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A SIMPLE HYDRODYNAMIC MODEL FOR JETTING FROM
TUBULAR HYPERVELOCITY PENETRATORS

James R. Kamm
Geoplysics Group, MS F659
Los Alamos National Laboratory, Los Alamos, NM B7545 USA

Recent experimental results of Franzen & Schneidewind [1) for the impact of tubular penetrators at 2-4 km/s
show the forniation of a jet of materinal ejecled froin within the intenor cavity of the penetrator. Using a simple
hydrodynanic model based on the tubular penetration theory of Franzen [2] we calculate steady configurations of
outflowing penetrator and target material. From these results, the limiting velocity of the jetting material is obtained
and compared with Franzen & Schueidewind’s experimental data.

INTRODUCTION

Franzen & Schneidewind [1] (hereinafter F & S) give
a brief review of previous work on tubular penctrators.
In this work, F & S also p.~=rnt resnlts of reverse bhal-
listic experiments for the normal impact of tungsten,
steel, and aluminuimn tubular penctrators with steel and
aluminmn targets, inclnding radiograjhs of experinen-
tal impacts that show thr presence of a jet of material
that in ejected from the hollow interior of the penctra-
tor. The jet, which consists of a high speed precursor
elenr nt followed by ihie min hody, was not presint in
all experimwnts, a fact thnt ¥ & S attribute to interac-
tion between the jet and the mner wadl of the impacting
penctirator.

In this work we present a sinple hydrodynamic mao:l
of tnbalar rod penetration that s hased elosely on the
formulation develaped by Franzen [, which we modify
to allaw jetting frcan wathin the penetrator cavity. From
the asmumption of steady, incompressible flow, we obtam
valies for the velocity of the jet of target mnterial tha
in ejected during the atendy penetratnm process. We
compare thege remults with the experunentally mrasnred
velocities of the precursor jet and the tp of the mmn jet
bodly.

STLADY HYDRODYNAMIC MODLL

I'he hydraolynamic model we conabler is haned npon
the cwammaption that the flow velocities are mfliciemly
&reat so that mntenal strength cflecta can be negleeted
With this assmnjdion, the consiant penetration veloety
Uy in related to the impaet velority Voand the densities
of the target gy And penetrator ¢y an [J1]
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Ansiniuing, thut the penetratun veloenty w lens than the
sonned apeed of the target matennl, we neodel the miealy
penetraton puwenss as the flow of an mviaenl, o
preasible flmd - By v nmfone tranclatum at the penetea
tiom veloeity oy we obtaimn o fiane of reference i winehy
the batiom of the erater w uot moviny, ‘The anle view

of this steady penctration configuration above the axis
of symmetry is presented in Fig. 1. We assign the pen-
etrator outer radius to b» unity, and Jdenote the inner
radius of the pencirator by u.

Following Franzen [2], the contours of the outflow-
ing penetrator material in Fig. 1 are identified with the
subscript i for flow inside the hollow cavity of the in-
coming penetrator, and thr subscript o for flow out.
sitle  ‘I'he widths of the layers of outgning penetrator
material, denoted by 7, and 7,, are assumed symnet-
ric abont the respective centerline curves, (r,,y,) and
(r..y.). These quantities are functions of the angle g
hetween the direction tangent to the loeal centerhine of
the ontflowing penetrator material and the axis of sym
metry, where —x/2 < f < (i for flow inmide the penetra
tor, and 0 < A < #/2 for flow ontside,

The fraction of penetrator materinl that flows mside
the penctrator cavity is denoted g, so that the fraction
flawing ontuide is 1 - g. Mass eonkervation imphes that
the inner aml omter widths are given by

a(1 - 1) (- (-0

A S 2u.(i0)

(1) (2)

The contonrs of the ontflowag penetrator materinl
mide the eavity can he expreswed pa
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‘The rading of the target matenal flowmg throngh the
cavily has the value poat the entrnnee, and decreases to
the value g whimtely far downstremn The mass ine
tion g vf peneteator materml flewap, wsde the eavity s
shown by Franzen 2] to he
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Figure 1. Side view of the impact of a tubular penetrator above the axis of symmetry in the steady frame. The
penctrator, which has outer radius unity and inner radius g, is moving from right to left at velocity V — Up, where
V is the impact velocity and Uy is the hydrodynamic penetration velocity. The fincly dashed lines represent the
centerlines of the outflowing penetrator material outside (o) and inside (i) the penetrator. The angle between the
local centerline tangent and the symmetry axis is denoted 3.

where p, is the static presaure, U7 is the flow velocity,
and enf denotes values at the entrance to the cavity.

