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Astudyofexplosionanddeformationpnlcessesof155mm

diametersteelsheuwi仙con丘nedexplosive
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● I
KbnOkada',TomoharuMatsumura,YoshioNakayama,MitsuakiIida',

MasatakeYoshida',andShuzoFujiwara'

Thisstudywasconductedtoobtain血l血mentaldataonthc印tlPadleticdetonationorsteelshellswithcon血ed

explosivcforthesafetreabnentofmunitions.hthesttJdy,weperfomledexperimentsonsympadledcdetonationusJng

steelsheuswidl00nfinedexplosiveand t00khigh-Speed触IlingpbtographsofdleexplosionaJld町mpadletie

detonationprm sses.TTtcpholoBraphsobbinedshowedthatthehJgCtSteelshelLforsympatheticdctonalion(the

a肥ptDr),Whichwasplaccd60mmapaJlhmtheinitiatingsteelshell(thedonor)irLSeries,wasinducedtoexplodeby
dleCffedoftheexplosionof(hcdonorshell,indicaliJlgthatsh∝kwavesgenetd bydleimpactof軸grnentsofdle

donorshellinitiatedachemicalreactionordetonadonintheneighboringacceptDrShell.Wh etherornotdletestStdJ

wasinducedtodetonateisconsidcrcdtotx shndyTClatedtotx)ththeBeOmedc00nGguTationofcachsteelshettand

theinteTbib,Ofexp)osionordleinitiatiTLgSteelshell.Tnitidchangesintheshapeofthedonorshe)Iatthedmeol

exptosionw ereclearlyobserv叫 aJldtJled叫acementoftheouterwanoftheshellincTeaSedwithtime.lbeternpomJ

charLgBSindisphαmentthusrevealedthetimeJcperLdentaccelerationprm oftheouterwall,Assumingdwthe

expansionve)odtywasconstant,theestimatedvelocitywasatx)utO･8km･S~linthedelaytimeTangoOfOtoI70psaAer

ini血tionofthedonor･TllemeaSurdIemlinalvel∝ityofthebgmentswasfouTtdtobeintheraJIgCOfO･7to1l3km･S-L

inthedelaytimerangeOf2to12ms･Theseresuttsshowedgd agreementwiththenumericalresultscalculatedby

AUTDDYN-2D.

l.lntroduction

lmeTt)undl4DTOlndpTDPaB?lionofdetonadon一血

ca])cd'■sympathcticdetonation"- isaprcNXSSbywhich

explosionsgTeadrapidlyinsucm ion.Weperfolmd

explosive teststoobbinhndamentalinbrmationonthe

sympatheticdetonadonofsteelsheuswith00nfinedexplosive

brthesa良treatmentofmunitions.hordertoevaluateand

chaJ7ICterizcthephcTtOmenOnOfsympatheticdctonalion,wc

investigatednotonlywhetheranacceptorsteelshellI)accd

aJt)undthedonorsteelshellwouldcxplodcbutalsothe

l爪 肥 S induciJlg SymPadletjcdetoTtadon.Tlle key
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obJ'ectivesoflhcsttJdyweTCtOObservethedeformation

叩 仰路SeSOfthesteelsheuexpldingalongwiththe

propagationoflhedetonationwaveinside叱aJldtoc]ucidatc

tJle00ndidoTtSindu也ngtheexplosionoftheTICidltX)血g

stccl･shellconkedcxpLosivc.

Wel00khjdl･叫 hmingphoIOBraphstoclad&the

explosionandd曲mlation叩 舵 SSeSOfsteclshellwith

00n向1edexplosive,andmeasuredtheexpaTtSionvelocityand

thevelocityofthe丘agrrKntStJSingthephotographsobtained.

2.ExDerimentatsetLJP

Figu柁 1showsthegeome打ic00nfigtJJdonofthe

exI光nmCnta]sctt)P.1¶ecxplosivetestsheLIs00nsistedofa

cylindricalsteelcasingappTt)Ximatety630mminlcnghand

155mminoutsidediamccerwithbothatrinjtrotoLuenc

(叩 pom =1575kg･m-3,mass-6.8kdexplosiveas

themainch喝Candapicricacid(帆 ;pOFAI1420kg･m-3,
mass= 0.097kdasthebowerdlaTgC.Twosteelshellswith

00nfinedexplosiveWCTCplacedinseries60mmaparthm

eachotheronadeskmadeofwod.OneoEdletestShel一s
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FTCTCupFie･1 SdwdkdrawhgofexF血m飢taJsehJ

