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  Abstract:Thelaunchingsafetyofexplosivechargedrasticallyaffectingtheapplicationofhighexplosive
shouldbeusedwithcare.TheresearchersareinterestedinthelowcostandhighefficiencyofFAE(fuelair

explosive)chargedwarhead.However,fewreferencesaboutthelaunchingsafetyofthemixedfuel,especially
underhighlaunchingload,canbefound.Inthispaper,thepressureandpressure-rateinthemixedfuelduring
launchingwasanalyzedbytheexplosionmechanicsprogrammingObjectMMIC.Theanalysisshowsthatthe

pressureandpressureratearedifferentfromthoseobtainedfromthetraditionallaunchingsafetytheory.
Therefore,itisnecessaryforFAEweapontoestablishanewlaunchingsafetytheorybymeansoftheinnova-
tivemethodcombiningthepressurewavestagewiththeinertiastage.
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1 Introduction
  Thelaunchingsafetyofexplosivecharge,whichaffectsinteriorballisticperformanceanddesignof
weaponsincludingguns,projectiles,fusesandpropellantcharge,hasbeenthesophisticatedsubjectof
extensivestudies.Withnewwarheadtechnologiesbeingdesignedanddevelopedtoobtainhighpower,

itisnecessarytoimprovetheinteriorballisticperformance.Ahighinitialvelocitycanbeachieved
whenthegunchamberpressureincreasesto500~700MPa.Furthermore,thesehighvelocitiesadd
majorconcernstowhataffectthewarhead’sdesignandintendedperformance.Therefore,thelaunch-
ingsafetyofexplosivechargedrasticallyaffectstheapplicationofhighexplosive[1].

Thelaunchingsafetydependsonthepropertyofexplosiveunderimpactloading.Conventional
launchingsafetyresearchconcentratesonthestageofinertialloadingactionduringlaunchingofwar-
head.Thelaunchingoftheexplosivechargedwarheadisdescribedastwostages[2].Thefirstisthe
stageofpressurewaveaction,inwhichthepressurewavetransmitsfromthebottomtotopofthe
warhead.Thesecondisthestageofinertialloadingaction,inwhichthechargeisunderinertialloading
foraccelerationduringlaunchingofwarhead.Thefirststageisthemostdominantforthelaunching
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safetyofcharge.Fewreferencesonthefirststagewerereported,andthepresentstudiesonlaunching
safety[3]mainlyconcentrateonthesecondstage.

FAEhasbeenusedinavarietyofwarheadstogainanexcellentefficiency,sotheincreasing
researchesareinterestedinthelowcostandhighefficiencyofFAEwarhead.FAE,amixedfuel,con-
sistsofmetallicparticleandliquidingredient[4-5].Thusaspecialphenomenon willoccurduring
launchingbecauseoftheliquidingredient.Thephysicalstateofthefuelcorrelateswithitsinitialphys-
icalstateandlaunchingload.Underlowlaunchingload,thephysicalstateoftheliquidingredientis
consistentwiththatofthesolidingredientandnoriskwilloccur.However,underhighlaunching
load,theliquidingredientmaybeseparatedwithsolidingredientduringlaunching,whichintroducesa
safetyrisk.Therefore,itisurgenttostudythelaunchingsafetyofthemixedfuelespeciallyunderhigh
launchingload.

Inthispaper,theexplosionmechanicalprogrammingObjectMMIC[6]isusedtostudythedynam-
icmechanicalpropertiesofthemixedfuelduringlaunching,includingtheinfluenceofpressureand
pressurerateatdifferentpositions.Studiesinthisdomainhavethepotentialforgaininginformationon
theunderlyingbehaviorofthemixedfuel,leadingtopredictionsforlaunchingsafetyofthemixedfuel.

ThesoftwareObjectMMIChasusedtoanalyzeexplosionactioninrock,soilandair[7-9]extensively
andsuccessfully.Ithasbeenproventhiscodeisreliable.

