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ABSTRACT

A general theory and celculational methods have been developed
for the calculation of equation-of-state data for high explosives
composed of carbon, hydrogen, nitrogen and oxygen. The theory
utilizes the Kistliakowsky-Wilson-Halford equation of state for the
gaseous components of the reaction products. The parameters in this
equation have been evaluated empirically so as to give results in good
agreement with experimental data on the variation of plane-wave
detonation velocity with loading density and on Chapman-Jouguet
pressure at high loading density for seieral cyclotols. Detailed
equation-of-state data are presented for 65/35 RDX/TNT (Composition B),
77/23 RDX/TNT, 76/24 BMX/TNT, and HMX. The calculated C-J pressure
for Composition B is 0.284 Mb, compared with the experimental value
0.292 Mb, and with the value 0.207 Mb for the Jones-Keller equation

of state which has been used in the past for imploesion calculations.
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Chapter 1 -

INTRODUCTION

In the past, IBM implosion calculations have utilized an equation
of state for the high explosive (Composition B) which was based ultimately

on theoretical work by H. Jones and others in England.(lg’zo)

Jones'!
work provided only the p-v-T relation during adiabatic expansion of

the product gases from the Chapman-Jouguet point of the Hugoniot curve.
For the implosion runs, the Hugoniot curve itself and adisbats passing
through points on the Hugoniot above the C-J point were also required;
Pelerls and Keller obtalned these from Jones' data by perturbation
methods, including an approximate conversion of Jopes' results for a
loading density of 1.5 g/cc to data for the density of 1.67 g/cc in use
at that time. The methods employed are described by Keller in

(21)

LA-10hkO. By their very nature these methods were not too satis-~

factory, sihce the perturbations involved were by no means small. In
addition, the production values of loading density and composition
have been cﬁanged from 1.67 and 60/40 RDX/TNT (by mole fraction) to
1.715 and 65/35 RDX/TNT (by weight),(3o) and other explosives than

Composition B are contemplated.(a) Accordingly, it seemed desirable to

(a)Kolsky and White(26) have described a method by which they obtained
an equation of state for 75/25 RDX/TNT from the Jones-Keller data
for Composition B.
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develop a general theory and calculational methods applicable to any
composition and loading density, as well as to make detailed calcula-
tions for explosives of current interest. An examination of Jones'
theoretical treatment indicated that it would not provide a very satis-
factory foundation for this program (for reasons which will be discussed
in Section 2.1); an equation of state developed by Kistiakowsky, Wilson,
and Halford has therefore been used instead. Before going into any
details, however, a summary of the detonation process(lh) will be given
here for later reference.

Consider a block of (detonating) solid high explosive at a pres-
sure p_ = 1 atm and a specific volume v ( ?o = l/vo being commonly
referred to as the loading density). Advancing through this blbck with
a velocity D 1s a shock front which compresses the materisl along the
Hugoniot (shock curve) for the solid explosive to a specific volume
vy (Figure 1.1), thereby raising the pressure to a value P, and
initiating the chemical reaction. The reaction proceeds through a zone
a fraction of a millimeter thick, the completion of the reaction leaving
the pressure and volume at a point (pz, v2) on the Hugoniot for the
reaction products. This is followed by an expansion of the reaction
products along the adisbat through (p2, v2). The points (po, vo),

(pl, vl), and (p2, v2) are colinear, since it can be shown that the
slopes of the lines (po, vo) - (pl’ vl) and.&b, vo) — (p,, v2) are
related, respectively, to the velocities of the shock front and the

rear of the reaction zone (cf. Eq. 1.2) and these velocities are equal
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under steady-state conditions.
The laws of conservation of mass and momentum applied across the

shock front lead to the followling relations

vivg= £ /P =(p-U)/(D-U)

< (1.1)
p-p, = P(D-UNU-U),

.

which may be combined to give expressions for the shock (detonation)
velocity D and the particle velocity U at the rear of the reaction

zone:

D-U =v )/(p -p ) (v, - v

b (1.2)

v-0u =Y (- p )y, -v) -

d

HBere (and henceforth) p and v denote the pressure and specific
volume of the reaction products -- previously written (pa, va) -—-
and Uo is the particle veloclty of the material ahead of the shock
(and is generally zero).

The law of conservation of energy together with the equations

above cap be used to derive the so-called Hugoniot equation
e-e =2p+p)v -v) (1.3)
o 2 o’Vo ’ )

.o. o:o; 0_.:. eee 2o







.60 ©06 89 oo

.o. eee [ M %
. e Geo ¢ eo o o
° ° o [ [ . o

e s o © s o [
e eee o see 000 oo

where e, is the specific internal energy of the solid explosive at

(po, vo) and e is the specific internal energy of the reaction

products at (p,v). With the aid of an equation of state for the reaction
products (commonly, but misleadingly, referred to as an equation of

state of the high explosive ), e can be expressed as a function of

P and v, which when substituted in (1.3) gives the equation of the
Hugoniot curve for the explésion products.