To determiine the inner flow contour, we make the fol-
lowing assumption: in the frame of reference in which
the interface between target and penetrator at the bhot-
tom of the crater is not moving, the flow of target ma-
terial info the cavity occurs at the penetration velocity,
i.e., Ui = Ug. This differs from the condition posited
by Franzen [2], who requires that the target material
flow into the cavity at an undetermined velocity (less
than Uy) and reach the velocity Uy infinitely far down-
strean; implicit in Franzen's approach is that there is
no hydrodynaniic jetting of target materinl.

The jet velocity at any downstrenie: position identi
fied hy /1 in related to the loeal cavity rading and the
inflow penetration velocity and radins as

n ? " !
”(ﬂ): (-"T"—(”-)) ”n - (“.) ""l (‘r’)

where the inuting value 17° in the veloeity infinitely
far downstream (ie, an g -« 0 ). ‘The static prea
mire p, 0f the ontflowing target material decreases from
it initial value p, 01 Lo the value 2eroan 1 2 0 ac
cording to the RBernonllt relation  p, .0 4 ;p.l’,f .
!p,”',. Uniig, Fqe 4 and 5, the following exprea
moun for the preamnire at the cavity entrance and for the
inward flowmg penetrmtor mans fraction are obtuned
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There are two limits for which these expressions are
eanily examnined: (1) the “cookie cutter™ limit of a tubu.
lar penetrator with a vanishingly thin wall: 4 — 1-, and
(2) the solid rod limit: g — 0%. In the first case, as-
suming that the jet radius also approaches unity iimplies
that the jet velocity reducea to the penctration veloe-
ity (i.c., there is no jetting in the laboratory franwe of a
zero velocity target), the static pressure at the cavity en-
trance goes Lo zera, and half of the penctrator mnaterinl
flows mkide the cavity. In the solid rod case, asnuming
that the jet radiun vanishes faster than the cavity inflow
radius (i.e., pu* = o(pu) sn pp — 0%) implies that both
the jet velocily and the static pressure at the cavity en-
trance grow without bomnd, and all penetravor material
flows outside of the cavity; thewr liimiting values for the
jet velocity and cavity entrance pressure are clearly un-
phynsical, indicating that our madel in inappropriate in
the solid rod himit.

Following, Franzen [2], we assuie that the internal
flow in governed by the halanee hetwern the nonmal foece
due to the dynamic and static presanre in the ontflow
ing target materinl and the normal force due to the cen
tripetal acceleration of the ontflowing penetrator mate
nal ‘T'hin balance in expressed m the equation

Voo 1lg)?
rl‘.l’)"l' ( ) 'f(i')() )

where R(/D) enc (i (dy, [di?) in the radina of curvture
of the of the mner centerline enrve, Uning, s 1, 2, 1,5,
awl the Bernonlh relation, this equatbar snphifies to the
followmpg lirst vrder ODL for the centerlig y cocrdinnt e
nf the intenor flow contonr

l pc17(0) win? g8 1 p, (1) (7)



dy, 1 [(1 = p?) g sing]

i "y
7 “ iyt cos? i -
) (_. - 4 - (8)
H (b2 - 1(1 = w?) q cos 5]

This equation 18 subject Lo two boundary conditions,
viz, (1) at inflow, the centerline value is the inner radius
of the penetrator: and (2) at outflow, the inner contonr
height is the jet radius These boundary conditions are
expressed imathematically as:

ll-'("""/2)=ﬂ.
wo =4 {11+ 0=}

Eqgs. 8 and 9 constitute a two-point boundary valne
problem for y, with the eigenvalue g The axial co-
ordinates of the associated flow contonrs are related to
the radial coordmmates throngh the geoietric relation
dy,/dr, = tan .

Substitntion of the following variables:

wz=yl, Azl ,\'Eu'!.

€ =cosft, Qi)

sitnphlies Flgs 8 B to the following form

= == 2(1= A)g

2 2
(__a_ ) ) ( u_)
A [w- §00 - 2gg)”
w(€ 2 0) " A,
w(€ = 1) A4 {I N AT YN }'. (1)

These equativms enn be annlyzed i the "cookie anter”
lnmt A -« ] Asmmmng, that A* decreases from the
lLinnting vah!s of imity ater than A, we empioy the fol
lowing expansious (where 0 < ¢ @ 1)

wi o4 ole) Az 1-r o) (12)
Subatititmg these qunntities into g 1 mol anposig,
the bomwlary comditiope at £ 0 yiebls the folliwang s
Intion for the lendmgg, order tenn

27 ||.\'{) ,
‘ Iy byl |ng(| M (UK}

Aumnlvme of the ! cuelary eomhtnm Liarplees that

the expriosnm finr A whoubld e of the form
Ao b b Gy log flop |1 Exe it ofc)  (14)

