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‘llWORIGINSOF LINER MATEKIAL IN A

S-WPEDCHARGEJET PARTICLE

t)r.buis Zenmw (l,*),Dr. EdwardJ. Cbpyak (2),
Dr.Km kyer (3), Rlchnrd H. i%~ (4)

(1) Zernm TechnicalSetiees Inc., San Dims, Cdifofia, U.S. A.,
(2) bs Alms Nationall~boratory,be Almos,?b Mico, U,S.A,
(3)kwAknmNatbml Labrakwy,LoeAlsms,NewMdm, U.S.A.
(4) +plidRucarchh swbtes, W,, I~, (Moredo, U.S.A.

An iqmmed h~ resolutionLaGrangeantracer oarticle technique
(USiW ~98 Mmcifid tracer particles arranged aa 99 panicle
pairs) hm been used with an Eulc- Cc& (IWSAZD) to deterrrdne
the locatiorw in the jet w which liner mterld flows fmn
various tagged locationsin the liner, dur

9
‘ the collapse, jet

fonnstion and jet stretchingprocess,Tim ependent strain and
strain ratedatahas Iwmlcmquted,uningthe Mmtified particle
pairsof bGmngcm tmwr partfclesas linearstrain mgca,
Slu radial

T WY
[adkmts of strainand fitral.nrate have een fomi

lnt ejet, th the liner nwterial flmdng nearest the jet axis
king sub ectcxl to the hi#mst strains and strain rates. Liner

imterial runmanyemended irdtial locations along the liner
can be traced by this mthod to jet lmationa cxmreG@iqg to
M.itidual jet

r
micles. The n- quintLtativedata &riw2d i19

illuatratd wit selectedexmples whoseinterpretationis
discussed.

lNIIVJDWHCN .

Wior wrk by Zernm (Ref. 1,2,3,4) lnvolvlng optical, I+(RDand S131ewmi-
n.~cion of cupperehsped charge jet ~rticleo, “softly recovered” by elm
ckceleratim fn low density recwvery mdia, has indkamd the poanibility
that previmsly unkkmtifki and mquamtified vari.uions in radial maim
grad.im:s and radial ~train rate gradimta in the jet, my provide @ut8
to possible mplanationu for the radially concentric but cyclically in-
Fmqpacu grain Wmcturea obaexwed in theee reccrmred jet particleo ,as
akwn in Fig,1. Thesepuzling obsematime pruvided the untivat km, ti
Me present ccrqmtational study, wMch applied a N@ resolution La-
Crangem tracer particle tachnique, utilizing an Nerhn M (MESA2D) o
This mthod wee rdoual app~iadl at bu Alarro13National LAOratoryo in

E ala daplar fmn, y Chapy , .

In this paper we w1ll describetheuse of adwmced versiuna of the tracer
partfclc tachnhp to analybe uxrptatimally, tha flw of her rmtexial
fnto A uhap.! chu.rgtf jat, as specific porticms of tha llmw nwva k
klwir wlglnel lomtiona in the Mar, through ad past the mtagnatkm

rtitfcdng tti Mar mea into the ●t and 81* rew uctiwly. W
KWjH’~8re#~ be defhing the ori@.ns 0!! t As liner macerlai rtut ml up

f 1%
ific rmgfw in the jet and olug, In the mnme Of th.ic

m yaim, w! o the opportxdty to exmd.ne a rmber of ifxbkmmt.d
dmc mqmcte of h jet fmtim d al~,ation proceau, @%traCthg
qwmitative infcnuat im about tium-depaukm strains md strain rawa,
and their ●L41 d radial gradients.
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Thepicturethatmrges frm thisenalysis,Indicatesthatthe physics
anddynamicsof thelinerwllapseprocessmd thejet andslug forma:ion
processes,are nuch mre cmplex thanwas commnlybelieved,on thebasis
of earlierhydrodynamic mdels.

