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It is shown that  in o r d e r  to p r e d i c t  the shock  Hugoniot  of any subs t ance  up to a c o m p r e s s i o n  r a t i o  equa l  to 
two it is  su f f i c i en t  to know the in i t i a l  dens i ty  and the in i t i a l  c o m p r e s s i b i l i t y .  The  p o s s i b i l i t y  of f inding a 
p r i o r i  the equa t ions  of s t a te  of nonporous  m i x t u r e s  of two s u b s t a n c e s ,  porous  s a m p l e s ,  and so lu t ions  is  
d i s c u s s e d .  

1. Individual  subs t ances .  A knowledge of the shock  Hugoniots  of condensed  s u b s t a n c e s  is  r e q u i r e d  in o r d e r  to 
so lve  a whole s e r i e s  of s c i e n t i f i c  and t echn ica l  p r o b l e m s  of h i g h - p r e s s u r e  phys ics .  The e x p e r i m e n t a l  d e t e r m i n a t i o n  of 
the c u r v e s  is so l a b o r i o u s  and th~ r a t i o  of the number  of compounds  s tud ied  to those  that  r e m a i n  to be i nves t iga t ed  is  
so  s m a l l  that  any a t t e m p t  to find a method  of c o n s t r u c t i n g  shock  Hugoniots  a p r i o r i ,  u s ing  as  l i t t l e  i n f o r m a t i o n  as  p o s -  
s ib le  about the in i t i a l  s t a te  of the subs t ance ,  would be w e l c o m e .  One such method  fo l lows  f r o m  a c o n s i d e r a t i o n  of the 
c o m p r e s s i o n  of the subs t ance  in weak  shocks ,  which in the f i r s t  a p p r o x i m a t i o n  a r e  a s s u m e d  to be i s e n t r o p i c .  

The e x p r e s s i o n  fo r  the p ropaga t ion  ve loc i ty  of a weak  shock  can be wr i t t en  in the f o r m  

/ p--po\' l ,  F[oP~ . i / a , p \  ap]'l, Flap\ lV, 
D = vok V-V~_ v )  ~ L\-~{]sw y k 0-~}s ~co+B . . . .  b,-~JsJ 

H e r e ,  D is  the shock  wave  ve loc i ty ;  u is the p a r t i c l e  ve loc i ty  behind the wave  f ront ;  c is the vo lume  speed  of 
sound; p, p, and s a r e  the p r e s s u r e ,  dens i ty ,  and en t ropy  r e s p e c t i v e l y ( t h e  u b s c r i p t  0 r e l a t e s  to the in i t i a l  s ta te) .  The 
coe f f i c i en t  B is  def ined  as  

(1.2) 

An ana lys i s  m a d e  by the au tho r s  on the ba s i s  of the da ta  of u l t r a s o n i c  e x p e r i m e n t s  has  shown that  as  V ~ V 0 for  
m o s t  m e t a l s ,  exc lud ing  the a lka l i  m e t a l s ,  and sa l t s  the va lue  of the coe f f i c i en t  B is  c lo se  to 1.5, and fo r  o rgan i c  l i q -  
u ids  to 2.0. 

Thus ,  fo r  a l l  s u b s t a n c e s  be long ing  to a g iven  group  the in i t i a l  s e c t i o n s  of the shock  Hugoniots  in the d i m e n s i o n -  
l e s s  c o o r d i n a t e s  0 = D/c0, p = u /c  0 should co inc ide .  The f o r m a l  c o n s t r u c t i o n  of the ac tual  shock  Hugoniots  in 0, p c o o r -  
d ina tes  [1, 2] has  shown that  th is  law ( c o r r e s p o n d e n c e  of the c u r v e s  fo r  s u b s t a n c e s  be long ing  to a p a r t i c u l a r  group) is 
is  s a t i s f i e d  o v e r  a l m o s t  the e n t i r e  r ange  of p r e s s u r e s  inves t iga ted .*  

The 0 (p) r e l a t i o n s  obta ined in [1, 2] can be r e p r e s e n t e d  ana ly t i ca l l y  in the f o r m  

0 = i + 1 . 5 ~ - - 0 . 0 5 ~  s o r  D = c o §  u s/co 

fo r  i no rgan ic  s a l t s  and m e t a l s  (except  a lka l i  m e t a l s )  and 

0 = i ~- 2.0~ - -o . i~  s o r D  = c0~- 2.0u-- o.l uS~co 

fo r  o rgan i c  l iquids .  

