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AsimplemethodofdeducingJWLparameters
fromcylinderexpansiontest

I-FensLan'.Sheng{hihHung',Wei-MingLin'.Chum-YuChenH'

Yih-MingNiu+'andJong-HwaShitnn'''

AsimplemetJIOdhasbeendeyelopedEordeducingtheJWLequationoEstate(EOS)ofhigh

explosiyedetonationproductsfrom thecylinderexpaJISIOntest.Thismethod.whidlis

signiBcadLtlysimplerthanthatofaurgecomputerhydro00de,stillretainsthesamedegreeof

aCCtmCy■

Theradialexpansionhistoryofmetaltube,whichisrecordedbythestreakcamera.isex-

pred asallappropriatefit血gfuJICtion. nep-VrelationofdetonationprodtJCtSmaybe

obtainedhmthediHerentiationoLEittiJtgfunctioTLaJldequation30Econm donlaw.Metd

s加 ngthisalsotakeJ)iJ)tOCOnSideTadontoreducethedeyiationatthelowerp愉 ureregion.

JVn paraJneterBareacquiredthroughthep-VrelationsbyanothernoI血neaTCtLrVefittillg

procedtm.

necomputedresultsforComp-B,TNT.HMX.PBX-9404andNitromethaJle,Whichare

hgoodaqeementwithLawranceuvemoreNationalLaboratory(LLNL)data.

I. 1ntrodLJCtion

ReseaTCh azlddeSigれOEexplosiyedeyicesvouId

usuallytJSehydrd es.neacctJraCyOfsimuhtion

dependshighbontheequadonofstateofthedetoTLa･

lionprodtlCtSt由 forthehighexplosive.Acertain

numberofEOSexistWhichexpressthedetonation

prodtICtisentropcS.BuckASpOlytropicgashw,LID

(Le J)nard-Jones-DevonBhire),BKW (Becker-

Kis由血owsky-W皿抑n).aJIdJWL(Jones-Witkins-

La).JWLEOSiSgenerdlymorecoTnmOnthanother

EOSs,especiallyinthehydrodynamiccdcdadon.

TheeqtndoncontairLSBixpraJTLeterS,describingthe

reladonshipamongthevolum e,eJlerW aJtdpresstwe

oEdetomtionproducts.TheK 叩 meterSmaybe

ReceiyedDnApril4.1992
●ChutLg-Shan Institute ofScience and
TedmolowLung-TanTaiⅦ 32526.良.0.C.

●●DepartmeJItOLWeaponSystem EngineeriJtg
Chmglnengh8tituteoETd nologyTa-Hsi
Taiwan33509.氏.0.C.

.HDepartmentofApplied Chemistry
Chtngd eTIghsdbteofTbchJIOlogyTa-Hsi
TaiwaJI33509,A.0.C.

deterTninedbythecylinderexpansiontest.1)2I.

LLNLobtainthesesixJWLpaTamete†Sbyatrial

aJldemrprocedwe.The叩 mSionrecord.simuhted

byahydrocode.wasrepeatedlycaJctIIatedinthistry

aJlderrorproceduretndlthecalctllatedhistoryof

radialdisplacementmatchedwiththecxpe血 ental

data.Thispr∝edurewasiteratiyeandtime-cotm ･

Lng,aZtdsomesimplerrrLethodswerethenpresented

forsayingtime.An analyticaJmodelwasusedbyPo批

3㌧whidldidTIOtneedahydrodynarrLiccode.The

p-VrehtionshipwasthencalC血teddirectlyfn)m

theexpansionhiStOryOfmetalbbe.Acertainequa-

tionsproposedinhismodel,uebbletobeiJIYalid,

Eor c9tamp]eoscilhtionmay… rAtthelower

pressureregion.Atwo-dimensionaldhiLraCteristi岱

codecoupledwithno血 w ctme点tdJlgtedhniqtle

vnspropsedatthesametimebyぬi]ey4).ne

calculationwasmadeeasierthanthtoELLNLLater,

anewandSimplemodelcombinedwithcurveEitting

proceduredevebpedbyHornbergBlpos8eSSeSthe

cbracteristicoEgoodacctJraCy.Meanwhile.lJ-sseh･

t血 etaLBl･proposedatrialzLnderrorpr∝edtJ托With
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Fig･1 Flopw conditionsoEthedetonadonproducts

