
H Y D R O D Y N A M I C  A N A L Y S I S  OF S H O C K  A D I A B A T S  

O F  H E T E R O G E N E O U S  M I X T U R E S  OF S U B S T A N C E S  

V. N~ N i k o l a e v s k i i  

We examine shock t r ans fo rma t ions  in he terogeneous  continua at  high p r e s s u r e s ,  when each of the 
phases  can be cons idered  as a liquid (neglecting s t rength effects).  We identify the va r i an t s  of the s ta te  of 
comple te  in te rphase  the rmomechan ica [  equi l ibr ium and the t e m p e r a t u r e - f r o z e n  s ta te  immedia te ly  behind 
the shock. The compres s ion  of each of the phases  in the mix tu re  does not take place  along the Hugoniot 
adiabat  for the continuous ma te r i a l .  The well-known anomalously  high t e m p e r a t u r e  r i s e  during c o m p r e s -  
s ionof  ma te r i a l s  with hollow pores  [1, 2] is a pa r t i cu la r  case  of such deviations.  

In con t ras t  with muir[component  media ,  the mul t iphase  medium is composed  of he terogeneous  e l e -  
m e n t a r y  pa r t i c l e s  whose s ta te  is de te rmined  by the p a r a m e t e r s  cha r ac t e r i s t i c  for continuum mechanics ,  
namely  the density, p r e s s u r e ,  and so on; these  p a r a m e t e r s  a r e  r e l a t ed  with one another  in accordance  with 
the equation of s ta te  of the cor responding  continuous m a t e r i a l  of the phase.  In this connection, when examin -  
ing shock waves  in media  which a r e  a mix tu re  of condensed m a t t e r  the p rob lem a r i s e s  of calculat ing the 
shock adiabat  f rom the known equations of s ta te  for the phases  (for example ,  the calculat ion of the shock 
adiabat  of rocks  f rom the given equations of s tate  of the pe t rogenic  mate r ia l s ) ,  or  the p rob lem of finding the 
equation of s tate  of the continuous m a t e r i a l  of one of the phases  f rom the m e a s u r e d  shock adiabat  of the 
mix tu re  and the known equations of s ta te  of the other  phases~ 

1~ For  the analys is  we use the model  of two in terpenet ra t ing  [3, 4] deformable  continuous media .  
Considering only the hydrodynamic  approach to the study of shock t r ans fo rma t ions ,  we s impl i fy  the model  
[5, 6], assuming  tha t  each of the condensed phases  is a c o m p r e s s i b l e  liquid and that  the phase  p r e s s u r e s  
a r e  equal. Then we have the equations of motion [5] 

mpa dlu~, Op i d.,w,~ (1 - -  In) Op 

the continuity equations for  the phases  

Oplm Oplmu~ O, api(l--,n) + O~(i--m)w~ _ 0 (1o2) 
Ot ~ Ox i Ot Ox~ 

and the total  ene rgy-ba lance  equations [5, 6] 

~ 0 {plm(el ,  ud'' input} 5W ~ 

--a {~).('--NI)('. § ~)}~-~Xi{O.(i--m)(~ . + 2]tt'i--('--m) P'ei} dt --q~ 0 Ot ', 
5W Om 

H e r e  p t and P2 a re  the densi t ies ;  u i and wi a r e  the phase  veloci t ies ;  m is the vo lumet r i c  concentra t ion 
of the f i r s t  phase;  Ri is the bulk in te rphase  in teract ion force ,  depending on the d i f ference  of the phase  
veloci t ies ;  el and a 2 a r e  the internal  energ ies  of the phases;  q is the in te rphase  heat  flow. We neglect the 
heat  flows in each of the phases .  

