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  Abstract:Itisanewmethodtoproduceanexplosivelyformedprojectile(EFP)withfinsbyattaching
aluminumcoverontheliner.Experimentalandnumericalresearchwereperformedusingthisnew method.
Furthermore,themechanismofformingfinswasdiscussed.ThenewmethodofformingEFPwithfinswas
simulatedbyLS-DYNA,andacontrastiveanalysiswascarriedoutonthreetypicalliners,includingbig-cone
shaped,imperfect-sphereshapedandarc-coneshaped.Theresultsfrom 3D numericalsimulationsand
experimentswerealsoanalysed.Comparisonofresultsshowthatthreekindoflinerscouldformobviousfins
bythisnewmethod,andtheresultsofnumericalsimulationsareinagreementwiththeexperimentdata.The
researchprovidesanewreferencemethodfordesigningEFPwithfins.
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1 Introduction
  Withthedevelopmentofsensorandelectronictechnology,themilitarytargetfarover200maway
couldbedetectedandidentifiedaccurately.Therefore,thenextgenerationofsmartmunitionsrequires
explosivelyformedprojectile(EFP)withextendedstandoffcapability[1].Inordertodefeatthediffi-
culttargetatalongerstandoff,theEFPmustbeaerodynamicallystablesoastostrikethetargetwith
asmallmissdistanceandasmallangleofobliquity.BecauseEFPwithfinspossessesbetterflight
stabilityandhigherpenetrationability,agreatdealofscientificstudieshavebeencarriedoutinevery
country.ManytechniquesofformingEFPwithfinshavebeeninvestigatedandpresentedrecently,
suchasusingwaveshapersembeddedinexplosive,profiledrind,coppershiminsertedbetweenthe
linerandexplosives,andmulti-pointignition[2-5].Thebasicprincipleofthesetechniquesisbychanging
detonationwavefrontstructure.Becausethedetonationpressureofthelinerdependsonexplosion
wave,andthedistributionofexplosionwaveonlinerreliesonthestructureofdetonationwavefront.
Accordingly,changingstructureofexplosionwavefrontisequaltochangingdetonationpressureon
liner,andthenthefinsareformedfinally.

Numericalstudyofmulti-pointignitionandprofiledrindwasconductedbyMen,etal.[5]in2002.
Hefoundthatthetwomethodscouldformfins,buttherewasalackofexperimentalevidenceinhis
study.InYu’spaper[6],thetestsetoftheEFPwithfinswasdesignedwithamulti-pointignition.
Simultaneously,theshapeandvelocitiesoftheEFPsweremeasuredbyaflashX-rayphotographanda
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SVRdigitalcamera.Agoodstarshapedtailandanaerodynamicstableshapewerealsofoundinhis
experiments.Zhao,etal.[7]usedfoamaluminumattachingonthelinertoformfinsin2006,andthey
foundthatthisnewmethodcanformEFPwithfins.

BasedonZhao’sresearch,aprimarytheoryofformingfinsisdiscussed.Thematerialofcoveris
changedinthiswork.Accordingtotheresultsofexperimentsandnumericalsimulations,thenew
methodofformingfinsisfeasible.

2 NumericalSimulation
  Becauseofnegligibleinfluenceofrindondetonationpressure[8],itisnottakenintoaccountinthe
numericalsimulation.Thestructureofshapedchargeincludesexplosive,coverandliner.Basedonthe
simplifiedmodel,three-dimensionalcalculationmodelisestablished,andsolid164isusedinmesh
model.Thecontactarithmeticis*CONTACT_SLIDING_ONLY_PENALTYamongexplosive,cover
andlinerinLS-DYNA.After30μs,thedetonationisover,andthecoverhasahugedistortion,sothe
explosiveandcovershouldbedeletedinthelatertime.Adetailedanalysisisdoneinthefollowing
calculationprocess.

2.1 CalculationModel
  Inordertoverifythevalidityofthisnew method,threetypicallinersareinvestigatedinthe
numericalsimulation,includingbig-coneshaped,imperfect-sphereshaped,andarc-coneshaped.The
schematicviewofthreelinersareshowninFig.1,andthephysicaldimensionsofthelinersarelisted
inTable1.

