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A SIMPLE HYDRODYNAMIC MODEL FOR JETTING FROM
TUBULAR HYPERVELOCITY PENETRATORS

JamHR. Kamrn
(kophysictr Group, MS F629

LoN AlarrIcmrNat irmal Laboratory, Lrw Alamoa, NM E7545 llSA

Remrt ~xpmi.rncnt.alrerrultR of Frnrwrn & Schncidcwind [1] for the impact of tutmlm penetrat.cm at 2-4 km/n
●hcrwthr fornmtiorr of a jrt of mmlcrid ej~rhd froln within the i.nterlor cavity of the penctrator. Uuing B simlde
hydrodynamic model bared on the luhulmr pcnetralinn thwxy of Frarrzcn ~J] we calculate nkady configuratirmriof
outflowing prnrtrator and t~rgct matmial. Frr.mIlhczwrmulhr, lhc limiLinK vdncity or lh~ jetting material i~ obtainrtl
~d compmerl wilh HanzPII k Schncidewind’s ●xperimtwlal dat~.

INTRODUCTION

Franzm & Srhneidewind [1] (hcrrinafwr F & S) givr
a brief review of prwious wurk on tuhulm pmmtratorn.
In Lhin work, F & S alao p. -wrt rmultn of rrvrrrw hal-
hdir ●xperirrwntg fur the norrrml impact of LUIIKNICW,
etrel, and aluminunl tuhulm prvwtratrm with slcrl mid
aluminulll tmgf’ta, including rndiogr~phs of exlwrilm’ll-
tnl impartfi that ohow Lh(*prrarnrr of n jrt of nml rrird
thnt iN rjrchwi from thr lmllow intrrinr or the prmrtrti-
tor, Thr jrl, whirh ronnistHof a high ~prrrl prmurrutr

dmrv nl followrv.1by itw nmin Imdy, ‘-vrMnol Imrwnl in
●ll expminwntri, a fart lIIILI F & S atlrilnllt, to inlrrRr-
tltmlmtwmm lhr jet and lhr Inm-r wdl of Lhr iulpnr ting
pmrtrmlor.

S1 ~Al)Y t{YL)ROL)YNAMIC MODLL

(1)

Anrtillllill~, 111111IhI’ Iwhrt rnl11111vrIIIrIly I%h.rL+lhnll I ht.

*1111111Rprrd Ill [Ill. fnf Krl Illrdrlllll, WF Illllllvl Illr’ rllr:u!\

Imm-frntltm lIIIIrf,M m llIt, fl, Iw IIf M III VI,+I *II, 1111,111)

lmw~ildr,1111111 Ily I Illllrl)llll Irnlmlnlh,n nl 11111~wm-lrl~

Lilm vrh,rlly 11,1wt.tdIlmII n fImIWO 11[ rrlrrrllr~ Ill whli h
lhr I},)ll,nll (d Illr rrnlrt INmd riumillp, ‘1’lh’ nhk VlrW

of Lhinokady permlration configuration abow thr axis
of synunrtry ia preaentid in Fig, 1, W amign the pen-
etrator outer radius t.o tw uniLy, and deuoti the inner
radiun of thr pmt%rakx by p.

Following l}anzen [2], lIIP contours of the outflow-
ing pcnrlml or ma~rial in Fig. 1 are idenldkl with tho
suiwcri~lt i (or flow innidc Lhr hnllow ctwity of tlw in-
coming prnrlrmlor, mId thr mhacripl o for flow mrl-

oide ‘1’hr width~ of t.hr Iaycrrrof OUt~~Jillg pmwtralnr
nmtrrial, dmmtml by r, and 7~ , M@ MNI1[IW(! RJ’IlllllPt -

ric almul Lhr rmprclivr Centrrlinr curvcri, (r,, U,) an~l
(r,,, y,,). ‘1’hmr quantitim am functinnn of thr anglr /+
b4’lwITIIthr rlirrrtinil tangmt Lo Lhr local mnirrlinr of
lhr outfhlwin~ prnrtrrd.or umlrrid and Lhnaxis of riylll
nwlry, whrrr - x/~ S ~J< (~for flow innidr thr prrwlr~
t.[m,Nld (1 ~ /3 ~ m/2 for tlow oulaidr.

‘W rrrwli(m of prnrl.rrbtor mntrrid thnt flIIwriinHidr
[b ~m~f%rml(mrnvily irr drnolml q, MI thnt thr frrwtirm

fl:~wingoul~id~ is I - q. MrwN ronrmrvditm in~llhrs 1Iliit
thr innrr anll ,Iul.rr widl hR nrr ~ivtin I,y

(:1)

‘I”hr rn(lill~ c)f lhr Inrgrl nmlrrlnl ilIIwlllg lhIIIII~h llIr

rnvll v hnw t hr Vnlllr ~i d [Iw rnl rnllrr, nnd dt. rrrnhr+Iti

Lhr Vldllr /1” Ildillltrly fN lhWllhl trlklll ‘1’hI’ II III,w fl ilf”

111111q Ilr lwtlrlrnl~,r Illalr.rqnlIIIIWIII1:IIIhIIII. Ik ~IikIl\ Ik
mhIIwtI I)y I+nnrvu ]2] It) III.

