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The expansion isentropes  of the explosion products of two TNT/RDX composit ions (50/50 and 25/75) havebeen  
investigated. Attention is concentrated on the l i t t le-s tudied region of p r e s su r e s  below 100 kbars .  Data on the 
expansion isentropes  were obtained by measur ing  the shock wave pa rame te r s  in var ious media (aluminum, 
plexiglas, polystyrene foam, argon, air). Points were obtained on the shock Hugoniots of argon p recom-  
pressed  to 10, 15, and 50 arm. An equation of state of the explosion products that sa t isfactor i ly  descr ibes  
the exper imenta l  mate r ia l  obtained is formulated. 

1. The behavior of the isentropes  of expanding explosion products is quite well known for various explosives in 
the range of p r e s su re s  close to the corresponding Jouguet p r e s su r e s  thanks to the condition of tangency of the i s en -  
tropes to the detonation rays  [1]. The nature of these re la t ionships  is also c lear  at re la t ive ly  smal l  p r e s su re s ,  in the 
region of which the explosion products may be regarded as a perfect  gas. However, the in termediate  region (1 kbar 

p < 100 kbars )has  received re la t ive ly  li t t le attention. 

Jones and Miller  [2] calculated the isentrope up to large expansion rat ios  for the explosion products of TNT. For 
this purpose they used the exper imenta l  dependence of the detonation velocity (D) on the ini t ial  density of the explosive 
(P0) and made c e r t a i n  s implifying assumptions.  

Certain exper imenta l  data on the isentropic  expansion of the explosion products of TNT/RDX 50/50 at re la t ively 
high p r e s su re s  are presented in [3,4]. Deal [5] obtained exper imental  points on the isentrope of the detonation products 
of composit ion B. Measurements  of the shock wave velocit ies in targets  of varying r igidi ty enabled him to t race the 
isentropic  expansion curve of the explosion products over a broad p re s su re  range.  At p r e s su r e s  below 100 kbars  the 
isentrope of the explosion products was determined at 40 kbars  byunloading the explosion products into porous poly- 
urethane and allowing them to expand into argon and a i r  under  normal  conditions (p ~ 0.9 and 0.6 kbar). 

We have made a thorough invest igat ion of two explosives--TNT/RDX 50/50 and TNT/RDX 25/75--chiefly in the 
p re s su re  region below 100 kbars .  As the ma te r i a l s  into which the explosion products expanded we used porous poly- 
s tyrene with var iable  ini t ial  density and argon precompressed  to p r e s su r e s  of 100 atm and below, as well as air  at 
normal  p ressure .  
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Fig. 1 

2. The isentropes  of the explosion products were investigated by the "target" method descr ibed in detail  in [3]. 
In this method the pa rame te r s  of the shock wave in an iner t  mate r ia l  (target) in d i rec t  contact with the investigated 
explosive are measured.  Measurements  of the wave or part icle  velocity in a target  with known dynamic proper t ies  
make it possible to de termine  a point on the expansion (or loading) curve of the explosion products. In all  the exper i -  
ments  plane detonation waves were created in the investigated charges by means  of special  lenses  [3]. The charges 
were cyl inders  120 mm in d iameter  and 180 mm long. We investigated two TNT/RDX composit ions:  50/50 and 25/75. 
The detonation waves were unloaded into the following mate r i a l s :  a luminum, plexiglas, polystyrene foam with various 
ini t ial  densi t ies ,  p recompressed  argon, and argon and air  at normal  p ressure .  
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The  s h o c k  wave  v e l o c i t i e s  w e r e  m e a s u r e d  e i t h e r  o s e i l l o g r a p h i c a l l y  by m e a n s  of e l e c t r i c a l  c o n t a c t s  [3] or  wi th  a 
m o v i n g - i m a g e  c a m e r a  [3, 5]. In c e r t a i n  c a s e s  the  m e a s u r e m e n t s  w e r e  m a d e  on d i f f e r e n t  b a s e s  in  o r d e r  to  c h e c k  the  

