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THREE-DIMENSIONAL MODELING OF EXPLOSIVE DESENSITIZATION BY PRESHOCKING
by
Charles L. Mader and James D. Kershner
Los Alamos National Laboratory
Los Alamos, New Mexico 87545 (USA)
ABSTRACT

The reactive three-dimensional hydrodynamic Code 3DE has been used
to investigate the reactive hydrodynamics of desensitization of hetero-
geneous explosives by shocks too weak to initiate propagating detona-
tion in the geometries studied.

The preshock desensitizes the heterogeneous explosive by closing
the voids and making it more homogeneous. A higher pressure second
shock has a lower temperature in the multiple shocked explosive than in
single shocked explosive. The multiple shock temperature may be low
enough to cause a detonation wave to fail to propagate through the

preshocked explosive.
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INTRODUCTION

Shock 1initiation of heterogeneous explosives proceeds by the
process of shock interaction at density discontinuities such as voids
which produces local hot spots that decompose and add their energy to
the flow. The released energy strengthens the shock so that when it
interacts with additional inhomogeneities, higher temperature hot spots
are formed and more of the explosive is decomposed. The shock wave
grows stronger and stronger, releasing more and more energy until
propagating detonation occurs. The process has been numerically

1 It describes the

modeled using the technique called Forest Fire.
decomposition rates as a function of the Pop plot (the experimentally
measured distance of run to detonation as a function of the shock
pressure) and the reactive and nonreactive Hugoniots.

It has been observed that preshocking a heterogeneous explosive
with a shock pressure too lTow to cause propagating detonation in the
time of interest can cause a propagating detonation in unshocked ex-
plosive to fail to continue propagating when the detonation front
arrives at the previously shocked explosive. The resulting explosive
desensitization was modeled using a Forest Fire decomposition rate that
was determined only by the initial shock pressure of the first shock
wave passing through the explosive.2 This model could reproduce the
experimentally observed explosive desensitization of TATB (triamino-
trinitrobenzene) explosives previously shocked by short duration 25 and
50-kilobar pulses. It could not reproduce the observed results for low
or high preshock pressures that do net cause a propagating detonation

to fail.
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The purpose of this study was to determine the mechanism of the
explosive desensitization by preshocking using a three-dimensional
reactive hydrodynamic model of the process. With the mechanism deter-
mined, it was possible to modify the decomposition rate to include both
the desensitization and failure to desensitize effects.

Experimental Studies

Dick3 performed a PHERMEX radiographic study of detonation waves
in PBX-9502 (95/5 Triaminotrinitrobenzene/Kel-F binder at 1.894 g/cm3)
proceeding up a 6.5- by 15.0-cm block of explosive that was preshocked
by a 0.635-cm steel plate moving at 0.08 (Shot 1698) or 0.046 cm/ps
(Shot 1914). The static and dynamic radiograph for Shot 1698 are shown
in Fig. 1. The preshocked PBX-9502 explosive quenches the detonation
wave as it propagates into the block of explosive.

Travis and CampbeH4 performed a series of experiments studying
densensitization of PBX-9404 (94/3/3 HMX/Nitrocellulose/CEF at
1.844 gm/cm3) by shocks. The PBX-9404 explosive was 8 x 4 x 1/3 in.
and cemented to a thick sheet of Plexiglas. It was immersed in water
at various distances from a 6-in.-diameter sphere of PBX-9205 which
served as the preshock generator. When the arrangement was fired, a
detonation swept downward through the PBX-9404 and encountered an
upward-spreading shock wave from the PBX-9205 generator. Events were
photographed with a framing camera.