Ihe initialhaped chargecollapseand Jet fonratkmccqmtationsdes-
cribedIuxe,were carried outatLOSMmms hcional Laboratory,usi the

“?MM 211code and a sinple eiastic,perfectlyplasticmterial Imdcl or
mpper. me question of h variationsin thematerialUK&l wuld affect
theseresultshas mt yet beenaddresmd,

HISmRmU BACKm3UND

k a conicalcopperBhapedchare linerie collapsedby theveryM.@
!pressurefrana detonatingqlos ve charge,the Linermaterial,with ield

1strmgth far below the detmation pressure,firstflcwmhybdynmical y
intoa ccawergenthighpressurestagnationr ion ammd the liner’a axis

7of syrmtry. Thereis an initialunakady m lame of theapexof the
liner,afterwhichthu collapm

!
roc.e99 ia stabilizedto a qwsi-stedy

state,witha nearlymnatmt co laye, ,lc 8 (F@. 2a)&
Ye %

the early
collap6e proce~s, At this early ataga, t -, Centerof 6tagna-
tionzoneattainsa nmrly constantmlocfty relatiw to the

F
ound, To

anobserverstationedat the ori in of the cmrdinatesyaten lxedat tk
centerof the 9tagmti0n zone, t PMincmn@ flmJ is seen to separate tim
two stream mvi

T
In opposite directions, desi~ted as the “jet” md the

“slug” respcccive y. M the originale~le, awady statehydrodynmlc
plane Gtrain wedge mdel of this flew (Ref, 6), the liner mm partitim
intotheJet and the slug,iEIquantitativelydef~ in accordancewith
the requirmwm forconservationof linearnumntm andtheaas~tion
thatthereis simplestreamlineflw intoad out of the td@I preusure
et~ation zcme (mretimsicalledtiecollisfcinr@3n), l+mca,there-
spective nmrtic~e velocitiesand thaout@.ngmassper wr!tlengthof the
jetW theslugare thereby&fin.ed.T%iamiginalwedgemxkl, tile
informtin aboutmm key aspectsof the jet fonmtkn process, precllcts
s mnstantveloclcyjer of constant?mgth, in cuntraattith the experi-
nmtally observedaxiallys~tric coneCOII m procenm,W& yieldse,

%~tratchingjetwithan appro~tely linaarma citygradime along it~
Iengrh, In reco~tion of WC dticrepmcy, this cri#nal papar incluekd
an ad h ‘c approach to a colhps@ CLUIenwdal. M hydmdynmk mllaps@
mm UKlalwas subsequently mdifiad (Rd. 7a,5)to petit tha nawal
intmductkm of MI axial vglocity gradient into the jmt, by vimw of ●

rxm-uteadyotatecollapsepromos, In thiepmmm, tharoh ● cxmtinu-
Oual

L-
mllapae angles (Fi . 2b) cm

f JF
iallyL\ the laterat ae

of t C!ol pee. ThQchang@8araea aa 7e maaapermit bight o
tha cme h ticrwl.n#and the oorreqmnding mass per At length of em-
plmlw is dssr-fng, wMlc thadetonationproceedstmnwd tha baae of
the wne, e.g. in a cylhdr-lcal warhaad of finite dimmter.

The pomu.latad process of cunvergant otremlina flmv into tii atagnsticm
zone .md reparation of tk flw intotho at ml slug,def hem (e, g, for

ia uniformwalledliner) an inner rq@n o the cone which mnaratma into
tijetand anoutcr regkmofthewm whichtiupin the slug, For
tk B~lu steady state wedge collapm vd.th ● ccm?ant collapee angle B,
there is m lnterlorsurface defining this seuarat ion bcmchy fornutorial
partitkm, which ie a plane w&e eurfuce parallelto thatiitk andout-
sidemrfwes of the ofiginal wedge. By analo~, the mneapcmding
scpmnt km surface def~q d-w TWMSpurt itiun.@ fora hypothetical
~tcw!ystatecollapsingounicalIinm, wmld be an apprmimtcly COIIIU1
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surfaceof revoluticmontk intefiorof theLfiux,tichpartltionathe
cuncmass approxiamly. For a mn-stemiystatecollapsewith a cbmging
(increasing)co~lapscangleB, the&fhhgseparation surfacemuld now
be anon-linear6urfaceof revolution.TIuM,for the latestagesof
COllapsc,eE B fiacxases,a .gmkWerfractionof the cOnemm? mtere the
jetand a smiler fractionenterstheslug.

