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1. INTRODUCTION

Hirschfelder and Roseveare (1939) proposed a state equation, for high temper-
ature and pressure, in the virial form, with expansion in terms of », in which the
second virial coefficient is, as usually determined. in the theory of slightly imperfect
gases, and higher coefficients third and fourth are retained in terms of the second,
as found out by Boltzmann (1939), Happel (1906) and others, for non-attracting
rigid spheres. The fifth virial coefficient is assigned a value, chosen so that for
small values of the volume, the equation may approximate the behaviour of closely
packed spheres. Paterson (1948) applied this equation of state to the detonation
of condensed explosives. Recently there have been some attempts by De Boer
and Michels (1941) and Montroll and Mayer (1941), to evaluate the cluster integral,
relating to the third virial coefficient, directly in terms of the Lennard-Jones
spherical potential.

Corner (1946) making use of these results calculated the high temperature
coefficients for various gases, and applied the state equation thus obtained to
the investigation of the properties of propellants. The present is an attempt to
extend the validity of this state equation, to higher pressure regions, and to apply
the results to the investigation of detonation parameters of condensed explosives.
This necessitates the evaluation of another virial coefficient. Due to the inherent
difficulty of calculating this in terms of the Lennard-Jones potential, it was chosen
to find out its value, from the experimental data on explosives, by the application
of the hydrodynamic theory of detonation, by an inverse approach. The oxygen
balanced explosive PETN, admits of such a possibility, for its products are mainly
determined, by the water gas equilibrium, and there is no change in the number
of gm. moles of the products, with pressure or temperature.

2. FUNDAMENTAL KQUATIONS

Let the state equation for the mixture of products of detonation be expressed
in the form

P _
Pos k) ()
where % is the factor known from Corner’s results, and 4 is to be determined.
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b and ¢ being the coefficients for the mixture and nb = Xn; B;, nc = Zn; ¢;, B;
and C; being those for the individual gases. Determining the composition from
water gas equilibrium, at 4000°K., and making use of Corner’s tables,

nb = 34603 x 102
n2c = 26986 x 104

by the linear law of combination.
From (1)

=P __
'p_nRT .

Differentiating this w.r.t. v we have
di__l_[(@) ]_ P (d_T) ¢
de - nRT|” dv H+p nRT2\ dv H+ »

N )

v v2

where

The well known Rankine Hugoniot equation in detonation is.
E—H = {plvyg—v) . .. .. .. {3)

where ' is the energy of the product gases, w.r.t. their value at room temperature,
per gm. mole of the explosive, H the heat of the reaction, v, and » the original and
the flnal volume (per gm. mole). For oxygen positive explosive PETN (E—H)
is linear over a wide range of temperature, and may be expressed as

E—H=aT—-8
o = -1151 kil. cal./degree/gm. mole of PETN
B = 528:05 kil. cal./gm. mole of PETN .. .. @)

a, B being constants having dimensions of sp. heat and energy respectively. With
the introduction of (4). (3) becomes

2T —p) = plvo—v)

or
T=2 y—v)+B/a (5)
2 0 . .. . .o . L
Differentiating (5) we have,
ary _ 1. _ (%) _»
(d‘v)H— %2 {(vo—v) (d’l))H 9y - .. .. (6)

Substituting from (6) and (1), (2) is given by,

w [v (%)H+p] (h+ ) [(vo—v) (%)H_ ]

dv~ nR[p(vo—v)+2B] D(vo—v)+2B

+gfv. .. (1)
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The Chapman Jouguet condition, fixing unique value of the detonation velocity,

is expressed by the relation
dpy _ __»P
(%)H—_"o"-". .. .. .. .. (8)

This enables ((dip) from (7) to be eliminated leading to the equation,
H

v

—_ P
gh_p=2“[ Uo_”+p]+ 2p(h+4)
dv  nR[p(vy—v)+28]  plvo—v)+28

The experimentally determined quantity is the detonation velocity. Before

+gflv. .. )]

the equation expressing % can be usefully employed, the pressure p» has to be

eliminated. The relation between pressure and the detonation velocity is ex-
pressed by

p=_—2L_2 . . 10

(vg—v)m

m being the molecular weight of the explosive. Putting the value of p from (10)
and defining the following dimensionless variables, namely

v nR
(9) reduces to

s 2(1-2¢) 2(h+¢) 1=¢)

