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DeterminationofJWLequationofStateParametersby

hydrodynamicallyanalyticalmethodandcylinderexpan･
8ionte卓t

HongliangHe●,ZhiyueLiu●,KeiichiNakamura'.,TakayukiAbet,KtmihiknWaknbayaShi●,
KenOkada',YoshioNaknyama',Ma8atakeYo8hida',andShuzoFujiwara'

JWLequationofstatePArameterSfornitromethane(densityof1136kgm-3)andtwoTNT

explosives(densitiesof1563kgm~3and1602kgmr3)Weredeterminedbymeansofthecombination

orhydrodynamicallyanalyticalmethodandcylinderexpansionte8LCylinderexpansiontest

notonlylaidmuchfoundationfortheanalyticalprocedurestOdeterminetheJWLparAmeter8

0rexplosivesbutalsoprovidedacalibrationstandardfornumericalcalculationsusingJWL

EOS.Through hydrodynamicandelastic-plastic-dynamicanalysisoncylinderexpansion

movement,theisentropicpressuresandspecificvolumes0fdetonationproduct8mightberelated.

TheobtainedpressureandspecificvolumedatawerethenrlttedbytheisentropicformofJWL

EOStohavetheunknownparametersinJWLEOSbedetermined.Duetothefactthatcylinder

expansiontestWasunabletoprovideanyinformationofdetonationproductsatlargevolumes,

weinvestigatedSeveralpossiblewaystotakeSuchSituationintoaccountandSeVemlSet80f

JWLparameterSforeachexplosivewereobtainedindividually.TheobtainedawlEOSswere

employedinthenumericalcalculationBtOreproducecylinderexpansiontests.Finally,abest

setofJWLparametersforanexpl08ivew88foundthrough comparisonsofcalculationsand

experiment.

1.Introduction

ExploSive8areCOmmOrLlyappliedfordoingwork

towardthesurrollndingmediaviatheexpan8ion

oftheirdetDnationprodllCtS.hordertoaSSeSSSuch

kindofperformanceofanexplosive,itisnecessary

toknowtheequationofstate(EOS)ofitsdetonation

products.Uptonow,anumberofEOS

formulationshavebeenavailablerotdescribing

thebehaviorofdetonationproducts.Ofthose,the
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Jones･Wilkins-Lee(JWL)EOSmaybethemost

commonlyusedoneforworkersinthi卓rlelddueto

bothitsSimplefbrmimtheexpressionandits

eBtabliShmentontheexperimentalbasis.TheJWL

EOShasthefわrmofり

p-A･･-蒜 ,e-kLr･B(ト芸 ,ど-N2''･芋 ･ (1,

anditsadiabat(isentrope)isgivenby

ps-Ae-R･'′IBe-R2V･gT, (2,

where,Pisthepressure,Ei8theinternalenergy

perunitvolume,andPistherelativevolume

equivalenttotheratioofthecurrentspecificvolume

overtheinitialspecificvolumeoftheexplosive,PB

isthepressureOfdetonationproductsonthe

isentropicadiabat,A,B.C.Rl,R2,andalare

parametersrequiredtobedetermined.Am
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experimentalsystemcalledcylinderexpansiontest

isusedforthecalibmtionoftheJWLequation.

Cylinderexpan8iontestgivesthewallmotion

historyviaahigh 8peedcameraforrecordingthe

expansionofthecylinderwallbythepullofthe

detonationprodllCt8fromthedetonationofthe

explosivefilledinthecylinder.Twoapproacheshave
beenavailableforthedeterminationofJWL

parameters.Oneandtheearlierwayisatrialand

errorprocedurethatu8eSthehydrodynamiccode
andsometheoreticalconstraintstofindthebest

