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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 reac t ive  three-dimensional hydrodynamic Code 3DE has been used 

t o  inves t iga te  the reac t ive  hydrodynamics o f  desens i t i za t ion  o f  hetero- 

geneous explosives by shocks too weak t o  i n i t i a t e  propagating detona- 

t i o n  i n  the geometries studied. 

The preshock desensit izes the heterogeneous explosive by c los ing  

the  voids and making i t  more homogeneous. A higher pressure second 

shock has a lower temperature i n  the m u l t i p l e  shocked explosive than i n  

s ing le  shocked explosive. The m u l t i p l e  shock temperature may be low 

enough t o  cause a detonation wave t o  f a i l  t o  propagate through the 

pres hocked explosive. 
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INTRODUCTION 

Shock i n i t i a t i o n  o f  heterogeneous explosives proceeds by the 

process o f  shock i n t e r a c t i o n  a t  dens i ty  d i s c o n t i n u i t i e s  such as voids 

which produces l oca l  ho t  spots t h a t  decompose and add t h e i r  energy t o  

the f low. The released energy strengthens the shock so t h a t  when i t  

in te rac ts  w i t h  add i t iona l  inhomogeneities, h igher temperature hot spots 

are formed and more o f  the  explosive i s  decomposed. The shock wave 

grows stronger and stronger, re leas ing  more and more energy u n t i l  

propagating detonation occurs. The process has been numerical ly 

modeled using the technique c a l l e d  Forest  Fire. '  It describes the 

decomposition ra tes  as a func t ion  o f  t he  Pop p l o t  ( the  exper imental ly 

measured distance o f  run t o  detonat ion as a func t i on  o f  the  shock 

pressure) and the reac t i ve  and nonreact ive Hugoniots. 

It has been observed t h a t  preshocking a heterogeneous explosive 

w i t h  a shock pressure too  low t o  cause propagating detonation i n  the 

time o f  i n t e r e s t  can cause a propagating detonat ion i n  unshocked ex- 

p los ive  t o  f a i l  t o  continue propagating when the detonation f r o n t  

a r r i ves  a t  the prev ious ly  shocked explosive. The r e s u l t i n g  explosive 

desens i t i za t ion  was modeled using a Forest  F i r e  decomposition r a t e  t h a t  

was determined on ly  by the i n i t i a l  shock pressure o f  the  f i r s t  shock 

wave passing through the  explosive.2 This model could reproduce the 

experimental ly observed explosive desens i t i za t i on  o f  TATB (tr iamino- 

t r in i t robenzene) explosives prev ious ly  shocked by sho r t  dura t ion  25 and 

50-ki lobar pulses. It could not reproduce the  observed r e s u l t s  f o r  low 

o r  high preshock pressures t h a t  do no t  cause a propagating detonat ion 

t o  f a i l .  
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The purpose o f  t h i s  study was t o  determine the mechanism o f  the 

explosive desens i t i za t ion  by preshocking using a three-dimensional 

reac t i ve  hydrodynamic model o f  the process. With the mechanism deter-  

mined, i t  was possible t o  modify the decomposition r a t e  t o  include both 

the desens i t i za t ion  and f a i l u r e  t o  desensi t ize e f fec ts .  

Experimental Studies 

Dick’ performed a PHERMEX radiographic study o f  detonation waves 

i n  PBX-9502 (95/5 Triaminotrinitrobenzene/Kel-F binder a t  1.894 g/cm ) 

proceeding up a 6.5- by 15.0-cm block o f  explosive t h a t  was preshocked 

by a 0.635-cm s tee l  p la te  moving a t  0.08 (Shot 1698) o r  0.046 cm/ps 

(Shot 1914). The s t a t i c  and dynamic radiograph f o r  Shot 1698 are shown 

i n  Fig. 1. The preshocked PBX-9502 explosive quenches the detonat ion 

wave as i t  propagates i n t o  the b lock  o f  explosive. 
4 

3 

Travis and Campbell performed a ser ies o f  experiments studying 

densensi t izat ion o f  PBX-9404 (94/3/3 HMX/Nitrocel lulose/CEF a t  
3 1.844 gm/cm ) by shocks. The PBX-9404 explosive was 8 x 4 x 1/3 in .  

and cemented t o  a t h i c k  sheet o f  Plexiglas.  It was immersed i n  water 

a t  various distances from a 6-in.-diameter sphere o f  PBX-9205 which 

served as the preshock generator. When the  arrangement was f i r e d ,  a 

detonat ion swept downward through the PBX-9404 and encountered an 

upward-spreadi ng shock wave from the PBX-9205 generator. Events were 

photographed w i t h  a framing camera. 

