-DLhydrccodeforalowporecdapse

pressuresolidmaterial(冗)asapresswe,specificyo

lume.and(emperattue

functjon,p,(U･･T･,-脚 % )p''p-1)･〔io]cJT･-

T･,(4,whereβraistheisothermalbulkmoduluS,a
ndβrqisitsfirstpressurederivadye.h this

EOS,theGruneisenratioisam ed to remain

constant,r/p-(r/U)｡.throughoutthecomputati

on.Theseequationsarehkedthrough thesecondlaw

ofther-modynami csforeitheraninertsystem.

砿

-nt払一助IasintheⅥ model,orLorareacdyes

ystem,〟dE.=Tb.一助 +∑lblg.･
)'t=

1 (5)(6)asintheVm model引.heq.(6),h･isthe

massfrac･lionofco血sdtuentiin801idxaJldgdi8i

tsGibb'sfre

eenergy.2.2.

1 VIModelhthecaseofaninertsystem{anew

modelhasbeendeyelopedusingthesameidealized

solidmiⅩ･ttweasstmptiona8inthe2-DLmodel.T

hepowdermaybedescribedinterTn80fanideab dso

lidwhoseproperdes aredetermiJ)ed加m thoSe

Ofthein･diyidualconstituents through maBiSfrac

donbasedmmng.From Ref.4.themeanspecih yol

tlmeisndescribed叫=∑ん叫.themeiLnSPeCifich
eati8Q-刀 )'Z51

ガ∑脇 themeanGrBeisenpanmeter
isr.･-∑)'

Z=1 I-=)もrp･,themew isothermalb此 tnoddusi

sβTq lなガ

心叫iGZ1両 anditsmean点r虹pre防ureder

iyatかeisp･T. -血量机 (1+β'nJ _1.

払 j- 1 PkhthjBnewmodel,thepowderisconceptual
lydivid･edintoavoidspace,V,andtheideauzedin

ertsolidmixture(Ⅹ),I,hencethem eⅥ model.

Sincethevoidcontaizunomass,itGmnOt00ntaizIany

iz)ternalenerw ,sodlofthecompressivewo止 do

neonthevo姐 andsolidwinbecontainedinthe

so滋d.The印e戯 cyoltmeandentropyofthe801idmat

eriaJwillbedeLined払(〕㌔T,)andも(恥T.),respe

cdyely.md甘地 ofthespeci血yolumeand

叫 ymaybeinsertediAeq.(5)andthereSdtequatedwitheq.(3)

toyidd, 車 ･!.-:dT･ (7,C牡tT.一')- '̀V, tT,豊

U･柵 -〔孟-≡wherethed血 idonsoftheisothermal

b此 moduluSPT--V(aP/∂V)T,theconstantvolumespec

iBcheat,C,-T(as/∂77,,andtheGrBeisenparameter

wereap･plied.neisentropicbulkmodulusisdefi

ned脚 ･!票nedistendonradomustjointlys

a的 a印eCiGcvolumeaJldapressureradod血 idonll),a
-Qh･.anda-P,/P.nederivadveofthespeci点cvoltm

Iecondi･donisbaSicanyarestatementoftheconse

rvadonofmass,do=払血+q血.niもderivatiyem

aybe ex･pressedhtm apresstxreandtempemttwe

byinser･血gthederiyadyeoL恥(A.T.)hbit

toyield,響 -一昔 - 箸 8,1

(8,1



IntheVIpowdermixtt)remdelandtheVIAmodel.

thedistentionr?doisdescdbedasafunctionof

pressure)HI

a-1+(a.-1)

α○一._
1(p!.LP)2

(.円-｣円)2

P<P!

