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CMAPMKW-JOUGUNT PRESSURES 01P SEV

PURE AND MIXEBD EXPLOSIVES

By N. L, Coleburn

ABS1:%ACTz The (Char-man-Jouguet pressures and reaction product
isentropic exponents of fifteen pure and mixed explosives were
measured. Smear camera shadc~egraphs were made of cylindrical

* stock waves these explosives transmit into water. From these
measurements an~d the w'iter shock Hugoniot, the cc-ordinates
of the intersection1 point were determined in the preasure-

wave reflected back into the detonatioa products. The isentrope
passing through the Chapmaw-Jouguet pressure-volume point was
obtained assuming the PrOd ACtf obey a polytropic etquationi of
stat'i (PVk - constant).

Chapman-jouguet pressures of 187.2 kilobars, 264.1
kilobars, and 245.5 kilobars respectively were measured for cast
charges of TNT, Composition B and pentolite. Pressed charges of
RDY at 1.63 g/cm', OPETE at 1.568 g/cm3, ,Rnd Tetryl at 1.614 9/cm3
gave detonation pressures of 283.7 kilabars, 239.9 kilobars~and
226.4 'kilobnrs respectively.
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Chapm.n-Jouguet Pressures of Several Pure and Mixed Explosives

The work described in this report is a part of that undertaken
to determine the detonation pressures of military explosives by
a convenient experimental method. This work was done in the
Explosion Dynamics Division of the Explosions Research Department
under Task No. RUMS-43-000/212-l/FO00-08-11 Problem Assignment
No. 002.

It is hoped the results will be of interest to those who are
concerned with the theoretical as well as practical application3
of detonation parameters to problems in warhead design and
underwater explosion effects.

The author is very grateful to Dr. S. J. Jacobs for his
inspiration and advice; Dr. 8. Steinberg, H. Hurwitz -and W. A.
wVlker for many helpful discussions and the computer comnutatinna-
W. A. Bron and E x .ftDc gave invaluable awsistance in the
experiments.
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Captain, Ut3N
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LIST OF SYMBOLS

P - final pressure

Vo - initial specific volume
V - final specific volume

D - detonation velocity

u - particle velocity

a - entropy

E - energy per gr,.it

R-H- Rank~ne Hugoniot

C-J- Chapiman-Jouguet

c - velocity of sound

o - density

k - isentropic exponent

IT - shoc ntaat "e1 ,MI0%04 6, P

a - a dimensionless quantity, P (AV/aE)P
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I. INTPODUCT ION

The generally accepted theory of a steady state detoinat ion
wave is based on the following assumptions:

ii) The flow is one dimensional, obeys the
conservation equations', 1

P, DU , (1) Momentum

V1  D-u 1= D ' (2) Mass

1
El -E0- • P, (V0 -v 1 ) , (3) Energy

and is independent of lateral influences when its limiting
velocity is reached,

"(2) The velocity of a stable, unsupported detonation
wave is determined by the Chapman-Jouguet condition, D-mu + ct,

* or P P ;a P

(Suffixes 0 and 1 denote conditions in the material in front of
and behind the shock front re3pectively. The suffix, s, denotes
entropy and the suffix, R-H, differentiation along the Rankine-
HRgoniot curve.) The hydrodynamic theory provides in principle
for the calculation at the Chapman-Jouguet (C-J) properties, i.e,
velocity, density, and pressure behind the detonation wave front
in any explosive. For solid explosives the detonation velocity
can be meafured with precisiona.$,4, the C-J density5 and
pressuree '', , o, .10 with somewhat greater difficulty and less
precision. (W-J temperature measurements, L; are not necessary
'or analyzing the above assumpLtcris.) This paper gives experi-
mentally derived values of the C-J pressures of fifteen pure
and mixed explosives. The C-J pressures have been determined
from measurements made on the shock waves transmitted into water
by the detonations of these explosives.