Multiplying Eqs. (1ol) by u i and wi, r e spec t ive ly ,  we obtain the equations for the kinetic ene rg ies  of 
the phases .  Then, subtract ing them f rom (1,3), we obtain the conserva t ion  equations for the in ternal  e n e r -  
gies  of the phases.. 
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rd,~ee d~ / t \~ (1,4) 

dt 0 0 d2 0 0 
dt - -  Ot -~ Ui ~ , dt - -  Ot JF W'z --ax i 

and the  s e n s e  of the  i n t r o d u c e d  c o e f f i c i e n t  ~ ( s e e  [7]) b e c o m e s  c l e a r :  the  w o r k  R i ( w i - u  i) of  the bulk 
i n t e r p h a s e  i n t e r a c t i o n  f o r c e s  t r a n s f o r m s  into hea t ,  with the  p a r t  ( l - C 0  in p h a s e  1, and the p a r t  ~ in p h a s e  
2. We r e c a l l  [5, 6] tha t  if  one of the  p h a s e s  ( the second)  i s  a so l id ,  whi l e  the  o t h e r  i s  a l iquid ,  then  ~ = 1o 

We i n t r o d u c e  the  change  of the  a v e r a g e  e n t r o p i e s  s i of the  p h a s e s  a s  the  quo t i en t  of the  a v e r a g e  h e a t  
inf lux ( to the  p a r t i c l e s  of the  p h a s e  in ques t i on  p e r  uni t  vo lume)  and the  a v e r a g e  p h a s e  t e m p e r a t u r e  

,olin d~sl _ I {ctR~(w~-- u~) + q} 
dt TI 

dt - r.~ {(t--~)B~(w~-- uJ --  q} 
(1.5) 

T h e  Gibbs  r e l a t i o n s  for  the  p h a s e s  i s  

di~l di I __ Ti dis 1 d~eu d~ I d2~2 (1.6) 
dt -~ p dt Pl dt ' dt + p ~-t ~ = T2 dt 

We a s s u m e  h e r e a f t e r  tha t  the  func t ions  gi  = gi (Pi, s i ) ,  r e l a t i n g  the  p a r a m e t e r s  a v e r a g e d  in an 
e l e m e n t a r y  v o l u m e  o v e r  t he  p a r t i c l e s  of  the  i - t h  p h a s e ,  c o i n c i d e  with  the  r e l a t i o n s  c h a r a c t e r i s t i c  for  the  
con t inuous  m a t e r i a l  of the  c o r r e s p o n d i n g  p h a s e .  The  c l o s i n g  r e l a t i o n s  a r e  the k i n e t i c  r e l a t i o n s  for  R i  and  
q which fol low,  for  e x a m p l e ,  f r o m  the  f o r m a l i s m  of  the  t h e r m o d y n a m i c s  of i r r e v e r s i b l e  p r o c e s s e s  [6]. 

2. To a n a l y z e  the  shock  t r a n s f o r m a t i o n s  we e x a m i n e ,  a s  usua l  [1], s t a t i o n a r y  o n e - d i m e n s i o n a l  
s o l u t i o n s  of ( 1 . 1 ) - ( 1 . 5 )  to the  t r a v e l i n g - w a v e  type ,  i . e . ,  we s e e k  so lu t ions  which  depend  on the  s i ng l e  
v a r i a b l e  ~= x - U t o  Then  we ob t a in  the  c o n s e r v a t i o n  i n t e g r a l s  fo r  the  o v e r - a l l  m o m e n t u m  of  the  m e d i u m ,  

~)lD~(tt __ U)2 _L bo 2 (1 - -  /Tb)(H2 - -  U) 2 -~ p = Q ( 2 . 1 )  

m a s s  con t i nu i t y  fo r  e ach  of the  p h a s e s  

91m(u - -  U) = il//i, 92 (1 - -  m)(w - -  U) = M 2 (202) 

o v e r - a l l  t o t a l  e n e r g y  c o n s e r v a t i o n  

(2.3) 

m o m e n t u m -  and e n e r g y - b a l a n c e  equa t ions  fo r  one of  the  p h a s e s  ( the  f i r s t ,  a s  an example )  

d~d { M l u  + m p } _ _ p ~ d m =  + R 

d [ M l ( 8 1 '  u~ m p u } - - U  Urn d~ , ~--5- t + p ~ - - B ( ~ w + ( i - - a )  u ) + q = 0  