fittothewallmotionhistorylI.Anotheri8an

analyticmethodthatconvertsthewallmotion

hi8tOryintoapreB8ureandvolumedataforthe

detonationproductsofthestudiedexplosive

through theanalyticalmanipulationoncylinder

expansiontestexperimentaccordingto

hydrodynamicandela8tic･pla8ticdynamic

theorie8,Andthen,u8eSEq.(2)tobestfitthe
zwquiredpre的ureandvolumedata.2川 The

advantageOflaterapproachisthatitcanavoid

thecomplicatednumericalcomputationsothatit

165

canbeeasilymastered.Thispaperpreさent8the

Studie80ntheacquirementofawlEOS8for

exploBivc80日136kgm13nitromethane(NM),1563

kgm'3TNTand1602kgnl'ユTNTfollowingthe

laterapproach.DiLrerentfromtheoriginalformula,

weparticularlyexploretheinfluences0rthelarge

expansiondomain,whichexceedstherangeOfthe

generalcylinderexpansiondata,tOthe

determinationofawlparameters.Foreach

explosive,SeveralJWLEOS8areObtained.Those

awl EOSSare,instead,employedinA

hydrodynamiccodetoexaminewhichoneiSbest

abletodescribethemotionhisbryofthecylinder
wall.

2.Experirnent81

2.1Cylinderexpansiontest

Fig.18Chematicallyillu8trateSthecylinder

expansiontestSysteminanexperiment.Fig.la

Show8thecylinderassemblyusedforthe

experimentandFig.lbgivestherecoding8yBtem

fortheexpansionproce880fthecylinderwallby

SlitpositionbycaJTIera

BdOSIcr:PETN/Si-polyncr--75/25

Fie.1ConfigurationofcylinderandexplosiveSyBtemforcylinder
expansiontest,

C 3 Cordi

∩CarrLe

raFig.2IllustrationofStreakphotographyformeasuringthecylind

erexpAnsion.
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ondsFie.3AtypicalStreakcamerapictureobtai

nedfromcylinderexpansiontest.means0rhi

gh 8Peedcamera.Thecylinderusedintheexp

erimentsWASanOFHCcoppertubethatunderwentthe

heat.treat.mentundervacuumconditionat600deg

reesCentigr8deforonehourtomakethere8idu8lst

re88eSbeeliminated.Foreachexplosivetest,t

hecylinderwA80r30mminouterdiameterand300m

minlength,however,thewallwas81ightlyvari

edduetothedifferentphasesforexperimentalprep

aration.Thevariationofthethickness0rCyl

inderwall,respectively,is2.5mmfornitromet

hAne.2.26mmfor1563kgm'3TNTand2.28

mmfor1602kgm'3TNT.Thewallorthecylinderwa

sPreciselymachinedtoreachaprecisionwithinthe

errorle88than2percentage.Theexplosive

wasrIlledintothecylinderatroomtemperature

and8mixtureofpentaerythritoltetranitrate(PETN)

AndBiliconrubberinaweightratioor75over25

wasusedA8theboosterfortheinitiationofthe

explosiveinthecylinder.TheboosterWasrlred

by8nelectricbridgewire(EBW)detonatOr.Ar

otatingStreakcamera(Cordinl●16,USA)using8h

adowgrAphtechniquewasemployedtomeasurethee

xpandingproceSSOfthecylinderat8Weeping叩eed

or12000m8◆1.TheviewingslitofO.1mmw

idthwasalignedataposition165Jnmawayfromthe

endorthecylinderthatwasdetonatedearly.Aft

ereachShot,therllmwasreadwithanopLicalm

icro8COpeOfaSpaceresolutionof0.001mmtoprovid

etheexpansionhistoryOfthecylinder.Fig

.3pre8ent88typicalStreakpictureobtainedfr

omSuchexperimentsinwhichthenitromethaneW88use

dA8theexplosive.ILShowsclearlythatthepor

tionofthecylinderlocatingattheviewedcro88･SeCt

ionBpread80utSidewiththeelap81ngOrthetime.