For a plane detonation wave, the well-substantiated hypothesis of
Chapman and Jbuguet(lh) states that the line (po, vo) — (p, v) is
tangent to the Hugoniot for the explosion products; in this case, the
point (p, v) is called the Chapmen-Jouguet (C-J) point. In the case of
a concave shock front, as in an implosion, the convergence effects may
increase the pressure well above the C-J point (as in the case illus-
trated in Figure 1.1), with a corresponding increase in the detonation
velocity D. The plane-wave velocity, for which the Chapman-Jouguet
condition ié satisfied, will be denoted by DCJ'

The Chapman-Jouguet point possesses several properties of special
interest here. First it may be noted that D

cJ
value of D. Secondly, the energy changé along the Hugoniot is given

is the minimum possible
from Eq. (1.3) by

de = % (vo -v)dp - (p + po) av

Thus from the thermodynamic relation Tds = de + pdv it follows that

*
e'e 0% 2 ®%¢ o000 oo
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for changes along the Hugoniot,

(v_. - v) P-D
ds o dp o
T (d_")n - o (E)n AR (1.5)

Since (p - po)/(v - vo) is the slope of the straight line from

(po, vo) to the Hugoniot point (p, v), it is evident that

(ds/dv)K £ O according as v £ Vogs i.e., the entropy along the
Hugoniot curve has & minimum at the Chapman-Jouguet point. This
implies that the adiabat (isentropic curve) which passes through the
C-J point is tangent to both the Hugoniot curve and the straight line
(po, vb) - (pCJ’ ch). Thus if ¥ is defined as the negative of the

logarithmic slope of an adiabat:

%*
- - (%) - .x(L) .
* - -GRY) - -3, (2:5)

then at the Chapman-Jouguet point(a)

Q & v , (1.6)

(a)’l‘hus the Chapman-Jouguet condition may be written (ap/av)s =
(p - Do)/(v - vo). If the composition of the reaction products at
each point on the Hugoniot corresponds to chemical equilibrium for
that point, then it follows that this derivative should be(gz luated
along the equilibrium adiabat. However, Kirkwood and Wood have
recently shown that a correct statement of the C-J condition requires
that the derivative be evalusted for frozen composition. All calcu-
Jated results quoted in this paper are based on the incorrect state-
ment; some check calculations for Composition B have indicated that
the resulting error in C-J pressure is completely negligible at high
loading density and only sbout +0.7% at density 1.2 g/cc.
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since po is negligible compared with p in the case of a high ex-

plosive. From this expression and Eq. (1.2), with p, = U =0,

there follow the well-known relations

* h

y = a’CJ —

M cJ ¥ + 1 ’

o XCJ

g (1.7)
2

o = fB DCJ

CcJ * '

KCJ + 1

The Hugoniot and adiabats calculated in the present investigation’
satisfy all these properties of the C-J point (cf. Sec. &.4).

As mehtioned earlier, a calculation of the Hugoniot curve from
Eq. (1.3) requires a knowledge of the equation of state of the detona-
tion producfs. However, high explosives produce pressures of the
order of l/é M S 500,000 atm and volumes of about 10 cc/mole(a 2 or
3 R cube per molecule), and in this range there exist neither direct
experimental data nor alsatisfactory self-contained theory. About the
best that cah be done at the present time is to use some empirical
equation of state in which the wvalues 6f the parameters are chosen so as
to give the best possible agreement with the available experimental

data on high explosives -- in particular, the velocity of propagation

Goigs- i







of a plane detonation wave. As shown by Eq. (1.2), a knowledge of D
tells one & little about the Hugoniot -- it is tangent to a certain
straight line -- but gives no information at all as to where on the
line the tangency occurs nor as to the curvature of the Hugoniot at
this point. However, it is possible to press solid explosives to a
veriety of different densities Po’ and D 1is found experimentally to
increase with 90. Different values of D mean different slopes of
the tangents to the corresponding Hugoniots, and hence give considersably
more infomtion than just one value. In fact, 1f a perfect-gas equa-
tion of state is used it can be shown theoretically(a) that D should
be independent of Po’ so that the variation of D with Po does
indeed prrovide some measure of the gas imperfection terms in the actual
equation of state. Accordingly, it has become st-;anda\rd practice to
adjust the equation-of-state parameters to give a theoretical curve of
D wvs. Po which agrees as closely as possible with the experimental
one. This is the procedure which Jomes followed, and (in part) the one
which is used in this paper (Chapter 6).

