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A 

ADIABATIC EXPANSION OF HIGH EXPLOSIVE 
DETONATION PRODUCTS 

Abstract 

A relatively simple p re s su re ,  volume, p re s su re  data and resul ts  from metal 

acceleration experiments. The thermo- 

dynamic and hydrodynamic requirements 
placed upon this equation of state a r e  dis- 
cussed and a comparison of calculation 

and experimental resul ts  a r e  presented. 

energy (PVE)  equation of state has been 

developed to describe the adiabatic expan- 
sion of detonation products. Specific 

equations for ten explosives have been 

determined using detonation velocity and 

Introduction 

Numerous equations of state 2J have 

been proposed for describing the adiabatic 

expansion of detonation products. How- 

ever, when these equations a r e  used in 

hydrodynamic calculations, they do not 
accurately predict the performance of an 

explosive. 
4 To remedy this,  Wilkins developed an 

equation based primarily on spherical ,  
metal expansion experiments. H i s  equa- 

tion, when used in hydrodynamic calcula- 

t ions,  accurately predicts resul ts  for 
experimental geometries emphasizing the 

early stages of detonation product expan- 
sion. We have extended his work using 

resul ts  from cylindrical, metal expansion 

experiments to develop an equation of 
state which can also be used for geome- 
t r i e s  involving large expansion of the 

detonation products. 

Section I of this report  discusses the 
form of the equation and describes the 
procedure used to evaluate the constants. 

Section I1 discusses the experiments 
and the hydrodynamic calculations used 
in their  interpretation. 

Appendixes A-D contain a complete 

tabulation of the experimental and calcu- 

lational resul ts .  

A 
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Section I. The Equation of State 

A. FORM OF THE EQUATION 

The equation of state used here is em- 
pirical. Its development follows an ear l ier  
equation proposed by Jones and Miller and 

an equation developed by Wilkins .4 There- 

fore we refer  to it a s  the Jones-Wilkins- 
Lee (JWL) equation. 

5 

Jones: 

P = Ae -R.V - B  + C .  T 

Wilkins : 

P = % + B(I - eV) e-R 
V 

a - R V +  C P(A) = - + Be 
V Q p + 1  

where 

(I. 1) 

V UE + v  

JWL: 

-R1'V 
P = A  1 - - ( RIU* V) e 

- R 2 ' V  W E  
+ T  + B  ( 1 - - R;V)e 

(1.2) 

-R1*V - R 2 ' V  
( 1 . 3 )  +- 

p + 1  P(A) = Ae + Be 

V V stands for the relative volume - 
following the convention used in hydrody- 
namic codes. However, substitution of 

V 

for V wi l l  convert these expressions to 
specific volume. The pressures  a r e  given 

in megabars (Mbar) and adiabat is abbrevi- 

ated as A .  

VO 

(specific volume) * p o  (loading density) 
SP 

Contributions of the various t e r m s  

in Eq. (1.3) 
Fig. 1. 

1 .o 
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to the pressure a r e  shown in 
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V 

Fig. 1. Contribution of various t e r m s  in 
JWL equation of state to total 
adiabat p re s su re  for Composition 
B, Grade A.  

B. THERMODYNAMIC-HYDRODYNAMIC 
CRITERIA 

Paramete r s  in the equations a r e  chosen 

to satisfy the following conditions: 1) the 
measured Chapman-Jouguet (C-J) state,  2) 
the measured expansion behavior in the 

cylinder tes t ,  3 )  thermodynamic limita- 
tions at large expansions, and 4 )  hydro- 
dynamic continuity. 

The measured C-J  conditions a r e  

directly entered into the equations. The 

8 
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cylinder tes t  expansion behavior is entered 

by a repetitive t r ia l  and e r r o r  procedure 
using two-dimensional hydrodynamic calcu- 

lations. This procedure is described in 
Section 11. sion. 

Moreover, for most HEs, the entropy asso-  

ciated with the C - J  adiabat is higher than 
for the two phase region; thus water wi l l  

not condense during the adiabatic expan- 

The form of the J W L  equation allows US Secondly, in the J W L  equation, the pro- 

to  impose two sensible thermodynamic 
limitations at large expansions. F i r s t ly ,  

we fix the total available energy, Eo(Mbar 

cc/cc),  at  a value consistent with the 

available chemical energy. This energy 

is obtained either from detonation calorim- 
etry6a7 o r  RUBY calculations .". 

Calorimetric Eo 's  and the JWL values 

a r e  given in Table I. 
values a r e  based on H 2 0  (gas) since it i s  

doubtful whether water vapor can condense 

to the liquid s ta te  in the time it takes for 
the high explosive gases to expand initially. 

4, 8 

The calorimetric 

file of the expansion at large values of V 
is dominated by the value of w. 

valueof I? E - ( - should approach 

at  large expansion, and since T' = o + 1 

for V 10,  we arbi t rar i ly  l imit  the choice 
of w to 0.20 < (u < 0.40, which is consistent 

with the heat capacities of the gaseous 
products for the explosives discussed in 
this report .  

Since the 

CV 

Proper  hydrodynamic continuity is 
assured if  P is everywhere a monotonical- 

ly decreasing function of the relative vol- 

ume. This is the same a s  requiring r to 

be greater  than zero and continuous, a 

condition which cannot be predetermined 
* 

RUBY, C-J-adiabat composition at a 
relative volume of 10 is used to calculate 
the available chemical energy by limitations on the selection of 

Table I. Comparison of EO used in JWL calculations and detonation 
calorimetric resul ts .  

Eo (Mbar cc/cc)  

Detonation 
Composition a, b JWL calorimetry 

HMX . 

Nit rornethane (NM) 

PETN 

TNT 
Comp B, Grade A 
Cyclotol 

PBX 9011 
PBX 9404 

LX-04-1 

LX-07-0 

0.105 

0.051 
0 .101  

0 .07  
RDX, TNT (64/36) 0.085 
RDX, TNT (77/23) 0.092 

HMX, Estane (90/10) 0.089 

HMX, NC, CEF (94/3/3) 0.102 

HMX, Viton (85/15) 0.095 

HMX, Viton (90/10) 0.096 

0 . 1 0 9  

0.050 

0.101 

0.070 

0.081 
- 
- 

0.098 

0.097 
- 

aAbbreviations a r e  NC = Nitrocellulose, CEF = T r i s  8-chloroethyl 

bNumbers are approximate weight percent. 

phosphate. 
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coefficients, but must be checked for each 

specific equation. 
turned out that R1 p 4 and R1 Z 1, and that 

the value of r has always been greater  

than 1 for the explosives we have investi- 
gated. Near the C-J point the high pres-  

s u r e  behavior is dominated by the coeffi- 
cient R1 as can be seen in Fig. 1. Even 

for compressions near 2 ( V F  0.5), is 
still greater  than 2.  

In practice, it has 

At very large compressions, the pres-  
su re  behavior would be dominated by w. 
This is probably an incorrect description, 
but is well outside of the range of pres-  
s u r e s  normally encountered in experi- 
ments on explosives. 

C. METHOD F O R  DETERMINING 
C OEFFIC IEN TS 

To use Eq. 1.3, six constants must be 
determined. The l inear coefficients A, 

B, and C a r e  determined from Eo, D, PcJ 
and po once a guess is made for the non- 
l inear coefficients R1, R2, and w. 
hydrodynamic calculation is then carr ied 
out and the resul ts  a r e  compared with 
experiment. 

A 

A procedure based on calculated energy 
change (Eo - E)  along the adiabat was  
evolved which minimizes the number of 

guesses required to  obtain agreement with 
experiment. To a f i r s t  approximation, 

the energy delivered to a metal shell at a 
given expansion is proportional to E - E 

evaluated from 
0 

-RIV B - R 2 V  
+ - e  A E - E  = - e  

O R1 R2 

(I. 4) 
C 

EO + - -  
wVw 

for  a volume of the detonation products 

characterist ic for a given expansion. If 

the initial guess for R1, R2 and w used in 
the hydrodynamic calculation resulted in 
a metal kinetic energy 10% too high, for 

example, a new guess for which E - Eo 
at the same V is 10% l e s s  would give 
agreement with experiment. 

A computer code was used to calculate 

E - E for systematic variations in R1, 

R2, and w and to then compare the values 
with the E - Eo values calculated using 

the initial guess. An adiabat that varied 

from the initial guess by the same amount 
that the initial guess varied from experi- 
ment was then used in the next hydrody- 

0 

namic calculation. Resultant agreement 
with experiment w a s  usually within 1%. If 

not, the procedure was repeated. 
Final values for R1, R2, and w give 

calculated wal l  velocities ,within 1% of the 

experimental wal l  velocities. The detailed 

comparisons of calculation and experi- 
mental resul ts  a r e  given in Appendixes 

A and B. 

D. RESULTS 

JWL equation-of-state coefficients have 

been determined for ten high explosives. 
(See Table 11.) For  some of the explosives 

listed we  have given two o r  three se t s  of 

coefficients. The best set  is labeled AA. 
The other se t s  a r e  given for comparisons 
which wi l l  be referred to later in this 
report .  

Where PcJ has not been measured, we 
have made an estimate assuming that 

2.7 < rc, C 2.8. A simple multiple of 
10 kbar, causing r to fall in this range, 
w a s  chosen as the C-J p re s su re .  

values a r e  x t d  by an aster isk (::). 
These 

Table 111 gives a l is t  of coefficients for 

Wilkins' equation applied to LX-04-1 and 

-4 - 



Table 11. J W L  p a r a m e t e r s .  

LX-04-1 LX- 
0 7 - 0  A B  N M  PETN Comp B. AA A B  

PBX 9404 
AC HMX' DA AB AA TNT Grade A Cyclorol PBX 9011 AA 

-4 7,7828 2.0925 1.352, 7.9653 3.71213 5.24229 6.03414 6.34717 8.5445 6.12023 8.4984 6.11834 5.94143 6.8674 

B 0.01071428 0.056895 0,030284 0.1Y241 0.032306 0.076783 0.09112357 0.079982 0.20193 0.206750 0.15277 0.016672 0,050039 0.0790406 

c 0 . 0 0 ~ 0  0.0077042 0.0064342 0,006651 0.0104527 O . O I O ~ I B  '0.010753 0.007zio 0.00754 0 . 0 0 8 ~ ~ 3 1  0.011585 0.006a631 0.0094815 0.0114438 
4.6 4.25 4.65 4.07 4.0 4.2 n 4 2  4.4 0.6 4.8 4.15 4.2 4.7 4.2 
1.35 1.45 1.30 1.00 0.9 1.0 1.2 1.0 1.2 0.95 1.10 1.1 1.0 

-.I - - ~  
K2 1.0 
Y( 0.3 0.3 0.4 0.275 0.25 0.30 0.34 0.35 0.3 0.25 0.25 0.35 0.25 0.3 

Eo 
(Mbar cc/ccl 0.105 0.051 0.051 0,101 0.07 0.085 0.092 0.089 0.102 0.102 0.095 0.095 0.095 0.096 

c g c ,  1.891 1.128 1.128 1.77 1.63 1.717 1.154 1.77 1.84 1 . 8 4  1.885 1.865 1.865 1.865 
PCJ 

I'cJ 2.7105 2.5386 2.1875 2.812 2.72i 2.706 2.7307 2.7611 2.85 2.658 2.9355 2.69 2.69 2.7621 
(hibar) 0.4Za 0.12510 0.1409 0.3211 o,2112 0 . 2 0 5 ~ ~  0.3Z1' 0.34a 0.37" 0.3904 0.34" 0.364 0.37a 

( c m ~ s e c ) o . s i i  0.6287 0.6287 0.8311 0.693 0.798 0.825 0 . 8 5  0.88 0.88 0.847 0.847 0.846 0.864 

'PCJ aasunled fruni P = A, 2.7 < I'cJ > 2.8 , 

Table 111. Coeff ic ients  f o r  Wilkins and T- l aw equat ion.  

C o m p  B 
Simula ted  S imula t ed  

PBX 9404 LX-04 - 1 I? -law BKW LJD 

a 0.0045 6 3 0.008335 - 0.02771 0.059937 

0- 0.00526 6 0.009435 0.126 0.04645 0.09270 

B 6.572 5.943 - 0.01191 0.3427 

C 0.032 0.029 - 0.08085 0.03515 
Q 4.0 4.0 2.706 3.785 3.43 

R 4.0 4.0 - 0.6486 3.054 

w 0.35 0.40 - 1.1235 0.8588 

EO 
( M b a r  cc/cc) 0.1343 0.1126 0.0865 0.0903 0.0836 

1.84 1.865 1.717 1.717 1.714 

pCJ 
(Mbar)  0.39 0.36 0.295 0.280 0.259 

0.7266 0.7316 0.7302 0.749 0.763 VCJ 
D 

(cm/psec)  0.880 0.848 0.798 0.807 0.799 

P B X  9404. 
BKW and LJD a d i a b a t s  f o r  C o m p  B w e r e  

s imula ted '  wi th  Wilkins' equat ion of 
state to f i t  t h e m  into a format suitable f o r  

input into t h e  H E M P  Code.14 T h e s e  coef- 

f ic ien ts  are also l i s t e d  in Table 111 along 
with the I?-law coef f ic ien ts .  

In t h e  c o u r s e  of our  w o r k  t h e  

By plot t ing T = - ( - i::F)s v e r s u s  v for  
t h e  C o m p  B a d i a b a t ,  t h e  J W L  equat ion is 

c o m p a r e d  g r a p h i c a l l y  in F i g s .  2a, b ,  c ,  

2 3 wi th  t h e  BKW,15 LJD, and T-law equa-  

t ions  of state. For LX-04-1 and P B X  9404 

both t h e  J W L  and Wilkins' r - b e h a v i o r  are 
plot ted i n  F igs .  3a,  b, c, d. (For t h e  
r e m a i n i n g  HE'S, I? vs V p l o t s  are  given 

in  Appendix D.) 

Al l  t h e  r versus V c u r v e s  have  c h a r a c -  

teristic double  m a x i m a .  

high dens i ty  g a s e o u s  detonat ion p r o d u c t s  

as having some of t h e  p r o p e r t i e s  of a 

If o n e  treats t h e  

- 5 -  
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r( 

CI 

r 2  

1 

0 

I I I 

JWL EquationJ 

I I I 1 
1 3 10 30 

V 

Fig. 2a. Comparison of I? calculated from 
the JWL equation and the BKW 
equation for Composition B,  
Grade A. 