BecausethepictureisobtainedbydirectlyBCannln

gfromtherLegAtivefilm,theportionoccupiedbythecylinder.

then,exhibitsabrightareaandthe

areabeyondthecylinderhasadarkregion. 2.2

Detonationvelocitymei)SurementDetonationvelo

citiesfornitromethaneandI.woTNTweremea8ured

byAnelectricallychargedpinteclmiqueindependentl

yorthecylinderexpznsiontesteXperimentB.Eightp

airsOfpinsWereSettledatthebeginnlngOf12

0b260mmaWayfromthetxx)Sterendwithaninte

rvalof20mmalongthecylinderaxis.TheACCuraCy

18within0.5%fortheyieldeddetonationvel∝ity.T

heaveragedetonationvelocityfornitromeLhan

ei86271m811.6581km8●]forTNT1560kgm'3,and6918m8ltfor1

602kgm■3.3.lsentropicpressuresand叩eCificvoluJT

leSofdetonationproducts3.1MatherT18ticzllo

xpre86iononexp8nSionhistorylnordertoe8t

abli8hAnAnalyticalproceduretogainJWLEOSpA

rAmeter8.thefirstthingShouldbedoneiBtOgiv

eamathematicalde8Criptiontheexpansionhisto

ry.Itmaybeaccomplishedbythenon･lineArfuncti

onfittingmethodusingleA8t･squarefitSkill

Il･Fromtheexperiment,alotofdataOndisp

lacementAndtimeforthecylinderexpansionco

uldbeacquired,buttheyareinadiscretizatio

nformandShouldbecontinuouslyrelatedwi

thA8mOOLhFunction.ConsideringthatthepreS

Sureindetonationproductscanbeapproximatedby

Anexponentialformtoexpressitsdecaying

trend,thu8.theacceleratiorIOfthecylinderi88180abletobeexpre88e

dbyanexponentialfunctionorLime,forinsta

nce,by宕 -,i.oJbJ2e-b･l'-b'･ ･3,where.Tdenote

stheradialcoordinateofthecylinder,tisthetime,

んi88delayintime.andBiandb,arefitting
con8tant8.IntegratingEq.(3)mayresultintheacq



displacementofthecylindervarylngWithtimea8
follow8

芸-j!,ajbJlL-e-bJl'-'oT]･ (forvelocity, ･4,

r-r4-∑aJb.(I-'b)-(lleりt'UIl･(fo,displacement) (5)∫-1■

whereTnistheinitiallyradialcoordinateofthe

cylinder.Makinguseortheexperimentaldataand

fittingthemwithEq.(5)leadsbthe80lutionof

theconstant80fajandb,･withtheaidoffollowlng

conStraintS:(1)theinitialdisplacementiSZero;

(2)theinitialvelocityiSZero;(3)thefinalexpansion

velocityisconstant;and(4)theinitialpre88ure

actingonthecylinderiStheC･JpreB8ureOfthe

explosive.Inpractice,onlytwoterms(n=2)i8

Adequatelyenough tomakeAWellfittothe

experimentaldata.

3.2Pressuresofdetonationprodu¢ts

lntheaboveSection,theobtainedrelationship

ondisplacementandtimerefer8tOthatofthe

cylinderinafixedframe.However,inthe

applicationofhydrodynamicandelastic-plastic

dynamictheories,itbecome8neCeBSarytOfollow

themotionoftheparticleofthecylinderforthe

analyticalformulation.Beforedoingso,Some

assumptionsShouldfirstbemadeforconvenience.

(1)thedetonationwavei80ne･dimensional;(2)the

detonationproductsareinvi8Cidandimmediately

transferredfromtheexplo8ive;(3)thecylinderwall

isincompressible;(4)thereverberationofwaves

incylinderwalliBIgnored.Withtheexpansionof

thecylinder,notonlydoestheexteriorradius,T,

change,theradius0fma88Center(thepositiontlmt

equallydivide8thema88inthecroSS･SeCtionofthe

cylinder),T.,"andtheinteriorradius,T.1,0fthe
cylinder,alsoChanges.FromaSSumption(3),those

radiihavethefollowlngre)ations.