Experimental data on the variation of D with po are, of course,
not sufficient to determine the equation of state uniquely, even in the
vicinity of the Chapman-Jouguet points. The information which can be

deduced from these data has been discussed by Jones,(le) his arguments

3*
(a)For exsmple, from Eqs. (1.8) and (1.9) below, using e = pv/(¥ - 1)
and neglecting p o with respect to p.
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being as follows:
The Hugoniot equation {(1.3) and the equation for the C-J

detonation velocity (1.2) can be written respectively (with U =0 and
p, essumed constant)

1
F(p, v, v)) =e(p, v) - e - 5(p +p )v - v)=0,

' 2
D..(v )
a(p, v, v ) = L 2° (v, -v)-(e-p) =0

- v
Q

These equations may be thought of as defining two surfaces in a three-
dimensional (p, v, vo) space, the second one being a ruled surface.

These surfaces are tangent to each other along a line which is the locus

of Chapman-Jouguet points pCJ(vo), ch(vo). At any point on this line

of tangency the normals to the two surfaces must have the same direction --

thus the projectioms of the normals on the (v, vo) Plane have the same

direction, or

%), T3, (%), (%)
Vo /p,v OV Jp,v, 995/ pyv Y/ o,

Evaluation of these derivatives at the C-J pressure, volume, and

detonation velocity for the value of v of interest gives
o

(v - V)
A a8

J
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Eliminating v with the aid of Eq. (1.7) and letting(a)

o . (p+po)/-5a%)p = (p+2) g%);/%%)p’ (1.8)

this can readily be reduced to

" " d £n Dy
XCJ.Q-]. = (2+“CJ) l+m?;— . (1.9)

Thus, given a value of O(:J, this expression together with Eqs. (1.7)
gives values of b'*, v/vo, and p at the Chapman-Jouguet point from
the experimental variation of DCJ
of o(* depends on the equation of state. However, it is evident from

with po. Unfortunately, the value

Eq. (1.8) that «* > 0, and it seems likely that o< 1. (Jones*®

estimate is 0.25, the ideal-gas value for diatomic molecules at C-J

temperatures is about 1/3, and experimental values for five explosives,

Teble 7.2, range from 0.28 to 0.70.) Thus if a value x* o 1/2 is

assumed, the error in 2 + ¥ would probebly be at most 20%, so that
*

XCJ’ Poy» and (v/v o)CJ could be predicted from the experimental

Doy — P, data within about 25, 20, and 5%, respectively. In any

(a)Equivalent expressions (neglecting po) are K ={ [B'*Cv/ @_g_v)v]_]} -1

{[es), 12}
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case, the minimum value «* =0 provides lower limits on )’:J and
(v/vo)cJ and an upper limit on Poy+ Thus the D — 9 experimental
data determine not only the straight line to which the Hugoniot must

be tangent, but also certain limits as to the location of the point of
tangency. However, there is still no information provided as to the
curvature of the Hugoniot at this point.

Further discussions of Jones! equation for the equations of state
derived in this report and for the Jones-Keller data of LA-1040 are
included in Chapter 7.

In addition to experimental D — Po date, fairly reliable
measurements of C-J pressure have recently been made. These of course

provide additional information for calibration of the equation of state.

This is discussed fully in Chapter 6.

-17-







Chapter 2

EQUATIONS OF STATE

2.1 Gaseous Products

The equation of state which Jones(19,20)

used for the gaseous
components of the reaction products was a virial expansion in pressure

of the form

2
pVg = RT + bp + cp + dp3, (2.1)

where Vg is the molar volume of the gaseous portion of the reaction
products. (The specific volume of the solid product, carbon, was as-
sumed constént and equal to its value at NTP.) The values of the
parameters b, ¢, and d were determined as described in Chapter 1 to
glve a good fit with experimentgl D --_po data at loading densities
below about 1.5 gfcc, Eq. (2.1) then giving a value of D about 10%
higher than experiment at 5%): 1.7. Using Jones® C-J values for
Composition B at 9 = 1.5 g/cc, the terms of the virial expansion in

Eq. (2.1) are (in units of Mb-cc/mole)

0.297 + L. 49 - 3.30 + 1.3k .

Evidently, the series is not converging rapidly even at this pressure

(0.177 M), and we are here interested in treating pressures five or

-18-







ten times greater. Although the comvergence would probably be better
with values of b, ¢, and d which gave a better fit with the experi-
mental values of D at high densities, it is obvious that a closed-
form equation of state would be more satisfactory.

Further objections ﬁo Jones' work are: (a) In his treatment of
equilibrium he assumes that molecules of all the compounds present in
the gaseous products have identical imperfections, i.e., the same
equation of state. (b) His treatment of adiabatic expansion is rather
complicated, involving the numerical integration of a differential
equation.

For the sbove reasons, Jones' methods were discarded and an
equation of state developed by Kistiakowsky, Wilson, and Halford was
used 1nstead.(25) This equation has been described and a treatment of
equilibrium among the product-gas compounds given by Brinkley and
Wilson,(a) a theoretical treatment of Hugoniot calculations has been
given by the same authors,(S) end a treatment of adiabatic expansion
has been developed by Kirkwood, Brinkley, and Richardson.(23) Similar
and somewhat more elegant treatments have been given by Snay and Stegun.(35)
The theoretical sections of this paper follow those in the above reports,
vith some refinements and additions.

