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JET PENETRATION OF INERTS AND EXPLOSIVES

by

Charles L. Mader, George H. Pimbley, and Allen L. Bowman

ABSTRACT

The two-dimensional Eulerian hydrodynamic code 2DE,
with the shock initiation of heterogeneous explosive burn
model called Forest Fire, is used to model numerically the
interaction of jets of steel or tantalum with steel,
water, and explosive targets.

The calculated jet velocity relative to the penetra~
tion velocity into inert targets is a function of the
square root of the target density divided by the jet
density.

The calculated penetration velocities into explo-
sives, initiated by a low-velocity jet, are significantly
less than for inerts of the same density. The detonation
products near the jet tip have a higher pressure than that
of nonreactive explosives, and thus slow the jet penetra-
tion. At high jet velocities, the calculated penetration
velocities are similar for reactive and inert targets.

I. INTRODUCTION

The initiation of propagating detonations in PBX 9404 and PBX 9502 by
copper, aluminum, and water jets was modeled numerically in Ref. 1, using the
two-dimensional Eulerian hydrodynamic code 2DE.2

Studies of shock initiation by jets near the critical conditions contrast
with other shock initiation studies in that, for the latter, if detonation
occurred, it was because the initiating shock wave was of sufficient strength
and duration to build up to detonation. The propagating detonation was assured
by the large geometry. In near-critical jet initiation, however, a prompt deto-
nation of the explosive results, which builds to a propagating detonation only

if the shock wave produced by the jet is of sufficient magnitude and duration.




The penetration velocities of projectiles interacting with explosives
initiated by the projectile are reported3 to be much lower than the penetration
velocities of inerts of the same density. This study examined projectile pene-
tration dynamics in inert and reactive targets. Because jets formed by a shaped
charge with a metal cone contain small-diameter, high-velocity projectiles, the
jets can be approximated by cylinders or balls of uniform velocity with the
appropriate dimensions.

The classic paper on jet formation and penetration by Birkhoff, MacDougall,
Pugh, and Taylor4 describes what is called the "ideal" penetration velocity. If
we assume Bernoulli's theorem applies (that is, that the jet pressure is large
compared to the target or jet material strengths and that pressure is the same

in the jet and target near the interface), then
2 2
0.5 p.(V, -V =0.5pV
where p is density, V is velocity, j implies jet, t implies target, and p signi~
fies penetration.

We rearrange the expression to find the ratio of the jet velocity to jet

penetration velocity,

V.
B p.7p.
Vp 1+ pt/pj

We use this expression to determine the penetration velocity for a 1.0-cm/ps

steel jet interacting with various targets, as follows.

Penetration Velocity

Target (cm/ps)
Steel 0.5
Aluminum 0.628
Comp B 0.682
Water 0.738

Bernoulli's theorem is for steady motion of an incompressible uniform
fluid. For a compressible fluid, the ideal penetration velocity expression is
exact only for a constant density system; however, the experimental penetration
data from many studies of inert jets penetrating inerts are adequately described

using the ideal model.
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The penetrations of an aluminum target by an aluminum jet and of a steel
target by a steel jet were modeled using the particle-in-cell technique by
Harlow and Pracht.5 They concluded that their calculated penetration velocities
approached the ideal values.

Copper jet penetration into an aluminum target was calculated by Johuson6
using his two- and three-dimensional Eulerian hydrodynamic codes. His calculated
penetration velocity agrees with the ideal values.

The penetration velocity of a 13-mm~diam steel ball moving at various ve-
locities and impacting a 25-mm-thick cylinder of PBX 9404 or Composition B was
reported by Rice.3 The data were genmerated at Ballistic Research Laboratory by
R. Frey. Experimental data and Eulerian calculations by Rice indicated that the
penetration velocity was markedly decreased, beyond the critical projectile
velocity for initiation of detonation, and was significantly less than predicted
by the ideal model.

This study examined the jet penetration of inerts and explosives by compar-
ing calculated and experimental projectile penetrations to determine the nature
of the process and the cause of the observed failure of the ideal penetration

model for explosives.

II. STEEL JET PENETRATING STEEL

Two PHERMEX radiographs of a steel jet penetrating a steel block have been
published.7 The steel jet was formed by a 4.0-mm-thick hemishell driven by a
60.0-mm-thick PBX-9404 hemisphere. The jet interacted with a steel block after
308 mm of free run from the center of the steel hemisphere.