一円≦♪≦｡円 く9)

l P!<P

whereLT,istheelasticstrengthoftheporousmaterial

andJ門isagainthe打ush-uppresstwe.Nowasystem

oftwoequations,eds.(7) aJld (8).andtwo

unknowns.M , anddT.,existswhich maybe

numericallysolvedudlizingafourth orderRumge-

Kuttaschemeincoq'uncdonwith theconservadonof

massandmomentumequationswhichprovidethe

overalldvateachtimeStepandeq.(9).Duringthe

porecollapseprocess,aconvergencecriteriaisap･

p)玉edtocheckthedualdistention-ratiodefinitionsfor

convergence27.∬thedistendon-radoddinitionsdo

notagreewith ina3-5%limit,thetwoyaluesare
●

averagedandthentlmericalStepはrePeatedundlcoA-

ve聯 nCeisachieved.Thiscalcdationisperformedin

tonjuncdonwiththehydrocodeAUTODYN I2) to

takeadvantageoftheabihtyofthishydrocdetocom･

bi血eEderiiLnandh 四 ngiaJICOOrdinateSyStemSand

utilize iz]teractiyereZOnLng Ofthemesh.The
●

detonatingnitmnethaAeW asmOdeledwith aJWL

eqlJation137inEdedancoordiTnteS,the304SSwitha

U8-upequation)DJinhgrangian coordinates.and

thep馴Ⅳderwi th.theⅥ modelinhgTaZ)giancoor･

dinates.IThed飢血lewanedstruchreofthecap馳le

wasin血dedzLndthepropertiesBIVeninTable1were
●

usedinthiscalcdadon.

Figure3(a)-(d)showsthecalculatedtemperature

andpressurecontotm intheTi-Almixbreatsequen-

daltimesforacrush-uppressureof6GPa.The

MacllrefIecdongrowsinStrengthandwidthasitpro･

pagatesthroqgh thepwder.Thehigh residual

temperature,observableinFigure3(d).iSCOnCen･

CratedalongtheMachstem.neregionwherethe

residual temperattqeis騨eat訂 than themel血g

temperatureofthealuminum,933K atambient
●

pressure,corr甲pOndstothe.reactedreponobseryed

intherecoveredspeclmenlJ.

■

Comparingthe2-DL andⅥ powdermixbre

moddcalcuhtions.Fipre2and3(a),thedifference

intheimitialcapsdestructurephcestheTi-Alitdif-

ferentcoordinates,andsomedifferenceinmadlStem
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3 PresslⅡモandtemperature

c

ontoursinthepder
血ascdcdatedwiththeⅥpwdermixbJre

moddmAUTODⅥ寸at(a))2.
4FISeC, 他日6.4F,See,(cH8･2IJSeC,and(a)2DIJSeC
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taJICe(cm)Fig.4Presstm andtemperattLreCOntOurBat20p8eCinthepowde
rmixtureascalcuhtedbytheⅥRmodel

onAUTODYNEonnadonandpropagadonwaseyident

duetothedelayimposedbythecollapsingdoublewall

ofthecap･sde.Theprem recontoursaresimikr

asthemachrenectionreachestheendofthep

owder弘mple;however,thetemperabrecontoursdiffersi

gmificzLnt･ly.Thisdifferenceisduetothea8与umpti

onsconcem･ingtheGrBeisenparameterorGrBeisehrati
o,r/V,re･ma皿ngCOnStaJltandthelJSeOftw

odifferentschemestocalcdatethetemperature,i.e.

CalculatingthetemperattuesかOmtheiJltemd enerw
ordirecdyfromthe点rstandsecondlawofther

modynamiC8J2.2

.2 VIRModoITheflnalmodelthatwiubetlSed

tomodeltheshockw epropgadonistheⅥRmode

lZ)incom･binadoz)with thehydrocodeAUTOD

YN12).Thisreactiyepowdermixttqemodeliscap

ableofin･dudingchemiCalrcnctionsineach su

bsystem andallowssepaLrationoftheindiyidllalcon8ti

tuentsintotwosqbsysteznswithheterogeneousdis

tribudonoftheporeconapseenergytosimdatehot

-spotS aJ)asubsequentheatbd ertothedcold.

