
C A L C U L A T I O N  O F  T H E  E X P L O S I O N  O F  H E X O G E N  IN A L U M I N U M  

P.  F .  K o r o t k o v  a n d  V. S. L o b a n o v  UDC 539.3 

A ca lcula t ion  i s  c a r r i e d  out for  a sphe r i ca l  explos ive  charge  in e l a s t i c - p l a s t i c  m a t e r i a l s  
with d i f ferent  y ie ld  points .  Veloci ty  and s t r e s s  p ro f i l e s  a re  shown for  s e ve r a l  ins tan ts  of 
t ime.  The zone of i n c r e a s e  of in te rna l  energy  of the m a t e r i a l ,  due to p l a s t i c  flow, is  shown. 
The va lues  of the energy  in the cavity and a lso  the k ine t ic  and p l a s t i c  e n e r g i e s  of the medium 
a re  ca lcula ted .  Compar i son  with an e xpe r i m e n t  c a r r i e d  out with an explos ion in aluminum [1] 
showed s a t i s f a c t o r y  ag reemen t  between the ca lcu la ted  and e xpe r i m e n t a l  ve loc i ty  prof i le  at the 
f ree  sur face .  

1. I n t r o d u c t i o n  

E x p e r i m e n t a l  da ta  on the c h a r a c t e r i s t i c s  of an explos ion in a solid body a re  incomple te .  Veloci ty  
p ro f i l e s ,  produced by the mot ion  of the f ree  sur face  r e m o t e  from the explosion in the e l a s t i c  zone a re  well 
known, as also the s ize  of the cavity a f te r  opening,  i . e . ,  a f te r  d i s c h a r g e  of the ga se s .  One of the methods  
of ca lcula t ion  is  given in [2-5]. The s a t i s f a c t o r y  ag reemen t  of the ca lcu la t ions  obtained in th is  pape r  with 
the expe r imen t a l  data  confirm s the val idi ty  of the method chosen for  de s c r i b i ng  the medium as an e l a s t i c -  
p l a s t i c  m a t e r i a l .  The d i s t r i bu t ion  obtained for  the p l a s t i c  zones of the m a t e r i a l ,  the energy  balance  dur ing  
the explos ion,  and the fo rmat ion  of e l a s t i c  waves  a r e  of i n t e r e s t .  

Two zones of mot ion were  d i s t inguished  for the ca lcula t ion  in this  paper;  

1) the exp los ive  zone, in which the detonat ion is  p ropaga ted  followed by the movement  of waves  
through the explos ion  p roduc t s .  The equation of s ta te  of the explos ion  p roduc t s  is  taken in a form s i m i l a r  
to the equation of s ta te  of an ideal  gas ,  in acco rdance  with [6]; 

2) the s o l i d - m a t t e r  zone, which is bounded by the cavity occupied by the explos ion p roduc t s  and the 
spher ica l  f ree  su r face .  The medittm is  conmdered  as an ideal  e l a s t i c - p l a s t i c  m a t e r i a l  with constant  p a r a -  
m e t e r s .  It is  a s sumed  that p l a s t i c i ty  begins  with the achievement  of the Mises  condit ion,  i . e . ,  when the 
second invar ian t  of the s t r e s s  dev ia to r  r e a c h e s  a value de t e r m i ne d  by the yie ld  point.  This  value was a s -  
sumed to be constant  in the ca lcula t ion .  

The dependence of the p r e s s u r e  on the volume and in terna l  energy is taken in the Mie-Gr( ine i sen  

form.  

2. System of Equations 

For nonstationary elastic-plastic motion in the spherical case in Lagrangian variables, the equations 
of motion, continuity and energy have the form 

~,, Ou .... Oz~ ,) __:r--  % (2.1) 
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Here u is the velocity, P is the density of the medium, P0 is the initial density, p is the p re s su re ,  % 
and aq are the radial  and tangential s t r e s ses ,  s r and s~o are the components of the s t r e s s  deviator ,  E is the 
i n t e r n a l  e n e r g y  pe r  uni t  m a s s ,  and e r and e~v a r e  the componen t s  of the d e f o r m a t i o n  t e n s o r .  

The s t r e s s - d e f o r m a t l o n  r e l a t i o n s  for  an e l a s t i c  m a t e r i a l  a r e  used  in the form 

OSr , Oe r, Osv Oe~" Oer' Oer t OV Oer 0% t OV 
ot - -  z P ' - M  ' .-g-( = 2p, -o'i- �9 ot = ot 3 v  ot ' ~ = '  ot 3V Ot 

(2.5) 

Here tz is the shear modulus; e '  r and e'q~ are the components of the deformation deviator.  These equa- 
tions are  obtained after  differentiation of Hooke's  law and the use of the continuity equation. 