Theseearlierhydmclyn.amicumlcl,sof the colla se process invol
L %!

atream-
lim flw.v, have ceded to lead one to expect t t relativelyspec ic,
mall wel 1 defimxlm iom m the interiorof theconicallinercouldbe

!associfitcd with speciic lomlizedrelati~=1;w1l &fined aectlom of the
j~Bas shm.min Fig. 2C, ‘he present study indicates~vmcitatfvel tkt

7
fJeCtiI~~ cm iS clearlynot validin term Of eitdlertheda Or

radial o~Li~ withinthe liner, alt
T

thereiR still a definimg
separation surface mu-king the partition o limr materhl into the jet
and slug,

TIIS roblemof Mmt if.“
ktliCR Y

the locationsin theshapedchargeUner, frun
specificpm-tionso a jet originate,la a problemof meral

?interest.in undmstmding the physicsof jet fomtkm aY we 1 a9 of
eiwcific imerest in cmm?ctionwiththe interpretationof tk stmcturrx
obgcrvcdin ~ndividwl‘‘eoftlyrecovered” s}~ed charge jet parti~les
(Ref.4).

Overtheyears,a vaxiety of tcdmiqww have been used to try to shed
l~t on various a~pectsof that

r
stionof origin. Theseincluded

radioactive tracer mtlwda (Ref, ) and rrechankaluk?thoda(Raf.9,10)boch
of wM.c$ have providedmm illunirat~ fnsl@ts,h havenot ~tidad
sharply defined an.wers to the detailwl question of ofigin.
In 1987,qerhm.rlttt~ and analytiul mrk by Waltera md @laski (I@f .11)
on stratified bimtalMc liners,ehcwed what theycalleda “tubular
layered”linercullap6e,wtdchdifferedfrm the convemtimil aiqle
minded hydrodynanfc cmccpt and fndiated that forjet re m way km
thejet tip,any

F
vfm jot region CCNJlc! contain materialfkaryhg

locationson the tier, hhlle dw visual interpretatimof t~ antYufng

of the lk~r mterlal betwm jet and el~ w mldem, &tailedquantita-
tive interpretationwas limltadin their analysia becmae of thm thick-
nwe of the otrata cm the liner, md t.ho atmme of spatial reeolurion
along tkw interfacesbetweenetrsti.

In 1989, Brcwn& NcmJell(Raf.12) CUOCWGWJa c
using tracerpa.rticle8,

mfmuckmal teclmiqw
tiich again wnfimed the ‘mmri~” of the liner

mteriul betwmm th jet and the sl~, aa ok earlierby Walters md
(khaki (Ref. 11) md alao dfscuaecxl the mixing of material frun vad.oua
porthul of tha liner in * jeco ‘IIu visual interpretationof tha
praoe, bud on the ~ephlc titerial provided in tb paper, was again
mt straight forward and not qumtlfied.

1% or@nal high reaolutfmn LJ3Cranman tracar particle tedmiqua used
by

9
yak (FOf. 5) 1 dCipLoyed99 tracer /

partic ●u thr
7?

tho thicknma citrectlon of the liner at tf-ra WMaly
separated locat cm along C& liner height. ‘l’here am 5 eeparate
@rovamnta in tM a tmhnlqw imduced in the present progrm, ‘Ilwee
mrovwumte includedeploying99 cioea pairfi of tracer points ●t Iumm
dxx-t separation clf~tancea ta, .