M u l t i p l y i n g  (2.4) by U and s u b t r a c t i n g  f r o m  (2.5), we ob ta in  

(2.4) 

(2,5) 

(2.6) 

We s e e  f r o m  (2.4) and  (2.6) tha t  a s  ] ~ ] - -  co, i . e . ,  f a r  f r o m  the t r a n s i t i o n a l  f low r e g i m e ,  the  cond i t i ons  
R = 0, q = 0 a r e  s a t i s f i e d ,  which m e a n s  u = w, T 1 = T2; in t h e s e  d i s t a n t  r e g i o n s  the  c ond i t i ons  of m e c h a n i c a l  
and  t h e r m o d y n a m i c  i n t e r p h a s e  e q u i l i b r i u m  a r e  s a t i s f i e d .  

3. If  in the  t r a n s i t i o n a l  f low r e g i o n ,  shock  t r a n s i t i o n  f r o m  one s t a t e  into the  o t h e r  i s  r e a l i z e d ,  the  
i n t e g r a l s  ( 2 . 1 ) - ( 2 . 3 )  w i l l  r e l a t e  t he  f low p a r a m e t e r s  u0, w0, P0 . . . .  ahead  of the  shock  f ron t  wi th  t h o s e  (u, 
w, and  p) behind  the  f ron t .  

Then  we ob t a in  

Mlu* + M2w, + I: = Mlu*o + M2w,o + Pc (3.1) 
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.plrnu, = p~omou,o = M~, p2(t - -  re)w, = p2o(l - -  me)W,, = Ms (3.2) 

MI(el  r 1/2u,2) + M 2 ( %  + U2w, 2) ] mpu ,  + ( l - - m ) p w ,  (3.3)  

= Ml(elo + 1/2u,o ~) + M~ (%0 + V~W,o ~) + mop,u, ,  + (1 - -  rno)pow,o 

w h e r e  u ,  = u - U ,  w ,  = w - U  a r e  the  p h a s e - p a r t i c l e  v e l o c i t i e s  r e l a t i v e  to the  shock  wave  f ron t ,  which i t s e l f  
t r a v e l s  wi th  v e l o c i t y  U. 

I n t e g r a t i n g  (2.6) o v e r  the  n a r r o w  i n t e r v a l  ~ e - h ,  [0+ h, which  i n c l u d e s  the  shock  f ron t ,  and  then  
p a s s i n g  to the  l i m i t  a s h - - 0 , w e  ob ta in  the  fo l lowing  r e l a t i o n  (under  t he  a s s u m p t i o n  tha t  on ly  the  d e r i v a t i v e s  
can  i n c r e a s e  wi thout  bound in the  i n t e r v a l ,  whi le  the  v a r i a b l e s  w and u t h e m s e l v e s  and a l s o  t h e i r  func t ions  
q and R change  s t e p w i s e ,  but t ha t  t h e s e  c h a n g e s  a r e  bounded):  

M~ (e 1 + U~u, ~) + m p u ,  = M 1 (el, + U2U,o 2) + mop,U,, (3.4) 

The  c l o s i n g  r e l a t i o n  m u s t  be the  c o r o l l a r y  f r o m  the  equa t ion  of m o t i o n  (2.4) of one of  the  p h a s e s .  
r e l a t i n g  the  m o t i o n  p a r a m e t e r s  o f  t h i s  p h a s e  ahead  of  and behind  the  shock.  I t  i s  a l so  w r i t t e n  in the  f o r m  

du, 1 dp R 
u.  ~ - ~  pl d~ rap1 (3.5) 