4 I I I 

r 

l t  

L W L  Equation 

0- 
1 3 10 30 

V 
Fig. 2c. Comparison of r calculated from 

the JWL equation and the r-law 
for Composition B, Grade A. 

solid 1attice:j2 the I? versus  V curve 

should exhibit a maximum near a volume 

corresponding to the equilibrium latt ice 

distance. 
latt ice pressure ,  which can be a major  

part  of the total p ressure ,  falls to zero a s  

This is simply because the 

r 

Fig. 2b. Comparison of I? calculated from 
the JWL equation and the LJD 
equation for Composition B,  
Grade A. 

the compressed latt ice expands approach- 

ing the equilibrium distance. The loga- 

ri thmic derivative of the latt ice pressure  

alone will exhibit a singularity at Plattice 
= 0 ,  since 

Therefore ,  resul ts  from lattice plus 

thermal  p re s  sur  e derivatives will exhibit 
a maximum for  the usual intermolecular 

potential descriptions such as 6-12 ,  expo- 

nential 6 o r  modified Morse.  
The locations of the first o r  high den- 

s i ty  maxima shown in this report  a r e  at 

gas  densities somewhat higher than one 
would expect from the equilibrium dis- 

tances derived from the condensed phases 

of the product gases .  It is suggested that 

the proper equilibrium distances to  use 
may be those for high pressure  allotropic 

fo rms  of the condensed phase. As  an 
example, water exists as ice VI1 at 
2 1  kbar and has a density of 1.56 g/cc.  

8 

I 
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A 

A0 -- PCJ = 0.36 
I I I 
1 3 10 30 

0 

V 

Fig. 3a. Comparison of JWL r calcula- 
tions for  LX-04-1 adiabats AA 
and AB. 

PcJ = 0.37 Mbar 

I A 0  ---- PcJ = 0.39 Mbar I 
0 m 

1 3 10 

V 

Fig. 3c. Comparison of JWL I? calcula- 
tions for PBX 9404 adiabats AA 
and AB. 

We cannot explain the second (low den- 

si ty maximum) but have observed that it 
falls roughly at the cri t ical  density of the 
gases produced by CHNO explosives. It 

is very difficult to investigate this possi- 

ble correlation quantitatively since there  

are  no simple , reliable descriptions of 

fluid behavior near the cri t ical  density. 

4 

3 

i - 2  

1 

( I 
1 3 10 

V 

Fig. 3b. r for  LX-04-1, Wilkins equation. 

4 ,  I I I I 

3 

r 2  

Wilkins equation 

V 

Fig. 3d. I? for  PBX 9404, Wilkins equation. 

E .  DENSITY DEPENDENCE 

The JWL equation contains the assump- 

tion that the Gruneisen parameter (G) is 

constant* whereas it is a function of E and 
V in the most general description. 

* 
I t  is possible to make the JWL equation 

consistent with the measured dependence 
of D on p by removing the constraint onG, 
i. e . ,  allow G = G(V) o r  G = G(E,  V) ,  as 
described in UCRL-70809.  

-7 - 



With the single additional assumption 

that Eb = Eo * p b / p o  one can calculate the 
C-J s ta te  and adiabatic expansion for  va r -  

ious values of p b  in a range within *IO% of 

po .  The only coefficient which changes is 
C .  However, the usual procedure is to  
use  a measured value of D' and the origi- 

nal value of r to specify the C - J  state and 
determine new values for  A ,  B, and C.  

Original values for HI,  R2 ,  and u), are 
retained and Eb is determined as above. 

Using f3bJ from 

and 

the determination requi res  the solution of 

the following se t  of three l inear  equations 
for  A', El, and C ' .  

C' 
+ (U,+l j  

vcJ 

where 

and 

where 

I?, USES AND LIMITATIONS 

The principal value of the J W L  equation 

of s ta te  lies in i ts  ability to  give an accu- 
r a t e  description of' the C-J adiabat. The 
coefficients we have determined for a J W L  

equation should be considered a condensed 

summary of measured C-J adiabat expan- 

sion p res su res  for  the high explosives 
listed. 0ril.y to a f i r s t  approximation are 

they a description of' the equation of state 
of the high rtsplosive product gases  a t  

points removed from that adiabat (i .  e . ,  

points which are reached by experiments 
at other than the listed loading density or  
by reshocking the detonation products). 

However, since the J W L  equation satis- 
f ies  the c r i te r ia  in Section IIR, the uncer- 
tainty involved in using this description 

over a limited range outside of the fitted 

experiments i a ,  hopefully, niiriimized. 

Fur thermore ,  since these c r i t e r i a  are  
satisfied, this eyuatioii of s ta te  should not 

only be useful as an "engineering" equa- 
tion to  be used i n  various calculations for 

the high explosives 1.isted here ,  but should 

a l so  serve  as a description of the thermo- 

dynamic behavior of the expanding gases.  
The lack of temperature information 

l imits  the kind of thermodynamic informa- 

tion one can deduce direct ly ,  hut the 
properties of the equation allow it to  be 

used either in a tes t  of proposed P, V, T 

-8 - 



equations, o r  in the construction of a P, 

V, T equation. 

and have applied this information to gener- 

a te  equations of state for CHNO explosives 

where hydrodynamic measurements were 

lacking. However, we caution against 
using such a procedure for other c lasses  

of high explosives. 

We have observed that the nonlinear 

coefficients R1, R 2  and w do not vary 

appreciably from one explosive to another 

-9 - 



Section 11. Experiments and Hydrodynamic Calculations 

Experimental accuracy and the validity 

of our calculation procedures determine 
how well the adiabats listed in Section I 
actually do represent the behavior of the 
detonation products. In this section, we 

describe the standard tes ts  and, in addi- 
tion, give resul ts  from tests  and calcula- 
tions designed to investigate stability, 

scaling, and the effect of metal yield 

strength. 

A .  EXPERIMENTAL CONFIGURATIONS 
FOR MEASUREMENT OF ADIABATIC 
EXPANSIONS 

In order to describe the adiabatic 
expansion of the detonation products it is 
necessary to obtain experimental data for 

the initial point (assumed to be the 
Chapman-Jouguet point) and for  points 
during the subsequent expansion. The 

C-J pressure and detonation velocity 

experiments characterizing the initial 
point have been described elsewhere. 
The cylinder and sphere tes ts  used to 
characterize the expansion behavior a r e  

described below. 

12 

The standard cylinder tes t  geometry 
used for these experiments i s  shown in 

Fig. 4 .  

tions used in ear l ier  work. 

radial motion of the cylinder wall is re -  
corded by a s t reak camera using shadow- 

graph techniques. 
20 cm from the booster explosive. 

record is read on  a precision comparator 

which punches the coordinate data directly 

onto IBM ca rds .  A computer code then 
uses these data to calculate radial wall 

velocities at  specified values of R - 
Experimental reproducibility is within 

It is s imilar  to the tes t  configura- 
16,17 The 

The viewing slit is 

The 

0.57~ for radius-time data,  and 1% for 
wall velocity, provided the tube surface 

is electropolished o r  chemically cleaned. 
Detonation velocities a r e  measured by 
placing pin switches 23 cm apart  on the 

surface of the tube. 
The effect of explosive diameter on 

cylinder test  resul ts  has been investigated. 
One-in., 2-in. and 4-in. diam, scaled 

experiments have been carr ied out for 

PBX 9404 and TNT. Also, 1-in. and 
2-in. diam, scaled experiments were done 

with Comp B. 
IVc) scale hydrodynamically within exper- 
imental error .  Therefore,  for the explo- 
sives tested,  the standard 1-in. diam test  
closely approximates infinite diameter 

behavior. This conclusion is not t rue  for  

explosives with long reaction zones. 

particular, recent experiments with per- 
chlorate-containing explosives indicate 

diameter effects even with 2-in. diam 
charges.  

The resul ts  (Tables' IVa- 

In 

The change in cylinder wall velocity a s  
a function of position along the cylinder 
was also investigated. 

in the standard copper cylinder a r e  pre- 

sented in Fig. 5 .  
radius-time behavior is independent of 

axial position if L /D 2 4.5. (In the stan- 
dard tes t ,  measurements a r e  made at an 
L/D of 8.)  

The arrangement for the spherical 

charge experiments4 is also shown in 

Fig. 4.  It consists of a hemisphere of 
H E  inside a close fitting hemispherical 

aluminum shell, the other half of the 
sphere being simulated by a cylinder of 

the same H E .  

the center with a spherically divergent 

Data for LX-04-1 

For R - Ro < 2.5 c m ,  

The charge is initiated at  

a 

-10- 



n 

Plane wave lens 

cm 

I Plane wave l e n s 2  

Comp B 

Cylinder: OFHC Copper, ASTM-B-187, density = 8.93 g/cc, i .d. = 2.55 cm, 
0.d.  = 3.07cm, wall  = 0.26 cm, length = 30.5 cm 

0.d. = 2.54 cm, length = 30.5 cm 

5F.-1 detocatsr, Tetryl pellet, P-22 plane wave lens, 1 .27 cm thick 
!lump B bcsster 

Explosive: 

Initintcr: 

0.65 cm AI  Shell 

I_ I 30 .5cm 4 
t-leniispherical she l l :  Aluminum, ASTM-6061-16 i . r .  = 15 cm, density z 2 . 7 0  g/cc, 

0 . r .  = 15.65 cm, wal l  =0.65crn. 

Explosive: 

Initlo:or: SE-3, sphcrically divergent " point" detonator. 

Hemisphere, 0.r. = 15 cm, cylinder mate ,  0 . d .  =30.5  cm, length = 15 cm. 

Fig. -1, Standard experimental test  geometries. 

detonator. Fliotogrliphy a id  data reduction 

were the same a s  for the cylinder tes t s .  

The compilation of resul ts  for  both the 

standard cylinder tes t  and the sphere tes t  

To obtain good film records,  it w a s  neces- is to be found in Appendixes A and 

sa ry  to have a polished finish on the metal, 

t o  illuminate the sphere with a parallel 
B. HYDRODYNAMIC CALCULATIONS 

light beam, a n d  to eIic.iixe the experiment 

in a vacuum C k s i T i b C r .  

The hydrodynamic codes KO" and 

HEMP,14 w e r e  used to determiric .tii(< 
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Table IVa. Cylinder tes t  
data for 1-in., 2-in., and 
4-in. scaled PBX 9404. 

Table IVb. Cylinder test  
data for 1-in., 2-in., and 
4-in. scaled TNT. 

2.54 cm 5.08 cm 10.17 cm 
diam diam diam 

PBX 9404 PBX 9404 PBX 9404 
0.2606 cm 0.521 cm 1.04 cm 

copper copper copper 
wall wall  wall 
t / l  at t I 2 a t  t / 4 a t  

(cm) b s e c )  (psec) (vsec)  
R - R o  (A - R O ) / l  (R - Ro)/2 (R - Ro)/4 

0.05 
0.1 
0.15 
0.2 
0.25 

0.3 
0.35 
0.4 
0.5 
0.6 

0.7 
0.8 
0.9 
1.0 
1.1 

1.2 
1.3 
1.4 
1.5 
1.6 
1.7 
1.8 
1.9 
2.0 
2.2 
2.4 
2.6 
2.8 

0.57 0.53 0.59 
1.11 1.05 1.12 
1.49 1.48 1.51 
1.87 1.89 1.90 
2.25 2.26 2.26 
2.60 2.62 2.62 
2.96 2.96 2.96 
3.27 3.30 3.30 
3.93 3.94 3.94 
4.56 4.57 4.57 

5.18 5.18 5.19 
5.19 5.79 5.79 
6.39 6.39 6.39 
6.98 6.98 6.98 
7.57 7.57 7.56 

8.15 8.14 8.12 
8.73 8.71 8.72 
9.30 9.28 9.30 
9.87 9.82 9.86 

10.44 10.40 10.43 

11.00 10.96 10.99 
11.57 11.51 11.54 
12.13 12.06 12.10 
12.68 12.62 12.65 
13.79 13.71 13.74 
14.90 14.83 
15.99 15.91 
17.09 

2.54 cm 5.08 cm 10.17 cm 
diam diam diam 
TNT TNT TNT 

0.2606 cm 0.521 cm 1.04 cm 
copper copper copper 

wall wall wall 
t 1 at t l 2 a t  t / 4 a t  

R - RO (R Rd/l (R - R d / 2  (R - R d / 4  
(cm) Gsec) (rrsec) (psec) 

0 
0 . 1  1.545 (1 .52)  1 .62  
0.2 2.64 2 .69  2.78 
0 .3  3.615 3.67 3 .72  
0.4 4.53 4.56 4.61 
0 . 5  5 .41  5.42 5 . 4 8  
0.6 6.25 6.26 6 .31  
0 . 7  7.06 1 .08  7 .  12 
0 . 8  1 .85  7 .88  7.92 
0 .9  8 .63  8.65 8 . 7 0  
1 . 0  9 . 4 1  9.42 9.47 
1.1 10 .18  10.17 10.23 
1 .2  10 .94  10 .91  10 .98  
1 . 3  11 .69  11.65 11.72 
1 .4  12.44 12 .38  12.45 

1.5 13.17 13.11 13.18 
1 . 6  13.90 13 .63  13 .90  
1 . 7  14.62 14.56 14.62 
1.8 15.34 15.28 15.34 
1 .9  16.05 16 .00  16.05 
2 .0  16.76 16 .76  
2 . 1  17.47 17 .46  
2 .2  18 .18  18 .16  

Table IVc. Cylinder tes t  
data for 1 -in., and 2 -in. 
scaled Comp B, Grade A. 

2.54 cm diam 5.08 cm diam 
Comp B Comp B 

0.2606 cm 0.521 cm 
copper wall copper wall 

t i l  a t  t / 2  a t  
R - R o  (R - R O ) / I  ( R  - R0)/2 

(cm) (psec) hSeCJ 

0 . 2  2 .17  2 . 1 5  
0 . 3  3 .00  3 .00  
0 .4  3 .77  3 .78  
0 .5  4 . 5 1  4 .51  
0 . 6  5.22 5 .21  
0 . 7  5 .91  5 .90  
0 . 8  6 .59  6 .59  
0 .9  7.26 7 .26  
1 . 0  7 .92  7 .92  
1 . 1  8 .51  8 .57  
1 . 2  9.22 9 . 2 1  
1 . 3  9 .86  9 .85  
1 . 4  10 .50  10 .48  
1 .5  11 .13  11 .11  
1 . 6  11.75 11 .73  
1 . 7  12.37 12.35 
1 .8  12 .99  12.97 
1 . 9  13 .60  13 .59  
2 .0  14.22 14 .20  
2 . 1  14 .83  14 .61  
2 .2  15 .43  15 .41  
2 . 3  16.04 16.02 

Fig. 5. Change of w a l l  a r r iva l  t imes as a function of positionon the cylinder. 
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Q detonation product equations of state f rom 
the sphere and cylinder experiments by a 

method of successive approximations. 
The accuracy of the resul ts  depend directly 
on the accuracy of these Lagrangian codes. 

Both codes have been tested by comparing 
resul ts  with those from an identical geom- 

etry calculated by the method of character-  

ist ics;  metal motion histories agreed 
within 0.2% (see Ref. 1 9 ) .  

The zoning used in the H E M P  calcula- 
tions is shown in Fig. 6 .  

along the cylinder at which steady state 

conditions a r e  achieved is influenced by 
the total number of zones. 

ing shown, steady s ta te  was achieved 

The position 

With the zon- 

30 cm b 

9.4 cm 2.6cm 18cm 

zones 180 -4 
IT I 

f 
-3- 

0.254 cm HE A 10 radial zones 

Metal 6 3 radial zones 

Fig. 6. Zoning for H E M P  code calculation for cylinder tes t .  