(1.3) 

(1.4) 

A s i m i l a r  a n a l y s i s  of the e x p e r i m e n t a l  da ta  for  a lka l i  m e t a l s  [3, 4] l eads  to the e x p r e s s i o n  

0 = i - { - i . l ~  0.04~ 2 o r  D = c 0~- i . iu-~ 0.04u2/co (1.5) 

Thus ,  if  the speed  of sound c o in the subs tance  is known, the shock  Hugoniot  can be c o n s t r u c t e d  a p r i o r i  f r o m  
r e l a t i o n s  (1 .2-1 .5) .  As an e x a m p l e ,  the sol id  l ines  in Fig.  1 r e p r e s e n t  the ca l cu l a t ed  D(u) r e l a t i o n s  fo r  copper  (Cu, 

* F o r  m o s t  subs t ances  the c o m p r e s s i o n  r a t i o  ~ = P/Pc does  not e x c e e d  two at the p r e s s u r e s  r e a c h e d .  Subs tances  
that  e x p e r i e n c e  phase  t r a n s i t i o n s  du r ing  shock  c o m p r e s s i o n  w e r e  not c o n s i d e r e d .  
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c o = 3.98 k m / s e c  [5]), t in (Sn, % = 2.76 k m / s e c  [5]), c a rbon  t e t r a e h l o r i d e  (CC14, c o = 0.938 k m / s e c  [6]), and benzene  
(C~H~, % = 1.326 k in / s ee  [6 ] ) , toge the r  with the e x p e r i m e n t a l  da ta  f r o m  the fo l lowing  s o u r c e s :  

t 2 3 4 5 6 7 8 9 iO 1t t2 i3 

['1 [~1 P] ['1 I ' l  [~o1 P1 ['11 WI WI [~~ WI WI 

It is c l e a r  f r o m  the g r a p h s  that  the e x p e r i m e n t a l  da ta  of  d i f f e r en t  au tho r s  a r e  c l o s e l y  g rouped  around the c a l c u -  
la ted  c u r v e s  fo r  each  subs tance .  

The speed  of sound e 0 fo r  so l ids  can be d e t e r m i n e d  f r o m  the da t a  on the i s o t h e r m a l  c o m p r e s s i b i l i t y  of the sub -  
s t ance  or  in t e r m s  of the e l a s t i c  and s h e a r  modul i .  F o r  m o s t  o rgan i c  l iqu ids  and s ing le  c r y s t a l s  the va lue  of c o can be 
ca l cu l a t ed  f r o m  R a o ' s  r u l e  [14, 2] ( s imp ly  on the ba s i s  of a knowledge of the s t r u c t u r a l  f o r m u l a  of the compound and 
i ts  in i t i a l  dens i ty) .  
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In p r a c t i c a l  c a l cu l a t i ons  it  is  of ten n e c e s s a r y  to c o n s t r u c t  the shock  Hugoniots  of m i x t u r e s  of two o r  m o r e  s u b -  
s t a n c e s .  C o n s i d e r  the fo l lowing  c a s e s .  
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2. Mix tu re  of two condensed  s u b s t a n c e s .  The shock  Hugoniot  of a nonporous  m i x t u r e  of two sol id  subs t ances  
(or a l iquid  and a sol id)  can be c o n s t r u c t e d  unde r  the fo l lowing  a s s u m p t i o n s :  a) the p r e s s u r e  in both componen t s  at the 
wave  f ron t  is the s ame ;  b) at  a g iven  p r e s s u r e  the s p e c i f i c  v o l u m e  of each  componen t  s a t i s f i e s  the equa t ion  of i ts  shock  
Hugoniot  [15]. The l a t t e r  a s s u m p t i o n  is a s s o c i a t e d  with  the a s s u m p t i o n  of the absence  of hea t  t r a n s f e r  be tween  the 
componen t s .  Then  the e x p r e s s i o n  for  the s p e c i f i c  v o l u m e  of the m i x t u r e  Vt2 can  be wr i t t en  in the f o r m  

vol, = avol + (I -- a)vo, (2.1) 

in the in i t ia l  s t a t e  and 

Vl~ = ~zV, -}- (t --a)V, (2.2) 

at  the shock  f ront ,  whe re  the s u b s c r i p t  1 r e l a t e s  to the f i r s t  component ,  and the s u b s c r i p t  2 to the second ,  whi le  c~ is  
the m a s s  f r a c t i o n  of the f i r s t  component .  Equa l i t y  of the p r e s s u r e s  i m p l i e s  
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PI~  ~ P l  ~ P2  

