
E X P L O S I O N - I N D U C E D  P L A N E  S H O C K - W A V E  A T T E N U A T I O N  

IN A S O L I D  B O D Y  

V. N. K o n d r a t ' e v ,  I .  V.  N e m e h i n o v 0  a n d  Bo D.  K h r i s t o f o r o v  

P lane  shock-wave a t tenuat ion of a solid body induced by the explosion of an explosive 
l ayer  at the sur face  is ca lcula ted in a quas i - acous t i c  approximat ion.  The r e su l t s  a re  
compared  with exper imen ta l  data obtained by exploding a 50~50 compound of t ro tyl  and 
hexogen at the sur face  of a luminum and b r a s s .  Measuremen t s  were made by e l e c t r o -  
contact and capaci tance  methods at va ry ing  d is tances  f rom the charge,  the ma x i mum 
dis tance  being ten t imes  the th ickness  of the charge.  

1o The knowledge of shock-wave p a r a m e t e r s  is r equ i red  in many eng inee r ing  appl icat ions  of explo- 
s ives  and in inves t iga t ions  of m a t e r i a l s  subjected to cons iderab le  p r e s s u r e .  The theory of p las t ic i ty  shows 
that the re laxa t ion  of an in i t i a l ly  compres sed  ma te r i a l  passes  consecut ive ly  through e las t ic  and plas t ic  
s tages .  Exper imen t  [1] had shown that a s i m i l a r  sequence is observed in p r oc e s se s  in which re laxa t ion  
waves reach  the shock front  f rom behind, with the f i r s t  r a r e fac t ion  wave moving at the veloci ty  of e las t ic  
expansion which co r re sponds  to the p r e s s u r e  behind the front  and an ampli tude approximate ly  equal to 
four t imes  the dynamic  yield s t r e s s .  

P rev ious ly ,  the hydrodynamic  ca lcula t ions  of explos ive-wave at tenuat ion in solid bodies were ca r r i ed  
out  on the assumpt ion  of constant  ent ropy throughout the flow region,  including the shock-wave front  [2, 3]. 
In that case,  the solut ion is a s imple  wave with C+-charac te r i s t i e so  The Murnaghan equation was used in 
[3] as the i sen t rop ic  equation of state,  while [2] a s sumed  that the R iemann  invar i an t  is of the same form as 
for  a gas and that the re la t ion  between the p r e s s u r e  and the speed of sound is defined by the polytropic law. 
However ,equat ions  of s tate  of this kind do not agree with sufficient  accuracy  with the shock adiabate in the 
full range  of inves t iga ted  p r e s s u r e s .  

Exper imen ta l  data on shock c o m p r e s s i b i l i t y  are  usua l ly  r ep re sen t ed  by the l i nea r  dependence between 
the l i n e a r  veloci ty  N and the mass  veloci ty u of the shock wave 

N=(x + ~u, (1.1) 

Hence 

p = o0 Nu = p0, (~ + ~u). (1.2) 

Here p is the p r e s s u r e  and P0 is the ini t ia l  dens i ty  of the ma t e r i a l .  

The p rob lem was solved on the assumpt ion  that (1.2) is sa t is f ied not only at the wave front  but also 
behind it. This a s sumpt ion  yields  s t r a igh t - l i ne  c h a r a c t e r i s t i c s  in Lagrang ian  coordina tes  and is exact for 
equat ions of state of a special  kind. The compar i son  of ma te r i a l  p a r a m e t e r s  af ter  i ts  re laxat ion,  as de-  
r ived f rom the special  equation of state,  with those obtained f rom equations of state defining the behavior  
of rea l  solid bodies [4, 6] makes  it poss ib le  to evaluate the upper  l imi t  of appl icabi l i ty  for the q u a s i - a c o u s -  
t ic method in reg ions  of high p r e s s u r e .  It was shown in [7] that up to p r e s s u r e s  of p ~ lo 5p0az, the e r r o r  
in such ca lcu la t ions  is, as in gases ,  of the o rde r  of a few percent .  
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2. The p r o b l e m  of p lane  shock-wave  a t tenuat ion  induced by the exp los ion  of an exp los ive  l a y e r  at a 
so l i d -body  su r f ace  was  so lved  in a q u a s i - a c o u s t i c  app rox ima t ion  in [7]. 