subqsteJn.However,forthiscase,theporecolhps

e enerw Wasa矧medtobeeyenlyaborbedaJIdnore

actionsbyeb能niJ)dudedsothattheresdtswinbe
comparabletothe2-DLandⅥ models.Ford

l王BtM ,thenotabledifk托nCebetveentheⅥRm

oddandthepreyioustwoisthattheindividualcon
8dbentB areeadtra tedwithhdependez)IEOS.Thus,

eachcol)･stittlent･reSPndstothepressureand

temperattqethen thematdalpropertiesofthe

mixttm zLrecalcdatedateachpresNe-temperature

Stepinthenuneri

Calsoludon.neⅥRmodelwasappliedinthesa

mecon五gtm･liononAUTODYNl2)andtheporec

ollapsewasdewbedbythesamepolynomialequadon,eq.(9), asintheⅥ powdermodel.neproper

des滋stedinTable1forthe304SSandJWLmodelL3J

wereagainusedfortheca)cdadonaJldtheindiyidual

consdtuentpropertiesWereusedfortheTi-AJpow

dcrmixture.FortheresultShowninFipre4.thep

orecouapsepressurewasal60SettO6GPa.nle

pr鰯ureandtemperaturecontotLrSintheTi･Almix

ttqeandthepropagadondistanceareSimihrt

othose血m inFipre3(d).ThisShowBthat,inthi8Ti

-Alexperi･ment,theindiyidudtreatmentofthecon
sdtuentEOSi8Similartotrea血gthemasaSimplei
dealmkttwewithoneEOS.〟dlOdk-hdtlcedreactions

hadbeain.eludedintheVIAmodel.thiscomparis
onwoddnothare

beenyahd.3. C

oncILJSionsAuthreemodeb,2-DL,theVIpo

wdermodel,aJldtheⅥRmodd,yiddyerysimilarre

dtsLotthepresstm contoursin theTi-Alpo

wdermixttm ;hoveyer.therearesomediffere

ncesin thetemperaturecontours aBCdcuhted

bythe2-DLmodelduetodifferenta急SumPdonsinthe

calcuhdon.ǹ血show8thatthetradidondmet

hodoLm峨 血gonlytheEOSaJIdthen calcuhbgthe

temperaturehmtheiz)temalenerw yB.thep pSe

dEnkingoftheconSerYationofenergyaJldthe8∝OZ)al

awofther･modyⅦmicstodirectb calcuhtethetcmp

qattEreproducesimihrresu)tgforaJIinertpowdermi

xtureinthep倣 re rePJne.Howeyer,thetempemtt

JreCalcuh･Lionsdiffer8igmiBcaJ)dybetweenthetwo

schem es.Iti8difGcdttodeSnjdyelydeterminewhid

18CheneisbetterForcalcuhtingthetemperaturepr

onesbt)I,･theprofiles0btaiJIedかomthehttermet

hodsdemtomorecloselyBttheobscmedexpenm

ental憎 ults.ThisstudyalsodlOW8thattheindividualV8

.idealmix･ttLretreatmentOfthecon86tuentEOSgiyessimihr



resultsforazlinertpowdermixture.

FortheVIandⅥRmodels.thecalculatedresidual

temperattlrCSintheTi-AISamplealeequaltoor

greaterthanthemelting temperatureoEthe

aluminumintheareaoftheMachstemwhichcor･

respondstOtheobservedreactionregioninthe

recoyeredspecimen.Thisindicatesthattheobserved

reactioncodabeàshod【assistedreacdon'butdoes

notruleouttheposslbilitythatisⅥSàshock-induc･

edreaction.'
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Ti/Al粉末中の爆発衝撃現象の数値解析

hngdonS.Bennett事,田中克己書.片山雅美'事

sUs304ステソレス鋼管でできた衝撃処理用カプセルに密閉したTi/Al混合粉末中を伝

播する衝撃波について古典的なMie-Gruneisen,ここで投薬されたVI(空隙一不活性物質),

BenJlettとHorieによるⅥR(空隙-不活性物質一反応性物質)の3種類のモデルにより数

値解析を行った｡解析では,著者の田中による2DLコードとAutodynの2唖塀のコード

が使用された｡その結果,爆薬の爆砧速度と粉末中の衝撃波伝播速度の違いにより混合粉

末中に琴マッ-反射が形成されることがわかった｡MieGruneisen式とⅥ 及びVIRモデル

では計昇される温度に大きな違いが生じた｡計昇の結果,衝撃圧縮状態から大気圧状態ま

で解放されたときの残留温度(residual temperattlre)のプpフィルは粟島で観測された反

応に重要な影響を与えていることが判明した｡
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