The Mises condition for the s tar t  of plast ic  flow with spherical  symmet ry  has the ibrm 

(~r - -  ~)2 = yo2 (2.6) 

where Y0 is the yield point for  simple extension. 

When satisfying this condition, the P r a n d t l - R e u s s  equations should be used instead of Eq. (2.5): 

0 t 05~ 
Oe," as, + ksr ,  21 ~ % = - -  

2.u - ~  = .-~ Ot Ot + ~ (2.7) 

The quantity ~ is determined from the yield condition by the equations 

3g.w Oer" A- Oew' X = 0  (W<0), ~ =  ~ (W>/0), W=s~  ~ / - _ 2 s ~ - ~ -  (2.8) 

Here W is the rate  of energy dissipation during plast ic flow (per unit volume). 

The equation of state was used in the form (special case of the Mie-Gr i /ne i sen  equation) 

/i (2.9) 

Here a, b, c, and F are experimental  constants. 

In o rder  to calculate the detonation zone of the explosive and the motion of the explosion products ,  the 
equation of state suggested in [6] was used, and this was approximated in the following way: 

(~/v' p . p, (~-- T,) 
P = P l  W o /  , E - -  ptTa--l) I 9,('r~-i)(Tl--l) (P~ 'P*)  

(2.10) / .~ \v, p 
v=p2  ) e-.. p,) 

' ? ('~2 - -  1) 

The values of the constants for hexogen are p ,  = 1714 bar,  T1= 2.81, Y2 = 1.26, pl= 10.6.104 bar,  P2 = 
= 1.1- 104 bar,  and P0= 1.5 g/cm 3. 

Equations (2.1)-(2.3) were used to descr ibe  the motion of the explosion products ,  in which the s t ress  
deviator constants were assumed to be equal to zero.  Equations (2.10) were used instead of Eq. (2.9). 

3 .  T h e  D i f f e r e n c e  S y s t e m  o f  C a l c u l a t i o n  

Equations (2.1)-(2.10) were approximated by a difference system similar  to the one used in [2]. If 
the s t ressed  state after evaluation by the laws of elast ici ty proved to be such that the left-hand side of Eq. 
(2.6) is g rea te r  than the r ight-hand side, reduction of the s t r e ss  deviator  was car r ied  out by multiplying 
s r and sg o by the factor n 
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n = 1' U , Y o  (s~ ~- _s.:-) ~ ( 3 . 1 )  

T h i s  r e c a l c u l a t i o n  c o r r e s p o n d s  to the a p p l i c a t i o n  of the c o m p l e t e  r e l a t i o n s  of the  t h e o r y  of p l a s t i c i t y  
(2.7) and (2.8) [2]. 

The  s c h e m e  f r o m  [2J was  s u p p l e m e n t e d  by the u se  of  a s p e c i a l  type  of  a v e r a g i n g .  

A f t e r  c a l c u l a t i n g  a l l  the  p a r a m e t e r s  in a new l a y e r  with r e s p e c t  to t i m e ,  a v e r a g i n g  was  c a r r i e d  out  
a s  n e c e s s a r y  in o r d e r  to r e d u c e  v a r i a t i o n s .  When c a l c u l a t i n g  e l a s t i c - p l a s t i c  p r o b l e m  s x~qthout a v e r a g i n g ,  
long i tud ina l  o s c i l l a t i o n s  a r e  o b s e r v e d  d u r i n g  t r a n s i t i o n  f rom the zone of e l a s t i c i t y  to the zone of  p l a s t i c i t y  
and v i ce  v e r s a ,  the c a l c u l a t i o n  of the  s t r e s s e s  in which  a r e  c a r r i e d  out with d i f f e r e n t  f o r m u l a s .  

In th i s  s c h e m e ,  the v e l o c i t y  was  a v e r a g e d  on ly  a f t e r  i t s  new va lue  had been c a l c u l a t e d .  C a l c u l a t i o n  
of  the  s p e c i f i c  v o l u m e , p r e s s u r e ,  and c o o r d i n a t e s  was  e f f ec t ed  with a v e r a g e d  v e l o c i t y  v a l u e s .  