They concluded t h a t  the detonation i n  PBX-9404 i s  no t  quenched by 

a preshock o f  7.5 kbars. An 11-kbar i n i t i a l  shock pressure requ i red  a 

t ime lapse o f  about 6 ps before the detonation wave f a i l e d  and a 

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

To i nves t i ga te  the mechanism o f  explosive desens i t i za t ion  by 

preshocking, we used the reac t ive  hydrodynamic code c a l l e d  3OE.’ I t  

uses numerical techniques i d e n t i c a l  t o  those described i n  d e t a i l  i n  

Reference 1. I t  has been used t o  study the i n t e r a c t i o n  o f  m u l t i p l e  

detonation waves,6 the basic processes i n  shock i n i t i a t i o n  o f  hetero- 

geneous  explosive^,^'^ and the reac t i ve  hydrodynamics o f  a mat r ix  o f  

tungsten p a r t i c l e s  i n  HMX. 9 

The HOM equat ion-of-state constants f o r  TATB, which cons is t  o f  the 

BKW detonat ion product and the s o l i d  equat ion-of-state constants, are 

given i n  Reference 7. The Arrhenius reac t i ve  r a t e  law was used f o r  
1 TATB w i t h  the  constants determined f o r  s o l i d  TATB by Raymond N. Rogers 

o f  an a c t i v a t i o n  energy o f  59.9 kcal/mole and a frequency f a c t o r  o f  

3.18 ,.L? 
A constant v e l o c i t y  p i s ton  was app l ied  t o  the  bottom o f  a TATB 

explosive cube shocking the explosive t o  the  desired pressure. When a 

higher pressure second shock was t o  be introduced, the  p i s t o n  v e l o c i t y  

was increased and other p i s t o n  s ta te  values changed as appropr iate f o r  

a m u l t i p l e  shock o f  the  required pressure. 

A s ing le  shock pressure o f  290 kbars i n  TATB has a dens i ty  o f  

2.8388 g/cm3, p a r t i c l e  v e l o c i t y  o f  0.21798 cm/ps, energy o f  

0.02376 mb cc/g, and temperature o f  1396 OK. A second shock pressure 

o f  290 kbars i n  TATB i n i t i a l l y  shocked t o  40 kbars has a dens i ty  o f  

2.878 g/cm , energy o f  0.017759 mb-cc/g, p a r t i c l e  v e l o c i t y  o f  

0.2040 cm/ps, and temperature o f  804.2 OK.  

3 

When a shock wave in te rac ts  w i t h  a hole, a ho t  spot w i t h  tempera- 

tu res  h o t t e r  than the  surrounding explosive i s  formed i n  the  reg ion  
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above the hole a f t e r  i t  i s  col lapsed by the shock wave. The ho t  reg ion  

decomposes and contr ibutes energy t o  the shock wave, which has been 

degraded by the hole in te rac t ion .  

Whether t h i s  energy i s  s u f f i c i e n t  t o  compensate f o r  the loss  from 

the hole i n te rac t i on  depends upon the magnitude o f  the i n i t i a l  shock 

wave, the hole s ize,  and the i n t e r a c t i o n  w i t h  the f low from nearest 

neighbor ho t  spots. 

The hole s ize  present i n  pressed explosives var ies from holes o f  

20 t o  600 A i n  the TATB c rys ta l s  t o  holes as la rge  as 0.05 cm i n  the  

explosive-binder matr ix.  Most o f  the holes vary i n  s i ze  from 0.005 t o  

0.0005 cm i n  diameter, so we examined holes i n  t h a t  range o f  diameters. 