Table1 Physicaldimensionsofthreeliners

Linertype
Height

ofexplosive
h/(mm)

Diameter
ofexplosive
D/(mm)

Diameter
ofliner
d/(mm)

Thickness
ofliner
δ/(mm)

Radius
ofcurvature
R/(mm)

Angle
ofliner
α/(°)

Big-coneshaped 65 50 50 3.5 146

Imperfect-sphereshaped 65 50 50 3.5 40

Arc-coneshaped 65 50 50 3.5 50 146

Fig.1 Schematicviewofthreekindofliners

  Fourcoversareconsideredinthenumericalsimulation,whicharesymmetricallyplacedonthree
kindofliners.Thethicknessofcoveris3.5mm,thelengthis10mm,andthewidthis8mm.
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Fig.2 Numericalmodelmesh

Explosive,coverandlineraredividedintothree
partsinmeshmodel,asshowninFig.2.

2.2 Materialmodel
2.2.1 Explosive
  Associated with JWL equation ofstate
(EOS),MAT_HIGH_EXPLOSIVE_BURNmodel
isusedtocharacterisetheexplosiveinnumerical
simulation.Inmaterialmodel,theburningcoeffi-
cientshowsthereleaseofchemicalenergyindeto-
nationprocess.Themaxofburningcoefficientis
givenby

F=maxF1,F( )2 (1)

whereF1dependsondensityρ,detonationvelocityD,compressionratioofvolumeV/V0,andC-Jpressure
pCJ;VdependsondetonationvelocityD,burningtimetb,currenttimet,andcharacteristiclengthofcellΔx.
  IfthevalueofburningcoefficientFisover1,setFtobe1andkeepitconstant.Therelation
betweenpressureofthecellpcandburningcoefficientFisgivenby

pc=Fpcos(V,E) (2)

wherepcosisEOSofralativevolumeVandinternalenergyperunitvolumeE.
  Inthispaper,weemployJWLEOStodescribedetonationproducts.Supposethatthedetonation
velocityisconstant,JWLisdefinedasafunctionofralativevolumeVandinternalenergyperunit
volumeE,andthenwehave

pc=A1- ω
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whereω,A,B,R1andR2areparametersoftheexplosive,whichcouldbeobtainedbyexperiments.
  Eq.(3)candescribehighexplosivewell.Theparametersofexplosivematerialmodelinnumerical
simulationarelistedinTable2.

Table2 Parametersofexplosivematerialmodel

ρ/(g/cm3) D/(km/s) pc/(GPa) A/(GPa) B/(GPa) R1 R2 ω

1.84 8.835 33.70 884.5 7.678 4.600 1.350 0.250

2.2.2 Cover
  Thematerialofcoverisaluminum.Mie-GrüneisenequationisadoptedtodescribeEOSof
aluminum.Johnson-Cookmodelisusedinconstitutiveequation,whichisgivenbyfollowingequa-
tion[9]

σ= A′+B′ε*( )p 1+Clṅε*( )p 1- T-Troom

Tm-T
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(4)

whereA′,B′,Caretheparametersofmaterial;ε*p iseffectiveplasticstrain;̇ε*
p iseffectiveplastic

strainrate;Tmismeltingtemperature;Troomisroomtemperature.Theparametersinthenumerical
simulationarelistedinTable3.

Table3 Johnson-Cookparametersofaluminum

ρ/(g/cm3) A′/(GPa) B′/(GPa) C Tm/(K) Troom/(K)

2.7 0.337 0.343 0.01 877 294

2.2.3 Liner
  Thematerialofthreelinersiscopper.BothSteinbergmodelandMie-GrüneisenEOSareusedin
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thenumericalsimulation.Effectsofpressure,temperatureandplasticelongationareconsideredin
Steinbergmodel,andthentheshearmodulusoflinerspriortomeltingisgivenby[10]

G=G0 1+bpv1/3-h e-ec
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whereG0,b,h,fearetheparametersofmaterial;pispressure;visspecificvolume;ec,emandearecold
compressionenergy,meltingenergyandspecificinternalenergy,respectively.InEq.(5),R′is

R′=Rρ/A (6)

whereRisuniversalgasconstant,Aismolemass.
TheyieldstrengthσYisexpressedas

σY=σ0′1+b′pv1/3-h e-ec
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whereσ0′andb′aretwoparametersofmaterial.Thevaluesofparametersinnumericalsimulationare
listedinTable4.