Apply ing  the  known r e l a t i o a  of s h o c k  wave  t h e o r y  

u2 = p (vo --  v) 

to the  m i x t u r e  and  to e a c h  c o m p o n e n t  i nd iv idua l ly ,  u s i n g  Eqs .  (2.1) and (2.2) we o b t a i n  

(2.4) 

Ul~ 2 Ul ~ ~9 2 
v ~  - v,~ = - ~ -  = ~ (vo, - v~) + (i - ~)(v~., - v~) = ~ --p- + (t - ~) 7 (2.5) 

o r  

u ~  = ~ u ~  2 + ( t  - -  ~)u2~ 

Knowing the  s h o c k  Hugon io t s  of the  c o m p o n e n t s ,  u s i n g  the  l a t t e r  e x p r e s s i o n  we can  c o n s t r u c t  t ha t  of the  m i x t u r e .  
An e x a m p l e ,  the  so l i d  c u r v e  in F ig .  2 r e p r e s e n t s  the c a l c u l a t e d  s h o c k  Hugonio t  of a m i x t u r e  of TNT and  RDX in  
p r o p o r t i o n s  of 40:60  by  w e i g h t  (p~ = 1.72 g / c m  3) t o g e t h e r  wi th  the  e x p e r i m e n t a l  d a t a  of [16] and  [17] (po in t s  1 and 2, 
r e s p e c t i v e l y ) .  

The  s h o c k  Hugon io t s  of T N T  wi th  P0 = 1.65 g / c m  3 and  RDX wi th  P0 = 1.80 g / c m  ~ w e r e  w r i t t e n  ( f r o m  (1.4)) in the  
r e s p e c t i v e  f o r m  

D ~ 2.2 -F 2 u  - -  0.046u 2, D = 2.64 + 2u -- 0.038u ~ (2.6) 

The  v a l u e s  of the  s p e e d s  of sound  in TNT and  RDX (2.2 and  2.64 k i n / s e e )  w e r e  c a l c u l a t e d  in a c c o r d a n c e  wi th  R a o ' s  
r u l e .  They  a r e  in good a g r e e m e n t  wi th  the  v a l u e s  of c o ob t a ined  f r o m  d a t a  on the  i s o t h e r m a l  c o m p r e s s i b i l i t y  of t h e s e  
s u b s t a n c e s  a t  n e a r - m a x i m u m  density- ( for  TNT,  c o = 2.2 k i n / s e e  a t  P0 = 1.63 g/cm3;  f o r  RDX c o = 2.65 k m / s e c  a t  P0 
= 1.8 g /ore  s [21). 

C l e a r l y ,  the  a g r e e m e n t  b e t w e e n  the  c a l c u l a t e d  and the  e x p e r i m e n t a l  r e s u l t s  is  f a i r l y  good.  

3. P o r o u s  f lubs tanoe$ .  The  e x p e r i m e n t a l  d a t a  on the  s h o c k  c o m p r e s s i o n  of p o r o u s  s u b s t a n c e s  c an  be  d e s c r i b e d  on 
the  a s s u m p t i o n  t ha t  the  c o n t i n u o u s  s k e l e t o n  of the  p o r o u s  s a m p l e  is  c o m p r e s s e d  as  in  the  m o n o l i t h i c  m a t e r i a l ,  wh i l e  
the  v o l u m e  of the  c a v i t i e s  b e h i n d  t he  s h o c k  f r o n t  i s  r e d u c e d  by  a f a c t o r  of s e v e n .  The  f o r m u l a  fo r  the  e f f e c t i v e  m a s s  
v e l o c i t y  b e h i n d  the  wave  f r o n t  (u , )  in a p o r o u s  m a t e r i a l  h a s  the  f o r m s  

i t  + 0 857 [ Pot PI (3.1) 