The Kistiakowsky-Wilson equation of state (slightly modified by

us) for the the gaseous reaction products has the form

-19-
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.
pvVv
_ITT_g = F(x) = l+xepx,
! (2.2)
where xs-———'(-l-‘--—-a- .
vV (T + 9)
¢ ]

In these expressions, V8 is the molar volume of the gaseous products
(i.e., the total volume of the reaction products less the volume oc-
cupied by any solid products, divided by the number of moles of gas,
ng). The quantity © 1s & comstant which we have introduced (and
given the somewhat arbitrary value 400°K) to prevent p from tending
to infinity as T tends to zero; this is discussed further in
Chapter 5. |

Like the Jones equation of state, Eq. (2.2) has three empirical
parameters: «, ﬁ » and X . However, it differs from Jones' not only
in being of closed form, bu$ also in that the correction to the ideal-
gas form is allowed to be a function of the temperature and also to

depend on composition through the "constant" k:
k = 28 X ki’ (2.3)

vhere X, = ni/n8 is the mole fraction of the gaseous compound i,

k1 is a constant characteristic of that compound, and the summation

-20-
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is carried only over the gaseous components in the reaction products.
The ki are of the nature of covolumes, as will be seen from the treat-
ment of equilibrium (Eq. 3.27) -~ the larger the value of one of the
ki’ the smaller the value of the corresponding n, in the equilibrium
mixture. (In the treatments by Brinkley and Wilson, etc., the quantity
X in Eq. (2.2) is omitted, but it has been found convenient to intro-
duce it here to provide in effect a simple means of adjusting the magni-
tude of k without altering the relative values of the ki')

The values of ¢« and ,5 used in applications of this equation of
state by Brinkley, Snay, etc., are 0.25 and 0.30, respectively. In
the present investigation the values have been changed to 0.5 and 0.09
to improve the agreement between calculation and experiment (Chapters 5
and 6). The covolume values k, wused by others have glso seemed
unsatisfactory to us (for physical reasoms), and we have used instead
values derived as described in Chapters 5 and 6. We have made a number
of other improvements over previous applications, the most importent

being a reasonable equation of state for the solid component of the

reaction products.

2.2 Solid Products (Graphite)

We shall be interested in treating explosives such that the only
solid product is carbon (graphite). Brinkley and Wilson(2’3) assumed

for simplicity in their calculations that the specific volume of the
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s0lid cerbon present was constant and equal to the wvalue O.hlh cc/g for
graphite at NTP. As shown by Figure 5.7, use of a more realistic
equation of state produces an appreciable change in the calculated

D — }30 curve.(a) We have used an equation of state of the form

described in LA-385(22):

p = py(7) +a( - T +(y)- 17, (2.4)

vwhere n = fV@% is the compression of the solid graphite relative
to its normal crystal density 5>o = 2.25 g/cc. For our preliminary
calculations, including the parameter studlies described in Chapter 5,

the following expression was used for the zero-temperature pressure:
(q) = k.5978 - 10.359k +675?5rf-1059813+00628“ (2.5)
pl,l - . . ’l . . [ . ?. )

This function differs considerably from that given for carbon in
LA-208(27) for two reasons: (1) We used more recent Bridgman data(l)
for the low-compression end of the curve, and (2) Thomas-Fermi-Dirac
calculations made by one of us(9) indicate the high-compression end of
the curve to‘be in error. However, recent experimental measurements(ho)
bave indicated that Eq. (2.5) gives much oo high values for the pressure,
and all final results quoted in Chapters 6 and 7 were calculated using

the followins analytical expressions:

(é)Christian and Snay(7) have also mede calculations using a variable
carbon volume, but their equation of state was purely hypothetical.
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pl(Tz) = -2.4673 + 6.76927 - 6.9555q2 + 3.0&05«3 - o.3869r{’,

a(n) = -0.2267 + 0.27127 ,

'b(‘lz) = 0.08316 - o.o780h1(l + 0.030687(2,

-~

» (2.6)

these coefficients giving p in megabers when T 4is in volts (i.e.,

in units of J_.1,605'.6°K). The expression for b()z) is an analytic fit

to values of b obtained from the (corrected) TFD zero-temperature

pressure as described in LA-385. The function a('rl) is of a form

suggested by Reitz,(32) the second coefficient being 3R % /2 and the

first being chosen to make a(l} = 3& /K, vhere  is the linear

coefficient of thermal expansion and )( is the isothermal compressibility

at NTP. The range of applicebility of these expressions is

0.95 ¢ Yl < 2.5.
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Chapter 3

THERMODYNAMIC THEORY

The calculations described in Chapter U4 require a knowledge of
the extensive thermodynemic proﬁerties of the detonation products.
Since most of the calculations are for a system in chemical equilibrium,
the equations determining the composition are also needed.