They concluded that the detonation in PBX-9404 is not quenched by
a preshock of 7.5 kbars. An 1ll-kbar initial shock pressure required a
time lapse of about 6 ps before the detonation wave failed and a

25-kbar preshock required less than 1 ps.
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THREE-DIMENSIONAL MODELING

To investigate the mechanism of explosive desensitization by
preshocking, we used the reactive hydrodynamic code called 3DE.5 It
uses numerical techniques identical to those described in detail in
Reference 1. It has been used to study the interaction of multiple
detonation waves,6 the basic processes in shock initiation of hetero-
geneous exp]osives,7’8 and the reactive hydrodynamics of a matrix of
tungsten particles in HMX.9

The HOM equation-of-state constants for TATB, which consist of the
BKW detonation product and the soiid equation-of-state constants, are
given in Reference 7. The Arrhenius reactive rate law was used for
TATB with the constants determined for solid TATB by Raymond N. Roger‘s1
of an activation energy of 59.9 kcal/mole and a frequency factor of
3.18 x 108 ps™1,

A constant velocity piston was applied to the bottom of a TATB
explosive cube shocking the explosive to the desired pressure. When a
higher pressure second shock was to be introduced, the piston velocity
was increased and other piston state values changed as appropriate for
a multiple shock of the required pressure.

A single shock pressure of 290 kbars in TATB has a density of
2.8388 g/cm3, particle velocity of 0.21798 cm/us, energy of
0.02376 mb cc/g, and temperature of 1396 °K. A second shock pressure
of 290 kbars in TATB initially shocked to 40 kbars has a density of
2.878 g/cm3, energy of 0.017759 mb-cc/g, particle velocity of
0.2040 cm/us, and temperature of 804.2 °K.

When a shock wave interacts with a hole, a hot spot with tempera-

tures hotter than the surrounding explosive is formed in the region
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above the hole after it is collapsed by the shock wave. The hot region
decomposes and contributes energy to the shock wave, which has been
degraded by the hole interaction.

Whether this energy is sufficient to compensate for the loss from
the hole interaction depends upon the magnitude of the initial shock
wave, the hole size, and the interaction with the flow from nearest
neighbor hot spots.

The hole size present in pressed explosives varies from holes of
20 to 600 A in the TATB crystals to holes as large as 0.05 cm in the
explosive-binder matrix. Most of the holes vary in size from 0.005 to
0.0005 cm in diameter, so we examined holes in that range of diameters.

The interaction of a 40-kbar shock with a single 0.004-cm-diameter
air hole in TATB was modeled. The three-dimensional computational grid
contained 15 by 15 by 36 cells each 0.001 cm on a side. The time step
was 0.0002 ps. After 0.025 ps, the 40-kbar shock had collapsed the
hole and a 290-kbar shock wave was introduced which passed through the
40-kbar preshocked region and overtook the 40-kbar shock wave.

The shock temperature in the bulk of the TATB and the adiabatic

explosion times are given below:

First Shock (kbar) 40 290 40
Second Shock (kbar) 290
Temperature (°K) 362.5 1396 804.2
Explosion Time (us) 1019 10_6 3.85

Thus, the multiple shocked explosive would require 3.85 ps for a pro-
pagating detonation to form and only 10-6 us if singly shocked to
290 kbar.
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The density and burn faction surface contours are shown in Figs. 2
and 3 and the cross sections through the center of the hole are shown
in Fig. 4.

The 40-kbar shock wave collapsed the hole and formed a small weak
hot spot which was not hot enough to result in appreciable decomposi-
tion of the TATB.

The 290-kbar shock wave temperature was not hot enough to cause
explosion during the time studied in the bulk of the explosive pre-
viously shocked to 40 kbars; however, the additional heat present in
the hot spot formed by the 40-kbar shock wave after it interacted with
the hole was sufficient to decompose some of the explosive after it was
shocked by the 290G-kbar wave.

Propagating detonation occurred immediately after the 290-kbar
shock wave caught up with the 40-kbar preshock.

To investigate the effect of the interaction of a matrix of holes
with a multiple shock profile, a matrix of 10% air holes located on a
hexagonal close packed lattice in TATB was modeled. The spherical air
holes had a diameter of 0.004 cm. The initial configuration is shown
in Fig. 5. The three-dimensional computational grid contained 16 by 22
by 36 cells each 0.001 cm on a side. The time step was 0.0002 ps.
Figure 6 shows the density and mass fraction cross sections for a
40-kbar shock wave followed after 0.045 ps by a 290-kbar shock wave
interacting with a matrix of 10% air holes of 0.004-cm-diameter in
TATB.

