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PredictionofC-astateforhighexplosivebasedonthe

initialdensitydependenceofdetonationvelocity

KunihitoNagayama',andShiroKubota''

ThiBpaperpresentsaSimplermethodtopredicttheCIJstateofhigh explo8iveb88edonlyon

theinitialdensitydependenceofdetonationvelocity.1bpredictC･JpreSSurebythismethod,

forexample,weneedtheSlopeofthedetonationvelocityJlSafunctionofinitialdensity.

WefirstdefineaSuccessionofC-astatesonapressure-volume･energyStateSurface.Available

datA島etOftheinitialdensitydependenceofthedetonationvelocitygivesacollectionofRayleigh

lineS.TheC-aStateCurveCanbeapproxiJnatedbyanenvelopefunctionofRayleigh line8.This

envelope functioncanbegivenbyaSimpleJnathematicalfunction.Presentapproximation

pvesaneXCCelentdescriptionoftheC-astatecuⅣeespeciallyonp-vplane.Sincethedetonation

velocityisasensitivefunctionofinitialdensity,andthemeasurement8Canbemadevery

8ccurAtely.thismethodmaySerVeahandyandrelativelyeasiermethodtoestimatetheC-a

stateforhigh explosive.Thephysicalmeaningsoftheapproximationi8diSCuSSedin

thermodynamicterms,whichrevealedthatiti8theapproximationthattheGrheiSenParameter
i8SettOZero.

1.lntrodu¢tion

Oneoftheimportantre8earChtopicsinthe

understandingofthedetonationprocessesofthe

condensedexplosivechargeistheequationofstate

(EOS)forthedetonationproductgases.卜4Ipressure

rangetreatedinthisfieldisseveraltoseveraltens

orGPadependingupontheexplosivechargeand

ontheloadingden8ity.Thehigh pressurehigh

temperaturestatesattainedbytheproductof

detonationg88e8Canbestudiedbothinthe

microscopictheory'.紺 andinthesemi･empirical

theory･9･12IImporatnceofthemacroscoplCand

phenomenologlCalapproachesisrecognized,since
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theyprovideconvenienttooltou8einacomputer

codeforthenumericalBimulationtl)ofthe

detonationphenomena.

TherestillneedaSimpleclosedform EOS

function,whichiSprovedtobevalidwithpractical

accuracy.Forexample,toSimulatetheE3hockto

detonationtransition(SDT)proce88,EOSe80fthe

detonationga8e8andunreactedmaterial,anda

physicalmodelofShock･inducedinitiationare

required.Noneofthesehaveknownpreciselyfor

anykindofenergeticmaterials.Amongthese

issues,informationoftheEOSofthedetonation

gasesmaybethemostreliablethantheothertwo

IS8ue8.

ThispaperpresentsanotherwayOfdetermining

theusableEOSfunctionbasedontheminimum

setofexperimentaldataonthedetonationvelocity

and80meOthers,explainedlater.Thepresent

methodgivesanEOS.whichisfullycompatible

withtheexperimentalme8Surementwithinthe

experimentalerror.Basedonthecloseexamination

oftheJonesIStanyukovich･Man80nrelationlい4),

theroleoftheGr也neisenparameterisdiscussed.

InthecourseofthisproceSS,VerySimple
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approximationtotheC･JStatesiSformulated.

ThenI,heerrorcontainedintheeSt.imated

functionalformofEOSiSdiscu88ed.

2.Envelopefunctionapproximation

DetonationvelocityiSaparameterWhichcan

bemeasuredinhighestprecisionamongvarious

parametersspecifying the detonated

thermodynamicState.Emprically,thedetonation

velocityDigfoundtobealinearfunctionofloading

densityfh,namely,

D=j+kpo, (I)

whereJandAdenotematerialparameters

determinedforanexplosiveandforanintervalof

theinitialdensity.).TS)IncaseofPETN,for

example,thevalueofthemare

j=2.14,k=2.84 po<0.37,

J=I.82,h=3.7 0.37<p.,<1.65,

j=2.89,k=3.05 1.65<pn,

Thatis,therelationisglVenbythreelinear

segments,althoughtherangesintheinitial

densityoflowestandhighestareverysmall.

Kerley16)haspointedoutthatatleastthedeflection

atpn=1.65g/cm3mightbeexplainedbythe

productionofHCOOH,buttheinnuenceisgradual

andhasnoSharpJumpintheslope.Defelctionat

thelowerSidemayhavesomeproblemsof

measurement8andBCatterOfthedataduetothe

measurementmethod.Itmayhaveaplausible

possibilitythattherelationshipbetweendetonation

velocityandinitialdensityisalmostlinearbut

verycomplicated.17'As Slmwnlater,theSlopeAof

therelationshipplaysanimportantroleforthe

formulationofEOS,andduetothereason

explainedabove,thereisnorigidphysicalreason

toadoptathreeSegmentlinearrelationshipglVen

above.Ratherwecanshowthatthebreakinthe

slopeAgivesabreakin80mephysicalvariableS,
likethedetonationpressure.Wewilladoptthe

followingsimplelinearrelationinthefollowlng

analysis,

}=I.8482,h=3.6511. (2)

Parametersusedhereareclosetothewidest

rangeofthedensityabove･FigYe1showstheD

porelationshipdescirbedbytheparametersin

Eq.(2)andseveralofexperimentaldata.