Table V. Comparisons of cylinder test  calculations at various axial positions and cyl- 
inder tes t  experimental resul ts  at  1 7 . 8  cm (7 in.) for  Comp B, Grade A. 

tcalcbsec)  ( R  - Ro) tstd exp.  
(cm) (gsec) x = 16  x = 1 7  x = 18 s = 1 9  x = 20 x = 21 x = 22 x = 23 x = 24 

0 
0 . 1 5 0  
0 . 2 0 0  
0 . 2 5 0  
0 . 3 0 0  
0 . 4 0 0  

0 . 5 0 0  
0 . 6 0 0  
0 . 7 0 0  
0 . 8 0 0  
0 . 9 0 0  

1.000 
1 .100  
1 . 2 0 0  
1 . 3 0 0  
1 . 4 0 0  

1 .500  
1 . 6 0 0  
1 . 7 0 0  
1 , 8 0 0  
1 . 9 0 0  

2 . 0 0 0  
2 .200  
2 . 4 0 0  
2 . 5 0 0  
2 .600  

2 . 8 0 0  
3 .000  

0 
1 . 7 1 0  
2 . 1 8 0  
2 , 5 9 0  
2 . 9 9 0  
3 .780  

4 . 5 2 0  
5 . 2 2 0  
5 . 9 1 0  
6 .590  
7 .260  

7 . 9 2 0  
8 . 5 7 0  
9 .220  
9 .860  

10 .500  

1 1 . 1 3 0  
1 1 . 7 5 0  
1 2 . 3 7 0  
13 .000  
1 3 . 6 0 0  

1 4 . 2 2 0  
1 5 . 4 3 0  
1 6 , 6 4 0  
1 7 . 2 4 0  
1 7 . 8 4 0  

1 9 . 0 4 0  
20 .230  

1 . 7 3 1  
2 . 1 7 1  
2 .605  
3.017 
3 .782  

4 .525  
5 , 2 5 5  
5 .947  
6 .629  
7 . 3 0 4  

7 .969  
8 . 6 2 5  
9 .274  
9 . 9 1 6  

1 0 . 5 5 4  

11 .187  
11 .817  
1 2 . 4 4 4  
1 3 . 0 6 9  
1 3 . 6 9 0  

14 .311  
1 5 . 5 4 6  
16 .775  
17 .387  
1 7 . 9 9 8  

1 9 . 2 1 7  
2 0 . 4 2 9  

1 .737  
2 .175  
2 .606  
3 .018  
3 . 7 7 9  

4 . 5 2 0  
5 .245  
5 . 9 3 4  
6 . 6 1 4  
7 . 2 8 6  

7 . 9 4 9  
8 . 6 0 3  
9 .250  
9 .890  

1 0 . 5 2 6  

1 1 . 1 5 8  
1 1 . 7 8 6  
1 2 . 4 1 2  
1 3 . 0 3 5  
1 3 . 6 5 5  

1 4 . 2 7 4  
15 .505  
16 .730  
1 7 . 3 4 1  
1 7 . 9 5 0  

1 9 . 1 6 6  
20 .374  

1 . 7 4 0  
2.177 
2 .608  
3 . 0 1 8  
3 .778  

4 .517  
5 . 2 3 8  
5 .927  
6 .606  
7 . 2 7 6  

7.939 
8 . 5 9 3  
9 .240  
9 .880  

10 .515  

11 .147  
1 1 . 7 7 5  
1 2 . 4 0 1  
1 3 . 0 2 3  
1 3 . 6 4 2  

14 .257  
1 5 . 4 8 0  
16 .696  
1 7 , 3 0 1  
1 7 . 9 0 6  

19 .110  
20 .321  

1 . 7 4 0  
2 . 1 7 6  
2 . 6 0 7  
3 . 0 1 8  
3 . 7 7 7  

4 .517  
5 . 2 3 8  
5 . 9 2 9  
6 .611  
7 . 2 8 0  

7 .939  
8 . 5 9 0  
9 . 2 3 3  
9 . 8 7 0  

1 0 . 5 0 3  

1 1 . 1 3 1  
11 .757  
1 2 . 3 7 9  
1 2 . 9 9 8  
1 3 . 6 1 6  

1 4 . 2 3 3  
15 .464  
1 6 . 6 8 9  
1 7 . 3 0 1  
1 7 . 9 1 2  

1 9 . 1 3 1  
1 0 . 3 2 4  

1 . 7 4 1  
2 .176  
2.607 
3 . 0 1 8  
3 . 7 7 7  

4 . 5 1 6  
5 . 2 3 6  
5 . 9 2 8  
6 .610  
7 . 2 7 6  

7 . 9 3 3  
8 .582  
9 .226  
9 . 8 6 3  

1 0 . 4 9 6  

1 1 . 1 2 5  
1 1 . 7 5 0  
1 2 . 3 7 4  
1 2 . 9 9 4  
13 .611  

1 4 . 2 2 5  
15 .445  
16 .658  
1 7 . 2 6 1  
1 7 , 8 6 3  

19 .065  
2 0 . 2 6 6  

1 . 7 4 2  
2 . 1 7 8  
2 . 6 0 8  
3 . 0 1 8  
3 . 7 7 6  

4 .515  
5 . 2 3 4  
5 . 9 2 4  
6 .605  
7 . 2 7 2  

7 . 9 2 9  
8 . 5 7 9  
9 . 2 2 3  
9 . 8 6 1  

1 0 . 4 9 4  

1 1 . 1 2 4  
1 1 . 7 5 1  
1 2 . 3 7 5  
1 2 . 9 9 7  
1 3 . 6 1 5  

1 4 . 2 2 9  
1 5 . 4 5 1  
16 .665  
1 7 , 2 6 9  
1 7 . 8 7 3  

1 9 . 0 7 5  
2 0 . 2 7 1  

1 . 7 4 2  
2 . 1 7 8  
2 . 6 0 8  
3 . 0 1 8  
3 .776  

4 .515  
5 . 2 3 3  
5 . 9 2 3  
6 .604  
7 . 2 6 %  

7 . 9 2 4  
8 . 5 7 3  
9 .217  
9 . 8 5 6  

1 0 . 4 9 0  

1 1 . 1 2 1  
1 1 . 7 5 0  
1 2 . 3 7 5  
12 .999  
1 3 . 6 1 8  

1 4 . 2 3 0  
1 5 . 4 4 8  
1 6 . 6 5 8  
1 7 . 2 6 1  
1 7 . 8 6 1  

1 9 . 0 6 0  
2 0 . 2 6 3  

1 . 7 4 2  
2 . 1 7 8  
2 . 6 0 8  
3 . 0 1 8  
3 . 7 7 6  

4 . 5 1 5  
5 . 2 3 3  
5 . 9 2 3  
6 . 6 0 4  
7 . 2 6 9  

7 . 9 2 6  
8 . 5 7 4  
9 . 2 1 7  
9 . 8 5 3  

1 0 . 4 8 5  

1 1 . 1 1 3  
1 1 . 7 3 8  
1 2 . 3 6 1  
1 2 . 9 8 8  
1 3 . 5 9 7  

1 4 . 2 1 1  
15 .434  
1 6 . 6 5 0  
1 7 . 2 5 6  
1 7 . 8 6 1  

1 . 7 4 3  
2 . 1 7 9  
2 . 6 0 9  
3 . 0 1 8  
3 . 7 7 6  
4 . 5 1 5  
5 . 2 3 2  
5 . 9 2 1  
6 .602  
7 . 2 6 6  

7 . 9 2 3  

9 . 2 1 1  
9 . 8 4 6  

1 0 . 4 7 6  

1 1 . 1 0 2  
1 1 . 7 2 5  
1 2 . 3 4 5  
1 2 . 9 6 2  
1 3 . 5 7 7  

1 4 . 1 9 3  
1 5 . 4 2 0  
1 6 . 6 4 1  
17 .251  
1 7 . 8 5 9  

8 . 5 7 1  
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(within experimental e r r o r )  20 cm from 
the initiated end of the cylinder. 

and Fig. 7 compare experimental resul ts  
for Comp B at  20 cm and the calculated 

expansion history a s  a function of axial 
position. The calculation reaches steady 

state at a somewhat l a rge r  L/D than 
indicated by the experiments discussed in 
the previous section. 
with the fact that the plane wave lens  

booster a r e  omitted in the calculation. 

Table V 

This is consistent 

and 

In generating the adiabats given in this 

report  c a r e  was taken that both the experi- 
mental and calculation resul ts  were repre-  

sentative of the steady state region. 
The sensitivity of the calculated wal l  

motion to changes in adiabatic p re s su res  
was also investigated. Table VI presents 
resul ts  for LX-04-1 calculated using two 

different adiabats, AA and AC. Table VI1 

and Fig. 8 show the pressure differences 
for these two adiabats. 
effect on radius-time history is also 

shown. The difference in resul ts  is approx- 
imately the experimental uncertainty in the 

The resultant 

V 
e, 

3. 
I 

v) 

h x 
+ n 

cylinder tes t  and indicates a sensitivity 

to p re s su re  changes of a t  least  1% in the 

major volume region of interest. 

At volumes 4 . 0  the accuracy depends 
on how well one knows the C-J  pressure.  
Since, however, an increase in C-J  pres-  

s u r e ,  with D and po held constant, merely 
moves the C-J  point to a smaller volume 
the resultant displacement from the orig- 

inal adiabat is small .  This is a conse- 
quence of the conservation relations, 
since the Rayleigh line, Hugoniot ~ and 
isentrope a r e  tangent at  the C - J  point. 

A s  an example, calculations for nitro- 
methane show that changing the C-J  pres-  
su re  from 140 to 125 kbars and then 

matching cylinder experiments resul ts  in 

adiabats with l e s s  than a 5 kbar change in 
p re s su res  at any given volume (see 

Table VI11 and Fig.  9). 

* 

I 1 I 

Standard copper 

comp B 
cy1 inder wi th 

3 
Distance x from ini t iat ion end of cylinder (cm) 

n -  

C .  EXPERIMENTS IN NONSTANDARD 
GEOMETRIES 

A rigorous tes t  of the equation of 
state of an explosive, the hydrodynamic 

1 24 
20 
19 

18 

17 

u 
0 
V c 

co 
II 

\ 
-1' 

0 -0.10 

+ 
0 
Q 

I 
+ L / -0.20 I I I I I I \I 16 

0 0.5 1 .o 1 .5 2 .o 2.5 3 .O 

(R-R,) - cm 

Approach to steady solution for  Composition B, Grade A. Fig. 7.  
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Table V I .  Comparison of experimental and calculated cylinder tes t  resu l t s  for LX-04-1 
adiabats A B  and AC. 

AC AB 

i 

0.150 
0.200 
0.250 
0.300 
0.400 
0.500 

0.600 
0.700 
0.800 
0,900 
1.000 
1.100 
1.200 
1.300 
1.400 
1.500 

1.600 
1.700 
1.800 
1.900 
2.000 
2.200 
2,400 
2.500 

1.680 
1.730 
1.780 
1.830 
1.930 
2.030 
2.130 
2.230 
2.330 
2.430 
2.530 
2.630 
2.730 
2.830 
2.930 
3.030 
3.130 
3.230 
3.330 
3.430 
3.530 

3.730 
3,930 
4.03 0 

1.550 
1.980 
2.360 
2.740 
3.450 
4.120 
4.790 
5.410 
6.050 
6.680 
7.300 
7.910 
8.520 
9.120 
9.720 

10.320 
10.910 
11.500 
12.090 
12.670 
13.250 

14.410 
15.560 
16.140 

1.553 
1.962 
2.355 
2.729 
3.458 
4.152 
4.825 
5.482 
6.121 
6.752 
7.378 
7.997 
8.610 
9.218 
9.820 

10.419 

11.015 
11.607 
12.198 
12.786 
13.372 

14.539 
15.702 
16.281 

0.007 
0.018 
0.005 

-0.009 
-0.038 
-0.052 
-0.035 
-0.052 
-0.051 
-0.062 
-0.068 
-0.067 
-0.070 
-0.068 
-0.070 
-0.069 

-0.075 
-0.077 
-0.088 
-0.086 
-0.092 

-0,099 
-0.112 
-0.121 

1.570 
1.97.4 
2.363 
2.736 
3.458 
4.137 
4.804 
5.457 
6.087 
6.711 
7.329 
7.941 
8.547 
9.149 
9.747 

10.342 

10.934 
11.525 
12.113 
12.699 
13.281 

14.439 
15.592 
16.166 

-0.020 
0.006 

-0.003 
0.004 

-0.008 
-0.017 
-0.014 
-0.047 
-0.037 
- 0.0 3 I. 
-0.029 
-0.031 
-0.027 
-0.029 
-0.027 
-0.022 

-0.024 
-0.025 
-0.023 
-0.029 
-0.031 

-0.029 
-0.032 
-0.026 

Table VII. Comparison of pressure,  energy, and I? f o r  LX-04-1  adiabats A B  and AC. 
- 

pic - pAB E~~ E~~ 
AB 

I’ 
AB ‘AC PAB E C 

V ( M b a r )  (iMbar) (Mbar )  

7.2900E-01 
7.00003-01 
7.5000E-01 
8.0000E-01 
8.5000E-01 
9.0000E-01 

1.0000E 00 
l . ( O O O E  00 
1.2000E 00 
1.300.0E 00 
1.40003 00 
1.5000E 00 
1.6000E 00 
1.8000E 00 
2.0000E 00 
2.25003 00 
2.50003 00 
2.75003 00 
3.0000E 00 

4.0000E 00 
5.0000E 00 
6.0000E 00 
7.0000E 00 
8.0000E 00 

1.0000E 01 
1.5000E 01 

9.5000E-01 

3.6200E-01 
4.0303E-01 
3.3507E-01 
2.7922E-01 
2.3329E-01 
1.9548E-01 
1.64343-01 
1.38653-01 
9,9920E-02 
7.33753-02 
5.5052E-02 
4.22903-02 
3.33003-02 
2,68773-02 
1.87573-02 
1.41183-02 
1.06443-02 
8.42673-03 
6.857 6E-03 
5.67393-03 
2.93283-03 
1.72673-03 
1.1498E-03 
8.4789E-04 
6.72883-04 
4.81683-04 
2.8076E-04 

3.6200E-01 
4.03063-01 
3.3509E-01 
2.7934E-01 
2.3357E-01 
1.9597E-01 
1.65043-01 
1.3956E-01 
1.01 16E-01 
7.4854E-02 
5.6657E-02 
4.39273-02 
3.4897E-02 
2.8383E-02 
1.9993E-02 
1.50473-02 
1.1217E-02 

6.92403-03 
5.58623-03 

8.71023-03 

2.61823-03 
1.4346E-03 

6.7 2 73E - 04 
9.20973-04 

5,35873-04 
3.8946E-04 
2.32533-04 

- 1.3039E-07 
-2.6278E-05 
-1.1839E-05 
-1.14903-04 
-2.85693-04 
-4.8883E-04 
-6.99813-04 
-9.0227E-04 
- 1.24473-03 
-1.4788E-03 
-1.6042E-03 
-1.6365E-03 
-1.5968E-03 
-1.5054E-03 
-1.23583-03 
-9.28993-04 
-5.7 2 83E - 04 
-2.83513-04 
-6.6358E-05 
8.77533-05 
3.14613-04 
2.9208E-04 
2.287 8E-04 
1.75 16E-04 
1.3702E-04 
9.22203-05 
4.8227 E - 05 

