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JET INITIATION AND PENETRATION OF EXPLOSIVES
Charles L. Mader and George H. Pimbley
Los Alamos National Laboratory
Los Alamos, New Mexico 87545 (USA)
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, copper, tantalum, aluminum, and water with steel, water,
and explosive targets.

The calculated and experimental critical condition for propa-

gating detonation may be described by the Held V2

d expression (jet
velocity squared times the jet diameter). In PBX 9502, jets
initiate an overdriven detonation smaller than the critical diam-
eter, which either fails or enlarges to greater than the critical
diameter while the overdriven detonation decays to the C~J state.
In PBX 9404, the jet initiates a detonation that propagates only
if it is maintained by the jet for an interval sufficient to
establish a stable curved detonation front.

The calculated penetration velocities into explosives, initi-

ated by a low-velocity jet, are significantly less than for non-

reactive solids of the same density. The detonation products near
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the jet tip have a pressure higher than that of nonreactive explo-
sives, and thus slow the jet penetration. At high jet velocities,
the calculated penetration velocities are similar for reactive and
inert targets.

INTRODUCTION

One of the first detailed treatments describing how a metal-
lic jet can be formed by imploding a metal cone or hemisphere, and
the resulting jet penetration of a metal target, was that of
Birkhoff, MacDougall, Pugh, and Taylor.1 The process of initia-
tion of explosives by copper jet penetration was investigated by
Held,2 who correlated observations using V?d, where Vj is the jet
velocity and d is the jet diameter. The V?d values at which
copper jets just caused propagating detonation in various explo-
sive targets have been called '"critical values."

Studies of shock initiation by jets near the critical condi~
tions contrast with other shock initiation studies. For the lat-~
ter, if detonation occurred, it was because the initiating shock
wave was of sufficient strength and duration to build up to deto-
nation. The propagating detonation was assured by the large geom-
etry. In near-critical jet initiation, however, a prompt detona-
tion of the explosive results, which develops into a propagating
detonation only if the shock wave produced by the jet is of suffi-
cient magnitude and duration.

Penetration velocities of projectiles interacting with explo-

sives initiated by the projectile are reported3 to be much lower
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than the penetration velocities in nonreactive solids of the same
density.

Jets formed by a shaped charge with a metal cone contain
small-diameter, high-velocity projectiles. They can be approxi-
mated by cylinders or balls of uniform velocity with the appropri-
ate dimensions. Behind the tip of the jet, the velocity of the
projectiles decreases.

If we assume that Bernoulli's theorem applies (that is, that
the flow is steady, 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

-1 2
p’ 2 PV

1

5 p.(V. -V
2 pJ( J p

Here p is density and V is velocity (subscript j implies jet, t

implies target, and p signifies penetration). Rearranging this

expression gives the velocity ratio

\
P _ 1 (1)
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It is customary to call this use of Bernoulli's theorem the "ideal
model."

Experimental data from many studies of jets pemetrating inert
targets indicate that Bernoulli's theorem gives a satisfactory
approximation for the Vp/Vj ratio. For example, Johnson's4 two-

dimensional numerical calculations of copper jet penetration into



14:11 16 January 2011

Downl oaded At:

aluminum targets adhere rather well to this ideal model. However,
the data and calculations by Rice3 of ball penetration into PBX
9404 or Composition B deviate seriously from the ideal model. The
measured penetration velocities were significantly less than pre-
dicted.

Our study examines jet and projectile penetration of both
nonreactive solids and explosives by comparing calculated and
experimental penetration. The object was that of understanding
the underlying processes, particularly with reference to the
failure of the ideal penetration model for explosives. The nu-
merical modeling was performed using the Los Alamos 2DE Eulerian
reactive hydrodynamic code with the shock initiation of heter-
5

ogeneous explosive burn model called Forest Fire.

STEEL JET PENETRATING STEEL

Two PHERMEX radiographs (shots 1181 and 1185) of a steel jet
penetrating a steel block have been published.6 The steel jet was
formed by a 4.0-mm-thick steel 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 hemisphere. The meas-
ured maximum velocity of the jet, 18 mm/ps, was at the jet tip.
Back from the tip, the velocity decreased approximately 1.3 mm/ps
for each 10 mm of length. The first radiograph was taken after
the jet had penetrated 45 mm of steel in 6 ps with an average
penetration velocity of 7.5 mm/ps. In the second radiograph, the

jet had penetrated an additional 35 mm of steel in 7.0 ps with an
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average penetration velocity of 5.0 mm/ps. The jet diameter was
uncertain because of its diffuse irregular boundaries in the
radiograph, but one can estimate the diameter as 8-12 mm.