Pfor即llFd血cdetonationtest.X:阿 山OnO
fstee)she)lswithconflned explosives,

FL:sbt)bo-mash lighting血ture,Ml:a]uminummiJTOr(30

0×300mm),M2:aluminizedsheetmimr()400×1400mm),CB
:camerabox(with2uttrahigh･speed血Ilingcameras(Imacon

200,DRSHad)andCb.ud.)ins血lediJtSI'de),Fr:coaxial

cablefurst7DtD-hshdgger,CT:coaxial偽bLeforcamera

hgger,CMP:00axjaJcablesX2触･monbrpu一sehmlmacon200･

Grayboxesdenotebagscontainingsand･(thedonor)

wasinidatcdtocaLJSeadcLonalionbyexplosionofatl

eXpl∝lingbridgewire(EBW)deLonatoT(RP501,RcynoldslndtE

;trieshc.)viaadetonab'ngfuscQ'm ,6.5minlength).Intheex

periJllCntS,twodiffcrcnttypesofcamerasWCTCusedto

obscTVethechangesinshapeofthesteeldlellsleSu

lting血omtheexplosiDrLUltrahigh-speed血mingcameras

(Imacon200×2,DRSHadlanda).)wereusedfortheobserva

tionofu)trahjdl一gXd phenonlena,rLame]y,theexpansion

and/oTdchmlationprm softhesteelshell,ex押Cted

too∝打atanearlystage.TTIeSCtwocamemsaJlowcd tJStOCOnt

inuouslyl∝OTdtwoI6一触mephotogmpTIS.Higt･specdvide

ocameras(PhantomV5.0x2,Te00rdingtimeseveTd seco

nds,ⅥLSionResearchQ).)wereLJSedtoobservethcflidltpTtm SS

Of丘agmentsrcsulting丘omthedestructionofthesteel
00ntainer,overalongertimemngc.Boththelmacon200andP

hantom V5.0camerasweTeiTtStallcdinstccltnxestoprot

ectthemhmbe的gdamagedbytheimpactofhgments,aJldplaceda

bout20mand180m,respectively,komthepointof

explosioTt.Anumberofbags00nlainingsandwereaJmge

darourLdtheSICCIshclLs,asshowninFig.I.General-p

uTPO父strobO-dashes(PE-560MGN,Panasonic)WCTC used

aslightingGxttJreSforthesteelsheus.TTtctdBge

rPulscs(tosupplypowertotheEBWdetonatorandinitiat

ethetakingofphotographs)wcrc叩Pliedbyadigitaldclay･puLsegenerator (Model55518ch,BerkeleyNucLeonicsCbrp.

).3.ExperimentalresultsanddiscLJSSiDnFigure2

(a)to (a show time-rcsolved 血mingphobgraphsobLaiJledahrinitiationofthedonorin

lhesympatheticdetonatioTteXpertmetttl鳩ingtwoslc

clshellswithcott丘nedexplosive.TimezeTD(td=0)wast

hetimeatwhidldledonorwasinitiated.TTtcexposLJJCtime

ofeachphotographwasconstant,at1.000ms.n cwhitesteel

shellwasIkedonor,andtheblacksteelshellwastheacaptor

.¶ledistaJICebetweenthedonorandtheacaptorwas60mm

.As ShovminFig.2(a)and(b),temporaldlangeSinthediamelcrofthedonorSteelshell,assumedtotnduetothe
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expansionvelocityofthedonoroutcIWattobseTVCdinthe

initialtimeTegion･This隅uJtleadstotJleinteTPlationtht

theouterwanofthesteelshellacceIemtcdwiththeexpansion

ofthe00mbustion伊SOfm ,takingafewhundred

microsecondstoreachterminalvelocity.

71℃maXimt･mvdodty(TiiJ oftrM:Steelshellacccleraled

bythedebrLationoftheconBrd eq)l岱ivewasappmxind

bytheGLmey血mluLasLID･nesimplestexpTtSionofthe

Gumcybrmulaforasym ebical00nBgurationis:

vb - 2E/(M/C'"/h'2))

where(2E)LヵistheGumeyconstant(2316m･sl1far

TNTd)),M/C=2.938(お=massofmetalinthesteelshen

andC=massofm explosiveChaI野 ),andthevalueofnis

2foraqlinderA)･TheupperlimitoflhehgrnerLtVelodb,

wasestimatedtobcatx)uL1250m･S~L,andtheesthatcd

vel∝itywas00nsistcntwiththeexpedmentaLobservations.