';-Jr三一(,.2-か

where,theBubSCripL0denotesthevaluesof

quantitiesbefわretheexpamSiom.Becauseinthe

lateranalySeBtOsolvethepresSure8andspecific

volumesofdetonationproducts,them888Center

radius,T,",i8themainvariableinvolved.itwill
becomemoreconvenienttomakethecurvefitting

tothemasscenterradius,rn"nottOtheexterior

radius,T,directly.

Toaninfinite8imalelementparticleofthe

cylinder,thepres8ureactingonitmaybe

expre88edby

p-% [.･鍍 )2]-海 ･巧 諾 ･ (8,

where,Pi8thepre88ureOfdetonationproducts,
Disthedetonationvelocityoftheexplosive,Mi8

themassofthecylinderperunitlength,andqi8

thehoopStressinthecylinder,whichi8equaltoE

(rJr.7..-1),Ei8theYbung'8mOduluS.Whenq>6,,

thenJ=J,,Whereq,i8theyield8tre88.Tbthe
OFHC,Ei8Chosentobe103.35GPaandq,tobe

0.31GPa.Thedetails0ntheformulationmaybe

foundinRef.3.

3.3SpecificvolurTleOfdetonationproducts

Thespecificvolumeofthedetonationproducts

maybeobtainedthroughtheidealdetonALionwave

theoryandtheiBentrOpicflowofthedetonation

productsinavarylngCrOSS･SeCtionaltube.The

resultis

･,-i(!)Zl･一調 '･;[･- 一言:二
where,Cisthemassoftheexplosiveperunit

lengthandpoistheinitialden8ityoftheexplosive.

ThepressuresandSpecificvolumesOfdetonation

productsarerelatedthroughanintermediate

quantity,r,ofthecylinderdi8placement.The

calculatedpre8Sure8and8peCirlCvolumesaretaken

tobethosealongtheiBentrOpicadiabatof

detonationproducts.

4.DeterminationofJWLparameters

Itisgenerallyacceptablethatthedetonation

productsStarttheisemtroplCrelea8efromthe

Chapman-Jougtlet(C･J)stateinanidealdebnation

model.DuetothefactthattheC･J8tateCannotbe

correctlyimpliedfromthecylinderexpansiontest,

thestatevariable80fthedetonationproductsat

theC･Jstateshouldbemeasuredorcalculatedby
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otherways.AttheC･JState,however,three

conditionsfordetonationproducts:(L)C･Jpressure

holdsattheCIJSPeCificvolume;(2)isentropic

adiabati8tangenttOtheR8yleighline;(3)The

internal8peCirlCenergyISequaltotheadditionof

theworkdoneduringthecompre8Bionandthe

detonationheatoftheexplosive;Shouldbe8ati8Eied.

Thus,whenusingEq.(2)brepresenttheequation

ofstateordetonationproducL8.thefollowing

equationsareobtained,

p(･J-Ae-RI''(,･Bc~k･1''･.A･古 ･ (.0,

0oD2-AR,e-PIJ'rJ･BRZe~k,''･･･雪 群 ･ (ll,

Eo･iptJtL10-V･･J,,-iek･''･･･景L･'･''･A･孟･ (12,
where,PuiSthedetonationpreB8ureand,VcJ,

istherelativevolumeorthedetonationproducts

(specificvolume,trN,tOinitialBpeCirICvo一ume,Vo.)

attheC･Jstate.pni8theinitialdensityorthe

explosive(fl,=1〝,),風i8thedetonationheatorthe
explosiveperunitvolume.Exceptthatthe

det.onationvelocitiesaremeasuredfromthe

experiments,theC･Jdetonationpre88ure8and

specificvolumesandtht!detonationheatsofthe

studiedexplo8iveSareCalculatedFrom the

cftEETAHV2.0.5IFornitrometharLeandtwo

TNTs,thosevaluesarelistedinTable1.Usually,

R..R2Andtuarechosena8theindependent

variablesinthefittingprocedure.Irso,A,B,C

caneasilybesolvedfromtheaboveequations.