Table4 TheSteinbergparameters

G0/(GPa) b/(s2/kg2/3) b′/(s2/kg2/3) h f A/(g/mol) σ0′/(GPa)

47.7 2.83 2.83 3.77×10-4 1×10-3 63.55 0.12

3 ResultsofNumericalSimulation

3.1 ShapingofEFPwithFins
  TheshapingofEFPisveryquick.Atthetimeof8μs,thelinerbegintoreverseanddistort
becauseofdetonationpressure.Thepressureoflinersexhibitsseveralexcitingdifferencesduetofour
coversfixedonthem.Thepressureofliners’differentialregionswithcoverislowerthanthatwithout
cover.Thisphenomenonresultsinregularchangeofdetonationpressure,andfourfinsareformed
finally.ThewholeprocessesofthreetypicalEFPsareobtainedbynumericalsimulation,whichare
showninFig.(3)~Fig.(5).Fromthesefigures,wecanseethatthreekindoflinersgeneratesymmetricalfins
andthenumberoffinsisequaltothenumberofcovers.

Fig.3 EFPformingprocessforbig-coneshapedliner

Fig.4 EFPformingprocessforimperfect-sphereshapedliner
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Fig.5 EFPformingprocessforarc-coneshapedliner

Fig.6 Velocityhistory

  Thevelocitycurvesofthreetypicallinersare
showninFig.6.Itindicatesthatthevelocityof
EFPformedfrom big-coneshapedlineristhe
highest(about1212.9m/s),thevelocityofEFP
formedfromimperfect-sphereshapedlineristhe
lowest(about1140m/s),andthevelocityofEFP
formedfromarc-coneshapedlinerisintermediate
(about1182.8m/s).

3.2 ExperimentalResults
  Inordertostudythecharacteristicsofforming
fins,theexperimentsofarc-coneshapedlinerhave
beencarriedout.Intheexperiments,thephysical
dimensionsofshapedchargearesameasthatinnumericalsimulation,andthenEFPswithfinshave
beengained.Theexperimentsaredoneinanexplosivecontainer,whichisshowninFig.7.Schematic
diagramofrecoverycontainerisshowninFig.8,wherewaterisusedasreceivingmaterial.Anumber
ofpracticesprovethatwaterisagoodmaterialinreceivingEFP.

Fig.7 Explosivecontainer Fig.8 Recoverycontainer

  TwoEFPswithfinshavebeenobtained,whichareshowninFig.9.Theresultsofexperimentsindicate
thatEFPshavefourobviousfins.Becauseoftherestrictionoflaboratoryconditions,thecoversarenotprecise
enoughindimension,andaccordinglythefinsarenotsymmetricalperfectly.FromtheFig.9,wecanalsosee

Fig.9 Experimentalresults
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thatthetopofEFPsaredestroyedduetothelimitationoflengthoftherecoverycontainer.Thestandoffof
shapedchargeislimited,sotheEFPsarenotcompletedentirely,andthentheaspectratioissmallerthanthat
ofnumericalsimulation.ThedetailedparametersofEFPsarelistedinTable5.

Table5 ParametersofEFPs

Type
Minimumdiameter
ofEFPD1/(mm)

Maximumdiameter
ofEFPD2/(mm)

LengthofEFP
L/(mm)

L/D1 L/D2

Big-cone 11.6 27.5 43.7 3.8 1.6

Imperfect-sphere 11.4 29.5 40.9 3.6 1.4

Arc-cone 11.7 28.2 38.6 3.3 1.4

Arc-coneexperiment-1 12.2 25.4 33.8 2.8 1.3

Arc-coneexperiment-2 13.6 23.5 30.6 2.3 1.3

4 MechanismofFormingEFPwithFins
  Theessentialprincipleofthenewmethodisbychangingtheconfigurationofdetonationwave.When
explosionpressureischanged,thepressureonlinerisalsoregularlychanged.Tofurtherinvestigatethe
mechanismofformingEFPwithfins,thecollapsevelocityandthepressureoflinersarediscussedseparately.

