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  Abstract:Relationbetweenmassdensityofexplosivedetonationproductsandtimeisstudiedunderthree
kindsofconfinementconditions,i.e.,noconfinement,weakconfinement,andrigidconfinementbycouplingof
BKWcode,JWLcodeandLS-DYNAprogram,respectively.AssociatedwithHOMequationofstate,explosion
productstemperaturedecayingwithtimeisinferred,andtheoreticalmethodisproposedtocalculateexplosion
productstemperatureofwarhead.Resultsimplythattemperatureanditsdecayingrateinexplosionproducts
regionarenon-uniform.Confinementconditionplaysanimportantroleincontrollingofexplosionproducts
massdensityanditstemperature.Rigidconfinementcouldpostponethedecayingoftheexplosionproducts
densityandtemperature,butthedecayingtimedoesnotscaleupinspiteofthedoublingoftheshellthickness.
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1 Introduction
  Moreandmoreobjectivescanbeattackedinfuturewar.Differentobjectivescorrespondtotheir
correspondingdamagedsensitivities.Conventionalwarheadisdesignedobject-orientedfromconven-
tionalchemicalexplosivechargetofuel-air-explosiveweapon,andtothermobaricbombinAfghanistan
ofwarin2001.Relativelyinertmetalpowder,butalatenthighenergymaterial,suchasaluminum,is
appliedwidelyinexplosive.Inordertochoosesuitablealuminumpowder,especiallyinshapeandsize,

temperatureeffectofexplosionproductshastobeconsideredduetoitsactivationtoinitialmetaloxi-
dation[1].Tothebestofourknowledge,theliteratureaboutthiseffectseemsabsent.Underpresent
technologicalconditions,manyproblemsneedtobesolvediftemperatureofexplosionproductsistest-
edaccurately.Theseproblemsliemainlyintwoaspects.Firstly,materialwhichcansufferfromhigh
temperatureof2500~4000K,andsimultaneouslybesensitivetotemperatureandminuteinmicron
size,issoughtdifficultly.Secondly,temperatureresponseofsensorlagsbehindtemperaturevariation.
Therefore,itisanimportantmeasuretoevaluatetemperatureofexplosionproductsbymeansofnu-
mericalsimulation[2-3].

2 EquationofStateofExplosionProducts
  Foraselectedexplosive,BKWcodeiscarriedout[3-4].Theresultsare,massdensityofexplosive
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1.64g/cm3,detonationvelocity6930m/s,detonationpressure21GPa,detonationtemperatureofCJ
stateis2937K,andisentropicadiabaticindexofdetonationproductsis2.85.HOMequationofstate
ofdetonationproductsare

lnp= -3.65769-2.475871lnv+0.2187351(lnv)2+0.06225968(lnv)3+0.01829405(lnv)4 (1)

lnT=7.5722-0.4432783lnv+0.09328338(lnv)2+0.002578583(lnv)3-0.003187935(lnv)4 (2)

lne= -1.515413+0.5362583lnp+0.09738766(lnp)2+0.009284769(lnp)3+0.0003495791(lnp)4 (3)

Wherepispressure,visspecificvolume,andeisspecificinnerenergy.
Applyingaboveresults,JWLequationofstateofdetonationproductscanbeinferredfromHOM

equationofstateofdetonationproductsbyJWLCodethatwascompiledbySamShaw.Providedfor
nextLS-DYNA,JWLequationofstateofdetonationproductsinthiscaseisgivenby[5]

p=A (1 1- ω
R1

)v e-R1v+B (1 1- ω
R2

)v e-R2v+ ωe
v

(4)

Wherepispressure,visspecificvolume,andeisspecificinnerenergy.A1,B1,R1,R2andωareparam-
etersinJWLequationofstate,hereA1=374GPa,B1=3.23GPa,R1=4.15,R2=0.95,ω=0.30,e=
7.0GJ/m3.

