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PREFACE

The Fourth Symposium (International) on Detonation is a continuation of a series
of U.S. Navy sponsored meetings held at irregular intervals. Thefirst, called “Con-
ference on the Chemistry and Physics of Detonation,” was sponsored by the Office of
Naval Research and was held at the Navy Department, Washington, D.C. on January
11 and 12, 1951, It was a classified conference, but the printed proceedings have
since been declassified. The *Second ONR Symposium on Detonation® was held in
Washington, D.C. on February 9, 10, 11, 1955, Preprints of this meeting were issued
by the Office of Naval Research in two volumes; one classified, one unclassified. The
*“Third Symposium on Detonation,” cosponsored by the Naval Ordnance Laboratory
and Office of Naval Research was held at the James Forrestal Research Center,
Princeton University on September 26, 27, 28, 1960, Preprints were made available
by ONR in three volumes: ONR Symposium Report ACR-52, Volumes 1 and 2 (Un-
classified) and Volume 3 (Classified). This symposium was the first to restrict
discussion to condensed phase detonations and related hydrodynamic, thermodynamic,
and solid state problems,

The present symposium was sponsored by the Naval Ordnance Laboratory in co-
operation with the Office of Naval Research. Itconvened at the Naval Ordnance Lab-
oratory, White Oak, Silver Spring, Maryland, during the week of October 12-15, 1965.
We take pride in the fact that this meeting, which marked a 25th anniversary of or-
ganized research in the area of condensed phase detonations, was the first inter-
national meeting to be devoted to this subject inthe United States. It was attended by
some 400 participants of whom about 50 came from foreign countries. About 80
papers were presented and/or discussed, and several invited summaries of key topics
were heard. These papers constitute the present proceedings. A few of the papers
are presented in abstract form only; in these cases the authors elected, and were
permitted, to publishin the open literature. Referencestosource are supplied below
these abstracts when known.

We are confident that future U.S. symposia will continue the international approach.
We hope these will be integrated with conferences sponsored by scientists from other
countries to form an internationally sponsored series of symposia. Past meetings
sponsored abroad in this field are worthy of mention. They include:

“A Discussion of the Initiation and Growth of Explosion in Solids,” led by
Professor F. P. Bowden in London on March 30, 1957 with papers pub-
lishec in the Proceedings of the Royal Society, A240, 145-297 (1958).

A symposiumon “Les Ondes de Detonation” sponsored and published by the
French National Center of Scientific Research and chaired by Professor
G. Ribaud with the assistance of Dr. J. Berger at Gif-Sur-Yvette in the
week of August 28, 1961.

The “International Conference on Sensitivity and Hazards of Explosives,”
held in London on October 1, 2, 3, 1963 by G. K. Adams and E. G. Whit-
bread under sponsorship of the Explosives Research and Development Es-
tablishment, Waltham Abbey and the British Ministry of Aviation who fi-
nanced publication of the proceedings.

iii
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We wish to extend our thanks to the authors and participants who made the 1965
symposium a success. We are grateful to G. P. Cachia, W. E. Deal, R. E. Duff, and
G. L. Schott for their time and effort in preparing summaries and reviews for this
gathering. We wish to give thanks, as well, to their sponsoring laboratcries: The
Atomic Weapons Research Establishment; the University of California, Lawrence
Radiation Laboratory; and the Los Alamos Scientific Laboratory for their support of
the reviewers’ efforts.

The existence of these proceedings is largely due to the financial support given
by the Office of Naval Research. We wish to thank Dr. Ralph Roberts of ONR, past
chairman of the previous U.S8. Navy sponsored meetings, for his catalytic efforts
in this matter. The important details of publication were ably handled by Mr. Irving
Rudin of the Naval Research Laboratory. I wish to thank Andre Gleyzal, C. Dunkle,
and M. Wilkins for their assistance in translating several of the French papers.

Lastly, I wish to acknowledge the tremendous effort put forth by my organizing
committee; James E. Ablard, Douglas C. Hornig, Irving Kabik, John T. Oleksy,
Ralph Roberts, and Donna Price. It was largely through the smooth teamwork of this
group that the project moved without interruption from the time of the initial call for
papers to final publication of these proceedings. I am deeply indebted to Dr. Donna
Price for her able assistance in soliciting and selecting papers before the meeting
and in editing them for these proceedings after it was over; to Douglas Hornig for
the program and management of floor operations; to Irving Kabik for arranging the
publication and delivery of preprints. We thank the management and our many asso-
ciates at the Naval Ordnance Laboratory who cooperated so effectively in supplying
facilities and in carrying out the details for the clock-like operationof this symposium.

o3t

Sigmund J. Jacobs, Chairman
September 27, 1966 Fourth Symposium (International) on Detonation

U.8. Naval Ordnance Laboratory, White Oak
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METAL ACCELERATION BY CHEMICAL EXPLOSIVES

J. W, Kury, H. C. Hornig, E. L. Lee, J. L. McDonnel,
D. L. Ornellas, M. Finger, F. M. Strange, M. L. Wilkins
Lawrence Radiation Laboratory
Livermore, California

ABSTRACT

The ability of chemical explosives to accelerate metal has been in-
vestigated in considerable detail. An accurate hydrodynamic test has
been developed to measure relative metal accelerating ability, and re-
sults have been obtained for a number of explosives.

Hydrodynamic tests have been used to generate pressure-volume -
energy equations of state for detonation products, These equations of
state can be used in calculations to predict the performance of an ex-
plosive in a variety of geometries, The equation of state obtained for
Comp B is compared with those obtained by other investigators,

Thermochemical calculations have been shown to predict accurately
the relative performance of many explosives. These calculations have
also been used to correlate the effect on performance of the amount and
type of binder used in explosives containing HMX,

INTRODUCTION

One of the most important uses of chemical
explosives is to accelerate metal. This ability
of an explosive to impart energy to metal has
often been referred to as brisance, and a variety
of relatively simple tests [1] have been evolved
over the years to measure this property. Among
them are the Trauzl block test, ballistic mortar,
sand test and small scale plate push test [2].
Such tests have considerable appeal since they
use small amounts of explosive and do not, in
general, require expensive diagnostic equip-
ment. Unfortunately, it has been our experience
that these tests do not accurately predict the
metal accelerating ability of many explosives
even on a relative basis. For example, the ex-
ceptional performance of some boron-containing
explosives in the sand test and small scale plate
push tesi and of certain high density formula-
tions in the plate dent test have not becen borne
out in subsequent large-scale metal accelera-
tion tests. Moreover, information on the funda-
mental behavior of the detonation products of an
explosive cannot be obtained from such tests
because they are not amenable to accurate
hydrodynamic interpretation.

The ability to measure or calculate pre-
cisely an explosive's metal accelerating

performance is of considerable importance, It
permits one to determine an optimum balance
between performance, sensitivity, thermal sta-
bility, and physical properties for a given ex-
plosive formulation. To do this we have devel-
oped metal acceleration tests which, not only
permit a precise relative ordering of explosives,
but also give sufficient information so that an
accurate hydrodynamic equation of state can be
generated for the detonation products. In addi-
tion, we have found that results from thermo-
dynamic-hydrodynamic calculations using a
code such as RUBY [3] accurately predict the
relative performance of many explosives. The
details of these experimental methods and cal-
culations are discussed in this paper, and re-
sults for a variety of explosives are presented.
Also, information on the equation of state of
detonation products is presented.

RELATIVE PERFORMANCE MEAS-
UREMENT USING CYLINDER TEST

A variety of metal accelerating tests has
been investigated for measuring relative per-
formance of explosives. They include the
sphere test 4], plate push test [5], flat plate
test [2] and cylinder test [Z]. Of these we have
found the cylinder test to be the most versatile
for determining relative performance.
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An early variant of this test was described
at the Third Detonation Symposium [2]). How-
ever, since significant changes have been made,
a brief description follows.

Experimental

The standard cylinder test geometry con-
sists of a 1-in.-diameter, 12-in.-long explosive
charge fitted into a copper tube with a 0.1022-
in.-thick wall. A plane wave lens and 0.5-in.-
thick Comp B booster is used to initiate the
explosive at one end. The radial motion of the
cylinder wall is measured in a plane perpen-
dicular to the cylinder axis 7 in. from the
booster end. A streak camera records the
motion, using conventional shadowgraph tech-
niques. In addition, the detonation velocity of
the explosive is measured by placing pin switches
9 in. apart on the surface of the cylinder.

The streak camera record is read on a
precision comparator which punches out the
data directly on IBM cards. A computer code
converts film coordinates into actual radius (R)
and time (t), fits the data, and calculates radial
wall position and velocity at specified values of
R-R,. Reproducibility of radius-time data be-
tween duplicate experiments is better than 0.5
percent,

Standard 1-in.-diameter cylinder test re-
sults for Comp B, Grade A at a density of 1,717
g/cc are presented in Table 1. Results for a
2-in.-diameter scaled experiment (ratio of mass
of explosive to mass of metal held constant) are
also presented and show no diameter effect.

Experiments were carried out to measure
wall radius-time behavior at various positions
along the 12 in. long cylinder. Results, con-
firmed by hydrodynamic calculations, indicate
that steady state conditions exist in a region
~3 in, tc 9 in, from the booster end.

Interpretation of Cylinder Test

Two-dimensional hydrodynamic calcula-
tionu (6] were used to investigate the behavior
of the detonation products in the cylinder test.
The results indicate that the detonation products
expand essentially along the Chapman-Jouguet
(C-J) isentrope. These calculations also showed
that the relative volume (v) of the detonation
products in the cylinder can be simply related
to the expansion nf the cylinder (see Fig. 1).
Moreover, this relation is not sensitive to the
explosive used. As a result, one is able to as-
sess the relative energy delivery of explosives

TABLE 1
Radius-Time History of Copper Cylinders
Expanded by Comp B, Grade A

25.4-mm-diam. 50.8-mm-diam,
Comp B Comp B
2.606-mm 5.21-mm

Copper Wall Copper Wall

R-R, t R-R, t/2

(mm) (usec) (mm) (usec)

(-

2 2.17 4 2.15
3 3.00 6 3.00
4 3.1 8 3.78
5 4.51 10 4.51
6 5.22 12 5.21
1 5.91 14 5.90
8 6.59 16 6.59
9 7.26 18 7.26
10 7.92 20 7.92
11 8.57 22 8.57
12 9.22 24 9.21
13 9.86 26 9.85
14 10.50 28 10.48
15 11.13 30 11.11
16 11.75 32 11.73
17 12.27 34 12.35
18 12.99 36 12.97
19 13.60 38 13.59
20 14.22 40 14.20
21 14.83 42 14.81
22 15.43 44 15.41
23 16.04 46 16.02

merely by comparing cylinder wall velocities at
the same expansion. The actual expansion at
which this comparison should be made depends
on the geometry in which the explosives are to
be used.

Hydrodynamic calculations for a variety of
geometries show that, with the mass ratios of
explosive to metal usually used, only two cyl-
inder expansions need to be considered to eval-
vate an explosive: RR = 1.3and RR, = 2.
This results from the fact that for detonations
impinging head-on against metals essentially
al! the energy is transferred to the metal by
the time the detonation products reach an ex-
pansion of v £ 2. This expansion is reached in
the cylinder test at R R_ = 1.3. In contrast, for
grazing or sideways detonations the products
continue to effectively transfer energy to the
metal until they reach larger expansions, v & 7,
These expansions are reached in the cylinder
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test at R/R_ > 2. Onme is thus able to assess
the relo ive performance of an explosive in
these two general types of metal acceleration
applications by merely comparing cylinder wall
velocities at early and late expansion.

Cylinder Test Results

Experimental cylinder test results at small
and large expansions for a variety of explosives

are presented in Table 2. The relative abil-
ity of these explosives to deliver energy to
metal in both head-on and sideways geome-
tries is summarized in Table 3. These re-
sults were calculated from the data in
Table 2 by simply squaring cylinder wall
velocities and comparing them to the square
of the Comp B values. Many of the values
listed in Table 3 have been confirmed when
the explosives were used in actual full-scale
metal acceleration experiments.

TABLE 2
Cylinder Test Results
Cylinder Wail
Explosive Velocity
Density D (mm/ysec)
(g/cc) | (mm/
usec) at at
Symbol Composition! R-R, = R-R, =
5 mm 19 mm

HMX --- 1.891 9.11 1.65 1.86
PBX-9404-03 HMX, NC, CEF (94/3/3) 1.841 8.80 1.57 1.80
PETN --- 1.765 8.16 1.56 1.79
RX-09-AA HMX, DNPA, EtDP (93.7/5.7/0.6) 1.827 8.69 1.56 1.79
RX-04-BY HMX, FNR, (86/14) 1.894 --- 1.54 1.77
LX-07-0 HMX, Viton (90/10) 1.865 8.64 1.54 1.7
Octol HMX, TNT (78/22) 1.821 8.48 1.53 1.75
HMX-Kel F HMX, Kel F (84/16) 1.882 -——- 1.52 1.73
RX-04-AT HMX, 6, (88/12) 1.798 8.38 1.47 1.73
X-0204 HMX, Teflon (83/17) 1.911 8.42 1.50 1.72
LX-04-1 HMX, Viton (85/15) 1.865 8.47 1.49 1.7
PBX-9010 RDX, Kel F (90/10) 1.787 8.39 1.45 1.711
Cyclotol RDX, TNT (77/23) 1,754 8.25 1.46 1.70
PBX-9011 HMX, Estane (90/10) 1.777 8.50 1.46 1.69
RX-04-P1 HMX, Viton (80/20) 1.876 8.32 1.46 1.67
RX-04-AV HMX (CH,),, (92/8) 1.719 8.63 1.44 1.67
Comp B, Grd A RDX, TNT (64/36) 1.717 7.99 1.39 1.63
RX-05-AA RDX, Polstyr DOP (90/8/2) 1.675 --- 1.38 1.60
TNT --- 1.530 6.94 1.18 1.40
NM Nitromethane 1.143 6.37 1.01 1.22

INumerals are approximate weight percent of components.

Abbreviations:

NC = Nitrocellulose
CEF = Tris 3-chloroethylphosphate
DNPA = 2,2-Dinitropropylacrylate
EtDP = Ethyl 4,4-dinitropentanoate
FNR = Tetrafluoroethylene-trifluoro
nitroso methane copolymer
Viton A = Trademark for vinylidene fluoride-
hexafluoropropylene copolymer
Kel F = Trademark for chloro-trifluoroethylene
polymer

= Carborane-fluorocarbon
copolymer

Teflon = Trademark for tetrafluoro-
ethylene polymer

Trademark for polyester-
urethane of adipic acid 1,4-
butanediol, diphenylmethane
dilsocyanate

Polyethylene

Polystyrene

Dioctylphthalate

x

Estane =

(C}il)n
Polstyr
DOP

wonon
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Fig. 1 - Relative volume of detonation products
as a function of cylinder expansion
TABLE 3 DETONATION PRODUCT EQUATION
Relative Metal Accelerating Ability OF STATE FOR ACCURATE
PERFORMANCE CALCULATION
Relative Energy
Delivered to Metal The ability to calculate the performance of
Explosive a system containing explosive and metal has, in
Symbol ! In Geometries |In Geometries general, been limited to simpie idealized geom-
Characterized [Characterized etries. However, the advent of high speed,
by Head-On by Sideways large memory computers such as the IBM 7030
Detonations Detonations and the CDC 6600 has changed this. With these
computers the motion of metal in fairly com-
HMX 1.41 1.30 plex geometries can now be accurately calcu-
PBX-9404-03 1.28 1.22 lated using such hydrodynamic codes as
PETN 1.26 1.21 HEMP [6].
RX-09-AA 1.26 1.21
RX-04-BY 1.23 1.18 To do this however, we must have an accu-
rate description of the pressure-volume-energy
LX-07-0 1.23 1.18 | (P-V-E) behavior of an explosives' detonation
Octol 1.21 1.15 | products. For most metal acceleration appli-
HMX-Kel-F 1.20 1.13 cations only a limited region in P-V-E space is
| RX-04-AT 1.12 1.13 of importance (see Fig. 2). This region in-
X-0204 .16 1.11 cludes the shock Hugoniot curve and isentropic
'I expansion curve from the C-J state (A and B in
LX-04-1 1.10 ' Fig. 2) and slightly higher entropy states
| PBX-9010 . 1.10 ’ (shaded area in Fig. 2).
! Cyclotol 1.10 1.09
| PBX-9011 . 1.07 A variety of equations ot state, both theo-
{ RX-04-P1 1.10 1.05 retical and empirical, have been proposed for
. the detonation products |7]. When these are
RX-04-AV 1.07 1.05 | used, with appropriate constants; in hydrody -
| Comp B,Grd A 1 1 namic codes, they in general do not accuracely
| RX-05-AA 0.99 0.96 ! predict the metal motion of a system. It can be
TNT 0.72 0.74 shown |8] that this is not the fault of the hydro-
NM 0.53 0.56 dynamic codes used. but merely implies inaccu-
+ S — - racy in the P-V-E description of the detonation

Voo Tabie 2 for

identifications, products.
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Fig. 2 - Pressure-volume region of interest
in most metal acceleration applications

As a result, hydrodynamic experiments
have been developed to measure more precisely
the P-V-E behavior of an explosive. Wilkins [4]
has found that data obtained when a sphere of
explosive expands an aluminum shell can be
used to determine detonation product P-V-E
behavior near the C-J adiabat from ~500 to 20
kbar. Data from the cylinder test can be used
to extend this pressure range down to about 1
kbar. In both these tests the P-V-E behavior
for the detonation products is determined by a
successive approximation procedure. Assumed
P-V-E values are used in a hydrodynamic cal-
culation and the calculated sphere or cylinder
wall velocities compared with experiment. The
P-V-E values are changed until agreement is
reached. The sensitivity of this procedure,
especially at low pressure, is considerably
better than for other techniques used to measure
P-V-E behavior. This sensitivity is illustrated
in Table 4 by data obtained from hydrodynamic
calculations on the cylinder test using two
slightly different equations of state.

The P-V-E behavior deduced from expand-
ing sphere and cylinder test data could not be
described by a simple polytropic equation of
state (2 -law). Neitheris the behavior consistent
with that calculated using the Becker-
Kistiakowsky -Wilson (BKW) [9] or LJD 10|
equation of state. Wilkins was able to describe
P-V-E data obtained from sphere experiments
by

TABLE 4
Effect of Change in Isentrope Pressure
on Cylinder Test Radius-Time Behavior

Isentrope .
Vol Pressure Cylin- ( o
o (kbar) der Hsec)
ume R
Case 1 |Case 2 ® |Case 1[Case 2
1.0 | 151.0 | 147.3
1.4 47.6 43.4 1.19 2.25 2,33
2.0 16.7 14.4 1.39 3.94 4.08
4.0 5.4 4.7 1.79 6.96 7.24
5.5 3.5 3.0 2.18 $.74 | 10.16
7.0 2.5 2.2 .57 12.39 | 12.93
0, YRV E 1
P AVO. B (1 R‘v> 7 (1)

This equation, however, had to be modified when
the experimental data were extended to lower
pressures with cylinder test results. The mod-
ified form is

> ML LR 0 WL AR

The equation for P as a function of V at constant
entropy is
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The constunts in Eq. (2) were evaluated for
Comp B, Grade A using the experimental P,
and data from cylinder and sphere tests. They
are presented in Table 5. Deal's [11] and Wil-
kins' (12] P.; measurements were used to de-
termine the initial slope of the C-J isentrope;
sphere test data was used to determine P-V be-
havior at early expansions, v = 1 to 2; cylinder
test data were used to determine the P-v be-
havior at larger expansions, Vv = 1.5 to 7,

TABLE 5§
Fquation of State Constants
for Comp B, Grade A

Pq 1.717 g/cc

D 0.798 ~m/usec

Pey 0.2985 megabar

R, 4.2

R, 1.1

o 0.34

A 5.24229

B 0.076783

‘o 0.085 megabar cc/cc

The P-v behavior of Eq. (2) for Comp B,
Grade A can be contrasted to that predicted by
other equations of state by comparing the quan-
tity !  -(21nP ‘InV)g as a function of v for
the C-J isentrope. Figure 3 shows this com-
parison for Deal's v-law [13); Fig. 4 for the
BKW equation [9]; and Fig. 5 for the LJD equa-
tion [10]. The new equation has a | behavior
similar to that of the LJD equation.

The ability of Eq. (2) to describe the ex-
perimental results obtained for Comp B, Grade
A has been compared to that of the other equa-
tions of state. Results for the cylinder test are
summarized in Table 6. BKW, LJD and 7-law
equations all deliver too much energy to the
cylinder.

Results for the no-void sphere experiment
are shown in Table 7. BKW and Deal's 7 -law
equations again deliver too much energy. The
LJD equation delivers about the right amount of
energy, but it predicts a low P¢; (~260 kbar
instead of the measured 295 kbar).