H e r e ,  Pl = P . ,  the  s u b s c r i p t  1 r e l a t e s  to the  m o n o l i t h i c  s u b s t a n c e ,  the  a s t e r i s k  s u b s c r i p t  r e f e r s  to the  p o r o u s  
s u b s t a n c e .  A c o m p a r i s o n  of the  c a l c u l a t e d  and e x p e r i m e n t a l  r e s u l t s  in  the  c a s e  of  s o d i u m  c h l o r i d e  of v a r y i n g  i n i t i a l  
d e n s i t y  i s  p r e s e n t e d  in  Fig.  3. C u r v e s  a,  b,  c, and  d c o r r e s p o n d  to i n i t i a l  s a m p l e  d e n s i t i e s  of 2 .16 ( s ing le  c r y s t a l ) ,  

1 .43,  1.23,  and 1.0 g / c m  ~. The  e x p e r i m e n t a l  d a t a  w e r e  t a k e n  f r o m  [18]. 

0.75 P, mbars b / c. 
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o q~-k[e/se': 
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Fig.  3 

The  e x p e r i m e n t a l l y  o b s e r v e d  p r o p a g a t i o n  v e l o c i t i e s  of the  wave  d i s t u r b a n c e  in the  p o r o u s  s a m p l e  c a n  a l so  be 
c a l c u l a t e d  f r o m  the  f o r m u l a  

P~ P ~  P~ P** (3.2) 
D, -- D~ + Tut 
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p r o p o s e d  in [19]. 

4, Solut ions .  W h e r e a s  a m i x t u r e  of two so l ids  is  a h e t e r o g e n e o u s  s y s t e m ,  in which e a c h  componen t  is p r e s e n t  in 
the f o r m  of s m a l l  p a r t i c l e s  of the o r d e r  of 10 p (occa s iona l l y  1 p) and above,  a m i x t u r e  of two mutua l ly  so luble  l iquids  
i s  a h o m o g e n e o u s  s y s t e m  with m o l e c u l a r  m i x i n g  of the componen t s .  A c c o r d i n g l y ,  a so lu t ion  is a lways  r e g a r d e d  as  a 
c e r t a i n  new l iquid.  It is na tu ra l  to a s s u m e  that  the d y n a m i c  c o m p r e s s i b i l i t y  of a so lu t ion  wil l  be d e s c r i b e d  by the g e n -  
e r a l i z e d  shock  Hugoniot  fo r  l iqu ids  (Eq. (1.4)). Then in o r d e r  to c o n s t r u c t  the shock  Hugoniot  of a so lu t ion  it  is su f f i -  
c ien t  to know the speed  of sound in it. If e x p e r i m e n t a l  da ta  a r e  not ava i l ab l e ,  the va lue  of e 0 in a so lu t ion  can  be 
ca l cu l a t ed  f r o m  a n u m b e r  of e m p i r i c a l  r e l a t i o n s .  F o r  e x a m p l e ,  when the speeds  of sound a r e  known for  the individual  
componen t s ,  i t  is  p o s s i b l e  to use  the equa t ion  r e c o m m e n d e d  in [20], 

~po~ -~  (1 - -  ~)  pot 
co12 = coico2 ~po~co~ H- ( t  - -  ~) polcol ( 4 . 1 )  

w h e r e  o~ is the m a s s  f r a c t i o n  of the f i r s t  component .  

If the s p e e d s  of sound of the componen t s  a r e  not known, the va lue  of c o in the so lu t ion  (i. e . ,  c0~ z) can be ca l cu la t ed  
f r o m  R a o ' s  r u l e ,  which in the e a s e  of a m i x t u r e  of two l iqu ids  is wr i t t en  in the f o r m  [21] 

c~i ~ = (nlR1 + n~R2) ~ ~ + -~-o~ / (4.2) 