Subatitnting thie expressiom into the onudary connh

tion given in Eq. 11, equating like terms. and solving
the resulting equations yields the following values for
the perturtiation coeflicients:

£2=1

5
- N —194 . (15
9 2.1’3 (4+I0g2)rc 1.94.(15)

RESULTS

An initial solution to Eqe. 8 and 9 was found using
the relaxation method [4] for a value of u near unity with
an initial guess for u*; other members of the family of
solutions parameterized by u were obtained by continu-
ation in j away from the initial converged solution. The
results for the limiting nondimensional jel radius as a
function of the ratio of penetrator inner radius to outer
radius are given in Figure 2. When p approaches the
limiting “cookie cutter™ value of unity, the jet radius
also approaches unity; as the thickness of the penetra-
tor wall is inereased, the jet radins decreases. Numerical
solutions were obtained down to the value of u = 0.1;
below this value, the computed limiting jet. velocity is al-
most an order of magnitide greater than the penetration
veloeity, a situation we snspect Lo be physically unlikely.
Plotted as a dashed line m Fig. 2 is the value of g* com-
puted by Franzea [2] under the assumption that there
16 no hydrodynpmic jetting. Whereas our model gives a
nonzero limiting jet radine for tulmlar penetrators of all
thickness ratios chosen, the zero-jet assinption naplies
that the center cavity converges on axis for a4 < 0.6Y,
for whichi no flow confignration soltion was obtained.
I'he dotted line in the inset to Fig. 2 is the perturba
tion solution, through and including the O(c) term, for
0<e <0l

Fignre 3 depicts the resnlts for the coanpnted jet ve
locity nonmalized by the hydeodynamic penetration ve-
locity in the laboratory frame (1., the frane i wiieh
the penetrator has speed Voand the target is statim
ary) ns a funrtiom of the ratio of penctrator moer rn
dink to onter radms There is no jetting in the “cookie
entter” hmit, and the limiting jet veloety inerenses s
the nowdimensional inner radins of the penetrator de
The dotted hine in the weet to Fig 3 s the
perturhntion solution, throngh and inclading the ((: )
tenm, for 0 < ¢ < 0.1 Also shown on this dingram
are the experiinental valnes presented by F & S for the
precuraor velocity (denoted with a cirele) nnd the ve
loeity of the tip of the mnn jet (denoted with aoerons),
normdized by the hydnsdynaume peneiration velnoty
compuites] aiconhug to Fap | for the materinds inviolvedd,
mmany the followimg miass denaties pwe 102 g/,
Pacet TR RSeeoaml pay 27 g/ee The nmerieal
vidites o the experunerdal duntn and the correnpeoamhug,
el reemlts are presented i Tablbs 1T The ot
Jet velavity preslpctesl by the hydidynanme nualel eoin
pares imnderntely well with the expernuental datn for the
previnser Jet, which ay consist of egected target ma
termnl hberated by lugh tenal streames Thie tavennhle
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Figure 2. Computed limiting nondimensionalized jet ra-
dius as a function of the ratio of inner radius to outer
radius of the tubular penctrator. The solid hne repre-
sents the results of the present investigation, the dashed
line denotes the non-jetting limiting cavity radius values
according to Franzen [2]. and the dotted line in the inset
is Lthe perturbation solution, through and including the
Ole) term.
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Figure 3. Computed limiting nondimensionalized lab
frame jet velocity versus the ratio of inner to outer radius
of the tubular penetrator. The dotted line in the inset
is the perturbation solution, through and including the
O(¢) term. Expenimental data of F & S [1] for impacts
of W, steel, and Al penetrators on steel and Al targets
are depicted as o for precursor jet velocity, and x for
main jet velocity.

‘Table 1. Experimental and computed jet velocities for the impact of tubular penetrators.

F&S I'en. Target n Vv Ug Experunental Comp.
Tesl # Material Material (km/n) (km/a) Ui /Un Urec /Ua U /Uo
Inr-15 w Steel 0.84 217 1.33 0.26 0.5 049
nr-16 W Steel 0.84 2.26 i.38 0.14 0.39 0.49
nr-17 w Steel 0 66 2.04 1.2H 0.22 0.84 0.95
1nr-18 w Steel 0.66 2.04 1.25 0.14 . 0.95
r-24 Steel Al 0.86 1.59 2.26 0.04 0.31 0.44
nr-25 Steel Al 0.7% 1.63 2.29 - 0.56 0.6h
1-27 Al Al_ 0.66 ) 4.00 ?'“0 ) (!.'.l.() 014 . (ll.‘.lf)
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copparison im imterenting, ar we have neglected the of:
fectn of compressibility snd material atrength, both of
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uring the quasi steady phiae of penetration following
the mmpact of tubular roda at moderanely high velocitien.
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