2 ComputationalModels
  ObjectMMICcompiledbytheC++languageisaEulerianMulti-Materialsnumericalmethod
basedonobjected-oriented.Theprogrammingisconsideredtobeofhighreliabilityandmaintainability
provedbymanyemergentengineeringproblems[7-9].
2.1 SolutionMethod
  TheMulti-Materialsproblem,whichmeansthattherearenolessthanthreekindsofmaterialsin
thecomputationalzoneandinacell,isalwaysanimportantresearchcontentintheEuleriannumerical
method.Rectanglediscretemeshesintheaxialsymmetryorplanecoordinatessystemareappliedto
treatwiththeinteractionamongtwoormorematerials.Allthephysicalpropertiesarelocatedatthe
centerofacellwhiletheartificialviscosityislocatedatthecenterofthesideofacell.Throughthe
pressureeffectstepandadvectionstep,wecangetthecomputingschemetoresolvetheproblem.The
computingrecycleisasfollowing[10]:

(a)Calculatingthepartialstressofthecellaccordingtothedeformationgeometryrelationship
andthestress-strainrelationship.

(b)Thepressureeffectstep,alsocalledLagrange’sstep,consideringtheeffectofpressuregradi-
entandpartialstresstogetthetemporaryvelocityandinternalenergy.

(c)Advectionstep,alsoEulerstep,remappingthemass,momentumandenergyontheEuler
meshtogainthenewcellvelocity,mass,andenergyofeachmaterialsinthecell.

(d)Tothemixedcelladvection,weusetwomethods.
Anadvancedmethod,whichisthemixedcellincludingtwokindsofmaterials,ispresentedbased

onthethoughtofYoungs[10]andYu[11].Thevolumeratiosofeightcellsaroundthedonorcellareused
todecidetheinterfaceinthemixedcell(Fig.1).Aapproximatelystraightlineinthemixedcellrepre-
sentstheinterfaceofmaterials.Theslopeofthestraightlineisdecidedbythedistributionofthevol-
umeratiosofeightcellsaroundthedonorcellA.Aftertheslopeisdecided,thepositionofthestraight
lineisdecidedbythevolumeratioofmaterialsinthedonorcell.Accordingtothereconstructedinter-
face,thevolumeflowfromthedonorcelltotheacceptcellcanbecalculated,thentheflowofmass,
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Fig.1 Theinterfaceofmaterialsinthecell

momentumandenergycanbecalculated.
TheSLIC(Simplelineincell)methodisused

whenthree materialsinacell.Thedistributing
stateofmaterialsisdecidedbythestateofthe
rightandleftcell.Theinterfaceisconstructed
throughthestraightlinesthatparallelorperpen-
diculartotheadvectiondirection.Finallythead-
vectionvolumeiscalculatedaccordingtothedistri-
butionstateinthecell.

(e)Calculatingthepressureofeachcellbased
ontheequationofstate.

Fig.2 Arrangementofinitialfield

(f)Calculatingthenexttimestepaccordingtothestable
conditionandstartinganewrecycle.

Thenewmaterialinterfacemethodcandescribetheobjects
withcomplicatedshapeandimprovethematerialtransportpreci-
sion.

Thecontinuouscomputationaldomainisdividedinto150×
200rectangulargrid.Todealwiththeboundarycondition[12],a
rowofcellisappendedtotheboundarycellofthecomputational
domain.z-axisisasymmetryaxis.Thegunshellisanimmovable
boundary,andtherestboundariesaretransmittingboundaries.
2.2 NumericalModel
  Thephysicalmodelusedtosimulatethepropellantfieldis
simplydepictedinFig.2.
2.3 GoverningEquations

  Anon-conservationpartialdifferentialequationisdefinedasfollows[6]
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Theabovefourindependentequationsareconservationequationsofmass,momentum,energy,respec-
tively.Wheret,r,andzarevariantsoftimeandspace;ρisthedensity;uranduzareradialandaxial
velocityofparticle,respectively;pisthehydrostaticstress;Srr,Sθθ,Szzareradial,circumferentialand
axialpartialstress,respectively;Srzistheradial/axialshearstress;ande,α,βareratioenergy,constant
andmodifiedcoefficientofyieldstress,respectively.
2.4 EquationsofState
  Anidealairlaw[13]isexpressedas

pi=(γ-1)ρiei (2)

whereγisthepolytropicindex,ρiisthedensityofair,andeiistheratiointernalenergy.
Theequationofstateofthemixedfuelisneededinthesimulation.However,noequationofstate

ofthefuelcanbegainedatpresent.Becausethemixedfuelconsistsofsolid,liquidandairingredients,
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sotheequationofstate[14]isdescribedas
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whereρ0istheinitialdensityofthemixedfuel,αi0,ρi0,ci0(i=1,2,3)aretherelativevolume,density
andsoundspeedofsolid,liquidandairatpf=pf0,respectively;andk1,k2,k3areadiabaticcoefficients
ofsolid,liquidandair,respectively.Forthemixedfuel,ρ0=1.49g/cm3,ρ10=2.2g/cm3,ρ20=1.0g/cm3,