&
hm md %m ee retime) at wriow

ITlcumionaalonqthe liner hei t (Fig,3a and 3 ) . Idantifyfngtha
indivMMl pmiclos with mnkera mu! with Byninls (o ml +) prm-lded
~= LUIiEC@V(JMl j,&I~~rkXt.iCM of th.~rRp#TCji~C h:Af~CMn ~~ my
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tineas shxn in Fig,3Li.Theseidentifiersprecisely define the particular
lineof partic~esfYm Aich f_he;JoL-]gi.nated. ~lese Ccmrespmding~lrs of
ident~fiablepointstkefore gemed ae built-ininternallinearstrain
gauges,whoseseparationd~stmce variati,onwith tk, couldprovfdetime
dependentlinearstraincktaand tim &pcndrnt ltiearstrainratedat~.
Sinceit turnedout tturthreet,racerpcdntpairs ended up at mny different
radialandmlal locwi.om in thejet,theycouldalsoprovidea insure of
theradialgradien!.sin the.pertinmcdynam-.cumt.ities,Am theresults

$of the 6eparatecomputaticmloutplt.sfromdif crentoriginationIocatkma
wereccmhined,Correspondin~pafrs.oftracerpointswerealsojcdwd by
lima, cm thegraphicaloutput,to avoid embigu.lty,&fch waa eaailyintro-
ducedby difficultiesinvimal tracerparticlepairmtclting,

In the fiml computations,each liner location fora pair of tracer lines
(eadh line cmposccl of 99 traccrpoint5)requireda separate cuqnxation
becaum theMSA 2D ccdewas not setuptohandlemre M 198 tracer

Y
titSin anyproblm. Thisis ammry constraintmd mt an inherent
imitatirmofKESAZD,

L~order to ga<madditional.specificsupplmmmtary i.nformti.onaboutthe
d
Y

c processes occumhg h tlicjet ic~elf,afterithas eriwrgod from
t c StafqkationZOTU’,eruxhcr extension of the technique applied the M-
&

% d
ean traceruethoddirectlyco the et, This seinedas a mJpDkmnt

to t original trf4cerpointanaly6is ichuaed traceroori.ginet~in
the liner. In t!,ismtensim of thetracercechrtique,8 paizaof tracer
partic!cs(ln mapartaxially)were inserted,perpendicularto theJet axis,
intothe ruiro~ the visibk jet,startingf-when thejet firstemrBd
frcrlltheetagnatiouzone. Theseinaertiom of tracer pairs weru repeated
fourti.msand cmied out approximtelyeveryfivemlcroeecunde,aa tk
jet ler~thgrew. Thispermittedt}titracerpair’s tine dependent locati~
mad sepr.rations to be tracbd afLer thejet emr W! und stretched.It also

fprmddd dimzt EICCC?bS tu radial gradients in ve ocicy, strain and strain
rate, at varfo-ua radial and axial locatimewithintluas-:etchimgjet.

OUHW FROllT1-EPKil@AYLINER(XMAPSF AND .IEfFW!N4T1CN~ATICX4S

The tubulatedraw dathwas f iry L dumlua&d frm be Alama National
Mmratory to lakewod, Coloradowhereitwas to be anal eed. For each of
the 198 identifiedtracer~~intsoriginallylmted In t L liner, the irKli-
vidual spatialcmxdina?esR (radial)md Z (axial)were xlntedout,an a

ifunctionof ti.m,at cm microsecondintemmls. For a 19 tracer point
c~ta~ion, laating 50 usec, this mwmt 198 x 50 data paire (Ri, Zi)or
9,900 data paire per c

T
tation. Sincethem were9 meparate ccmqmtatkma

of thl~ typa, aare with 9 mater pcd.ntemd othnrswith 198 tracer pinto,
therewereof theorderof 58,000 raw datapalraW& wre inputto tht
prccewdng of the data,

PFWMSING THE RAN MIA

6lt waa clear tbt the sheer vulum of data !xmecl a m, r problem for the
r-red ck.aprocessing.AL d ~Cr06C!CUldth interval,the di~tance
botwxm corree pairsof tracerpcdntshad to be calculatedfor each
vf the 99 indl Mmtified pointpelra,in each of the cuq?utaticm b
bvulving 198tracer pints.