The jet tip velocity was 18 mm/us and the jet velocity decreased approxi-
mately 1.3 mm/ps for each 10 mm of jet length. Radiograph 1185 was taken after
the jet had penetrated 45 mm of steel in 6 us with an average penetration veloc-
ity of 7.5 mm/ps. Radiograph 1181 was taken after the jet had penetrated an
additional 35 mm of steel in 7.0 ps with an average penetration velocity of 5.0
mm/ys. The jet velocity decays from 18 mm/ps to 10 mm/ps after a run of 24 ft
in the air. The jet diameter is uncertain because of its diffuse boundaries in
the radiograph. The jet diameter increases and the jet interface is more dif-
fuse along the length of the jet. We therefore examined 8- and 12-mm-diam jets
in our models,

The radiographs are shown in Figs. 1 and 2. Calculated density profiles,

with the experimental shock front and interface, are shown in Figs. 3 and 4.



The 2DE computer code described in Ref. 2 was used to model the flow. Equation-
of-state parameters used for 347 stainless steel are the same as given in Appen-
dix B of Ref. 8.

The steel shock Hugoniot was described by Us = 4.58 + 1,51 Up’ where Us is
shock velocity and U_ is particle velocity. The initial density of the steel
was 7.917 mg/mm3 andllhe Gruneisen gamma was 1.25. Elastic-plastic terms were
negligible, and tension was permitted only in the target.

The calculated profiles are sensitive to the jet description. The jet
initially has steel's standard demsity, but the velocity gradient results in the
jet density decreasing with time.

The calculated pressures, densities, and vertical velocities near and
parallel to the vertical z-axis are shown in Fig. 5 at various times. Pressure
and velocity at the interface between the steel target and the advancing jet tip
are shown as functions of time in Fig. 6. Contours of pressure, energy, and
velocity in R and Z directions are shown in Fig. 7 at 6.0 pus and in Fig. 8 at
13.0 us.

The experimentally observed steel jet penetration into a steel plate ap-
pears to be adequately reproduced, considering the complicated nature of the
jet. The hole observed between the jet and target walls also appears to be sub-
stantially reproduced. The jet material appears primarily along the side of the
hole made in the target and in the splash wave. Reference 4 states that "care-
ful weighings have shown that a metal jet is captured by a metal target, which
loses no weight except a very small amount at the front surface." Mautz has re-
ported that high-velocity steel jets penetrating steel remain partly on the tar-
get, and partly leave the target in a vapor or liquid form.

The observed agreement between the radiographs and numerical model suggests
that the important features of jet penetration are described by the fluid dy-
namics of the process. To examine the problem further, we simplify our jet to a

rod or sphere, initially moving with a uniform velocity.

III. STEEL ROD PENETRATING STEEL

Having demonstrated that steel target penetration by a steel jet of de-
creasing velocity can be modeled numerically, we next examine the penetration
physics of a simple systenm.

A 10-mm~diam steel rod with a 15~-mm/us velocity was modeled similarly to

the steel jet model described in Sec. II. The mesh cells were l-mm square and
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the time step was 4 x 10-3 s. The system was described by 50 cells in the

radial direction and 100 cells along the z-axis.

The calculated pressures, densities, and vertical velocities along and near
the vertical z-axis are shown in Fig. 9 at various times. Pressure and velocity
at the interface between the steel target and the upper tip of the rod are shown
as functions of time in Fig. 10. Contours of pressure, density, energy, and
velocity in R and Z directions are shown in Fig. 11 at 4.0 ps and in Fig. 12 at
8.0 us.

The steel rod sends an initial shock pressure of about 950 GPa into the
steel target at a 16-mm/ps shock velocity and a 7.5-mm/ps particle velocity.
Radial motion of the steel target, and side rarefactions, decreased the inter-
face pressure to about 250 GPa, and the particle velocity remained at about 7.5
mm/ps. A diverging, approximately steady state profile developed near the
jet-target interface, which continued until the rod length was consumed. The
shock wave was supported by the higher pressure at the rod-target interface.

A steel rod of the same dimensions but with an initial velocity of 10 mm/us
was modeled also.

The calculated pressures, densities, and vertical velocities along and near
the vertical z-axis are shown in Fig. 13 at various times. Pressure and ve-
locity at the interface between the steel target and the upper tip of the rod
are shown as functions of time in Fig. 14.