Ifoneknowsthevalueoftheinitialdensityof
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'/g 2.5Fig.2Rayleigh lineBWithdiffere
ntinitialvolume,andtheenvelopefunctionf

orPETN. Open circles areexperimentald

ata.values0fdetonationvelocitiesforPETN.C･J

pressuredatapointsgivenbyHornigetal18Iar

ea180Showninthe8Ameplot.A8i8SeenClearly.

experimentalpressurevolumepointsarenatural

lyontheirRayleigh line,AndtheySeemtObeonacurveoftheenvelopeofthecollectionofRaylei

ghline卓.Thislook8aVerygoodapproximation

forthisdata.Wecheckedotherexplosivedataa

ndfoundthttheenvelopefunctionofRayleigh lin

esonp･vplaneglVeSanexcel

lentApproximationtotheC･JBtAteBOnthep

lane.FunctionA)formoftheenvelopefunctionof

Rayleigh line8Canbederivedeasi

lyaSV=t!O-
Prq2

l+p('=再 (CLnDelnp.1｡] (4,pnD 2∂】nβamp.1｡]
(5,whereanimportantparametertOdescribe

thisrelationBhipi8thefollowingn

on･dimensionalparameterαα≡鑑)..-i(i),.-智 (6,

wherethelasteXpre88ioni8Obtainedbyinsertingtheempiricallinearrelation,Eq.(1).WewillStre8

8herethatthisparameteraCanbeestim

atedonlythrough themeasurementOfthedetonati

onvelocity.Sincethisparameteri8determinedby th

eSlopeoftheempiricalrelationship,therestillneedsareliabledataSetOfthedetonatio

nvelocityondifferentinitialdensities. Presentapproximation,therefore,needsZLprecisionof

thisparametera.ErrorfromtheprecisionofαiS

diSCuBBedlater.OtherparametersontheC-astate
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Canbeobtainedthroughthejumpconditionsfor

thedetonationwavefront.whichthengives

relationShipSbetweenothervariable80nC･JState.

Figure38how8thepredictedC･Jpressure,
particlevelocityandinternalenergyforPETNare

8hown.Agreementofthedatawiththetheory

depends0nthecombinationorvariablesasshown

inFig.3.Comparedwiththeseplots,itis

noticeableth8日heagreementOrpressure-VOlume

relationshipshowninFig.2isexcellent.Data

scatterisalsodependentuponthevariable

combination.Even80,the叩reementOfthetheory

withtheexperimentaldataisgood.Small

discrepancybetweentheoryandexperimentseems

tobesomewhatSySLematic.Thismayhavesome

deepphysicalreason.Wewilldiscussthislater.
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Fig.4Comparisonorthepredicteddetonation
ll

pressure.p(･Jwiththemeasureddata.
pr.ト

Figure48how8thecomparisonofthemeasured

C･JpressureWiththepresentapproximationfb∫

variousCOndensedexplosives.Mostofthe

measuredpressureissomewhatlowerthanthe

predictedvalueaSSeeninFig.3.Later

considerationShowSthatsoれedatalargerthan

thepredictioncanbeunder如oodinoneorfbllowing

threepossibilities.OneiSthatC･Jassumptionis

violatedinthe8enSethatthestateatthewave

frontreachesnOCOmpletethermodynamic

equilibrium.Theotherpossibilityisthatchemical

reactiondoesnotrini8hedatthefront.

Experimentalerrorcontainedinthedataiswithin

thedifferenceinthepre88ureValue.Inother

words,largerdataisphysicallyprohibitedforC･J

states.PrecisionofthepresentAPprOXimationwill

bediSCuSSedinmoredetailinAlaterSection.

3.Jones-Stanyukovich-Manson(J-S-N)rela-

tionandth8Gr●8isenParameter

ltiSWellknownthatthethermodynamic

analy8i80rthechangeinthedetonationvelocity

withchanglngtheinitialdensityortheinitial

internalenergyleadstOthe80･CalIedJone8･

Stanyuko･vich･Man80n(J･S･M)relation:1･…

r-響 (7,

whererandydenotetheGrtinei8enparameter,

andtheadiabaticindexforaniSentrOpepA881ng

through theC･Jstate.Theseparametersare

definedaS

r=像 (8,

Y-磨 ).,.-禦 (9,

Alloftheparameters,r,Y,AndαareState

variables,andafunctionorinitialdensitypoor

volumevn.TheenvelopeApproximationdeveloped

inthepreviousSectioni8provedtobethe

approximatiorLthattheValueortheGrtineisen

gammari8equaltozero,This888umptionis

thenprovedtobeequivlenttothe888umPtionthat

theslopeortheadjfICentCIJStatesWithdifferent

initialvolumeiSequaltothatorani8entrOpe

passingthroughtheState.Thedifferenceofthe

C-JpressuredataandthatOrenvelope

approximationcanbeBeeninFig.Ll.

TheformulaeOrEq8.(1)and(5)canbederived

byputting/tOintheJ･S･Mrelationship.i.e.

yo=l+2a (10)

U8ingthisresulttolookaLthecomparisonof

theapproximationwiththeexperimentaldatain

Fig.3,OnemaynotethattheSlightdinTerenceStems

from t,hecontribut.ionFrom theGrdneiSen

parameter.Themagnitudeorthecontribution,

however.i8relativelySmall.Toachievehigher

precisionpredictionorthedetonationpropertie8,
wehavetOincludetheeffectsortheGrdneisen
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gammatOthetheoreticalanaly8i80rtOObtain

preciseexperimentaldataOtherthanthe

detonationvelocityinveryhigh preci8ionhigh

thArLAfew%.Thecorrection,however.BeemS

modesta8i8understoodbythepresentanaly8i8.

4.Conclusion

Wehavedeveloped8Simpleapproximationfor

theC･JStateV&riable8b88edonthedetonation

velocitymea8urementwithdiqerentinitialdensity.

ThepresentmodeliBfoundtobeAnapproximation

ofGraneisengammaequaltozero.
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