f, -



Lnterpmticledistances,giventhetim dependmt coordinates of all of the
tracerpotit6. The ccmqm~cdtim depdmt interprticledistanceswere
thenanalysedto extractstrainand strainrateas a functionof tim md
locarionwith the collapsh~liner,the et and the slug. The output of

L=ch nf the 99 pint pairdistanceswas ta Iatedin successiveblocksof
1 micro~emndtjm steps,for each cmpmat ion.

‘heoutputs from thistim depende~tetrajnand strainrate analysis=re
plotteda5 functjcma of t h, at micyo~ecmd titen816, for eachpairof
the99 pairsof tracer~lnts. This wss done separatelyfor eache .p-
tation,i.e.foreachnew setof traceroriginaticmpointscm theoriginal
lber.

Ihe tfm dependent Carteshn cmdfnate Iocat ima of che 99 tracer points
(Ri, Zi) at- a glvem tire wme also plottedseparately,for aachcmqmtatlon
andfinallycorbinedforthevarfouscmpxati me on a si@e ccqwslte plot
OfR V6. Z at eachgiventhe, overthedurationof the ccmputatton,tich
wss 50 usecfartheVIP=.

SUW$4RYOF RESULTS

In t??t;n-eandspacemiilablefor thinpa,per,itmld be Lqxmsibleand
mt veryusefd to go throughall thedctallaof h mssive data rocees’~
anddatardllction.It was thereforeconsideredbestto tiract tL lm9t

uadl ~ data and som sapecificewqles whichdefinethew
quantitativeinformtfonwhich hag beengenerated as a resultof this
analy6ia .

FIML PNXESSED 03MPI.TATKX4L OUI’PUTS

Ther r of the
T

resolutiontracertechxdqueis illustratedin F@. 4
W illan output or cm of & VIPERccm Lationa.‘XW.aMutes b
thetracerpairs,tich orighallyBLamed Y&l apuz tithinthe Uner wall,
mm into the collisfan .me and partitiontbaelvas batwem tk jet and
theslug. lheirdistribution adally and rrdially, at my @w tlnw
(30 ksec Ln this case) clearly illu6rraws mm of the changeII that k
ocwrmd in straim and ice radfal vadALkm, u A fuution of lmtion uiti
the jet.

Fig.4 also Illmtratesthermults of theor’ inal~tiva M210city
7gradlem at thetipof thaj9tuhkh accmma or thaincreaaed-tur

of the frontof the jw ,Wch is ncwnm~~ ● ● mt=nt wkcity, tithm
axial wkit graciiant alq its ~ ?’). It @lMOfihatrataatheWV
highretrainL Tt ie under- by part clae +Lch end up near the jet’e
gmnetrlc d, particularly *re the tw tracer pinto in m pairuwn
qx.rtin ~sita dfroctiona,wLtham @-n# intotheal‘ ad the0-
w @ng Into tha jot. TTM figwe aleo qualitatively i luatrateatha
radial tatrah mid otrdn rategradients, with tha mtraln and strain rata
troth increasing drmatimlly aa tlwpartfcla pair qrpma.chea the UKLSof
the jet. Quantitativedatais sham h Fig.Sa,-b,c d di

TJXEWENWMN DMDMNARJATW IN-ANIMWNRJUE
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thicluwssdirectionof tlw liner,of the order of 30 ]aneter$in the VIPER
liner, The qunntitatiurdataobtained in this malysls indicatesthar
orderof mgnitudechangescm occurin tlwstrainand strd.nrateovez
radialdistancesin the ,jet, as short as 60-120 meters.