The steel rod sent an initial shock pressure of about 480 GPa into the
steel target, along with a 12.1-mm/us shock velocity and a 5.0-mm/ps particle
velocity. The radial motion decreased the interface pressure to 100 GPa; the
particle velocity remained near 5.0 mm/ps for 18 ls, or a penetration distance
of 90 mm. A shock wave in the target, with pressure less than one-third of the
interface pressure, was supported by a 100-GPa pressure at the target-rod inter-
face.

The penetration velocity quickly approached the "ideal" penetration veloc-
ity (half the initial rod velocity) for a steel rod entering a steel target.

The initial high-pressure shock wave formed at the rod-target interface was
quickly degraded by side rarefactions and divergence to the "ideal" interface
pressure, P, of apvi, whereas the particle velocity remained unchanged, as ex~
pected for jets and targets of the same material. The shock impedance relation-
ship may be expressed as VJ./Vp =1+ thst/ijsj’ where Ust is the shock veloc-
ity and P = thsz. For jets and targets of the same material, Vp = 0.5 Vj for




both the initial shock match across the interface and for the later penetration
after steady state is achieved; the pressure decreased from thsth to %pvz.
The high pressure near the rod-target interface supported a lower pressure shock
wave that moved out into the target ahead of the rod-target interface with a

shock speed similar to the penetration velocity of the rod.

IV. TANTALUM ROD PENETRATION

To examine the effect of different materials on the penetration process, we
modeled an unreported experiment performed by Campbell and Hantel at the Los
Alamos National Laboratory. They determined that, with an initial velocity of
7.3 to 6.6 mm/us, the penetration velocity of a tantalum jet into a steel plate
was 4.0 mm/ps. The tantalum shock Hugoniot was described by Us = 3.414 + 1.201
Up’ p = 16.69 mg/mms, and y = 1.4,

In Table I, the calculated penetration velocity of the tantalum rod is
4.0-mm/ps for a 7.3-mm/ps rod, and 3.7 mm/us for a 6.6-mm/s rod. The 4.0-mm/us
experimental penetration velocity, for a jet with a velocity between 7.3 and 6.6
mm/ps, is well reproduced by the calculations.

The good agreement between experiment and calculation for the tantalum jet

penetrating steel suggests that we can use the model to examine other systems.

TABLE I

CALCULATED AND IDEAL MODEL PRESSURES AND VELOCITIES®

Initial Initial Initial
Rod Shock Particle Penetration Velocity Interface Pressure
Systenm Velocity  Pressure Velocity Calc. Final Ideal Calc. Final Ideal
Tantalum rod penetrating 7.3 370 4.2 4.0 4.33 80 74
steel .
Tantalum rod penetrating 6.6 310 3.8 3.7 3.91 60 60
steel
Tantalum rod penetrating 6.4 68 5.5 5.2 5.14 13 13.2
water
Tantalum rod penetrating 6.4 110 5.0 4.6 4.85 20 20.1
inert Composition B
Tantalum rod penetrating 2.0 17 1.7 1.64 1.51 2 1.97
inert Composition B
Tantalum rod penetrating 2.0 30 1.8 1.37 1.51 6 1.97

reactive Composition B

a . . s . cavs .
Pressures are in gigapascals, and velocities are in millimeters per microsecond.



As predicted by the ideal model, the tantalum (p = 16.69 mg/mm3) rod at the
same initial velocity penetrates inert Composition B (p = 1.715 mg/mm3) faster
than steel, and penetrates water (p = 1.0 mg/mma) even faster. The ideal model
interface pressures and penetration velocities agree well with the numerical
results over a wide range of velocities and densities, except for the reactive
Composition B, where the interface pressure is three times greater in the calcu-
lation than in the ideal.

The pressure; density, and velocity in the R and Z directions are shown in
Fig. 15 for the tantalum rod with a 6.4-mm/ps initial velocity penetrating
steel, and in Fig. 16 for the tantalum rod penetrating water. A larger tip di-
ameter develops on the tantalum rod and makes a larger hole in the steel target
than in the water target. Pressure and velocity at the interface between the
upper tip of the advancing tantalum rod and the steel target are shown in Fig.
17, and between the tantalum tip and the water target in Fig. 18. The pressure
and velocity one-dimensional graphs along the tantalum rod (with a 2.0-mm/ps
initial velocity), and on into the Composition B target, are shown in Fig. 19
for the unreacted and detonated Composition B after 6.0 us. The tantalum rod
interface pressures are larger and the interface velocities are lower for the
reactive case.

We examine the reactive case in detail in the next section.