H e n c e  we s e e  i m m e d i a t e l y  tha t  i n t e g r a t i o n  in the  g e n e r a l  c a s e  for  P l  = P 1 (P, TI) r e q u i r e s  p r e l i m i n a r y  
e x p r e s s i o n  f r o m  the  i n d i c a t e d  f in i t e  r e l a t i o n s  of  the  t e m p e r a t u r e  T 1 in t e r m s  o f  the  q u a n t i t i e s  U and p, and  
t h i s  i n v o l v e s  a n a l y t i c  d i f f i c u l t i e s  and in  p r i n c i p l e  i s  p o s s i b l e  on ly  fo r  a p r i o r i  known equa t ions  of  s t a t e  of 
the p h a s e s .  Only in the  p a r t i c u l a r  c a s e  of r e l a t i v e l y  s m a l l  t h e r m a l  p a r t  of the  p r e s s u r e ,  when Pl  = P l ( P  ), 
can  (3.5) be r e d u c e d  to a s i m p l e  b a l a n c e  r e l a t i o n  [8, 9]. 

4. In t h e  fo l lowing  we e x a m i n e  the c a s e  of  such  a l a r g e  i n t e r p h a s e  i n t e r a c t i o n  f o r c e  R tha t  the  f o l l o w -  
ing cond i t ion  i s  s a t i s f i e d  a l m o s t  i m m e d i a t e l y  beh ind  the shock :  

u --  w (4.1) 

F o r  c o m p u t a t i o n a l  p u r p o s e s  we a s s u m e  tha t  (4.1) i s  s a t i s f i e d  i m m e d i a t e l y  behind  the  shock  f ron t ,  i . e . ,  
i t  c l o s e s  the  b a l a n c e  r e l a t i o n s  (3 .1 ) - (3~  In t h i s  c a s e  t he  m a s s - b a l a n c e  equa t i ons  (3.2) i m p l y  c o n s e r -  
v a t i o n  of the  p h a s e  m a s s  c o n c e n t r a t i o n s  in the  flow, 

mpl M1 
X lz=_ rnpl -~- ( l  - -  m) p2 - -  M1-] -M~ - -  c o n s t  

(t - -  m) p2 M~ (4.2) 
X 2 - - m p l + ( l - - m ) p 2 - - M l + M 2  : c ~  x l + x ~ =  I 

We i n t r o d u c e  the  p h a s e  s p e c i f i c  v o l u m e s  v i and the  h e t e r o g e n e o u s  m e d i u m  s p e c i f i c  v o l u m e  V ( s e e  
a l so  [i0]) 

1 1 V = xlv 1 + x2v 2 = t (4.3) 

Then  (3.1) and (3.2) fo r  u 0 = w 0 = - U  a r e  w r i t t e n  in the f o r m  

U S U,  U 
~'*-2~ + p = w + p o ,  V -V := Vo 

(4.4) 

and m a y  be t r a n s f o r m e d  to t he  usua l  f o r m  

U2 = Vo ~ p - - p o  = V2 p -  po (405) 
V o - - V  ' u*2 Vo--V 

With  the  use  of  (404) t he  i n t e r n a l - e n e r g y  i n c r e a s e  of the  m e d i u m  (303) i s  w r i t t e n  in the  f o r m  

xl (el - -  e l . )  + % @2 - -  e2o) = 1/2 (P + Po) (Vo - -  V) (406) 

w h e r e  e i = e l (v l ,  T),  e 2 = e 2 (v2, T).  We note  the  p o s s i b i l i t y  of  the  t r a n s f o r m a t i o n  

Vo - -  V = Vo (1 - -  p~omov~ --  po.o(l - -  mo)V~) = Vo (me --  p~omoV~ 
+ l - -  me - -  920 (t - -  me)v2) = xl(vlO - -  Vl) + x2 (V~o - -  v~) 
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T h e r e f o r e  the  b a l a n c e  r e l a t i o n  (4.6) for  t he  p h a s e  e n e r g i e s  can  a l so  be w r i t t e n  in the  f o r m  

x i { s i _ _ e i o - - 1 / ~ ( p +  p o ) ( V i o - - v i ) } + x 2 { e 2 - - e ~ o - - U 2 ( p §  (4.7) 

