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  Abstract:Anumericalsimulationmethodforcalculationofthethree-stagelight-gasgunimpactson
launchfliertohypervelocityispresented.Basedonmulti-fluidvolumeoffraction(VOF)andparabolicpiece-
wisemethod(PPM),amulti-fluidparabolicpiecewisemethod(MFPPM)shockwavephysicscodeisdeveloped
tocalculatetheexperimentalhypervelocitylaunchers.ToverifyandvalidateourcodeofMFPPM,someexperi-
mentalhypervelocitylaunchersfromSandiaNationalLaboratoriesaresimulated,andthenumericalresultsof
fliervelocityareexcellentinagreementwiththatexperiment(themaximalrelativeerroris1.07%).Experi-
mentandsimulationresultsofourexperimentonthethree-stagelight-gasgunaregiven(themaximalrelative
erroris1.04%).Tosatisfywellofthehigh-pressureequationofstate(EOS)datameasurement,animproved
designmodelfromthecomputationispresented.
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1 Introduction
  Itisanimportanttechniquetolaunchflierplatesinexcessof10km/sinresearchingthehigh-
pressureequationofstate(EOS)ofmaterials.SandiaNationalLaboratorieshaddevelopedashockless
(i.e.,apressureramp-upintime)hypervelocitylauncher(HVL)inthenineties,andlaunchedtheflier
platetohypervelocitybyusingthegraded-densityimpactorloadings[1-3].TwoconfigurationsinFig.1
areusedtorealizetheHVL.Fortheenergyconvergence,therightconfigurationinFig.1mayachieve
muchhighervelocitythantheleft.Theflierplatenotonlyremainswellflightattitude,smalltempera-
tureincreasing,butalsohassmalldistortionsandwithoutanyfracture.

Fig.1 TwoconfigurationsoftheHVL

Forcomplexityofthetechniques,itisdifficulttoobtaintheconfigurationparametersandoptimi-
zationtechniquestatesonlybyexperiment.Also,itwouldbedifficulttounderstandtheeffectsfrom
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variousfactorstovelocity,flightattitudeandphysicalstateoftheflierplate.So,wemustsimulatethe
dynamicprocessoftheflierplateunderthegraded-densityimpactorloading,andgivesomeimportant
parameterstotheexperiments.Inthisstudy,wedevelopmulti-fluidparabolicpiecewisemethod(MF-
PPM)codetosimulatetheHVL.Afterverificationandvalidationofthiscode,ourexperimentresults
andsimulationsaregiven.Finally,animproveddesignmodelfromthecomputationispresentedtosat-
isfytwomainrequirements:Thefirstismuchmorevelocityoftheflierplate,andthesecond,this
loadingmustbenearlyshocklessandspatiallyuniformduringtheaccelerationprocess.

2 BasicAlgorithm
  Basedonvolumeoffraction(VOF)model[4],wecombinethePPM method[5]withtheinterface
trackingtoapplytoEulerhydrodynamicequations,andinvolvetoatwo-stepLagrange/Remapalgo-
rithmtosolvemulti-fluidproblems.ThefirststepisLagrangianstepinwhichthecomputationcells
distorttofollowthematerialmotion,andthesecondstepisRemapstepwherethedistortedcellsare
mappedbacktotheEulerianmesh.The1DEulercontrolequationscanbewrittenas
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whereρisthedensity,uisthevelocity,pisthepressure,Eisthetotalenergyofaunitmass,Nisthe
kindofmaterialsandY(i)isVOFfori’thmaterial.Inamixed-cellcontainingN materials,thevolume
offractionsatisfies
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ThetotalenergyofaunitmassisgivenbyE=e+u2/2,eisthespecificenergy.AsimplifiedGruneisen
EOSisusedinthispaperp=(γ-1)ρe+c20(ρ-ρ0),γistheconstantofmaterial,ρ0andc0aretheden-
sityandsoundspeedunderthenormality,respectively.Toeffectivelycaptureinterfacesofthemateri-
als,thetwo-stepLagrange/RemapalgorithmtoEq.(1)canbedividedintoafour-stepcalculation:①
thepiecewiseparabolicinterpolationofphysicalquantities,②approximatelysolvingRiemannprob-
lems,③evolutionoftheLagrangeequationsand④ mappingthephysicalquantitiesbackontothe
Eulermesh.