3 ComputedModelsandParameters
  Cylindricalexplosiveofradiusin5.6cmandheightin50cm,isinitiatedatlowerendonitscenter
lineofthecylinderunderthreeconfinementconditionsinair,respectively,asshowedinFig.1and
Fig.2.Noconfinement,weakconfinement(5mmsteelshellinthicknessinentireseal),andrigidcon-
finement(10mmsteelshellinthicknessinentireseal)representthethreedifferentconfinementcon-
ditions.Originofcoordinateissetatcenterofcylindricalexplosive.Inordertomodelprocessofcen-
trallineinitiation,auxiliaryexplosivedetonationvelocityisassumedtobe8400m/s.Sodetonation
timealongcentrallineisgivenbyt=l/u=0.50/8400=59.5μs,approximately60μs.Coordinates
(centimeterunit),suchas(0,25),(0,20),(0,15),(0,10),(0,5),(0,0),(0,-5),(0,-10),(0,

-15),(0,-20),(0,-25)alongaxisoftheexplosive,correspondinturntotheirinitiationtimes60,

54,48,42,36,30,24,18,12,6,0μs.Airmediuminradialdomaininmodelingis30timestheradiusof
cylindricalcharge[0,168],andrangeofairmediuminaxisdomainisgivenby[-100,100].

Fig.1 Modelofnakedchargeinair Fig.2 Chargeinshell

Equationofstateofairisgivenby[5]

p=c0+c1μ+c2μ2+c3μ3+(c4+c5μ+c6μ2)e (5)

Wherec0,c1,c2,c3,c4,c5andc6areconstants.μ=
1
v-1

,visrelativespecificvolume.Inexpandingele-

ment,c2=c6=0,eisspecificinnerenergy.Massdensityofairis1.293g/m3,c4=0.4,c5=0.4,c0=c1
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=c2=c3=c6=0,initialspecificinnerenergyis2.5μJ/m3,initialrelativevolumeis1.Massdensityof
steelforshellisρ=7.83Mg/m3,shearmodulusG=77GPa,Poisson’sradio0.3,yieldstressσ=
900MPa.

Explosionofdeviceininfiniteaircanbeassumedtobeatwo-dimensionprocessbecauseofaxi-
symmetriccharacteristicsofthemodel.Bothairandexplosive,orsteel,aremeshed,andaxisymmetric
ALEmethodisadopted.

4 ComputedResultsandAnalysis
  Detonationproductsinelevatedtemperatureandpressureexpandanddoworkoutwards,which
resultsindecreasingofpressure,temperature,andmassdensityrapidlyduetosparsewave’seffects.
Fig.3showscontoursofmassdensityfieldattimeof204.86μswithnoconfinementconditionofex-
plosive.Itisevidentthattheshapeofchargeplaysanimportantroleinmassdensitydistributionof
detonationproducts.

Fig.3 Contoursofdetonationproductsdensityat204.86μs

Fig.4 Temporalcurveofdetonationproducts
densityatelementNo.489

Typicalelements489,492,496onhorizontal
symmetryplaneofcylindricalchargelocateatcen-
terofcylindricalcharge,middlepointofradius,

endpointoutwardofradiusrespectively.Massden-
sityofdetonationproductsattheseelementsvaries
withtime,whichisshowninFig.4toFig.6.Itcan
befoundfromthefiguresthatmassdensityofdet-
onationproductsincreasestransientlyatfirst(in
CJstate),thendecreases(inexpansionphase).
Thiscaseisconsistentwithclassicaldetonation

Fig.5 Temporalcurveofdetonationproducts
densityatelementNo.492

Fig.6 Temporalcurveofdetonationproducts
densityatelementNo.496
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theory[3].Massdensityanditschangeratearedif-

Fig.7 Contrasttemporalcurvesofdetonationproducts
densityatdifferentelementswithnoshell

ferentatvariedsiteinexplosionproductsregional-
thoughtheirchangetrendsareaccordant.Inthe
phasecomputed,decayrateofmassdensityatcen-
terofchargechangesfromlowfirstlytohighfinal-
ly,andthatonedgeofchargedecaysfaster,as
showninFig.7.Fig.4showedthat,decayingtime
ofmassdensityatcenterchargefrom maximum
valuetominimumvalueisabout50μs.

Massdensityofexplosionproductsvarying
withtimeisshowninFig.8andFig.9underweak
and rigid confinement,respectively.Changing
trendsofmassdensityunderthethreekindsof
confinementaresimilartoacertaindegree.“Oscillation”phenomenaofinitialdensityatcenterof
chargeareshowninFig.10,andthemoreintensivetheconfinement,thelongertheoscillationplateau,

andthewidertheareaoftheoscillationphenomena.Itisclearthatdensityofexplosionproductsde-
caysslowwhenconfinementofchargebecomesintensive.