This steel jet into steel experiment was modeled numerically
so as to furnish a benchmark for evaluation of the calculations.
Equation-of-state parameters used for 347 stainless steel were the
same as given in Appendix B of Ref. 7. The steel shock Hugoniot
was described by Us = 4.58 + 1.51 Up, where Us’Up are, respec-
tively, the shock and particle velocities. The initial density of
the steel was 7.917 mg/mm3 and the Griineisen coefficient y was
1.25. Elastic-plastic terms were negligible, and tension was per-
mitted only in the target. The cell size for this calculation was
0.2 mm square.

The calculated density profiles, with the experimental shock
front and interface from the radiographs superimposed, are shown
in Figs. 1 and 2 after 6.0 and 13 ps, respectively. The experi-
mentally observed jet penetration of the steel plate appears to be
adequately reproduced by the calculations, including the space
observed between the jet and target walls, and the splash wave.
The observed agreement between the radiographs and numerical model
suggests that the important features of jet penetration are being
described, and that we are justified in exploiting our investiga~
tive technique further. To test the ideal penetration model, we
will now simplify our jet to be a rod or sphere moving initially

with a uniform velocity.
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STEEL ROD PENETRATING STEEL.

Having demonstrated that steel target penetration by a steel
jet of decreasing velocity can be modeled numerically, we next ex-
amine the penetration physics of the simpler system of a 10-mm-
diammeter steel rod (with uniform velocity) penetrating a steel
block. In the numerical approximation, the computational mesh had
cells that were 1-mm square. The time step was 4 x 10-3 us. Two
initial velocities were selected for the rod: 15 and 10 mm/ps.

Pressure and velocity near the upper tip of the rod are shown
as functions of time in Fig. 3 for initial velocity of 15 mm/ps.
Contours of pressure, density, energy, and velocity are shown in
Fig. 4 at 8.0 ps. Events are similar for the 10-mm/ps rod and are
shown below in parentheses.

The steel rod propelled at 15 mm/ps (10 mm/ps) sends an
initial shock pressure of about 950 GPa (480 GPa) into the steel
target, along with a 16-mm/pgs (12.1 mm/ps) shock velocity and a
7.5-mm/pus (5.0 mm/ps) particle velocity. Radial motion of the
steel target decreased the tip pressure to about 250 GPa (100
GPa), and the particle velocity remained at about 7.5 mm/ps (5.0
mm/ps). The shock wave was supported by the higher pressure at
the rod-target interface.

These results are consistent with the following ideal pene-
tration model. For a planar shock wave (conditions near the pro-
jectile tip at early times), the shock impedance expression is

_ + . . .
Vj/vp 1 thst/ijsj’ where US is the shock velocity. For jets
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and targets of the same material, VP = %Vj for both the initial
shock match across the interface and for the later penetration
after steady state is achieved (Eq. 1). The shock pressure de-
creases from thsth to 5pV§, and the shock wave moves out into
the target ahead of the rod-target interface with a speed similar

to the penetration velocity of the rod.

TANTALUM ROD PENETRATION

To examine the effect of different materials on the pene-
tration process, we modeled an unreported experiment performed by
Campbell and Hantel at the Los Alamos National Laboratory.8 The
penetration velocity of the tantalum jet (Vj = 6.6 to 7.3 mm/ps)
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/mm3, and y = 1.4,
Two calculations were performed for 7.3~ and 6.6-mm/pPs tantalum
rods. The calculated penetration velocities were 4.0 mm/ps and
3.7 mm/ps, respectively, in good agreement with the experiments.

We also calculated the penetration of tantalum rods in water,
inert Composition B, and reactive Composition B. As predicted by
the ideal model, a tantalum (p = 16.69 mg/mm3) rod at a given
initial velocity penetrates inert Composition B (p = 1.715 mg/mm3)
faster than it does steel, and penetrates water (p = 1.0 mg/mms)
even faster. The ideal interface pressures and penetration veloc-
ities agree with the numerical results over a wide range of veloc-
ities and densities. The only exception in our studies was the

case of reactive Composition B, where the penetrating velocity was
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lower and the interface pressure was greater in the calculation
than in the ideal model. See the compared nonreactive and reac-
tive one-dimensional graphs of these pressures and velocities in
Fig. 5.