p o s s i b l e  d e p e n d e n c e  of the  wave  v e l o c i t y  on the  d i s t a n c e  to the  c h a r g e .  H o w e v e r ,  in the  c a s e  of r e l a t i v e l y  long  c h a r g e s  
and s m a l l  b a s e s  ( 5 - 1 0  m m  fo r  s o l i d  t a r g e t s  and  1 0 - 2 0  m m  fo r  g a s e s )  no s u c h  d e p e n d e n c e  i s  o b s e r v e d ,  and  wi th in  the  
l i m i t s  of e x p e r i m e n t a l  e r r o r  the  m e a s u r e m e n t s  led  to the  s a m e  v a l u e s  of the  wave  v e l o c i t i e s .  

The  e x p e r i m e n t a l  s e t u p  u s e d  to d e t e r m i n e  the  p a r a m e t e r s  of the  s h o c k  w a v e s  in c o m p r e s s e d  a r g o n  i s  i l l u s t r a t e d  
in Fig.  1. 

The  s e a l e d  s t e e l  c h a m b e r  2, in  wh ich  the  c h a r g e  1 was  p l aced ,  was  f i l l ed  wi th  a r g o n  u n d e r  p r e s s u r e .  The  c h a r g e  
was  s e c u r e d  in the  c h a m b e r  by  m e a n s  of a f o a m - p l a s t i c  r i n g  4. The  c h a r g e  was  i n i t i a t e d  t h r o u g h  the  b o t t o m  of the  
c h a m b e r  (A = 10 ram)  by  m e a n s  of an  a u x i l i a r y  c h a r g e  3 w i th  a p l ane  d e t o n a t i o n  f r o n t .  The  p r o c e s s  of p r o p a g a t i o n  of 
the  s h o c k  wave  t h r o u g h  the  c o m p r e s s e d  a r g o n  w as  r e c o r d e d  t h r o u g h  a p l e x i g l a s  window 6 by a m o v i n g - - i m a g e  c a m e r a  7. 
The  p r e s s u r e  in the  c h a m b e r  w as  m o n i t o r e d  wi th  a m a n o m e t e r  c o n n e c t e d  to tube  5. 

A s i m p l i f i e d  a r r a n g e m e n t  w as  u s e d  f o r . t h e  e x p e r i m e n t s  on a r g o n  and  a i r  a t  a t m o s p h e r i c  p r e s s u r e .  The  r e s u l t s  
of the  e x p e r i m e n t s  on a r g o n ,  a i r ,  and  so l id  t a r g e t s  a r e  p r e s e n t e d  in the  t ab l e .  

Mater ia l  9~, g / cma  D ,  km/ sec  it ,  km/ sec  p, kbars  

A l u m i n u m *  
Ptexiglas 
Po lys ty rene  
Po lys ty rene  
Po lys ty rene  

A rg o n  P0 = t 0 0  
Argon  Po ~ 50  
A rg o n  P0 ~ 25  
Argon  PO = t 0  
Argon  P0 = I 

A l u m i n u m * *  
Plexiglas 
Po lys ty rene  
Po lys ty rene  
Po lys ty rene  
Argon  PO == t 0 0  
A rg o n  PO = 50  
Argon/9o = 25  
Argon P0 ~ t0 
A rg o n  Po ~ 5 
Argon  PO ~ 3 
Argon  P0 ~--- I 
Air " p o = t  

* F r o m  [ 6 ] .  