In general we will be dealing with a gas-solid mixture, for which
specific quantities (per unit mass) are most convenient. In deriving
the properties for the separate phases, however, it is convenient to

use molar quantities. The relation between the two is

g = n, G8 +n G, (3.1)

where g and G represent any extensive property im specific and molar
units, respectively, the subscripts g and s refer fo gas and solidj
and ng and n, are the number of moles of gas and solid, respectively,
per unit mass of mixture. We wish to derive expressions from which

Gg and G, cen be calculated for substances obeying the equations of
state (2.2) and (2.4) in terms of tebulated data for the pure components
in their standard reference states (ideal gas or real solid at unit

pressure ).
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3.1 Internal Energy

The dependence off internal energy on volume is given by the

thermodynamic relation(a)

aE) = T(_a_p.) - P.
(37 'r aT /y

Integration of this expression at constant temperature and fixed
composition then gives the energy of a system at temperature and volume
(T, V) 1in terms of its energy at temperature T and a reference

*
volume V :

E(T,V) = E(T,V") + /;: {fr (—g—,rl-’)v - } av. (3.2)

Gaseous components

The standard reference state of ideal gas at unit pressure is
equivalent, in the case of internal energy, to ideal (or real) gas at
zero pressure. Taking, then, the limit v oo, the term E(T, V*)
in Eq. (3.2) may be written as a simple sum of the internal epergies of

the component substances:

(a)See, for example, Rossini,(33) Chapter 1h.
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BT =) = I x, (£7), = £ x,(Ep - B)), + z x(8)),  (3-3)

where X = ni/n8 is the mole fraction of component i and the sunm
is over all gaseous components of the mixture.

For the equation of state (2.2),

j_g = P _ aR’i‘ X aFr - P + XRT dF (3 u)
aT T Vg(T + ) dx T T +0\d4dv T, '

g

-

since at constant temperature and composition

dx = - x dVg/Vg. (3.5)

The integral in (3.2) can thus be written

2 Vg F 2

&RT f (dF > & RT f & RT
- av_ = ar = (F -1). (3.6)

T+ 6 o \T /)y T8 T+6 J, T + 6

Substitution of (3.3) and (3.6) in (3.2) then gives

E (T,V) (° - g° (5°)
g ) -h olt  axm .
RT }1: X, TRT + Z:L: X R t*Teelf - ). (3.7)

Solid component

For a solid, the standard reference state is at unit pressure.
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*
Taking, therefore, V =V, to be the (molar) volume of the solid at
temperature T and unit pressure po, (3.2) can be written (for a

single solid component)

v
Eg(T,V) = (8} - B), + (B))_ - p°V + fv° {T(—g-,%)’- p}dv, (3.8)

or, for the solid equation of state (2.&),(a)

E(T,v) (8°-8%). (). pN° v
SRT, = *F -’ R'.]l: v© {b(V) 7 - pl(v)} av.
° (3.9)

3.2 Entropy

The pressure dependence of entropy is given by the thermodynemic
relation(b)

_a§> =_ﬂ),
P o aT /

In evaluating the thermodynamic functions for the solid (Eqs. 3.9,
3.18, and 3.24) we have neglected p°V2 and approximated

V2 = VI(T) by the constant value V§(25°C); the resulting errors
are less than those of the analytic fit which ve used for H® - HQ.

(a)

(b)See, for example, Rossipi,(33) Chapter 13.
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Integrating at constant temperature and fixed composition from the

reference pressure po = 1 atm gives

Prav
s(T,p) = s(T, p°) - fpo (—g—T)p ap. (3.10)

Gaseous comgonents

The entropy of a real gas at (T, p°) may be expressed in terms

of the entropy of the ideal gas at (T, p°) through the relation(a)

. pO
5,(T,8°) = 87(1,0°) + j; {—g— - (—3%)1)} ap, (3.11)

and the entropy S. of the mixture of ideel gases is in turn related

I

to the entropies of the pure components, each at pressure po, by
(o] o
SI(T,p ) = };) xi(S )i - R ? X, An X5 (3.12)

where the second sum represents the entropy of mixing. Combining (3.11)

and (3.12) with (3.10) gives for the gaseous mixture,

s_(T,p) o P ov

g s”) P l_l( 3)

—x =z x Bl z x; dn x; - fn po"‘fo{s ’ﬁ‘a‘f‘p}dp°
(3.13)

For the equation of state (2.2), it is convenient to transform

(a)Rossini,(33) Chapter 23, Eq. (L2).
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the iptegral in (3.13) with the aid of the differential relation

(&) --@@ e

Using (3.4){3.5), and the following relation for constant temperature

and composition:

av

4, 4aF

g - £ ., (3.35)
g

the integral in (3.13) can be written

F vg
f%‘*f Tt T g)}dv
1 «© g g/ T g
X
= - A% ax
S ¥ ./; e T T 9 Jﬁ 4dr.