V e l o c i t y  a v e r a g i n g  was  c a r r i e d  out  in e a c h  l a y e r  with r e s p e c t  to t i m e  but not  a t  e v e r y  coun tab le  point ,  
and only  at t h o s e  a r o u n d  which the s c a l e d  v e l o c i t i e s  had d i f f e r e n t  s igns  to le f t  and r i g h t .  At the f i r s t  and 
l a s t  po in t s ,  a v e r a g i n g  w a s  not c a r r i e d  out ,  f o r  the p u r p o s e  of  i m p r o v i n g  the c a l c u l a t i o n  of  the shock  w a v e s .  
Consequen t ly ,  a v e r a g i n g  was  not c a r r i e d  out  e n t i r e l y  in the  m o n o t o n i c  p r o f i l e .  

A v e r a g i n g  was  e f f ec t ed  at  the poin t  i ,  if the  condi t ion  

sign (ui - -  ui-1) 4 = sign (ui+l - -  ui) (3.2) 

was  fu l f i l l ed .  

We w r i t e  the m o m e n t u m  equa t ion  b e f o r e  and a f t e r  v e l o c i t y  a v e r a g i n g :  

"' l(ui--1 + ui) mi.v,  , -  (ui + u , d  rai+,,I = <ui) (mi..,, q- m,,,,) (3.3) 

The  quan t i ty  mi+:/2 i s  the m a s s  of the m e d i u m  be tween  the po in t s  i and i + 1. 

We ob t a in  the equa t ion  by which v e l o c i t y  a v e r a g i n g  w a s  c a r r i e d  out:  

t t  i u i +lt~l  i~ 1".. -'1- ~t i _  l m i _ t  , t 

(u~> = ~ + 2 ( , . . ,  -!-.q_,.) (3.4) 

t l e r e  (u i) i s  the  a v e r a g e d  va lue  of the  v e l o c i t y .  

In o r d e r  to v e r i f y  the w o r k i n g  of the s c h e m e ,  a c a l c u l a t i o n  of the p r o b l e m  w a s  c a r r i e d  out  in the  
e l a s t i c  r e g i o n ,  fo r  which t h e r e  i s  an e x a c t  a n a l y t i c  so lu t ion:  when t =  0, a cons t an t  p r e s s u r e  o r i g i n a t e s  in 
the cav i t y  and i s  m a i n t a i n e d .  A s a t i s f a c t o r y  a g r e e m e n t  i s  ob t a ined  be tween  the c a l c u l a t e d  and e x a c t  s o l u -  
t ion in the r e g i o n  of con t inuous  flow. The  shock  wave  d i f f u s e s  with an a r t i f i c i a l  v i s c o s i t y .  

4. Results of the Calculations 

In t h i s  p a p e r ,  c a l c u l a t i o n s  have  been  c a r r i e d  out  for  e x p l o s i o n s  of hexogen  in a l u m i n u m  A1-00, an -  
nea led  Do-16 ,  and quenched  Dura l  Dz -16 .  The  c o n s t a n t s ,  de f in ing  t h e i r  p r o p e r t i e s ,  a r e  shown in T a b l e  1. 
T h e s e  v a l u e s  a r e  t aken  to be the  s a m e  a s  in [6]. 

In the  c a l c u l a t i o n ,  the r a d i u s  of the e x p l o s i v e  was  r 0= 3.2 m m .  The p i t ch  o v e r  the s p a c e  in the  r e -  
gion of the e x p l o s i v e  w a s  0.05 m m .  R e f l e c t i o n  f rom the c e n t e r  was  p r o c e s s e d  l ike  r e f l e c t i o n  f rom a r i g i d  

T A B L E  1" 

No. on Material 
graphs 

1 A I  - -  0 0  
2 Do-- 16 
3 D z -  t6 

Po, 
g/crna 

2.71 
2.78 
2.81 

6.40 
6.47 
6.57 

v ~ b  ~s' a, 
ar kbar 

! 

0.36 [ 0.44 787 
0.33 [ t.57 770 
0.33 2.89 803 

b, c, ~, 
kbar kbar .kbar 

1.t75 380 243 
1.343 360 295 
1.2t0 400 308 

* H e r e  c / i s  the l ong i t ud i na l  v e l o c i t y  of sound;  a s i s  the y i e l d  point .  

571 



/~.r 

~p 
m/sec 

_ . ,  

1 
f 
I 

.j,r 

! P'X 

"r "0. 

/5 20 ~, ,usec 25 

Fig .  1 

~/~or " .... 
: "  .1 

. , : "  

7O 

! 
~ 1 7 6 1 7 6 1 7 6 1 7 6 1 7 6  

~176 
g .  