However,inviewofthe00mplexmechanicalandchem血l

proqぶ eSbelievedtoconbibuh:toboththcpTt)PaBationof

detonationaTKIthedefoTTnationofthesteelshell,more

preciseanalysisLLSlngnumCr血lsimuhlionwasreqtJiredto

LndeTShndthisphenomenon.

4.Numericalcalculation

4.1HydrodynaJTliccode

NumericalcalculadonwasFX:rformedtoduci血Iethe

expansionanddebmlationpm ssesofthesteelshell姐er

detonationofthe叩 IckSive.Atd imensiorLalhydftXlynamic

cuebasedonanexplid(血itcdi飴陀rぽ n℃叫 Atm)DYN

-2Ds),wastlSedinthkstudy.hdlisprogranttherrntcrial

modetmainly00砧isBoftwoparts:(1)ancqLndonofsble

describingthezclatimshipsamongpTtSurC,densityyand

Position(mm)Fig3 Bdgh bm sChanBPSWidl･叫 tO

血matdlCupper-Sideedgpofdv3donorshxlBheu･(a)
･･

70ps･(b):90ps･(C):110ps,aJtd(d):130psa触rinjti
adonofdledonor. intc

malene唱y;and(2)ama(erjalsbcngLhmode]fortheco

nstittJtivcrelationshipsindudingafhi)uremodell4.2Model

ingo日55mmdjaJTLeterCylindricalsteelshellwithcon向1edexp

losiveTllCMie-Gmneiscnfom oftheshckHugoniolcqtJation

ofstatewas appliedtoth

esteelsheumabwialsl'nthepresentstudy.ItiskJIOWnthatalinearTelatiorLShipbetweenthesh∝

k0000qB42(uu)一tJOu

O3e)dslC 50 100 150Timetl

ASIFigA changesintemFX)rald毎place
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vclodlyandthepaniclcvet∝吋canadcqualclyrcprcscntthe

HuBPniolbrmanymaterialsthatimpctatavcI∝ityless

thaJlthethIcsholdforsh∝k･jnducedvaFX)rization.

TbcStcintx甘G血anmdclB)wasapplied asthe∩- ria)

strengthmdel丘汀SCM440･mcmaterialpmfX:dcsof

SCM440fortheStei血eT%-Guinanmode)wcrcnotopenedLo

lhepub)ic:nle柁foTqthevalues如SS2卜6196)weTCtJSCdin

placeoflh脱 forSCM440.cxccptbrthedensity(pOSDl川

王7800kg･mつ,bemJSCthevaILaOfdtephysicalpTDP d es

(C.g,density,yielddress)ofSS2卜6-9arealmostthesame

aslhoscofSCM440.Gcncrallyspeaking,itcanbc

α)nsidcrdthatthestrainJcformationisdominantjrLlhccase

ofh'dl･Sfd debTmalionphcTIOmena･lnaddition,the

maximumc放出ivephsljcs血imofTmleTialsinq℃ascswith

thestrainratCT).1m耶brc,intheptserttcalcdationitwas

assuncdthatdeformationwouldo∝urwhenlhestmin

Tt:achedavalueof50%.

TbcJWLequationofsbtewasappljcdtotx)thofthe

cxptosives(m andpicdcacid).Mateda)sbcnOhmdek

forthesecxpIosiveswereassumedtotknCdig)bte,aJld

theJWLEOS00e用cicnts耳lpublishedbythehwTCn喋
UvermoreNatjoTtaHlboratoryweretJSedfb∫thisca]Culadon.

4.3Resultsofnumericalcalculation

lnadditiontolhecxpenme仙11yobtained ftSuLts.Fig･4
■

alsosho鴨 LhesimdaledlcmFX)TdchanBCSOfdisplacemcnt

ofdlCSteelshellatsckdcd叩Sidons(300,210,aJtd90mm

bmlhcb仙TTl).TltccaJcdaldslop岱Ofdhpla∝mcntdtJl

resTXCtLolimeweTCatmOSl)inear,andagrccwcllwiLbthe

cxpenrncntalresultsobLaincdatlbe飽llystaBC.Figure6
●

showstx)thdletime･d甲 ndentveldtychnBCSdcdahx)