3.64553-06 
- 1.177 1 E-06  

6 .3375E-06 
1.1572E-04 
9.4434E-04 
1.0986E-02 

-1,01913-02 
-7.4630E-03 
-8.2158E-03 
- 1.0125E-02 
- 1.23053-02 
- 1.451 6E-02 
-1.6634E-02 
- 1.85843-02 
-2.18293-02 
-2.4135E-02 
-2.5817E-02 
-2.6442E-02 
-2.63103-02 
-2.56723-02 
-2.1 11 1E-02 
-1.6480E-02 
-1.28643-02 
-1.01 64E-02 
-8.1 175E-03 
-5.2090E-03 
-1.03683-03 

2.6900 
2.6004 
2.7533 
2.8974 
3.0315 
3.1543 
3.2644 
3.3604 
3.5054 
3.5814 
3.5853 
3.5205 
3.3981 
3.2350 
2.8642 
2.5389 
2.2803 
2.1731 
2.1620 
2.1986 
2.3756 
2.3303 
2.1059 
1.8419 
1.6276 
1.3987 
1.3030 

2.6900 
2.6035 
2.7507 
2.8880 
3.0138 
3.1271 
3.2265 
3.3108 
3.4307 
3.4821 
3.4664 
3.3917 
3.2722 
3.1259 
2.8225 
2.5843 
2.4252 
2.3921 
2.4329 
2.5056 
2.7280 
2.6005 
2.2302 
1.8476 
1.5740 
1.3282 
1.2514 - 
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Table VI l I .  P r e s s u r e ,  energy and for  "I adiabats AA and AB. 
~ ~~~ 

NM adiabat AA NM a d i a b a t  A B  

P r e s s u r e  Energy P r e s s u r e  Energy 
V ( M b a r )  ( M t a r  c c j c c )  r V ( M b a r )  ( M b a r  C C / C C )  r 

~~ 

6 . 8 6 7 0 3 - 0 1  
7 . 0 0 0 0 3 - 0 1  
7 . 5 0 0 0 3 - 0 1  
8 . 0 0 0 0 3 - 0 1  
8 . 5 0 0 0 3 - 0 1  

9 . 0 0 0 0 3 - 0 1  
9 . 5 0 0 0 3  - 01 
1 . 0 0 0 0 3  00 
1 .1000E 00 
1 . 2 0 0 0 3  00 
1 . 3 0 0 0 3  00 
1 . 4 0 0 0 E  00 
1 . 5 0 0 0 3  00 
1 . 6 0 0 0 3  00 
1 . 8 0 0 0 3  00 

2 . 0 0 0 0 3  00 
2 . 2 5 0 0 3  00 
2 . 5 0 0 0 3  00 
2 . 7 5 0 0 3  00 
3 , 0 0 0 0 3  00 
4 . 0 0 0 0 3  00 
5 . 0 0 0 0 3  00 
6 . 0 0 0 0 3  00 
7 .0000E 00 
8 . 0 0 0 0 3  00 

1 . 0 0 0 0 3  01  
1 . 5 0 0 0 3  0 1  

1 . 3 9 8 1 3 - 0 1  
1 . 3 4 0 2 3 - 0 1  
1 . 1 4 4 6 3 - 0 1  
9.7 97 OE-02 
8 . 4 0 5 9 3 - 0 2  

7 . 2 3 0 9 3 - 0 2  
6 . 2 3 7 5 3 - 0 2  
5 . 3 9 6 7 3 - 0 2  
4 . 0 7 9 8 3 - 0 2  
3 . 1 2 9 1 3 - 0 2  

2 . 4 3 8 7 3 - 0 2  
1 . 9 3 3 4 3 - 0 2  
1 . 5 6 0 5 3 - 0 2  ~ . .  .~ 
1 . 2 8 2 5 3 - 0 2  
9 . 1 2 4 0 3 - 0 3  

6 . 9 0 2 4 3 - 0 3  
5 , 2 0 7 9 3 - 0 3  
4 . 1 4 0 9 3 - 0 3  
3 . 4 0 8 8 3 - 0 3  
2 . 8 7 3 0 3 - 0 3  

1 . 6 6 8 5 3 - 0 3  
1 . 1 2 3 3 3 - 0 3  
8 . 3 5 5 6 3 - 0 4  
6 .6389E-04  
5 . 5 0 4 0 3 - 0 4  

4 . 0 8 1 4 3 - 0 4  
2 . 4 0 4 6 3 - 0 4  

7.290 1 3 - 0 2  
7 . 1 0 8 0 3 - 0 2  
6 . 4 8 8 2 3 - 0 2  
5 . 9 5 8 3 3 - 0 2  
5 . 5 0 4 3 3 - 0 2  

5 . 1 1 4 2 3 - 0 2  
4 . 7 7 8 1 3 - 0 2  
4 . 4 8 7 9 3 - 0 2  
4.01 7 6 E - 0 2  
3 . 6 5 9 8 3 - 0 2  

3 . 3 8 3 2 3 - 0 2  
3 . 1 6 5 9 3 - 0 2  
2 . 9 9 2 1 3 - 0 2  
2 . 8 5 0 6 3 - 0 2  
2 . 6 3 4 4 3 - 0 2  

2 . 4 7 5 9 3 - 0 2  
2 . 3 2 6 3 3 - 0 2  
2 . 2 1 0 4 3 - 0 2  
2.1 1 6 5 3 - 0 2  
2 . 0 3 8 3 3 - 0 2  

1 . 8 2 0 1 3 - 0 2  
1 . 6 8 3 6 3 - 0 2  
1 . 5 8 7 1 3 - 0 2  
1 .5  1 2 7 3 - 0 2  
1 . 4 5 2 4 3 - 0 2  

1 . 3 5 7 8 3 - 0 2  
1 . 2 0 2 3 3 - 0 2  

2 .1886  
2.2234 
2 .3501 
2 .4700  
2 .5821 

2.6857 
2 .7801 
2 .8645  
3.0007 
3 .0903  

3 .1316  
3.1260 
3.0785 
2 .9968  
2.7704 

2.5244 
2.2674 
2 .0954  
1 .9952 
1 .9405 

1.8373 
1 . 6 9 6 6  
1 . 5 4 8 9  
1.4398 
1 .3729  

1 .3173 
1 .3003 

7 . 1 7 4 0 3 - 0 1  
7 . 0 0 0 0 3 - 0 1  
7 . 5 0 0 0 3 - 0 1  
8 . 0 0 0 0 E - 0 1  
8 . 5 0 0 0 3  - 0 1 

9 . 0 0 0 0 3 - 0 1  
9 . 5 0 0 0 3 - 0 1  
1 .00003 00 
1 , 1 0 0 0 3  00 
1 . 2 0 0 0 3  00 

1 . 3 0 0 0 3  00 
1 . 4 0 0 0 3  00 
1 . 5 0 0 0 3  00 
1 . 6 0 0 0 3  00 
1 . 8 0 0 0 3  00 
2 . 0 0 0 0 3  00 
2 . 2 5 0 0 3  00 
2 . 5 0 0 0 3  00 
2 . 7 5 0 0 3  00 
3 . 0 0 0 0 3  00 
4 . 0 0 0 0 3  00 
5 . 0 0 0 0 3  00 
6 , 0 0 0 0 3  00 
7 . 0 0 0 0 3  00 
8.00003 00 
1 . 0 0 0 0 3  01  
1 . 5 0 0 0 3  01  

1 . 2 5 0 0 E - 0 1  
1 . 3 2 9 8 E - 0 1  
1 . 1 1 5 1 3 - 0 1  
9 . 4 0 1 8 3 - 0 2  
7 . 9 7 3 8 E - 0 2  

6 . 8 0 4 6 3 - 0 2  
5 . 8 4 4 4 3 -  02 
5 . 0 5 3 1 3 - 0 2  
3 . 8 5 5 1 3 - 0 2  
3 . 0 2 1 4 3 - 0 2  

2 .4296E-02  
1 . 9 9 9 8 3 - 0 2  
1 . 6 7 9 9 3 - 0 2  
1 . 4 3 5 6 3 - 0 2  
1 . 0 9 1 0 3 - 0 2  

8 . 6 0 5 7 3 - 0 3  
6 . 6 1 3 3 3 - 0 3  
5 . 2 0 8 6 3 - 0 3  
4 . 1 7 8 3 3 - 0 3  
3 . 4 0 5 5 3 - 0 3  

1 . 7 3 9 0 3 - 0 3  
1 . 0 9 1 8 3 - 0 3  
7 . 9 2 5 9 3 - 0 4  
6 . 2 6 6 9 3 - 0 4  
5 . 1 9 9 2 3  - 04 

3 . 8 6 4 7 3 - 0 4  
2 . 2 7 9 3 3 - 0 4  

6 . 8 6 6 2 3 - 0 2  
7 . 0 9 0 6 3 - 0 2  
6 . 4 8 1 2 3 - 0 2  
5 . 9 6 8 9 E - 0 2  
5 . 5 3 5 7 3 - 0 2  

5 . 1 6 7 2 3 - 0 2  
4 . 8 5 1 8 3 - 0 2  
4 . 5 8 0 0 3 - 0 2  
4 . 1 3 8 3 3 - 0 2  
3 . 7 9 6 9 3 - 0 2  

3 . 5 2 6 0 3 - 0 2  
3 , 3 0 5 6 3 - 0 2  
3 . 1 2 2 4 3 - 0 2  
2 . 9 6 7 1 3 - 0 2  
2.7 1 7 0 3 - 0 2  

2 . 5 2 3 2 3 - 0 2  
2 . 3 3 4 5 3 - 0 2  
2 . 1 8 7 7 3 - 0 2  
2 .07  1 0 3 - 0 2  
1 . 9 7 6 6 3 - 0 2  

1 . 7 3 3 3 3 - 0 2  
1 . 5 9 6 3 3 - 0 2  
1 . 5 0 3 8 3 - 0 2  
1 . 4 3 3 5 3 - 0 2  
1 . 3 7 6 5 3 - 0 2  

1 . 2 8 7 1 3 - 0 2  
1 . 1 3 9 7 3 - 0 2  

2 .5386  
2 .5023  
2 .6013  
2.6837 
2 . 7 4 8 9  

2.7969 
2.8277 
2 .8421  
2 .9272  
2.7661 

2.6764 
2.5756 
2.4780 
2.3932 
2 .2786  

2 .2346  
2 .2460  
2.2896 
2.3345 
2.3635 

2 .2428  
1 .9071 
1 .6162  
1.4449 
1 .3615 

1 . 3 0 9 7  
1 .3001 

8 

. 
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calculations and the experimental accuracy 
is to see  how well one can calculate exper- 

iments with varying ratios of metal to 

explosive. 
a calculation using the PBX 9404 adiabat 
generated from standard cylinder test  

resu l t s  with an experiment using a copper 
cylinder 114 a s  heavy a s  the standard. 

(To simplify fabrication of the copper 
shells 2 in. diam explosive charges were 

used.) Calculated thin wall a r r iva l  t imes 
a r e  -1 to 27'0 too slow. This discrepancy 

can be removed by assigning a yield 
strength of -10 kbars  for copper instead 
of the normally-used 3 kbars.  (The effect 

of copper yield strength on cylinder motion 

is illustrated in Fig.  10.) We feel a value 

of -10 kbars  for the yield strength of 
copper under high s t ra in  r a t e s  is not 

unreasonable. Additional support for an 

explanation based on yield strength l i e s  in  
the observation that resul ts  from mass-  

scaled s teel  and copper cylinder tes t s  

The data in Table IX compares 

show, a s  one would expect, that s teels  

possess higher yield strength than copper 
(Fig. 11). 

Since the effect is relatively small ,  

we have not attempted to adjust further 

the adiabat coefficients using a higher 

yield strength of copper. Moreover, 
since most hydrodynamic calculations 

involve containment by mater ia ls  with 
moderate yield strengths,  any inaccu- 
racy would tend to cancel out. 

Table IX. PBX 9404 cylinder test  data 
and calculation for  114 standard 
copper thickness geometry. 

5 .08 cm diam PBX 9404 
0.125 cm copper wall 

1.340 0.0 0.00 
0.050 1.390 0.397 0.399 -0.002 
0.100 1.440 0.683 0.651 0.032 
0.150 1.490 0.920 0.903 0.017 
0.200 1.540 1.150 1.141 0.009 

0.250 1.590 1.362 1.560 0.002 
0.300 1.640 1.570 1.569 0.001 
0.350 1.690 1.765 1.771 -0.006 
0.400 1.740 1.955 1.968 -0.013 
0.450 1.790 2.140 2.161 -0.021 
0.500 1.840 2 .330  2 .350 -0.020 
0.600 1.940 2.697 2.721 -0.024 
0.700 2.040 3.053 3.084 -0.031 
0.800 2.140 3.404 3.441 -0.037 
0.900 2.240 3.750 3.793 -0.043 

1.000 2.340 4.091 4,141 -0.050 
1.100 2.440 4.428 4.486 -0.058 
1.200 2.540 4.761 4.830 -0.069 
1.300 2.640 5.092 5.172 -0.080 
1.400 2.740 5.421 5.510 -0.089 

1.500 2.840 5.749 5.846 -0.097 
2.940 6.075 6.181 -0.106 

1.700 3.040 6.399 6.514 -0.115 
1.800 3.140 6.723 6.845 -0.122 
1.900 3.240 7.045 7.178 -0.133 

2.000 3.340 7.365 7.513 -0.148 

1.600 

~ ~~~~ 

aJWL adiabat AA was used for the calcu- 
lation. 
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Anticipated +uture imorovements in data 
atment of the 

yield ch? racter is t ics  of metals w i l l  place 

such refinements on much f i rmer  ground. for  metals P '  c! i n  t - t  
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4.500 4.505 
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6.550 6.579 

7.520 7.547 
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9.370 9.411 
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12.000 12.055 
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0 

0.640 
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1 .570  
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4.100 
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6.570 
7.180 
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P E T N  

0 0 
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2.758 -0 .018  
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5.988 -0.018 
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8.937 0.013 
9.510 0.020 

10.081 0.019 

10 .649  0.021 
11.214 0.026 
11.777 0.033 
12.339 0.031 
12.898 0.032 

T N T  

0 0 0 

0.920 0.824 0.096 
1.550 1.551 -0.001 
2.130 2.105 0.025 
2.640 2.653 -0.013 
3.150 3.161 - 0 , 0 1 1  

3.620 3.630 -0.010 
4.530 4.554 -0.024 
5.410 5.424 -0.014 

6.250 6.270 -0.020 
7.060 7.088 -0.028 
7.850 7.884 -0.034 
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16.050 16.100 -0.050 
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NM a d i a b a t  AB 

0 0 0 
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3.350 3.350 0.000 
3.950 3.917 0.033 

4.500 4.477 0.023 
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10 .260  10.277 -0.017 
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12.000 12.045 -0.045 
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13.720 13.777 -0.057 
14.570 14.632 -0.062 
15.420 15 .481  -0.061 
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17 .090  17.163 -0.073 