5. We f i r s t  e x a m i n e  the  s i t u a t i o n  in which hea t  exchange  be tween  the  p h a s e s  i s  so i n t e n s e  (q l a rge )  
tha t  we can  c o n s i d e r  the  p h a s e  t e m p e r a t u r e s  equal  i m m e d i a t e l y  behind  the f ront ,  

T i = T 2 ---- T (5,1) 

Then  (5ol) r e p l a c e s  (3.4)~ L e t  the  i n t e r n a l  e n e r g y  of e i  of the  i - t h  p h a s e  be c o n n e c t e d  with the  p r e s -  
s u r e  p and v o l u m e  v i  by the  usua l  r e l a t i o n  

v~ (p --  pi ~) 
~ = Xi (vO + c~T~ = X~ (vO + r~(~) 

H e r e  Xi(v i) and  p i  x a r e  the  co ld  e n e r g y  and p r e s s u r e  of  the  m a t e r i a l  of the  i - t h  phase ;  ciV is  i t s  
s p e c i f i c  h e a t  a t  c o n s t a n t  v o l u m e ;  F i (v i) i s  the  G r u n e i s e n  c o e f f i c i e n t  [1]. Then (4.5) s t a t e s  tha t  

(5.2) 

and  t o g e t h e r  wi th  t he  equa t ion  

v~ (p --  p~ (v~)) v~ (p -- p~ (v0) (5,3) 
rl (v~) ci ~ Ih (v~) c~ ~ 

defines the degree of compression of the material of each of the phases behind the wave front. Here we have 
neglected the energy e0 and pressure P0 as usual (for moderately strong shock waves [i]). 

If the compression of the material of each of the phases were to take place along its shock adiabat, 
then (5.3) would be equivalentto the condition of vanishing of one of the braces in (5.4), which cannot occur 
in the general case. 

6. A study of the thermodynamic properties of substances from observations of the passage of shock 
waves through a disperse mixture of the condensed substances was undertaken in [Ii, 12]. It was assumed 
that the state immediately behind the shock wave front is in mechanical equilibrium but is thermally frozen 
(adiabatic) (the dimensions of the particles of each of the phases are an order larger than the characteristic 
temperature-rise scales during the time of the shock compression process - about i0 -~ see). 

These conditions correspond to (4.5), (4.7) together with (3.4), which can also be written in the form 

El. - -  ~;10 ~-  P~)I - -  P0V]0 = 1/2 (P - -  f)0) (V -u  Vo) ( 6 . 1 )  

o r  (x l = x , x  2= l - x )  

e l - -  elo = U2 (p -Cpo)  (Vo--Y)  + (i - -  x) {p (v~ - -  ~ l ) - - P o ( V 2 o - -  v~o)} (6.2)  

If we can  neg l ec t  the  i n i t i a l  v a l u e s  e0, Po, the  s h o c k - a d i a b a t  equa t ions  (4.7) and (6.2) t ake  the  f o r m  

xle~ + x2e2 - U2p (Vo - -  V)  (6.3) 

~ = U2p(Vo - - V )  - c  (t - -  x ) p  (v2 - -  v~) (6.4) 

He;nee 

E2 

The  r e l a t i o n s  (6.4), (6.5) for  shock  

el  1/2p(vlo 

~2 = i/2P(V2o 

- i/2 p(Vo - v )  + xp  (v l  - v2) (6.5) 

c o m p r e s s i o n  of  the  p h a s e s  can  a l so  be w r i t t e n  in the  f o r m  

- -  vl) + (i - -  .~)I/2p(v2o - -  v~o + v~ - -  vl) (6,6) 

- -  v2) + xV2P(v lo  - -  V~o + vl  - -  v2) (6,7) 