The equat ion of s ta te  fo r  the exp los ion  p roduc t s  was chosen  in the f o r m  

P = APa' (2.1) 

where  the  cons tant  A was d e t e r m i n e d  f r o m  the Chapman-Jougue t  condi t ions  at the detonat ion  f ront .  The 
en t ropy  i n c r e m e n t  at the de tona t ion-wave  f ront  r e f l e c t e d  f r o m  the e x p l o s i v e s - m a t e r i a l  i n t e r f ace  was d i s -  
r e g a r d e d .  

The m a t e r i a l  is  a s s u m e d  to be a pe r f ec t  fluid for  which v i s c os i t y ,  t h e r m a l  conduct iv i ty ,  and r i g i d i t y  
could be  neg lec ted .  This  a s sumpt ion  is e n t i r e l y  s a t i s f a c t o r y  in shock loads  at p r e s s u r e s  c o n s i d e r a b l y  ex -  
ceeding  the y ie ld  s t r e s s  of the m a t e r i a l .  It would be diff icul t ,  however ,  to e s t i m a t e  a p r i o r i  the e r r o r  
r e s u l t i n g  f rom the app l i ca t ion  of th is  a s sumpt ion  in the r e l a xa t i on  r eg ion .  The a s sumpt ion  of en t ropy  con-  
s t ancy  throughout  the med ium,  including the t r a n s i t i o n  through the shock,  i s  t an tamount  to  neg lec t ing  
the t e r m s  ~ (u/~) a in the solut ion.  The va l id i ty  of th is  a s sumpt ion  for  low c o m p r e s s i o n s  was d e m o n s t r a t e d  
in [7]. With these  a s s u m p t i o n s  the solut ion is  a s imp le  wave with s t r a i g h t  C + - c h a r a c t e r i s t i c s ~  In so lv ing  
th is  p r o b l e m ,  the r e l a t i onsh ip  (1.2) be tween  p r e s s u r e  and ve loc i ty  of the m a t e r i a l  was taken  to be the s ame  
throughout  the r eg ion  of motion,  as  wel l  as  the f ront .  In th is  case ,  a solut ion with s t r a igh t  C + - c h a r a c t e r -  
i s t i c s  can be obtained in L a g r a n g i a n  coo rd ina t e s ,  without the i s e n t r o p i c i t y  a s sumpt ion .  

Le t  us wr i t e  the equation of mot ion  in L a g r a n g i a n  c o o r d i n a t e s  

Ou dp 
0--/- + -5s = 0. 

Using  (1.2),  we obtain the equat ion 

(2.2) 

Ou Ou 
o-7 + i (~) ~ = 0. (2.3) 

whose so lu t ions  a r e  u=cons t  and p =  cons t  a long s t r a igh t  l i ne s  of s lope  

dm dp 
~-- = ! (u) = ~-u = P0 (~ + 2~u). (2.4) 

Equat ion (1.2) co inc ides  with the Riemann  inva r i an t  to within t e r m s  of the  o r d e r  of (u /a )  a , A m o r e  
a c c u r a t e  e s t i m a t e  of the quas i acous t i c  app rox ima t ion  e r r o r  cannot be given without c o m p a r i n g  the d e p e n -  
dence p(u) used  h e r e  with the R iemann  inva r i an t  de r i ve d  f rom spec i f i c  equat ions  of s t a t e .  