~176 , .~* 

.: . . . . : : : : : ~  
. ."  ..:....- 

zo t./~ 

Fig. 2 

"6~, j  

s 

s 

L_~ i d 

U ,  m ' s e e  

Ygo 

fo 

o 
#0 

F ig .  3 F ig .  4 

sphere  of r a d i u s  0.051 mm.  

Calculat ion of the detonat ion was c a r r i e d  out by the "spreading"  of the energy  r e l e a s e  at ce r t a in  
points .  The r a t e  of t r ave l  of the energy  r e l e a s e  zone was equivalent  to an ass igned  detonation ve loc i ty  of 
7.56 �9 105 cm/sec. The ca lo r i f i c  value of the explos ive  was a s sumed  equal to 1345kcal /kg  [6]. 

As a r e s u l t  of the calcula t ion,  it was  found that at the ins tant  of emergence  at the boundary of the 
explos ive ,  the p r e s s u r e  p rof i l e  of the computed zone coinc ides  s a t i s f ac to r i l y  with the s e l f - s i m i l a r  prof i le  
of a spher ica l  detonation.  

F o r  compar i son  with expe r imen t ,  the explosion in aluminum was computed in the p r e s e n c e  of a f ree  
sur face  at d i s t ances  of 11.8,7.9, and 5.4 cm from the center  of the explosion for  m a t e r i a l s  1, 2, and 3 r e -  
spect ive ly ,  in accordance  with the da ta  of the table.  

F i g u r e  1 shows the veloci ty  of the f ree  sur face  as a function of t ime  for  the three  m e d i a ,  d i f fer ing 
only in yie ld  point ~see table) .  The expe r imen ta l  veloci ty  p ro f i l e s  [1], obtained for  the ve ry  same va lues  
of the p a r a m e t e r s  of the problem as in the calcula t ion,  a r e  shown dashed.  The numbers  denote the number  
of the m a t e r i a l  in the table .  The ag reemen t  i s  s a t i s f a c t o r y  with r e s p e c t  to ampli tude and wavelength.  

Calcula t ions  were  c a r r i e d  out in which the f ree  sur face  was located at a d i s tance  f rom the explosion.  
F i g u r e s  2 to 6 r e p r e s e n t  the r e s u l t s  of the ca lcula t ions  in which the shock wave had not yet  r eached  the 
f ree  surface .  

F i g u r e  2 shows the r eg ions  of p l a s t i c i t y  in the t i m e - d i s t a n c e  d iag ram for the th ree  m a t e r i a l s .  An 
e l a s t i c  wave is  moving in front  with constant  veloci ty .  Behind it:  also with constant  ve loci ty ,  a p l a s t i c  wave 
is  moving.  The width of th is  f i r s t  reg ion  of p l a s t i c i ty  i s  de t e rmined  by the appropr i a t e  a r t i f i c i a l  v i scos i ty ,  
i . e . ,  in fact  i t s  width is  equal to zero as,  following it ,  a r a r e f a c t i o n  wave i s  propagat ing.  When the s t r e s s  
i s  reduced  to zero in the p l a s t i c i t y  wave, th is  region d i s a p p e a r s  at the t imes  34t 0, 18t0, and 12t0, r e s p e c t i v e -  
ly,  for  m a t e r i a l s  1, 2, and 3. 

572 



The second reg ion  of p l a s t i c i t y  s t a r t s  a f te r  the r a r e f a c t i o n  wave, c lose to the cavity.  T rans i t i on  to 
e l a s t i c  s t r e s s e s  o c c u r s  l a t e r  than in the f i r s t  reg ion ;  s t r e s s  r e l i e f  begins  at the boundary  of the cavity and 
at a high .rate, exceeding  the ve loc i ty  of sound by a fac tor  of ten, e n c o m p a s s e s  the en t i r e  region.  At l a t e r  
t imes ,  with r e v e r s a l  of the motion of the cavi ty,  yet  another  reg ion  of p l a s t i c i t y  adjacent  to the cavi ty  o r i g in -  
a tes  in all  three  m a t e r i a l s .  It a lso ends in rap id  s t r e s s  re l i e f .  

F i g u r e  3 shows the va lues  of the s t r e s s  ~r (continuous l ines) and cr~ (dashed lines) in kbar  at the t i m e s  
7t 0' 16to, and 30% for  a ca lcula t ion  of an explosion in unconfined annealed Dural  Do-16 (ma te r i a l  2). The 
quantity to=ro/C l i s  equal to the t r a n s i t  t ime  of a longitudinal wave to a d i s tance  equal to the charge  r ad ius .  
The d i s t ances  r he re  and in F igs .  4 and 5 a re  Lagrangian  coord ina tes  of p a r t i c l e s  equal to the i r  ini t ia l  d i s -  
tance from the cen te r  of the explosion.  