Thus we obtain'for the entropy of the gaseous components of the mixture:

(o}
S, (s%)
' = {"i R

- XX .Qn X, - In 2
i i [e)
i P

BX _
e = 1., T°‘+Te (F - 1). (3.16)

+.£n F -
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Solid component

Converting the integral in (3.10) with the aid of the relation

(3.14), the entropy of the solid component can be written
v
o f °( ez
S(T: vs) = (S )s + Vo 6T a vs) (3017)
s s

where Vz is as before the (molar) volume of the solid at temperature
T and unit pressure p°. For the solid equation of state (2.4), this

becomes

Ss (so)s 1 fve.
T " R + 3 VZ {a(v) + 2o(V) T}dV. (3.18)

3.3 Chemical Equilibrium

The equilibrium state of a system is characterized by the
possibility of a number of chemical reactions among the components,

each reaction being subject to the thermodynamic condition

)i: 91/«1 = O. (3.19)

Here Y 4 1s the number of moles of component 1 imvolved in the

reaction, ))i being positive for products and negative for reactants,

and
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A

- (3

is the chemical potential of component 1. (The subscripts v and nJ

(?—(——2 (3.20)

:V»n ° ! T,P:n‘j

indicate differentiation with total volume and 2ll n's other than n,
held constant.)(a)

The conditions for the conservation of mass, together with all
independent equations of the type (3.19) are just sufficient to determihe
the composition of the system, provided that the chemical potentials of

the components are known.

Gaseous components

For the gaseous components obeying the equation of state (2.2),

) is most easily found from the work function A, which from (3.7)

and (3.16) may be written (since E°/RT - s°/R = F°/RT - 1),
A

n g ngEg ngS
RT “RT R

(r° - £) (52)

o'l 0’1

= Eni——R,—r——--o-Zni-—RT—-ns-t- ):,‘nifnni
i i i
‘ b
+ 1y An n &-1,

g

ngp F

(a)ﬂere A and F are the molar Helmholtz and Gibbs free energies, respectively.
This F should not be confused with that in Eg. (2.2).
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From (3.20) we then have for the chemical potential of the e gaseous

component
O O (o}
%=(FR; Ho)i+(xo;i +fon, + b2 +epx'l+n epx(gx )T
R i n
(r° - 8%), (&°) xp _Px k
_ o4 0’1 i e -1 YT
= %7 *—Rp *O° p° *—2 Ao F+gS(F-1).  (3.20)

Solid component

For the solid component, the chemical potential is more easily

found from the free emergy F, which from (3.8) and (3.17) may be

written
nst ~ nsEs + nsst ) nsss
RT RT R
n_(F° - 8°) n_(8°) n(pv. - V%) =n Vs
= 8 o’s + 8 O0°8B + 8 8 =] - _E p av (3‘22)
RT RT RT RT v° )

]

Thus from (3.20), the chemical potential of the solid component is

Fs - (F° - Hg)s . (Hg)s + Fe

RT ° RT ¥ TRT RT ° (3.23)

where for the equation of state (2.4),







F pvV_ - povo /VS
_ 5 - 1 av
RT ~ RT Rt Jo P
v

8
p vs - pov: 1 fvs 2 N
= - 55 o {pl(v) +a(V) T+ b(v) T }dv. (3.24)

s

Equilibrium conditions

The equilibrium condition (3.19) for the Eth chemical reaction

may now be written with the aid of (3.21) and (3.23) as

(F° - B)) ¢:99)
{ Oy 1y = 2, ———RT-gi + 2O, —%T—i + E ())i)m'en g

eP*. 1 - 1
+ (E ))i)m{fn poigF + v A i (E% ki)m F =

W) F

s'm S
+ R = 0. (3.25)

Making use of the definition of the equilibrium constant Kp:

F© - Eo) (no)
Lok ), = - EO,), —sr2t - 20, 22, (3.26)

we obtain the following equilibrium condition for the Eth reaction:







J&JKE

Y
RPN

= fn (Kp)m - (é: 3y {Zn =

S

nF
P Mg

B (E’)i ks (F E 1.

epx_ 1

5=

(W, )y Fo
T

}

(3.27)