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

JET INITIATION OF EXPLOSIVES AND THE szd CRITICAL CONDITION

In this section we discuss the general topic of the initia-
tion of an explosive by projectiles of small diameter and high
velocity.

An early investigator was Held,2 who shot copper jets, form
ed by a shaped charge, through steel plates of varying thickness,
and observed the velocities of the resulting exit projectiles by
x-ray flash photography. These projectiles were then permitted to
interact with an explosive, and the critical velocity necessary
for initiation of propagating detonation was determined. He then
observed that his data could be correlated by assuming that the

critical quantity connected with this initiation was the velocity

(V) of the projectile squared times the diameter (d). If the

velocity is in millimeters per microsecond and the projectile jet
diameter is in millimeters, he reported that the critical V2d for
copper jets initiating 60/40 RDX/TNT at 1.70 g/cc was about 5.8.

Similar experiments have been performed by A. W. Campbell at
Los Alamos8 for copper jets initiating PBX 9404 (94/3/3 HMX/nitro-

cellulose/Tris-pf-chloroethyl phosphate at 1.844 mg/mm3) and PBX

10
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9502 (95/5 TATB/Kel-F at 1.894 mg/mm>). Critical values of VZd

were 127 *+ 5 mn>/ps® for PBX 9502, 16 * 2 mm>/us’ for PBX 0404,
37 mm3/|Js2 for 75/25 Cyclotol at 1.743 mg/mms, and 29 mm3/ps2 for
Composition B-3 at 1.713 mg/mm3.

The failure diameter of an unconfined explosive charge is
that diameter below which a propagating C-J detonation cannot
maintain itself. The failure diameter of PBX 9502 is 0.9 c¢m,
while that of PBX 9404 is 0.12 cm. This large difference is a
consequence of the shock initiation properties of these explo-
sives, as discussed in Ref. (5), pp. 264-266.

If one performs the pressure-particle velocity match shown in
Fig. 6 for copper at 5.0 mm/ps shocking inert PBX 9502, the pres-
sure match is 680 kbar, and at 6.0 mm/ps the pressure match is
920 kbar. Because the C-J pressure of PBX 9502 is 285 kbar, the
copper jet must initiate a strongly overdriven detonation. - The
projectile diameter {(~4 mm) was less than Half the failure di-
ameter (9.0 mm) of unconfined PBX 9502.

Also shown in Fig. 6, the pressure match is 340 kbar for
PBX 9404 being shocked by copper initially at 3.0 mm/ps and is
250 kbar at 2.5 mm/ps. The distance of run for PBX 9404 at 250
kbar (i.e., the distance that a shock, resulting from a 250-kbar
impulse, travels to detonation in shock initiation) is about
0.5 mm, so propagating detonation would occur very quickly. The
projectile diameter (~2 mm) is somewhat larger than the unconfined

PBX 9404 failure diameter (1.2 mm).

11
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These jet projectile experiments have been modeled numeric-
ally. In one set of calculations, a 2-mm-radius copper cylinder
(Vj = 7 mm/ps) penetrating PBX 9502, was modeled using a mesh
0.2 mm square. The calculated profiles are shown in Figs. 7 and
8. The 5-mm/ps initial velocity case was also calculated.

The copper projectile initiates an overdriven detonation
smaller than the critical diameter which enlarges to greater than
the critical diameter of PBX 9502. When the PBX 9502 was shocked
by the 5.0-mm/ps copper cylinder, the detonation was decayed by
side and rear rarefactions before enlarging to the critical di-
ameter.

The numerically obtained Vzd values given by these computa-
tions bracketed the Campbell experimental critiecal V2d of 127 for
copper projectiles. Further similar calculations were made for an
aluminum cylinder and a water cylinder. The shock pressure sent
into the explosive depends upon the material of the projectile, so
the aluminum must have a greater velocity or diameter than the
copper projectile to furnish an equivalent impulse to the PBX
9502. One then expects that the critical V2d is larger for alumi-
num than for copper and larger still for a water projectile.
These conclusions were confirmed by the calculations with the pre-
dicted Vzd for aluminum being 325 % 75, and for water about 800.
To first approximation, the PBX 9502 has a critical pV2d of 800.