Fig.8 Contrasttemporalcurvesofdetonationproducts
densityatdifferentelementswiththinshell

Fig.9 Contrasttemporalcurvesofdetonationproducts
densityatdifferentelementswiththickshell

Fig.10 Contrasttemporalcurvesofdetonationproducts
densityatNo.489elementwithdifferentshell

Massdensityatthesameelementunderdif-
ferentconfinementconditionsisobtainedinorder
tocontrastdecayingrateofdensity,whichisshown
inFig.10.Densityofexplosionproductsdecays
fasterundernoconfinement,whileslowerunder
rigidconfinement.Inthelattercase,slowdecrease
ofdensityandtemperatureishelpfultoignitemet-
alpowderthatactsashighenergeticadditive[1].
Thereforeitisreasonabletoinferthatmetalpow-
der,ofacertainweightpercentage,shapeandsize,

etc,addedinexplosivemustbestmatchthetypeof
explosive,confinementcondition,andsoon.

Massdensityofexplosionproductsofthe
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chargeinthinshell(weakconfinement)followedanexponentialdecayfunctionintheselectedtime
space.AsshowninFig.11,densityatelement496,decayingwithtime,isachieved.Exponentialdecay
functionofdensityisgivenby

ρ=ρ0+A1e-t/t1 =0.33616+59.70427e-t/9.05832   32.85152≤t≤50.88161 (6)

Whereρismassdensityofexplosionproducts,g/cm3,tistime,μs.

Fig.11 Fittedcurveofdetonationproductsdensity

Massdensityofproductsundergoes
decayprocessfrom maximum valueof
1.8645 g/cm3 to minimum value of
0.54444g/cm3inabout18μs.

Atlast,temperature ofexplosion
productsdecayingwithtimeisachieved
whenEq.(2)andEq.(6)aresolvedto-
gether

T=exp[7.5722-0.4432783lnv+
0.09328338(lnv)2+
0.002578583(lnv)3-
0.003187935(lnv)4] (7)

Wherelnv=-ln(0.33616+59.70427·

e-τ/9.05832),32.85152≤τ≤50.88161.
AsshowninFig.12,fortheignition

Fig.12 Temperatureofexplosionproducts
decayingwithtime

temperatureof2300Kofaluminumparticles[6],

heatingtime of detonation productsis about
4.98μsundertheweakconfinementcondition.Ob-
viously,heatingtimeinexpansionregionofdetona-
tionproductsismuchlongerthanthatindetona-
tionregion.

Similarly,simulationresultsshowthatthede-
cayingrateoftheexplosionproductstemperature
underthreekindsofconfinementconditions,re-
spectively,noconfinement,weakconfinementand
rigidconfinement,isdifferent,anditstimeofthe
temperaturedecayingto2300Kis1.12,4.98and
5.80μs.Thedecayingtimedoesnotscaleupinspiteofthedoublingofthethicknessoftheshell.

5 Conclusions
  Anumericalmethodisadoptedtoquantifytemperatureeffectsofwarheadexplosionproductsun-
derdifferentconfinementconditions.Temperatureofexplosionproductsdecaying withtimeis
achievedbyusingtheHOMstateequationanddensitydecayingequationtogether.BKWcode,JWL
codeandLS-DYNAprogramaregeneralnumericaltoolsthatareappliedwidelyinexplosiveformula-
tiondesignanditsdynamicbehavior.Simulationresultsareconsistentwiththesimilarexperimental
resultsofB.Leal[7]andM.F.Gogulya[8].Therefore,thismethodisreasonableandcanprovidetheo-
reticalguide.
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战斗部爆轰产物温度效应数值模拟
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  摘要:利用BKW代码、JWL方程和LS-DYNA程序,研究了无约束、弱约束和强约束等

三种战斗部约束条件下炸药爆轰产物密度随时间的变化关系,再结合爆轰产物 HOM 状态方

程获得爆轰产物温度随时间的衰变函数。给出了战斗部爆轰产物温度的理论计算方法。研究

表明,爆轰区内爆轰产物温度及其衰减速率并不均匀,战斗部炸药的约束条件对爆轰产物密度

和温度有重要影响,强约束可以延缓爆轰产物密度和温度的衰减,相同情况下仅战斗部壳体厚

度加倍并不会导致爆轰产物密度和温度的衰减情况同比例变化。

  关键词:物态方程;温度;爆轰产物;数值模拟;约束条件

  中图分类号:O389;TJ410.1   文献标识码:A

05         高  压  物  理  学  报             第20卷 