Now
& _df dv
dé¢  dv dé
dv dvgy
d_é—_v°+§d_§'
With this (11) becomes
dp _ £ dup
—d—f_@[l+v_od§]' .. .. .. (12)

Elimination of T and p bétween (1), (6) and (10) provides another relation in
terms of the dimensionless variables, namely

dh+P[1—e242]+26¢ - =0. .. .. .. (13)

The equations (12) and (13) are the two equations giving two relations between
Y and ¢ from which vy can be eliminated and (v) found out. There is, however,
no a priori information available on vy(£¢) relation to enable (12) to be integrated.
In order to proceed towards solution, we put

3
¢=%—g(nbeing=ll-0) .. R 7

as a first approximation. This changes the differential equation (11) into an
ordinary algebraic equation given by

26 (h+4)(E—1)—lg+34)[(1—£)2+29] +26(26 1) = 0. - (15)
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This combined with (13) while giving a ¢ vs. v solution, also provides 5(£) and
vo(¢) relations. This solution is tabulated in Table 1.

TanLe 1
Honsite Volume | Volume ¢ " dx107°
po gms.je.c. 0 v
-25 1264-8 840-1 6642 +6649 -968
-50 632-4 441-6 -6983 4589 -204
75 421-6 308-3 <7313 -3133 -134
1-00 316-2 2385 -7543 +2266 -096
1-50 210-8 +.167-2 +7932 +1209 -075
1-72 183-8 147-3 -8014 -1013 <059

The difference between the experimental value of the detomation velocity
and that calculated for a constant value of the fourth virial coefficient is reftected
in the variation of the value of d thus obtained. The value of this coefficient
calculated for non-attracting rigid spheres is equal to 0893 x 105 so that it corres-
ponds to about the middle of the above table.

Logarithmic plot of v, and £ as shown in Fig. 1 gives a straight line which
gives the following relation between v, and £.

vy =1638¢-109% . (1)
Making use of this approximation (12) reduces to
W _ o417 [ 2(1—28) | 20+§)(1—§)
dé s[1—82+27] " [1=82+20]

+g/§] .an
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Figure (2) below gives the relation between 5 and ¢ extrapolated to low densities.
Numerical integration of (17) with the help of (16) and Fig. 2 leads to a (§)
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relation of a better approximation. The initial conditions chosen were ¢ = 0
for py = ‘1 gm./c.c. Combining it with (13) the final (v) relation can be mapped
out. It is graphed in Fig. 3. The other parameters pressure and temperature

287

4

20

O o7 ro "3 +é th 4 2:2 28 20

Fia 3.



DETONATION OF CONDENSED BXPLOSIVES 553

for PETN can now be easily found out by virtue of the relations (1) and (10). The
results are given in Table 2.

TABLE 2
1;'_1‘°ﬂ'd.ing Volume Presst:rl% Tempera-
ensity "] px10 o
po EIA.C.c. c.c./gm. dynes/om.2 ture T°K.
-25 2:616 N <2144 -908 4917
-50 1-341 '33;;4 2:504 5045
<75 ‘934 +6564 5-001 5155
1-00 1724 1'012_- 8:514 52;’7__
1-50 -514 2-278 19-85 5491
1-72 -453 2-603# 26-22 ~'-5A;99—~

Leaving aside the value for p, = +25 gms./c.c., ¢ can be represented by

_ 574X 104
= '——7)2——.

¥ (18)

Before this result can be applied to other explosives, n the number of gm. moles
of the gaseous products has to be separated out. The volume per gm. mole is a
property through which the value of ¢ thus found can be switched over to other
explosives. This will entail the assumption that ¢ remains the same funection

v .
of ” from one explosive to another. So we have

2
¢,=475-5(g) R o 1))

Thus the correction so found can be absorbed in the coefficient of »-2, leading to
the following state equation, suitable for the investigation of other explosives

/ 2
b 46 |7 s (7
B = 143148 (v) 46085 (v) (20

It is interesting to note that ¢ can be thus absorbed, in spite of the fact that,
as a first approximation, it was put as a function of v-3. An examination of the
Table 1 would reveal that the variation in d is about the same as the variation
in v (except for the value for py = -25 gms./c.c.) so that even at that stage it could
have been put as a function of v-2 in which case d would be sensibly constant in
the specified volume range.
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3. APPLICATION TO OTHER EXPLOSIVES

Having constructed the equation of state it can now be applied to the in-
vestigation of other explosives.