Further computations were made of a copper cylinder of 1-mm

radius being shot into PBX 9404 at 3 mm/ps and at 2 mm/pys. The

12
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copper projectile initiates detonation which propagates only if it
is maintained by the shock long enough to establish a stable
curved detonation front. The numerical values of V2d bracketed
the experimental Campbell critical V2d of 16 for copper projec-
tiles initiating propagating detonation in PBX 9404. For aluminum
and water projectiles, the critical calculated V2d values were 60
+ 20 and 150 * 50, respectively. The critical szd for PBX 9404
is approximately 150.

The Vzd criterion introduced above, and used by Held and
Campbell, relates to a critical value abuve which a propagating
detonation is produced in a given explosive when shocked by a
projectile composed of a given material. We propose that a new
pV2d critical condition would be more general. Here, V = velocity
of the projectile, d = diameter of the projectile, and p = density
of the material of the projectile. A critical value, CV, of pV2d
(such that if szd > CV, the explosive goes off, and does not go
off otherwise) would be intrinsic for the explosive and substan-
tially independent of the projectile material.

STEEL BALL PENETRATION OF EXPLOSIVES

The penetration velocity of a 13-mm-diameter steel ball,
moving at various speeds and striking 25-mm-thick cylinders of
PBX 9404 or Composition B, was reported by Rice.3 We have modeled
this system numerically, comparing the results with the experi-
mental data of Frey.3 The mesh size was 0.5416 mm by 0.5 mm, and

the time step was 0.005 ps.

13
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Figure 9 shows the experimental data and the calculated
results for both PBX 9404 and Composition B targets. The ball
velocity loss, plotted vertically, is defined as the initial ball

velocity less the penetration velocity. The agreement between

_experimental and computational results shows that the model does

describe the important processes of explosive penetration and
initiation.

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, both the observed and calculated
penetration velocities were much lower than predicted by the ideal
model. As the ball velocity was increased above the critical
value for propagating detonation, the actual and ideal penetration
velocities gradually drew closer together. See Fig. 9.

A plot of the interface pressure and velocity in the Z di-
rection near the axis of the ball, as functions of time, for 1.0-
and 1.2-mm/ps balls penetrating PBX 9404 is shown in Fig. 10. The
faster ball causes prompt initiation of the PBX 9404, and the
interface pressure is. much higher, and velocity loss greater, than
for the slower ball (which does not cause prompt initiation).

.The critical ball velocity for PBX 9404 shown in Fig. 9 is
1.14 mm/ps. The V?d for this explosive, for steel penetration,
was 16.0; therefore, the ball has an effective diameter of

12.3 mm. The critical ball velocity for Composition B is 1.8

14
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mm/ps. The V?d for this explosive is 29; therefore, the ball has
an effective diameter of 9.0 mm when shocking Composition B.

STEEL ROD PENETRATION OF EXPLOSIVES

The steel ball exhibits a complicated flow. It was desirable
to examine a simpler system to test the ideal penetration model
and to determine why the ideal model fails for explosives. There-
fore, we replaced the ball by a steel rod of the same diameter,
and rods with velocities of 2.0 and 6.0 mm/ps were calculated
penetrating 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. 11 and 12.

The lowered penetration velocity of a projectile moving into
detonating (rather than inert) explosive is caused by the higher
pressure at the projectile-detonation product interface. The
ideal model assumes zero pressure at zero particle velocity, which
is correct for nonreactive solids. For explosives the constant
volume detonation pressure at zero particle velocity is approxi-
mately 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.

If we assume that the ideal model is appropriate for the
steel rod, and if we set the calculated detonation product in-
terface pressure (5.0 GPa for the 2.0-mm/ps rod) equal to
&pj(Vj - Vp)z, we estimate a 0.9 mm/ps penetration velocity. This

is close to the 1.0 mm/ps calculated.

15
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The relative difference between che ideal penetration veloc-
ity and the calculated penetration velocity decreases with in-
creasing projectile velocity. The ideal model improves at higher
projectile velocities, where the difference between the explosive
reactive and nonreactive pressures (of about 4 GPa) becomes insig-
nificant. See Fig. 12.

We have also modeled a 16-mm-diam steel rod moving at veloc-
ities lower than those necessary for initiating propagating det-
onation (1.0 mm/ps) in PBX 9404, and at velocities great enough to
penetrate the explosive faster than the detonation velocity (8.8
mm/ps). The study investigated the penetration velocity in explo-
sives 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 ve-
locity.