2.71 
t.18 
0.7 
0.5 
0.3 
O. 206 
O. 095 
O. 048 
0.0i8 
0.00186 

2.71 
t . t8 
0.7 
0.5 
0.3 
0.i85 
0.090 
0.044 
0.0175 
0.00855 
0.00513 
0.00185 
O.00129 

TNT/RDX 50 /50  

7.~3 
6.60 
5.59 
5.45 
5.39 
5.46 
6.03 
6.55 
6.72 
3.96 

T N T / R D X  2 5 / 7 5  

7.72 
6.87 
5.94 
5.79 
5.76 
6.0~ 
6.48 
7.04 
7.36 
8.05 
8.49 
9.i3 
9.25 

t.565 
2.50 
3.t6 
3.56 
3.90 
4.32 
4.80 
5.28 
5.90 
7.6t 

t.765 
2.76 
3.48 
3.92 
4.20 
4.72 
5.30 
5.84 
6.40 
7.00 
7.08 
7.82 
8.0~. 

312 
t95 
123 
96 
63 
48.5 
27.5 
t6.6 
7.t5 
1.25 

369 
227 
146 
1t3 
72.5 
52.7 
30.6 
t8.2 
8.25 
4.82 
3.09 
1.31 
0.96 

* * T h e  p a r a m e t e r s  in the  a l u m i n u m  targe t  were d e t e r m i n e d  in the  same  way  
, as in [6 ]  in o rde r  to  d e t e r m i n e  the  J o u g u e t  pa rame te r s  of  the  given c o m p o s i t i o n .  

3. In m e a s u r i n g  the  s h o c k  wave  v e l o c i t i e s  in  a r g o n  we u s e d  as  t i m e  m a r k s  the  o n s e t  of l u m i n e s c e n c e  upon  
a r r i v a l  of the  d e t o n a t i o n  wave  a t  the  ga s  i n t e r f a c e  and  the  c e s s a t i o n  (or  c h a n g e  i n  i n t e n s i t y )  of l u m i n e s c e n c e  upon  r e -  
f l e c t i o n  of the  s h o c k  wave  f r o m  the  t r a n s p a r e n t  b a r r i e r  (in o u r  c a s e  p l e x i g l a s ) .  S ince  p l e x i g l a s  b e g i n s  to l o se  i t s  t r a n s -  
p a r e n c y  only  a t  p r e s s u r e s  a b o v e  a c e r t a i n  l i m i t ,  the  p h o t o g r a p h i c  r e c o r d s  of e x p a n s i o n  of the  e x p l o s i o n  p r o d u c t s  in to  
a r g o n  a t  d i f f e r e n t  i n i t i a l  p r e s s u r e s  a r e  d i f f e r e n t  in c h a r a c t e r .  The  p h o t o g r a p h s  in Fig.  2 a - d  w e r e  o b t a i n e d  at  i n i t i a l  
a r g o n  p r e s s u r e s  P0 = 1, 10, 5 0 , a n d  100 a t m ,  r e s p e c t i v e l y .  

An e x a m i n a t i o n  of the  p h o t o g r a p h s  and  e s t i m a t e s  of the  r e f l e c t i o n  p r e s s u r e s  i n d i c a t e  t ha t  up to p r e s s u r e s  of 
abou t  30 k b a r s t h e  p l e x i g l a s  r e m a i n s  t r a n s p a r e n t .  On the  i n t e r v a l  ~ 3 0 - 1 2 0  k b a r s  i t  g r a d u a l l y  l o s e s  t r a n s p a r e n c y  and a t  
h i g h e r  p r e s s u r e s  b e c o m e s  n o n t r a n s p a r e n t .  F o r  c o m p a r i s o n  we note  t h a t  a c c o r d i n g  to the  d a t a  of [7] p l e x i g l a s  d o e s  not  
l o se  t r a n s p a r e n c y  b e f o r e  b e i n g  d e s t r o y e d  by  the  t e n s i o n  wave ,  whi l e  a c c o r d i n g  to [8] g l a s s  r e m a i n s  t r a n s p a r e n t  up to t he  
a p p l i c a t i o n  of a p r e s s u r e  of 105. a i m ,  when  p l a s t i c  f low c o m m e n c e s .  