The in te rac t i on  o f  a 40-kbar shock w i t h  a s ing le  0.004-cm-diameter 

a i r  hole i n  TATB was modeled. The three-dimensional computational g r i d  

contained 15 by 15  by 36 c e l l s  each 0.001 cm on a side. The t ime step 

was 0.0002 ps.  A f t e r  0.025 ps, the  40-kbar shock had col lapsed 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 i n  the bu lk  o f  the  TATB and the ad iabat ic  

explosion t imes are given below: 

F i r s t  Shock (kbar) 40 290 40 

Second Shock (kbar) 290 
Temperature ( O K )  362.5 1396 804.2 
Explosion Time (ps) 3.85 

Thus, the m u l t i p l e  shocked explosive would requ i re  3.85 ps f o r  a pro- 

pagating detonat ion t o  form and on ly  ps i f  s ing l y  shocked t o  

290 kbar. 
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The densi ty and burn f a c t i o n  surface contours are shown i n  Figs. 2 

and 3 and the cross sections through the center o f  the hole are shown 

i n  Fig. 4. 

The 40-kbar shock wave col lapsed the  hole and formed a small weak 

hot spot which was no t  ho t  enough t o  r e s u l t  i n  appreciable decomposi- 

t i o n  o f  the TATB. 

The 290-kbar shock wave temperature was no t  ho t  enough t o  cause 

explosion dur ing the  t ime s tud ied  i n  the  b u l k  o f  the  explosive pre- 

v ious ly  shocked t o  40 kbars; however, the add i t i ona l  heat present i n  

the hot spot formed by the 40-kbar shock wave a f t e r  i t  in te rac ted  w i t h  

the hole was s u f f i c i e n t  t o  decompose some o f  the explosive a f t e r  i t  was 

shocked by the 290-Rbar wave. 

Propagating detonat ion occurred immediately a f t e r  the 290-kbar 

shock wave caught up w i t h  the 40-kbar preshock. 

To inves t iga te  the  e f f e c t  o f  the  i n t e r a c t i o n  o f  a mat r ix  o f  holes 

w i th  a mu l t i p le  shock p r o f i l e ,  a ma t r i x  o f  10% a i r  holes located on a 

hexagonal c lose packed l a t t i c e  i n  TATB was modeled. The spher ical  a i r  

holes had a diameter o f  0.004 cm. The i n i t i a l  con f igura t ion  i s  shown 

i n  Fig. 5. The three-dimensional computational g r i d  contained 16 by 22 

by 36 c e l l s  each 0.001 cm on a side. The t ime step was 0.0002 ps. 

Figure 6 shows the dens i ty  and mass f r a c t i o n  cross sections f o r  a 

40-kbar shock wave fol lowed a f t e r  0.045 ps by a 290-kbar shock wave 

in te rac t i ng  w i t h  a ma t r i x  o f  10% a i r  holes o f  0.004-cm-diameter i n  

TATB . 

The preshock desensi t ized the  explosive by c los ing  the voids and 

made i t  more homogeneous. The higher pressure second shock wave pro- 

ceeded through the preshocked explosive u n t i l  i t  caught up w i t h  the 

preshock. 
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The three-dimensional modeling study demonstrated t h a t  the desen- 

s i t i z a t i o n  occurs by the preshock i n t e r a c t i n g  w i t h  the holes and el im- 

i n a t i n g  the densi ty d iscont inu t ies .  The subsequent higher pressure 

shock waves i n t e r a c t  w i t h  a more homogeneous explosive. The m u l t i p l e  

shock temperature i s  lower than the s ing le  shock temperature a t  the  

same pressure, which i s  the cause o f  the observed f a i l u r e  o f  a detona- 

t i o n  wave t o  propagate i n  preshocked explosives f o r  some ranges o f  

preshock pressure. 

The mod i f i ca t ion  ind ica ted  by the three-dimensional study t o  the 

Forest F i r e  decomposition ra te  being l i m i t e d  by the  i n i t i a l  shock 

pressure was t o  add the Arrhenius r a t e  law t o  the Forest F i r e  ra te .  

The Forest F i r e  r a t e  f o r  TATB i s  shown i n  Fig. 7 along w i t h  the  

Arrhenius r a t e  calculated using the temperatures from the  HOM equation- 

o f - s ta te  f o r  the p a r t i a l l y  burned TATB associated w i t h  the pressure as 

determined by Forest F i re .  We w i l l  proceed using a burn r a t e  deter-  

mined by Forest F i r e  l i m i t e d  t o  the  i n i t i a l  shock pressure and the  

Arrhenius r a t e  using l oca l  p a r t i a l l y  burned explosive temperatures. 