V.  STEEL BALL PENETRATION OF EXPLOSIVES

Rice reported3 the penetration velocity of a steel ball, 13 mm in diameter,
moving at varying speeds and striking 25-mm-thick cylinders of either PBX 9404
or Composition B.

We have modeled this system numerically, and we compared the results with
the experimental data of Frey. The Forest Fire2 description of heterogeneous
shock initiation described the explosive burn. The HOM equation of state, and
Forest Fire rate constants for PBX 9404 and Composition B, were identical to
those described in Ref. 2. The mesh was 0.5416 mm by 0.5 mm and the time step
was 0.005 ps. The computational problem was 78 cells in height and 20 cells in
width.

Figure 20 shows the experimental data and the calculated results of steel
ball interaction with PBX 9404 or Composition B. The ball velocity loss is de~

fined as the initial ball velocity less the penetration velocity. The agreement




demonstrates that the model describes the important processes of explosive
penetration.

When the steel ball was penetrating inert or nearly inert explosive, the
penetration velocity could be described by the ideal model. When the ball
velocity was just sufficient to cause propagating detonation, however, the ob-
served and calculated penetration velocities were much less than predicted by
the ideal model. As the ball velocity was increased, the difference between the
actual and ideal penetration velocities decreased. A summary of the ball pene-

tration calculations is given in Table II.

TABLE II

BALL PENETRATION CALCULATIONS

Velocity v v Vloss
Velocity Loss P Ideal
(mm/ s ) State (mm/us) (mm/us) Ideal? (mm/us)
Steel/Composition B 2.2 Reacted 1.0 1.2 1.5 0.7
2.0 Late reaction >0.8 1.2 1.365 0.64
1.7 No reaction 0.5 1.2 1.16 0.54
1.0 No reaction 0.25 06.75 0.68 0.32
0.5 No reaction 0.10 0.40 0.34 0.16
1.5 No reaction 0.30 1.2 1.02 0.477
3.0 Reacted 1.2 1.8 2.047 0.953
2.0 No reaction 0.5 1.5 1.365 0.635
permitted
3.0 No reaction 0.80 2.25 2.047 0.953
permitted
Steel/PBX 9404 1.4 Reacted 0.80 0.60 0.944 0.456
1.2 Late reaction >0.75 0.45 0.81 0.39
1.0 No reaction 0.35 0.65 0.675 0.325
0.5 No reaction 0.15 0.35 0.337 0.163

3y  ideal for Composition B is 0.682 (ball velocity).
vg ideal for PBX 9404 is 0.674 (ball velocity).




A plot of the interface pressure and velocity in the Z direction near the
z-axis, as functions of time, for 1.0- and 1.2-mm/ps balls interacting with PBX
9404 is shown in Fig. 21. The contours and one-dimensional graphs are shown in
Figs., 22 and 23. The 1.2-mm/pys ball results in prompt initiation of the PBX
9404, and the interface pressure is much higher and velocity loss greater than
for the 1.0-mm/ps ball (which does not cause prompt initiation).

" In Ref. 1 we showed that the Held experimental critical condition for prop-
agating detonation--the jet velocity squared times the jet diameter (V?d)--
adequately described the experimental and theoretical results. The steel ball
must present an "effective diameter" to the explosive. The critical ball ve-
locity for PBX 9404 shown in Fig. 20 is 1.14 mm/ps. The V?d for PBX 9404,
reported in Ref. 1, is 16.0; therefore, the ball has an effective diameter of
12.3 mm. This is, within the calibration error, not significantly different
from the actual ball diameter of 13.0 mm. The critical ball velocity for Compo-
sition B, shown in Fig. 20, is 1.8 mm/us. The V?d for Composition B, reported
in Ref. 1, is 29; therefore, the ball has an effective diameter of 9.0 mm when
shocking Composition B.

Because the steel ball exhibits a complicated flow, we examined a simpler
system to demonstrate the essential features of the flow.

The ball was replaced by a steel rod of the same diameter, and rods with
velocities of 2.0 and 6.0 mm/pys were calculated interacting with reactive and
nonreactive Composition B. The interface pressures and velocities near the
advancing upper tip of the steel rod, as functions of time, are shown in Figs.
24 and 25. A summary of the rod calculation is given in Table III.