E q u a t i o n s  (6.3) and (6.4) show tha t  the  w o r k  which i s  e x p e n d e d  on i n c r e a s i n g  the i n t e r n a l  e n e r g y  of  
the  m i x t u r e  of s u b s t a n c e s  i s  d i s t r i b u t e d  n o n u n i f o r m l y  a m o n g  the p h a s e s ,  and  th i s  d i s t r i b u t i o n  depends  both 
on the  m a s s  con ten t  of  the  s u b s t a n c e s  in the  m i x t u r e  and the  m a g n i t u d e s  of  the s p e c i f i c  v o l u m e s  of  the  
p h a s e s  in the  c o m p r e s s e d  s t a t e  [ see  (6.4) and  (6.5)]~ 

The  s e c o n d  t e r m s  on the  r i g h t - h a n d  s i d e s  o f  (6.6) and (6.7) show how much  the  shock  c o m p r e s s i o n  of  
the  m a t e r i a l s  of t he  p h a s e s  in the  m i x t u r e s  d e v i a t e s  (to the  r i g h t  o r  l e f t  on the  p v - p l a n e  for  the  s a m e  p) f r o m  
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the shock compress ion  curve for these of mater ia l s  in the monolithic state (as a function of the magnitudes 
of the specific volumes of the phases).  Here  it is significant that the internal energy of one of the phases 
increases  more  and that of the other increases  less than along the Hugoniot adiabats of the corresponding 
continua. 

In experimental  studies [13] it is possible to measure  the shock wave velocity U and the mass  velocity 
u . ,  and the initial state of the medium is known, i.e., in the case in question x, vl0, and v20 are  known~ F r o m  
(4.5) we can then calculate the p re s su re  p and specific volume V of the mixture in the compressed  state, Joe., 
we can plot the shock adiabat of the mixture.  H we know one of the functions el(p, vi) , ioe., piX(vi } and 
F i ( v  i) [see, for example, (5.2)], then using the corresponding equation (6.4) or (6.5) for each of the pairs  of 
values p, V = xv I + (1 -x )  v 2 we can calculate the quantities v 1 and v2. Thereby we can plot the shock mix -  
ture adiabats for the mater ia l s  of the phases.  Combination of this adiabat with the remaining equation of 
the sys tem (6.4), (6.5) leads to a differential equation of the type 

] (X~, p~,  F (v O, p, vi, v2) = O, p ~ = -  dXi/dv~ (6.8) 

Here  the values of p, vl, and v 2 are  taken along the adiabat (for example, p = p(vl) , v 2 = v 2 (v 1) are  
known functions of v = vl). 

If the re la t ionI ' (v  1) is known a pr ior i ,  then it is sufficient to integrate along one of the adiabats (for a 
single value of the pa rame te r  x). However,  if the function F (v I) is not known a pr ior i ,  the mass  content of 
the phases must  be var ied to find it. 

Now let us examine the important  (and already known [1, 2]) par t icular  case in which the he te roge-  
neous medium is represen ted  by aporous  mater ia l  with hollow pores  (the hollow pores  constitute the second 
"phase" of the mixture).  Then we have 

p~0 ~P2  = 0 ,  x i - -  x---- l, x 2 ~ 1 - -  x = 0  

1 --too x~v2 = l - -m Vo = _ _ t  V = - - t  (6.9) 
X 2 V ~~  : mopi-----~ ' m p - ' - - ~  ' mopio  ' mpi 

which permi ts  t ransforming (6.4) to a form which is valid for the porous state of the substance 

I ( i i ) l--m I (6.10) 
e l = y p  m~10 ~P1 -1- p m pi 

Hence we see that if in the course  of shock compress ion  there  is complete c losure  of the pores,  i.e., 
m = 1, V = v 1 = 1/p 1, then exactly half the work per formed in shock compress ion  of the heterogeneous 
medium goes to increase  the internal energy e I of the f i rs t  phase. The result ing anomalously high t e m p e r -  
ature r i s e  of the original ly porous mater ia l  is widely used for measur ing its equations of state at the points 
of the pv-plane above the shock adiabat of this substance in monolithic form [2]. 