Fig,6 illustratesa ti~site plotof theRi, Zi cmrdinatesof all
traCW particle@.r6 at a latet~ in t~,ejCt6tretChm,Promss. In
thisparticularcase, ?the I_nicialLocatim of the identi ied trace~
particlescoverthefull.rangeof linerpositiow 9kkm in the imet.
Clearly, a jetpa]-titlecomingfrantheregicr.~be&wcnZ- -.3and ZE-1.6
WJICIcuntainmterial ccmti~fro])all fourof the initialkcathns on
the linar. This material WWIC! be distribufiedat various radial loca-
tions within the jet.parLicle.

tWAOPTAINEIl~fAf’1’1~ ET INS5RTTN CY3MPUL’ATIOIM

Fig,7 illustrates the early data obtained fran the hsertionof Wo pairs
of 8 tracer

r
rtic]es (separated by h axially) into the jet at 6ucce66ive

tin interw s 5 microsecondsapart. Clear etidmce of radian va+-ng
CWXia~ Shw and ami.al strctchhg can be 6em for regiuns of ti!e jet away
frunthefront lcA partick.
CXNUJSICNS
The bpmvedhigh resol.utionLXrqem tracer particle techniqueused in
thissCudywicll an EuleIidl Cde (MESAXl) provides a detailed esti.nme of
tiresdepen&lLli.marSLrHh6, strainrates and strainad strain rate
gracllcntsinqumtitativeterns.l%e sharpnessof the radial strain md
Etrainrategradientsfoundin thissmiy, indicatestheinhcmugeneityof
themwerial proccss~ ~i.

Y
on in variousz%dlal porticma of thejet.

Cka.rlythe region near che et axis is tsubjectedto theM.#umt etrairw
md Strdn rates, TO the ~?ent thatstrainand strainrate dapedmt
processes play arok in determining the radial inhomgeraeityin the ~~n
stmcture af ‘softly reco’:ered” ahapod charge jet particlw (seaFig. 1),
thequantitativeir~ormticrl prwidedby th~~ etwiyprcwides an inittil
basis for c!wking 6cw of the theoretical mdelsc

‘he qum:itative infoLTELionobtaincda!xmt the Initialkrgermge of
le~~tionsof tko rigins of thelincrruterialtit ccuabccum part of em
individualjet particle, klicnte~ one of thereasonswhy pravim ~-
nnntalstudiee (Rcf.8-10)cmld not findefqle ad clem oomelation.e.

l’hreare sam ficaresthgquestionsrmain.fmgthatwarrmt *r study.
Oneof these is the effect of changes h the mterial mdel. AmthQr
cmcems the

r
mible extension of this nmthod of analysi6 frun linear

tracer paxlic e airs to lanar qumirilaceralcellsmd ultimtelyto
! !/threedimmiona paralleopipedcells. Thereare also mm presently

mammred qumtions rcga.r
%

th apparently mmualous behavior of mm
of the tracer parciclea end

the tracer particle pairs.
clearly ob6erved rotaclcm of rhe mea of

mm?!!

The prlmry 11.ncr cXJllnpsa cmputatkns Aich includedtheLaCrenaem
tracer~twresmmrted at thr Ins Akrm NationalLaboratory by the jdnt DoD/Dc)II

Munitions Tcchno]ogy Dcvc!opm~nt Program, ‘IIwmalyRje and intwpmcatxm Dy ,1

Zrmow TechnirAl!%rvirPx Tnc.wag mppr~ed jointlyhy theU.S.Navy
(Ns?K[LXX,]),[J.S,~~ (N{]) mK! WA mder Navy titract NWM21-89-C-:0172,



TI* subfiecpentdetaj.le.ddata reductionof thera dataend thegra?lxics
fm- thetim dependentarras of kCrangean tracer pairs was ~ied cut

Iby Richard 1+. Zemow of @p led Research Associates, Inc. ,’ on hls own
tflw and at no cost to the contract.Assists e from Peter D2wilcwski
of Applied Resear& &smj.ates, wc. , in expediting the dcwmloadingof
the rawdatefmm “ms Alan-Ds National Lalxxatoryto I&em20d, tklorado,
i6 gratetilly aclmowledg~xl.
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