The  c h a n g e  in l u m i n e s c e n c e  i n t e n s i t y  a f t e r  r e f l e c t i o n  f r o m  the  p l e x i g l a s  of the  f i r s t  wave  t r a v e l i n g  t h r o u g h  the  
a r g o n  and  i t s  t o t a l  c e s s a t i o n  a t  the  i n s t a n t  of a r r i v a l  of wave  2 - 3  r e f l e c t e d  f r o m  the  e x p l o s i o n  p r o d u c t s  ( see  Fig. 3, 
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which shows the x - t  d i ag ram of the shock waves in argon; here ,  024 is the explosion produc ts -a rgon  interface,  and 135 
the a rgon-p lex ig las  interface)  make it possible  to establ ish,  apar t  f rom the veloci ty of the f i r s t  shock wave (0-1),  the 
instants of a r r i v a l  of the second wave (2-3),  whose front (at not very  large  init ial  gas dens i t ies  a lmos t  coincides with 
the explosion products in ter face  (0-2).  To check the co r r ec tne s s  of the in terpre ta t ion  of the photographic r e co r ds  we 
conducted additional exper iments  in which the thickness of the argon layer  was var ied.  

Fig. 2 

The exper iments  conf i rmed that the stepwise change in luminescence  intensity is assoc ia ted  not with any r e l a x a -  
tion p r o c e s s e s  but with the c i rcula t ion of the shock waves in the argon. 

0 

Fig. 3 

( 

F r o m  these data it is possible  to es tab l i sh  quite accurate ly ,  without r e so r t i ng  to calculat ions,  the points of i n t e r -  

sect ion of the corresponding argon shock Hugoniots and the i sen t ropes  of the explosion products at p r e s s u r e s  in the 

forward  waves not exceeding 30 kbars .  

Curves a, b, and c in Fig. 4a were calculated with allowance for single ionization of the argon at initial com- 
pression P0 -- i0, 25, 50 arm, respectively: points 1 and 2 are the results  of experiments on the expansion of the ex- 
plosion products of TNT/RDX 25/75 and 50/50, points 3 were determined from the shock wave in front of a flying plate; 
the data have been reduced to the same initial temperature of 10 ~ C. Two of the curves(p0 = ]0 and 50 arm) were 
checked in control experiments in which a shock wave was created in the argon by a steel plate traveling at a known 
velocity (an explosive device for accelerating a steel plate to 5.6 krn/sec is described in [3]). 

The calculat ions were  made on the assumption that under these conditions argon may be regarded  as a perfect ,  
singly ionizing gas, as assumed in [9]. F r o m  a compar ison  of the exper imenta l  points and the calculated curves  it 
follows that in this region of dens i t ies  and t empera tu re s  the assumptions are  quite justif ied.  There fo re  at P0 -- 100 atm 
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the points on the isentropes  of the explosion products were found using the calculated Hugoniot of argon obtained on the 
same assumptions.  

4. The solid curves in Fig. 4b r ep resen t  in p-u  coordinates  calculat ions based on equation of state (4.1); the 
dashed l ines r ep re sen t  the data of [5] for composit ion B; and the chain-dotted l ines r ep resen t  the data of [4]: s traight  
l ines 01 and 02 are detonation rays ,  points 1 and 2 the exper imenta l  resu l t s  for the isentropes  of the explosion products 
of TNT/RDX 50/50 and 25/75. 

In de te rmin ing  the pa rame te r s  of state in the plexiglas targets  we used the exper imental  dynamic compress ion  
data f rom [10, 11]. It should be noted that the exper imenta l  point on the isentrope of the explosion products of TNT/RDX 
25/75 lies within the region in which plexiglas undergoes phase t ransformat ion  [11]. This explains the ra ther  high level 
of inde terminacy  in the posit ion of the given point on the isentrope of the explosion products  (Fig. 4b). For  polystyrene 
the shock Hugoniots at three ini t ia l  densi t ies  were taken from [12]. To de te rmine  the pa rame te r s  of state in argon and 
air  at normal  p re s su re  f rom the measured  wave veloci t ies ,  we used the shock Hugoniots of these gases from [13, 14] 
for argon and [15] for a i r ,  where the calculat ions were made with allowance for mult iple ionization. 