h expaJldedmetalcylindersSimplemodelinstead

ofhydrodynamiccode.Jtwashowever,stillanit

erativealgodthm.aStheaboyeparagraphhasil)ustrated

.Polk'sdgorithmh舶 becnthesimplest,butal甜 relatiyel

yirLaCCtLrate.IrLaddi-tion.thesimplemodelprop

osedhypreviousliteraturehasbeeneithertoosimple

aJldneglectsaccuracyorthededu

cingequationsareinconsistentwiththepTaC-ticaJ

phenomenaoEshockphysics.Thep血cipalaimofthis

paperisthereforetosetupasimpleandacctm e

analyticalmethod.todeterminetheparameter

soEJWLneacctmcyoEthismethodcaJtkeepupwiththe

urgehydrocodeS.A metalstrength7)is,additionally,introduced

heretogetridofthedeyiadonatthelow-prew re

giorI.2. Theoretical8na)YSisThefol)owingasumpdonsaremadeino

urderiya-tionoEthereh血nshipbetweenpresN eand

yolumeoEdetona

donproducts_(A)Detonationwareisonedimensionalan

disinaSteadystat

e.(a)Theexplo血eistn nsLonT)ediELSta

JltaJteOu$lytodetonationproducts.(C)Thecoppertt)beisi

ncompressible.(D)Thereverberationofshockwave

inmetaltubeisneglected.Thehageofexpansio

ntuberecordedbythestreakcameraiStheouterradiuso

Ecoppertube.r..Gaspresstqe.LnpraCdce,direcd
yexertsitselLontheinJ)ersurfacedth theradius ri.aJldpartidemotiotHXLay thaJlberepr堺entedbyar

naBSpOht.BothvelocityandaccelerationoEtheparti

clearethereforesetonamasspointwhichiSthecentral

surEacewiththeradiusrn.Therelationamongther.,r.handrJisgⅣen,

accor･dingtoassumpdon(C),as(r.2-r.n2)=A｡/(2

万)≡(r.n2-F.1) ())whereA｡isthecn芯SSeCtioTIOf

coppertube,whichisequaltoz;(rZo-r2i.);r..

aJldri.,meanwhile,deJlOtetheini血Iouterand

innerradii.negeometricreh･lionaznongtheyadousmdi

iisshowtlinFig.1.2.I Radialdisplacemont

functionofthecopportuboAnonlinearmJYef

ittingprocedtweB)isadoptedheretoattairLaJ)

apprOP血tefuncdonrep隅 en血gex･pernen血ldata.The

伽tingfunctiOnmustSatisfytheEonowingconstraint

ssinceitdescribestherad血ldkpb∝mentoEmebltubeiJnPenedbyprodtlCt且asa .

(A)Fitting ftncdonmt旭tSh叩 次rOintercept.bcauseinitialdiBplacem

entiszero.(a)hitiaIslopeisZero.bea tu yeI∝ityiSZer

oatthebeginning.(C)SlopeofFinalexpansionsta

geisEimite,whichcor･respondstothetermirLaly

elodtyofthetubewalI.(D)ITtitiaJexpazt

sionpressureistheCJpressure.Theexponentialdropinthepresurebdindth

edetonadon



普 -見 ajb･2exp(-bjt' (2'

InordertoavoidtheprobabilityoE刺 derLOminator

afterinteg柑dngEq.(2),biswrittenassqtJare.