“ [’) I ,b.,,,,/(,h 1’;,,,)1‘ I (4)
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Figur? 1. Sidr view of the impacl of * tubukr Penetrdor shove thr =ia of aymmelry in the steady frame. Th~
prnctrator, which haa outer radius unity a,nd innm radiufi p, u moving from right to left at velociLy V - LID,wherr
V ia thr impart dxity and I1o k thr hydrodynamic pcn?tralimr velocity, The finely daslwd Iirrm repment the
rmrtarlirm of the outflowing pmmlrator material oulnitir (o) and inrridr (i) thr perwtrat.rw.The angle hctwmn the
Ioral centerlinetangrnt and the nymmetry ui~ in dermtrd /3.

wherr p, inthe olatir prrmurr, II ia the flow velocity,

and rnt dcnotm valum al thr entrmrwrto thr cavity.

To drtrrrrliur the inner flow contour, wemnkr (hr ful-
Inwing -umption: in Llm frexnr of rf+rrncr in which
thr intmfarr hetwmw Largot and prm%rntor at thr Imt-
Lnnl of the cratrr is not moving, thr flow rJftargvl ma.
trriml info Ihr cm-ity (JWUHi d h pmmtrati(m vrli]rily,
i.e., irtni = f~n, ‘IVIiNdilhrn fnml thr crmdiliou pmi!.rd
hy Frnnmn [2], who rrquirm thnl lIw tm.rgrtnmtrrinl
IIIIW into llw cmvity rd an umlclrrminml vrhwily (Irrm
lhmn (III) ad rrnfh thr v+rity Iln infinitely fw down
drrm; impliril in l’rmmw “napprwwh k lhnt thmr i~
m) hydr[)tlynmulir jc+ling of t~rgrt nmtrrinl.

‘1’hr jrt vrhlrily RI my downrnlrrm’: ptwitilm idrnl i
nrd hy /1 in rrlntml tl) the 10CRIrmvlty rmliu~ and lhr
illfl[~ prllrt, rlLLillllW’hlrity mild rrN!illHrw

()
7

()
7

//(/f) ❑ /’—... 1/,, 4 l!. :. !’, 11,,, (r))
uldl~) p

whrrr thr Iillllting vnlur 1~= in Lhr VdIICIty infinitely
fnr dIIWIIHlrvnlll (i.r., m 1) .-s (~ ). ‘1’hr ntntil. prrn
surr p, [rf thr ImtIhwing Lmrgrl Innlrrinl drmrwuw bml
ib il~itin! Vrdlwp,,,,ll l~t lhr vnluII 7,t*r{]m /j ● !1 m
r(mliug Lij Lhr Ihvmmlh rdd i(m p.,. ml 1 ~pllj:

~,,,ll”? [lmnE }hpI 4 UIII !), Lhr fldklwill~ ralmrn

mcmm fljr th- Immmurr nl thr rnvity rlllrnnrr nucl ftlr Ihr

inwnnl flIIwlnR Iwnrtrnllw Ili;mh frnrl 11111hrr IJII IUIII.11

(f;)

Therr are two Iimiti for which Lherwexprewionrram
eanily●xarninml: ( 1) lhr ‘cookir r.uttrr” limit.of n lubu-
Iar prnetrntcrrwith a vaniahingly thin wall: II * 1-, and
(2) lhr solid rod limit: p -J 0+, In tIIC first case, M.
sumirrg thmtthr jet radiun alM approachm unity implirrn
that lhr jrl vrlocity reduces 10 the penctraticm vrlor-
ity (i.r., thrrr in II(Jjrlliug in lhr lahormtnry frmrw of a
mm vrbrity targrl), thr ntalic prmururr at Lhr rnvity rn-
trancr g[n LOzrro, and kdf of W prnrtmtor mmtrriml

flnw~ imidr lhr cnvity, In lhr did rod Cww,MnuminK
thnt Lhr jrl mdiuri wminhm fmntrrlhnn tlw r~viLy infh)w
radium(i.r., p’ = 0(11) m Ii d 0+ ) inqdirrn llmt holh
lhr jrt Vrhwity d th~ ntdir prmnurr at W cnvity rn-
lrnnrr grow without hound, nnd nll prnrtrtmw nmtrrinl
flowIIoutsidr of lhr cwily; thrnr limiliu~ vdum (I]r 111(.
jrl v~l[~rily NIII rmvity rntrmncr prrmurr mrr rlrmly UII-
phynirml, indii RI ing dint our nwdrl in innplmqmimlr in

thr did roll Iimil.