The computational problem consisted of a rectangular array of
cells, each 2 mm square. A time step of 0.008 ps was used in the
calculation. A summary of the calculations is presented in
Table I.

The interface or rod tip pressures and velocities as func-
tions of time, for a steel rod with a 15-mm/ps initial velocity
penetrating PBX 9404, are shown in Fig. 13. Pressure and mass
fraction contours for this rod are shown in Fig. 14. The pressure,

density, and velocity one-dimensional graphs along the z-axis are

16
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shown in Fig. 15. The steel rod penetrates the explosive at
10.6 mm/ps, and it forms a steady overdriven detonation wave mov-
ing at the same velocity as the steel rod, and with an overdriven
effective C-J pressure of 90 GPa. The C-J pressure of PBX 9404 is
36.5 GPa and the C-J detonation velocity is 8.8 mm/pgs. The calcu-
lation demonstrates that high-velocity jets cannot penetrate an
explosive charge without initiating an overdriven propagating
detonation.

When the rod penetration velocity becomes less than the C-J
detonation velocity, the detonation wave moves away from the rod
surface. To illustrate this, Fig. 16 shows density and mass
fraction contours at 12 ps for a steel rod with an initial veloc-
ity of 5 mm/pus. Fig. 17 shows the pressure, density, and velocity
along the z-axis at 12 ps. The steel rod penetrates the PBX 9404
at 3.2 mm/pgs. The detonation wave proceeds at 8.7 mm/pys with a
diverging effective C-J pressure of 35 GPa. The interface detona-
tion 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 lower 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 detonation. The steel rod with an initial velocity of

18
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1.5 mm/pMs penetrates the explosive at 0.6 mm/ps, which is
0.4 mm/ps slower than it would penetrate inert PBX 9404. 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/pys steel rod, where the explosive does not decompose, as
for the 1.5-mm/ps rod, where the explosive detonates.
CONCLUSTONS

1. For engineering purposes, the initial jet penetration veloc-
ity into an inert substance can be estimated, using the shock
impedance relationships (Vj/vp =1+ thst/ijsj and P = thSth).
Final penetration velocity can be estimated, using Bernoulli's
theorem (Vj/VP =1 +'th/pj). The interface pressure, P, at the
jet tip is estimated using P = % ptvg.
2. The calculated penetration velocity into explosives that are
initiated by low-velocity jets is significantly less than for
nonreactive solids of the same density. Reaction products near the
jet tip have a higher pressure than in inert materials of the same
density, and thus impede the jet pemetration. The effect is less
important as the jet velocities increase. Thus when the target is
a high explosive, the Bernoulli equation needs an additional term,
p*, [% pj(Vj - VP)2 =% ptV§ + p*)], where p* is approximately 4.0

GPa for the explosives studied.

19
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3. The critical jet or projectile velocity for initiating propa-
gating detonation can be estimated using the projectile diameter
and the Held critical V2d expression. In PBX 9502, the jets
initiate an overdriven detonation smaller than the critical diam-
eter, which either fails or enlarges to greater than the critical
diameter while the overdriven detonation decays to the C-J state.
In PBX 9404, the jet initiates a detonation that propagates only
if it is maintained by the jet for an interval sufficient to
establish a stable curved detonation front. A critical expression
independent of the projectile material is pV2d, where p is the
projectile density.

4. The above methods are approximate. If jet or projectile
velocity is not substantially constant, or if the projectile
length is not much greater than the diameter, numerical calcula-
tions will be necessary. The Held criterion may be useful even
when the projectile length is the same as the diameter.

5. A jet with a penetration velocity greater than the C-J det-
onation velocity of the target explosive gives an overdriven
detonation wave proceeding ahead of the jet with a velocity near
that of the jet.

6. 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 pro-
jectile length is known, the penetration depth and hole diameter

may .be calculated.