C o m p  B, G r a d e  A J W L  

0 0 0 

0.700 0.629 0.071 
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1.710 1.735 -0.025 
2.110 2.171 -0.061 
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4.520 4.508 0.012 
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5.910 5.916 -0.006 
6.590 6.597 -0.007 
7.260 7.261 -0.001 
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8.570 8.566 0.004 
9.220 9.210 0.010 
9.860 9.849 0.011 

10 .500  10 .483  
11.130 11 .114  

0.017 
0.016 

11 .750  11.743 0.007 
12.370 12 .368  0.002 
13 .000  12.992 0.008 
13 .600 .  13.611 -0.011 
14.220 14 .223  -0.003 

2.200 3.730 14.050 14.013 0.037 18.180 18.252 -0.072 15.430 15.441 -0.011 
2.400 3 .930  15.160 15.123 0.037 19.590 19.677 -0.087 16.640 16.651 -0.011 
2.500 4.030 15.710 15.677 0.033 20.250 20.387 -0.137 17.840 17,854 -0.014 

2.600 4.130 
2.800 4.330 

3.000 4.530 
3.200 4.730 

19.040 19.053 -0.013 
20.230 20.256 -0.026 

50.739 
51.919 

21.420 -29.319 
22.600 -29.319 
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0 
0.200 1.730 
0.400 1.930 
0.600 2,130 
0.800 2.330 
1.000 2.530 
1.200 2.730 
1.400 2.930 
1.600 3.130 
1.800 3.330 
2.000 3.530 

2.200 3.730 
2.400 3.930 
2.500 4.030 

0 1.530 

0.050 1.580 
0.100 1.630 
0.150 1.680 
0.200 1.730 
0.250 1.780 

0.300 1.830 
0.400 1.930 
0.500 2.030 

0.600 2.130 
0.700 2.230 
0.800 2.330 
0.900 2.430 
1.000 2.530 

1.100 2.630 
1.200 2.730 
1.300 2.830 
1.400 2.930 
1.500 3.030 

1.600 3.130 
1.700 3.230 
1.800 3.330 
1.900 3.430 
2.000 3.530 

2.200 3.730 
2.400 3.930 
2.500 4.030 

Comp B. Grade  A B K W  adiabat  

0 
2 . 1 1  
3.78 
5.22 
6.59 
7.92 

9.22 
10.50 
11.75 
13.00 
14.22 

15.43 
15.74 

0 0 
2.10 0.01 
3.62 0.16 
4.93 0.29 
6.20 0.39 
7.43 0.49 
8.62 0.60 
9.78 0.72 

10.93 0.82 
12.07 0.93 
13.19 0.97 

Cyclotol 

0 

0.650 
1.190 
1.630 
2.040 
2.430 

2.820 
3.530 
4.230 

4.900 
5.550 
6.200 
6.840 
7.470 
8.090 
8.710 
9.320 
9.920 

10.530 

11.130 
11.720 
12.310 
12.900 
13.490 

14.660 
15.820 
16.390 

0 

0.550 
1.120 
1.620 
2.035 
2.443 

2.833 
3.563 
4.258 

4.944 
5.603 
6.243 
6.877 
7.504 

8.123 
8.736 
9.343 
9.944 

10.543 

11.138 
11.731 
12.322 
12.910 
13.496 

14.662 
15.823 
16.402 

0 

0.100 
0.070 
0.010 
0.005 

-0.013 

-0.013 
-0.033 
-0.028 
-0.044 
-0.053 
-0.043 
-0.037 
-0.034 

-0.033 
-0.026 
-0.023 
-0.024 
-0.013 

-0.008 
-0.011 
-0.012 
-0.010 
-0.006 

-0.002 
-0.003 
-0.012 

Comp B, G r a d e  A L J D  adiabat  

0 0 
2.25 -0.14 
3.84 -0.06 
5.23 -0.01 
6.56 0.03 
7.83 0.09 

9.09 0.13 
10.30 0.20 
11.50 0.23 
12.68 0.32 

PBX 9011 

0 
0.640 
1.180 
1.620 
2.030 
2.420 

2.800 
3.530 
4.230 

4.900 
5.560 
6.210 
6.850 
7.480 

8.110 
8.730 
9.340 
9.950 

10.560 

11.160 
11.760 
12.350 
12.950 
13.540 

14.710 
15.870 
16.450 

0 

0.570 
1.119 
1.620 
2.032 
2.434 

2.816 
3.554 
4.245 

4.929 
5.590 
6.231 
6.865 
7.493 

8.114 
8.728 
9.337 
9.942 

10.544 

l1.143 
11.740 
12.335 
12.928 
13.521 

14.704 
15.884 
16.473 

0 

0.070 
0.061 

-0.000 
-0.002 
-0.014 

-0.016 
-0.024 
-0.015 

-0.029 
-0.030 
-0.021 
-0.015 
-0.013 

-0.004 
0.002 
0.003 
0.008 
0.016 

0.017 
0.020 
0.015 
0.022 
0.019 

0.006 
-0.014 
-0.023 

C o m p  B, Grade  A T-law adiabat  

0 0 
2.05 0.06 
3.50 0.28 
4.79 0.43 
6.03 0.56 
7.21 0.71 

8.38 0.84 
9.53 0.97 

10.67 1.08 
11.78 1.22 
12.91 1.31 

14.02 1.41 
15.13 1.51 

LX 07-0 

0 

0.570 
1 .090  
1 .480  
1 .870  
2 .270  

2 . 6 4 0  
3 .340  
4 .000  

4 .640  
5 .270  
5 .890  
6 .500  
7 .110  
7 .700  
8 . 3 0 0  
8 .890  
9 .470  

10 .050  

10 .630  
11 .200  
11.770 
12 .330  
12 .900  

14 .020  
15 .140  
15 .690  

0 

0 .491  
1 .007  
1 . 4 9 3  
1 .895  
2 .279  

2 .644  
3 .353  
4 .022  

4 .676  
5 .311  
5 .927  
6 .536  
7 . 1 3 9  
7 . 7 3 5  
8 . 3 2 6  
8 . 9 1 0  
9 .491  

10 .067  

10 .640  
11 .211  
11 .779  
12 .346  
12 .  913 

14 .045  
15 .172  
15 .735  

0 

0 .079  
0 .083  

-0 .013  
-0 .025  
-0 .009  

- 0 . 0 0 4  
- 0 . 0 1 3  
-0 .022  

- 0 . 0 3 6  
-0 .041  
-0 .037  
-0 .036  
- 0 . 0 2 9  

- 0 . 0 3 9  
- 0 . 0 2 6  
- 0 . 0 2 0  
- 0 , 0 2 1  
-0 .017  

-0 .010  
-0 .011  
- 0 , 0 0 9  
-0 .018  
- 0 , 0 1 3  

-0.025 
-0 .032  
-0 .045  
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‘ (exp)  t ( c a l c )  t ( e x p )  - t ( c a ~ ~ )  
b s e c )  (psec )  ( p s e c )  

P B X  9404 Wilkins  ad iaba t  

0 0 0 

0.570 0.466 0.104 
1.100 0.962 0.138 
1.480 1.441 0.039 
1.870 1.857 0.013 
2.240 2.238 0.002 
2.600 2.598 0.002 
3.270 3.302 -0.032 
3.930 3.994 -0.064 
4.560 4.652 -0.092 
5.180 5.289 -0.109 
5.790 5.919 -0.129 
6.390 6.540 -0.150 
6.980 7.139 -0.159 
7.570 7.731 -0.161 
8.150 8.318 -0.168 
8.730 8.898 -0.168 
9.300 9.472 -0.172 
9.870 10,040 -0.170 
10.440 10.602 -0.162 
11.000 11.158 -0.158 
11.560 11.710 -0.150 
12.130 12.258 -0,128 
12.680 12.801 -0.121 
13.240 13.340 -0.100 
13.790 13.877 -0.097 
14.350 14.410 -0.060 
14.900 14.941 -0.041 
15.450 15.470 -0.020 

P B X  9404 ad iaba t  A B  PBX 9404 ad iaba t  AA 

0 0 0 

0.570 0.546 0.024 
1.100 1.036 0.064 
1.480 1.501 -0,021 
1.870 1.890 -0.020 
2.240 2.256 -0,016 
2.600 2.606 - 0 , 0 0 6  
3.270 3.284 -0,014 
3.930 3.935 -0.005 
4.560 4.566 - 0 . 0 0 6  
5.180 5.181 -0,001 
5.790 5.791 -0,001 
6.390 6.395 - 0 . 0 0 5  
6.980 6.990 -0.010 
7.570 7.579 -0,009 

0 

0.570 
1.100 
1.480 
1.870 
2.240 
2.600 
3.270 
3.930 
4.560 
5.180 
5.790 
6.390 
6.980 
7.570 
8.150 
8.730 
9.300 
9.870 
10.440 
11.000 
11.560 
12.130 
12.680 
13.240 
13.790 
14.350 
14.900 
15.450 

U 

0.493 
1.005 
1.485 
1.879 
2.255 
2.613 
3.306 
3.954 
4.593 
5.217 
5.821 
6.420 
7.013 
7.600 
8.182 
8.760 
9.334 
9.905 
10.474 
11.040 
11.605 
12.168 
12.731 
13.292 
13.851 
14.410 
14.968 
15.525 

0 

0.077 
0.095 
-0.005 
-0.009 
-0.015 
-0.013 
-0.036 
-0.024 
-0.033 
-0.037 
-0.031 
-0.030 
-0.033 
-0.030 
-0.032 
-0.030 
-0.034 
-0.035 
-0.034 
-0.040 
-0.045 
-0.038 
-0.051 
-0.052 
-0.061 
-0.060 
-0.068 
-0.075 

0 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.400 
0.500 
0.600 
0.700 
0.800 
0.900 
1.000 
1.100 
1.200 
1.300 
1.400 
1.500 
1.600 
1.700 
1.800 
1.900 
2.000 
2.100 
2.200 

1.530 
1.580 
1.630 
1.680 
1.730 
1.780 
1.830 
1.930 
2.030 
2.130 
2.230 
2.330 
2.430 
2.530 
2.630 
2.730 
2.830 
2.930 
3.030 
3.130 
3.230 
3.330 
3.430 
3.530 
3.630 
3.730 

8.150 8.162 -0.012 
8.730 8.739 -0.009 
9.300 9.313 -0,013 
9.870 9.883 -0.013 
10.440 10,451 -0.011 
11.000 11.017 -0,017 
11.560 11.579 -0,019 
12.130 12.143 -0.013 
12.680 12.709 -0.029 

13.790 13.838 -0.048 
2.300 3.830 
2.400 3.930 14.350 14.401 -0,051 
2.500 4.030 14.900 14.963 -0.063 

LX 04-1 Wilkins  ad iaba t  LX 04-1 ad iaba t  A B  

0 0 0 

0.600 0.552 0.048 
1.130 1.079 0.051 
1.550 1.569 -0.019 
1.980 1.974 0.006 
2.360 2.363 -0.003 
2.740 2.735 0.005 
3.450 3.458 -0.008 
4.120 4.138 -0.018 
4.790 4.806 -0.016 
5.410 5.457 -0.047 
6.050 6.090 -0.040 
6.680 6.716 -0.036 
7.300 7.335 -0.035 

LX 04-1 ad iaba t  AA 

0 

0.600 

0 

0.494 
1.025 
1.527 
1.948 
2.348 
2.726 
3.469 
4.128 
4.870 
5.536 
6.196 
6.847 
7.487 

0 

0.106 
0.105 
0.023 
0.032 
0.012 
0.014 
-0.019 
-0.068 
-0.030 
-0.126 
-0.146 
-0.157 
-0.187 
-0.202 
-0.209 
-0.219 
-0.222 
-0.219 
-0.220 
-0.217 
-0.210 
-0.209 
-0.203 

0 1.530 
0.050 1.580 
0.100 1.630 
0.150 1.680 
0.200 1.730 
0.250 1.780 
0.300 1.830 

0 0 

0.600 0.513 
1.130 1.063 
1.550 1.561 
1.980 1.969 
2.360 2.367 
2.740 2.746 
3.450 3.469 
4.120 4.149 

0 
0.087 
0.067 
-0.011 
0.01 1 

-0,007 

-0.006 
-0.019 
-0.029 

1.130 
1.550 
1.980 
2.360 
2.740 
3.450 
4.120 
4.790 
5.410 
6.050 
6.680 
7.300 

0.400 1.930 
0.500 2.030 
0.600 2.130 
0.700 2.230 
0.800 2.330 
0.900 2.430 

4.790 4.821 -0.031 
5.410 5.472 -0 ,062  
6.050 6.106 -0.056 
6.680 6.733 -0.053 
7.300 7.351 -0.051 1.000 2.530 

1.100 
1.200 
1,300 
1.400 
1.500 
1.600 
1.700 
1.800 
1.900 
2.000 

2.630 
2.730 
2,830 
2.930 
3.030, 
3.130 
3.230 
3.330 
3.430 
3.530 

7.910 
8.520 
9.120 
9.720 
10.320 
10.910 
11.500 
12,090 
12.670 
13.250 

7.962 
8.567 
9.166 
9.761 
10.352 
10.941 
11.526 
12.110 
12.681 
13.271 

-0.052 
-0.047 
-0.046 
-0.041 
-0.032 
-0.031 
-0.026 
-0.020 
-0.021 
-0.021 

7.910 
8.520 

7.947 
8.552 
9.151 
9.746 
10.337 

-0.037 
-0.032 
-0.031 
-0.026 
-0.017 
-0,015 
-0.011 
-0.003 
-0.006 
-0.009 

-0.009 
-0.016 
-0.014 

7.910 8.112 
8.520 8.729 
9.120 9.339 
9.720 9.942 

10.910 11.130 
11.500 11.717 
12.090 12.300 
12.670 12.879 
13.250 13.453 

10.320 ia.539 

9.120 
9.720 
10.320 
10.910 
11.500 

10.925 
11.511 
12.093 
12.676 
13.259 

14.419 
15.576 
16.154 

12.090 
12.670 
13.250 

2.100 
2.200 
2.300 
2.400 
2.500 

3.630 
3.730 
3.830 
3.930 
4.030 

14.410 
15.560 
16.140 

14.410 

15.560 
16.140 

14.425 

15.573 
16.145 

-0.015 

-0.013 
-0.005 

14.410 14.594 

15.560 15.724 
16.140 16.285 

-0.184 

-0.154 
-0.145 

- 2 5 -  



. 