[C)EAL'S 7-Law

EQUATION 3
A i L 1
[ 3 10 30
v

Fig. 3 - Comparison of I' from Eq. (3)
and Deal's , -law for Comp B, Grade A

Fig. 4 - Comparison of I' from Eq. (3) and
the BKW equation for Comp B, Grade A

The Riemanr. integral has been calculated
for Eq. (3) for Comp B, Grade A and cor pared
to the results obtained by Deal from a series of
impedance experiments [11,13] (see Figs. 6 and
7). The pressure vs particle velocity calculated
from Eq. (3) agrees with the experimental data.
This is also the case for pressure-particle ve-
locity curves calculated using Deal's 7 -law or
the BKW equation. Results obtained using the
LJD equation are, however, consistently lowei

The isentropic expansion of the detonation
products of TNT, PETN, nitromethane (NM) and
PBX 9404-03 has also been {nvestigated and
found to be very similar to that observed for
Comp B, Grade A. Explosives with high carbon
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Fig. 5 - Comparison of I' from Eq, (3) and
the 1.JD equation for Comp B, Grade A

TABLE 6
Comparison of Calculated and Experimental
Cylinder Test Results for Comp B, Grade A

t (usec)

Calculated Using

R-R_|Experi-
(mm3 naniad Equation of State
Equa- | Deal's
tion(2) | y-law BKW | LD
0 0 0 0 0 0
2 2.17 2.18 2.05 | 2.10| 2.25
4 3.17 3.76 3.50 | 3.62 | 3.84
6 5.22 5.18 4.79 | 4.93 | 5.23
8 6.59 6.56 6.03 | 6.20 | 6.56

10 7.92 7.89 7.21 | 7.43 | 7.83
12 9.22 9.19 8.38 | 8.62 | 9.09
14 10.50 10.46 9.53 | 9.78 |10.30
16 11.75 11.72 | 10.67 { 106.93 [ 11.50
18 12.99 12.97 | 11,78 | 12,07 {12.68

20 14.22 14.20 | 12.91 | 13.19
22 15.43 15.42 | 14.02
24 16.64 16.63 | 15.13
26 17.84 17.83
28 19.04 19.04

content (TNT), with low carbon content (PETN),
with low initial density (NM) and with high ini-
tial density (PBX 9404-03) thus all seem to have
a similar © behavior (see Figs. 8, 9, 10 and 11).
Jones [14], in work on TNT, suggested solid-
like behavtior for the detonation products at

high density. An initial increase in ' is a con-
sequence of this assumption.

TABLE 7
Comparison of Calculated and Experimental
Sphere Test Results for Comp B, Grade A

t (usec,

Calculated Using

R-R, | Experi-
(mm) | mental Equation of State
Equa- | Deal's
tion(2) | »-law BEw | LD
0 0 0 0 0 0
5 1.87 2.03 2.00 | 2.04 | 2.20
10 3.76 3.75 3.59 | 3.69 | 4.00
15 5.37 5.37 5.00 | 5.25 | 5.64
PR 6.97 6.95 6.57 | 6.76 | 7.22
25 8.48 8.50 8.00 | 8.24 | 8.76
30 9.99 10.01 9.39 | 9.68 [10.27
35 11.46 11.50 | 10.74 | 11.09 {11.75

HE v DEAL'S EXP

4

1 i A L L L 1
2 4 6 )
PARTICLE VELOCITY(Cm/user)

Fig. 6 - Comparison of
calculated and experi-
mental pressure vs par-
ticle velocity for Comp
B, Grade A

It is important to point out that although we
have used the Chapman-Jouguet hypothesis as
a boundary condition for the generation of
Eq. (3), the overall description of the expansion
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of the detonation products 1s, to an extent, in-
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Fig. 7 - Comparison of
calculated and experi-
mental pressure vs par-
ticle velocity for Comp
B, Grade A
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dependent of the hypothesis, The hypothesis
specifies that if the imtial pressure, P,
known, the slope of the 1sentrope throug
point 1s determined by
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Fig. 10 - v« relative volume

for nitromethane

‘nD" (4)
~p—cj- 1.

Neither sphere nor cylinder tests are sensitive
tothe ;nitial slope of the pressure-volume curve.
This is true for any geometry in which the metal
being accelerated is over a few mms thick.

Data from these tests, however, do accurately
determine the behavior of  for detonation
products at specific volumes greater than 0.8,

Equation of state 2 contains the assumption
that v £, constant. This s the same
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assumption made by Fickett and Wood [15] and
by Wilkins [4]. Cylinder experiments do not
provide a test of this assumption., We are,
therefore, using data from large-void sphere
tests and detonation velocity vs loading density
experiments to investigate this assumption.

In summary, it has been found that an ac-
curate description of the P-V-E behavior of
detonation products in the pressure range 500
to 1 kbar requires a rather complex equation of
state (Eq. (2)). Such an equation of state, how-
ever, permits one to accurately calculate the
energy an explosive delivers to metal in a vari-
ety of geometries.

DETERMINATION OF RELATIVE
PERFORMANCE USINC THERMO-
CHEMICAL CALCULATIONS

As was shown in the last section, the BKW
equation of state does not accurately uescribe
the P-V-E behavior of the detonation products.
We have found, however, that it can be used in
calculations to predict the relative performance
of many explosives, To do this the energy re-
lease (‘F) for the reaction

Solid Explosive —eDrtonation Products
ot standard on the C ] 1sen \ (5)
(rnwlulmnﬁ trope at v v 7

is calculated using the BKW equation in a
thermodynamic-hyd: dynamic code such as
RUBY. In carrying out the calculation, the det-
onation product composition 1s frozen when the
temperature drops below 1800 K. Comparing

this AE to that calculated for a reference ex-
plosive provides a relative measure of metal
accelerating ability.

The relative energy release calculated in
this manner for a set of standard explosives is
compared to experimental data obtained in the
cylinder test (see Table 8). The agreement is
good.

TABLE 8
Comparison of RUBY-Calculated and
Experimental Performance for Explo-
sives Relative to Comp B, Grade A

Relative |RUBY-Calculated
Energy Relative Energy
Rxpldstve Imparted to Release for
Cylinder Equation (5)
HMX 1.30 1.28
PETN 1.21 1.20
Cyclotol 1.09 1.08
Comp B,
Grade A 1 1
TNT 0.74 0.72
Nitromethane 0.56 0.62

This calculation technique for evaluating
performance is very useful to the chemist as a
guide in the synthesis and formulation of explo-
sives. It requires only that the composition,
density and heat of formation of the explosive
be known. As an example, we have found this
technique useful in assessing the effect on per-
formance of various binders and desensitizers
used in HMX formulations. Figure 12 shows
calculated and experimental decrease in per-
formance as a function of volume percent HMX
for some of these formulations. Again, the
agreement is quite good.

CONCLUSIONS

The combination of hydrodynamic experi-
ments and calculational techniques presented in
this report provide an excellent means for as-
sessing the metal accelerating ability of an ex-
plosive in a variety of geometries. Unfortu-
nately, we are not aware of an easier way to
accurately assess this type of performance
since the results from most simple, small-
scale tests are, often as not, very misleading.
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COMMENTS

G. G. DUNKLE, Applied Physics Laburatory,
Johns Hopkins University, Silver Spring,
Maryland

The suggested definition of BRISANCE may
clear up some confusion. Brisance has been
defined as "'shattering power'' and has been
thought to depend on quantity of energy evolved
and the speed of its liberation. Attempts have
been made to correlate brisance with detona-
tion velocity, energy, and pressure, without
much more success than by the various small-
scale tests noted in the {irst paragraph of the
introduction.

Defining brisance as the ability of an ex-
plosive to accelerate metal makes it possible
to measure brisance quantitatively, and clari-
fies the roles of both detonation energy and
detonation pressure. Shattering power is an
indirect effect of high values of these parame-
ters which, as shown by various papers of this
symposium, lead to generation of st-ong shock
waves with spalling and other destructive ef-
fects on ccafining metals.

W. H. ANDERSEN, Shock Hydrodynamics, Inc.,
Sherman Oaks, California

During the detonation of an explosive whose
charge density is about 1 gm/cc or greater, the
detonation products are initially (before expan-
sion) in a repulsive interaction potential energy
siate. This was pointed out many years ago by
Dr. Brinkley. Because of this repulsive mo-
lecular interaction, the translational and rota-
tional degreces of freedom of the n.olecules be-
come vibrational in nature, and under this
condition a Gruneisen-type of equation should
be applicable in describing the state behavior
of the detonation products. [ have recently de-
rived such an equation of state for the detonation
products, following work initiated in 1953 by
Parlin and myself. The Morse potential was
used to describe the interaction energy, and the
Gruneisen parameter used was that derived in
my paper in this symposium. The solution of

the resulting equations show that the ideal det-
onation velocity is usually a linear function of
the explosive charge density, as is known from
experiment. Of special significance is the pre-
dicted adiabatic behavior for the expansion
characteristics of the detonation products. The
equations show that the pressure initially de-
creases more rapidly with increase in volume
than is predicted by a constant gamma law gas.
This behavior was found experimentally by
Kury et al. and eariier by Wilkins et al. (UCRL-
7797). The theoretical adiabatic exponent was
found to Iincrease with increase in volume until
the volume corresponding to the minimum in
the interaction potential energy was reached.

It is of importance to note that the initial max-
ima in the adiabatic exponent versus volume
plots of Kury et al. all occur at volumes which
correspond roughly to that of the minimum In
the potential energy.

Strictly speaking, the Gruneisen equation
ceases to be valid for larger volumes but all
variable covolume equations of state predict
that the adiabatic exponent should thereafter
decrease (essentially) moatonically with in-
crease in volume until the low density value
(about 1.3) is obtained. The Grunelsen equation
reverts to a constant gamma law form under
conditions that the interaction terms vanish.
The Initial increase in the theoretical adiabatic
exponent is largely the result that the Gruneisen
parameter increases with increase in volume,
unttl the potential energy minimum is reached.
This tends to rapidly reduce the thermal energy
of the gas available for doing work as the vol-
ume of the detonation products is increased.

The second maxima observed in the plot of
the adiabatic exponent versus volume by Kury
et al. is not explained by the Gruneisen equa-
tion, but is possibly related to the nature of the
chemical reactions (kinetics, equiltbria shifts
or heat capacity changenr) which occur in the
detonation products during their expansion, as
suggested by Dr. Ablard. This is supported by
the fact that the characteristics of the second
inaxima appear to be related to the composition
(or oxygen balance) of the explosive.



THE MOTION OF PLATES AND CYLINDERS DRIVEN BY
DETONATION WAVES AT TANGENTIAL INCIDENCE
N. E. Hoskin, J. W. S. Allan, W. A. Bailey, J. W. Lethaby and I. C. Skidmore

Atomic Wea < Research Establishment
Aldermaston, Berkshire, England

ABSTRACT

Flat plates and cylinders driven by detonation waves at tangential
incidence provide steady two dimensional hydrodynamic systems which
are theoretically tractable and experimentally simple. Such systems
have been examined theorectically with the two dimensional steady state
characteristic code ELA. Terminal states are found tc be very similar
to those assumed in the simple Gurney theory [1]. Experiments on a
variety of plates with different mass loadings of Comp.B have given
terminal velocities agreeing with theoretical predictions to within 2
percent. For a given copper cylinder loaded with different explosives
the discrepancy between experiment and theory, assuming a polytropic
gas equation of state for the detonation products, 1s as high as 10 per-
cent. The effect of the compressibility of the metal is shown to be
small so the effect of more sophisticated equations of state of the deto-

nation products is being studied.

INTRODUCTION

Metal plates driven by detonation waves at
normal incidence represent a one dimensional
unsteady hydrodynamic problem which has re-
ceived considerable theoretical and experimen-
tal attention (e.g., Aziz et al. [2]). Though
computationally this is a straight-forward
problem it is difficult to provide valid experi-
mental data for comparison in the later stages
of plate motion since edge effects perturb the
one dimensional flow pattern of many practical
systems. An equivalent stage of theoretical
complexity is the two dimensional isentropic
steady flow pattern which has the advantage of
being experimentally attainable over all stages
of plate motion. In this paper the theoretical
motion of metal plates and cylinders driven by
detonation waves at grazing incidence is com-
pared with experiment. Results have been ob-
tained from geometries where the motion is
independent of end or side effects so that, with
respect to the detonation front, these are truly
two dimensional steady flows.

In the next section the theoretical aspects
of the problem are analysed. The problem is
defined, difficulties associated with the initial
solution are discussed and finally the charac-
teristic solution embodied in the computer code

14

ELA is derived. The numerical solution is then
compared with the simple Gurney approach for
predicting terminal states. The comparison
with experiment is given in the subsequent sec-
tions. Experiments are described for deter-
mining the motion of explosively driven piates
and cylinders. In the flat plate experiments
terminal velocities have been obtained for a
variety of configurations while in the cylinder
experiments attention has been focussed on the
details of the motion for a specific configuration.

CALCULATED RESULTS
Description of System Considered

The problem considered is shown in Fig. 1
where explosive sandwiched between two metal
plates (or contained in a metal cylinder) is det-
onated at one end. Only one-half of the system
is shown because of symmetry. A detonation
wave AO (assumed to remain plane) travels
along the explosive metal interface with con-
stant velocity D while an oblique shock AC trav-
els into the metal plate and is reflected at the
free surface as a centred rarefaction DCE
which gets reflected again at the explosive
metal interface as a compression wave. A
shock may form in this compression wave but
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Fig. 1 - Plate deflection showing main rarefaction and compression waves

is invariably weak. The initial shock in the
metal results in a pressure rise of order 250
kbars and it has been shown (see Walsh et al.
[3]) that for such pressures the entropy change
across the shock is negligible. Thus even
though the shock AC may decay along its path
one may assume the subsequent flow in the
metal to be isentropic. Since the detonation
wave is assumed plane it follows that the flow
in the detonation products is also isentropic.
Therefore by imposing a constant velocity D in
the reverse direction the system becomes one
involving two dimensional steady isentropic flow.

Numerical Solution of the
Flew Equations

In order to ensure maximum accuracy in
the numerical results the equations of flow have
been solved in characteristic form. This allows
us to follow each separate wave explicitly and
determine its effect on the overall flow. How-
ever since conditions are locally sonic at the
detonation front it is necessary to obtain an an-
alytic solution in order to move away from the
immediate neighbourhood of this front. This is
obtained by fitting an expansion first given by
Hill and Pack [4] which is valid in the interior
of the detonation products, to other expansions
valid at the edge of the explosive and which are
determined by the required boundary conditions.

It will be shown that for small expansions away
from the front these boundary conditions are
identical for the three different conditions con-
sidered. These are a free surface, an interface
with compressible material and a simple mass
loading. Thus the effect of the boundary condi-
tion in the interior flow is merely to provide a
scale effect to the Hill and Pack solution. The
particular condition chosen then only applies at
the edge of the explosive in the expansion down
to a pressure determined by the conditions at
the explosive surface. This will be discussed
more fully in the focllowing subsections.

The solution obtained is valid only for plane
geometry. The corresponding analysis however,
seems intractable in cylindrical geometry but,
since the radial component of velocity is ex-
tremely small in the expansion considered, it
is assumed that the same initial solution holds
for both plane and cylindrical geometry. The
subsequent numerical solution of course deals
with each geometry correctly and the results
obtained support the assumption.

Hill and Pack Solution

A full discussion of this expansion is given
in Ref. [4]. We introduce nondimensional vari-
ables given uy
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U= u/acy,

V= v/acy.

A= a/acy .

M= po/pcy (1)
P - P/Pcy +

X=x/1,

Y= y/A4

where u, v, a, o, p, x, y are axial component
of flow velocity, transverse component of flow
velocity, sound speed, density, pressure, axial
distance and transverse distance respectively.
Suffices C.J. refers to Chapman-Jouguet values
of the variables and 22 is the width of the ex-
plosive (or diameter for cylindrical geometry).
The equations governing the two dimensional
steady flow are, in plane geometry

2 2 . 2
55 W)+ 5o (W) = 0 (2)
QZ = U2 + v2 = 8- 2A2 (3)
y=1
A? = N7 7! (4)
where
B = (y+1)/(y-1) (5)

and y is the polytropic exponent in the equation
of state. Hill and Pack showed that a solution
of Eqs. (2)-(4) could be found in series formviz.

U = 1+ 3G(Y) X2 + 0(XY
V = G'(Y) X3 + O(X5) (6)
M = 1-3G(Y) X2 + O(X*")
where G(Y) satisfies the equation
G" = 18(y+ 1) G? (M

the prime denoting differentiation w.r.t. v.*
The coordinate axes are chosen so that v - 0

*In cylindrical geometry the equation corre-
sponding to (7) is

. G
6" + J=lagy s ya?,

i.e., a form similar to Emden's equation, but
this has no known solution of the right form for
subsequent analysis.

corresponds to the mid plane of the explosive
or the axis of the cylinder. Here

V-0 or G'(0) - 0, (8)
and (7) may be integrated to give

(G'Y? = 12(y+ HIGXY) - G¥0)) . (9)
This equation is satisfied by the Weierstrassian
elliptic function (¥] and G(0) is determined
when the position of the singularity is known.
For a free surface Hill and Pack showed that
this singularity is at the edge of the explosive.
The same analysis holds for the boundary con-
dition of a compressible plate and indeed is
valid, for small expansions, for an incompres-
sible plate (i.e., a mass loading at the edge of
the explosive). Thus in all cases

G(Y) - »[{3(y+ DIV 2 (1-1)y) (10)
and near Y- 1 may be expanded as

1

6y - ——
3(y+ 1)(1-Y)?

x [1+0.457978(1-Y)%+0.016134 (1-Y)'?].
(11)

For X < 0.02 then, using (11), v < 10-®* onY-0
which is sufficiently accurate for our purposes.

Note that although G(Y) is singular at v - 1,
(1-Y)2 G(Y) and (1-Y)3 G'(Y) are regular and
the expressions (6) can be used right upto Y 1
if Y~ 1 along a line through Y- 1 making a finite
angle Ay with the detonation front, i.e., with

X - s (12)
Ap = .
Y ¢ constant

We see in the next section that this line is a
characteristic of the expansion at the boundary

and the two solutions can be matched to terms
in (A2,

Solution at the Edge of the Explosive

To evaluate the solution near A in Fig. 1
consider the explosive (and metal if present) as
being semi-infinite in extent. Then expansion
away from the detonation front occurs through
a centred Prandtl-Meyer fan for both a com-
pressible metal plate and a free surface, the
fan being complete in the case of a free surface
but terminating if a metal plate is present at a
pressure such that the streamline deflection
through the fan matches the pressure and de-
flection behind the oblique shock in the metal.
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If we consider a mass loading on the surface of
the explosive we must consider a generalised
Prandti-Meyer expansion where the fan is no
longer centred at the edge of the explosive.
However in all cases (f the characteristic is
defined by the angle 1 made with the detonation
front then the solution for a polytropic gas is

A cos ('-”.' ,) (13)

and .., the angle between the characteristic and
the streamline is given by

cot ., L d tan (.T:T‘ (l‘)

The characteristic however does not pass
through A for a mass loading boundary condi-
tion. If the point of intersection of the charac-
teristic and explosive boundary 18 denoted by
(x° Yp) it is easy to show that

2
X | cos
» 1 AT (0t

ORI | sin e

Y 1 ¢ — e

[ 3 A’v T }
-

where ' is the angle of deflection of the stream-
line from its original direction, i.e.,

(15)

STRORNVEIE 1o | (18)

and

mass unit ares of H E
mass unit area of metal plate

We may expand (14) and (15) for small ;, using
(16) and find

X, %:J,..._ Y e ... (17)

2
] LI 9, v ) ¢
Thus for small enough !, (= A say) if : is not
also small, the point (X_.Y_) coincides with A to
terms in (\;)?. The vefocﬁy components U and
v can also be expanded in series of powers of
Ay for both the Prandtl-Meyer solution and the
Hill and Pack solution and it can be shown that
they agree to terms in (A+)? for U and (A\¢)® for
V. Thus we can fit the two solutions together
smoothly in all cases considered and in this way
construct an initial solution. The program ELA
allows for the possibilities that in plane geom-
etry the uppermost boundary condition may be
that for a compressible metal plate of given
thickness or for an incompressible plate of given
mass loading. The lower boundary condition

allows for a given mass loading or a {ree sur-
face, or the lower condition can be replaced by
conditicns of symmelry along the axis ¥ 0.
This also holds in cylindrical geometry when
solving the problem of a cylinder of explosive
.nside a metal tube (which may be assumed to
be either compressible or incompressible).

Integration of the Flow Equations

As stated in previous sections, although the
initial solution is obtained analytically, the gen-
eral solution is obtained by solving the flow
equations (n characteristic form. These for
two dimensional steady flow may be written

A e L, dV - NIX O along dY oy dX (18)
MUV NdX 0 along dY ., dX (19)
where
12
W - AQIT-AhH (20)
12 Ut - A?

suffixes 1 and 2 referring to the + and - sign
respectively.

In plane geometry
N o0 (21)

while in cylindrical geometry

Al v
N = 22
oy forYito @
14 (23)
2 X for Y O,

i.e., on the axis. These must be solved together
with Bernoulli's equation and the equation of
state which we can write as a relation for the
sound speed. These may in general be written
as functions of density, viz.,

07 Fu M. AT Fuwm (24)

and we can consider M as a parameter which we
can eliminate to give Q as a function of A. In
ELA we have considered forms of equations of
state where this elimination must be carried
out numerically, but for a polytropic gas of con-
stant , the elimination can be performed ana-
lytically to give Eq. (3). The solution of the
Eqs. (18)-(24) in finite difference form is
straightforward and no further remarxs are
necessary except to re-state that characteris-
tics may cross in the metal, showing that shocks
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are forming in the compression waves present.
These are invariably very weak shocks so the
assumption of isentropic flow will not be vio-
lated and in practice it has been found possible
to ignore the shocks so formed and adjust the
characteristic mesh before continuing.