ChapterAh

METHODS OF CALCULATION

4.1 Thermodynamic Data

The numerical calculations described below are rather complex,
and were carried out on IBM Type TOl Electronic Data Processing Machines.
These calculations require (Eqs. 3.7, 3.9, 3.16, 3.18, 3.26) values of
the thermodynamic quantities ° s g® » and Ln Kp for various substances
and reactions over an extended temperature range -- preferably
in the form of analytic fits. It is desirable that fits for Eo and

s° be consistent with the thermodynemic relation

o o o de® + R 4T, gas
7T as° = dE® + pav = o
dH , solid

so as to insure correct relationships between calculated shock curves

(13)

and adjiebats, Such fits have been given by us in the forms

(e°- EZ)/RT =& + BT + cT° + a3

Gas: (h.l)
s°/R = (a + 1) ot + 26T + -g-cTz + %dT3 + e,
_35-







(E?-Hg)/RT = a +bT + cT° + a3
Solid: (&.2)
/R =alnT + 2T + 3 e1” + % a3 + e.
Analytic fits for Zn Kp could have been made by combining these

expressions according to the definition (3.26) and the relation

(e°-H2)/RT - 5°/R + 1, gas
(F°- B°)/RT =
o]

(8°- EQ)/RT - s°/R , solid.

However, for simplicity the free energy was fit with simple cubic
expressions of the form used for the energy. This is not thermodynami-
cally consistent, but is satisfactory for our purposes. Values of the
coefficients for the fn K, fits ere given in Teble k.l

Values are also required for the heats of formation of the various
explosives (cf. Eq. 4.9), and these are given in Table 4.2. Heats of
formation, Hg, for the reaction products at T = 0°k and heat
contents, E; - Eg, for the elements making up the explosive were taken
from the NBS tables.(38) (A1l internal energies quoted in this paper
are thus referred to an energy zero such‘that the energies of the
elements aré zero at T = 0°K.) The values R = 1.98719 cal/mole =

8.31439 x 1072 Mb-cc/mole were also taken from the NBS tables.
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Table 4.1
(2)
Analytic Fits for the Equilibrium Constants:

2
ﬂm(xb)m =a +bT+c T 4 dm¢3 - (aR0) /RT

Range, 500 to 3000°K

n o bm~1oh cm-108 a_-10% (a8])_/R
1 5.2269 - 7.612% 6.7270 1.8218 4,861.0
2 5.0679 26.8080 -87.1936 102.1230 39,545.3
3 -18.5737 -31.1507 139.0486 -182.5956 -19,909.9
Renge, 3000 to 12000°K
1 4.7051 -L4.6135 3.3830 -1.0266 4,861.0
2 7.2128 3.8783 -4.4698 1.7107 39,545.3
3 -21.2756 3.1990 -0.0672 -0.4704 -19,909.9
Teble 4.2
Heats of Formation of Pure Explosives
(aE,)_
Explosive (kcal /mole at 25°C)

HMX (ch Hy Ng 08) +17.93(17)

RDX (c3 Hg Ng 06) +1h.71(3l)

T (C, Hy Ny Og) -17.81(36)

DNPA (Cg Hg N, O¢) -121.2(P,34)

(a)The reactions m are defined by (4.5).
(b)Poly-dinitropropylacrylate (per polymer unit).
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4,2 Calculation of Equilibrium Composition

We consider only explosives containing C, H, N, and O, and

giving the following reaction products:

.

A

(1)
(2)
(3)
(&)
(5)
(6)
(7)

B,

002

co

E20

N,

NO

c(s)

. (4.3)

In reducing the number of chemical components considered to a

computationally practical minimum, the following considerations served

as a guide:

(a) In addition to the simple, stable components commonly

thought to be present (CO, H

2

0, N,, C(s)), there should be another

nitrogen and another hydrogen compound in order that neither the amount

of N2 nor H20 should be automatically fixed.

(b) The list should include components which will be repre-

sentative of the effects of molecular size and heat of formation.
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(c) The list should be as short as possible, and the component
subscripts for each molecule should have as small a ratio as possible

consistent with (a). (For example, NH, or CHh is likely to introduce

3
more complicetion into the equatiors than H20.)

Thus the list contains, in addition to CO, H,0, N,, and c(s)
three others: K, (small size), Coz(large size), and NO (positive heat
of formation).

Since the calculated composition depends rather strongly on
the values of the covolumes, whose cholce is somewhat arbitrary, the
computational cost of including more components is probably not Justified.

In some preliminary calculations (on IBM-CPC equipment) OH, NH_,, and

3
CHh were also included.(a) Although these compounds were usually found
to be present in appreciable amounts (e.g., mole fractions of 1 to 10%),
they were omitted in the final calculations for the reasons given above.
It should be noted that our set of components would probably not be
suitable for an explosive more oxygen-rich than RDX (which balances to
€O, H,0, and N2) since the absence of O, would force the burning of N,

or CO.

The conservation equations for the four elements present are

(a)These molecules were included e list of reaction products
33
considered by Kirkwood, et al.
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2nl + 2nh = Nn,

> (4o4)
2n5 +ng = Nﬁ,
2n2 + n3 +n) +ng = Nb ’ J

vhere the n, are the numbers of moles of the components in the product

mixture per unit mass of explosive-—nl

hydrogen, and similarly for the remaining numerical subscripts, following

being the number of moles of

the 1list (4.3) of components. The No» Nos Nﬁ, N, are the numbers of
gram-atoms of C, H, N, and 0, respectively, per unit mass of explosive.