Eq.(2)canberespectiyelytakentothefirstandset

condintegration,tndertheconstrail1tSOE(A),(B)

and(C).仙ell

普 - ∑ a.b.(1-exp(-bf"jIl.fl

ZLJ)d

(3)

rm-r,,m=∑ aj(b,t-(1-exp(-b.t)))
jql.tI

川

BothBai1eyJlandLee91indicatethtcylindermotioll

isuJIStableattheearlystagesolexpansion.sotheillS･

taJttOfinitial expansionoEcopperttlbeisd汀iicultto

recognize.Wh etherthistimeiseithertooearlyortoo

LatewillgiveriSetoashiEitingoEleadingordelayin

tirrLeC00rdirLate.InadditiorL,theexperimerLtal血 taof

LLNL,shovm inTable1.donotsatisfyconstraint

(A)whidlreqt血esthatr,,-rm l50whenI -0.We

Table1 MeasurementvaluesoEexp肌SiollhistoryinLLNL

r{ rR) I(FL艶C)
Comp-a HMX TNT PJ}Ⅹ-9404 Nitrome

thane0.5 0.7 0.52 0.92

0.57 1.2l I.27 1.0

1.545 I.09 2.021.5 1.71

1.39 2.13 1.48 2.722 2.ll 1.79 2.64 ).87 3.35

2.5 2.59 2.16 3.15 2.23 3.9533.5

4 2.99 2.49 3.615 2.592.933.26 4.53.78

3.13 4.53 5.565 4.52

3.75 5.41 3.91 6.556 5.22 4.35 6.25 4.56 7

.527 5.91 4.94 7.06 5.

18 8.468 6.59 5.52 7.85

5.78 9.379 7.26 6.09

8.63 6.38 10.2610 7.92 6

.66 9.41 6.97 ll.14ll 8.

57 7.22 lO.18 7.56 12.012 9.22 7.77 10.94 8.14 12.

8613 9.86 8.32 ll.69 8.71

13.7214 10.5 8.87 12.44 9

.28 14.5715 ll.13 9.41 13.

17 9.85 15.4216 ll.75 9.95

13.9 10.41 16.2617 12.37 10.49 14.62 1

0.97 17.09l8 13.0 ll.03 15.34 ll.53 17

.9119 13.6 ll.57 16.05 12.08 18.

7320 14.22 12.1 16.76 12.64 19

.5421 14.83

17.4713.17 13.57 21.172

223 15.4316.04 )8.1824 16.64 14.2



thereforeintroduceaEittingcorLStaJlt,I..tOrepresent

theinstantofinitial expansion.ALtert'- tdis

substitutedforIinEq.(4).weget

r.n-r.,,=∑ 句(b,(tLt.)-(lleXp(-b/t'-I.)))
i;事1.■

(5)

wheret'representtheexperimentaldataIhTable1.

IrLOrdertohareenough parameterさEorctme-fit･

ti喝,theninEq.(5)iStakenas2.Thefitting

parametersoEsomeexplosiveSareShowninTable2.

2.2 Particleve一ocityandaccelerationinmetal

tube

Ther内(t)-rn.withrespecttotime,t.isthe

readingdisplacementolcoppertubewiththestreak

cameraandnotatraceofthemotioTIOEaJ)indiyidtJd

particle.ThisreadingmaybeyiewedastheEuleriaJI

coordinatesystembutthemotionOfactualwanpard･

cleisdescribedmoreproper)ybyhgraJlgiaJltJlaJtby

Euleriansystem.Transferringhm theEuleriazI

systemtothehgranglanSyStemisthennecessary.

First.letzautdrrepresenttheaxiaJandradialcoor･

diれateinEderizLnSystem.withz=Oattheobserq ･

lionposidon aJ)dr=OalongthecentralregionOE

cylinder.Thecylinderprticleisnowbgwiththecon･

Stantyel∝ity,D.inthelongitudinalsectionofthe

cylinder,whenthec00rdiztatesysteJnis血edonthe
detonBLtionhnt.

TheexpandingpthoEindiyidualcylinderparticleis

ShowninFig.2(a).ThecorTeSpOmdingpositions

alongthecy拡nderwallcanbes舵 mtObeattheP'aJld

Q■whilePandQarerecordedbythecamezaatthe

dmetlaJldtz.A血er(1andt2ind机e∝mIS,thedetozLa-

tionfmmtOm piesnewpositionsWhereZ1-Dttand22

=Dt2respectively.Both P'aJIdQ'haveactually

alreadyex･pandedoutwardlybeforebothPaJldQ

harebeenT.eCOrdedbyacamera;thetime,nanlelyT.

oEthebeginningoEparticlemotiozlisthenbrgerthan

I,whidlismeasuredbythecaneTa.