Effect of Compressibility of the
Metal Plate

Figure 1 shows the main rarefaction and
compression waves in the upper half of the
solution of a copper -explosive sandwich. It
should be remembered that the centred fan OAB
is matched by a similar fan from the lower
plate so that the region ABKD is not uniform as
it may seem from the figure. The region BKF
however is uniform. If we consider conditions
at a constant distance X froin the detonation
front the variation is quite complex becrause of
the multiplicity of waves. For example Fig. 2
shows the pressure distribution at various dis-
tances downstream from the front and it is seen

PRESSURE (D)

F=N

i
DISTANCE (¥)

1 04 = l
:DHPIIHIE —— ];
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|
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L]
o

vELDCITY (W)

LLETHARY, AND SKIDMORE

that at X | there is an off-axis maximum. The
separate parts however can be correlated with
the separate waves shown in Fig. 1. We see
however that as X increases the pressure be-
comes much more uniform and if we compare
with the broken curves on the same figure,
which show the corresponding curves if the
metal plate is replaced by a mass loading
boundary condition of equal mass ratio, we see
that by x 4 (i.e., 2 explosive widths) the two
curves agree quite well. The agreement im-
proves still further as x increases. A similar
situation holds for the transverse velocity com-
ponent v, also shown in Fig. 2, where it is seen
that at X 4 the agreement between the mass
loading and the compressible metal plate solu-
tions is good. We may also consider the pres-
sure variation at the explosive interface as a
function of lateral displacement for both solu-
tions. It 1s found that the compressible metal
solution varies more or less uniformly about
the smooth curve obtained from the mass load-
ing condition so that the integrals under the
curves may be expected to be almost equal.

EQUIVALENT RIGID
MASS

DING
r
| |

S

i = F]
DISTANCE (Y)

Fig. 2 - Dimensionless pressure and transverse velocity profiles at different

stations X downstream
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These integrals are proportional to the energy
transfer from the explosive so that for consid-
eration of energy transfer to metal plates or
cylinders we can obtain very good estimates of
the efficiency by replacing the metai by a mass
loading condition.

Efficiency of Energy Transfer

Figure 2 shows that the pressure decreases
to an almost uniform distribution and the trans-
verse component of velocity is almost linear
with distance measured parallel to the detona-
tion front. It is easily shown that the final ve-
locity along the axis (i.e., when pressuie -0),
in laboratory coordinates is

?
y ' 25
Lllr\-l [(,1 l) I]D ( )
where D 1s the detonation velocity. For 3
Ufinay = 0.06D (26)

which is considerably smaller than the average
value of the transverse component of velocity.
Thus the approximation of complete transverse
flow with a linear velocity distribution and uni-
form density and pressure (a model considered
many years ago by Gurney [1] and others in
discussing fragment velocities) is seen to fit
the calculated solution quite well and it is found
that it predicts efficiency of energy transfer
extremely well.

If we consider the situation of two metal
plates 1 and 2 of mass ratios :, and :, moving
normal to themselves with velocities vV, and v,
and detonation products between them of uni-
form (but small) density and a linear velocity
profile then by conservation of momentum and
energy we find for plate 1

2

v, 61,
e 30 a, 4 (a0 Dia,(202) + 62 (1,020
(27)
where
Z ) U (28)
and
E, DV2,1-1n. (29)

If the mass of plate ¢ tends to zero it is possi-
ble to obtain a simpler expression by imposing
a limiting velocity V_ on the {free surface and
equating linear momentum giving

vl
v, 2. (30)
wher#as (27) reduces (when z -0) to
2
e 6:' @31
E, 5. 4

showing that the difference, other than the con-
stant, is in the coefficient of . in the denomi-
nator. The constant in (31) 18 not compatible
with the true theoretical limiting velocity v, but
the difference is small for the range of . con-
sidered. Furthermore the assumption of uni-
form density must obviously be untrue at a free
surface. The efficiency of energy transfer to
plate 1 is (for the Gurney system)

3

3o e D202y 610 (1 1 12)

We may also calculate the solution by char-
acteristics for given mass loading :, and .,
and obtain the final deflections of the plates -
and ',. The actual particle velocities of the
plates are then 2D <in - | 2 and 2D sin , 2 80O
that the efficiency of energy transfer for plate 1
is then

o @E Baec,nl @9
Figure 3(a) shows the comparison of - ; and .
for various values of + for the two extreme
cases when the rear explosive surface is rigid
or free. The numerical calculationt have been
performed for different values on , (viz., 2.5,
3.0 and 3.5) and it is seen that the efficiency
depends only very slightly on . whereas in the
Gurney theory :; is independent of ,. This is
in agreement with the results of Aziz, et al. |2}
for normal incidence systems. The agreement
between calculated results and the Gurney the-
ory is good for a rigid explosive surface but
Gurney overestimates the efficiency when the
rear surface is bare. This however is the sit-
uation where one expects poorest agreement
for reasons already stated.

We may carry out the same wnalysis in
cylindrical geometry and in this case

1 (34)

SR

where
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mass umt length of H E

mass unat length of metal cylindes

Figure 3(b) shows the comparison which again
shows efficliency to be only slightly dependent
on . and to agree well with the Gurney curve.
The numerical results for 0 are obtained
from Taylor |5] who assumed the case to be
very heavy.

TANGENTIALLY DRIVEN PLATES

Metal plates driven by a tangentially inci-
dent detonation wave are useful in plane geom-
etry experiments where the main requirement
is one dimensional conditions covering a large
area. In recent years many experiments have
been carried out to study fracture phenomena
and metallurgical changes in specimens sub-

Jected to shocks of up to a few hundred kilobars.

Here the advantage of using tangentially driven
plates to provide the shock impulse 1s that a
large flat area of driver plate can be obtained
with a2 minimum of explosive thereby reducing
destructive effects and assisting the recovery
of shocked specimens. A comprehensive set of
data has now been accumulated for mild steel,
copper, brass and aluminum plates driven by
Comp. B which offer a useful comparison with
theory. For low plate velocities using thick
plates and thin slabs of explosive the metal
scabs. This can be avolded by introducing a
gap of about 3 mm between the plate and the
explosive with little effect on the resultant
velocity.

Experimental Method

The experimental arrangement consisted
of a large slab of explosive initiated along one
edge and confined on one face by the driver
plate while the opposite face was left bare.
When the plate has accelerated to its terminal
velocity v_ it is deflected by an angle from
its initial position where «n V. D. Here
V. is the velocity of the plate measured in a
perpendicular direction to he deflected position
and is not the true particle velocity. The actual
particles move in a direction 2 from this
perpendicular and hence their velod ity is
Vi, sec ) M win 2y. Huwever the
component V is the required velocity for com-
puting the shock strength generated in a target
and 1s the velocity measured experimentally.

V., was measuied by placing a two dimen-
sional probe array in the estimated position of
the deflected plate so that the probe offsets
were nominally perpendicular to the deflected

plate surface. The experiment was carried out
in a propane atmosphere to avoid premature
probe actuation due to air shock ionisation.
Least squares fits to the resulling distance time
data gave standard deviations in velocity of
about 1 percent. Corrections were made for
any small deviations in the estimated value of
from its measured value and for tilt in the
transverse direction but since these involved
functions of small angles they were usually
small.

Charge thicknesses varied between 0.05
and 1.0 in. while metal thicknesses were be-
tween 0.05 and 0.5 in. The plate tended to scab
when the charge to metal thickness ratio was
less than about 2 and this was avoided by intro-
ducing a 0.125 in. or sometimes a 0.25 in. gap
between the two components

Charge sizes were typically 9 -6 1n. or
9 -8 in. initiated along the shorter side. Edge
effects were comparable with the charge thick-
ness. Some difficulty was experienced in get-
ting good line initiation. A subsidiary tangen-
tially dr.ven plate was found to give the greatest
cunsistency. Other methods such as a line of
detonators or a line generator manufactured
from sheet explosive produced unwelcome
perturbations.

Results and Discussion

The measured velocities are plotted as a
function of . 1n Fig. 4. The trend shown by
velocities less than 1 mm sec ', where gaps
were used, blends quite smoothly with the higher
velocities where the charge was in inti..ate
contact with the plate.

For the arrangement where onec surface of
the explosive 1s unconfined the simple Gurney
approach leads to alteruative cxpressions for
the variation of termnal velocity with | Eqs.
(30) and (31). depending on whether momentum
or energy is conserved. Either expression
shows a very simalar variation of v, with
though using constants consistent with uther
detonic data leads to velocities up to 10 percent
higher than the measured values. However the
form of Eqs. (30) and (31) 15 a good representa-
tion of the vanation of the experimental data
with . and the least square fit to Eq. (30) giving
Y. =4.46 mm ;.sec ' 1s shown by the full line
in Fig. 4.

The rigorous computation using a polytropic
pas equation of state with 2.85. D=7.75 mm
psec ! appropriate to the Chapman-Jouguet
state of the Comyp.. B used gave results shown hy
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the broken curve in Fig. 4. The predicted ve-
locities are about 2 percent higher than the ex-
perimental curve at the highest values of . but
this is not much greater than the standard devi-
ation of the experimental points. The discrep-
ancy possibly reflects the use of an over simph-
fied equation of state. However it i1s gratifying
to obtain such good agreement with experiment
without involving any properties of the metal
other than mass.

TANGENTIALLY DRIVEN CYLINDERS

Experiments on explosively loaded cylin-
ders have been confined to one system. Explo-
sives of slightly different loading density have
been used but, unlike the tangentiaily driven
plate experiments, the variation in  has been
quite small. The investigation has been con-
cerned more with the detailed comparison of
computations with observed motion in a given
configuration ruther than exploring terminal

states. Theory suggests that expansiors of
about two iadil are required to approach the
hydrodynamic terminal state. However cylin-
ders tend to burst after some {inite expansion
and the motion may be perturbad before the
terminal state is obtained. Early experiments
were carried out using mild steel cylinders but
these burst after expanding about one radius so
the investigations discussed here refcr to later
experiments using cylinders of copper whose
ductility permitted expansions of about two radu
before bursting.

Experimental Technique

The explosive-metal system has consisted
of an accurately machtned 12 1n. long copper
tube, 1.000 in. internal diameter and 1.204 in.
external chameter, containing an 11 1n. long
solid cylinder of explosive initiated from a 1 .n.
long plane wave generator. The clearance Le-
tween explosive and metal was nominally less
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than 0.001 1n. For common high explosives this
configuration corresponds to - 0 4

The radial expansion « of the copper cylin-
der was measured as a functior of time « by
using either a streak camera method or contact
probes. The velocity of detonation D was meas-
ured separately using probes.

The streak camera method was basically a
shadowgraph technique 1n which the camera was
aligned s0 that the slit Line of sight and cylin-
der axis were accurately orthogonal. The ex-
panding cylinder wall cut off the back lighting
provided by an argon flash and was recorded by
the camera writing at about 6 mmm usec .
Some tmprovement in resolution was obtained
by using a low quality ler = to focus the argon
Light on the cylinder wall. Observations of cyl-
inder wall movement were made it a point 9 1n.
from the initiator end where conditions were
shown to be steady and {ree from end effects
during tiines of interest

In early experiments using probes these
were pins mounted along elght symmetric gen-
erators of a truncated Perspex cone of semi-
vertical angle * = 10.5 mounted on the cylinder
so that i1t made coatact at one end and flared
towards the detonator at the other. In later ex-
periments the arrangement was simplified by
using probes formed on printed circuit boards
occupying the position of the cone generators.
When conditions are steady the measured time
of arrival « at « probe a distance .« along the
cone {from the cylinder wall 15 converted to a
radius time point by the transformation ¢ «un#e,
t ot -t -wncos 3D where « 18 the measured
or interpolated time of arrival of the disturb-
ance at x 0 where the cone intersects the
cylinder.

It 1s important to distinguish between the
velocities derived from differentiating (r 1)
data and the true velocity of the material parti-
cles of the cylinder. If the cylinder is deflected
through an angle then, neglecting the small
compressibility effects, the material particles
move with a velocity 2D «inn ¢ 2, in a direction

? forward from the normal to the axis. Dif-
ferentiation of the data gives a phase velocity
P tan  normal to the cylinder axis while the
phase velocity normal to the deflected cylinder
wall 18 D sin . Thus for a total displacement
1, the streak camera observes the motion of
points on a length of cylinder ¢, «in 2y while
the probe method records the times of arrival
of points on a length r, vin ¢ 20 + cot & of
cylinder. When r, : 2 cm those distances are
about 2 mm and 11 cm respectively. Hence it
is necessary, particularly when using the probe

method, to justify the assumption of steady state
conditions over these lengths. Several exper:-
ments were carried out using the probe system
with the » 0 point varying between 6 and 10 in.
from the detonator. No significant differences
were observed in the (r 1) plots.

A comparison of results from streak cam-
era and probe experiments, such as is made In
Fig. 5, shows agreement in the later stages of
cylinder expansion. The apparent high initial
velocity in the optical measurement is thought
to be due to spray ejected {rom the metal sur-
face on the arrival of the shock wave. The
spray 18 sufficiently dense to cut off light to the
camera but not sufficiently conducting to actu-
ate probes. The spray 18 eventually overtaken
by the main copper surface and 18 not repre-
sentative of the true cylinder motion.

Several experiments have been carried out
on each of three explosive compositions, RDX/
TNT 60/40 (Composition B), HMX,/TNT /Inert
68/30, 2 and HMX/Inert 95/5. For a given ex-
plosive, after correcting for systematic errors
due to differences 1n explosive density .1 cyl-
inder wall thickness, the time to reach a given
radial expansion 1s reproducible from round to
round to within 0.3 percent.

For streak camera data with ¢ S mm and
probe data with + 1 mm a suitable analytic it
to the (¢ t) pointe has been found in the form,

[ t_ - Ar

o

B oeap-Cr

where t+_, A, B and C are constants. A com-
puter programme has been written to carry out
a least squares f{it to this expression. Differ-
entiation of the equation give a veiocity — radius
relation showing an exponential approach to a
terminal velocity v 1 A and provides a more
sensitive comparison with theory than a radius-
time plot

Comparison of Theory and Experiment

In Fig. § the experimental radius-time
curves for a copper cylinder loaded with Comp.
B are compared with the theoretical prediction
assuming a j -law equation of st«te. The agree-
ment appears to be quite good but differences
become more apparent when the more stringent
velocity -radius comparison 18 examined in the
same {igure. The theoretical velocity 1s de-
rived by assuning that the computed work done
on the inner surface of the cylinder 18 equal to
the kinetic energy of the cylinder and then ap-
plying an incompressible cylindrical divergence
correction to obtain the outer surface velocity
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Fig. 5 - Comparison of experimental and calculated radius-time and
velocity-radius curves for a copper cylinder driven by Composition B

This procedure realistically averages out the
directly computed cylinder wall reverberations.

The computations show that the efliciency
of energy transfer to an incompressible cylin-
der from detonation products following a 3 -law
equation of state is only about 1 percent less
than the simple Gurney expression (1. 2, '
for : - 0.4. The empirical fit to the experi-
mental data show that at r = 2 cm, just prior to
bursting, the cylinder wall velocity 1s within 27
of the asymptotic velocity v, which 1s the larg-
est terminal velocity that miay be reasonably
extracted from the data. Converting v, to a
true terminal velocity 2 «in « _ 2,. where
tan V., D, gives experimental values for
RDX/TNT. HMX/TNT and HMX /Inert of 1.64,
1.66 and 1.71 mm usec ' respectively. The
simple Gurney theory predicts 1.70, 1.89 and
1.90 mm psec ! respectively, a difference of
about 4 percent for Comp. B and 10 percent or
more f{or the other explosives. Possible sources
of this discrepancy may lie in the effect of the
compressibility of the metal or (more probably)

in the use of an inadequate equation of state for
the detonation products.

The computed effect of the compressibility
of the metals copper, aluminium and lead, with
the same mass loading and the same equation of
state of the detonation products is illustrated in
Fig. 6. Here the kinetic energy of the cylinder
15 plotted as a function of radial expansion. It
is seen that the kinetic energy transfer de-
creases with increasing compressibility as
would be expected. For copper the decrease in
velocity below that of a rigid mass loading with

- 0.4 is no more than 1! percent which only
accounts for a small part of the experimental
discrepancy. This then suggests that the equa-
tion of state of tne detonation products may re-
quire refinement.

The application of the '"Wil~ins' form of
equation of state to these experinents is being
examined. This form of equation of state has a
dip 1n the Chapman-Jouguet adiabat at low
pressure thereby reducing the potential energy
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available in the detonation products for doing
work at large expansions. The comparison be-
tween the different equations of state and ex-
periment for HMX/TNT/Inert 68/30/2 is shown
in Fig. 7. The specific form of the equation of
state used in this calculation is the ''modified
Wilkins'* discussed by Allan and Lambourn [6].
While this underestimates the expansion veloc-
ity the difference between experiment and theory
is now less than 4 percent and it is hoped that
subsequent versions of this equation will give
even better agreement.
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THE CHAPMAN-JOUGUET ISENTROPE AND THE UNDERWATER
SHOCKWAVE PERFORMANCE OF PENTOLITE
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ABSTRACT

The underwater shockwave pr cformance of a pentolite sphere, to 19

charge radii, is calculated with the

(Y]

q

method. The detonation condi-

tions calculated with the Kistiakowsky-Wilson equation of state are

used. By comparison with expeririental data it is shown that for the
hydrodynamic calculations an equation of state which results in a greater
energy release at low pressures is preferable to the Kistiakowsky-
Wilson equation. An explicit formul: for an E,.p.v equation of state of
water is derived for use in shock liydrodynamic calculations.

I. INTRODUCTION

In recent years thermochemical calculations
with the Kistiakowsky-Wilson (K-W) equation of
state

pv RT 1+ xexp(ox), x  k 'v(Tery?
have been used with considerable success [1] to
predict the Chapman-Jouguet (C-J) conditions
for a variety of solid high explosives. There
remains the question of how well the K-W equa-
tion describes the expansion of the detonation
products. It appears from recent experiments
with spherical metal shells [2] that the C-J
isentrope calculated with the K-W equation is
not adequate for hydrodynamic calculations in-
volving expansions to low pressures.

In this papcr, the form of the C-J isentrope
of pentolite (50/50 TNT,PETN®*) is investigated
bv comparing the results of hydrodynamic cal-
culations of the unde ‘water perforinance of
spherical charges wi.h existing experimental
data. Two E.p.v (internal energy, pressure,
specific volume) equations of state for the deto-
nition products are considered. The constants
it both equations are adjusted so that the C-J
ccnditions are identical to those predicted with
tl ermochemical calculations in which the K-W
eauation of state was used. One of the equations
leaus to a C-J isentrope duplicating the one

*Pentacrythritol tetranitrate.
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obtained with the K-W equation. The other
equation of state, which contains an exponential
term in the volume, is one proposed by Wilkins
[2]. This equation leads to a C-J isentrope
which is similar in form to the isentrope ob-
tained in 1941, for TNT, by Jones [3] (see Cole
[4]). The Jones TNT isentrope was calculated
with a p.v.T equation which has an exponential
term in the volume similar to the one in the
Wilkins equation.

Aside from its use in equation of state in-
vestigations, tl-e theoretical prediction of the
underwater performance of solid high explo-
sives, particularly the calculation of peak pres-
sure vs distance and pressure vs time at fixed
positions, is of interest in itself [4,5]. The
prospects for satisfactory calculations of this
type have been steadily improving. The hydro-
dynamic calculations can now be made, more
or less routinely, with the artificial viscosity
method, using modern computing machines.
Sufficient equation of state data for water have
become available [6-16] so that the energy dis-
sipated through shock heating can be deter-
mined, and the shocked water can be expanded
isentropically in the calculation. Also, recently
obtained peak pressure vs distance data in the
1-10 charge radii range [17] provide a means
of checking the calculation.

An explicit formula for the equation of
state of water is derived first, for later use in
the hydrodynamic calculations.



28 W. A, WALKER AND H. M. STERNBERG

I. THE EQUATION OF STATE
OF WATER

An equation of state of water relating the
pressure, specific volume and internal energy
is required for the hydrodynamic calculations,
the most convenient form being p f(v,E). The
particular form chosen was

f f f

+

-~
[
»

-
w

<
~

+
v v

(1)

fl
P —- 4
v

where f,, f,, f,, and f, are polynomials in E,
fitted to experimental data. The {its were made
for use over the region in the p.v plane bounded
on the left by the Hugoniot from 20°C and 1 atm,
and on the right by the isentrope which intersects
the Hugoniot at the 250 kilobar (kb) point. The
internal energy was taken as zero at 20°C and 1
atm.

The water data were taken from several
sources. Along the saturation line, the data of
Keenan and Keyes [6] were used. The p.v.E
values along the 300 and 1400 bar lines were
those of Pistorius and Sharpe [7] who integrated
p.v.T data of Kennedy et al. [8-12]. Along the
Hugoniot from 20°C and 1 atm, the p.v.E values
of Snay and Rosenbaum [13] were used for pres-
sures below 25 kb. Above 25 kb, the Hugoniot
p.v.E and (¢H v), date of Rice and Walsh [14]
were used, The possibility of partial freezing
at 30-35 kb on the Hugoniot was neglected. Also
ignored was the phase change at 110 kb reported
by Altshuler [15] et al., which would result in a
small jog in the Hugoniot in the 100-120 kb
range.