II. EXPERtMENTAL

M&THOD

To determine the C-J pressure of an explosive, measurements
are made oi the shock wave its detonation transmits into an inert
material placed at the end of the charge. This method requires
an accurate knowledge of the equation of state of the inert

1
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material. Water, whose transparency permits continuous obseiva-
tion of shock wave propagation by high speed photografhy, is one
of the most convenient of such materials, its equation of state
having been the subject of intensive studyi ,*3 R', ' 1 8c, in
recent years.

Figure 1 illustrates the experimental technique used for
measuring the shock wave transmitted into water by the detonating
explcsive. In this method, first reported by Holtonle and used
by Cook, Keyes and Ursenbachlo, and Coleburn, Drimmer and Liddiard*
a cylindrical explosive charge is immersed in water with its upper
end protruding above the surface. When the explosive is initiated
on its protruding surface by a plane-wave generator, the detonation
wave from the explosive strikes the water at normal incidence,
and the resulting shock wave is recorded (with backlighting) by
a rotating-mirror smear camera. (The camera used in these
experiments had a writing speed of 3.8 mm per-microsec. Back-
lighting was accomplished by using a lens to collimate the light
from an exploding tungsten wire.) A careful analysis of Lhe
resulting photograph (Fig. 2 is typical) yields the shock wave
velocity within the water at the original water-explosive iiter-
face, at the instant the shock wave crosses this interface.
The equation of state of water .hen produces from this number
the pressure and particle velocity of the water at the same
point. (The water used in the experiments of this work was
distilled water at an initial temperature of 200C.) From these
values the C-J pressure of the explosive was calculated by
means of the equations about to be derived.

in the following analysis, a square-step shock across the
interface is assumed. The errors in this assumption are believed
negligible if the condxtions at the interface are considered at
the time when the shock has barely penetrated into the inert
material. The usual conservation equations (1-3) apply, and all
processes are performed adiabatically. If ul is the particle
velocity of the product gaaes at the C-J plane of a one-dimensional
detonation wave, then for an isentropic expansior (Fig. 3), the
particle velocity, up of the product gases is obtained from the
Riemann relation,

U,- ul M - c d . (5)

An evaluation of this integral wiLl give a value for u,.-u, . Then,
if u, can be determinee by independent means, ui can be calculated,
permitting a determination of the C-J pressure. An expression is
easily derived for the right-hand side of eqaation (5) which by
"further manipulation pcovides an equation for the C-J presbure

2
UNCLASSIFIED

"-7-777--



LIOLTR 64-58
U1ICLASSIFIED

in terms of tUse particle velocity and pressure of the water at
the interface. This equation contains another unknown, k, the
exponent in the relationship for the expansion of the reaction
products along an isentrope. The equation is solved by the
simultaneous use of a second equation containing k, the C-J
pressure, and the known, or independently measured detonation
velocity, D.

The velocity of sound, c, in the product gases at the
detonation front is defined by the relation,

(2 P -- (6)

with p.

P >> PO, (L) a -
S

so that a' PI
- - -V'VI (7)

and si ice from equations (1) and (2) D3 - P, oe obtains
Va

* - -c - r. = fA

From the isentropic equation of state
pvk - A, (9)

one obtains k-I

c~j kP1 VI" Akp (10)

where A and k are constants. Since Pj- Dug p. substituting for
D 4-ts equivalent, (pl/o.) c%, and combining the result with equation
(10)gives

1- 
(11)

U I

From the C-J assumption, D-u1 +c1 , therefore

ul- D/(k+}) (12)

and

C1" kD41+1). (13)

Equation (10) permits a substitution of cl into the
right-hand member of equation (5), making possible its integration
with the result,

2cs CV
u(--) , (14)

3
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where it is recalled, subscript 2 refers to the state within
the product gases behind the C-J pl&ne. Simple substitutions
for us and the sound velocities produce the desired relation
for the C-J pressure. From equation (10),

ca

and the isentropic law,
P. P
-, m • (l,-)

it follows that

C, P, 2K
- - (-(17)

and thus
2c Ps 2K

U'sui "•- 1-( ) ] t (18)

Substituting for us and cs their values in equations (12) and

(13), one gets finally for the C-J pressure

"- (ka-l)uo (k-l)D7 -
0 L 2kD J (19)

(PH,O and uH O have been substituted for P. and u. by working
this assumptIon of continuity of pressure and particle velocity
acc-uss the interface.)