(1)LagrangeStep
Lagrangeequationin1Dformulti-fluidcanbewrittenas
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whereτisthespecificvolume,αis0,1,2correspondingtoplane,axialsymmetryandsphericalsym-

metryproblems,risthespatialcoordinate,misthemasscoordinate,m=∫
r

r0
ρrαdr.

(2)RemapStep
InLagrangestep,thecomputationcellsdistorttofollowthematerialmotion,andinRemapstep,

thedistortedcellsaremappedbacktotheEulermesh.Thepiecewiseparabolicinterpolationandinte-
gralmethodsinthissteparesameasinLagrangestep.AfterRemapstep,weupdatethephysical
quantitiesinEulermeshas(ρEuler)n+1j ,(uEuler)n+1j ,(EEuler)n+1j ,[(Y(i))Euler]n+1j .Thisprocesscanbeextend-
edto2Dand3Deasilyaccordingtothespatialoperator-splitalgorithm.

3 VerificationandValidation
  ToverifyandvalidateourcodeofMFPPM,theSandia’shypervelocityexperimentalimpactorof
theconfigurationinFig.2isselectedtocalculate.Thethree-stagelight-gasgunusedinthesestudies
hadaborediameterof29mm.Asindicatedinthisfigure,athree-stagelight-gasgunprojectilefaced
withagraded-densityimpactorismadtoimpactathinflierplatelocatedatthemuzzleendofthebar-
rel.WeselectthreeexperimentalmodelsbyusingtheMFPPMtocalculateandcomparewiththat
experiment.Thegraded-densityimpactorisconsistedofsixlayeredmaterials,whichincludeTPXplas-
tic,magnesium,aluminum,titanium,copperandtantalumaccordingtoimpedancefromlowtohigh
respectively.Theflierplatematerialsusedinthisstudyconsistedoftitanium (Ti-6-Al-4V),alumi-
num.Table1showsthethicknessofeachmaterial,theinitialvelocityofthegraded-densityimpactor,

theresultsofSandia’sexperimentandthecalculationresultsbyMFPPMinthiswork.Numerical
resultsareindicatedinFig.3,thefliervelocitiesinthethreeexperimentsareexcellentinagreement
withSandia’sexperiments.

Fig.2 Schematicofagraded-density Fig.3 Axialvelocitycurvesoftheflierplate

Table1 ComparisonwiththeflierplatevelocitybetweenSandiaexperimentandMFPPMnumericalmethod

Experiment
No.

Multi-plyassembly
bythickness/(mm)

Buffer/Flier-plate
thickness/(mm)

Impactvelocity
/(km/s)

Flier-platematerial/

Velocity/(km/s)
MFPPMvelocityresult/

Error/(km/s)

EHVL1
0.64/0.33/0.28/

0.31/0.19/0.52
0.81/0.41 7.2 Al/11.6 11.71/0.95%

EHVL2
0.61/0.30/0.24/

0.32/0.20/0.44
1.21/0.43 7.35 Ti6/11.9 11.82/0.67%

EHVL3
0.62/0.30/0.23/

0.33/0.19/0.44
1.25/0.42 7.35 Al/12.2 12.33/1.07%
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4 OurExperimentSimulationsandImprovement
  Next,welistourexperimentalandnumericalresults,aswellasanimprovedmodelfromthecom-
putation.Thisisanexperimentalmodelforhypervelocitylaunchonourthree-stagelight-gasgun,the
configurationisindicatedinFig.4.Thegraded-densityimpactorconsistsofsixlayeredmaterials:tung-
sten,copper,titanium,aluminum,magnesium-aluminumalloyandlexan.Thethickness/diameterof
eachmaterialis2.068mm/32 mm,0.311 mm/32 mm,0.436 mm/32 mm,0.516 mm/32 mm,

0.599mm/32mmand1.5mm/32mm,respectively.Theinitiallvelocityofthelayeredimpactorinour
designmodelis5.42km/s.Theflierplatewithathickness/diameterof1.2mm/32mmistitanium,

thebufferlayermaterialislexanwithathickness/diameterof1.0mm/39mmandthebarrelmaterials
aretungsten,steelandaluminum.Thefliervelocitymeasuredinourexperimentis8.4km/s.Fig.5
showstheresultoftheaxialfliervelocityhistory,thefliervelocitynearlystablizeat8.488km/sinour
simulationandthemaximalrelativeerroris1.04%.InFig.6weshowthecalculatedconfigurationof
densityandX-rayimageinourexperimentatthesametime.Itisclearthattheaxialfliervelocityis
excellentinagreementwithourexperiment,andthediameteroftheflierkeepingflatalmostachieve
20mmwhichisbasicallysatisfiedwiththerequireofimpactinEOSmeasurement.