The lowered penetration velocity of a projectile moving into detonating
(rather than nondetonating or inert) explosives is caused by the higher pressure
at the projectile-detonation product interface. The ideal model assumes that
the pressure at zero particle velocity is zero, which is correct for inerts;
however, for explosives the constant volume detonation pressure at zero particle
velocity is approximately 10 GPa for a slab of Composition B. In diverging
flow, the detonation product pressure at zero particle velocity is about 5 GPa,
The effect is not included in the ideal model, so it fails to account for the
velocity decrease.

If we assume that the ideal model is appropriate for the steel rod, and if

we set the calculated detonation product interface pressure, 5.0 GPa for the




TABLE III

STEEL ROD PENETRATING COMPOSITION B®

Initial Penetration Velocityb Interface Pressureb
Condition Rod Velocity Calc. Final Ideal Calc. Final Ideal
Reactive 6.0 4.0 4.09 18.0 14.4
Reactive 2.0 1.0 1.365 5.0 1.59
Inert 6.0 4.0 4.09 15.0 14.4
Inert 2.0 1.4 1.365 ~1.5 1.59

21deal penetration velocity is 0.682 (rod velocity) and ideal interface pressure
is 0.8575 (penetration velocity)?2.

Velocities are in millimeters per microsecond and pressures are in gigapascals.

2.0-mm/pys rod, equal to [%pj(Vj - VP)Z], we estimate a 0.9-mm/Us penetration
velocity. This is close to the 1.0 mm/ps calculated.

The relative difference between the ideal penetration velocity and the
calculated penetration velocity decreases with increasing projectile velocity;
the ideal model becomes better at higher projectile velocities, where the dif-
ference between the explosive reactive and nonreactive pressures (of about 4
GPa) becomes insignificant. In the next section we shall examine the effect of

projectile velocity on the penetration velocity in more detail.

VI. STEEL ROD PENETRATION OF PBX 9404

We have modeled a l6-mm~diam steel rod moving at velocities lower than
those necessary for initiating propagating detonation (1.0 mm/ps) in PBX 9404,
and at velocities great enough to penetrate the explosive faster than the deto-~
nation velocity (8.8 mm/ps). The study investigated the penetration velocity in
explosives throughout the range of possible jet velocities and examined the
steel rod and explosive interface pressure effect described in the previous
section. It also determined what would occur if the penetration velocity were
greater than the C-J detonation velocity.

The Forest Fire rate constants and the HOM equation of state used for
PBX 9404 were described in Ref. 2. The mesh was 2.0-mm by 2.0-mm square. The
problem was described by 25 cells in the radial direction and 65 cells in the
axial direction. The rod was 10 cells long and the steel target was 55 cells

high. The time step for the calculation was 0.008 us.
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A summary of the results of the calculations is given in Table IV.

The interface or rod tip pressures and velocities as functions of time, for
a steel rod with a 15-mm/ps initial velocity penetrating PBX 9404, are shown in
Fig. 26. The contours and one-dimensional graphs are shown in Fig. 27. The
steel rod penetrates the PBX 9404 at 10.6 mm/pMs, and it forms a steady over-
driven detonation wave moving at the same velocity as the steel rod, and with an
overdriven effective C-J pressure of 100 GPa. The C-J pressure of PBX 9404 is
36.5 GPa and the C-J velocity is 8.8 mm/ps. The calculation demonstrates that
highvelocity jets cannot be used to destroy an explosive charge without initi-~
ating an overdriven propagating detonation.

When the rod penetration velocity becomes less than the C-J detonation ve-

locity, the detonation wave moves away from the rod surface. To illustrate

TABLE 1V

STEEL ROD PENETRATING PBX 9404

Initial Final Calc. Ideal Ideal Diverging
Rod Penetration Penetration Interface Interfac Effective Detonation
Velocity Velocity Velocity Pressure Pressure” C-~J Pressure Velocity
(mm/ps) (om/ps) (am/ps) (GPa) (GPa) (GPa) (mm/ps) Comments
*15.0 10.6 10.117 100 94.37 90 10 Steady overdriven detonation
wave
13.0 9.2 8.768 75 70.89 60 8.8 Steady overdriven detonation
wave
11.0 7.8 7.419 55 50.75 40 8.8 Decaying wave moving faster
than rod
9.0 6.2 6.07 38 33.97 36 8.7 Diverging detonation wave mov-
ing faster than rod
8.0 5.5 5.396 31 26.84 35 8.7 Diverging detonation wave mov-
ing faster thaa rod
5.0 3.2 3.37 15 10.5 35 8.7 Diverging detonation wave mov-
ing faster than rod !
3.0 1.8 2.02 8 3.77 35 8.7 Diverging detonation wave mov-
ing faster than rod
2.5 1.4 1.686 7 2.6 35 8.7 Diverging detonation wave mov-
ing faster than rod
2.0 1.1 1.35 6 1.7 35 8.7 Diverging detonation wave mov-
ing faster than rod
1.5 0.6 1.01 5 0.9 35 8.7 Diverging detonation wave mov-
ing faster than rod
1.0 0.25 0.67 5 0.4 35 8.7 Diverging detonation wave mov-
ing faster than rod
0.7 0.5 0.47 0 0.2 - ———- No detonation, decaying shock
wave
0.5 0.36 0.34 [] 0.1 -- ———- No detonation, decaying shock
wave
0.3 0.22 0.20 0 0.04 -- -—— No detonation, decaying shock