foreadlFXXidonandthecxTXnimcntal血grncntvd∝idcs.h

偽ntXSCCnhmtJlisG即m thttheslee]shcLl卵dually

accclemtcstJPtOdlerangeOfO･8tol･3km･S-1atabotJI0.2

ms.FuTlhcrmore,thenumcn'caJnSuLtsindt.caLethaHhc

tcminalvcL∝itydependsonthepdofthestccldtctI.ne

tcrninaLve]∝itycaJcdatcdbyAtTIt)DYN-2Ddknl)utcd

iq伽 rangeof0.8Lol.3km･S-lcoincideswiththe

cxperjmcntauydbtainedTtSultsbrhgmentvel∝ity(0.7to

I･3km･S-L).sincetJlerCWasnOSi即iFnntdi触 TenCC

txtwccnIREnumcrica)andcxpenmentalrcsutts,the

numen'calmdeldescritxd atx)vewasjudgedtobc

rc鮎Onab]C･and00uldbcusefultoundetstandtheprm

ofcxplosionofthe00nfincdexplosive andd曲rTTlationof

thesteelshell･F舶 rTtSC出てhemployingpaTameBic

caJctJlalt'onsisexTXdcdbdan-～thehi91-叫 defbzmtjon

I肌蹴SSCSOfsteC1stleltjnmoredetail.

FiCB TempraJchan

geshGqgmentvelociy.SolidliJleS(a),(b).and(d

indjcak dtenLmedcalred tsalpaJIs300mm,210mm
,and90mm bmdle●bttom.Symbolsweree坪mmentaJlyobta

ineddataatLOmsa触riniliationofthedonor;●,○:
shotNo.I-1-1,▲,△:shotNo.L-312,and■,□:

ShtIlNo.1-3-1.5.Conc一usions ●WefXrfornlC

danexpenmcTttinvolvhgthesympaIJleticdetoTtadonofsleel

shlkdtJla)n向ledexpI肪ive.anddiTCCllydbseTVCdtheexplo

sionaddcbmladonp7tX3CSSCSbyhi91-SPeed血mingphotograph

y.neptlOtOgraPhsobtaI'ncdshoweddlattheacceptor

dlal酢 Placcd60mmhnthedonordlaTgCn SCTieswasindu

cedtoexplde･¶e●cxpartsionvel∝吋ofdTedonordlellwasabout

0.Skm･S-Ialancarlystage.andthesubseqtJentVC[∝i

tyofBagmenLswasdistTibutcdinlhcraJlgeOfO･7t

ol.3km･S-).NumcridcaLcuhtionwasalsope血Tmcdtoc)uCi

datethebigh･叩 ddeformationpTtKSSeS･.neCaJcula

lcdresultsshod gxxI●agreementwitJlthecxpenmc
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SOftheACW●0応cc

oftheCabinetO丘ccandtJICJaparLlnslibLeoflnteTTtationalA胞iJS.¶

椎authoISWOuldliketothaJlkMr.H.Sasakj･Mr･K N

h帽･andMr･R･M肌mOOfTlaCImageTkhologylnC,and



86 Sci.andTech.EnergeticHaterials.VoL64.No.2.2003

JubuqueTquC,NewMexi00,July15-19,1985,NSWC

MP86-194,【p-∝.J,pp.602-612,1985.

3)∫.GGknJlaJldM.Gungcr."Simu暮aliJIBSympathetic
DctonationE触 :-TenthlnLemalionalDclonation

SymposiuntBoston,Massachusctb,July12116,I993,

ONR33395-I2,lPrn),pp.9281935,I993.

4)B.T.Fdoro庁and0.E.ShcEEicld.EncycloFXXliaof

ExptosivesandRclatcdItems,6,GI95,I974.

5)Atm)DYN-2DUserMaJl血 ,Revision4.2.Chtury

DyrLamics,Samhmon.Q山fomia,2001.

6)D.S.SteinbeTg.-■EqtJalionofStatcandStTengthPTt)PCdies

oESckcICdMaterials/IUCRL-MA-106439,IIWTCnCC

LivermorcNationalbboratory,Fcb.1991.

7)M.mtayama,S.JGbeandS.Ttxla.I-Anumerical

simulationmcLhodanditsvalidationfordebrisimpact

againslthewhipplcbtJJT)perShicld."htemationalJournal

oflmpactEnghlCCring,I7,465,I995.
8)E.也 M.FinBCrandW.Cbuins.'IJWLcquationofstatc

ctx氏cientsforhidleXPlosivcsrUCD-16189,bwrencc

LjvcrmoreJitx)ratoTy,Jam.1973.