The functions i,, f,, f, and f, in Eq. (1)
were found by fitting constant energy lines, as
follows: For a fixed E, denoted by E,, consider
the equations

FUED)  fE)  £E)  F(E))
+ + ! p,. (2)
A\ ‘IJ V,‘ v|7
fFUED  FyED FyED  fyE
f + ' Py (3)
vV, st VIS V}7
0 E- 0006 f,

f,(l-:l_) ’ f(E) ' fyED ’ fo(ED) 0

Vi vy v v HE (4
CWED 3B SO TO(E) (_,E)
vy' vi' vy’ vi' o /gy

(5)

Here, the subscript H refers to points on the
Hugoniot and (% )y stands for (op. V)¢
evaluated on the Hugoniot. For values of E be-
between 0 and 0.036 mb-cc/g (the 160 kb point
on the Hugoniot) the points (p,.v,.E,) were taken
along the saturation line up to the critical point,
and along the 300 bar line for values of v, greater
than the critical volume. The points (p,.v,.E.)
were taken from data on the 1400 bar line.” The
Hugoniot points (p,.v,.E,) were taken from the
Rice and Walsh data. The points (v,. ('p/sv)gy,.
E,) were calculated from the values given by
Rice and Walsh for ¢, and (*R W) 4, with the
thermodynamic identity

(p wig (clvhil-p (oH v 1. (6)

For each constant energy ..ne the four data
points were inserted in Egs. (2)-(5) and the
equations were solved for f (E.) and f (E,).
After this was done for all the E,'s, linear fits
were made for the functions f (E) and f§ (E).
The values of f(E,) and f (E ) were then found
by solving Eqs. (2) and (4) for E, - 0.036 mb-
cc/g, or Eqs. (4) and (5) for E - 0.036 mb-
cc/g. Least square polynomla\ fits were then
made to f,(E;) and f (E ) to get the functions

f (E) and f,E). To improve the accuracy of
the fits, the functions f, and f, were fitted in
sections. The first two coefficients in the fit to
each section beyond the first were chosen so
that the derivatives would be continuous at the
junctions. Seven significant figures were re-
tained so that p could be calculated from v and
E to within 10-20 bars, when the pressures
were below 1 kb.

The following functions, found by the above
process, were used in Eq. (1). The pressure is
in megabars (mb) when E is in mb-cc/g and v
is in cc/g.

0.005722427 - 1.240522E + §0.42535 E?

- 1.400579 - 10'E’ + 4.137950 - 10° E*
- 2.726437 - 10" ES - 1.295684 - 10'YE® + 1.437988 - 10!3E’
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0.3270122E' + 6.734616E"'
2 926440 - 10°E'* + 2.139341: 10%E‘®

0.006 - E - 0.017: f, 0 001015091
(E' E - 0.006) + 1.552785 - 10*E"*
S.61535% - 10 E' ¢

0.017 E f, 5.607572-10 * . 0.1122840 E’
(E" E - 0.017) ¢+ §.275769F ¢ . K2.21745E"% - 147.1514E"*
4.044093 - 10°E"*  3.130131- 104E"®

0  E- 0.0032: f, - 0.0274R180 + 1.691130F + 17.12981¢°
+ 1.483364 - 10* E*  1.549072- 107 E*
v 3.415591 - 10 E% 2 357R1K - 101 E®
0.0032 - E - 0.045: f, 0.02215430 « 1 S10990F° 10 ,6299F'?
(E' E - 0.0032) S 411856 - 10'E'* + 6 17687 - 10°E"*

1.RI0118 - 107 E'Y 6 20°,00 - 10"E'* + 4 406075 - 10'CE"’

6.5K7460 - 10 E""
(0.9374720F
44 S2203F ' 0 378 1364 E°¢

0.0245 - E: f, 0.002499950 -
(E E - 0.0245) 4.624610 E" ¢

, 0.026R - 0.414KE

0.005 « 0.0741E

Figure 1 contains the shock Hugoniot from
20°C and 1 atm, and several isentropes, calcu-
lated with Eq. (1). Several calculated isotherms
are shown in Fig. 2. The Hugoniot in Fig. 1 was
found numerically by eliminating £ from Eq. (1)
and the Hugoniot equation

E-E

o

(PP v, —v), (7)

1)

where p, = 1 atm, v = 1.001793 cc/gand E_ =
0. The isentropes and the temperatures along
the isentropes were found by starting at the
saturation line and integrating the system

(E N p.

(8)
T W), Tep E),.
using Eq. (1) for p and (+p *E)_. Some experi-
mental data points from the Bridgman [16] and
Kennedy [8,10,11] isotherms are shown in Fig.
2. On this scale, the Hugoniots of Rice and
Walsh [14] and of Eq. (1) coincide.

The calculated isentropes below the satura-
tion line, shown by the dashed lines in Fig. 1,
are probably adequate to represent superheated
water, i.e., they are extensions of the isentropes
with partial steam formation not taken into ac-
count. Equation (1) was used in the hvdrody-
namic calculations as it stands for expansions
to states below the saturation line and above
100°C. This occurred in the water initially be-
tween the explosive boundary and 1.3 charge
radii from the center. The question of whether
or not there is time for steam to form is

unimportant for the present problem, since the
effect of partial steam formation on the calcu-
lated flow is negligible.

The equation of state of water fit involves
interpolations over a large region in the p.v
plane for which there is no experimental data,
i.e., most of the region to the right of the
Hugoniot and above 2.5 kb. As a partial test of
the validity of the interpolation, the entropies
and temperatures on the Hugoniot found by in-
tegration from the saturation line with Egs. (1)
and (8) were compared with the Rice and Walsh
values [14], up to the 250 kb point. The maxi-
mum deviation of "S, the entropy increment
from the foot of the Hugoniot, from the Rice and
Walgh values is less than 2 percent. The max-
imum temperature deviation, about 5 percent,
occurs at 50 kb, Good agreement was also
found between the calculated 125°C and 175°C
isotherms and the Bridgman data, although
these data were not used explicitly in making
the fit.

III. EQUATION OF STATE OF THE
DETONATION PRODUCT GASES

When a spherical high explosive charge is
detonated underwater the flow is affected by the
way the energy is released as the detonation
product gases expand to low pressures. This
energy release is determined by the equation of
state of the product gases. The process is
clarified by examining the C-J isentrope, since
the energy per gram available from the further
expansion of a spherical shell of gas at the
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Fig. 1 - Water 1sentropes
calculated with kEq. (1)

pressure p is equal to the area under the isen-
trope, i.e., to
[ pdv .

vip)

Two equations of state of the product vases
were tried in the hydrodynamic calculations. In
both cases the constants were chosen so that the
C-J pressure, density, sound speed and detona-
tion velocity are those gotten by thermochemical
calculation: with the Kistiakowsky-Wilson equa-
tion of state. The RUBY computer program
[18,19], with the RDX parameters of Mader [1],
was used for the thermochemical calculations.
The C-J detonation conditions calculated for

pentolite (with the initial density _ = 1.65 g,/ cc)
by the RUBY program are
P, 0.2452 mh ) 2.210 ¢ cc (9)

¢, 0.5714 ¢m .sec D 0.76585 cm .sec .

From the results of the RUBY calculation, E,
the area under the C-J isentrope during ex-
pansion from the C-J pressure to zero pres-
sure, was taken to be 0,0775 mb-cc/g.

The equations of state used were both of
the form
» A YEb( ). (10)
The chemical energy E_ released in the detona-
tion is specified as part of the equation of state.
To duplicate a particular set of C-J conditions,
the constants in Eq. (10) are chosen to satisfy
the equations
aC YV E b)) (11)
day rlhl al. Y op
E : (12)
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Here, Eq. (14) follows from Eq. (10) via the
identity

e’ (e g (p By pn? (13)

The first equation of state had the form
p A +B.2]JE+« C 3, (14)

where A, B, and C are constants. Tle value

A = 0.35 was chosen so that the isentropes
would have the correct slope as . -+0, i.e.,

A (cpe -1, where the ideal gas specific
heat ratios of the calculated detonation products
were wveraged on a molar basis. The values of
B and C found from the simultancous solution of
Eqgs. (11) and (12) were

B 0.1243. C 0.01279,

in units compatible with those in Eq. (9). The
value E_ = 0.05866 mb-cc/g (1402 cal, g) was

used here. This was obtained from the RUBY
C-J conditions and the Hugoniot relation

Ej"En (P, PV, v 2. (15)

The C-J isentrope calculated with Eq. (14), with
the above values of the constants is, for practi-
cal purposcs, identical to the C-J isentrope
calculated with the RUBY program, where the
K-W equation of state is used. The two isen-
tropes are compared in another paper presented
at this symposium but published elsewhere {25].

The second equation of state considered
here, which causes more of the energy to be
released at lower pressures, is the one pro-
posed by Wilkins [2], namely

p AE.B*.ce k. (16)

Here, as in Eq. (14), A was taken to be 0.35.
Once the constant K is fixed, the constants B
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and C corresponding to a given set of C-J con-
ditions are found from the simultaneous solution
of Eqs. (11) and (12). In this work K = 6, where
+ 18 in g/cc, was used with the C-J values in
(9). The value K = 6 was chosen 8o that the cal-
culated underwater peak pressure vs distance
at 1.5-5 charge radii from the center of a
spherical pentolite charge would be in good
agreement with experimental data. The value
of 0.0536 mb-cc/g (1280 cal/g) was used for F_.
This is the average of the calorimetric values
of the heats of detonation of TNT and PETN [20]
with 4 percent added to allow for the energy of
the gas remaining in the calorimeter. This
value of E_ was used in Eq. (15), with the p .v
values from (9) to get E, = 0.0724 mb-cc/g.
The values of B and C found from Egs. (11) and
(12), in units compatible with those in (9), are

B 0.002164 . C 2.0755.

The C-J isentropes obtained with Eqs. (14)
and (16) are plotted in Fig. 3. The locus of
states behind a shock moving into the gas at the
C-J state is also shown. The isentrope and re-
flected shock curve calculated for pentolite with
the RUBY program is identical, on this scale,
to the curve for Eq. (14).

Figure 4 shows the same isentropes and
reflected shock loci in the pressure-particle
velocity (p,u) plane. The p.u isentropes are
calculated from the p.v isentropes with

Note that while at low pressures the p, v isen-
trope gotten with Eq. (16) is above the one
found with Eq. (14), the isentrope in the p u
plane lies below the one calculated with Eq.
(14), which is the same as the RUBY isentrope.
The p.u shock Hugoniot for water is also shown
in Fig. 4.

IV. THE DETONATION WAVE

The variables p.. .E.u, and mass M are
needed as functions of position at the time when
the detonation front in the centrally initiated
spherical charge impinges on the water. These
functions, which are initial conditions for the
"q"" method hydrodynamic calculation, are found
by a similarity solution [21] (referred to here
as the Taylor wave) as follows: For the spher-
ical case the continuity and momentum equations
which govern the flow are

Vot rou Xrun X e 2uX 0 (17

and
ot ruu X e (1) p X0, (18)

where X is the distance from the center and t
is the time. Also

dp cld, (19)
since the flow behind the front is assumed
isentropic. Now let the dependent variables be

functions of X t only. Then, from Eqgs.(17)
and (18)

~-=fpgl &

Fig. 3 - The calculated Chapman-Joiaguet

1sentrope for pentolite

in the p.v plane
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du -2c?u
d.s c? -(u-.92

' (2v)

and

dy -4 (u-.%) du
dn o? d.- . (21)
The variable ¢? is found as a function of
from the equation of state of the gas and Eq.
(13). Let R be the charge radius and let x be
the distance coordinate at the time the detona-
tion front has just reached the interface. At
this time, since x R_D and dM  4n, x 2 dx,

dM d« 45, R} 2 D%, (22)

Equations (19)-(22) form the system of ordinary
differential equations which is solved, numeri-
cally, for p.,.u and M. The energy E is then
found from the equation of state. The integra-
tion is started at the detonation front, where
the C-J conditions are the initial conditions.
Equations (20) and (21) are singular at the deto-
nation front since © D u+c here. Hence,
the first part of the integration is done with u

as the independent variable, i.e., with the system

dodu - le?-qu ) 20, (23)

d, ‘du ={u Yy c?, (21)

M 4R
= = (25)
du D3 du

24 ¢

p(mb

Fig. 5 - The calculated spherical
Taylor wave for pentolite

dp 2 d, 26
d—ll C (E . ( )
The spherical Taylor waves calculated
with the equations of state, Eqs. (14) and (16),

for use in the "'q"" method calculations, are
shown in Fig. 5.

V. THE "q" METHOD CALCULATION

A computer program, based on the '"q"
method, was used to calculate the flow after the
detonation front impinges on the water. To cut
down the oscillations and thc shock widths, 300
space points in the finite difference grid, and a
linear q, were used. The factor } x was used
in the q for the water in orcer to keep the
shock from spreading at large distances from
the center. The fluid flow equations and their
finite difference analogues in the computer pro-
gram are listed below. The superscript n re-
fers to the time cycle and ; is the Lagrangian
space coordinate. The grid points are labeled
with integer values of ;. The equations are
written for one dimensional flows in channels
of varying cross sectional area A(X). For the
sphgrical flow problems treated here A(X) is
4-X°,

Continuity:

X().1)
M(1) J (X 1) AX)dX. (27

X(y .t
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Motion:
ou It -AX) Hpra) M (28)
dX'%  u. (29)

Energy:
JE’ ot (p+q) dv ot . (30)

Equation of State:
p ¢o(E.v) (31
-(K vX*) cu 9y, a4y - 0
q { (32)
0, o 0.

Difference Equations:

i N2, Joax M 0.1.2
(M)t gt gn (33)
(AP I )yt (“lt)"""' 2
Pl P o (34
(M) My, - N (35)
Cour vty -2(PT - P YAX ™)
CLOAMY L OM) (36)
u:“% u,:_-., s (ha 't),n( " (37)
70 xS e (38)
nel
S s I
,
BE TR S
ne | e, (40)

q .
) ] Uiy

neYy ne's
0. u u

nel n ne% n+l n .onel n (41)
j+a El.l,, - q).l.l b (p]’u, ‘ P,.n,) 2 V'.I,'\'].u)

P',‘:.: p(E’;:.:. v'::.:) . (42)
For each computation cycle, Eqs. (36)-(42)
were solved in the listed order. Equations (41)
and (42) were solved simultaneously, by itera-
tion. In Eq. (40), : was taken to be zero in the
gas and one in the water. Conventional stability
criteria were used to calculate the time steps
[22]. The computation grid was chosen so that

the masses of the two zones at the interface,
the last zone in the gas and the first zone in the
water, would be equal.

The calculation to 19 charge radii was
started with 300 zones (301 space grid points)
in the first 10 charge radii from the center, 50
zones in the gas and 250 zones in the water.
When the calculated position of the shock in the
water was close to 10 charge radii, the compu-
tation grid was rezoned by deleting alternate
grid points up to 10 charge radii and adding 150
zones between 10 and 20 charge radii. The total
energy was conserved in the consolidation
process.

Vi. CALCULATED RESULTS

Two calculations were made of the flow
following the central detonation of a spherical
pentolite charge in fresh water at 20°C and 1
atm, one with Eq. (14) and one with Eq. (16) for
the detonation products. Equation (1) with the
functions listed in Sec. II was used for the water
in both cases. The calculated detonation wave
(Sec. IV and Fig. 5) was inserted as part of the
initial conditions and the '"q'" method computa-
tion was begun when the detonation front first
impinges on the water. At this time, since p
and u must be continuous across the interface,
there is an instantaneous adjustment at the
boundary (see Fig. 4) which results in an ini-
tial transmitted pressure into the water of 162
kb and an initial interface velocity of 0.27 ¢cm/
usec. The subsequent spherical flow contains
the second shock [5.23], which appears auto-
matically when the "q'' method is used. This
shock is formed at the gas-water in' - “face and
moves back into the gas, following t e
faction.

Figure 6 contains plots of the calculated
pressure at the gas-water interface vs the posi-
tion of the interface (all distances are shown in
charge radii R R_ from the center). Note that
when Eq. (14) (for which the C-J isentrope is
identical with the one from the RUBY thermo-
chemical calculation) is used the pressures
acting on the water are higher than those cal-
culated with Eq. (16) until the boundary is at 2
charge radii, after which they are lower. The
position of the shock front in the water is noted
at several points on the plots, e.g., when Eq.
(16) is used the main shock front in the water
is at T charge radii when the interface is at
about 2.6 charge radii. The pressure jump
when the gas-water boundary is at about 3
charge radii is due to the impact of the second
{Wecken) shock, which, after reflection at the
center, has now reached the interface,
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Fig. 6 - Calculated pressure at the gas-wazter inter-
face vs interface position for a spherical pentolite ex-
plosion in water; the positions of the shock front are
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The calculated peak shock pressures p_vs
distance are shown in Fig. 7, where they are
compared with a plot made from experimental
data. The dashed curve between 1 and 6.5
charge radii was obtained recently by N. L.
Coleburn [17], who measured X vs t, differen-
tiated to get the shock velocity, and then used
the known Hugoniot for water to find the prec-
sure. These data are closely reproducible in
the 1.5-6.5 charge radii range. The dashed line
extending beyond 10 charge radii in Fig. 7 is a
plot of a relation for pentolite found by fitting
plezoelectric gage data from a large number of
firings made over a 15-year period |24), namely,

P, 2.35-10% (W' 3 Ry! 14

where ¥ is in 1b, R is in ft and p,, is in psi. The
pressure scale in Fig. 7 is in megabars.

It should be noted that the peak pressures
calculated with Eq. (14) are higher than the ex-
perimental values over the range of the calcula-
tion (to 19 charge radii). The peak pressure at
10 charge radii calculated with Eq. (14) is 1.40
kb (20,300 psi), compared with the experimental
value of 1.18 kb (17,100). It appears in Fig. 7
that at larger distances the peak pressures cal-
culated with Eq. (14) may become lower than the
experime..tal values despite the fact that 1402
cal/g, which is near the maximum possible
chemical energy, was used for E_.

The peak pressure vs distance calculated
with Eq. (16) for the detonation products is also
shown in Fig.7. The values are in good agreement
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with the piezoelectric gage data to 20 charge
radii, where the computation ended. Good
agreement with the piezoelectric gage data
(with slightly lower close in values) is also
gotten by taking K = 6.8 and using the same
procedure to get B and C. With K = 6.6, the
exponential term in the equation of state cor-
responds exactly to the term exp (4 (, . ) used
by Wilkins (2] in the equations of state for the
explosives PBX 9404 and LX 04-01.

Figure 8 contains calculated pressure vs
time curves for several fixed positions in the
water (4, 10 and 17 charge radii). Note that the
initial pressure decay is exponential, in agree-
ment with the decays observed experimentally.
The pressures calculated with Eq. (14), which
are initially higher, decay more rapidly than
those calculated with Eq. (16).

pimb!

o F x %
t/Ro{WwSEC/CM)

The time constant /-, the time for the pres-
sure to fall from p_ to p_ «, is plotted (in
terms of 'R ) vs distance in charge radii, in
Fig. 9. Also shown in Fig. 9 are experimental
values found from the firing of 50 and 80 1b
spherical charges [26]. The lack of data at
closer ranges than 13 charge radii, and the
scatter in the data at distances of 13 charge
radii and over, seems to preclude the use of
to test the validity of the equation of state of
the detonation product gases.

VII. CONCLUSIONS

Calculations of the underwater shockwave
performance of pentolite which are in good
agreement with experimental data can be made
within the general framework of the hydrodynamic

—_— g i
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Fig. 8 - Calculated pressure vs time at 4, 10, and 17
charge radii, for a spherical pentolite explosion in

water
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theory of detonation, with the finite reaction
zone neglected, using an equation of state of
water developed from shock wave measure-
ments and the detonation conditions calculated
with the Kistiakowsky-Wilson equation of state.
It is necessary, however, to use an equation of
state for the detonation product gases which
treats the expansion to low pressures differently
than the Kistiakowsky-Wilson equation. The
product gas equation of state form proposed by
Wilkins [2], which contains an exponential term
in the volume similar to the one in the Jones
equation [3], is satisfactory for use in hydrody-
namic calculations of underwater pentolite._
explosions.

It should be possible with the equations of
state Eqs. (1) and (16) tc calculate the under-
water shockwave performance of pentolite for
situations where there is little or no data, e.g.,
plane and cylindrical flows and explosions at
great depths.

One would like, of course, to have a single
equation of state of the detonation product gases
for which both the thermochemical calculation
of the detonation conditions and the subsequent
hydrodynamic calculations would match the ex-
perimental results. It would then be possible to
predict the underwater performance of a hy-
pothetical explosive.
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STUDY OF THE FLOW OF BURNED GASES

C. Fauquignon, M. Frouteau, G. Verdes
Commissarial a l'Energie Alomique
France

ABSTRACT

The detonation of a cylindrical charge may be considered as a

steady phenomenon af the ratio length/diameter 1s large enough.

The

radiographic observation of the motion of very than gold foils, carried
along by the burned gases, allows the former hypothesis to be verified,
the measurement of the particle velocity of the gases along the axis,
and the measurement of zero-velocity points given as a function of

their distance to the shock front,

A confrontation between the experimental results and a theoretical
model based upon a Meyer rarefaction allows the determination of the

burned gases 1sentrope,

1. INTRODUCTION

In regard to detonation studies most of the
interest of the workers is based upon what
happens in front and behind the Chapman-
Jouguet plane, that 1s upon the reaction zone
structure and the burned gases flow; however,
the experimental conditions are so difficult that
in spite of the cuantity and quality of the re-
ports a lot of questions remain unanswered.

Most of the experimental methods concern
velocity measurements in an inert medium
close to the explosive, e.g.:

o free surface velocily imparted to metal-
lic plates of increasing thicknesses [1-5];

o water or plexiglas induced shock wave
velocity [6,7].