I#-Pkbars (a) ? 
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Fig. 4 
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General ly  speaking, the upper points obtained for a luminum targets  lie not on the i sent ropes  but on the second 
shock adiabats of the explosion products.  However, since they are not very far removed f rom the Jouguet points, 
consider ing the tangency condition, at these p r e s su re s ,  it  is possible to neglect the difference in the behavior of the 
second shock adiabats and the isentropes .  

We presen t  values of the Jouguet pa rame te r s  obtained f rom the points of in te rsec t ion  of the wave rays  (p = pouD) 
and the corresponding isentropes ,  together with the ini t ia l  densi t ies  and detonation veloci t ies:  

Explosive Po. D, ~, p, p,, 
g/cm~ km/sec  km/sec  kbar  g/cm3 

TNT/RDX 50/50 1.65 7.55 2.02 252 2.25 
TNT/RDX 25/75 t.72 8.15 2.20 308 2.35 

For compar ison Fig. 4b p resen t s  the isentropic loading curve obtained by Deal [5] for composit ion B (TNT/RDX 
35/65), which with respec t  to the component ra t io  is in termedia te  between the composit ions investigated in our exper i -  
ments.  At re la t ively  high p r e s s u r e s  all  three i sent ropes  are ar ranged in the anticipated order ,  but as the p ressure  
fal ls  they in tersec t ,  which is very difficult to explain. 

In fact, as the percentage RDX content increases both the calorieity and the content of gaseous components in the 
explosion products should increase monotonically, which should involve a monotonic change in the properties of the 
expanding explosion products with variation in the RDX percentage of the composition. 

We note that as a whole Deal's experimental data are satisfactorily described if the isentrope of the explosion 
products is taken in the form p = Ap n. In more recent work (for example, [16]) it is noted that this form of the isentrope 

cannot correspond to the complete range of experimental data over a broad interval of pressures of the expanding 
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e x p l o s i o n  p r o d u c t s .  

The s a m e  Fig. 4b p r e s e n t s  da t a  ob ta ined  f o r  the s a m e  c o m p o s i t i o n s  in connec t i on  wi th  an i n v e s t i g a t i o n  of the 
p a r t i c l e  ve loc i ty  d i s t r i b u t i o n  beh ind  the de tona t ion  f r o n t  [4]. H o w ev e r ,  we note that  in [4] the e x p l o s i v e  (TNT/HDX 
50/50) had a high in i t i a l  d e n s i t y  (1.68 g / c m 3 ) ;  th i s  exp la ins  the d i s c r e p a n c y  b e t w e e n  the  c u r v e s  in F i g .  4b,  The c u r v e s  
f r o m  [4] a r e  s l i gh t l y  d i f f e r en t :  they  have a s o m e w h a t  s m a l l e r  s lope  (in abso lu t e  magni tude)  in  c o m p a r i s o n  wi th  the 
i s e n t r o p i c  c u r v e s  we ob ta ined .  

To d e r i v e  the equa t ion  of s t a t e  of the e x p l o s i o n  p r o d u c t s  the  da t a  ob ta ined  m a y  conven i en t l y  be r e p r e s e n t e d  in 
p -p  c o o r d i n a t e s .  The i s e n t r o p e s  p a s s i n g  th rough  the 5ouguet po in t s  a r e  e a s i l y  ob ta ined  in the n e c e s s a r y  c o o r d i n a t e s  
by i n t e g r a t i n g  the  r e l a t i o n  

dp [ du \ du 

We p r e s e n t  the va lues  (in kbar )  of Pl fo r  c o m p o s i t i o n  T N T / R D X  50/50 and P2 fo r  T N T / R D X  25/75 ob ta ined  a s  a 
r e s u l t  of s u c h  an i n t e g r a t i o n  f o r  a s e r i e s  of va lues  of p in g/era3: 

p 2.40 2.35 2.25 2.t t.9 1.7 "t.5 1.3 
Pl 303 292 252* 20~ 143 92.0 58.5 39.1 
p~ 325 308* 265 216 15~ 104 67.2  44.0 

p i . i  0.9 0.7 0.5 0.4 0.4 0.2 0.t 
pl 2~'.~ 13.7 7.6 4.5 3.5 2.5 t . t  0.9 
p~ 27.5 t6.0 8.6 5.2 4.t 3.0 1.5 t.3 