A second equation in Ps and k is needed to solve equation
(19). This is obtained by inserting the value of us from
equation (12) into equation ( ) yielding,

PI W . (20)

No simple explicit solution Is obtained for P2 and k and the
solution is therefore obtained by iteration. Thir process is
speeded '.y use of the linear imp6dance-matching relationepo

(POU),,O + (poD) (21)' -" %0 -O

to produce a Llose (3%) first estimate of PI, which then is applied
to equation (19), etc,

4
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Ill. DATA AND RESULTS

The results obtained for fifteen pure and mixed cxplosives
are listed in Table I. Each of the explosives was formed into
cylinders, 5.0-cm diameter and 15-cm long. The cast charges
(designated by the suffix c in Table I) were machined to the
above dimensions and detonated unconfined. Each pressed charge
"consisted of three machined pellets, 5.1-cm diameter, 5.0-cm
long, confined in a 5.1-cm inner di&meter Vlass tube, 15-cm long.
All charges were initiated by a 5.1-cm diameter pentolite-baratoi
plane wave generator.

In Table I the listed detonation velocities (D) were
measured* simultaneously with the shock wave velocities in the
same experiment or were obtained from previous studieno," which
have established for co> 1 g/cm",

T) + dD ( (22)

The initial shock wave velocities, UH o0 were obtainevd by
differentiation of the distance-time data f5r the first 2-cm of
th. shock wave travel in water as measured from the bottom face
o!_ th..•..... AM& eq9 atiLu, of the form, xam+a11o- t, and
polynomials of the form, x-ba+b1 t+bata+....bnyn, with limiting
values of n ranging from n-2 to n-6, were fitted to the x-t data
and differentiated. The velocities at the explosive-lateL inter-
face and at other points in the water were obtaine.d from these
equations and compared for consistency and smoothness in the
decay of the water shockwave. Usually the logarithmic equation
and the polynomial with n-6 gave initial valuez ý UHn which
agreed within one percent and were judged the most rdiable
values for use in the determination of PC-j. The corresponding
pressures and particle velocities in the water were obtained
from a seventh power polynomial fitao to the Rankine-Hugoniot
data of Walsh and Riceto, and the static compressibility measure-
ments of Kennedy" and others. PC-J was then obtained by use of
equation (19). With the exception of PETN (pentaerythritol
tetranitrate), EDNA (N, N'dinicro-ethylenediamine), Comp B (4
experiments), and TNT (5 Pyperiments), the data given are the
average results from three experiments with each explosive. The
mean deviations in the initial shock velocities were less than
1.3 per cent with the exceptions of RDX (1.9 per cent) and 75/25
RW(K/TNT (1.6 per cent). An error analysis of equation (19) shows
that the error of 1.3 per cent in UH leads to 3.9 per cent error
in both k and PC-j. The valuec of PC-J are given in Table I
and are compared in Table II with PC-j measured in previous
experimenta.

*In ig. 2 tie top trace is due to light from the product gases
as the detonation front propagates down the -ylindrical charge to the
air-later interface. Tne slope of this trace determines the detona-
tion velocity of the explosive.

5
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IV. DISCUSSION

Several previous measuremepts' ",2 have been made of the
C-J pressure of "' a using the free-surface velocity method
devised by Gorinson ". Goranson and others have given theoretical
proof that the free-surface velocity of a metal is, to a close
approximation, twice the particle velocity at the shock front
in the metal. For shock waves initiated in metals by a
detonating explosive, the free-surface velocity is a function
of the metal thickness. The Vressure (the C-J pressure) at the
end of the reaction zone in the explosive can be determined from
this function and a knowledgc of the Hugoniot equation of state
of the metal.. Using this method, Deal' measured 188.4 kb as the
C-J pressure of pressed TNT at a density of 1.636 g/cma with
D - 6932 m/sec. The agreement is apparently good between the
value ol 187.2 kb for cast TNT at 0 - 1.622 g/cm3 with D - 6790
m/sec given in Table I, and Deal's measurement. However, if
one should use the relation