For oxygen positive or oxygen balanced explosives the value of the detonation
velocity can be found out just by the application of equations (3), (8) and (10)
mentioned above along with the equation (20). For the former type of explosives
the composition of the products can be fairly accurately put, straight from the
constitution of the explosives without any resort to chemical equilibria. For the
later type it is mainly determined by the water gas equilibrium. Tn view of the
assumptions embodied in the state equation (that of the same field of force for all
species in the mixture of products) the correction for the equilibrium constant K
reduces to unity, and the products therefore can be determined by the value of K
for ideal gas condition. On the other hand, the products of oxygen negative
explosives do not get determined unless some equilibria in addition to the water
gas are considered. That needs a correction to the equilibrium constant for which

the fugacity p; given by the integral

. (s RT v
RT In p? = P —t -
P, f I:(ani)VTnj ” ] dv=—RT In BT .. (21

has to be calculated. Solving this with the help of equation (20) we have

« _ mRT oo {7 n\? .
#="""exp [62 92 (;})+1048 (B) ] : @2

The equilibrium constant for a reaction like

@i+ a; = @
is given by
()% )
K x P Pil P _ M
(z:]) n nin;
U]
We have

bo_p Py P

p, b .—i’; p
(same field of force for all gases), therefore

g™,

-
nny p

In a previous publication the author (1953) has explained the procedure needed
for the solution of the problem of oxygen negative explosives, once p« has been
found out. Due to the wide variation in composition, number of gm. moles, etc.,
with pressure and temperature, the same value of » and ¢ cannot hold good for the
entire range of loading density in this case. Solution with the above state equation,
however, provides a data for the next approximation to be carried out with improved
values of b and ¢, which can be found out from the tables. In doing so the value
of the third virial coefficient for methane, however, is not available. Adjusting
the value of ¢ arbitrarily, for one loading density, a value of 436 (c.c./mole)? for



methane was found to give good fit.
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loading density were calculated. The results are given in Table 3.

565

With this value the results for the other

TasrLE 3
Explosive Icll(;?mdﬂlg ; ;elsglirleo Tempgra.ture Deal. Dobs.
po gI8.[c.c. | dynesjem.? met./gec. met./sec.
Nitroglycerine 1-62 19-10 5200 7360 7500+ 500
TNT -50 1-67 3200 3425 3200
1-55 14-6 4280 6667 6800

4, Discussion

The approach adopted here is in principle similar to that of Cooks (1947), who
starting with the Abel’s equation of date, determined the covolume from the date
on various explosives regarding it as a function of the loading density. The
pressure and temperature obtained therefore agree very closely with his results
for corresponding loading densities. The calculations in this attempt, however,
reveal, as shown by Table 3, that the agreement of the detonation velocity with
the experimentally observed value is better for the oxygen balanced explosives
nitroglycerine than for TNT. Another feature of the result is that for higher
pressure regions the calculated value is less than the experimental one while for
low pressures it is the reverse. The procedure followed in the present case has

been of finding  as a function of % from oxygen balanced explosive and regarding

it the same function ;‘-: for other explosives.

%)
ap Tnj ...,

p being the chemical potential of the mixture. The method consisting in finding
¢ from explosive data carries with it the assumption as mentioned earlier of a
common value of the chemical potential u for the mixture. There is a reason to

This quantity is connected with

believe that this value of u and hence of %’L may not be the same for Qj-balanced
and O;-negative explosive, for they do not form exactly similar mixtures, and

may be a different function ;’L in the later case. The agreement obtained may

therefore be considered satisfactory.

The value of the third coefficient for methane can only be regarded an ap-
proximate one, giving only a correct order of magnitude, for it has been determined
on the basis of the composition found with a common value of p* in the first instance.

The author is grateful to Prof. D. 8. Kothari, Scientific Adviser, Ministry of
Defence, Government of India, for his interest during the course of this work.
Useful discussions with some of the members of the ballistic group are thankfully
acknowledged.
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ABSTRACT

The range of validity of Corner’s equation of state, hitherto applied by him to the in-
vestigation of the properties of propellants, has been extended to higher pressure regions by
the application of the hydrodynamic theory of detonation and the results applied to the deter-
mination of the detonation parameters of Op-balanced and O,-negative explosives. An estimate
of the third virial coefficient of the methane gas has been made.
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