BecatweoEtheassumptionsoEincompressiblityof

cylinderwaltaJldrlegligiblepreSSureinaxialdirec･

Lion.thedetonationwavebaanOirLhenceonthe

lengthoEcoppertdhe.ThearelengthoE8(I))shwtI

iJ)theFig.2(b)mtutalsobeequaltotheinC柁mEntal

diStaJlCeSweptbythedetonadon問yed血hgthein･

teryalr.TheradialandaxialcoordinatesofpoiJ)IP.g

(r)aJtdE(r),maytheJtberepresentedby

g(T)-rm(t)-r.抄 (6)

Hr)=D(ど-I) (7)

FromFig.2(a)itis引治nthat

霊-〔.･((lJD)drJdt)2〕.帖 I/coSe (8)

aJId

drJdt=蜘 (9)

Thevelocityandaccelerationmeasuredatthecen-

tral8urEaceare

Y=((dddr)2+(dudr)2)L12

aJld

a亡((dZddr2)2+(d2仇Ir2)2)lJ2

Furthenrlore,tlSingL'Hospitalrulegiyes:

dddr=(drJdt)cosO

dt/dr=D(1-cose)

d28Jdr2=(d2rJdt2)co610

d2udT2=SinOcos110(d2rJdt2)
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Velocity,Y,andacceleration.a,arethezIObtaiAedby

substituingEqs.(12)aJld(13)intoEq.(10).and

Eqs.(14)aJld(15)htoEq.(ll).

2.3 CoppertubooxpJntion

Thew姐materialflowsattheconstantyelocityDin

thelongitudinalsectionoEthecylinder,accordingto

TaylorlO).Thkisyievedhm thepcOitioz)oEthe

systemrLXedinthedetonationfront.Themovement

Tab一e2 Ctme-EittingprameterBEorthecybderexpansIOn

Explosiye Al AZ BI 82

teConpB 3.67494 I.11089 0.17583 0.965
78 0.5028HMX 2.25908 0.25491 0.61694

1.71148 0.2924TNT 2.03321 0.28403 0.6

0449 0.56745 0.07122PBX9404 2.80653 0.29

75 0.47832 1.6382 0.40729Nitronethane 3.41908 0.52548 0



P Jr[還A 'l早n9ths(tt)Ar en9t (tI)

P′ Q̀

Z≡O zFDt

. 毎Dt.Fig.2(a)Particletrajectoryintimes

caleIPa r-cLengt

hs(i)

亡)P Fくt)

Z亡DrRg.2(b)Particletrajectoryin

timescaleどhtheexpaJtSLOnm behindthedeto

nationfrontthen,asareSdt.takesplaceinaconvexl

ybentmLVe.Thb consequendyresdtsinaccntdfu

gaIaccdera-tioJI.a,beingdirectedtowadsthec

enterofthecyhder.neproductionofthecentrih

galforceMathenresdtsduetothis,whereMhthe

cyhndermassperunitoflength.Thishtterhastobe

compensatedbypresstm pofthedetonationproduct

sOrthecon-tractingforce2叫pOnaCCOtmtOftheS

tationary:p=Force/Am =(M a)/(2万r

i) 08ThisexpreSSiotLCanbecarded

overbythework-e

nerw rehdonMadri=(lnt)Mdv8

0可Ora=
i % 09 Eq.(18)maythereforebeintegrated

intheformy璃 E
pdr･2 0句ReEerriJlgtOTaylo{sderivation,hown

otation,Eq.(19)Canbeintegratedbypartswhent

heBemodli'sequationandcontinuityequationaretakenhtoac-

count.Thenや

-苧(ポ訂-) 軸whereI,isweightoEcyhderperWeighto

Eexplosiye.neeqtntionoE00ntindty,byreferringtoFig.1.i

swrittenasp.Drb2-p(D

IW)rj20

rV-苧=旦詳(2)2K6gY8Kayaku.VoI.53.No.3.