ρ30=1.2×10-3g/cm3,c10=4500m/s,c20=1500m/s,c30=340m/s,k1=3,k2=3,k3=1.4.
Theshelloftheprojectileismadeofmetal,sothestateequationoftheshellcanbecalculatedby

theMieGrüneisenequation,asfollows
ps=pH(1-Γμ/2)+Γρs(es-es0) (4)

with
pH=k′1μ+k′2μ2+k′3μ3    μ≥0 (5)

pH=k′1μ        μ<0 (6)

Thesubscript“H”referstotheHugoniotcurve,whileμ=ρs/ρs0-1representsthecompresseddegree
andΓistheGrüneisenparameter.es0istheinitialratiointernalenergyperunitmassandesistheratio
internalenergyperunitmass.ρs0istheinitialdensityandρsisthedensity.k′1,k′2,k′3arethematerial
constants,respectively.

AlthoughtheactingtimeofpropellantsandTNTaredifferent,therearesomeapproximationsbe-
tweenthemconsideringwhethertosatisfytheinitialstageoflaunching.Theinitialstageoflaunching
isstudiedinthepaper,andthedurationislessthan100μs.Hence,itisappropriateforpropellant
producttousetheJWLequationofstate[14-15].
2.5 InitialCondition
  ForaFAEwarhead,themassm=10kg,theoutsideshelldiameterd1=100mm,theshellthick-
nessis5mm,themassofthemixedfuelm1=4kg,theinsideshelldiameterd2=90mm,thepropel-
lantlengthh=410mm.Thepressureandpressurerateofthemixedfuelduringlaunchingattheac-
celerationa1=104ganda2=2×104garesuccessfullysimulatedbyObjectMMIC,respectively.

Thecomputationisreportedasfollows.Theprincipalobjectiveistocalculatetheover-loading
forceaswellasthepressureofthemixedfuelbasedontheacceleration.Thesecondapproach,the
parametersofthepropellantchamberareobtainedbymeansofthecouplingvolumeratioofthepro-
pellant,calculatedbytheformula(7)[3]asfollows

p=p0(V0/V)γ=
1
4ρ0D

2(V0/V)γ1

pk(Vk/V)γ{
2

   
p>pk
p<pk

(7)

wherepisthepressureingun,p0istheinitialpressureingun,ρ0istheinitialdensityofthepropel-
lant,Disthedetonationvelocity,Visthevolumeofthepropellantwhenthepressureisp,V0isthein-
itialvolumeofthepropellant.pk=0.2GPaisthepressureatseparationpoint,Vkisthevolumeofthe
propellantatp=pk,γ1andγ2arethepolytropicindexes,ofwhichγ1=3atp>pk,γ2=1.4atp<pk.

Theover-loadingforceisderivedtobe
F1=m1a1=106N (8)

Thentheover-loadingpressureofthemixedfuelisequalto
p1=F1/S=F1/(πd2/4)=0.127GPa (9)

FromEq.(7),V0/Vkissolved
V0/Vk=0.234 (10)

Theequationforp1nowis
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p1=1.27×108(V0/V)1.4 (11)

InsertingEq.(9)intoEq.(11),yieldsthecouplingvolumeratioofthepropellantchamberV0/V≈0.17.
Forthepropellant,thediameterd′1=58mm,andtheheighth1=50mm,whileforthepropellant

chamber,thediameterd′2=100mm,andtheheighth2=100mm.
Bymeansofthesamemethodtheactualover-loadingofthefuelp2=0.254GPa,thepressure

p2=1.55×1010(V0/V)3,andthecouplingvolumeratioofthepropellantV0/V≈0.25.Forthepropel-
lant,thediameterd″1=70mm,andtheheighth′1=50mm,whileforthepropellantchamber,thedi-
ameterd″2=100mm,andheighth′2=100mm.