The preshock desensitized the explosive by closing the voids and
made it more homogeneous. The higher pressure second shock wave pro-
ceeded through the preshocked explosive until it caught up with the

preshock.
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The three-dimensional modeling study demonstrated that the desen-
sitization occurs by the preshock interacting with the holes and elim-
inating the density discontinuties. The subsequent higher pressure
shock waves interact with a more homogeneous explosive. The multiple
shock temperature is lower than the single shock temperature at the
same pressure, which is the cause of the observed failure of a detona-
tion wave to propagate in preshocked explosives for some ranges of
preshock pressure.

The modification indicated by the three-dimensional study to the
Forest Fire decomposition rate being Timited by the initial shock
pressure was to add the Arrhenius rate law to the Forest Fire rate.

The Forest Fire rate for TATB is shown in Fig. 7 along with the
Arrhenius rate calculated using the temperatures from the HOM equation-
of-state for the partially burned TATB associated with the pressure as
determined by Forest Fire. We will proceed using a burn rate deter-
mined by Forest Fire limited to the initial shock pressure and the

Arrhenius rate using local partially burned explosive temperatures.

TWO-DIMENSIONAL MODELING

The experimental geometries studied using PHERMEX shown in Fig. 1
were numerically modeled using a reactive hydrodynamic computer code,
2DL, that solves the Navier-Stokes equation by the finite-difference
techniques described in Reference 1. The users manual for the 2DL code
is described in Reference 10. For explosives that have been previously
shocked, Craig5 experimentally observed that the distance of run to
detonation for several multiple shocked explosives was determined pri-

marily by the distance after a second shock had overtaken the Tower
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pressure shock wave {the preshock). To approximate this experimental
observation, we programmed the calculation to use Forest Fire rates
determined by the first shock wave or the rates determined by any
subsequent release waves that result in lower pressures and lower
decomposition rates. As suggested by the three-dimensional study, we
added the Arrhenius rate using the local partially burned explosive
temperatures to the Forest Fire rate. The HOM equation-of-state and
Forest Fire constants used to describe PBX-9502 (X0290) and PBX-9404
are given in Reference 1.

The calculated pressure and mass fraction contours for PHERMEX
Shot 1698 are shown in Fig. 8 along with the radiographic interfaces.

The 2DL calculation had 50 by 33 cells to describe the PBX-9502
and 50 by 5 cells to describe the steel plate. The mesh size was
0.2 cm and the time step was 0.04 pus.

The PHERMEX shot was numerically modeled using various velocity
steel plates. The results are shown in Table I. The results agree
with the experimental evidence that detonation wave failure occurs in
preshocked TATB shocked by steel plates with velocities of 0.046 and
0.08 cm/ps.
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TABLE I. 9502 Desensitization Calculations

Steel Plate Preshock Result Upon Arrival of

Velocity Pressure Detonation Wave
(cm/ps) (kbar)
0.020 9 Detonates preshocked HE
0.030 14 Fails in preshocked HE
0.045 23 Fails in preshocked HE
0.080 50 Fails in preshocked HE
0.100 70 Fails in preshocked HE
0.120 90 Detonates preshocked HE and
after 1.5 ¢m run
0.160 130 Detonates preshocked HE
0.200 180 Detonates preshocked HE

The Travis and Campbell experiments described previously can be
evaluated using calculated multiple shock temperatures and solid HMX

Arrhenius constants determined from Craig's single crystal shock ini-

11 1

tiation data. His data and the Walsh and Christian

shock hugoniot

temperatures for HMX7 are given below:

Calculated
Pressure Induction Time Shock Temperature
(kbars) (us) °
420 0.05 1809.6
358 0.272 1489.3
320 Failed 1340.0

Using the adiabatic explosion time expression (page 145 of Reference 1)

¢ = CRTZ E/RT
exp  QZE

with R = 1.987, C = 0.4, and Q = 800, we can calculate that the E
(activation energy) is 34.8 kcal/mole and Z (frequency factor) is 3.0 x

104 psec-l. This is much slower than the liquid HMX constants1 of
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13 psec-l.