T h e r e  ex i s t s  an equat ion of s ta te  of a spec i a l  kind which exac t ly  s a t i s f i e s  (1.2) for  the l i n e a r i t y  of 
c h a r a c t e r i s t i c s  in L a g r a n g i a n  c o o r d i n a t e s .  Subst i tut ing (204) into the equat ions  of cont inui ty  and energy ,  
we obta in  

OV t Ou Oe p (u) Ou 
ot - - - -  f (u) Ot ' ot - -  l (u) Ot " (2.5) 

Equat ion (2.5) conta ins  only d e r i v a t i v e s  with r e s p e c t  to t ;  hence,  i n t eg ra t ing  (2.5) at the f ixed point  
m, we d e r i v e  the dependence  be tween  p r e s s u r e  p, spec i f i c  vo lume V, and the spec i f i c  i n t e rna l  ene rgy  e 

p = p0u (~ + ~u) 

V =Vo L r }- " ~  In 

u2 + ul~ ~ ~2 ~ + 2~ul (2.6) 
e =  4 + -4~  (u - "  uO - -  " ~  ln  h + ~ u  " 

The m a s s  ve loc i ty  u in the r a r e f a c t i o n  wave appea r ing  in Eqs .  (2.6) is  a p a r a m e t e r  whose value ul, 
at the ins tant  of p a s s i n g  at the  f ixed point  m through the f ront ,  r e p r e s e n t s  the en t ropy  funct ion.  

Le t  us c o m p a r e  the b e h a v i o r  of r e l a x a t i o n  c u r v e s  emana t ing  f r o m  poin ts  a long the shock ad iaba te  for  
the equat ion (2.6) of s ta te  with that  d e r i v e d  by  o the r  equat ions  of s ta te  [4-6].  The dependence  of dens i ty  
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Fig.  I 

;~ and of specif ic  energy  e .  in the final state of re laxat ion ,  no rma l i zed  
with r e spec t  to densi ty  P0 and specif ic  energy  el at the front,  on the 
d imen s i on l e s s  p r e s s u r e  pl*=pJp0 ~2 at the front  is shown in Fig.  1 in 
the fo rm of curves  der ived  f rom these five equat ions of s ta te .  Curves  
denoted by 1 . . . . .  5 re la te ,  r espec t ive ly ,  to the equation (2.6) of 
state,  to those f rom [4] for ~/=3 and f rom [5] and [6] for T =2. 

We note, in the re laxa t ion  ca lcula t ion  by these equations of state, 
s t ra t i f i ca t ion  of the ma te r i a l  into phases  was not taken into c o n s i d e r a -  
t ion.  This is t rue  for shor t  re laxa t ion  t imes ,  s ince the s tate  of the 
med ium in which s t ra t i f i ca t ion  would have been poss ib le  is metas tab le .  

The conformi ty  (within a few percent)  of re laxa t ion  curves  calcula ted by these equat ions of state can 
be observed  to extend up to p r e s s u r e s  Pl ~ 1 .5 .  Accordingly,  we can conclude that condi t ion (1.2) is  s a t i s -  
fied with the same accu racy  up to such p r e s s u r e s .  This  defines the upper  l imi t  of appl icabi l i ty  of the quas i -  
acoust ic  ca lcu la t ion  method.  

3. Let a detonat ion wave be in i t ia ted at ins tan t  t=0 at point x=0 of the c ha r ge - f r e e  sur face .  On the 
above a s sumpt ions ,  the flow throughout the region  left of the e x p l o s i v e s / m e d i u m  in te r face  will be defined 
by a s imple  cen t r a l i zed  wave with s t ra ight  C + - c h a r a c t e r i s t i c s  

x ~ (u + c) t = wt (3.1) 

where c is the speed of sound. To find the t r a j e c t o r y  of the media  in ter face ,  at which dx/d t=u,  we dif-  
fe ren t ia te  (3.1) with r e spec t  to w along the l a t t e r  and obtain 

dx  dt x w dx  

dw =t+wd~-w = ~  + ucV~w" (3.2) 

Hence 

d x  u d w  

x - -  w (u  - -  w):" (3.3) 

Fo r  finding function u(w) we use (2.1) 

w = u ..~ c = u + ( p  / A )  % ( 3 A )  %. 

F r o m  the equal i ty  of p r e s s u r e  on both s ides  of the e x p l o s i v e s / m e d i u m  in te r face  follows 

(3.4) 

p = p0 ~ (a + ~u). 