Ontheotherlmnd,thecylinderexpansiontest

isalsonotabletoprovidethepressureandSpecific

volumedataattheState8withlargespecific

volumesduetotheexperimentallimitaLion80fthe

relativelyShortphotographictimeperiodorthe

possibleruptureorthecylillderatthehterphase

ofphotography.Ageneraltreatmenti8tOa88ume

thatthedetonationproductsAtlArge叩eCific

volumesareidenticaltotheideallyperfectgas.

AccordingtoEq.(2),thelasttermattheright

handSideShouldplayadominantroleforthe

contributiontothepre88ure(ThisiSWhatWasPre･

consideredbyJWLduringtheeStabliShmentof

AWLEOS).Therefore.parameteraliSlimited

withinvariationbetween0.2and0.4duringthe

courseofparameter8'determinaLion.However.ill

thisStudy,wechooseanotherfourpossibleways

toinvestigatetheaffectorparELmeterEtJtOthe

accuraciesofJWLprameterB:

(l)ThreeSetsOfpre88ureand叩eCificvolume

dataatlargevolumesrV=40.80.and160)
fromCHEETAHV2.0Calcuhtion8areadded

tothosedeterminedfromtheAbovecylinder

expansiontestAndthesedataarerIttedby

Eq.(2).L"SWell88OtherJWLparameter8

aredeterminedbydirectrittingwithleast-

squarefitmethod.

(2)Thepre88ureandSpecificvolumedata

obtAinedfromCHEETAHV2.0calculation8

areu8edaSthefittingdataWithoutuseOf

anydatafromthecylinderexpansiontestand

thefittingmethodi8performedtogive

pBLrameter血I.ThisLDi8kepturLVariedandused

tofitthedatafromthecylinderexpansion

testsothatOtherJWLparametersare

determined.

(3)AssumingthatthedetonationproducL8are

composedofmAuer80fcarbon,water,

nitrogen.andcarbonmonoxide.Then,for

miXtt)resofsuch8peCieS,thei8entrOplC

exponent,γ,iSestimatedbytakinginto
considerat.ionofthemolenumbersinthe

chemicaldecompositionorexplosives.

Parametera,iSdeterminedfromlt1-7･1.For
instance,nitromethaneandTNT.thereare

chemical decompo8ition8 0f

CH3NO,=1.5H20+0.5CO+0.5N2+0.5Cand

C7HSN,0.,ニ2.5H･･0+3.5CO+1.5N2+3.5C.
Forthediatomicidealga8e80rnitrogenand

carbonmonoxide,yequ818tO7/5.8mdforthe
polytroplCgas0rWaterVapor.YequalstO4B.
Asaresult,theestimatedvalueoryfor

TableI.ThemaindetonationpropertiesofNMandTNT.＼pO(kgm'3) D(mS●り PGー(GPa) EtJ(GPam.1m
'1)NM 1136 6271 12.5

0 5.750TNT(1) 1563 6581

16.83 7.133TNT(2) l602

6918 17.86 7.381KayakuGakkaishi.Vot.63.No.



nit.romethanei81.360and1.377forTNT.

Hence,theirpAmmeter80faI.areO.36and

O.377,re叩eCtively.AftertheacqulrementOf

parameter叫theremainingworkistorlHhe

cylinderexpansiondatausingEq.(2)toobtain

theotherJWLparameters.

(4)UseEq.(2)todirectlyfitthecylinder

expan8iontestdataandparameterLVandother

JWLparameter8aredeterminedfromtherlt.