Appendix B 

Comparisons Between Calculated and Experimental 
Results f ~ r  Sphere Tests 
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A 

C o m p  B, G r a d e  A 

0 1 5 . 8 7 5  0 0 
0 . 5  1 6 . 3 7 5  1 . 9 8  2 . 0 3  
1 . 0  1 6 . 8 7 5  3 . 8 7  3 . 7 5  

1 . 5  1 7 . 3 7 5  5 . 4 8  5 . 3 7  
2 . 0  1 7 . 8 7 5  7 . 0 8  6 . 9 5  

2 . 5  1 8 . 3 7 5  8 . 5 9  8 . 5 0  
3 . 0  1 8 . 8 7 5  1 0 . 1 0  10.01 

3 . 5  1 9 . 3 7 5  1 1 . 5 7  - 

0 0 
- 0 . 0 5  2 . 0 4  

0 . 1 2  3 . 6 9  

0 . 1 1  5 . 2 5  
0 . 1 3  6 . 7 6  

0 . 0 9  8 . 2 4  
0 . 0 9  9 . 6 8  

- 1 1 . 0 9  

0 
-0 .06  

0 . 1 8  

0 . 2 3  
0 . 3 2  

0 . 3 5  
0 . 4 2  

0 . 4 8  

0 0 

2 . 2 0  - 0 . 2 2  
4 . 0 0  - 0 . 1 3  

5 . 6 4  - 0 . 1 6  
7 . 2 2  - 0 . 1 4  

8 . 7 6  - 0 . 1 7  
1 0 . 2 7  - 0 . 1 7  

1 1 . 7 5  - 0 . 1 8  

0 0 
2 . 0 0  - 0 . 0 2  
3 . 5 9  0 . 2 8  

5 . 0 9  0 . 3 9  
6 . 5 7  0 . 4 9  

8 . 0 0  0 . 5 9  
9 . 3 9  0 . 7 1  

1 0 . 7 4  0 . 8 3  

P B X  9404  

0 1 5 . 8 7 5  

0 . 5  1 6 . 3 7 5  
1 . 0  1 6 . 8 7 5  
1 . 5  1 7 . 3 7 5  
2 . 0  1 7 . 8 7 5  

2 . 5  1 8 . 3 7 5  
3 . 0  1 8 . 8 7 5  
4 . 0  1 9 . 8 7 5  

5 . 0  2 0 . 8 7 5  

0 0 

1 . 4 8  1 . 5 6  
3 . 1 2  3 . 2 8  
4 . 6 3  4 . 7 9  
6 .01 6 . 2 4  

7 . 3 5  7 . 6 3  
8 . 6 9  8 . 9 9  

4 . 0 0  1 4 . 3 4  
6 : O  2 1 . 8 7 5  6 . 5 5  1 6 . 9 7  
7 . 0  2 2 . 8 7 5  1 9 . 0 7  1 9 . 6 0  

1 . 3 9  1 1 . 6 8  

0 

- 0 . 2 5  
- 0 . 1 6  
- 0 . 1 4  
- 0 . 2 0  

- 0 . 2 3  
- 0 . 2 3  
- 0 . 2 0  

- 0 . 2 3  
- 0 . 2 7  
-0.36 

0 

1 . 6 5  
3 . 1 7  
4 . 6 5  
6 . 0 6  

7 . 4 1  
8 . 7 4  
1 . 4 1  

4 . 0 3  
6 . 6 3  
9 . 2 0  

0 

- 0 . 1 7  
-0 .05 
- 0 . 0 2  
-0 .05  

-0.06 
- 0 . 0 5  
- 0 . 0 2  

- 0 . 0 3  
- 0 . 0 8  
-0.13 

0 0 

1 . 5 1  - 0 . 2 0  
3 . 2 3  - 0 . 1 2  
4 . 7 1  - 0 . 1 4  
6 . 2 2  - 0 . 2 1  

7 . 6 0  - 0 . 2 5  
8 . 9 6  - 0 . 2 7  

1 1 . 6 4  - 0 . 2 5  

1 4 . 2 6  - 0 . 2 6  
1 6 . 8 2  - 0 . 2 7  
1 9 . 3 4  - 0 . 2 7  

R - R O  R 
( c m )  ( c m )  

0 1 5 . 8 7 5  

0 . 5  1 6 . 3 7 5  
1 .0  1 6 . 8 7 5  
1 . 5  1 7 . 3 7 5  
2 . 0  1 7 . 8 7 5  

2 . 5  1 8 . 3 7 5  
3 . 0  1 8 . 8 7 5  
4 . 0  1 9 . 8 7 5  

5 . 0  2 0 . 8 7 5  
6 . 0  2 1 . 8 7 5  
7 .0  2 2 . 8 7 5  

LX 0 4 - 1  

JWL a d i a b a t  AA JWL a d i a b a t  A B  

0 

1 . 5 5  
3 . 2 2  
4 . 8 0  
6 . 3 8  

7 . 8 5  
9 .27  

1 2 . 0 4  

14.80  
1 7 . 5 1  
2 0 . 2 4  

0 

1 . 8 2  
3 . 5 0  
5 . 0 0  
6 . 5 3  

9 . 5 4  
1 2 . 2 6  

1 5 . 0 4  
1 5 . 8 0  
20.51 

0 
- 0 . 2 7  
- 0 . 2 8  
- 0 . 2 0  
- 0 . 1 5  

- 0 . 2 7  
- 0 . 2 2  

- 0 . 2 4  
- 0 . 2 9  
- 0 . 2 7  

0 0 

1 . 7 8  - 0 . 2 3  
3 . 3 8  - 0 . 1 6  

6 . 4 1  - 0 . 0 3  

9 . 2 5  0 . 0 2  
1 2 . 0 1  0 . 0 3  
1 4 . 7 4  0 . 0 6  
1 7 . 4 5  0 .06 
2 0 . 1 5  0 . 0 9  

W i l k i n s  a d i a b a t  

t ( c a l c )  t ( e x p )  - t ( c a l c )  
( p s e c )  ( p s e c )  

0 0 

1 . 6 7  - 0 . 1 2  
3 . 4 2  - 0 . 2 0  
4 . 9 5  - 0 . 1 5  
6 . 4 6  - 0 . 0 8  

7 . 9 5  - 0 . 1 0  
9 . 4 6  - 0 . 1 9  

12.18 - 0 . 1 4  

1 4 . 9 4  -0 .14 
17 .64  - 0 . 1 3  
2 0 . 3 0  - 0 . 0 6  
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Appendix C 

Summary of Pressure, Volume, and Energy Dependence 
for Adiabatic Expansion of Detonation Products 

We have found it useful to l is t  the p r e s s u r e s ,  relative volumes 

and energies associated with the adiabatic expansions in o rde r  to 
make comparisons with other descriptions and to  a s ses s  the effect of 

various portions of the adiabat on expansion behavior. 
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P r e s s u r e  Energy P r e s s u r e  Energy  
V (Mbar) ( m a r  C C / C d  r V (Mbar) (Mbar CC/CC) 

NM adiabat AA 

6.8627E-01 1.4000E-01 7.2961E-02 2.1875 2.74616 
2,65037 
2.79332 
2.92427 
3.04180 
3.14453 
3.23122 
3.30080 
3.38597 
3.39877 
3.34555 
3.24015 
3.10149 
2.94975 
2.67303 
2.49111 
2.40926 
2.44319 
2.53947 
2.66079 

3.06375 
3.07658 
2.71477 
2.22444 
1.82325 
1.43130 
1.30240 

7.33060E -01 
7. O O O O O E  -01 

4.20000E-01 1.610573-01 
4.75 6933-01 1.75843E -01 
3.94247E-01 1.54163E-01 
3.27816E-01 1.36168E-01 
2.73574E-01 1.21179E-01 

7.0000E-01 1.34023-01 7.1080E-02 2.2234 
7.5000E-01 1.1446E-01 6.4882E-02 2.3501 
8.0000E-01 9.7970E-02 5.9583E-02 2.4699 
8.5000E-01 8.40593-02 5.50436-02 2.5821 

7;50000E-01 
8.00000E-01 
8.50000E-01 

9.0000E-01 7.2309E-02 5.11423-02 2.6857 
9.5000E-01 6.23753-02 4.7781E-02 2.7801 
1.00003 00 5.3967E-02 4.48793-02 2.8645 

9.00000E-01 2.29230E-01 1.08646E-01 
1.92927E-01 9.812203-02 
1.631603-01 8.924433-02 
1.18576E-01 7.53017E-02 
8.82238E-02 6.50574E-02 

9;50000E-01 
1.00000E 00 
1.10000E 00 1.1000E 00 4.07983-02 4.0176E-02 3.0007 

1.2000E 00 3.1291E-02 3.6598E-02 3.0903 

1.3000E 00 2.43873-02 3.3832E-02 3.1316 
1.4000E 00 1.9334E-02 3.1659E-02 3.1260 

1.20000E 00 
6.73248E-02 5.73436E-02 
5.27301E-02 5.13835E-02 
4.23613E-02 4.66575E-02 

1.30000E 00 
1.40000E 00 
1.50000E 00 
1.600003 00 
1.80000E 00 

115000E 00 1,56053-02 2.99213-02 3.0785 
1.6000E 00 1.28253-02 2,85063-02 2.9968 
1.8000E 00 9.1241E-03 2.6344E-02 2.7704 

3.48445E-02 4.281663-02 
2.503123-02 3.69184E-02 
1.908443-02 3.25512E-02 
1.431933-02 2.84192E-02 

2.0000E 00 6.9024E-03 2.4759E-02 2.5243 
2.25003 00 5.20793-03 2.3263E-02 2.2674 
2.5000E 00 4.1409E-03 2.21043-02 2.0954 
2.7500E 00 3.4088E-03 2,11653-02 1.9952 
3.0000E 00 2.8730E-03 2.03833-02 1.9406 

2.00000E 00 
2.250003 00 
2.50000E 00 
2.75000E 00 

1,109813-02 2.526523-02 
8.755823-03 2.27978E-02 
6.98411E-03 2.08401E-02 3.00000E 00 

4.00000E 00 
5.00000E 00 
6.00000E 00 
7.00000E 00 
8.00000E 00 

3.05358E-03 1.613553-02 4.0000E 00 1.66853-03 1.82013-02 1.8773 
5.0000E 00 1.12333-03 1.6836E-02 1.6966 
6.0000E 00 8.35563-04 1.5871E-02 1.5489 
7.0000E 00 6.6389E-04 1.5127E-02 1.4398 
8.0000E 00 5.5840E-04 1.4524E-02 1.3729 

1:52662E-03 1.39601E-02 
8.95807E-04 1.27928E-02 
6.1 1649E-04 1.20564E-02 
4.67280E-04 1.15241E-02 
3.27253E-04 1.07487E-02 
1.90299E-04 9.51331E-03 

1.0000E 01 4,08143-04 1.35783-02 1.3173 
1. jOOOE 01 2.40463-04 1.2023E-02 1.3003 

1.00000E 01 
1.50000E 01 

PETN NM adiabat A B  

7.1740E-01 
7.0000E-01 
7.5000E-01 
8.0000E-01 
8.5000E-01 
9.0000E-01 
9.5000E-01 
1.0000E 00 
1.1000E 00 
1.2000E 00 

1.3000E 00 
1.4000E 00 
1.5000E 00 
1.6000E 00 
1.8000E 00 
2.0000E 00 
2.2500E 00 
2.5000E 00 
8.7500E 00 
3.0000E 00 

4.0000E 00 
5.0000E 00 
6.0000E 00 
7.0000E 00 
8.0000E 00 
1.0000E 01 
1.5000E 01 

1.2500E-01 
1.3298E-01 
1.1151E-01 
9.4018E-02 
7.9738E-02 
6.8046E-02 
5.8444E-02 
5.0531E-02 
3.8551E-02 
3.0214E-02 
2.42963-02 
1.9998E-02 
1.67993-02 
1.4356E-02 
1.0910E-02 
8.6057E-03 
6.6133E-03 
5.2086E-03 
4.17 833-03 
3.4055E-03 
1.7390E-03 
1,09183-03 
7.92593-04 
6.2660E-04 
5.1992E-04 
3.8647E-04 
2.2793E-04 

G.8662E-02 
7.0906E-02 
6.4812E-02 
5.9689E-02 
5.5357E-02 

5.1672E-02 
4.8518E-02 
4.5800E-02 
4.1383E-02 
3.7969E-02 
3.5260E-02 
3,305 GE - 02 
3.1224E-02 
2.9671E-02 
2.7170E-02 
2.5232E-02 
2.3345E-02 
2.1877E-02 
2.07 1 OE-02 
1.9766E-02 
1.7333E-02 
1.5963E-02 
1.5038E-02 
1.4335E-02 
1.3765E-02 
1.287 1E-02 
1.1397E-02 

2.5386 
2.5023 
2.6013 
2.6837 
2.7489 
2.7969 
2.8277 
2.8421 
2.8272 
2.7661 
2.6764 
2.5756 
2.4780 
2.3932 
2.2786 
2.2346 
2.2460 
2.2896 
2.3345 
2.3635 
2.2428 
1.9071 
1.6162 
1.4449 
1.3615 
1.3097 
1.3001 

7.37700E-01 
7.00000E-01 
7.50000E-01 
8. OOOOOE - 01 
8.50000E-01 
9.00000E-01 
9.50000E-01 
1.00000E 00 
1.10000E 00 
1.20000E 00 

1.30000E 00 
1.40000E 00 
1.50000E 00 
1.60000E 00 
1.80000E 00 

2.00000E 00 
2.25000E 00 
2.50000E 00 
2.75000E 00 
3.00000E 00 

4.00000E 00 
5.00000E 00 
6.00000E 00 
9.60000E 00 
1.16000E 01 
1.44000E 01 
2.20000E 01 

3.20000E-01 
3,701323-01 
3.0540lE-01 
2.53668E-01 
2.122063-01 
1.788683-01 
1.51962E-01 
1.30157E-01 
9.78670E-02 
7,598303-02 
6.07553E-03 
4,983853-02 
4,175893-02 
3.558483-02 
2.67890E-02 
2.07912E-02 
1.55073E-02 
1.17444E-02 
8.989iOE-03 
G.91619E-03 
2.7 5 936E - 03 
1.366573-03 
8.519783-04 
3.955373-04 
3.10880E-04 
2.37 1273-04 
1.39603E-04 

1.42968E-01 
1.55950E-01 
1.39123E-01 
1.25194E-01 
1.13585E-01 
1.03838E-01 
9.559123-02 
8.85570E-02 
7,726333-02 
6.863923-02 
6,184633-02 
5.63454E-02 
5.17847E-02 
4.793053-02 
4.175523-02 
3.70313E-02 
3.25336E-02 
2.91523E-02 
2.65779E-02 
2.459843 -02 

2.01330E-02 
1.81901E-02 
1.71 196E-02 
1.51 168E-02 
1.441 G9E-02 
1.365823-02 
1.22851E-02 

2.81243 
2.73524 
2.83507 
2.91380 
2.97083 
3.00617 
3.02061 
3.01567 
2.95708 
2.85380 
2.73193 
2.61419 
2.51623 
2.44604 
2.39244 
2.43214 
2.55918 
2.72222 
2.88792 
3.03697 
3.28744 
2.90777 
2.2 5 3 2 2 
1.29961 
1.25706 
1.25041 
1.25000 

TNT Comp B, Grade A L J D  adiabat 

0.763 2.5920E-01 1,25653-01 
0.623 5.0000E-01 1,76303-01 
0.729 3.0000E-01 1.35073-01 
0.828 2.0000E-01 1.1095E-01 
0.907 1.5000E-01 9.7160E-02 
1.037 1.0000E-02 8.12303-02 