Subst i tut ing (3.5) into (3.4), we obtain 

(3.5) 

= u + t f g A  '/~ [Oo~ (~ + ~)1'/~.  

With A de t e rmined  f rom the condit ion at the detonation front,  where w=D, we have 

27 D Po 
w = u + b [~u (~ + ~)1'!', b = t6 ~ p00" (3.6) 

Here D is the detonat ion ra te  and P00 is the ini t ia l  dens i ty  of the explosive.  Hence 

du, = (1 + 1/3 bu (a + 2~u) [au (a + ~u)l-~/~I du. 

The subs t i tu t ion  of (3.6) and (3.7) into (3.3) yields  

(3.7) 

d x  [ c~ t e ( f f "~u ) ]~z -~ l / 3b ( z ( ~ - ~ 2~ u)  du:--g(u) du, x=Aexp (! g(u) du), 
x b~ (~ + ~u) {~ + b [~u (c~ + 8~)1 '/~} (3. s) 
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where  A is  the t h i c k n e s s  of the cha rge .  F o r  x= A, u=u 0. T ime  t,  c o r r e s p o n d i n g  to e v e r y  point  x of the 
i n t e r f ace ,  is  def ined by  (3.1) .  Thus (3.8) and (3.1) def ine the t r a j e c t o r y  and the p a r a m e t e r s  of the so l id  
body at i t s  i n t e r f ace  with the exp los ive s ,  p r i o r  to so lv ing  the mot ion  p r o b l e m  for  the so l id  body.  

4. Le t  us d e t e r m i n e  shock-wave  a t tenuat ion  for  a sol id  body with a g iven dependence  u(t) at i t s  
boundary .  Using (1.2) throughout  the flow reg ion ,  we obtain in m a s s  c o o r d i n a t e s  a so lu t ion  with s t r a igh t  
C + - c h a r a c t e r i s t i c s ,  a long which the m a s s  ve loc i ty  i s  " t r a n s f e r r e d "  to the  shock front ,  thus def ining i t s  
p a r a m e t e r s .  Let  coo rd ina t e  m=0 c o r r e s p o n d  to the e x p l o s i v e s / m e d i u m  in t e r f a c e ,  and t=0 to the b e g i n -  
ning of the i n t e r f ace  mot ion.  We denote  the coo rd ina t e s  of the front  by M and T. 

The equat ion of the f ron t  and of the C + - c h a r a c t e r i s t i c s  is  then wr i t t en  in the f o r m  

dM 
dT ~p0N. M~-] ( t ) (T - - t )~ -~u  (T- - t  ) (4.1) 

where  t is  the  ins tan t  at which the C + - c h a r a c t e r i s t i c  l e a v e s  the  i n t e r f a c e .  Di f fe ren t i a t ing  (4.1) with r e s p e c t  
to t,  we consecu t ive ly  obta in  

dM dT (dT t~ ' dT ]'T . /'t + / 
dt - - P ~  " ~ -  ] dt --DON--] t']-'~--~oN" (4.2) 

Using (1.2),  we i n t eg ra t e  the l a s t  equat ion and obtain the fol lowing f o r m u l a s :  

t 

T = t  § @o--- ~ -  (4.3) 
o o 

t 

dp a _t_ 2~u I 
M = p 0 X ~  ~ ( T - - t ) - -  [~u2 p d t =  

o 

t 

a+2~u f u§ = ~u~--- p0u (a + ~u) d r =  ~u-----V- I (u). ( 4 . 4 )  
o 

Here  X is  the Eu le r  coord ina te  of the f ront  and I(u) is  the p r e s s u r e  momen tum at the i n t e r f ace  at 
ins tant  of t ime  t at which i t s  ve loc i ty  was u. Equat ions  (4, 3) and (4.4) def ine the c o o r d i n a t e s  M and T in 
t e r m s  of the  m a s s  ve loc i ty  u at the shock f ront  which at t i m e  t i s  equal  to the ve loc i ty  of the m e d i a  i n t e r -  
face .  