wave

20.674 rod velocity.
b0.922 (penetration velocity)z.
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this, Fig. 28 shows the interface or rod tip pressure and velocities as func-
tions of time for a steel rod with a 5-mm/ps initial velocity penetrating PBX
9404. Contours and one-dimensional graphs along the vertical z-axis are shown
in Fig. 29. The steel rod penetrates the PBX 9404 at 3.2 mm/ps. The detonation
wave proceeds at 8.7 mm/Ms with a diverging effective C-J pressure of 35 GPa.
The interface detomation product pressure is 15 GPa, which is 4.5 GPa greater
than the ideal interface pressure at the rod tip of 10.5 GPa. As discussed in
the previous section, the ideal model assumes that the pressure at zero particle
velocity is zero, which is incorrect for constant volume detonation. A slower
penetration velocity results than that expected from the ideal model.

The effect of the 4-GPa additional interface pressure is most apparent when
the rod velocity just suffices to cause prompt propagating detomation. To il~
illustrate this, Fig. 30 shows the velocity as a function of time for a steel
rod with a 1.5-mm/ps initial velocity penetrating PBX 9404. Contours and one-
dimensional graphs are shown in Fig. 31. The steel rod penetrates the PBX 9404
at 0.6 mm/gs, which is 0.4 mm/ps slower than it would penetrate the PBX 9404 if
it were inert. The steel rod interface pressure is 5.0 GPa, which is 4 GPa
higher than the 0.9-GPa ideal interface pressure. Illustrating the importance
of this increased interface pressure upon penetration velocity, the calculated
penetration velocity is about the same for the 0.7-mm/ps steel rod, where the
explosive does not decompose, as for the 1.5-mm/ps rod, where the explosive

detonates.

VII. CONCLUSIONS

For engineering purposes, the initial jet penetration velocity into an

inert can be estimated, using the shock-matching relationship,

thst

U
pJ 8]

=1+

o~k

Here, Vj is initial jet velocity, Vp is penetration velocity, p is density, Us
is shock velocity, j implies jet, and t signifies target. The initial shock
pressure can be estimated using P = thsth' Final penetration velocity can be

estimated, using Bernoulli's theorem, from

12




The interface pressure, P, at the jet tip can be estimated using

P=0.5 ptV§

When using a high explosive as the target, the pressure expression needs an

additional term, p*, and the Bernoulli equation for explosives becomes
2 2
0.5 p.(V, -V = 0.5 p, V_ + p*

where we have determined p* to be approximately 4.0 GPa for the explosives
studied.

Obviously, these are only approximations and a more reliable estimate can
be obtained using the numerical methods described in this report. If the jet
velocity decreases significantly or the projectile length is not much longer
than the projectile diameter, numerical calculations are necessary.

Even if the jet particle or projectile is no longer than the diameter, the
critical velocity for initiating propagating detonation can be estimated using
the projectile diameter and the Held critical V2d expression discussed in this
report and Ref. 1.

A jet with a penetration velocity greater than the C-J detonation velocity
of an explosive results in an overdriven detonation wave proceeding ahead of the
jet at a velocity near that of the jet.

The calculated penetration velocity into explosives that are initiated by a
low-velocity jet is significantly less than for inerts of the same density.
Detonation products pear the jet tip have a higher pressure than in inert mate-
rials of the same density, and thus slow the jet penetration more. The effect
is less important as the jet velocities increase.