TWO-DIMENSIONAL MODELING 

The experimental geometries studied using PHERMEX shown i n  Fig.  1 

were numerical ly modeled using a reac t i ve  hydrodynamic computer code, 

2DL, t h a t  solves the Navier-Stokes equation by the f i n i t e - d i f f e r e n c e  

techniques described i n  Reference 1. The users manual f o r  the  2DL code 

i s  described i n  Reference 10. For explosives t h a t  have been prev ious ly  

shocked, Craig’ experimental ly observed t h a t  the distance of run  t o  

detonation f o r  several mu l t i p le  shocked explosives was determined p r i -  

mar i l y  by the distance a f te r  a second shock had overtaken the  lower 
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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 p s .  

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 Desensi t izat ion Calculat ions 

Steel P la te  Preshock Result Upon A r r i v a l  o f  
Ve loc i ty  Pressure Detonation Wave 

(cmhs) (kbar) 

0.020 9 Detonates preshocked HE 

0.030 
0.045 
0.080 
0.100 

14 F a i l s  i n  preshocked HE 
23 F a i l s  i n  preshocked HE 
50 F a i l s  i n  preshocked HE 
70 F a i l s  i n  preshocked HE 

0.120 90 Detonates preshocked HE and 

0.160 130 Detonates preshocked HE 
0.200 180 Detonates preshocked HE 

a f t e r  1.5 cm run 

The Travis and Campbell experiments described prev ious ly  can be 

evaluated using ca lcu la ted  m u l t i p l e  shock temperatures and s o l i d  HMX 

Arrhenius constants determined from Cra ig ’s  s ing le  c r y s t a l  shock i n i -  

t i a t i o n  data.” His data and the Walsh and Christ ian’ shock hugoniot 

temperatures f o r  HMX are given below: 7 

Calculated 
Pressure Induct ion Time Shock Temperature 
(kbars) ( V S )  ( O K )  

420 
358 
320 

0.05 
0.272 
Fai l e d  

1809.6 
1489.3 
1340.0 

Using the adiabat ic explosion t ime expression (page 145 o f  Reference 1) 

2 - CRT ,E/RT 
texp - ~ r r  

w i t h  R = 1.987, C = 0.4, and Q = 800, we can ca lcu la te  t h a t  the  E 

(ac t i va t i on  energy) i s  34.8 kcal/mole and 2 (frequency fac to r )  i s  3.0 x 

10 psec-l.  This i s  much slower than the l i q u i d  HMX constants’ o f  4 
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-1 . 

The s o l i d  k i n e t i c s  o f  HMX i s  very complicated w i t h  an i n i t i a l  slow 

reac t ion  succeeded by acceleratory and deceleratory periods. The 

i n i t i a l  slow reac t i on  has been s tud ied  by Maksimov.12 He reported an 

a c t i v a t i o n  energy o f  37.9 k c a l h o l e  and a frequency f a c t o r  o f  1.58 x 

10  psec-l .  R. Rogers and J. Janney have reported many s o l i d  HMX ra te  

constants depending upon where they are studying the reac t ion  period. 

An unpublished experimental study o f  the " i n i t i a l "  r a t e  gave an a c t i -  

va t ion  energy o f  33.9 kcal/mole and a frequency fac to r  o f  4.8 x 

l o 5  psec-l .  

Raymond A. Rogers where E = 52.7 kcal/mole and Z = 5.0 x 1013 psec 

5 

The r e s u l t s  are summarized below: 

Z - E Source - 

Craig Shock I n i t i a t i o n  Data 34.8 3.0 x l o 4  

Rogers and Janney ( i n i t i a l  s o l i d )  33.9 4.8 x l o 5  
Maksimov ( i n i t i a l  s o l i d )  37.9 1.6 l o 5  

Rogers ( l i q u i d )  52.7 5.0 

Wi th in  the experimental e r ro rs  and the uncer ta in ty  associated w i t h  the 

ca lcu la ted  Hugoniot temperatures, t he  i n i t i a l  s o l i d  constants agree 

w i t h  the constants der ived from the  shock i n i t i a t i o n  data. The l i q u i d  

constants are c l e a r l y  no t  appropr iate f o r  the  s ing le  c r y s t a l  HMX shock 

i n i t i a t i o n  experiment o r  f o r  shock desens i t i za t i on  studies.  