UrHtLength

LAter･AtVfeyrFjg.3 Thhping

confiのIradon･=･:--=:IIn;i-ts_日;SFrontvleyTable3 t)etonationpropertiesforexplosiyein

terestedExplosiveComposition
伽 D Pl Eo:po(eo+q)(形) (g/cJ)

(孤/S) (GPa) (GPa)CompB 64RDXJ36TNT 1.717 7

980 29.5 8.5HMX 1.891 9110 42.0 10

.5TNT 1.63 6930 21.0 7.0

PBX940494HMX/3NCI3CEF 1.84 8800 37.0 10.

2Nitromethame 1.128 628

7 12.5 5.1Substi

tutingEq.(21)intoEq.(20)tRCOmeSw-& (p(r/rb,2

1(pa,p･中, 約2.4 Met8lstrengthMetalstrength,w

hichisrelativdysmallincom･parisonwithallextr

emelyhigh detonationpressureattheinitialstage.hasnoobyiouseffect.Them

etalstreJlgthmay.hwever,inEttnncedlePrem Cal血 ･【

ionatthe瓜血Iexpansionstage.Totakeintoaccount

oEmetalstrength,considerthecaseoEathincirmla

rringsubjecttotheacdonoEtmiEormlydistributed

radialloadingaSShom inFig.3lfthecrosssecdo

nd訂eaOftheriJ1gisconstantalongthecirctm Eeren

ceandthethicb ess叶isstnallcom･paredwiththeradius

rE,,SudtloadingwmproduceuJliLormstressandaxialstresscanbe

neglected,thentheequationofmotionoLtheriJlgmaybewrittenas

thefollowingpnr.ndaAra

=pr,Jq-SdaOrpmrma=pr/Ar-

oALt

errearTaJlgement,p=pm(rm/r

L)ira+q(Ar/ri)=Ma/(2叫)+q(r.2-ri2)/(2rmrl) 紳 andQ=È≡E(一en-rm.)/r.

,,,ILq>or,thenletd=O, 的wherep.h,Q,qT,EandS

indicatethedensityoEmetal,bopstress,yieldStre88.YotJng

■smodulusaJldhoopstrengthres

pectiydy.hthispaperE≡103.35GPA.q,I0･31GPA･

2_5 JWLpranOterSCZLlcuI8tionGiyendieC3EP

erimentddater.(t)dthrespecttoI,thep-Vrehdonship

oEdetonationproductgasesmaybeobtainedbythen

olllineaTCtmeFitting.conser･rationequ

ations,andmetalstrength.However.hthewa

rhead design.thep-V relationship mustbd ormto aJIamlydcaIEoTn t

Ohtcotl血dyetocalcuhtingi

nhydrDdynamiccode.JWLiBdiscussedhere.whichgiv

esp(A)≡Åe-R]V+Be-R2V+cN.･] 糾whereA,B,C,

Rl.RZ肌d也IaretheprametersalsoOb･tainedbythenonlinearcuryefittingwit

h threespecificconstmintさS),p-Pd.E=Efj.V=V小int

heChapmaJl-JougetconditiorL.

Tabl



Fig.4 FlowchartOfourcalctllationpr∝edureThewholeproc鰯 Ofthecalculation

issummarizedinthe爪Owdla

rtShoⅥminFig.4.3. ResultsandDi与CuSSion

TheradialexpansionoEtheConp-acoppertubereco

rdedbyLu寸Lstreakcameraisshowninfig.5.Thectmeis丘ttedfromtheseradialexpzLnSiondata

inTablet andrep旧 eJ)tedbyEq.(5).nefit血gprame

tersinEq.(5)uesbwnillTable2.Itcanbeseenthat,themrVeindeedagT

eewiththeconstraintsrm-rm｡-0attLt=Oort=0.