20
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FIGURE 1

Calculated density profiles after 6.0 Ps of penetration of a steel
block 110 mm long and 50 mm wide, by an 8.0-mm-thick steel jet
moving with a tip velocity that has decreased to 12 mm/ps from the
initial velocity of 18 mm/us. The experimental shock front pro-
file and target interface are shown as dashed lines. The jet has
penetrated 45 mm of steel. The density contour interval is 0.5
mg/mm3.
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FIGURE 2

Calculated density profiles after 13 us 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/ps from the
initial velocity of 18 mm/ps. The experimental shock front pro-
file and target interface are shown as dashed lines. The jet has
penetrated 80 mm of steel. The density contour interval is
0.5 mg/mm3.
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FIGURE 3

Calculated pressure and velocity at the interface between the ad-
vancing steel rod tip (whose initial velocity was 15 mm/ps) and
the target are shown as functions of time.
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FIGURE 4

Pressure, density, energy, and horizontal (U) and vertical (V)
velocity contours at 8.0 ps for a steel rod with a 15-mm/ps ini-
tial velocity penetrating a steel target. The pressure contour
interval is 50 GPa, the demsity 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 100 mm
high.

24



14:11 16 January 2011

Downl oaded At:

T T 1 ¥
o3} _
°
[«%
©
L o2} .
[+
=
n
()]
& ot _
a
0.0 [ e 0 1 ]
005 203 40 599 797 9.95
Z-DIRECTION
T 1 1
0.20 | =
’; poe
05 .
E
E
r
o oior ~
9
W
>
> 005 .
0.0 1 ] 1
0.05 2.03 40l 5.99 797

Z-DIRECTION

FIGURE 5, PART 1
Calculated one-dimensional graphs near the axis of the tantalum
rod (with a 2.0-mm/ps initial velocity) for a Composition B tar-
get, with and without reaction, after 6.0 ps. The interface is
shown by a star.
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FIGURE 5, PART 2
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FIGURE 6
The pressure-particle velocity Hugoniots for copper, PBX 9502, and
PBX 9404 with the reflected shock states for copper with initial
free-surface velocities of 6.0, 5.0, 3.0, and 2.5 mm/ps.
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FIGURE 7
The initial density profile and the pressure and mass fraction
profiles for a 4-mm-diameter copper cylinder of 7.0 mm/ps shocking
PBX 9502 at 0.75 ps. The isobar contour interval is 2 GPa and the
mass fraction contour is 0.05. The graph is 6 mm wide and 6 mm
high.
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FIGURE 8
The pressure profile along the axis is shown for a 4-mm-diameter
copper cylinder of 7.0 mm/ps shocking PBX 9502 at 0.75 us.
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FIGURE 9
Initial ball velocity vs the ball velocity loss for a 13-mm-diam-
eter steel ball penetrating PBX 9404 or Composition B-3.
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FIGURE 10, PART 1
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/us ball velocity is too slow to cause prompt
propagating detonation, whereas the 1.2-mm/ps ball does result in
a propagating detonation.
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FIGURE 10, PART 2
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FIGURE 11, PART 1
Interface pressure and velocity at the tip of a 6.5-mm-radius
steel rod initially moving at 2.0 mm/pgs into reactive and non-
reactive Composition B.
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FIGURE 12, PART 1
velocity at the tip of a 6.5-mm-radius

steel rod initially moving at 6.0 mm/ps penetrating reactive and

nonreactive Composition

B.
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FIGURE 13

Interface pressure and velocity at the tip of a 16-mm-diameter
steel rod initially moving at 15 mm/Ms penetrating PBX 9404.
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FIGURE 14
Pressure and mass-fraction contours at 8.8 ps, for a 16-mm-diam-
eter steel rod initially moving at 15 mm/ps penetrating PBX 9404.
The pressure contour interval is 20 GPa, the mass fraction inter-
val is 0.2. The graph is 50 mm wide and 130 mm high.
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FIGURE 15, PART 1
Pressure, density, and velocity one-dimensional graphs, along and
near the vertical z-axis, at 8.8 ps, for a l6-mm-diameter steel
rod initially moving at 15 mm/ps penetrating PBX 9404.
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FIGURE 16
Density and mass fraction contours at 12.0 ps, for a 16-mm-diam-
eter steel rod initially moving at 5 mm/Ms penetrating PBX 9404,
The density contour interval is 0.2 mg/mm3® and the mass fraction
interval is 0.2. The graph is 50 mm wide and 130 mm high.
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FIGURE 17, PART 1

and velocity one-dimensional graphs along and
near the vertical z-axis at 12.0 ps, for a 16-mm-diameter steel

rod initially moving at 5 mm/pys penetrating PBX 9404.
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