Fig.4 Experimentalconfiguration Fig.5 Resultoftheaxialfliervelocityhistory

(a)Numericalmethod                 (b)Experiment

Fig.6 Comparisonoftheimagesbetweennumericalmethodandexperiment

Followingthelaunch,toobtainthehigh-pressureEOSdatathefliermustbeintact,flat,andthe
velocitymustalsobeknownforuseinplanarimpactexperiment.Theflierimpactvelocityiscrucial
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forobtainingaccurateEOSmeasurements.Soanotherimproveddesignmodelfromthecomputationis
given,inwhichthebarrelmustbesteppeddowntoenhanceimpactormomentumandkineticenergy
transferedtothecentralflier.Thismeansthatthedownstreambarreldiameterisanimportantparam-
eter.Fig.7(a)istheconfigurationofthedesignmodel.Thegraded-densityimpactorconsistsofseven
layeredmaterials:titanium,tungsten,copper,titanium,aluminum,magnesium-aluminumalloyandlex-
an.Thethickness/diameterofeachmaterialis0.5mm/38mm,2.0mm/24mm,0.3mm/24mm,

0.4mm/24mm,0.5mm/24mm,0.6mm/24mmand2.0mm/24mm,respectively.Theinitiallveloci-
tyofthelayeredimpactoris6.0km/s.Theflierplatewithathickness/diameterof2.0mm/16mmis
oftitanium,thebufferlayermaterialislexanwithathickness/diameterof2.9mm/38mmandthe
barrelmaterialistungstenalloy.Wepresenttheinterfacialpositionsofthematerialsatt=5.0μsin
Fig.7(b).Theaxialvelocitiesandpressurehistoriesatthequarter,centerandthree-quarterpointsin
theflierareplottedinFig.8.Theaverageaxialvelocityoftheflierachieved10.9km/s,andthemaxi-
malpressureatthepositionofthequarterisabout76.8GPa.Itisobviousthatthevelocityhasajump
(weakshockless)atthebeginning,thenincreasesslowly,andfinallyachievesanalmoststablestate.
After3.0μs,thepressureoftheflierisalmostzero(intact)andthefliernotonlyremainsflightatti-
tudewell,butalsohassmalldistortions.

  (a)Interfaceatt=0                (b)Interfaceatt=5.0μs

Fig.7 Configurationsoftheinterfaces

(a)Axialvelocity                    (b)Pressure

Fig.8 Axialvelocitiesandpressuresoftheflieratquarter,centerandthree-quarterpoints
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5 Summary
  Basedonmulti-fluidPPM method,theMFPPMcodewasdevelopedtosimulatetheHVLprob-
lems.Forverificationandvalidation,theexperimentalhypervelocitylauncherofSandia’swasselected.
ThemainresultsofourHVLexperimentandsimulationaregiven,andobtainedthenumericalresults
areconsistentwithourexperimental.Finally,animproveddesignmodelfromthecomputationispres-
ented.Weexpectthenextexperimenttoverifyandvalidateournumericalresultsinthefuture.
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一种超高速发射实验装置的改进及其数值模拟

柏劲松,唐 蜜,华劲松,李 平,谭 华
(中国工程物理研究院流体物理研究所冲击波物理与爆轰物理实验室,四川绵阳 621900)

  摘要:以流体比容方法和三阶PPM方法为基础,给出了适用于三级气炮超高速发射过程

数值模拟的多流计算方法和计算代码 MFPPM。利用Sandia实验室一系列的实验装置及其

结果对计算代码进行了验证和确认,获得了较好的数值模拟结果(其中最大相对误差为

1.07%),同时对冲击波物理与爆轰物理实验室设计的实验装置进行了数值模拟,计算结果与

实验结果相差1.04%。为了更好地满足超高压下材料状态方程的测量,提出了一种带汇聚型

的改进装置设计,并给出了相应的数值模拟结果。

  关键词:超高速发射;多流体计算方法;数值模拟
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