However,  if complete c losure  of the pores  does not occur ,  then the equation shock adiabat (6.10} is 
somewhat more  complex. In the lat ter  case,  however,  the hydrodynamic approach may be insufficient 

(compare [14]). 

The author wishes to thank V. N. Rodinov for suggesting the study of the possibil i t ies of the mixture  
method [11, 12] for measurements  of shock adiabats. 

L I T E R A T U R E  C I T E D  

1. Ya. B. Zel 'dovich and Yu. P. Raizer ,  Phys ics  of Shock Waves and High-Tempera ture  Hydrodynamic 
Phenomena [in Russian], 2-nd edition, Nauka, Moscow, 1966. 

2. L . V .  Al ' tshuler ,  "Use of shock waves in h igh -p res su re  physics ,"  Uspekhi fizo nauk, vol. 85, no. 2, 
pp. 197-258, 1965. 

3. Kh. A. Rakhmatulin, "Fundamentals of gasdynamics  of interpenetrat ing motions of compress ib le  
media,"  PMM, vol. 20, no. 2, 1956. 

4. C. Truesdell ,  "Sulle basi  delia te rmomechanica ,"  Rend. Acad. Naz. Lincei, C1. ScL Fis. ,  mat. e 
natur.,  Ser., 8, vol. 22, pp. 33-38, 158-166, 1957. 

5. V . N .  Nikolaevskii, "Transfer  phenomena in f l u id -  saturated porous media,"  in: I r r eve r s ib l eAspec t s  
of Continuum, Mech. and Transfer  of Phys.  Charac ter i s t ics  in Moving Fluids (IUTAM Sympos., 
Vienna, 1966), Springer Verlag, Berlin, 1968, 

410 



6. Po P. Zolotarev and Vo No Nikolaevskii,  ~Thermodynamic analysis of unsteady p roces se s  in de fo rm-  
able porous media sa tura ted  with liquid and gas, ~ collection: Theory  and P rac t i c e  of Oil Extract ion.  
Annual [in Russian],  Nedra,  Moscow, 1966. 

7o V~ Io Maron and Vo A. Medvedev, "On the derivation of the energy equations of interpenetrat ing 
motions of gaseous media ,"  Vestn. Mosk. un-ta, Matemo i mekhan, sero 1, no. 1, 1963. 

8o V. No Nikolaevskii,  "On some re laxat ion p ro ce s se s  connected with heterogenei ty  of continuous 
media ,"  Appl. Mech. Proc .  XI Internat.  Congr. Mech. (Munich, 1964), Springer Verlag, Berl in ,  
pp. 862-867, 1966. 

9~ N.S .  Borisov,  V. N~ Nikolaevskii ,  and V. P. Radchenko, "Structure  of a shock wave front  in w a t e r -  
sa turated soil, ~ Izv. AN SSSR, MZhG [Fluid Dynamics], vol. 2, no. 3, 1967. 

10. L. Do Landau and Eo Mo Lifshitz,  Mechanics of Continuous Media [in Russian], 2rid edition, 
Gostekhteoret izdat ,  Moscow, pp. 303-305, 1953. 

11o Ao N. Dremin and I~ Ao Karpukhin, "Method for determining shock adiabats for  d isperse  substances ,"  
PMTF, volo 1, no. 3, 1960o 

12. Go A. Adadurov, A. No Dremin,  S. V. Pershin,  Vo N. Rodionov, and Yu. No Ryabinin, "Shock c o m p r e s -  
sion of quar tz ,"  PMTF,  vol. 3, no. 4, 1962. 

13. F~ Ao Baum, K. P~ Stanyukovich, andB~ I. Shekhter, Explosion Physics  [in Russian], Fizmatgiz ,  
Moscow, 1959. 

14. R . R .  Boade, "Compress ion of porous copper by shock waves,"  J. Applo Phys~ vol. 39, no. 12, pp~ 
5693-5702, 1968. 

4 i ]  