If u is  s m a l l  in c o m p a r i s o n  with the  speed  of sound a ,  f r o m  (4.4) we obtain 

[ z (u) ~ 1'/2 
u = L-B-M--J �9 (4.5) 

F o r  c o n s i d e r a b l e  d i s t a n c e s  !(u) - - I  0, whe re  I 0 i s  the to ta l  momen tum i m p a r t e d  by the exp los ive  to the 
m a t e r i a l .  

Shock-wave a t tenuat ion  induced at a me ta l  su r f a c e  by  the exp los ion  of a cha rge  of 50/50 t ro ty l /hexogen  
compound was ca l cu la t ed  for  a luminum and b r a s s  by (3.8),  (4.3),  and (4.4) .  Accord ing  to [8, 9] the shock 
a d i a b a t e s  fo r  t he se  m e t a l s  a r e  

N =5.35 + 1 .35u (for a luminum),  N =3.76 + 1.43u (for b r a s s ) .  

Ins tead  of the ac tua l  shock -wave  p a r a m e t e r s ;  p00 = 1.68 g / c m  3, ~ = 2 . 8 ,  D=7 .65  k m / s e e ,  p=266 kbar ,  
and U=2o 07 k m / s e c ,  the fol lowing were  used:  P00 =1.68 g / c m  ~, T =3, D=7.95  k m / s e c ,  u = l .  99 k m / s e c ,  and 
p=266  kba r  which, a cco rd ing  to [10], def ine  the flow behind the de tonat ion  front  with adequa te  a c c u r a c y .  
The c~ lcu la t ion  r e s u l t s  a r e  shown in F ig .  2 in the f o r m  of the dependence  of the doubled m a s s  ve loc i ty  
W=2u at the  f ront  on the n o r m a l i z e d  d i s t ance  X / A .  The c u r v e s  I and II r e l a t e  t h e r e  to a luminum and b r a s s ,  
r e s p e c t i v e l y ,  and poin ts  1~ 2, 3, . . . ,  6 denote  e x p e r i m e n t a l  da ta  for  A=50, 25, 12.5 ,  5, 3, and 2 ram, 
r e s p e c t i v e l y ,  
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TABLE 1 

x w 
km/sec mm 

Aluminum AD-I 

3 ~2.5 3.05 
3 25 3.14 
7 50 2.98 
7 25 2.72 
lO 50 2.~5 
10 25 2.63 
10 t2.5 2.44 
20 50 2.74 
20 25 2.30 
20 12.5 2.1t 
to.t 5 2.0t 
10.1 3 t.55 
i5.i 5 t.70 
i5.3 3 1.39 
t5.i 2 t.23 
20.5 5 t.42 
20.5 3 1.30 
20.3 2 t.07 

BraSS L-59 

5.25 25 i.72 
10.5 25 1.63 
t5.5 25 1.46 
20 25 t.38 
t5.5 t2 t.30 
20 12 1. t 
10 3 O. 856 
t0 2 O. 755 
15 5 0.882 
t5 3 0.82 
t5 3 0.74 
15 2 0.685 
20.5 5 0.79 
20 3 0.67 
20 2 0.604 

5. Samples of AD-1 a luminum and L-59  b r a s s  of 70 m m  
d i a m e t e r  and 3-20 mm thick with exp los ive  cha rges  of 60 m m  

d i a m e t e r  and 2-50 m m  thick were  used in e x p e r i m e n t s .  