3 ResultsandDiscussion
3.1 ThePressureDistributionintheFuelMedium
  Themassratioofthesolidingredienttotheliquidingredientinmixedfuelis3∶2,andthedensi-
tyoffuelρ=1.47g/cm3.“L”istheverticaldistancebetweenthepositionofthefuelandthebottom
ofthefuel.“R”isthehorizontaldistancebetweenthepositionofthefuelandthesymmetryaxis,

whereRis5mm.
Thepressurehistoryofthefuelat104gand2×104gareshowninFig.3.Thefiguresshowthat

thepressurecalculatedat2×104gisgreaterthanthatat104gatthesamedistance.Thepressurewave
producedbythepropellantenergytravelsinthemixedfuel.Thereisadrasticreleaseofthepropellant
energyandarapidexpansionofthepropellantgasproduct.Onthepressure-timeplot,thepressure
risesataconstantratetoapeakvalue,thendrasticallydecreasestoastablestate.

  L=0             L=45mm            L=85mm 

Fig.3 Thepressuredistributionofthefuelversustimeatdifferentdistancesat104gand2×104g

Themomentumdevelopedbythepropellantenergyistransformedtoanimpulsedeliveredtothe
mixedfuelfilledinanartilleryprojectileduringlaunch.Thewarheadshellmaythenreboundand
strikethefuelagaindeliveringasecondimpulse.Intheimpactmode,i.e.thestageofpressurewave,

thepressureinthemixedfuelrisesmorerapidlytoahigherpeakduetotheinertiaeffect.Theme-
chanicalpropertiesofthemixedfueldependonitsinertiaeffectandrelevanteffects.Whenthepres-
surewavetravelsforwarduntilitimpactsthetopofthemixedfuel,themixedfuelisassumedtobe
rigid,andthepressureandpressureratecanbeinferredfromthebreechpressure,calledasthestageof
traditionalinertialover-loading,whileintheimpactmode,thepressureandpressureratedependon
thetotalrun.Thereleaseofthepropellantenergyandthemechanicalpropertiesofthemixedfuel,in
thismode,areoriginallyobtainedfromtherapidreleaseofthepropellantenergy.

Itisrevealedthatthepressure-timecurveinthemixedfuelisdifferentfromthetraditionalpres-
sure-timecurve.Itshouldbenotedthatthedifferencebetweenthestageofpressurewaveandthe
stageofinertialover-loadingcannotbeignored,wherethepressureinbothconditionsisdistinct.
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Fig.4 Thepeakpressureofthefuelversusdistance

at104gand2×104g

Therefore,animportantconclusiondrawnhereis
thatthetraditionallaunchingsafetytheoryisnot
appropriatetotheevaluationofFAE warhead’s
launchingsafety.

Theplotsofthepeakpressurepmaxagainstthe
distanceLat104gand2×104gareproduced,as
showninFig.4.Thefigureshowsthatthepressure
initiallydecreasesrapidlywithincreasingdistance
andthenlevelsofftoasablestate.Thesolution
showsthatthesimulatedpressureatthebottomof
thefuelhasthemaximumvalue.
3.2 EffectoftheStressRateinMixedFuel
  Duringtheinitiallaunchingoftheprojectile,

thelongitudinalover-loadingoftheprojectileleadstoimpactonthefuelandtheshellboundaryas
wellastheoccurrenceofpressurewaveinfuel,wherethepressurerateanddeformingenergyofthe
chargearemainfactors.Hence,itisnecessaryforFAEfueltoanalyzethepressurerateduringlaunch-
ing.Pressurerate-timecurvesofthefuelduringlaunchingat104gand2×104gareshowninFig.5,

thereintothepressurerateisapproximatelyinstantaneousloadingandunloading,furthermore,the
peakvaluerisesto100TPa/s.