Another method based on the moatallic
transition of sulfur has been used for the same

purpose [8].

One of the most interesting leatures of the
previous methods i8 to give an enlarged picture
uf the reartion zone, however distortions, par-
ticularly those due to explosive reflected waves,
may be «xpected,

39

Actually, it seems that a direct visualisa-
tion of the explosive flow must appeal to the
flash radiography techniques. The method
which is presented here, similar to an earlier
one (9], consists in following the displacement
of one or more very thin gold foils; initially
drowned in the explosive, they are drawn, at
the same velocity, by the burned gases; it will
be verified that no perturbation will be caused
in the flow by the foils presence.

This technique was not precise enough for
the reaction zone examination, but was particu-
larly fitted for the study of the rarefaction in
reacted products until rather low pressures are
reached (-10 Kbars), allowing, in accordance
with the chosen theoretical flow model, the de-
termination of the gases isentrope.

The explosive under study (Explosive D
[10]), was cast in cylindrical charges of 20- and
30-mm diameter and of different lengths: the
geometry and dimensions of the charge were
determined by the X-ray penetration capability,
the necessity of a good optical definition and
the need of attaining a permanent flow with a
reasonable charge length.

The experiment-theory corrsfation only
concerned the 30-mm diameter charges for
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which th~ flatness of the shock front was suffi-
cient to assume a simple flow scheme.

2. EXPERIMENTS
2.1. Explosive Assembly

The charge was mounted by gluing elemen-
tary cylinders (Fig. 1); the first one is used to
establish a permanent flow; between the 6-mm
thick cylinders are placed the gold foils (1,/100
mm thick), having the same diameter as the
explosive cylinders.

Gold was chosen by reason of its chemical
neutrality, of its high X-ray absorption and of
its good malleability. It was verified that the
foils had no influence upon the flow by changing
the interval between two foils (3 mm instead of
6 mm); no difference in the results was ob-
served. On the other hand, it was calculated
that the equilibrium in the pressures on both
sides of a 1/100-mm-thick gold foil was reached
in about 10 nanoseconds.

Chrono.
Qraph

The density of each cylinder was measured,
the average value being 1.64 + 0.02 g/cm?; the
homogeneity of the density inside the explosive
was controlled while making shock front curva-
ture measurements by observi: g local irregu-
larities.

The curvature measurements, using a
streak camera, showed that, in the case of the
30-mm diameter charge, the flatness of the
front was better than 0.5 mm for a radius of
13.5 num; the calculations presented in the rest
of this paper neglect the rarefaction related to
the 1.5-mm-thick curved zone.

The 20-mm diameter chaiges showed a
more pronounced curvature; it vould have been
necessary (o introduce additiona. hypotheses
to take account of this and no calcuiation has
yet been undertaken.

2.2. Observaticns and Measurements

The experimental process is illustrated in
Fig. 1. After the passage of the shock front the
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foils are carried along by the products; the
radiographic observation of their position at
different known instants allows the construction
of their path versus time diagram. As this
diagram will be graphically derived later, the
pictures must be of good quality.

A 300-Kvolt X-ray FEXITRON unit was
used, the flash duration being 0.12 us and the
optical magnification 1.1; the observation field
was limited to about 30 mm,

lonization probes placed on the axis of the
charge were used for time measurements and
X-ray flash synchronization. A first probe lo-
cated between the initiation-point and the ob-
servation area is used as a time origin; it
triggers three 40-MHz ROCHAR chronographs
and, through a delay time unit, the X-ray flash.

Two of the chronographs are used for det-
onation velocity measurement, the third one is
stopped by the impulse coming from the
scintillator-photomultiplier and establishes
the correlation between the picture time and
the instant of passage of the shock front at a
known point (first ionization probe).

The displacements of the foils are referred
either to their initial positions by double expos-
ing the dynamic and static pictures or to the
position of another foil which has not yet been
reached by the shock at the time of the radiog-
raphy. Figure 2 reproduces a typical record.

2.3. Results

Time measurements and X-ray pictures
are used to construct the path versus time dia-
gram of the foils; this construction was done
for points along the axis and points located
at various radii. In fact, it is impossible to
characterize the motion of the different points
of a foil, consequently valid information for
off-axis points is the radial distribution of the
zero-velocity points with respect to the shock
front.

Figure 3 represents the path versus time
diagram (x t) for the points along the axis in
the case of the 30-mm diameter charge.

The (x t) curves were graphically derived
to give the material velocity vu ~sus time (u 1),
the time origin being the same for the different
foils.

The variation of the material velocity with
respect to the distance to the shock front was
then extablished by using the xcv) and uc1)

Gold foil

Fig. 2 - Radiography

curves, at diiferent initiation point-to-shock
front distances; u is given for the different
foils, for a given t and for given space coordi-
nate Z X, - X; where X, is the position of the
shock front at that instant. By varying ¢,

within the regions of densest beam of the curves
u(t) in order to obtain the maximum number of
points, u(2) is calculated.

Figure 4, gives u(Z) in the region within
which steady conditions develop and Figs 5 and
6 give u(Z) -vhen steady conditions are com-
plete (30- u:.2 20-mm-diameter charges).
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The steady aspect of the {low is shown by
tracing the variation of the distance of the zero-
velocity point to the shock front, as a function
of the initiation point-shock front distance
(Fig. 7).

Once steady conditions are established the
radial distribution of zero-velocity points are
obtained in a similar manner (Fig. 8).

20-mm diameter, i1mtiation point -- shock
front distance > 90 mm

2.4. Remarks

¢ The small number of measurements
within the neighbourhood of the shock front and
their poor quality d» not enable us to detect the
reaction zone.

e There is an uncertaity as to the physical
origin of the ionization probes triggering and
hence on the exact position of the shock front
with respect to the distribution of the measured
velocity.

Subsequently, experimental results have
been limited to the burned gases rarefaction
study.

3. THEORY AND CALCULATIONS

3.1. Flow is Assumed to be Described
by a Meyer Rarefaction; This
Rarefaction is Centered on the
Edge of the Cylinder; and the
Characteristic Equations are
Solved in this Scheme

The basic assumptions are:
e permanent f{low,

e planedetonation front and | conditions
exi1sting Just behind the front,
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Fig. 7 - Position of the zero material
velocity z, {along the axis) in function
of the distance shock front -- imitiation
point X
e constant entropy flow: p f(.) with
defined by
d Log p
d Log adiah.
Notations:

p = pressure,
= local density,

H = enthalpy,

a = sound speed, and

vV = relative material velocity.

3.2, Introducing the Theory of the

Characteristic Equations and
Calculation of the Current
Point {11]

For two-dimensional cylindrical flow there
are three families of characteristic curves
(Fig. 9a):

e stream lines of constant entropy - W

® Mach lines (C, and ¢ )

‘Ilmm

~ 9

VZmm

=10

18

Rm

Fig. 8 - Radial repartition of the zero-
velocity points with respect to the shock
front position

Following the Mach lines, the equations
are as follows:

e, mmimna(n) () )
) mginn
Al
b
onc, . tmtos (e} ()

sin s 9
‘ J

Calculation of the current point (Fig. 9b):

Assuming that the functions are known at
two neighbouring points « and ., it 1s possible
to calculate functions at »n, gtven by the inter-
section €, and ¢

At point o« which 1s common to ¢, and
¢, Eqs. (1) are written as:
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Fig. 95 - Calculation of
the current point
sin ! cos !
—p_ . (P, Py (@, )
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(nn :_nn_z‘) ..
y kn
} (2)
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P (pn pl) fl‘" '|b
"N
(\_m s1n _x-\ J
v n
Putting
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‘\
and
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A s n ARNA}
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(3)

Moreover the assumption of constant en-
tropy implies that 4P  sinacos : (d. ).

The origin of I and therefore of .. and A is
arbitrary. . and o_ are first of all calculated
by

(1,0 ) (9,19, (=) 0 (9, @)
n 2 ¥n 2

If the arcs in and kn are approximated by
straight lines with slopes:

(9, 1) v (9, 1)
tan 2

and

(o 1)) (o 0 1)
2

tan

it is then possible to calculate x,, and v,: hence
also *», "<, . and: .

n

It follows that:

Pn n e T “n n
p P

1= 5 =

2 san oS 1)
noo P, P,

Ll ‘2(-1117 cos 1)

wl U0 OH, He J JRIoR

]

0 -2
\n ‘(]

2 {n" H, J]

2

fn

AFC SN B

n U v !
n

The calculation s begun anew with im-
proved values of and ;. the iterations end-
ing after  has converged.
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Finally,

P L)

3.3. The Particular Case of Cylin-
drical Flow with Meyer
Rarefaction

The rarefaction centered on the edge of the
charge can be taken as a particular upwards
characteristic curve for which .., constant.

In order to calculate it, : is incremeated

80 that at each point . . Knowing : ,
. is obtained by solving:
I '
f7c. )

.'II‘ -  — asin ¢, 0

{ n

[ v, 2J’ D Y

A
All other quantities (p,, ~,...) are then

found easily.

Calculation of the axial point: The method
is the same as for the general case with ¢, 0
and The first approximation of is

0 n* n

1 e

4. CONSTRUCTION OF THE ISENTROPE

The preceding calculated were hased with
isentropic equation p  f¢ ) formulated as

p K T

. ](J

K

where p is a correction factor chose:n as
P L1 ] gt MR 1 )

The values of the different quantities on
the C 1 plane are known for the D-explosive
[10]:

ey 25 Klars
o) 2 M6 !
00

]

The unknown parameters M N R are obtained
by teying all possible values until a good cotncl-
dence 18 reached between experimental and
theoretical /1 curves,

n.

Figure 10 shows the isentrope in the
) plane.
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THE EQUATION OF STATE OF DETONATION PRODUCTS
BEHIND OVERDRIVEN DETONATION WAVES
IN COMPOSITION B
I. C. Skidmore and S. Hart’

Atomic Weapons Rescarch Establishment
Aldevmaston, Bevkshire, England

ABSTRACT

Overdriven detonation waves in Composition B carrying pressures
up to twice the Chapman-Jouguet pressure have been generated by an

explosive driven plate impact technique,

The hydrodynamic properties

of these waves have heen determined by an ympedance matceh method.
In addition the pressurc-particle velocity locus for reflected waves in
the detonation products from a given overdriven state has been obtained

In a similar way,

The restlts agree with predictions using a simple

polytropic gas equation of state with a constant adiabatic exponent ap-

propriate to the Chapman-Jouguet state,

The measurements are con-

fined to pressures greater than 300 kb except for some experiments
matching with air at about | kb which show that the simple equation of
state s not valid down to this pressure,

1. INTRODUCTION

Experiments |1,2| show that in many high
explosives shock compressions and adiabatic
expansions of the detonation products from the
Chapman-Jouguet (C-J) state are consistent
with a polytropic gas equation of state having
an adiabatic exponent of about three, applicable
for pressures above about 100 kb. This equa-
tion of state cannot account for the variatio of
detonation velocity with loading density bu. for
an explosive of prescribed loading density this
simple description seems adequate when the
gaseous product densities are near the condensed
state density.

In some applications of explosives detona-
tion waves are overdriven to pressures consid-
erably higher than the C-J pressure. The ob-
ject of the present investigation was to test
whether the simple equation of state could
successfully predict overdriven detonation wave
properties, and shock compressions and adia -
batic expansfons from a given overdriven state.
The relevant theoretical expressions are de -
rived in section 2. the experiments are de-
scribed 1n section 3 and the comparison of the
results with theorv s discussed 1n section 4.
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2. THEORY

With the notation, pressure P, specific
volume V. specific internal energy F, detona-
tion velocity I’ particle velocity ', sound
velocity ¢, adiavatic exponent . and specific
detonation energy 0. the velocity of propagation
and particle velocity immediately behind any
plane detonation wave in explosive defined by
initial conditions, P, V_ . E_, and U_ are yiven

o o o

by the first two Rankine-Hugomot relations,

r 1

D \ v (P Py v v

o < " n

(m
(2)

The pressure and volume of the detonation prod-
ucts immediately behind the detonation {front

are related by the third Rankine -Hugonot equa-
tion which defines the Hugoniot curve,

! \ (3

It the detonation nroducts obey a polytropc
pas equation of state,

[ by \ r Ccotla
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E PV (,-1) 4)
and
c?* ,Pv. (5)

For a steady unsupported detonation wave
with properties designated by suffix 1, the C-J
condition is

C, D,-U,. (6)

In solid explosive initially at atmospheric
pressure P_ is negligible compared with P, so
that substituting Eqgs. (1), (2) and (5) in (6)
gives,

C,D, (.1 (1)

Then when U_ 0, Egs. (1) - (4) with the sim-
plification provided by Eq. (7) give the familiar
expressions

2

D,

R VRN U

R L (8)

207 1%0 - E )

For an overdriven detonation wave, with
properties designated by suffix 2, Eq. (6) and
hence Eq. (8) no longer hold so that Eqgs. (1) -
(4), simplified using Fq. (8), now give

D P Pl v,
=i [ ! (2 pl | 2u, 1", —(9)
IR 1.

which is independent of the actual value of

The P U locus for reflected shocks in the
detonation products 1s given by Eq. (2) with
suffix 2 replacing suffix o and the sign of the
last term changed. The same transformation in
Eq. (3) with 0 0 gives the Hugoniot curve for
reflected shocks so that eliminating v gives

12

. (P 2- ] (10)
UVl GLE, Y coer,
For reflected rarefaction waves the adiabatic
relation v PV, holds and the P U locus 18
given by

1 W - vyt

X, r (11)

3. EXPERIMENTS

The explosive investigated was Composition
B (RDX/TNT 60/40) at a loading density of 1.65
gm cm 3, with C-J properties D, = 7,74 mm
usec !, U, =2.01 mm psec'!, P, =257 kb
corresponding to . = 2.85,

The basis of the technique is to explosively
propel a metal driver plate at a similar target
plate on which rests a sample layer of explo-
sive backed by a further layer of inert solid.
When the driver plate velocity is sufficiently
high this process generates a steady overdriven
detonation wave in the explosive unless or until
it is overtaken by the rarefaction from the rear
of the driver plate. The shock transit times
through e~ch layer of the system are measured
to deter.r.ne the transmitted shock or detona-
tion ve,ocities. The measured driver plate
impa '« velocity or the shock velocity in the
tarr ot plate, whose shock properties are known,
defines the incident shock strength. An impea-
ance match at the target plate-explosive inter-
face using the measured overdriven detonation
velocity then defines the corresponding detona-
tion pressure and particle velocity. The prop-
erties of reflecied waves in the detonation
products are determined by a similar impedance
match at the explosive-backing plate interface
using the measured transmitted shock velocity
in the backing plate whose Hugoniot curve is
known. This technique has been described by
Al'tshuler [3] for determining the shock prop-
erties of inert solids. McQueen and Marsh {4]
used the same technique and discuss the geo-
metrical limitations necessary to retain uni-
form flows. The particular variation of the
technique with practical aspects applicable to
the present experiments is given by Skidmore
and Morris [5|. In particular this paper de-
scribes the pin probe method used to record
transit times, the treatment of the time data to
remove errors due to gross driver plate curva-
ture and local norplanarities, and the correc-
tions of systeratic errors arising from density
differences in nominally identical samples and
impact velocity differences in nominally idern-
tical experiments.

In a first series of experiments detonation
velocity was determined as a function of parti-
cle velocity at three detonation pressures of
about 350, 420 and 520 kb. These pressures
were generated by using a plane wave initiated
5 i, diameter 5 in. long cylindrical charge of
HMX TNT 75 25 to propel driver plates of
mild steel 4.8-mm thick, brass 3.2-mm thick
and mild steel 1.6-mm thick against a taryget
plate of the same material. The target plate
supported three 30-mm-diameter cylindrical
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explosive specimens in a four fold symmetric
array with centres on a 25-mm radius circle,
The target plate free surface velocity was
measured in the fourth location. Pin prou. -
were used to record variocus transit times giv-
ing the driver plate impact velocity, together
with the target plate shock and free surface ve-
locity as a ~onsistency check, and the detonation
velocity in the explosive samples. The explo-
sive samples were of two thicknesses, 3.2 and
6.4 mm, to detect possible shock attenuation
effects which could invalidate the aralysis. No
such effects were cbserved. The mean results
for each pressure are given in Table 1,

TABLE 1
Mean Results for Overdriven Detonation Waves
in Composition B. Errors Refer {0 One Stand-
ard Deviation. N is the number of experiments,

N | Velocity Pressure | Velocity

Detonation ]Delon;monl Particle
1 , }
|(:|m u_sec )+ (kb) l(mm usec 1)

t |. T = |
(C-J} | 7.74 257 2.01
4 8.00 : .13 | 346 : 4 2.62 : .01
4 8.28 : .11 412 : 4 3.02 : .01
| 4 8.93 : .06 520 : 3 3.53 : .01
= b -+ - -

In a second series of experiments shock
compressions and adiabatic expansions from a
detonation pressure of 420 kb were examined
using the brass driver plate and measuring the
transmitted shock velocity in 3.2-mm thick ex-
plosive samples. The matching materials were
tungsten alloy, nickel, brass, titanium, Dural,
magnesium, Perspex and air at 1 atmosphere.
In some of the later experiments the geometry
was changed from discs to quadrants to obttain
an improved probe coverage over a larger sur-
face area. In some duplicate experiments the
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explosive and matching disc thickness was in-
creased to 4 mm to test for possible attenuation
effects but none was observed. The mean re-
sults from this series of expe riments are (iven
‘n Table 2.

Tu »nable the impedance matches (o be
carried ou: the shock wave data for the various
materials used in these experiments were ob-
tained from the following sources. Nickel,
brass and titanium data were obtained (rom
Ref. 4. Mild steel, magnesium and erspex
data are coutained tn Ref. 5. The shock tables
in Ref. 6 were used for air. The tungsten alloy
data 18 given graphically in Ref. 7. Dural was
assumed to have the same shock velocity —
particle velocity relation as that for pure slu-
minium given in Ref. 5.

4. DISCUSSION OF RESULTS

In Table 1 the data from each set of nomi-
nally 1dentical experiments have been normal-
ised to the mean target plate shock pressure by
correcting for the deviations from this mean,
Since cach experiment defines a measured
overdriver state this procedure 1s not strictly
necessary. It s adopted for consistency of
presentation with the data in Table 2 where re-
flected wave data are referred to a given over-
driven state and here 1t 18 desirable to elimi-
nate systematic errors by correcting for
experimental deviations from this mean state,

In Fig. | the overdriven detonation veloci-
ties are plotted as a function of detonation
pressure and compared with the predictions of
Eq. (9). Iu Fig. 2 the corresponding comparison
1s made 1n the pressure-particle velocity plane.
Also in Fig. 2 the reflected wave data are com-
pared with Eqs. (10) and (11) using the value

TABLE 2
Mean Results for Reflected Waves in Overdriven Composition B. Errors
N 15 the Number of Experiments.

Refer to One Standard Deviation

_ . T Y 1 ¢

[_ Matching T I Density Shock Pressure Particle
Material h | (gm cm J) VPIO(‘")' . (kb) V('l()(‘l!)' .

) | l | (mm usec ') | {(mm usec !)
—— - _T... ~ _.T ~ 'Y 1 v wl

r W Alloy | 2 16.8 5,02 - .09 818 : 62 0.97 « .06
Ni 2 8.86 6.46 : .21 716 - 110 1.25 ¢+ .18
Brass f) 8.44 5.79 - .03 689 - 13 1.41 - .02
Ti 2 4.51 6.87 - .04 604 : 16 1.95 ¢ .04
Dural 2 2.65 8.52 « .08 522 + 10 2.31 : 04
Mg 2 1.74 8.12 - .16 407 ¢« 26 2.88 - 13
Perspex 2 1.18 7.17 - .06 332 - 6 3.62 - .04
Alr 2 1.29-10 ! 10.27 - .18 1.26 + 0.05 9.50 « .17

L Comp. B 16 | 1.65 8.40 + .14 420 : 10 3.0 - .06
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Fig. 1 - Comparison of theory and experiment
for overdriven detonation velocities as a func-
tion of detonation pressure in Composition B

of . appropriate to the C-J state. It is seen
that agreement is within one standard deviation
for all experimental points. These represent
relative errors of rather less than 3 percent
for the overdriven states and generally rather
more for the reflected wave data. The error in
any one velocity measurement is of the order of
5 percent. The air point corresponds to a pres-
sure of about 1.3 kb and the measured particle
velocity is about 8 percent less than the pre-
dicted value which is the same relative differ-
ence observed at the foot of the C-J adiabat.

The comparison in the P-U plane does not
represent a stringent test of the equation of
state since P-U curves for reflected waves are
not sensitive to small variations in .. Ata
given particle velocity an increase in , of *
gives a relative increase in reflected shock
pressure of about ", 2, sothat a 2 percent

error in reflected wave pressure represents a
possible variation in , of about 0.1. However
in uniform flow situations this simple repre-
sentation appears adequate for t.e prediction of
transmitted shock strengths into solids within
the accuracy of current experimentation, The
deviation from this simple equation of state at
low pressures is consistent with current views
on the behaviour of detonation products at large
expansions [8,9].
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AN EQUATION OF STATE OF DETONATION PRODUCTS

AT PRESSURES BELOW 30 KILOBARS

J. W, 8. Allan and B. D. Lambourn
Atomic Weapons Research Establishment
Aldermaston, Berkshive, England

ABSTRACT

Wilkins has suggested that *he observed details of explosive driven
plate motion indicate that at pressures below about 150 kb the Chapman-
Jouguet adiabat may dip well below the constant adiabatic exponent
form. This paper describes a more direct approach to the determina-
tion of the form of the adiabat in the relevant portion of the pressure-
particle velocity plane by extending th¢ impedance matching method to
include matching with compressed gases. A streak camera technique
has been user. to measure the velocities of luminous shocks transmitted
from the end ! cylindrical charges into air, argon and krypton initially
11 pressurer between 0.2 and 30 bars. These measurements have al-
lowed pressure-particle velocity points to be obtained in the pressure
renge 0.2 to 30 kb for two explosive compositions. The data have been
uved in conjunction with other hydrodynamic properties to determine

the coefficients in a form of equation of state similar to one proposed

by Wilkins.