The ca lcu la ted  9404 m u l t i p l e  shock r e s u l t s  using s o l i d  HMX 

Arrhenius constants obtained from Cra ig ' s  s ing le  c r y s t a l  shock i n i t i a -  

t i o n  data are shown i n  Table 11. Induc t ion  times less  than 0.2 ps  were 

ca lcu la ted  f o r  the  7-kbar preshock t h a t  was observed t o  f a i l  t o  quench 

a detonation wave. Induc t ion  t imes o f  0.35 t o  4 ps were ca lcu la ted  f o r  
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the preshock pressures observed t o  have a t ime lapse before the  detona- 

t i o n  wave f a i l e d .  Larger induct ion times were ca lcu la ted  f o r  a 50-kbar 

preshock pressure; however, the 50-kbar pre-shock would b u i l d  t o  deto- 

na t ion  i n  0.4 cm o r  0.75 ps. 

The experimental observations o f  Trav is  and Campbell are consis- 

t e n t  w i t h  the desens i t i za t ion  being caused by the preshock making the 

explosive more homogeneous and reducing the explosive temperature upon 

a r r i v a l  o f  the  detonation wave by the  m u l t i p l e  shock process. 

TABLE 11. 9404 Mu l t i p le  Shock Results 

F i r s t  Shock Second Shock Temperature Induc t ion  Time* 
(kbar) (kbar) (OK) ( P S I  

360 
7 

10 
15 
20 
25 

0 1669 0.051 
360 1442 0.198 

360 1368 0.345 
360 1267 0.821 
360 1185.1 1.87 
360 1117.9 4.04 

50 360 916.8 84.4 
~~~~ ~ ~ 

4 -1 *So l id  HMX, E = 34.5 kcal/g, Z = 4.0 x 10 ps 

CONCLUSIONS 

The desens i t i za t ion  o f  heterogeneous explosive by preshocking may 

be a t t r i b u t e d  t o  the  preshock c los ing  the voids, thus making the  explo- 

s i ve  more homogeneous. The f a i l u r e  o f  a detonat ion wave t o  propagate 

i n  the  preshocked explosive may be a t t r i b u t e d  t o  the  lower temperature 

t h a t  occurs i n  the  mu l t i p le  shocked explosive than i n  the  s ing l y  

shocked explosive. 
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A ra te  law t h a t  combines the Forest F i r e  r a t e  l i m i t e d  t o  the r a t e  

determined by the i n i t i a l  shock pressure and the Arrhenius r a t e  law 

permits a descr ip t ion  o f  m u l t i p l e  shocked explosive behavior f o r  many 

engineering purposes. 
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FIGURE 1 
Static and dynamic radiograph 1698 o f  PBX-9502 shocked by a 0.635-cm- 
thick steel plate going 0.08 cm / p  and initiated by 2.54 cm o f  TNT and 
a P-40 lens. 
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FIGURE 2 
The density surface contours f o r  a 40-kbar shock interact ing with a 
single 0.004-cm-diameter a i r  hole i n  TATB followed a f t e r  0.025 ps by a 
290-kbar shock wave. 
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FIGURE 3 
The burn fraction contours for the system shown in F ig .  2. 
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FIGURE 4 
The density and burn fraction cross sections through the center o f  the 
hole for  the system shown i n  Fig. 2. 
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FIGURE 5 
The i n i t i a l  configuration o f  a matrix of 10% air holes i n  TATB. 
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FIGURE 6 
The density and mass fractions cross sections are shown 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. 
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FIGURE 7 
The burn r a t e  as a function o f  pressure f o r  the Forest F i r e  burn model 
m d  the Arrhenius r a t e  law using the HOM temperatures associated wi th  
the Forest F i r e  pressures. 
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FIGURE 8 
The pressure and mass f ract ion contours f o r  a detonation wave i n  
PBX-9502 in teract ing with explosive t h a t  had been previously shocked t o  
50 kbars. The PHERMEX radiographic inter faces are shown. The mass 
f r a c t i o n  contour interval  i s  0 . 1  and shown as a t h i c k  almost s o l i d  
l i n e .  The pressure contour interval  i s  40 kbars. 
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