Explos ive  l enses  of 50/50 t r o t y l / h e x o g e n  with a ba ra to l  f i l l e r  
were  used fo r  genera t ing  a plane shock wave by exploding 12.5-50 
mm-th ick  charges~  No effect  of the exploding l e n s e s  on the shock-  

wave f ront  p a r a m e t e r s  was obse rved  in s am p le s  l e s s  than 20 m m  
thick.  The plane detonat ion wave in 2 -5 -mm- th iek  cha rges  was 
ini t ia ted by the impact  of 0 .08-mm- th ick  a luminum pla tes  a c c e l e r -  
ated to a ve loc i ty  of 5 .5  k m / s e c .  In the p l a t e - a c c e l e r a t i o n  device  
the main  explos ive  mass ,  cons i s t ing  of an exp los ive  lens  and a 
12 .5- ram-th ick  50/50 t r o t y l / h e x o g e n  charge ,  was sepa ra t ed  f r o m  
the 3-ram-thick charge  of 50/50 t r o t y l / h e x o g e n  by a 3-ram-thick 
b r a s s  s c r e e n .  The in t roduct ion  of this s c r e e n  had cut off the 
explos ion  products  f r o m  the main charge ,  and made it poss ib le  
to reduce  the exp los ion-p roduc t  p r e s s u r e  behind the s t r i k e r  at the 
instant  of i ts  impac t  on the explos ive  to 40 kbar .  The detonat ion 
was gene ra t ed  within approx imate ly  10 -~ sec  f r o m  impact .  The 
d i s to r t ion  and slant  of the shock f ront  in s am p le s  did not exceed  
0o 5 m m  at a d i a m e t e r  of 50 mm.  

The speed W of the sample  f r e e  su r face  was m e a s u r e d  in 
these  e x p e r i m e n t s  d i r e c t l y  by e l e c t r o - c o n t a c t  and capac i tance  
methods .  This  speed was a s sumed  to be equal to twice  the m a s s  
ve loc i ty  of m a t t e r  at the f ront .  Signals f r o m  the capac i tance  p ick-  
up w e r e  r e c o r d e d  on an OK-17 osc i l log raph  whose input r e s i s t a n c e  

was equal to the wave r e s i s t a n c e  of the cable .  The speed of the 
f r e e  su r face  is 

t 

w = ~ - ~  ( t - -  ,) T ] . 
o 

Here  e is the pickup output vo l tage ;  E is the emf  of the supply 
s o u r c e ;  h and C are ,  r e s p e c t i v e l y ,  the gap and the capac i tance  of 
the m e a s u r i n g  condense r .  

In e l e c t r o - c o n t a c t  m e a s u r e m e n t s  the s ignals  w e r e  r e c o r d e d  
on two osc i l l og raphs  with an a c c u r a c y  of t ime  i n t e r v a l s  ~=5 x 10 -~ 
SeCo The speed to a r t i f i c i a l l y  spl i t  0 . 1 - 0 . 5 - r a m - t h i c k  p la tes  bonded 
to the s am p le s  was measu red~  The m e a s u r e m e n t  e r r o r  of these  
two methods  did not exceed  • in each expe r imen t .  The r e s u l t s  
of m e a s u r e m e n t s ,  ave raged  ove r  two to f ive t es t s ,  a re  given in 
the table .  

6. A c o m p a r i s o n  of ca lcu la ted  and expe r im en t a l  r e s u l t s  (Fig. 2) shows a s a t i s f ac to ry  co r r e l a t i on .  
The somewhat  l ower  e x p e r i m e n t a l  va lues  (~ 5-10%) for  a luminum at cons ide rab l e  d i s tances  f r o m  the 
cha rge  may  be due poss ib ly  to the effect  of e l a s t i c  loading.  It is not, however ,  poss ib le  to draw any f i r m  
conclus ion  about this ,  owing to the s impl i f i ed  f o r m  of equat ions of s ta te  for  the combus t ion  p roduc t s .  In 
the inves t iga ted  p r e s s u r e  range 0.09-< P/Po o~ <_ 0.45, cons ide rab ly  exceeding  the dynamic yield s t r e s s  ~ of 
t e s ted  m a t e r i a l s  (p>>10cr), the hydrodynamic  approx imat ion  is,  within the l im i t s  of a c c u r a c y  r equ i r ed  in 
p r a c t i c a l  appl ica t ions ,  sui table  not only fo r  def ining m a t t e r  behav io r  under impac t  loads but a lso  in the 
re l axa t ion  reg ion .  
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