1. INTRODUCTION

When using high explosives to drive metal
plates the energy transfer process depends in
detail on the shape of the adiabatic pressure-
specific volume (p-v) relation for the detona-
tion products. The pressure range of practical
interest is from a few hundred kilobars down to
about one kilobar. Until recently it has been
assumed for simplicity of calculation ard on
the basis of Deal's work [1,2] that the Chapman-
Jouguet (CJ) adiabat has constant exponent , of
order 3 for the whole of the pressure range.
Thus the aiiabat is a straight line in the
log p- lep v plane. However, in 1964, Wilkins
(3] found in calculations of the motion of a
spherical shell driven by a sphere of explosive
deionated at the centre, that a straight line adi-
abat equation of state gave too high an energy
transfer when compared with experiment. To
account for the measured motion he found it
necessary to introduce a different form of adi-
abat which dipped below the constant , form at
around 150 kb and recrossed it at around 3 kb.
This implies that less energy is avallable for
transfer to plates and shells in the pressure
range 150 to 3 kb. A further plausible conse-
quence of the Wilkins form is that at pressures
below a few kilobars the products are behaving

52

like a normal gas with , about 1.5. It is inter-
esting to note that in 1948, Jones and Miller [4]
published a form of the CJ adiabat for TNT with
a similar dip.

In this paper we present a modified form
of Wilkins =quation of state fitted to more direct
experimental measurements on the CJ adiabats
of two explosive compositions HMX/TNT /Inert
(68/30/2) and HMX/Inert (95/5). Section 2
contains a formulation of the equation of state.
Section 3 describes the experiments and lists
the results. Section 4 describes the method of
fitting the experimental data to obtain the con-
stants in the equation of state.

2. FORMULATION OF THE
EQUATION OF STATE

Fickett and Wood [5] have pointed out that
because the region of interest for an equation of
state of detonation products is a narrow band
above the CJ adiabat on a log p lor v diagram,
a Gruneisen form can be used. The relation be-
tween specific internal energy ¢, pressure p
and specific volume v is then
(1)

e(p.v) e (v) + lp-p (v)] v wv)
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where e (v) and p (v) define internal energy
and pressure on the reference curve as func-
tions of v; w(v) is Gruneisen's ratio, which on
Fickett and Wood's evidence is sensibly con-
stant.

For detonation products the reference curve
is taken to be the CJ adiabat so that

e v) J- pr(v)dv. (2)

i.e., we take the origin of internal eneigy to be
zero at infinite expansion.

In this section we first write down some
Hugoniot and adiabatic relations for the
Gruneisen equation ir the general form, then
give the forms of adiabatic relations chosen by
various au.hors and finally develop the mmodified
Wilkins equztion,

Aciabatic and Hugoniot Relations
for Gruneise:t Equation of State

The p-v relation for a shock re{lected into
detonation products initially in their CJ state is
found by solving the Rankine-Hugoniot relation,

e (-(_; %(D'p‘,)(vr; v) (3)

with the equation of state (1) written in the
form

e pv w ¢+ f(v) (4)
where

f(v)  el(v) - vp(v) w. (5)

The reflected shock Hugoniot curve is
therefore

P 2 [(-”- f(v)
l 3}
+ -2-p”wrl v)]/(vw 2)v W, (6)

and the particle velocity behind a reflected
shock is given by

u ug, -‘/(—p'p‘,)(v”~v) 0 (7)

For the p u relation 1n a reflected rare-
faction, it is necessary to integrate the Riemann
characteristic relation, which it is convenient
to write as

du d(tn v) c (8)

where c is the velocity of sound. On the CJ
adiabat ¢ is given by

vvop(v) (9)

where the prime denotes differentiation with
respect to + along the adiabat. In general,
Eq. (8) needs to be integrated numerically,

c c (v)

The detonation Hugoniot for an explosive of
initial specific volume v_ is found by substitut-
ing the equation of state (4) into the Rankine-
Hugoniot relation across a detonation {ront

(10)

e "o’f"("e v)
giving
p 2w e, - f(v)/l(we 2)v-'vf] (11)

where < is the sum of the energy released in
the detonation and the difference in internal
energy between undetonated explosive and the
products at infinite expansion. A value of ¢
can be found from any known (e _;.p_,.v ) state
via (10).

The locus of CJ states is obtained by find-
ing the point of tangency of the Rayleigh line

Dl v} P (v,-V) (12)

to the detonation Hugoniot, D being the detona-
tion velocity. The equation relating the varia-
tion of v_, with v_ is then

2, f(vc,)) (v v"l) f'(ch) (13)
(we) v (vt Dv,

[\ ]

(we 2) Ve, WY,

which in general needs to be solved by iteration.

The Fickett and Wood Equation
of State

Deal's [1] experiments on Grade A, Compo-
sition B showed that the adiabatic exponent ,
was sensibly constant over the pressure range 1
to 500kb, Fickett and Wood [5]therefore used a
straight line CJ adiabat as reference curve

P’(v) Av’ (l‘)

where A and - are constants; » in this case

being .

oy

The Pike Equation

Pike of AWRE has generalised Fickett and
Wood's adiabatic relation to
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P.(v) Av ' v wGy (1) (15)

where G is a constant, to allow for those ex-
plosives which have an air-match point above
the straight line adiabat. The adiabat (15) is
curved concave upwards and has an adiabatic
exponent which tends to ! « v at very low
pressures,

The Wilkins Equation

In order to obtain the dip in the adiabat be-
low the constant , form, Wilkins (3] added an
exponential term to the Pike form, giving

p(v)  Av'' s Bexp(-kv) « wGv (%) (16)

where B and k are constants. The three terms
are dominant in three different regions of a

log p- log v diagram (Fig. 1). With » 4 the
first term Av-’ is dominant for small v, say up
to (1/2)v.;. Between (1 2)v., and 2v, the
exponential term dominates but falls off rapidly.
This falling off causes the dip in the adiabat
below the constait , form between 150 kb and

3 kb. Finally fo" large v, the third term domi-
nates and since tor most explosives w ~ 0.5, the
final slope of the adiabat is ~1.5.

The Proposed Form of Equation
of State

Wilkins has given sets of constants
A.>.B.k.G.w for two explosives. One significant
fact about the values is that A is small and

negative. Since it is negative, there must be
some value of v for which the adiabs! turus

over and has an nureal slope, though this value
of v ic at very high pressure and jut of the re-
gion of interest. The fact that A 18 small sug-
gests that the whole term Av ' ay be neglected,
leaving what may be called an exponential vqua-
tion of state

P (V) B exp(-kv) + wGv (1ew) (17)

This adiabat has all the properties of the Wii-
kins equation of state for p - p.;, l.e., it has
the dip below the constant , adiabat and it has
a s tending to 1+ w at low pressures. It has
the advantage over the Wilkins equation that
there are now only four constants to determine
instead of six, However there are also two dis-
advantages to the exponential equation:

1. When the exponential term dominates,
the adiabatic exponent i8 , - kv which means
that , decreases with decreasing volume. The
behaviour at high pressures is therefore poor.

2. The p- u relation for the adiabat (17)
tends to fall away too rapidly from the constant
+ adiabat.

To overcome these difficulties, the equa-
tions of state proposed for the two explosives
HMX/TNT/Inert and HMX/Inert have been
chosen |y using a Pike equation of state for
volumes v less than some critical volume v_
and an exponential equation for volumes
greater than v_. Hence

]
c-J \
ol A\
’,‘ 0ol
A=
w
« .
E WILKINS
8 ooor . ADIABAT
f N
"STRAIGHT LINE
ADIABAT
ooootf | \
ol I 10 so

RELATIVE VOLUME V/V,

Fig. | - Form of Willans' adiabat
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Av’owle'“"). Vv

P, (v) LY

B exp( kv) ¢ wG,v“""’). vy,

We have called this the modified Wiikins equa-
tion, It is shown in the Appendix that the values
of ¢ (v.), p,(v.), and p (v ) can be matched
for the two relations, giving three equations
relating A.:,G, to B.k.G,. It is alsc shown that
the Gruneisen constant « must be the same in
both regions.

A p v relation cannot be obtained by direct
measurement but a p-u curve can be outlined
by measuring the shock or particle velocities
transmitted into various materials of known
equation of state by a normally incident detona-
tion wave. In principle a n v relation can be
~ ."iced from the measured p u curve but in
Jractice it is simpler to assume the form of the

v relation (for example, the proposed adiabat
(' and then adjust the constants until a best
{t. .s made to the p-u data.

In order to {ix a sufficient number of con-
stants in the proposed equation of state, meas-
urements are required of (1) detonation velocity
ind its variation with charge density, (2) the CJ
constants and (3) p-u points in the lower pres-
sure range of the CJ adiabat.

3. EXPERIMENTAL METHODS
AND RESULTS

All solid explosive charges used were 5-in,
diameter by 5-in.-long pressed cylinders, each
being initiated by a 5-in.-diameter Comp. B/
Baratol plane wave generator.

Measurements of Detonation Velocity

Detonation velocity in each solid charge
was measured by 0.052-1n.-diameter coaxial
ionization probes inserted {n 1-in.-deep holes
drilled radially at 1-cm intervals up the side of
the cylinder. Pulses resulting from actuation of
these probes by the passage of the detonation
wave were recorded on cilibrated oscillograph
tubes.

€imilar measurements of detonation velocity
were .:180 carried out on powdered charges, the
densities, of which lay in tne range 0.7 to 0.8 gm
¢cm 3, Each charge was contained in a 6-in.
long, 4-in. OD, 2-in. ID mild steel barrel and
was iuitiated by a 2-in.-diameter plane wave
generator., Additicnal measurements on

5-in.-diameter powdered charges contained in
1-in.-thick steel barrels showed that this con-
finement was sufficient to eliminate diameter
effects.

A linear regression analysis, minimising
errors in detonation velocity, was carried out
on detonation velocity, D, and charge density, .,
values obtained from the measurements on solid
and powdered charges. These analyses gave

HMX/TNT/Inert: D - 2,093 (:0.045)
+ 3.446(:0,028) (19)

HMX/Inert: D = 2,568 (10.053) + 3.456 (:0.035),,
(20)

with D in mm pusec ', , ingm cm 3,

In all the experiments subsequently de-
scribed there were variations in charge density
from round to round and it was necessary to
normalise the results to suitable standard val-
ues of ;, and D. From the p, relations (19)
and (20), were obtained the standard charc¢
density and detonation velocity values give:: in
Tables 3 and 4.

D: 'ermination of Chapman-Jouguet
Point

The experimental arrangement used to ob-
tain impedance match data from solids and
liquids placed in contact with the explosive is
shown in Fig. 2. The mean free surface velocity
of a disc of each metal was measured over a
given flight distance, using forty 0.052-in.-
diameter coaxial probes placed at known dis-
tances from the surface of the metal; each disc
was 5-mm thick, sufficient to avoid reaction
zone effects, The velocity measurement was in
all cases made within the disc's shock rever-
beration time. The probe assembly was en-
closed in propane gas to prevent premature
triggering of the probes by air shock. In the
cases of Perspex and water, the mean shock
velocity over a thickness of 4.4 mm was meas-
ured by 0.018-in. probes 3et at known depths in
the material. All free surface and shock ve-
locity measurements were confined to the 2-in.-
dia meter axial region of the assembly.

Results of these m' an velocity measure-
ments are presented ir. “able 1. Each measured
velocity value was normalised to its standard
explosive density by taking an approximate
modified Wilkins equation of state for the deto-
nation products and finding the points of
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TABLE 1
Velocity Measurements for Determination of CJ Point
Measured Mean
Velocities
Charge | Detonation | Flight Free-Surface (FS)
H.E. Cx:::::‘ Density Velocity Distance and Shock (S) CODI;::c.;.ﬁ ct:"f: : °
73
(gm cm 3) | (mm/usec) | (mm) Velocities (mm/usec)
(mm/usec) !
1.712 8.213 2.8 |1.782 (:0.014) (FS) | 1.948 (:G.014) (FS)
Nickel (10.038)
8.144
1.775 (10,065} 2.9 | 1.800 (:0.032) (FS) | 1.970 (:0.032) (FS)
8.227
e 1.773 i 3.0 | 1.991 (+0.019) (FS) | 2.155 (:0.019) (FS)
(p = 8.44) 1.774 8.178 2.8 |2.088 (:0.020) (FS) | 2.244 (:0.020) (FS)
(:0.026)
J 1.773 8.123 2.9 |2.722 (:0.036) (FS) | 2.877 (:0.036) (FS)
(0.013)
3 Titanium 8.165
3 1.773 o) 2.7 |2.742 (:0.043) (FS) | 2.889 (-0.043) (FS)
E | Alumintum | 1775 8.273 2.8 |3.460 (:0.034) (FS) | 3.600 (:0.034) (FS)
é (20.024)
£ | NE6 Dural 8.250
E |G- 209 1.782 (40,520} 3.0 |3.509 (:0.041) (FS) | 3.609 (:0.041) (FS)
S 1.774 8.242 5.0 | 4.544 (:0.040) (FS) | 4.745 (:0.040) (FS)
- (:0.029) |
gnesium 8.252
1.777 e 4.5 | 4.579 (10.061) (FS) | 4.763 (:0.061) (FS)
1.780 8.239 - 6.596 (:0.098) (S) | 6.622 (:0.098) (S)
Darm (10.017)
pex 8.242 7 .
1.779 (:0.030) . 6.662 (:0.047) (S) | 6.686 (:0.047) (S)
8.226 ) ,
Water 1.774 (10.335) 16.839 (:0.082) (S) | 6.871 (:0.082) (S)
1 B | -
1.782 8.661 3.0 |1.884 (:0.021) (FS) | 2.074 (10.021) (FS)
Nickel (*g'gig) ,
1.780 i) 3.2 |1.894 (:0.041) (FS) | 2.094 (:0.041) (FS)
0 I
o 1.782 paoss 2.9 | 2.735(:0.037) (FS) | 2.901 (:0.037) (FS)
(10.035)
.. Titanium 8 686
£ 1.783 . 3.0 |2.837 (:0.028) (FS) | 3.007 (:0.028) (FS)
o (:0.031)
[~
% | NES Dy T 8.085 1 1 cen g y
N Dural 3 |
g b 1775 | ooey | 41 |3.566(:0.079) (FS) |3.760 (10.079) (FS)
1.783 8.749 5.2 | 4.547 (+0.053) (FS) | 4.763 (:0.053) (FS)
i (:0.075)
gnesium T ,
1.784 ol 5.1 | 4.602 (:0.086) (FS)” | 4.809 (:0.086) (F5)
: { il ]

*Disc thickness 4.5 mm.
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TABLE 2
Gas Shock Velocity Measurements
Charge | Initial | Ambient | Gas Shock | Calcu- Nocinalised
H.E. Gas Denllty’ Pressure T Velocity U lated
? o , P u
{(gm cm-J3) (bars) (°K) (mm/usec) Uu (kb) (mm/unec)
Air e 0.258 | 285.4 9.142 | ;o8¢ | 0301 8.428 1
' (:0.001) | (:0.3) | (:0.048) | (:0.004) | (¢0.045)
1784 0.260 | 219.1 0.087 | g | 0247 | 8.376
' (:0.001) | (:0.3) | (:0.068) | ' (:0.005) | (:0.088)
e 0.990 | 285.8 8.387 | 4000 | 6.177 1.679
' (:0.002) | (:0.3) | (:0.042) |V (:0.010) | (:0.038)
75 0.990 | 285.9 8.331 | 400 | 0765 7.627
. : (:0.002) | (:0.3) | (s0.028) | * (:0.007) | (:0.028)
g 1 180 1.001 | 287.2 8411 | 090 | 0.800 1.112
g : (:0.002)  (:0.3) | (:0.081) | (:0.008) | (+0.029)
= s 2.98 204.6 1678 | ) o00s | 1.89 6.983
° ' (:0.01) | (:0.8) | (s0.021) | % (10.02) | (+0.020)
i 3.15 2900.0 7.836 2.12 7.134
¢ L18 | oon) | (:0.3) | (c0.081) | M | (0l03) | (:0.030)
g - 8.91 284.4 1040 | s | 499 8.390
. (:0.05) = (:0.8) | (:0.048) | (:0.10) | (:0.041)
— 9.05 | 290.0 1422 |4 | 536 6.635
g ' (:0.05) | (:0.3) | (:0.024) | ™ (:0.08) | (0.021)
T 9.08 293.5 1215 |y g5 | 5.10 6.500
s : (:0.05) (:0.3) (:0.038) : (10.08) (£0,02C}
Argon 1781 646 | 219.0 1519 | g6 | 5.5 6.787
: (1£0.04) (:0.3) (¢0.036) ) (¢0.10) (:0.034)
30.7 281.2 6.862 21.8 5.933
Sottld (:0.3) :03) | (20055 | "% | (zo.8) (+0.048)
31.0 204.6 6.700 2000 5.119
L7838 03) | 03 | (0054 | %0 | o5 | (:0.046)
Air 0.240  278.6 8.903 | 0.220 8.212
o) (:0001) | (:03) | (+0.057) | 9 | (:0.004) | (:0.053)
1o 0.243 | 280.9 8.855 | 4og¢ | 0.218 8.169
: (:0.001) | (:0.3) | (:0.045 | (:0.004) | (-0.042)
e 0.998 | 290.8 8238 | g0 | 0.746 1.563
: (:0.002)  (:0.3) | (:0.030) | (:0.007) | (+0.027)
- 0.999 | 202.1 8236 | g0 | 0.743 7.562
' (:0.002) | (:0.3) | (:0.023) | (:0.007) | (:0.022)
w 1.781 9.05 | 295.4 7421 | ;154 | 530 |  6.529
R ' (:0.05) | (:0.3) | (:0.037) | ™ (:0.10) | (:0.033)
> o 9.22  298.6 1216 | 5 | 513 |  6.664
E : (:0.05) | (+0.3) | (:0.024) | (:0.08) | (+0.023)
e + = +
€ [ Argon 6.39 | 290.3 7.723 5.71 6.947
% L8| oo (0) | oo | M2 | oan | oose)
= 1 14.04 282.2 1009 | |43 | 10.5 6.179
' (:0.04) | (:03) | (+0.053) | (:0.2) (10.049)
31.1 3015 |  5.604 19.0 5.702
Codl:?] (:03) | (:08) | 0018 | "1 | (03 (:0.014)
32.0 | 2021 6.159 21.3 5.854
L7821 o) | (o) | (0.09s) | % [ Goe) | (:0.083)
—— — — — __T__-__ e — g~ __.._—._4
Krypton | 1 780 19.3 203.1 6.381 | ;03 | 256 5.791
: (102) | (0 J (:0.051) | % (:0.7) (10.046)
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Fig. 2 - Measurement of C-J point

intersection with the Hugoniot of the matching

material of the adiabats for two different charge

densities , and o+ Ay where the CJ conditions
for this latter density are found by using Eq.
(13). In this way values of 8p’/A, and Awhp,
and consequently Au,, /A0 and AU/A,, were
found, u,, being the free surface velocity and
U the shock velocity. The normalised mean
velocity for a given thickness of material had
now to be converted to a velocity corresponding
to zero disc thickness, in order to correct for
velocity attenuation which had occurred during
the passage of the shock through the disc and
the movement of the disc over its flight dis-
tance. This was done by inserting a plausible
value of , in the one-D characteristic code,
NIP (6], and computing the decay of the shock
and {ree surface velocitics for each matching
material. , was varied until agreement was
obtained between experiment and the appropri-
ate mean velocity derived from NIP. The value
of velocity corresponding to zero disc thickness
was extracted from the successful NIP run and
from this a p-u point on the Hugoniot of the
matching material was derived. A constant )
CJ adiabat passing through this p-u point was
then found by tria! and the relevant value of Yej
noted, After repetition of this procedure for
each experimental velocity measurement, a
weighted mean was taken of the y_. values thus
obtained. The CJ point was defined by this
mean )., and the standard values of charge
density and detonation velocity. The CJ con-
stants thereby obtained are given in Tables 3
and 4.

Determination of Lower Portion of
CJ Adiabat

Owing to a lack of suitable matching mate-
rials, no CJ adiabat appears to have been di-
rectly determined in the range between 100 kb
and 1 kb, excepting a foam matching point at
44 kb in Grade A, Comp. B, obtained by Deal
(1). By using different gases compressed to
various initial densities, a range of matches
may be made within the unexplored pressure
range.

The experimental arrangement used is
shown in Fig. 3. An explosive charge was en-
closed in an expendable pressure vessel, which
was capable of withstanding 32 bars. This ves-
sel was fitted with front and back Perspex win-
dows, which were plane and parallel and carried
accurately machined sighting lines.