The f i r s t  pa i r  of p r o f i l e s  c o r r e s p o n d s  to the t ime 7% when p l a s t i c  flow o c c u r s  in the reg ion  f rom the 
front and up to the cavity,  in accordance  with Fig .  2 (ma te r i a l  2). 

The next p a i r  of p r o f i l e s  is  given at the ins tant  16%. Here ,  there  a re  two reg ions  of p las t ic i ty :  one 
c lose  to the wave front  and the o ther  c lose  to the cavi ty.  

At the t ime t = 30t 0' p l a s t i c  flow o c c u r s  only c lose  to the cavity,  around which movemen t  at the center  
of the explosion occu r s .  I l e re  ]a~l > ICSr!. At e a r l i e r  t imes ,  the inequali ty sign is opposi te .  

F i g u r e  4 shows the veloci ty  p ro f i l e s  for the ca lcula t ion  of  an cxplosion in m a t e r i a l  2. The f igures  
near  the cu rves  denote the magni tude  of the r a t io  t/t0. When t=30t0, the re  ex i s t s  a l a rge  region  of r e v e r s e  
motion r ight  up to r = 21r 0. However,  only c lose  to the cavity up to r =  3.5r 0 does  p la s t i c  flow occur .  

Qual i ta t ive ly  s i m i l a r  r e l a t i o n s  a r e  obtained for m a t e r i a l s  1 and 3. 

F i g u r e s  5 and 6 show the r e s u l t s  of an energy  calculat ion of a d i f ferent  fo rm.  

In Fig .  5, the continuous l ines  r e p r e s e n t  the change with t ime  of the magni tude of the total  p l a s t i c  
energ3, Ep. r e l a t i v e  to the explos ion energy  En. This  pa r t  of the explos ion energy is  expended on heating 
up the medium.  The f igures  near  the cu rvcs  denote the number  of the m a t e r i a l .  We note the weak depend-  
ence of the final value of this  energy  on the y ie ld  point of the m a t e r i a l  t48.5% in A1-00; 44.5~ in Do-16; and 
42.0~4 in Dz-16).  In the m o r e  durab le  m a t e r i a l ,  the p l a s t i c  energy  i s  confined to a smal l  region in the v i -  
cinity of the explos ion ,  as  only here  a r e  there  suff ic ient ly  l a rge  s t r e s s e s .  Heating of the medium in the 
m o r e  durab le  m a t e r i a l  i s  cons ide r ab ly  g r e a t e r .  This  is  shown in F ig .  5 by the dashed l ines .  I l e re ,  the 
final increment of the specific thermal internal energy AE T in ca]/g for the three materials (I, 2, and 3) 
is shown as a function of the relative distance r /r  0. 

The total energy balance at different instants is shown in Fig. 6. The continuous line shows the cal- 
culation for an explosion in Dz-16, the dashed line for Do-16, and the dots for AI-00. 

The distance from the axis of abscissa to the lower curve is proportional to the energy in the cavity 
E c. This energy in the more durable material is greater, as the c~vity in it is expanding less. Ultimately, 
22.5, 31.5. and 36r;7. of the total  explos ion  energ3' r e m a i n s  in the cavi ty,  for m a t e r i a l s  1. 2, and 3 r e s p e c t i v e -  
ly. 

The d i s t ance  from this  curve to the next one i s  p ropor t iona l  to the p l a s t i c  energy  Ep. 

The magni tude  of the k inet ic  energy  E k has a max imum at the instant  when the e l a s t i c  wave p a s s e s  
to a d i s tance  of 10, 4. and 3 charge  r ad i i  in m a t e r i a l s  1, 2, and 3 r e s p e c t i v e l y .  After  p l a s t i c  flow cea se s ,  
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8, 7, and 6% respect ively  of the total explosion energy remains  as kinetic energy.  

The magnitude of the elast ic  deformation energy E e is plotted above the kinetic energy curve. 

The accuracy  of the calculations can be judged by the upper curve. The total energy imbalance does 
not exceed 3%. Variat ions occur  because of the elast ic  energy.  

The calculations carr ied  out showed the relat ively weak dependence of the final energy distribution on 
the yield point of the mater ia l .  

The authors thank V. N. Rodionov for interest  in the work. 
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