Fig.6showsthep-VdataobtainedbyLLNLandou

rmethod.ThedatawithsymbolArepresentsJWLS

OSFIrOPOSedbyLLNL,theotherdatawithSym boI□an

dO represezlttheresdtoEotumethodnotin.cIIJd

hgmetalstrength,andourmethodtakingmetalStreng

thintoeezISideration,reSpecdvely.Itcanbeseen

thattheeffectofmetalstrengthobviouslyin･creasesthepressureconsiderablyinthelowpressure
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5CompadsonoEexperimentaldataofexpan-
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LNVFig.6 Comparison ofp･V dataforc
omp･Bca]ctlhtedbyourmethodincluding
metalstrength (○)andnotindudingthe
metalstreJlgth(□)andLLNL(△)
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U71E.LNVFig.7 Compadsonofp･Vcuryeforcomp-
Bobtainedwithourmethod(0)an

dLLNL(D)T8ble4-JWLparameterscompsitiorLwiththosefouJldill

literatureExplosive A(mbar) a(mbar) C(m

bar) Rl R2 atCpmp.8 (1) 5.24229 0.076783 0
.010818 4.2 1.I 0.34(2) 5.03808 0.0

5304 0.01183 4.1 1.05 0.33(3) 4.96376 0.0
3944 0.01288 4.06244 0.94846 0.35(4) 5.2323 0.06793 0.009667 4.169 1.042 0.33

HMX (1) 7.78280 0.070714 0.00643 4.2
1.0 0.30(2) 7.736 0.lD467 0.0089 4.169 1
.036 0.33(3) 7.7831 0.16808 0.01075 4.27

291 1.33644 0.30TNT (1) 3.71213 0.032306 0
.010453 4.15 0.95 0.3(2) 3.74911 0.07542

0.01178 4.24123 1.56431 0.3(3) 3.62033 0.

D2492 0.00887 4.07257 0.88784 0.25PBX9404 (
1) 8.524 0.18020 0.01207 4.60 1.30 0.38(2) 8.8704 0.21591 0.01124 4.69866 I.35283 0.3

8(3) 7.46850 0.06909 0.01447 4.26914 I.05592 0.

35Nitre- (I) 2.0925 0.056895 0.007704 4.40 )

.20 0.30methane (2) 2.09197 0.04608 0.007
95 4.33414 I.13408 0.3(3) 2.03532 0.003605 0.00984 4.28602 I.08

386 0.35(4) 2.1348 0.071334 0.008641 4.5188 1.3458 0.4regIOn. includingm由Istr



thatourproposedmethodincludingmetalstrength

canbeaccurateandtimesaviJlganditgivestheequal

lionoEstatefordetonationproducts.ListedinTable4

aretheJWL parametersforvaricqsexplosivescom･

putedbytheaEorementionedmethods.Itcambeseett

thatourmethodhasindeedimprovedthe打ornberg'S

calcuhdl)nandhsaboutthesameacctLraCy aS

Ijesslestin'S.

4. ConcILJSion

LaboriousiteradonoftentlSedinhydrodynamic

codecalculationhasbeenommitedheresothatour

methodachievesapproximatelythesaneaccuracyaS

theresultgivenbythehugehydrodynamiccodeoE

LLNLTheoscillationfoundinPok'scomputation
hasbeeneliminated.

BasedondetoTIationphysicsadnnon-lil)earCurve

fitting,Ourmethod血stcalcdlatesthefunctionwhich

representsthecoppertuberadialdisphcementr,h-r

m.withrespecttodTneI,themthep-Vrehtionship.

andfinallytheparametersoEJWLeqtntion.Takingin･

tocoTlSiderationthemetalstrenEth,thismetodim-

provestheacctmcyinthelow-pressureregton.
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シI)ソダー膨張試験を用いたJWL状態方程式パラメータ

の簡便推算法

LF.LAN',S.C.HUNG+,W.M.LIN',C.Y.CHEN+.

Y.M.NIU叫,J.H.SHIUAN++

高性能爆薬類の爆抑 こ関するJWL状態方程式のJtラメータを求める方法として.シ')I/

ダー野蛮釈放を用いた簡便法を開発 した｡この方法は.大規模なコ･/ビi-タコー ドを用

いるよりもはるかに単純であるが,得られた.ミラノータはそれらと同軽度の柄度を有 して

いる｡ここでは,この方法を概説するとともに.コl/ポジシ9./-a,TNT,HMX,PBX-

9404,.=トpメタ･/のJWL状態方程式パラメータについて,本法によって得られた値と,

従来法によるものとの比較を示 した｡

(書中山科学研究院.馳帝,台湾 32526,R.0.C.

*+中正理工学院兵器工理学系.大撰軌 台湾 33509,氏.0.C.)
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