7.31690E-01 
7.00000E-01 
7.50000E-01 
8.00000E-01 
8.500003-01 
9.00000E-01 
9.50000E-01 
1.00000E 00 
1.10000E 00 
1.20000E 00 

1.30000E 00 
1.40000E 00 
1.500003 00 
1.6OOOOE 00 
1.80000E 00 

2.00000E 00 
2.250003 00 
2.500003 00 
2.750003 00 
3.00000E 00 

4.00000E 00 
5.00000E 00 
6.00000E 00 
7.00000E 00 
8.00000E 00 

2.10000E-01 
2.36467E-01 
1.96188E-01 
1.63283E-01 
1.363753-01 
1.143463-01 
9.62892E-02 
8.146623-02 
5.92391E-02 
4.40963E-02 
3.367773-02 
2.642033-02 
2.12877E-02 
1.759133-02 
1.282693-02 
9.99956E-03 
7.779753-03 
6.296923-03 
5.21 675E-03 
4.389183-03 
2.446983-03 
1,569433-03 
1.125823-03 
8.747 18E-04 
7.16349E-04 

9.81726E-02 
1,052383-01 
9.44555E-02 
8.54964E-02 
7.80274E-02 
7.17776E-02 
6.65266E-02 
6.20949E-02 
5.513133-02 
5.001 2 3 3  -02 
4.61554E-02 
4.317193-02 
4.08009E-02 
3.88668E-02 
3.586993-02 
3.360923-02 
3.140793-02 
2.965923-02 
2,822646-02 
2,702993-02 

2.72703 
2.63482 
2.77832 
2.91030 
3.02925 
3.13370 
3.22222 
3.29356 
3.38092 
3.39203 
3.33074 
3.20908 
3.04550 
2.86119 
2.50443 
2.23573 
2.04792 
1.97992 
1.97575 
1.99686 
2.03980 
1.91445 
1.72246 
1.55569 
1.44219 

3.2190 
3.2338 
3.2395 
3.1669 
3.0902 
2.9637 
2.8452 
2.7300 
2.5528 

1.174 7.0000E-02 6.98503-02 
1.325 5.0000E-02 6.0940E-02 
1.608 3.0000E-02 4,99903-02 
1.892 2.0000E-02 4,30003-02 
2.136 1.5000E-02 3.8790E-02 
2.553 1.0000E-02 3.3700E-02 
3.004 7.0000E-03 2.9830E-02 

2.4203 
2.3335 
2.2212 
2.2061 
2.2472 
2.4599 

3.506 5.0000E-03 2,67803-02 
4.367 3.0000E-03 2.33703-02 
5.135 2.00003-03 2.14503-02 
5.754 1.5000E-03 2.03703-02 

2.5466 
2.4987 
2.2179 
1.7411 
1.2241 

6.826 1.0000E-03 1.905OE-02 
8.170 7.0000E-04 1.79403-02 

10.292 5.00003-04 1.66903-02 
2.374813-02 
2.179313-02 
2.04683E-02 
I .  947 87 E -02 
1.86885E-02 

16.814 3.0000E-04 1.4220E-02 
46.570 1.0000E-04 9.30003-03 

137.800 1.0000E-05 2.0000E-03 

9.9740 
1.1370 
1.1860 

1.00000E 01 5.26293E-04 1.74650E-02 1.33768 
1.50000E 01 3.09270E-04 1,546253-02 1.30088 

- 2 9 -  



Pressure Energy 

Comp B. Grade A J W L  adiabat 

V (Mbar) (Mbar cc/ cc) r 

0.730 2.95003-01 1.24803-01 2.7064 
0.650 3.98733-01 1.52393-01 2.4730 
0.700 3.30143-01 1.34223-01 2.6218 
0.800 2.28533-01 1.06633-01 2.8854 
0.850 1.91203-01 9.61723-02 2.9977 

0.900 1.60633-01 8.74013-02 3.0952 
0.950 1.35573-01 8.00173-02 3.1769 
1.000 1.14993-01 7.37703-02 3.2419 
1.100 8.40693-02 6.39163-02 3.3198 
1.200 6.29223-02 5.66323-02 3.3291 
1.300 4.82853-02 5.11163-02 3.2769 
1.400 3.80043-02 4.68313-02 3.1769 
1.500 3.06563-02 4.34183-02 3.0466 
1.600 2.52983-02 4.06333-02 2.9044 
1.800 1.82533-02 3.63423-02 2.fi422 

V 

0.730 
0.650 
0.700 
0.800 
0.850 
0.900 
0.950 
1.000 
1.100 
1.200 
1.300 
1.400 
1.500 
1.600 
1.800 

Pressure Energy 
(Mbar) (Mbar cc /cc )  

Comp B. Grade A r- law adiabat 

2.94963-01 1.26253-01 
4.04113-01 1.53973-01 
3.30683-01 1.35683-01 
2.30403-01 1.09043-01 
1.95543-01 9.74263-02 
1.67523-01 8.83743-02 
1.44723-01 8.05873-02 
1.25963-01 7.38353-02 
9.73273-02 6.27553-02 
7.69093-02 5.40983-02 
6.19323-02 4.71933-02 
5.06783-02 4.15883-02 
4.20473-02 3.69703-02 
3.53 103-02 3.31 163-02 
2.56733-02 2.70883-02 

r 

2.7060 
2.7060 
2.7060 
2.7060 
2.7060 
2.7060 
2.7060 
2.7060 
2.7060 
2.7060 
2.7060 
2.7060 
2.7060 
2.7060 
2.7060 

2.000 1.39603-02 3.31523-02 2.4603 2.000 1.93043-02 2.2fi31E-02 2.7060 
2.250 1.05243-02 3.01233-02 2.3548 2.250 1.40363-02 1.85113-02 2.7060 
2.500 8.22183-03 2.77973-02 2.3426 2.500 1.05543-02 1.54663-02 2.7060 
2.750 6.56793-03 2.58593-02 2.3751 2.750 8.15473-03 1.31453-02 2.7060 
3.000 5.33173-03 2.44793-02 2.4184 3.000 6.44403-03 1.13323-02 2.7060 

4.000 2.63103-03 2.07163-02 2.4380 4.000 2.95853-03 6.93663-03 2.7060 
5.000 1.56563-03 1.86943-02 2.1739 5.000 1.61743-03 4.74053-03 2.7060 
6.000 1.08493-03 1.73973-02 1.8464 6.000 9.87573-04 3.47333-03 2.7060 
7.000 8.32233-04 1.64503-02 1.6057 7.000 6.50746-04 2.67013-03 2.7060 
0.000 6.78383-04 1.57003-02 1.4673 8.000 4.53403-04 2.12613-03 2.7060 

10.000 4.95763-04 1.45453-02 1.3650 10.000 2.47803-04 1.45303-03 2.7060 
15.000 2.87203-04 1.26703-02 1.3403 15.000 8.27453-05 7.27533-04 2.7060 

Comp B,  Grade A B K W  adiabat Cyclotol 

7.46233-01 
8.42713-01 
9.53083-01 
1.08063 00 
1.22953 00 
1.40433 00 
1.61143 00 
1.85883 00 
2.15613 00 
2.51583 00 
2.95423 00 
3.49213 00 
4.15663 00 
4.98383 00 
6.02183 00 
7.33543 00 
9.01143 00 
1.11673 01 
1.39613 01 
1.76063 01 
2.23823 01 
2 . 8 6 6 6 3  01 
3.69493 01 

2.84433-01 
1.99103-01 
1.39373-01 
9.75613-02 
6.82933-02 
4.78053-02 
3.3463E-02 
2.34243-02 
1.63973-02 
1,14783-02 
8.03453-03 
5.624233-03 
3.93693-03 
2.75583-03 
1.92913-03 
1.35043-03 
9.45263-04 
6.61 6 8 3  -04 
4.63183-04 
3.24223-04 
2.26963-04 
1.58873-04 
1.1 1213-04 

1.33593-01 
1.10603-01 
9.21 923-02 
7.73043-02 
6.51 853-02 
5.5 1643-02 
4.69513-02 
3.99443-02 
3.41 193-02 
2,91843-02 
2.49753-02 
2.13623-02 
1.82373-02 
1.55153-02 
1.31253-02 
1.10093-02 
9.11943-03 
7.4 1863-03 
5.87633-03 
4.46853-03 
3.17713-03 
1.988033-03 
8.90803-04 

PBX g n i i  

2.8600 
2.8290 
2.7850 
2.7360 
2.6800 
2,6200 
2.5500 
2.4760 
2.3960 
2.3100 
2.2200 
2.1300 
2.0350 
1.9380 
1.8400 
1.7500 
1.6600 
1.5900 
1.5270 
1.4850 
1.4700 
1.4800 
1.5500 

7.31953-01 
7.00003-01 
7,50003-01 
8.00003-01 
8.50003-01 
9.00003-01 
9.50003-01 
1.00003 00 
1.10003 00 
1.20003 00 
1.30003 00 
1.40003 00 
1.50003 00 
1.60003 00 
1.80003 00 
2.00003 00 
2.25003 00 
2.5000E 00 
2.75003 00 
3.00003 00 
4.0000E 00 
5.0000E 00 
6.0000E 00 
7.00003 00 
8.00003 00 

1.00003 00 
1.50003 00 

7.34123-01 
7.00003 - 01 
7.50003-01 
8.00003-01 
8.50003-01 
9.00003-01 
9.50003-01 
1.0000E 00 
1.10003 00 
1.20003 00 
1.30003 00 
1.40003 00 
1.50003 00 
1.60003 00 
1.80003 00 
2.00003 00 
2.25003 00 
2.50003 00 
2.75003 00 
3.0000E 00 
4.00003 00 
5.00003 00 
6.00003 00 
7.0000E 00 
8.00003 00 
1.00003 01 
1.50003 01 

3.4000E-01 
3.86873-01 
3.20543-01 
2.66133-01 
2.2 1883  -01 
1,85723-01 
1,56123-01 
1.31873-01 
9.55843-02 
7.09163-02 
5.39653-02 
4.21573-02 
3.37933-02 
2.77523-02 
1.99133-02 
1.52043-02 
1,14633-02 
8.9492E-03 
7.12593-03 
5.74643-03 
2.66443-03 
1.43613-03 
9.06103-04 
6.52243-04 
5.13 82E-04 
3.68003-04 
2,15113-04 

1,34203-01 
1,46583-01 
1.28963-01 
1,14343-01 
1.021 63-01 
9.20203-02 
8.34993-02 
7,63193-02 
6.50643-02 
5.68173-02 
5.06253-02 
4,58543-02 
4.20793-02 
3.901 8 3  -02 
3.43243-02 
3.03483-02 
2.75493-02 
2.501 63-02 
2.301 DE-02 
2.14163-02 
1.74533-02 
1.54923-02 
1,43553-02 
1.35903-02 
1.3013E-02 
1.21493-02 
1.07543 -02 

2.7611 
2.6610 
2.8059 
2.9391 
3.0590 
3.1644 
3.2538 
3.3261 
3.4165 
3.4331 
3.3812 
3.2740 
3.1301 
2.9702 
2.6713 
2.4649 
2.3538 
2.3600 
2.4264 
2.5201 
2.7864 
2.6885 
2.3284 
1.9374 
1.6499 
1.3858 
1.3016 

7.26603-01 
7.00003-01 
7.50003-01 
8.00003-01 
8,50003-01 
9.00003-01 
9.50003-01 
1.00003 00 
1.10003 00 
1.20003 00 
1,30003 00 
1.40003 00 
1.50003 00 
1.60003 00 
1.80003 00 
2.00003 00 
2.25003 00 
2,50003 00 
2.75003 00 
3.00003 00 
4.00003 00 
5,00003 00 
6.00003 00 
7.00003 00 
8.00003 00 

1.00003 01 
1.50003 01 

3.20003-01 
3.60783-01 
2.99243-01 
2.49183-01 
2.0840E-01 
1.75133-01 
1.47943-01 
1.25663-01 
9.23073-02 
6.95633-02 
5.38323-02 
4.27633-02 
3.48163-02 
2.89783-02 
2.1 1903-02 
1.63253-02 
1,23293-02 
9.59453-03 
7.60723-03 
6.1 1543-03 
2.87343-03 
1.63003-03 
1,09233-03 
8.22353-04 
6.64143-04 
4.81983-04 
2.77863-04 

1.34893-01 
1.45753-01 
1.29303-01 
1.15633-01 
1.04233-01 
9.4669E-02 
8.66153-02 
7.97943-02 
6.90033-02 
6.09813-02 
5.48583-02 
5.00603-02 
4,62023-02 
4.30273-02 
3.80773-02 
3.43593-02 
3.08123-02 
2.80913-02 
2.59533-02 
2.42473-02 
2.00203-02 
1.78603 -02 
1.65333-02 
1.55893 -02 
1.48523-02 
1.37253-02 
1.19083-02 

2.7306 
2.6446 
2.7768 
2.8952 
2.9984 
3.0852 
3.1548 
3.2064 
3.2553 
3.2362 
3.1605 
3.0456 
2.9113 
2.7755 
2.5490 
2.4159 
2.3681 
2.4025 
2.4718 
2.5456 
2.6444 
2.3826 
1.9989 
1.6970 
1.5178 

1.3852 
1.3504 

PRX 9404 adiabat A A  

3.90003-01 1.55313-01 2.6576 
4.30063-01 1.66213-01 2.5851 
3.58143-01 1.46573-01 2.71110 
2.99313-01 1.30183-01 2.8415 
2.51103-01 1.16463-01 2.9520 
2.11513-01 1,04923-01 3.4096 
1.78943-01 9.51903-02 3.1339 
1.52093-01 8.69353-02 3.2046 
1.11493-01 7.36833-02 3.3051 
8.34183-02 6.42233-02 3.4541 
6.37483-02 5.69213-02 2 3590 
4.97443-02 5.12853-02 3.3304 
3.95963-02 4.68453-02 3.2806 
3.21003-02 4.32783-02 3.2213 
2.21123-02 3.79443-02 3.1110 
1.59953-02 3.41803-02 3.0433 
1.11963-02 3.08293-02 3.0239 
8.13313-03 2.84393-02 3.0472 
6.074fiE-03 2.66793-02 3.0749 
4.64673-03 2.53503-02 3.0785 
1.99333-03 2.23053-02 2.6810 
1.18123-03 2.07883-02 1.9959 
8.57993-04 1.97893-02 1,5491 
6.87293-04 1.90233-02 1.3546 
5.76693-04 1.83953-02 1.2840 
4.34993-04 1.73963-02 1.2532 
2.61983-04 1.57193-02 1.2500 

c 
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~ 

P r e s s u r e  Ener(:y I'ressure Energy 
V r V i OMbar) (Mbar cc. /cc)  (iVlbar.1 (Mbar c c i c c )  __ 

~ 

2.1, !; 
2. >I,. , .> 
2.7 3 7 0  

3.0485 
z . m u  

9 .  in70 
3.312fi 
3.4239 
3.5984 
3.6994 
3.7188 
3.6543 
3.5134 
3.3079 
2.8807 
2.3064 
1.8510 
1.5859 
1.4502 
1.3861 
1.3413 
1.3440 
1.3463 
1.3475 
1.3483 
1.3490 
1.3497 

I'BX 9404 \\'ilkins sdiaba! 