H e r e ,  n 1 and n 2, M 1 and Mz, R 1 and 1% 2 a r e  the mole  f r a c t i o n s ,  m o l e c u l a r  we igh t s ,  and s o - c a l l e d  m o l e c u l a r  
speeds  of sound of the f i r s t  and second  componen t s ,  r e s p e c t i v e l y .  The va lue  of R fo r  each  componen t  is  ca l cu la t ed  
f r o m  the f o r m u l a  R = ~ aiki ,  w h e r e  k i is  the n u m b e r  of c h e m i c a l  bonds of a g iven  type in the subs tance ,  and a i the 
c o r r e s p o n d i n g  bond i n c r e m e n t .  Va lues  of a i have  been  tabula ted  for  m o s t  c h e m i c a l  bonds [2, 6]. The d i f f e r e n c e  be tween  
the ca l cu l a t ed  and e x p e r i m e n t a l  v a l u e s  of the speeds  of sound fo r  b ina ry  so lu t ions  of n o r m a l  o r  weakly  a s s o c i a t e d  l i q -  
u ids  is  not m o r e  than 1%, and in the c a s e  of s t r o n g l y  a s s o c i a t e d  l iqu ids  (for e x a m p l e ,  aqueous  so lu t ions )  not m o r e  than 
10%. 

1}, km/sec ~ . ~  
} b 

1.5 g Z.5 
Fig.  4 

In o r d e r  to v e r i f y  the c o r r e c t n e s s  of u s ing  the g e n e r a l i z e d  shock  Hugoniot  fo r  l iquids  to c o n s t r u c t  the shock  
Hugoniots  of so lu t ions ,  we e x p e r i m e n t a l l y  d e t e r m i n e d  the Hugoniots  of two m i x t u r e s :  w a t e r  and ace tone  50:50 (P0 = 
= 0.876 g / c m  ~) and benzene  and ca rbon  t e t r a c h l o r i d e  60:40 (P0 = 1.07 g/cm3).  To r e c o r d  the Hugoniots  we used  the 
r e f l e c t i o n  me thod  d e s c r i b e d  in d e t a i l  in [5, 8 ,9 ,  e tc .  ]. In Fig.  4 the r e s u l t s  of the e x p e r i m e n t s  a r e  c o m p a r e d  with the 
shock  Hugoniots  of the i nves t i ga t ed  m i x t u r e s  c a l cu l a t ed  f r o m  Eq. (1.4). Curve  a and points  i r e l a t e  to the w a t e r - a c e t a t e  
so lu t ion ,  c u r v e  b and poin ts  2 to the b e n z e n e - c a r b o n  t e t r a c h l o r i d e  solut ion.  Each  point  is  the m e a n  of f ive  e x p e r i m e n t s :  
the  dev ia t ion  f r o m  the m e a n  does  not  e x c e e d  150 m / s e e .  The speed  of sound in the a c e t o n e - w a t e r  m i x t u r e  is  1.5 k in / see  
[22], and in the b e n z e n e - c a r b o n  t e t r a c h l o r i d e  m i x t u r e  1.16 k m / s e c  [23], so  that  t he i r  shock  Hugoniots  have  the f o r m  

D = i.5 H- 2u -- 0.07u 2, D = 1.16 -~ 2u -- 0.0S5u~ (4.3) 

C l e a r l y ,  in th i s  c a s e ,  too,  the c a l cu l a t ed  and e x p e r i m e n t a l  r e s u l t s  a r e  in good a g r e e m e n t .  In the c a s e  of n i t r o -  
m e t h a n e - a c e t o n e  so lu t ions  the a g r e e m e n t  be tween  e x p e r i m e n t  [24] and ca l cu l a t i on  is not quite  so good, but s t i l l  p e r -  
f ec t ly  s a t i s f a c t o r y .  

Thus ,  fo r  ind iv idua l  so l ids  and l iqu ids ,  for  m i x t u r e s  of two so l id s  o r  two l iqu ids ,  and fo r  porous  s u b s t a n c e s  that  
do not e x p e r i e n c e  phase  t r a n s f o r m a t i o n s  d u r i n g  shock  c o m p r e s s i o n  the shock  Hugoniot  can be c o n s t r u c t e d  a p r i o r i  f r o m  
the g e n e r a l i z e d  c u r v e  wi thout  p e r f o r m i n g  e x p e r i m e n t s .  F o r  th is  i t  is  su f f i c i en t  to know the in i t i a l  va lue  of the v o l u m e  
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speed of sound in the monolithic substance.  
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