Most significantly, if the jet diameter and velocity histories are known,
all the experimentally observed jet penetration behavior of metals or explosives
can be modeled numerically. Also, if the jet or projectile length is known, the

penetration depth and hole diameter may be calculated.
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Fig. 1.
Shot 1185. A steel jet formed by a 4.0-mm-thick steel hemishell, which
was driven by a 60.0-mm-thick PBX~9404 hemisphere, penetrated a 304
stainless steel block. The jet traveled for 35.57 ps. The steel block
was 308 mm from the center of the steel hemishell. The radiographic
time was 79.02 ps.
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Fig. 2.
Shot 1181. A 304 stainless steel block was penetrated by a steel jet
formed by a 4.0-mm-thick steel hemishell driven by a 60.0-mm~-thick
PBX-9404 hemisphere. The jet traveled for 42.53 us. The steel block

was 308 mm from the center of the steel hemishell. The radiographic
time was 85.99 ps.




12 6.0us -
——==SHOT 1185

Fig. 3.

Calculated density profiles, after
6.0 us of penetration, of a steel
block 110 mm long and 5S0mm wide,
by an 8.0-mm-thick steel jet moving
with a tip velocity that has de-
creased to 12 mm/ps. The experi-
mental shock front profile and
target interface are shown for shot
1185. The jet has penetrated 45 mm
of steel. The density contour
interval is 0.5 mg/mm3.

T T | T

13.0 is
12 [ —==—SHOT 1I81;

Fig. 4.

Calculated density profiles after
13 ys of penetration of a steel
block 110 mm long by 50 mm wide, by
an 8.0-mm-thick steel jet moving
with tip velocity-that has decreased
to 7.75 mm/ys. The experimental
shock front profile and target
interface are shown for shot 1181.
The jet has penetrated 8.0 mm of
steel. The density contour interval
is 0.5 mg/mm3.
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Fig. 5.

Calculated pressures, densities, and
vertical velocities near and paral~-
lel to the vertical z-axis are shown
at various times. The interface
cell between the jet and target is
located by a star.
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Calculated pressure and velocity at
the interface between the advancing
steel jet tip and the target are
shown as a function of time.
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Pressure Density

U Velocity V Velocity

Fig. 7.
Pressure, density, energy, and U and V velocity contours are shown at 6.0 us for
the system shown in Fig. 3. The pressure contour interval is 50 GPa, the emergy
contour interval is 0.05 Mbar-cm3/g, and the velocity contour interval is 2 mm/us.
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Pressure Density

U Velocity V Velocity

' Fig. 8.
Pressure, density, energy, and U and V velocity contours are shown at 13.0 ps for
the system illustrated in Fig. l} The pgessxire contour interval is 50 GPa, the
energy contour interval is 0.05 Mbar‘gm?/g, and. the velocity interval is 2 mm/ps.
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Fig. 9.
Calculated pressures, densities,
and vertical velocities along and
near the vertical z-axis are shown

at various times. The initial
velocity of the steel rod was
15 mm/ys. A star indicates the

interface cell between the rod and
target.
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Fig. 10.

Calculated pressure and veloc-
ity at the interface between
the advancing steel rod tip
(whose initial velocity was
15 mm/gs) and the target are
shown as functions of time.



Pressure Density Energy

U Velocity V Velocity

Fig. 11.
Pressure, density, energy, and U and V velocity contours at 4.0 ps for a steel
rod with a 15-mm/ps initial velocity penetrating a steel target. The pressure
contour interval is 50 GPa, the density contour interval is 0.5 mg/mm3, the
energy contour interval is 0.05 Mbar - cm3/g, and the velocity contour interval
is 2 mm/ps. The graph is 50 mm wide and 110 mm high.
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Pressure

Density

U Velocity

Pressure, density, energy, and U and V velocity contours at 8.0 pgs for a steel

V Velocity

Fig. 12.

rod with a 15-mm/¢s initial velocity penetrating a steel target.

contour interval is 50 GPa,

is 2 mm/ds. The graph is 50 mm wide and 100 mm high.
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The pressure
the density contour interval is 0.5 mg/mm
energy contour interval is 0.05 Mbar + cm®/g, and the velocity contour interval
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Fig. 13.
Calculated pressure, density, and

velocity one-dimensional - graphs along
the steel rod (with a 10-mm/ps initial
velocity) are shown at various times.
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Fig. 14.

Calculated pressure and velocity at
the interface between the advancing
steel rod tip (with a 10-mm/ps initial
velocity) and the target as a function
of time.
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Pressure Density

U Velocity V Velocity

Fig. 15.