3.9002 E -0 1 
4.2902E -0 ! 

I . H7 i ,; 1.. - 'J ! 
I .  !J84 : ; l ~  -U ! 

P B X  9404 adiabat A B  

7.2660E-01 
7.0000E- 01 

7.40338-01 
7.0000E-01 
7 . 5 o o o ~ - n i  7.5000E-01 

8.0000E-01 
8.5000E-01 

8.0000E-01 
8.5000E-01 
0.0000E-01 

2.4552E-01 1.1682E-01 3.0780 
2.0546E-01 1.0558E-01 3.1534 
1.7297E-01 9.6149E-02 3.2105 

9.0000E-01 
9.50003-01 
1.0000E 00 
1.1OOOE 00 
1.2000E 00 

2.0859E-01 1.373YE-til 
1,74973-01 1.2783E-01 
1.4721E-01 1.1980E-01 

9:5000E-01 
1.0000E 00 
1.1000E 00 
1.2000E 00 

1.0530E-01 1.073 1E-01 
7.6613E-02 9.8302E-02 

1.3000E 00 
1.4000E 00 
1.5000E 00 
1.fi000E 00 
1.8000E 00 
2 mooE 00 

6,24738-02 5.9190E-02 3.1724 
4.9550E-02 5.3625E -02 3.0786 
4.0202E-02 4.916lE-02 2.9816 

1.3000E 00 5.6902E-02 9.1687E-02 
1.4000E 00 4.32763-02 8.67193-02 
1.5000E 00 3.37813-02 8.2895E-02 

2.7096E-02 7,98706-02 3.3259E-02 4.5505E -02 2.8953 
2.3824E-02 3.98743 -02  2.7828 
1.7806E-02 3.5751E-02 2.7570 
1.2837E-02 3.1965E-02 2.8122 
9.49373-03 2.9199E-02 2.9124 
7.1601E-03 2.7133E.02 3.0144 
5.4887E-03 2,55643-02 3.0912 
2,25863-03 2.2012E-02 2.9513 
1.24843-03 2.0347E.02 2.3071 

1.6000E 00 
1.8000E 00 
2.0000E 00 

1.8887E-02 7.5359E-02 
1.4435E-02 7 , 2 0 6 9 6 - 0 2  
1.1317E-02 6.8888E-02 Z;Z5OOE 0 0  

2.5000E 00 
2.7500E 00 
3.0000E 00 

2.2500E 00 
2.5000E 00 
2,75006 00 
3.0000E 00 

9.45433-03 6.6389E-02 
8.1862E-03 6.4112E-02 
7.2383E-03 6,21893-02 

4.0000E 00 
5.0000E 00 

4.0000E 00 
5.0000E 00 
6.0000E 00 

4.90513-03 5.6254E-02 
3.6354E-03 5.2039E-02 
2.8447E-03 4.8827E-02 
2.3113E-03 4.6265E-02 
1.93063-03 4.4154E-02 
1.4289E-03 4.0838E-02 
8.2675E-04 3.5436E-02 

6,00003 00 
7.0000E 00 
8.OOOOE 00 
I.OOOOE 01 
1.5000E 01 

8,65163-04 1.9317E.02 1.7425 
6.7836E-04 1.8554E-02 1.4449 
5.6461E-04 1.7937E -02  1.3207 

7.0000E 00 
8.0000E 00 

1.0000E 01 
1.5000E 01 

4.24303-04 1.6961E -02  1.2581 
2.5543E-04 1.532GE-02 1.2500 

LX-04-1 adiabat AA LX-04-1 adiabat A B  

7.2900E-01 
7.0000E-01 
7.5000E-01 

3.6200E-01 
4.0306E-01 
3.3509E-01 

1.4405E -01 
1.5513E -01 
1.3674E -01 
1,21423 .01 
1.08643 -01 

2.6900 
2.6035 
2.7505 
2.8880 
3.0138 
3.1271 
3.2265 
3.3108 
3.4307 
3.4821 
3.4664 
3.3917 
3.2722 
3.1259 
2.8225 

2.5843 
2.4252 
2.3921 
2.4329 
2 . 5 0 5 6  
2.7280 
2.6005 
2.2302 
1.8476 
1.5740 
1.3282 

7.4590E-01 
7. OOOOE - 01 
7.5000E-01 
8.0000E-01 

1.3820E-01 
1.5531E-01 
1.3681E-01 

2.9355 

2.9456 
3.0603 
3.1568 
3.2340 
3.2913 
3.3286 
3.3451 
3.2943 
3.1945 
3.0683 
2.9369 
2.8169 
2.6450 

2.5715 
2.5780 
2.6355 
2.6991 

2.5862 
2.1137 
1.7191 
1.5047 
1.4098 
1.3578 
1.3500 

2.~1142 

2.7428 

4.08123-01 
3.3456E-01 
2.7560E-01 8.0000E-01 

8.5000E-01 
2.7934E-01 
2.3357E-01 

1.2161E-01 
1.0906E-01 
9.8635E-02 

8.5000E-01 
9.0000E-01 

2.2825E-01 
1.9013E-01 9.0000E-01 

9.5000E-01 
1.0000E 00 

1.8597E-01 
1.F504E-01 
1.3956E-01 

8 . 7 9 2 ~ 1 ~  - 0 2  
8 , 8 9 2 7 3 - 0 2  
8.1333E.02 

9.5000E-01 
1.0000E 00 
1.1000E 00 

1.5937E-01 
1,34483-01 
9.7786E-02 
7.3220E-02 

8.9925E-02 
8.26003-02 
7.1 112E-02 1.1000E 00 

1.2000E 00 

1.3000E 00 
1.4000E 00 
1.5000E 00 
1.6000E 00 
1.8000E 00 

1.01 16E-01 
7.4854E-02 
5.6657E-02 
4.3927E-02 

6.8419E-02 
6.0700E .02  

5.4179E .02 
4 9187E.02 

1.2000E 00 

1.3000E 00 
1.4000E 00 
1.5000E 00 
1.6000E 00 
1.8000E 00 

6,26423-02 
5.6210E-02 
5.1 1833-02 

5,64573-02 
4.4757E-02 

3.4897E-02 
2.8383E-02 
1.9993E-02 

4::,271E-O? 
4.2124E -02 
3.7366B -02  

3.3902E-02 
3,0657E - 0 2  
2.8185E.02 

3.6382E-02 
3.021 BE-02 
2.19243-02 
1,66683-02 
1.2318E-02 
0.36193-03 
7.2602E-03 

4.7148E-02 
4.3833E-02 
3,86883-02 
3.4864E-02 
3,12793-02 
2.859lE-02 

2.0000E 00 
2.2500E 00 
2.5000E 00 
2.7500E 00 

1.5047E-02 
1.1217E-02 
8.7102E-03 

2.0000E 00 
2.2500E 00 
2.5000E 00 
2.7500E 00 6.92403-03 

5,58623-03 
2.61 82E -03 

2.62423 -02  
2.4686E .02 

2.0818E .02 

2.6527E-02 
2.4914E-02 
2.10236-02 

3.0000E 00 
4.0000E 00 
5.0000E 00 
6.00003 00 
7.0000E 00 
8.0000E 00 

1.0000E 01 

3.0000E 00 
4.0000E 00 
5.0000E 00 
6.0000E 00 
7.0000E 00 
8.0000E 00 
1.0000E 01 
l.5000E 01 

5.7286E-03 
2.6256E-03 

1.4346E-03 
9.2098E-04 
6.7274E-04 
5.3587E-04 

1.8877E -02 
1.7732E -02  
1.6949E -02 

1.5488E-03 
1.0939E-03 
8.5460E-04 

1.9021E-02 
1.77273-02 
1.6764E-02 

1.6351E -02  
1.5443E .02  

7.0403E-04 
5.1782E-04 
2.9934E-04 

1.59892-02 
1.47853-02 
1.2829E-02 

3.894fiE-04 

LX-04-1 Wilkins adiabat LX-04-1 adiabat AC ~ 

7.2900E-01 3.6200E-01 1.4405E-01 
7.0000E-01 4.0303E-01 1.5513E-01 

2.6900 
2.6004 
2.7533 

7.2900E-01 
7.0000E-01 
7.5000E-01 

3.03501.-01 I . o : d > E - O l  
4.051 LE-01 I .72XlE-0:  
3.3619E-01 1.5451E-01 

2.7174 
2.6228 
2.7844 
2.9380 
3.0826 
3.2170 
3.3397 
3.4494 
3.6236 
3.7285 
3.7554 
3.7016 
3.5721 
3.3804 
2.8[133 
2.4065 
1.9470 
1.6723 
1.5277 
1.4569 
1.3999 
1.3987 
1.3902 
1.3994 
1.3996 
1.3998 
1.3999 

2.8974 
3.0315 
3.1543 

8.0000E-01 

9.0000E-01 
~ L ~ O O O E - O ~  

2.7951E-01 1.3916E-01 
2.3288E-01 1.2639E-01 
1.94513-01 1.15743-01 0 . G C I O J E - U I  1 .  J548E-01 9.i960E 02 

I.(IUUUE 00 1.3865t:-01 H.I:35E 32 
, ,~ ,~oLlk:-ol  I.fA34E-01 tI.H'J89E 02 312644 

3.3604 
3.5054 

9.5000E-01 
1.0000E 00 
1.1000E 00 

1.6291 E-01 1 :0683E-01 
1.3ti87E-01 .).9355E-02 
8 . 7 6 7 0 E - 0 2  8 .7753E-02 1.1000E 00 9.99203-02 6.9629E -02 

1.2000E 00 7.33753-02 6.1047E-02 
1.3000E 00 5 . 5 0 5 2 3 - 0 2  5.4681E-02 

3.5814 
3.5853 

1.20003 00 

1.30003 00 
1.4000E 00 
1,50003 00 
1.6000E 00 
1.8000E 00 

2.0000E 00 
2.25003 00 
2.5000E 00 
2.7500E 00 
3.0000E 00 
4.0000E 00 
5.0000E 00 
fi.OOOOE 00 

7.0900E-02 7.94083-02 
5.2522E-02 7.3294E-02 
3.9821E-02 6.87163-02 

~.~ ~.~ 
1.40011E 00 4.229OL-02 4.985LE -32 
1.5000E OU 3.33OOE-02 4.6098E 32 
I.hUO11E 00 2.6877E-02 4.3107E . J 1  

3.5205 
3.3981 
3.2350 

3.UY70E-02 6.52023-02 
2.4738E-02 6.2435E-02 
1.70733-02 5.8336E-02 1.80003 00 1.8757E-02 3.86243-02 

2.0000E 00 1.4118E-02 3.53763-02 
2.25003 00 1,06443-02 3.23183-02 

2.8642 
2.5389 
2.2803 
2.1731 
2.1620 
2.1986 
2.3756 
2.3303 
2.1059 
1.8419 
1.6276 
1.3987 
1.3030 

1.2916E-02 5.53763-02 
1.0009E-02 5.25463-02 
8.28133-03 5.0276E-02 2.500OE 110 8.42t,7E-0? 2.8952E 02 

2.7jOOE 00 6.8576E-03 2.805lE -02 
9.WUOE 00 5.C7311E-03 2.6491E.02 

7.1148E-03 4.83593-02 
6.2505E-03 4.6693E-02 

7.0000E 00 
8.0000E 00 
1.OOOOE 01 
1.5000E 01 

1.9009E-03 3.32723-02 
1.5769E-03 3.1542E-02 

1.0000E 01 4.81683-04 l.5857E-02 
1.5000E 01 2,80766-04 1.4035E-02 

1.1539E-03 2.8849E-02 
6.54 11E-04 2.4530E -02  
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P r e s s u r e  Energy 
V (Mbar) (Mbar cc/cc) r 

LX-07-0 

7.34233-01 
7.0000E-01 
7.5 0003- 01 
8.00003-01 
8.50003 - 01 
9.00003-01 
9.50003 -0 1 
1.0000E 00 
1.10003 00 
1.20003 00 
1.30003 00 
1,40003 00 
1.50003 00 
1.60003 00 
1.80003 00 
2.00003 00 
2.25003 00 
2.50003 00 
2.75003 00 
3.0000E 00 
4,00003 00 
5.00003 00 
6.0000E 00 
7.00003 00 
8.00003 00 
1.00003 01 
1.5000E 01 

3.7 0003 - 0 1 
4.21163-01 
3.48743- 01 
2.897 03-01 
2.41513-01 
2.02133-01 
1.69913-01 
1.43503-01 
1.03993-01 
7.7 130E -02 
5.8 6 183 -02 
4.58293-02 
3.67 343-02 
3.0110E-01 
2.16683-02 
1.65723-02 
1.25483-02 
9.85003-03 
7.89563-03 
6.41 653-03 
3.091 23-03 
1.73493-03 
1.1 2743 -03 
8.22723 -04 
6.49173-04 
4.591 73 -04 
2.5 8283-04 

1.45173-01 
1.58693-01 
1.3 9503 -01 
1.23593-01 
1.10353-01 
9.92943 -02 
9.00203 -02 
8.22063-02 
6.99603-02 
6.09893-02 
5.42553-02 
4.90683-02 
4.49653-02 
4.16373-02 
3.65323-02 
3.27473-02 
2.91443 -02 
2.63 643 - 02 
2.41573-02 
2.2377E-02 
1.78803-02 
1.55613-02 
1.41 683-02 
1.32083 - 02 
1.24803-02 
1.13933 -02 
9.68443-03 

2.7 627 
2.6623 
2.8071 
2.9403 
3.8604 
3.1 660 
3.2556 
3.3283 
3.4193 
3.4364 
3.3844 
3.2762 
3.1302 
2.9668 
2.6581 
2.4392 
2.3110 
2.2993 
2.3490 
2.4217 
2.6194 
2.5052 
2.1994 
1.8906 
1.6696 
1.4672 
1.4013 
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Appendix D 

r Versus Volume Behavior for JWL Adiabat 
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r 2  
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0 

HMX 

- 

I I 
NM 

- adiabat A 0  

r 2  

1 3 10 30 1 3 10 30 
V V 

Fig. D-1. r vs relative volume (V) for 
HMX for the JWL equation of 
state.  

Fig. D-2. r v s  relative volume (V) for NM: 
for  the JWL equation of state.  

4 

3 

r 2  r 

1 3 10 30 

V 
1 3 10 30 

V 

Fig. D-3. I? vs relative volume (V) for 
P E T N  for the JWL equation of 
state.  

Fig. D-4. I? vs  relative volume (V) for 
T N T  for the JWL equation of 
state.  
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V 

Fig. D-5. r vs  relative volume (V) for 
Cyclotol for  the J W L  equation 
of state.  
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3 

r 2  

1 

0 

4 

3 

r 2  

1 

0 

I I I 

n PBX-9011 -’ k 
1 

1 3 10 30 

V 

Fig. D-6. r vs  relative volume (V) f o r  
PBX-9011 for  the JWL equation 
of state.  

I I 

1 
~ 

1 3 10 30 

V 

Fig. D-7. r vs relative volume (V)  for 
LX-07 for the JWL equation 
of state.  
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