Followingtheaboveprinciples.theJWL

parameters0fnitromethAneandtwoTNT'8are

determinedandarepre8emtedinTable2.The

obtairtedJWL玉ossareincorporatedintoA2D

Lagranglanco°e6)forthenumericalcalculation

te8t8.ThecalculatedresultsShowthattheJWL

R

仰

知

20

叩
0

(
∈
u
)J
･aJ

Shd他.0105m OG

+ ∈xprhrd .thjS㈹ t

- Shubh .EOS(LAB

)10
20Time(ps)

(a). parametersdeterminedbymethod3areabl

etogivethemostaccumtereproductionofthecyli

nderexpansiontestdatafornitrometh8ne.however

,fortwoTNT'S,method1iSthebe阜tChoice.Theref

ore,therln81JWLparameter8fornitromethAne

andtwoTNrsmaybechosenAndarcpresente

dinTable3.Thecalculatedcylinderexpan8ion

testu81ngthoseJWLparAmeter8fornitromethane

andtwoTNT'8aredepictedinFigs.4throu

gh6togetherwiththeexperimentaldata

forcompari80

m.5.Conclus

ionsJWLequationorStatepArameter8

fornitromethaneandtwoTNTexplosive8Were

〇

一

〇
〇
5

rJ

1.
1
d

(
8

王
)倉30)○>]LeNt ShdN○,○

105m- EJPerbTqntaJ
J他一〇九-----Sirwbb.E

OS(N3)′■一

一一■一▲▲_10 2
0 301TirTle(

ps)仲)Fig.4Comparisonofexperimentandcalcul山iononcylinderexpan8iontestfor
eXplo8iveofnitromethane.(a)displacement;(b)wallv

elocity.Table2.TheobtainedJWLparameter8forNMandTNTfromfour

methods.Expl. Method A(GPa) B(GPa) C
(GPA) Rl R2 ONM 1 568.301 63.361 1.
934 7.846 3.004 0.469一一一■ 369.861 37.7

1̀9 I.418 6.377 2.455 0.3753 363.5
36 35.983 1.342 6.290 2.398 0.3604 813.032 76.011 2.153 8.822 3.222 0.50

8TNT(I) 1 Jl52.70 1.027 0.848 4.50
0.51 0.202 450.302 1.602 1.413

4.542 1.756 0.2643 458.313 0.597 l

.268 4.552 0.335 0.3774 464.397 0.223

1.852 4.622 0.LI88 0.350TNT(2) 1 451,801 1.415 1.231 4.531 I.123 0.20
2 478.371 2.017 1.317 4.608 0.78

3 0.2903 476.466 1.285 1.995 4.651 0.988 0.3774 Jl70.857 I.086 I.691 4.598

0.640 0.35Table3.ThebestfoundJWLp

arameters0rNMandtwoTNT'8.＼ A(GPa)
B(GPa) C(GP8) Rl R2 tL}NM 568.301 63.361 1.93



60

50

一- 40
∈
5 30
_i
1020

10

0

SholNo.0105CTO

7■ ExpednerLtal.lhis
vrd tShtublbn.EO

StM1)0 10 20 30
Tine(ps)

(a).

3

2

一t

(

s

r

uq)hpc一ê"爪葺 ShO
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.(a)displacement;(t))wallvelocity.det

erminedbymeans0fthecombinLItionofhydrod

ynAmicallyanalyticmethodandcylinderexpans

ionte8t.DuetothefactthatCylindere

xpansiontestw88unabletoprovideanyinfo

rmationofdetonationproducts8tlargevolumes,w

einvestigatedSeveralpossiblewaystOtakeSuchSit,u

ationint,oflCCOuntLHldSeveralSet,8of

JWLparameter8foreachexplosivewereobtai

nedindividually.TheobtainedJWLEOSSwereern

ployedinthenumericalcalculation8tOreproducec

ylinderexp8m8iontests80thLItabestsetofJWLparametersforan
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