Pressure, density, and U and V velocity con-
tours at 6.0 ps for a 5-mm-radius tantalum rod
with an initial velocity of 6.4 mm/ps, pene-
trating a steel target (40 mm high by 25 mm
wide). The graph is 25 mm wide and 50 mm high.
The pressure contour interval is 10GPa, the
density interval is 0.25 mg/mm®, and the veloc-
ity interval is 0.5 mm/ps.




Pressure Density

U Velocity V Velocity

Fig. 16.

Pressure, density, and U and V velocity con-
tours at 5.0 ps for a 5-mm-radius tantalum rod,
with an initial velocity of 6.4 mm/ps, pene-
trating a water target (40 mm high by 25 mm
wide). The graph is 25 mm wide and 50 mm high.
The pressure contour interval is 2 GPa, the
density interval is 0.25 mg/mm3, and the veloc-
ity interval is 0.5 mm/us.
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the advancing tantalum

rod tip (with an initial velocity of 6.4 mm/ps) and the steel target are shown

as functions of time.
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Calculated pressure and velocity at the interface between the advancing tantalum
rod tip (with an initial velocity of 6.4 mm/pus) and a water target are shown as

functions of time.
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Calculated one-dimensional graphs near the axis of the tantalum rod (with a
2.0-mm/ps initial velocity) for a Composition B target, with and without reac-

tion, after 6.0 ys. The interface cell is shown by a star.
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Initial ball velocity vs the ball velocity loss
for a 13-mm~diam steel ball penetrating PBX 9404
or Composition B-3.
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Fig. 21.

Axial interface pressure and velocity as functions of time between a steel ball

(initially moving at 1.2 or 1.0 mm/ps) and a PBX-9404 target.

The 1.0-mm/ps

ball velocity is too slow to cause prompt propagating detonation, whereas the
1.2-mm/us ball does result in a propagating detonation.
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Fig. 22,
Pressure, density, U and V velocity, mass-fraction contours, and the pressure,
density, and velocity one-dimensional graphs along and near the vertical z-axis
at 4.5 pus for a 1.3-mm steel ball initially moving at 1.2 mm/us penetrating PBX
9404. The radial dimension is 16.25 mm and the axial dimension is 39.0 mm.
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Fig. 22 (cont).
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Fig. 23.

Pressure, density, and mass fraction contours and the pressure, velocity, and
mass-fraction one-dimensional graphs, along and near the vertical z-axis, at 5.0
Ms, for a 1.3-mm steel ball initially moving at 1.0 mm/ps penetrating PBX 9404.
The radial dimension is 16.25 mm and the axial dimension is 39.0 mm.
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Fig. 24.

Interface pressure and velocity at the tip of a 6.5-mm-radius steel rod initi-

ally moving at 2.0 mm/ps into reactive and nonreactive Composition B.
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Fig. 25.

Interface pressure and velocity at the tip of a 6.5-mm-radius steel rod initi-
ally moving at 6.0 mm/us penetrating reactive and nonreactive Composition B.
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Fig. 26,
Interface pressure and velocity at the tip of a 16-mm-diam steel rod initially
moving at 15 mm/ps penetrating PBX 9404.
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Fig. 27.
Pressure, density, energy, U and V velocity and mass-fraction contours, and the
pressure, density, and velocity one-dimensional graphs, along and near the

vertical z-axis, at 8.8 ps, for a 16-mm-diam steel rod initially moving at 15
mm/Hs penetrating PBX 9404.
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Fig. 27. (cont)
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Fig. 28.

Interface pressure and velocity at the tip of an 16-mm-diam steel rod initially
moving at 5 mm/ys penetrating PBX 9404.
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Fig. 29.
Pressure, density, energy, U and V velocity and mass-fraction contours, and the
pressure, density, and velocity one-dimensional graphs, along and near the
vertical z-axis, at 12.0 ps, for a 16-mm-diam steel rod initially moving at 5
mm/ps penetrating PBX 9404.
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Fig. 29. (cont)
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Fig. 30.
Interface velocity at the rod tip for
a 16-mm-diam steel rod initially

moving at 1.5 mm/pys penetrating PBX
9404.
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Fig. 31.
Pressure, density, energy, U and V velocity, and mass-fraction contours and the
pressure, density, and velocity one~dimensional graphs along and near the verti-
cal z-axis, at 12.0 ps for a 16-mm-diam steel rod initially moving at 1.5 mm/us
penetrating PBX 9404.
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