Raymond A. Rogers where E = 52.7 kcal/mole and Z = 5.0 x 10

The solid kinetics of HMX is very complicated with an initial slow
reaction succeeded by acceleratory and deceleratory periods. The
initial slow reaction has been studied by Maksimov.12 He reported an
activation energy of 37.9 kcal/mole and a frequency factor of 1.58 x

105 psec-l.

R. Rogers and J. Janney have reported many solid HMX rate
constants depending upon where they are studying the reaction period.
An unpublished experimental study of the "initial" rate gave an acti-
vation energy of 33.9 kcal/mole and a frequency factor of 4.8 x
10° psec L.

The results are summarized below:

Source E Z
Craig Shock Initiation Data 34.8 3.0 x 104
Maksimov (initial solid) 37.9 1.6 x 10°
Rogers and Janney (initial solid) 33.9 4.8 x 105
Rogers (liquid) 52.7 5.0 x 1083

Within the experimental errors and the uncertainty associated with the
calculated Hugoniot temperatures, the initial solid constants agree
with the constants derived from the shock initiation data. The liquid
constants are clearly not appropriate for the single crystal HMX shock
initiation experiment or for shock desensitization studies.

The calculated 9404 multiple shock results using solid HMX
Arrhenius constants obtained from Craig's single crystal shock initia-
tion data are shown in Table II. Induction times Tess than 0.2 ps were
calculated for the 7-kbar preshock that was observed to fail to quench

a detonation wave. Induction times of 0.35 to 4 ps were calculated for
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the preshock pressures observed to have a time lapse before the detona-
tion wave failed. Larger induction times were calculated for a 50-kbar
preshock pressure; however, the 50-kbar pre-shock would build to deto-
nation in 0.4 cm or 0.75 ps.

The experimental observations of Travis and Campbell are consis-
tent with the desensitization being caused by the preshock making the
explosive more homogeneous and reducing the explosive temperature upon

arrival of the detonation wave by the multiple shock process.

TABLE II. 9404 Multiple Shock Results

First Shock Second Shock Temperature Induction Time*

(kbar) (kbar) (°K) (us)
360 0 1669 0.051
7 360 1442 0.198
10 360 1368 0.345
15 360 1267 0.821
20 360 1185.1 1.87
25 360 1117.9 4.04
50 360 916.8 84.4

*Solid HMX, E = 34.5 kcal/g, Z = 4.0 x 10 ps™!

CONCLUSIONS
The desensitization of heterogeneous explosive by preshocking may
be attributed to the preshock closing the voids, thus making the explo-
sive more homogenecus. The failure of a detonation wave to propagate
in the preshocked explosive may be attributed to the lower temperature
that occurs in the multiple shocked explosive than in the singly

shocked explosive.
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A rate law that combines the Forest Fire rate limited to the rate
determined by the initial shock pressure and the Arrhenius rate law
permits a description of multiple shocked explosive behavior for many

engineering purposes.
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FIGURE 1
Static and dynamic radiograph 1698 of PBX-9502 shocked by a 0.635-cm-
thick steel plate going 0.08 cm/us and initiated by 2.54 cm of TNT and
a P-40 lens.
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FIGURE 2
The density surface contours for a 40-kbar shock interacting with a
single 0.004-cm-diameter air hole in TATB followed after 0.025 ps by a
290-kbar shock wave.
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The burn fraction contours for the system shown in Fig. 2.
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FIGURE 5
The initial configuration of a matrix of 10% air holes in TATB.
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96 PHERMEX SHOT %08

FIGURE 8
The pressure and mass fraction contours for a detonation wave in
PBX-9502 interacting with explesive that had been previously shocked to
50 kbars. The PHERMEX radiographic interfaces are shown. The mass
fraction contour interval is 0.1 and shown as a thick almost solid
line. The pressure contour interval is 40 kbars.
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