PC_-i (1) -("DDý) (1) (3

'C-. (2) (nO ) (2) (23)

to adjust for the well known result that at equal densities
pressed TNT gives a higher dutonation velocity than cast TNT,
then application of the water shock method L) oeas erinta of
the C-J pressure of pressed TNT would give a 5 per cent higher
value (194 kb) than Deal's measurement. In this regars Deal"3

reported 209.4 kb for the C-J prebsure of pressed TNT from
measurements on shocks transmitted into air. Deal attributed
the difference between the two measurements for pressed TNT
to the failure of the polytropic gas law to hold for TNT over a
widely separated range of pressures (C-J to 500 bais in air).
On the other hand, Dremin° et al give the C-J pressure for cast
TNT also at DoA 1.62 g/cm 3, as 210 kb, twelve per cent higher
than the measurements of this paper.

Cook, Pack and McEwan" have measured the C-J pressure
of Composition B (60/40/I; RDX/TNT/Wax by weight) also using
the water shock method. Their measurement of 230 ± 10 kb is
significantly lower (13 per cent) than the 264.1 kb meabured
here. Deal 3 used metals and a variety of other inert materials
including water to measure for Composition B (64/35/11 RDX/TNT/Wax
by weight), a C-J pressure of 290.4 kb, and an isentroic
exponent, k - 2.77. If the composition differences are neglected
but corrections are made for the differences in detonation
velocitioa and densities by equation (23), Deal's C--3 pressure
for Composition B would be about 3 per cent higher than the
264.1 kb measured here.

6
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Good agreement is noted between the two methodsemployed
by the U.S.A. workers to measure PC-J for RDX. The free-surface
velocity method used by Deal for RDX at a density of 1.80 g/cm3
and D - 8754 m/gec, gave PC-J- 341 kb and k - 3.05. Using the
water shock wave measurements for RDX at 0o M 1.63 g/cm3 and
D - 8341 m/sec we obtained PC-J - 283 kb and k - 3 015. An
extrapolation of these results using equation (23) shows the
water shock measurementb for RMX charges should give a PC-j
at 1.8 g/cm3, about 1 per cent less than Deal's value. A
similar extrapolation of the measurement of Dremin et al, of

PC °" 287 kb for RDX at a density of 1.59 g/cm" indicates their
measured detonation pressure of RDX at 1.63 g/cm3 would be 7 per
cent higher than the value me?..'ured by the water shock method.

The values of the experimentally derived isentropic
exponents k, listed in Table I, range frora 2.38 fcr ED1NA to
3.74 for Baratol (73/27/1; Barium Nitrate/TNT/Nitrocellulose
by weight). The value of k is often assumed equal to 3. Table
I also lists values 1 the parameter a N P (8V/)E)p. This
function is related to the C-J pressure (and k), and the
derivative of the D-00 curve by the equation

1 + (dlnD/dlnP°)] -2 (24)
as first derived by Jones" and discussed recently by Wood and
Fickett"'. The values of a in Table I range from 0.037 to

0.726. EDNA gives significantly lower a values (0.037 and 0.070),
and 95/5 Trinitroaniline/Nylon (0.726) a much higher value than
the usual approximation, a - 0.25.

V. CONCLUS IONS

The Chapman--aouguet pressures of fifteen pure and mixed
explosivta have been determined using velocity measurements
of shock wave transmitted into water by the detonation of
cylindrical charges. The C-J pressures are in substantial
agreement with the detonation pressures ol*8ined from free-
surface velocity measurements of explosive-propelled metal
plates. In the water-shock measurements, a polytropic equation
of state, PVk - constant, was assumed for the detonation
product gases. It may be concluded that this assumption adequately
describes the product gas expansion from C-J pressures (-' 300
kilobars) to pressures somewhat less than 70 kilobars in water.

7
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FIG. I ARRANGEMENT ")R WEASURING THE VELOCITY OF THE SHOCK WAVE
TRANSMITTED IN WATER BY THE DETONATION OF A CYLINDRICAL EXPLO-
SIVE CHARGE.
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