F r o m  t h e s e  d a t a  we c o n s t r u c t e d  the equa t i ons  of s t a t e  of the e x p l o s i o n  p r o d u c t s  of the i n v e s t i g a t e d  c o m p o s i t i o n s .  
The equa t ion  of s t a t e  was  w r i t t e n  in the f o r m :  

p = px (p) + ~ (p)p (E -- Ex) (4.1) 

Here, Px and E x are the pressure and internal energy components, which depend only on the density, and 7 (p) is 
the Griineisen constant, which gives the value of the thermal component in the equation of state of the explosion prod- 
ucts. The function T (P) was determined from the data, starting from which the detonation characteristics were cal- 
culated in [17]. It proved possible in a good approximation to represent ~/ (p) for both the investigated compositions by 
a single expression: 

I e_~/p (4.2) ~ = ~ 0 + ~  

with  the s a m e  va lues  of the c o n s t a n t s  To = 1 /3 ,  l = 7.425 g / c m  3, a n d k  = 4.95 g / c m  3. The s e l e c t e d  f o r m  of the T (p) r e l a -  
t ion e n s u r e s  the r e d u c t i o n  of ~ to a value a p p r o x i m a t e l y  c o r r e s p o n d i n g  to a p e r f e c t  gas  as  the d e n s i t y  of the exp los ion  
p r o d u c t s  d e c r e a s e s  and a l so  a weak  d e c r e a s e  in ~/upon c o m p r e s s i o n  of the e x p l o s i o n  p r o d u c t s  in the h i g h - d e n s i t y  r e  ~ 
gion from a maximum value ~/~ 0.7. 

The E x (p) r e l a t i o n  was  t aken  in the f o r m  

Ex = ae -~ / ~ -- bp TM § A [(p -- p1) 3 + B] e ~(" ~,)2 (4.3) 

w h e r e  Pl i s  the d e n s i t y  at  the Jougue t  point ,  which  is  d i f f e r e n t  f o r  the c o m p o s i t i o n s  i n v e s t i g a t e d ,  whi le  the va lue s  of 
the  r e m a i n i n g  c o n s t a n t s  a r e  the s a m e :  

a = 234.66 "t01~ A -- --0.48557.1010, R ~ ti.25 
b ~ 0.042077 "101~ B ~ --i.5574 "101~ m ~ 2, a ~ 2. t05t 

The equation of state obtained satisfactorily describes the experimental data on the isentropic expansion of the 
explosion products. The isentropes are obtained from 

a f t e r  d i f f e r e n t i a t i o n  of (4.1) and s u b s e q u e n t  i n t eg ra t ion ;  the e o n s t a n t s  of i n t e g r a t i o n  a r e  d e t e r m i n e d  f r o m  the p a r a m -  

e t e r s  of the Jougue t  po in t .  

* Jougue t  po in t s .  
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Apart  f rom conforming with the exper imenta l  points on the i sent ropes ,  the pa ramete r s  of the equation of state 
were also requi red  to conform with the exper imenta l  heats of explosion and the exper imental ly  de te rmined  slope of the 
velocity drop at the normal  detonation front  [4]. Basically,  the la t ter  condition also requi red  the introduction into the 
equation of state of a complicat ing exponential  te rm,  which reduces  the curvature  of the isentrope near  the Jouguet 
point. 

In conclusion the authors thank L. V. AlVtshuler for his constant  in te res t  in their  work and valuable advice and 
N. M. Filipchuk and L A. Dolgov for ass i s t ing  with the exper iments .  
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