The vessel was filled with compressed gas
to the desired pressure, or was partially evac-
uated in some cases. Pressure was measured
and cross-checked by means of two calibrated
Bourdon gauges connected as in Fig. 3. The
estimated accuracy of this static pressure
measurement improved with increasing pres-
sure from 0.5 percent at 0.25 bars to 0.1 per-
cent at 1 bar (measured by a mercury barome-
ter) and then deteriorated to 1 percent at 30
bars. A mercury thermometer measured the
ambient temperature to an accuracy of 0.1
percent.
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TABLE 3

Values of Modified Wilkins Constants for HMX/TNT/Inert

o = 1,776 (+0.003) gm cm?

re; = 3.85 (£0.08)

D = 8.213 (+0.047) mm usec ‘!

P, = 3115 (:4.0) kb

e — ¥ = 04780 _—
Ve 0.4 0.5 0.6 0.7 cm? gm !
b, 110.5 71.4 Kbars
A 0.02536 0.02521 0.02517 Mbars (cm3gm-!)*
b 2.856 2.860 2.861
] 5.683 3.391 2.014 1.296 Mbars
k 7.273 6.085 5.077 4,353 gmoem 3
, 0.04722 0.04863 0.04905 0.04916 Mbars cm? gm !
A 0.254 0.216 0.255 0.364 (mm usec !)?
AD -0.81 -0.49 -0.19 0.028 mm usec-!
TABLE 4

Values of Modified Wilkii.s Constants for HMX/Inert

i.g.-,w

o = 1,783 (+0.002) gm cm * D = 8.730 (:0.037) mm usec !
/e, = 3.05 (£0.03) P, = 335 (:4) kb
v = 0.8323
P 0.4 0.5 0.6 cm? gm-!
P 200.3 140.8 Kbars
A 0.03368 0.02695 0.02635 Mbars (cm3gm !)*
2.763 2.988 3.001
] 7.556 4.597 3.362 Mbars
k 7.814 6.645 5.944 gmcm 3
2 0.04133 0.04262 0.04329 Mbars cm?3 gm !
Vu 0.084 0.109 0.177 (mm psec )’
AD -0.49 -0.20 -0.02 mm usec ! J

=
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Fig. 3 - Measurement of gas shock velocity

The passage of the self-luminous shock
front transmitted from the front face of the det-
onated charge into the ambient gas was observed
by a streak camera. The optical magnification
of ~0.5 was measured to 0.1 percent from a still
photograph of a 2-in.-diameter ball bearing
placed on the charge axis. The image sweep
speed, measured to 0.2 percent by oscillographic
timing of the exposures of two photocells placed
on the film track, was ~6 mm usec !, giving a
streak trace angle of ~45°,

Measurement of the streak record on a
digitalised reader showed that the gradient of
the trace was virtually constant over a distance
6-60 mm from the front face of the static
charge; except for the rounds fired at 0.25 bars
initial pressure, where spray from the charge
surface confused the first 25 mm of shock
travel. A linear regression was fitted to the
coordinates of the straight portion of a record,
giving a gradient which combined with the meas-
urements of optical magnification and image
sweep speed to give the gas shock velocity.

In order to obtain pressure and particle
velocity values in a shocked gas from measure-
ments of the gas shock velocity and the pres-
sure and temperature of the unshocked state, a
knowledge is required of the equations of state
of both the shocked and unshocked gas.

The equation of state used for the shocked
argon and krypton has been developed by E.
Morris of AWRE, following Rowlinson [7]|. This
equation has the form

PvRT  (lix+x?)(1-x)° (21)

where R is the gas constant, T the temperature
of the shocked gas and x - r(T) 4v, B(T) being
the second virial coefficient. Fickett [8] has
quoted a private communication by Wackerle
and Hughe< iving measured shock and particle
velocities in argon initially at a pressure of

1 kb. Relation (21) is in good agreement with
these experimental results and others from the
same source,

Data for shocked air, unshocked air and un-
shocked inert gas are to be found in Refs. 9, 10,
and 11, respectively.

To obtain p and u, we write the Rankine-
Hugoniot energy equation in the form

v,/'v 1+ 2e/pv

- Py /Pv (14 2e,/pyv,-v/v)) (22)

where subscript 1 refers to the nnshocked

state. Choosing successive val.es for the
slowly varying ratio of shcck velocity to parti-
cle velocity allows p and u to be found by iter-
ation. An error analysis of Eq. (22) shows that,
for a given measured shock velocity, the calcu-
lated value of u i8s not closely dependent on the
equation of state data used; for example, a 10
percent error in e’pv results in less than 1 per-
cent error in u.

The measured and calculated quantities
obtained from the gas matching rounds are
listed in Table 2. Each pair of calculated p.u
values was normalised to the standard explosive
density. These normalised results, also listed
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in Table 2, are plotted in Figs. 5 and 6. It is
apparent from these graphs that there is some
disagreement between the equations of state
used for air and for argon in the region of 5 kb.
This discrepancy has still to be resolved.

If the particle velocity of the detonation
products could have been measured from the
same record as the gas shock velocity, no
knowledge of the equation of state of the shocked
gas would have been required. Superficial con-
sideration would suggest that the particle ve-
locity could be determined by recording the
motion of the boundary beiween the intensely
luminous shocked gas and the comparatively
nonluminous detonation products. In fact, the
quality of the record of this apparent particle
velocity was improved, by placing a 0.001-in,-
thick aluminium foil on the front face of the
charge, to the extent of making a measurement
within an accuracy of 1 percent. However, fur-
ther consideration of the effect of the refraction
of light passing out through the shock front indi-
cated that such a particle velocity measurement

100

100

[T | =

i'ig. 4 - Framing camera record
of detonating charge

was spurious. A framing camera examination
of the detonating charge (Fig. 4) showed that the
angle, -, which the optical axis from the front
of the detonation products made with the gas
shock front, varied with time. Hence a correc-
tion for refraction would have been unreliable,
since it depended on ¢, which was difficult to
measure accurately in any case.

PRESSURE (xB8)
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fits to experimental p-u points for HMX/TNT /Inert
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4. FITTING THE EQUATION OF
STATE TO THE DATA

The p-u points for the compressed gas ex-
periments are plotted in Figs. 5 and 6 for the
two explosives, together with the constant . CJ
adiabats. It will be seen that the compressed
gas points lie below the constant , adialLat with
the exception of the two reduced air pressure
points. This confirms Wilkins idea, at least
for these two explosives, that the true CJ adia-
bat dips away from the constant ., form. We
therefore feel justified in using the data to
choose the parameters of the modified Wilkins
form proposed in Eq. (18),

Method of Choosing the Constants

In the proposed adiabatic relation (18) there
were eight parameters A. .G, w.B.k.G, v ,
which needed to be determined. Taking the
usual case where v v, four steps were
made in choosing the constants, a process which
begins by selecting a value of v _.

B |
)

fits to experimental p.u points for HMX/Inert

1. The quite general relation derived by
Jones [12] was used to find « from

w oM (r+ 1) (23)
where in this case
! [(".l'l)(lwl mDd 'y - 2. (24)

2. An estimate was made of .. Then the
experimentally determined values of p_
gave two independent relations between A G
w and -, for Pej. v defines a point on p (v),
and > is related to p.(v) at the CJ point.
These relations were:

(- 1-w) (25)

1+
G, p”val ") ey Y WO 1w (26)

3. The equations expressing continuity of
¢, p, and p; at v_, given in the Appendix,

T

then gave R, k and G,,
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4. At this stage of the calculation, v had
been determined from the experimental values,
v. had been selected and the other coefficients
all depended on the estimate of -. Hence the
shape of the adiabat depended on this value of
which was therefore adjusted until a best fit
was made to the compressed gas p-u points.
The p-u relation for the adiabat was determined
from Eq. (8), and p (v).

In the course of choosing the parameters it
was necessary to correct the p-u data both at
high and low pressures to the standard charge
density. The method used has been described
in Section 3 above and depended on using an
approximate set of constants. The process de-
scribed above was therefore iterat.ve., We as-
sumed CJ conditions and fitted the parameters
by using an uncorrected gas p-u point, All p-u
points were then corrected and a new set of
parameters evaluated which fitted the adjusted
CJ point and compressed gas data. The proc-
ess converged rapidly.

Results

The variation of the parameters with v_ for
the two explosives is recorded in Tables 3 and
4. "% is the minimum value of the sum of the
squares of the deviations of the experimental
compressed gas particle velocities about the
chosen curve for given v_. On this basis the
best value of v is 0.50 cc/gm for HMX/TNT/
Inert and 0.45 for HMX/Inert. The correspond-
ing best p u curves for v_ = 0.4, 0.5 and 0.6
are plotted in Figs. 5 and 6, together with the
normaiised experimental p u points and a p u
curve for the constant . adiabat, The corre-
sponding p-v curves are plotted in Figs. 7 and
8 for the best v _ values.

The value of dD d. and hence « has been
determined by fitting a straight line to D, val-
ues cbtained at normal density and powder den-
sity (0.7 to 0.8 gm/cc). The D in Tables 3
and 4 represents the difference between the
detonation velocity calculated from the equation
of state at . = 0.75 gm/cc and the experimental
value. If we had chosen v_ on the basis of mak-
ing 'D zero it would have been 0.68 for HMX/
TNT/Inert and 0.60 for HMX /Inert.

5. DISCUSSION

We have shown experimentally that, for the
two explosives examined, the CJ adiabat dips
below the constant . form and recrosses it at
a low pressurc, as suggested by Jones and by
Wilkins. Because of this tendency of the two

'OOOl'_' mpn—

c-J

PRESSURE (K8)

(o] 100

| |
v (ccsiom)

Fig. 7 - Pressure-volume adiabatic
relation for HMX/TNT /lnert

types of adiabat to cross at a low pre-sure,
Deal's [2] air-match points on four explosives
are not inconsistent with a Wilkins form, How-
ever, Deal's [1] foam-match results at 113 kb
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Fig. 8 - Pressure-volume adiabatic
relation for HMX /Inert
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Fig. 9 - Comparison of experiment and calculation
on HMX/TNT/lnert -- copper spherical assemblies

and 44 kb in Gra.e A, Comp. B suggest that this
composition may not have a dip in its CJ adia-
bat.

Having established by co.aparatively direct
measurement the coefficients to be used in the
modified Wilkins equation, the next step was
the important one of testing the equation's abil-
ity to predict the resulis of an integrated ex-
periment, such as the Wilkins sphere test |3].
Billings of AWRE has measured the expansion
of a 4-mm-thick copper shell driven by a cen-
trally initiated 80-mm-radius sphere of the
HMX TNT /Inert composition. Figure 9 pre-
sents the results obtained with the copper shell
and explosive sphere in contact and compares
them with one-dimensional unsteady hydrody-
namic mesh code runs using the modified Wil-
kins equation with various values of v_. Good
agreement between theory and experiment is

obtained with v = 0.50. Results are also
available on a sphere test in which an 8-mm
air gap was left between the copper and the ex-
plosive. With v = 0.45, the modified Wilkins
fits this motion equally well. Both ttese values
of v_are near the minimum of the ‘’u values
in Table 3.

It is slightly disturbing that two different
values of v are required to fit the two experi-
ments. A possible source of error is the as-
sumption that a value of ¢D d. obtained by fit-
ting two widely differing explosive densities
holds accurately in the region close to the upper
of the two densities. Such an assumption has
certainly been shown to be invalid in the case
of TNT [15]. In fact if dD d. is slightly in-
creased and a new set of constants evaluated
for the explosive, both sets of sphere test re-
sults can be fitied with the same value of Ve
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It follows that the accuracy of the equation of
state should be improved by a closer examina-
tion of dD/dy in the higher density range, to-
gether with the extension of the gas matching
measurements up to ~80 kb, using stronger
pressure vessels currently being manufactured.
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APPENDIX A

Continuity Conditions in a Modified
Wilkins Fquation of State

Let the two equations of state be of the
general Gruneisen form

e (v) v Ipﬁp”(v)’v Wy, vV

C
e . (A1)
eralv) + v ilpop (v W, v v
Then if the two linear ¢ - p relations are to
have the same slope and intercept and we are
to have continuity of the reference adiabat, we
require

w, w, w (A2)
Plv.) P (v (A3)
coalve) e (v, (A4)

In both the exponential and Pike equations of
state used for the modified Wilkins Eq. (18)
there are four constants. Hence in addition we
can require continuity of p’, i.e.,

Poa(vy)  plyv). (A3)
For the two equations this Jeads to
e (v.) Av:." (* 1) le;'
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This in turn leads to
& kv, -wikv, W (A9)

or
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Then p_  p,.(v_) can be found from one of (A7)
and G, or G, from the other. Hence given one
set of constants we can find the other set.

Conditions (A2) to (A5) also guarantee con-
tinuity of e, p and p‘ at v for any other
~diabat.
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ABSTRACT

The lesson from gas detonation research in the last ten years is
that the Chapman-Jouguet description of the detonation process, with its
many refinements, is inadequate. The equilibrium properties of the
reaction products of detonable gases can be calculated reliably, and the
predictions of Chapman-Jouguet theory have been tested directly against
experimental observations. Several kinds of experiments have revealed
manifestations of the principal area of failure of the steady, one dimen-
sional theory, name'y the occurrence of significant transverse motions
which, hike the detonation itself, are sustained by cnergy from the ex-
othermic chemical reaction. The characteristic form of the laterally
propagating perturbations which accompany this motion is analogous to
the Mach stem interaction of two dimensional flow. This particular
structural form is seen to be developed most strikingly by fuel-oxygen
systems which exhibit branching chain cheinical kinetics, and relation-
ships between the reaction course and the Mach stem structure and be-
tweern the structure and propagation failure limits in gases are indicated.
The nonsteady process of 1nitiation of detonation by a plane shock wave
has also received attention, and one dimensional gas-dynamic computa-
tions are able to account for this process fairly well. Nevertheless
there arc unmistakable indications of the appearance and growth of
transverse perturbations in this process as well, Finally, the results
of theoretical treatment of the question of stability of steady, one dimen-
sional shock wave flow in the presence of exothermic reaction have in-
dicated certain regimes of instability, and current computational explo-
rations of possible manifestations of such instability include examinations
of fluctuations of intensity of plane waves with time and of the kinematics
of laterally propagating high frequency sonic disturbances in reactive

one dimensional flows,

INTRODUCTION

In discuscing gaseous detonations in this
Symposium which commemorates the twenty-
fifth anniversary of a historic advance in the
scientific study of condensed explosives, it may
be appropriate to recall briefly the state of
understanding of detonations in gases that ex-
isted twenty-five years ago. When we do this,
we observe that a renaissance in thinking was
signaled by the appearance, in the May 1940
issue of the Russian Journal of Experimental
and Theoretical Physics, of a paper, '"On the

Theory of Detonation in Gaseous Systems,’* by
Ya. B. Zeldovich [1].

In that paper, Zeldovich studied ''the con-
ditions of one dimensional steady detonation,
effect of heat transfer and resistance, and dis-
tribution of temperature, pressure, and so
forth, in a strictly steady regime.” We recog-
nize this, of course, as the basis of the very
familiar Zeldovich-von Neumann-Déring model
of detonation and the "'von Neumann spike.'
Zeldovich continued, however, with a very pro-
phetic statement in the sentence folloving the

Note: This work was performed under the auspices of the U.S. Atormic Energy Conumnission,
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one quoted above, “"Such computations are re-
quired as a starting point of the whole more
complicated theory of the propagation of deto-
nation in three dimensions, the theory of peri-
odic states, and so forth."

Elsewhere in the paper, Zeldovich sum-
marized the gas detonation research of the
preceding half century, more or less, and fore-
told that of the past quarter century by the ob-
servations, ""Up to the most recent times, the
hydrodynamic (Chapman-Jouguet) theory of the
velocity of detonation, excellently confirmed by
test, did not arouse a need for seeking the
mechanism of the chemical reaction and an in-
vestigation of the conditions at the detonation
wave front. If the present work gives rise to
new experimental investigations, which pene-
trate more deeply into the nature of the phe-
nomenon, the object will have been attained."

The present survey does not review all the
historical developments comprehensively.
Rather it attempts to outline current thinking
about the detonation process, and its develop-
ment from observations and considerations of
gaseous detonations. This current picture has
emerged largely from the recognition of the
important role of nonlaminar flow processes in
gaseous detonation, which has occupied a posi-
tion of prominence since about 1960. In the
proceedings of the Discussion on Detonation at
the Ninth International Combustion Symposium
[2] at Ithaca in 1962, and in two review articles
which appeared in late 1963 {3,4], the reader
may find much of the material included in the
present survey, as well as other related mate-
rial, presented from other authors' points of
view, In various monographs [5-8] and in
selected recent journal articles, one may find
expositions of the more classic topics of gaseous
detonations, such as the Chapman-Jouguet-
Zeldovich-von Neumann-Doring theoretical
model [9], and the phenomenology of limits of
detonability, spinning detonations, spherical
detonation, the transition from subsonic flame
to detonation [10], diameter effects [11], and the
rarefaction zone behind the detonation,

TESTS OF STEADY, ONE
DIMENSIONAL THEORY

Chemically, the detonable gases most stud-
ied are mixtures of carbon and/or hydrogen con-
taining fuels with an oxidizer, usually O,. Nitro-
geneous compounds are of lesser prominence,
and metals (save boron in B,H,) [12] are sub-
stantially absent from consideration. The
density and the composition of the mixtures,
which often include inert diluents, are favorite

experimental variables whose effects are de-
termined over wide ranges. Except in car-
bonaceous systems containing insufficient oxy-
gen [13], the reaction products of the more
familiar gaseous detonations are also exclu-
sively gaseous molecules whose thermody-
namic properties are well known at the low
densities normally studied. This means that
the Hugoniot equations can be solved numeri-
cally for the pertinent states of no reaction and
of equilibrium as well as for arbitrary states
of intermediate composition, and the predic-
tions of the steady, one dimensional theory can
be tested directly.

Of course the detonation velocity is one of
the quantities which can be tested, but there
are many others as well. Since the mid-1950's,
there have been reported a large variety of
experimental observations of detcnation waves
aimed at determining the condition of the deto-
nation products at the ""Chapman-Jouguet plane"
and the extent and structure of the reaction zone
near the shock front. Some of the quantities
which are available for experimental study are
indicated in Fig. 1. This pressure vs specific
volume diagram shows computed conditions for
selected hypothetical states in the steady, one
dimensional detonation of a particular detonable
gas, pure ozone. This example, rather than a
fuel oxygen mixture, has been chosen for sim-
plicity and to emphasize the fact that the pron-
erties represented by this familiar diagram are
determirned by thermochemistry, not by reac-
tion mechanism.

For the Chapman-Jouguet velocity wave
considered in Fig. 1 there are, between the no-
reaction and equilibrium states, substantial
changes in pressure, density, temperature, and
mass flow velocity, and complete replacement
of the initial O; by the products O, and O.
Many possibilities are offered for measurement
of the course of the reaction provided the req-
uisite time and space resolution can be
achieved. Extensive measurements to dissect
the wave front structure have been made by x-
ray densitometry [14], spectroscopic tempera-
ture determination [15], photoelectric schlieren
densitometry [16], optical interferometric
densitometry [17], absorption [18] and emission
[17] spectrophotometry of individual species
concentrations, and pressure profile measure-
ments [19). While all of these approaches did
yield some observations of wave front structure
in detonations at low pressures, real quantita-
tive confirmation of the von Neumann spike was
never abundantly evident.

The terminal state of the detonation prod-
ucts prior to their gradual expansion in the
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ssure — volume diagram for

steady, one dimensiona! detonation of pure ozone at |
atm initial pressure, with chart comparing experimen-
tally observable properties at no reaction, equilibrium
Chapman-Jouguet, and weak equilibrium detonation con-
ditions, D, detonation velocity; T, temperature; p,
pressure; , density; Uy, particle veloaity; M, Mach
number of equilibrium flow, with respect to shock front,

rarefaction wave is also examinable quantita-
tively, with less stringent space/time resolu-
tion requirements. Figure 1 includes a com-
parison of several potentially observable
quantities between the equilibrium Chapman-
Jouguet state and a neighboring state on the
weak detonation branch of the equilibrium
Hugoniot curve. This comparison illustrates
the futility of distinguishing equilibrium states
near the minimum velocity Chapman-Jouguet
solution on the basis of measured detonation
velocity or post-detonation temperature, par-
ticularly in the face of the finite perturbation
in velocity that arises from wall proximity
effects.

The most convincing observations of the
conditions reached immediately behind the
reaction zone have been quantitative measure-
ments of density (averaged across the width of
the tube) by means of x-ray absorption [20] and
interferometry [17] and the deduction of the
flow velocity from the angle of weak disturb-
ances in the flow field detected in schlieren
photographs [21,22]. The densities are found to
be significantly (ca. 10%) lower than the com-
puted Chapman-Jouguet density. and the flow
velocities arc also lower, i.e., "he gas is reced-
ing from the delonation front at Mach numbers

of 1.1 or greater. Also, pressure measure-
ments made at the tube walls [17,19] and
chemical concentrations measured quantita-
tively by photometry of visible light emission
[17] are in agreement with the conclusion that
the condition of the detonation products lies in
the vicinity of the weak detonation branch of the
equilibrium Hugoniot curve. The effects of the
occurrence of such "'weak'' detonations upon the
performance of explosives have not been ex-
plored by the investigators working with gases,
but they may be important in condensed phase
systems.