4.1 TheCollapseVelocityoftheLiner
  Providedthattheexplosiveisdetonatedentirelyinaextremelyshortintervaloftime,therarefactionwave
willspreadindetonationproductsalongthenormaloftheshapedchargesurface.Theself-closingmovement
ofthelinerresultsinadiabaticexpansionworkoftheeffectiveshapedcharge.Thecollapsvelocityoftheliner
canbededucedfromadiabatic-compressionmethodandmomentumconservation,whichisgivenby
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whereDisthedetonationvelocityofexplosive,ρeistheeffectiveshapedcharge,beiisthethicknessofeffective
shapedchargeatthei-cell,ρjisthedensityofliner,biisthethicknessoflineratthei-cell,lmiisthegeneratrix
lengthoflineratthei-cell,αishalfangleofcone,βiislinercollapseangle.
  Fivecellsfromthelinerareselectedasresearchobjects,whichareshowninFig.10.Thevelocitycurves
ofthesecellscanbeobtainedbynumericalsimulation,whichareshowninFig.11~Fig.13.Contrastingthese
velocitycurvesofthreekindofliners,wecanseethattheyaresimilar.ThevelocityofAistheloweston
accountofthecover.ThevelocityofC,DandEarethehighest,becausethedetonationwavearrivesatthetop
oflinerfirst.B-cellissituatedontheedgeoftheliner,soitsvelocityishigherthanAandlowerthanC.

Fig.10 Linermesh Fig.11 Velocityhistoryofbig-coneshapedliner

022        高  压  物  理  学  报             第23卷 



Fig.12 Velocityhistoryofimperfect-sphereshapedliner Fig.13 Velocityhistoryofarc-coneshapedliner

4.2 Attenuationofshockwaveincover
  Regularchangeofthepressureonlinerresultsinregulardistortion,therebyformingofthefins.Itis
difficulttogivetheoreticalexpressionbecauseofthecomplexityofshockwaveintheattenuation.Theexpiri-
calformulaisadoptedintheprojectedrangeofthecoverthickness,whichisexpressedas

p′=pcexp(-ax) (9)

wherepcisthepressureofthecell,p′isthepressureatthelocationofxonthecover,aistheattenuation
coefficientofshockwaveincover,xisthethicknessofcover.

Fig.14 Pressurehistoryofbig-coneshapedliner

  Justsimilartothevelocityanalysis,fivecellsare
selectedasresearchobjects,andtheirpressurecurves
areobtained,whichareshowninFig.14~Fig.16.
Contrastingthefivepressurecurvesofthreetypical
liners,wefoundthatthepressurecurvesweresimilar,

too.ThepressureofAislowerthanBduetothecover
adheringtotheliner,andtheshockwaveisattenuated
inthecover.ThepressurecurveofC,DandEare
similar,becausethreecellsareclosetoeachother.The
distortionvelocityofAisdifferentfromthatofB,

thereforethenegativepressureappearsinA.

Fig.15 Pressurehistoryofimperfect-sphereshapedliner Fig.16 Pressurehistoryofarc-coneshapedliner

5 Conclusions
  AnewmethodofformingEFPwithfinswassimulatedbyLS-DYNA,andacontrastiveanalysiswas
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carriedoutonthreetypicalliners,includingbig-coneshaped,imperfect-sphereshapedandarc-coneshaped.
Theresultsshowthatthreekindoflinerscouldformobviousfinsbythisnewmethod,andthenumberoffins
isequaltothenumberofthecovers.Combiningwiththeexperimentsofarc-coneshapedcharge,theresults
validatethefeasibilityofthenewmethod.Moreover,accordingtotheeffectofvariationofcollapsevelocityand
detonationpressureonliners,themechanismofformingfinswasdiscussed.
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尾翼型爆炸成型弹丸的数值模拟及实验研究

林加剑1,2,任辉启1,沈兆武2

(1.洛阳水利工程技术研究所,河南洛阳 471023;

2.中国科学技术大学近代力学系,安徽合肥 230026)

  摘要:在药型罩上粘附铝隔板是一种新的形成尾翼型爆炸成型弹丸(ExplosivelyFormed
Projectile,EFP)的实验方法。通过实验和数值模拟对该方法进行了分析,探讨了形成尾翼的

机理。利用有限元分析软件LS-DYNA,对大锥角型、球缺型和弧锥结合型3种不同药型罩在

采用新方法时形成的尾翼型EFP进行了三维数值模拟分析,并将模拟结果与实验结果进行对

比。研究结果表明:3种药型罩均能形成比较明显的尾翼,数值计算结果与实验结果较吻合。
该研究为设计尾翼型EFP提供了一种新的参考方法。

  关键词:爆炸成型弹丸;聚能装药;尾翼;隔板;爆炸力学
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