Folh)wing }Ynmr.rn ~11,wr amulm that thc~inlrrnnl
flow ingtwrrnr(! hy llhr Imhmrr Iwtwrm dir mwnml ffwrr
dur LIIthr (IJIlnrllic mnd ❑lmf ir prmnurr in t h (ml llIIw
intc Lnrgfl mntrrid mnd tlw ntmnml flmce dur 1(I I.hr IVWI.
lriprl.d mrrlrrmtirm f~flIIP oullhlwing lwnrlr~t~w
rlwl ‘1’hinImlnum b rxllrr~ll m thr rqunti{m

IIlnlr

, (’i)



This ~quntlon is muhjecl to two boundary ronrfiticms,
viz,, ( I) at inflow, the mnterlinr value is the inner radius
of ttw penetrator; and (2) at m.rt.llow,lho inner contour
height iB thr jet radius These hcrundary conditions arc
exprerwwd rr,at.hematirally aa:

~i(-4f/2) = /J,

o~,(o) = $ 1 + 1+ [q(l -p’)]/p”’} (9)

Kq~ P and 9 ccmtitutc a tw(>poinl I-mundmy value

prchlrlil for y, with thr el~crlvaluv p- TIN* axial m-
ordiuat m of tlw aasociatrd flI)w contours arr rclal cd [o
thr rndial coordinn[.es through thr grwllwlric rclmtinn

dy, /dr, = tan $

Sul)si.itut.icm of tllr following variaLhv+

ffll’

7~ “-2(’ -A)q

{(--)-(--A2
2 -“’

A 11’<

A“ --)}[11’.-:(1 .A)q(]2 ‘

11’(( -: o) -. A ,

IIJ(( :-1). .;- {1+ /1+ [q(l. A)I /A” )Y (11)

!l, : 1 fll +(,(f), A:l-rtlJ(r) (12)

(1:1)

A. I I (,/ Lip,, I (2! l(l~ll!ly, ?ll [nr I (1(r) (14)

SIIIIMIIlulllI~ Iliih rallrrrwi,ul illl,, t,lw I){lllllll:lr} rIIIIIII

tion given in Eq. 11, equa(ing like lerrr:s. and solving
the resulting equal ions yields the following values for
the prrturl,a~ion ccwfTcien[ti:

2) 3=-(:+’0~2)=-’94(15)?l=; ,/2=! t’

RESULTS

An initial rsoluticm to Eqs. 8 and 9 was found using
the relaxation method [4] for a value of p near unity with
an initial guess for p“; other memberB of the family of
aolutiom param~terized by p were obtained by ccmtinu-
ation in p away frorrl thr inilial converged solut inn. The
remrlt~ for the limiting nondimensional jel radirm M a
function of the ratio of perwtrator inner radius lc)out,rr
radir.m rue given in Figure 2. When p approach- the
limiting “cookie cutter” valur of unity, thr jet radius
al~o ap~~roachrmunity: m thr thicknem of t.hr=penctra-
tar wall i~ incread, the jet radiuH drxreww. Numr=riral
aolutionR were ol]tainrd down to thr valur of p = O.1;
below thiE valur=,Llwconl~~utrd linliting jet vrlority i~ al-
rnoal m ordvr of rllkgllll udr grral.rr than tt]r penrlratio[l
velmi[y, a ait.uatinn wc nllsljcct to Lr physically urllikcly,

I’lottd M a dwhwl line ill Fig, 2 i~ thr va.lurof p“ ccm)-
put.f.d by Franzrll [2] undrr thr uwunqjtioll that thrrt,

is no hydrtdyrlimlic jrtl irlg, M’hmr~5 lmr I]NNI(,I~ivm ;~
Il(mzrrt] Iill)illllg jri rmlillh fm tulm]ar l,mlf’lrhl(mi ()( wII
thick nl.ss ratimi chwwn, thr zm(>jd rLWIIIIIl)Iifm irlll)liv~

lh~l tlw rmtr’r rnvity convrrgrs m axis for p S 0,6!1,
for whirl) no Iltnv ronligllrrditm w,luli[,ll W,Mol,t;~inr (l,
The dollcti Iilw in thr inrwi to Fig, 2 i~ IIIC ~wrturlln
tilm ruduli~ul, lhrtm~h anil illrlll[lillg thr ()(r) trrill, for
0<1 :0,1.
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Figure 2, Computed limiting nondimenaionalimd jet r~
diua as a function of the rmtio of inner radium w outer
radius of the tubular pcnr Lrator, The aolirl line rcpre-

.wnts the results of lhe prcrwnt, investigation, the dashrd
line dcnolm the non-jcLting limiting cavity radius values

according LOFrmnzcn [2], and the dotted Iilm in the inact
in the prrturbaticm rrolution, through and including the
()(() L~rrll.
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Figure 3. Computed limiting nondimensiormlized lab
frarnr jet velocity versus the ratio of inner to outer radiun
of the tubular prrmtratm. Th~ doLted line in the inset
is Llw perturbalicm solution, through and including the
O(c) term. Expcrlrnental dala of F & S [1] for impactrr
of W, rrltwl,and Al p=nrtratora on steel and Al targets
are depicted M o for precursor jet vrlrxity, and x for
main jet velocity.

Table 1 Expi=rinwrrtal and computml jet velocities for thr=irnp~ct of tubulmr penrtratorn,
——.
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p v Uo Fxperillmntal C%mp.
‘rmt # Mmlrrisl Mntrrird (kmfn)., (,kn@r) /1,,,,//10 [l,,m/[lo [I,e,/11“

-——-—— __— _
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