    L=0              L=45mm            L=85mm
Fig.5 Thepressureratedistributionofthefuelversustimeatdifferentdistancesat104gand2×104g

Fig.6 Thepeakpressurerateofthefuelversus

distanceat104gand2×104g

Thepressureraterisestoapeakvaluebefore
themaximumpressure.FAEfuelexhibitsviscoplas-
ticity[16]whenthepressureratereaches100TPa/s.FAE
fuelconsistsofsolidparticles,liquidingredientandgas
ingredient,sothefuelhavethepropertiesofcompression
andvolumetricdeformationnotbeingresumed[17].The
pressurerateistheprincipalparametergoverning
thedeformationofthemixedfuelbecausethedy-
namicresponseofthemixedfuelissensitivetothe
pressurerate.

Theplotsofthepeakpressureratėpmaxversus
thedistanceLat104gand2×104gareshownin
Fig.6.Thepressurerateof2×104gisgreaterthan
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thatof104gatthesamedistance.

4 AnalyticalResultsComparedwithExperimentalData
Tocomparethenumericalcomputeresultswithexperiments,thestressintheFAEchargeis

measuredwithdynamicpressurestoragemeasurementsystem,asshowninFig.7.Theexperimental
configurationisshowninFig.8.

ForaFAEwarhead,theoutershelldiameteris90mm,andtheinnershelldiameteris85mm.
Theheightofthemixedfuelis100mm,110mm,120mm,130mmand140mm,respectively.

Thedimensionofthepropellantis∅30mm×25mm.Thepressureofthemixedfuelismeasured
bythepiezoelectricpressure-sensor.

ThedifferencebetweenthesimulationandtheexperimentresultsisshowninTable1.Seenfrom
Table1,thesimulationprovidesgoodresultswiththehighestdeviationof7.8%.

Fig.7 Dynamicpressurestoragemeasurementsystem Fig.8 Experimentalconfiguration

Table1 Comparisonbetweensimulationandexperimentdata

H/(mm) Analyticalresult/(MPa) Experimentaldata/(MPa) Deviation/(%)

100 36.27 34.64 4.5

110 30.94 30.13 2.6

120 28.13 25.94 7.8

130 25.23 25.07 0.6

140 21.74 20.76 4.5

5 Conclusions
  TheexplosionmechanicalprogrammingObjectMMICisusedtostudythepressureandpressure
rateinthemixedfuelduringlaunching.Inthestageofpressurewave,thepressureandpressurerate
areobviouslygreaterthanthosecalculatedbythetraditionallaunchingsafetytheory.Theresultsof
theanalysesindicatethatthepressurewavestageandtheinertiastagearedifferent.Thepressure
wavestageisaspecialstageforthemixedfuel,whichcannotoccurinthesolidcharge.Also,itis
neededtoestablishthelaunchingsafetytheoryofFAEwarheadbymeansofthenewandinnovative
methodcombiningthepressurewavestagewiththeinertiastage.

Theauthorwouldliketothank Mr.WANGZhong-QiforuseofhisexplosionmechanicalprogrammingObject

MMIC.
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发射过程中混合燃料应力
状态的数值分析

闫 华1,张 奇2,郭彦懿2,张彦春3,罗永锋1,吴金才4

(1.第二炮兵装备研究院第二研究所,北京 100085;

2.北京理工大学爆炸科学与技术国家重点实验室,北京 100081;

3.中国刑事警察学院刑事技术系,辽宁沈阳 110035;

4.第二炮兵装备研究院第三研究所,北京 100085)

  摘要:炸药装药在发射条件下的安全性问题已成为高能量炸药应用的一个技术障碍,引
起了各国的广泛重视。燃料空气炸药(FAE)战斗部是近年来倍受国内外关注的新概念武器。
目前关于FAE装药的发射安全性特别是高过载环境下的发射安全性研究还不系统、不够深

入,也没有给予足够的重视。运用爆炸力学程序ObjectMMIC程序分析了FAE战斗部发射

过程中的应力和应力率变化规律。分析结果表明,FAE战斗部发射过程中受到的应力和应力

率不同于传统的发射过程,因此,有必要建立适用于FAE武器的全新的发射安全性理论。这

些研究对提高FAE战斗部发射安全性提供了依据。

  关键词:燃料空气炸药;发射安全性;发射过载;应力;应力率

  中图分类号:TJ410.34     文献标识码:A

693        高  压  物  理  学  报              第21卷 