The weak detonation solution of the steady,
one dimensional equations predicts a velocity
slightly greater than the minimum, or Chapman-
Jouguet velocity. This prediction is apparently
confirmed [23,24] by precise expcriments, al-
though the small uncertainties in thermodynamic
data and in assessing the {inite diameter effects
cloud the interpretation. In fact, the approxi-
mate attainment of the computed Chapman-
Jouguet velocity in gaseous detonations can be
used as evidence for the substantially complete
release of the available chemical energy (25]
and can even be used successfully to establish
thermochemical parameters o’ major con-
stituents [26].

e | —— r——
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NONLAMINAR FLOW EFFECTS

The most productive explanation of the fail-
ure of gaseous detonations to exhibit the pre-
dicted steady, one dimensional structure has
been given by White [17] primarily on the basis
of his own two dimensional interferometric ob-
servations of nonlaminar structure involving
significant transverse motions at the wave front.
Qualitatively, it can be appreciated that departure
from one dimensional motion obscures the deto-
nation front structure to observations which de-
pend for their interpretation upon constancy of
properties across a one dimensional wave, and
negates the validity of computations which con-
strain the detonating system to pressure-volume
states along a Rayleigh line or on partial reac-
tion Hngonjot curves.

The consequences of the additional motions
have been considered quantitatively in terms of
an isotropic turbulence model. The resulting
first order contributions to the momentum and
energy conservation equations lead, with gen-
eralization of the minimum velocity Chapman-
Jouguet condition, to solutions with detonation
velocities somewhat greater than the one di-
mensional value. Experimentally, the weak
. detonation branch of the one dimensional
Hugoniot is apparently approached by unsup-
ported detonations whenever the nonlaminar
behavior in the detonation front becomes dissi-
pated before appreciable rarefaction of the
products has occurred behind the wave. The
"strong'' branch solutions are of course also
accessible for wave velocities greater than the
minimum, and densitometric observations indi-
cate that adequately supported or overtly over-
driven (17,20] waves approach these solutions
when the nonlaminar motions subside.

TRANSVERSE STRUCTURE

In the preceding sections we examined the
evidence related to the axial structure of deto-
nation in gases, and saw that nonaxial motions
play a significant role. We now turn to investi-
gations of the irregularities in the detonation
front, that is the transverse structure. Such
investigations are, in a sense, an outgrowth of
the phenomenological studies of spinning deto-
nation published thirty to forty years ago.
Finelv resolved observations of detonation
fronts using streak [27] or even still [28] pho-
tography of the luminous react.on zone, or
streak schlieren photography of transverse
density gradients [29-31] have revealed the
presence of high frequency disturbances. The
spatial distribution of these aisturbances, and
the nature of their motions, including their
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mutual refraction, have been studied very pro-
fitably by means of the inscriptions made in a
soot coating on the interior surface of the deto-
nation vessel [32,33]. The shape of the detona-
tion front is indicated by soot inscription rec-
ords of the interaction of detonations with plane
waves, and also by those instantaneous schlieren
|34] or interferometric photographs [17] which
view an area of the wave simultaneously. The
shock front is found to consist of conex seg-
ments whose boundaries are not stationary but
move across the detonation front as it advances.
At the boundaries of these segments, the shock
front is broken discontinuously, and additional
gasdynamic processes extend from the inter-
section loci into the reactior. zone region behind
the primary shock front.

The structure of these shock wave inter-
actions which occur in detonations has been
adduced largely by anilogy with the familiar
behavior of shock waves reflected from an
oblique obstacle. This structure is the Mach
stem, an unsymmetrical configuration in which
the stronger of the two shock wave segments
advances across the weaker one, and a third
shock wave emanates from the intersection
locus and compresses and deflects the flow
behind the weaker initial shock to match the
pressure and flow direction behind the stronger
one, thereby establishing the contact discon-
tinuity between the fluids passing on either side
of the intersection locus.

The identification of this two dimensional,
triple shock wave interaction at the intersections
of the convex segments of gaseous detonation
fronts has been made most positively by meanc
of a clever variation of streak schlieren pho-
tography in which combinations of slit angles
and sweep speeds and directions are arranged
to compensate the major wave motions [35].

The Mach stem has recently been subjected
to direct interferometric examination in iso-
lated form in a detonable gas by a technique
introduced by D. R. White [36). This technique
generates a temporarily laminar detonation
wave by the passage of an ordinary, nonlaminar
detonation through a narrow rectangular slot at
the throat of a noz:i. iormed by placing en-
trance and exit ramps in » square channel. The
detonation emerging from this nozzle is over-
driven and attenuating as it expands cylindri-
cally, and transverse structure is not detectable
interferometrically. When the nozzle is ter-
minated abruptly at the end of the exit ramp,
the wave is reflected oblique)y from the main
channel wall, and a Mach stem is formed which
can be observed on its initial traversal across
the channel. The structure so gcnerated is
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showp in the interferogram in Fig. 2, which
shows the shock fronts and also the zones of
exothermic reac:ijon.

Strchlow [37] has applied the Rankinc-
Hugoniot equations to the oblique plane shock
fronts in thie interaction and demonstrated
their consistency with the flow matching condi-
tions across the initial portion of the contact
discontinuity which separates unreacted gas
behind the Mach stem from the unreacted gas
behind the reflected shock. The general behav-
ior of Mach stems in reactive media, for such
ca<:s8 as thai in which there i8 no macroscopic
region of unreacted material surrounding the
three shock intersection locus, has not yet been
examined at all thoroughly, either experimen-
tally or theoretically.

Fig. 2 - Instantaneous interferogram of reac-
tive Mach stem generated in otherwise lami-
nar wave in detonable gas by nozzle tech-
niqu- . (Fig. 1 of Ref, 36.)

PLANE WAVE INITIATION

We have seen that by suitably constraining
the system one can realize detonations which
are temporarily free of detectable transverse
perturbations. Another instance of such a con-
strained system is the initiation of detonation
by a plane shock front transmitted from an inert

material. In gases, this 1s done by reflection
of a plane, unreactive shock wave at the flat
closed end of a shock tube. Strehlow and co-
workers [38] have studied the nonsteady wave
motions of such dctcnation initiation by streak
schlieren and combined streak ochlieren inter-
ferometric techniques. An example of the rec-
ord produced by the combined technique is
shown in the top part of Fig. 3. Just as in the
case of plane shock initiation of liquid nitro-
methane [39], the shocked explosive reacts
first at the piston face, after some delay, and
this explosive reaction generates compression
waves which coalesce to a shock closely fol-
lowed by reaction. This wave overtakes the
original, externally supplied shock, momen-
tarily overdriving it, establishing a contact
surface, and ultimately producing a conven-
tional detonation. Depending upon conditions,
the nonstcady wave which overtakes the exter-
nal shock may have the Chapman-Jouguet ve-
locity for the gas mixture heated and com-
pressed by the external shock, or it may be an
accelerating, nonstcady wave whose velocity is
only about half of the Chapman-Jouguet veloc -
ity. The behavior of this nonsteady wave de-
velopment can be accounted for quite well by
ulie uuncnsional, time dependent computations
using the nethed of characteristics [40), and
the optical ohservations failed to indicate any
departure from plane, one dimensional behav-
for in this initiation process.

Fig. 3 - Streak schhieren anterferogram and
smoked plate inscription record of reflected
shock 1nitiation event 1n rectangular shock
tube. (Similar experiment to that represented
in Fig. lof Ref, 55 or Figsu. l and 20f Ref, 41))
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Nevertheless, when smoke inscription plates
were made in the same apparatus, finely struc-
tured patterns qualitatively like those seen in
gaseous detonations after long, unsupported
runs were observed [41]. This structure was
not evident right at the end wall of the tube, but
developed some distance away. In the case
shown in Fig. 3, the structure developed be-
tween the end wall and the position at which the
nonsteady detonation overtook the external
shock, and a boundary with a discontinuous
change in the slope of the diagonal structure
pattern occurred where the two waves met.
The size of the structure pattern then changed
gradually as the overdriven detonatio. ~ttenu-
ated to a steady, unsupported velocity

STRUCTURE IN OTHER
DETONATION SITUATIONS

Overd: iven detonations are conveniently
achieved in gases by shock tute methods. Such
detonations have been found to exhibit final
state properties described satisfactorily by the
strong detonation branch solution of the Rankine-
Hugoniot equations. Fxamina'ion of overdriven
detonations for transverse structure [17,33] has
shown that the structure is present in a form
qualitatively similar to that found in supported,
lower (Chapman-Jouguet) velocity waves. The
scale of the structure is found to be progres-
sively finer in more and more overdriven waves,
and the finer structure is correspondingly more
difficult to resolve, but there is no evidence of
a limit for the occurrence of transverse struc-

ture, at least within the regime of shock strengths

in which the reaction remains exothermic.

Gaseous detonations have aiso been studied
in spherical ard cvlindrical geometries, by soot
inscription [42,43] and visible light emission
{44] tecbniques, and regularly space transverse
structure has been found.

Another observztion which is relevant to the
generality of transverse structure in detonation
is a hitherto unpublished one made in our labo-
ratory on the occurrence of transvers structure
in dilute gas mixtures which are out- .e the
limits of detonability. When a 17 acetylene,
1.5%7 oxyzen, 97.5% argon mixture at about 50
tors initial pressure in a 10 cm diameter shock
tube was shocked weakly at a velocity near its
computed Chapman-Jouguet velocity (ca 0.9
mm ;:sec) no evidence of transverse structure
was obtained. But at a threshold velocity of
about 1.2 mm usec, single spin was evident in
photographic and smoked foil records, and at
higher velocities, up to ca 1.5 mm sec, pro-
gressively higher modes of transverse struc-
ture were obscerved by the smaoked foil technique,
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Thus spin anu its higher mode transverse
wave analogs are seen to be widely occurring
finite amplitude manifestaticns of structural
instability of plane, exothermically reacting
shock waves in gases, and not to be character-
istic of proximity to a Chapman-Jouguet, 3onic
flow condition or of the waves being externally
supported or unsupported.

THEORETICAL EXAMINATION
OF STABILITY

The observation of the widespread occur-
rence of transverse perturbations in the deto-
nation front has led to theoretical examination
of the stability, or the lack of it, of the clacsi-
cal plane detonation wave. From Rayleigh's
writings about the enhancement of sound by
heat addition [45] we have the very simple
pr.nciple that sonic disturbances in an exother
mically reacting medium are amplified when
the reaction rate is enhanced, relative to the
rate in the undisturbed medium, in phase with
the pressure crests and retarded, relatively,
in phase with the troughs.

In discussing problems in the development
of the steady, one dimensional wave theory
twenty-five years ago, Zeldovich [1] noted,
"On the other hand, when small disturbances
are imnosed the velocity of the chemical reac-
tion is likewise subject to variation. It is, at
present, impossible to predict the result of the
computation of the stability with respect to
sriall disturbances, which may depend upon the
special prepe, dies of the chemical kinetics
(autocataiysis, heat of activation)."

Shchelkin {46] has proposed a basis for
assessing the stability of the plane, one dimen-
sional detonation wave model which involves the
difference in properties between the shock front
and the equilibrium condition and the activation
cenergy for the reaction. His semiquantitative
argument has not actually been usable as a
neutral stability criterion, but rather has
served only to indicate the expectation of in-
stability in substantially all detonating gas sys-
tems of interest. Shchelk:r and co-workers
|47] have also proposed a quantitative relation-
ship between the frequency of finite amplitude
transverse perturbations in detonations and the
induction period for the exothermic reaction,
again emphasizing the dependence of these
quantities on the temperature through the acti-
vation energy.

The detailed consideration of the stability
of the plane, steady detonation front to sonic
perturbations has been carried vut by Erpen-
beck [48]. The formalism which he developed
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from a complicated linearization of the full flow
equations permits one to consider the exponen-
tial rate of growth of harmonic displacements
of the shock front position of any particular
transverse wavelength. Stability is recognized
by the absence of positive growth rates for any
transverse wavelength. Thus the complete ques-
tion of stability for any particular chemical
reaction system and shock strength requires
examination of the entire spectrum from zero
to infinite transverse wavelength. The neces-
sary computation for each point is quite formi-
dable and requires high speed computing ma-
chinery even for an ideal gas chemical system
described by many simplifying assumptions.

Nevertheless, stability of overdriven deto-
nations in such a system has been examined
[49,50] for a range of interesting values of the
exothermicity and the activation energy. Shock
waves without exotherinic reaction are found to
be stable [51]. With an exothermic reaction
present, analysis for wavelengths greater than
a few tenths of the unperturbed reaction zone
half-thickness indicates that waves approaching
the Chapman-Jouguet velocity are unstable with
respect to all wavelengths when the exothermic-
ity and activation energy are sizable. For suf-
ficiently overdriven waves, the very long wave-
lengths and the very short ones do not grow, but
there appears to remain a range of wavelengths
near one reaction zone half-length to which the
detonation is unstable for arbitrarily large
overdrive. With lower activation energy, and
thus reduced dependence of the chemical energy
release rate upon the state of the gas, the
Chapman-Jouguet wave may be stable to very
long or very short wavelengths, but the wave-
lengths in a broad band near the reaction zone
half-thickness remain unstable. Reducing the
cxothermicity to very low levels, which are
sumewhat dependent upon the activation energy
but are not large even for zero activation
energy [50], does cause disappearance of the
instability for wavelengths near the reaction
zone half-length. On the other hand, even arbi-
trarily small amounts of exothermicity are not
free of instability at some range of shock
strength, provided the activation energy ex-
ceeds some modest minimum.

This last finding has come from a consid-
eration of the limiting form ¢. the stability
criterion for very short wavelengths [52]. This
asymptotic stability analysis yields a form
which is computationally much more tractable
to apply to a specific chemical system than the
general finite wavelength criterion. Thus the
determination of the existence of instability, in
the short wavelength regime, is now practical
for any detonation system for which the steady
wave properties can be specified.

Of course, the above stability analysis only
applies to infinitesimal perturbations, and does
not determine the ultimate form or spectrum of
finite amplitude disturbances. It does, however,
cover the limiting case of infinitely long wave-
length, i.c., the case of one dimensional un-
steadiness in time {49]. This class of instabili-
ties 1s subject to numerical ¢xamination by '
already developed methods for treating one
dimensional time dependent flows. Two types l
of computational procedures have recently been
applird to cases in which the detonation is pre- i
dicted to be stable to infinitesimal one dimen- w
sional perturbations at one shock strength and
unstable at another. One of these computational
investigations has considered the detonating
fluic as an inviscid, ideal gas, containing dis-
continuous shock fronts, by the method of char-
acteristics [53]). The other has treated a vis-
cous fluid with shocks of finite thickness by
direct numerical integration of the Navier-
Stokes equations in Lagrangian finite difference
form [54]. The results of computations by
these two methods for an ideal gas system with ‘
substantial exothermicity and activation energy
are in agreement with each other and with the
infinitesimal amplitude stability predictions.
For a strong enough piston supported shock
wave, the wave structure approached the steady
structure of classical theory after some nu-
merically unavoidable initial transients. How-
ever, for a less strongly driven wave, one for
which longitudinal instability is predicted by
the formal analysis, quasi-periodic fluctuations
in the properties of the detonation front devel-
cped after a short time. These occurred, for
the particular case tested, at intervals of about
nine times the unperturbed half-reaction time,
and the amplitude of the fluctuations, as meas-
ured by the shock front pressure, was a sub-
standial fraction of the steady wave amplitude.

It has also been possible to make some
progress in considering the growth of trans-
verse instabilities in idealized computational
systems. Strehlow and Fernandes [55] have
explored the propagation of transverse acoustic
waves in exothermically reactive shocks in the
short wvavelength limit by means of the equa-
tions for ray propagation in a variable flow
velocity, variable sound velocity medium. They
have focused attertion on the position in the
one dimensional reaction zone at which the
propagation ray is parallel to the shock front,
such that the disturbance will propagate large
lateral distances, and have considered the am-
plification of such a disturbance. In subsequent
work, Barthel and Strehlow [56] have examined
the kinematics of disturbances in the region
between the shock front and the lateral propa-
gation position in the reaction zone. They find
that, for an idealized but reasonable model,
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sound waves are trapped in this region and be-
come convoluted, in time contacting the shock
front repeatedly with regular periodicity. The
qualitative correspondence of this periodicity
with that exhibited by the finite amplitude, Mach
stem disturbances observed in real gaseous
detonations is encouraging in indicating the
utility of further consideration of this aspect of
the general problem of the manifestations of
instability.

MARGINALLY PROPAGATING
DETONATIONS

As we have seen, the structure of detona-
tion waves has two aspects, one being the
sequence of physico-chemical states experi-
enced by the detonating medjum and the other
the geometric configuration of boundaries or
transition zones between these states. Like-
wise, stability has two somewhat different
aspects, one having to do with the failure of
detonations to exhibit steady, laminar flow and
the other with the ability or inability of detona-
tion to propagate indefinitely long times or dis-
tances under particular experimental circum-
stances. It is in this area of limits of propaga-
tion that perhaps the least quantitative progress
has been achieved in recent gaseous detonation
research. Zeldovich approached propagation
limits theoretically by considering heat and
momentum losses to confining walls within the
steady, laminar flow model [1}, and has since
concluded [5] that this is not an adequate ap-
proach to the problem.
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Progress has been made, however, in
characterizing the behavior of marginally
propagating detonations. This progress has
served to make evident the considerable com-
plexity of the question of propagation failure.
There does not appear to be any clearly defina-
ble boundary between stable and unstable deto-
nation propagation, but rather there are ranges
of conditions in which transitional behavor can
be recognized.

The best recognized characteristic feature
of marginally propagating detonation waves in
gases is the occurrence of spin, which is now
identified simply as the coarsest mode of
transverse shock wave disturbance compatible
with the geometry of the detonating system. In
a round tube this is, to a good approximation,
the fundamental circumferential mode of acous-
tic vibration of the column of burned gas [57,58)].
The geometric structure of the front of spinning
detonations has recently been elucidated [59,60],
and the major features are indicated in Fig. 4.

Other studies [61,62] of marginally propa-
gating detonation over quite long runs have
revealed the occurrence of periodic large sepa-
rations of the shock front and the chemical
reaction zone, with accompanying changes in
the shock front strength and velocity. This be-
havior has not been strictly analogous to the
computationally investigated behavior of one
dimensional, time dependent detonation flow
because the observed ''galloping'' behavior in
gases has invariably been accompanied by
transverse perturbations as well. In fact, the

Fig. 4 - Annotated photograph of three dimensional,
colored model of spinning detonation wave front
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analogy between the behavior of such unsteadily
propagating detonations in their re-initiation
cycle and the much studied initial transition
from deflagration to detonation in gases is
striking [63].

CHEMICAL KINETICS IN
DETONATION

The final area to be considered in this sur-
vey is the chemical kinetics of exothermic reac-
tions under detonation wave conditions. As was
indicated earlier, the detonable gases with which
the moust experience exists are mixtures of fuels,
—~ostly hydrogeneous, with oxygen. The outstand-
ing characteristic of the kinetics of combustion
of such mixtures is the ac _eleration of the reac-
tion during its early stages by a branching chain
mechanism. In such a process, the reaction rate
is prouportional to the amount of one of the reac-
tion products that has accumulated. Mathemati-
cally, the reaction rate increases as e*!, where
t is time and « is a po-itive proportionality
coefficient which is a function of the tempera-
ture, density, and composition of the system.
Thus a very minute initial rate of reaction may
be increased by a very large factor, while . re-
mains constant, before macroscopic reaction
with appreciable temperature rise and consump-
tion of reactants is evident. The finite period
of time required for the appearance of macro-
scopic reaction, the so-called induction time,
is a very well developed feature of the reaction
zone structure of the familiar gas detonations.

Condensed explosives, on the other hand,
are generally supposed, on the basis of low
temperature thermal decomposition and ther-
mal explosion limit experiments, to exhibit
first order decomposition kinetics with a rate
coefficient related to Ethe tgpperatue by an
Arrhenius factor, e "+t *', Such a reaction
accelerates during its course only as the tem-
perature rises due to macroscopic reaction.
While long induction periods do occur in low
temperature experiments on a time scale de-
termined by conductive heat losses, realistic
activation energies are such that at the high
temperatures encountered in the shock fronts
of detonation, reaction is initially quite rapid
and acceleration factors greater than about 10?
are not possible between shock front and equi-
librium conditions. Thus sharply terminated
induction zones are not characteristic of ther-
mally accelerating reaction under detonation
conditions.

The distinction is drawn because much
emphasis has been given by some authors [43]
to the role of the induction period in determin-
ing the form and periodicity of the transverse

structure of gaseous detonations. It should not
be overlooked, however, that Erpenbeck's [50]
analysis for thermally accelerating reaction
mechanisms has shown that for reasonable
exothermicity, acceleration is not necessary
for transverse instability. Moreover, the de-
composition of ozone, which is known to occur
by a thermally accelerated mechanism and not
by a branching chain, also exhibits instabili-
ties, both in unsupported [64] and overdriven
detonations [65,6€].

The finite amplitude form of the instabili-
ties in the ozone decomposition detonation or
other detonations without branching chain
kinetics has not been well characterized, how-
ever, and this area of incomplete knowledge of
gaseous detonations may harbor important
clues to two questions. The first is the possi-
bility that gaseous explosives without branching
chain kinetics may exhibit recognizably differ-
ent detailed forms of transverse instability and
propagation limit behavior. The second, related
question concerns the possibility that condensed
explosives, if they do react by thermally accel-
erating mechanisms, might be more closely
akin to gaseous detonation systems with thermal
acceleration than to the branching chain systems.
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