The reactions considered were as follows:

_m Reaction -

(1) Co, + H, —» CO + H,0

(2) B0 + 1/2 Ny> H, + NO ' (4.5)
(3) 2C0 — CO, + c(s) ]

(Any other set of three independent reactions involving these components
could of course have been used; however, it is desirable that only one
of them involve solid carbon.)

Corresponding to these reactions we have the following




b -



equilibrium equations:

1
n.n
Kl = n3nh
172
"% )
K2 = W& (h-6)
n
- 2
K3 = n2
3
.

vhere the K's are given by Eq. (3.27), the (Kp)m's being calculated as
indicated in Table 4.1. With solid carbon present, Eqs. (4.4) and (L4.6)
constitute a system of seven equations in seven unknowns, three equations
being non-linear. The method of solution which we used consists es-
sentially of an iteration on the single variable n3, and is described
in detail in Appendix I.

When the equilibrium Egs. (4.4) and (4.6) are used to calculate
the mole numbers, it is found in some cases that n7 is negative. This
is of course impossible, and means physically that there is no solid
carbon present (n7 = O0). Mathematically, the equilibrium equations
must be altefed by deleting n7 from thé carbon conservation equation
and ignoring the equilibrium equation in#olving Ké. There remuins a
system of sirx equations in the six unknow:ms n,, Doy eoe n6. Solutions

vere obtained by combining the six equations to the point where they

Ty







.

could be solved by iterating on the singlé variable n Details are

l.
given in Appendix I.

k.3 Equation-of-State and Detonation-Velocity Calculations

For use in hydrodynamic calculations, the equation of state of
the reaction products is needed in the form p = p(v,e) or
p = p(v,s) where v 1is the specific volume of the gas-solid mixture,
and e and s are the specific energy and entropy. The determination
of functionsal relations of this sort may be considered as special cases
of the calculation of all thermodynamic quantities of interest as a
function of v and g, where g may represent any one of the quantities
e, s, T, D, or the Hugoniot function h (Eq. 4.8).

To facilitate tabulation of data, curve plotting, and the
construction of analytic fits to the data, it is desirable that results
be obtained for specified (and round) values of v and g. On the
other hand, the equations to ke solved are such that it is essential
that v and T be taken as independent variables; it is therefore
necessary to iterate on the value of T until the'specified value of
g€ 1is obtained. The manner in which this is accomplished is shown
schematically in Figure k.1.

Thus suppose that it 1s desired to determine the various thermo-
dynamic quentities at some v and g, say 8.° The first step is to
guess a temperature and composition (in general, the final values ob-

tained at the previously calculated point). Then the (molar) solid
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and gas volumes are determined so that

pg(Vg) = p (V) (&.7)

where ng‘l8 = Vv - nsvs’ and pg and p, are the pressures computed

from the gas and solid equations of state, (2.2) and (2.4). More
precisely, the solid volume Vs is iterated with "linear feedback"”

until (4.7) is satisfied.

-h3-
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Fig. 4.1. Flow diesgram of the calculation of the thermodynamic variables at specified v and
€. . L. F. indicates the application of "linear feedback" to the iteration (see text).
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or n,.
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Having so determined Vs and Vg, we can calculate the Km's
from (3.27). With these K,'s the compositign is determined by itera-
tion as outlined in Sec. 4.2. With this new composition the gas and
solid volumes are redetermined, the Kh's recomputed, and the composi-
tion is again determined so as to satisfy the new Kh's. When this
whole process has converged (i.e., the pressure and composition are no
longer changing) g is calculated. In general g ¢ g.5 T is then
changed by linear feedback on g and I and the whole process is
repeated until g = g . With the finel T (and p) thus arrived at,
e, s, and h are calculated from Eq. (4.8) and the expressions derived
in Chapter 3. For the data reported below, all iterations in this
Process were carried to an accuracy of about one part in 105, and the
machine time required for such a calculation at one point (v, gc) was
about twenty seconds.

For the calculation of a Hugoniot curve, g was taken to be the

Hugoniot function
h = e-e -2(p+p v -v) (4.8)
o 2 o’‘o *

and g, was taken to be zero (cf. Eq. (1.3)). Here e, and v_ are
the specific energy and volume of the material at the starting condi-
tions. For a detonation, e, and v, refer to the undetonated material;

thus vy is the reciprocal of the loading density 5)0’ and

~45-







e

e, = (8E.) /M + ENJ(H;O' o)y + ZNJ(E), - BV, (k.9)

where (Aﬁf)e is the ‘molar enthalpy of formation of the explosive at
T, (usually 25°C), M, 1is the molecular weight of the explosive, and
NJ is the number of moles of element J contained in unit mass of
explosive. Since the energy of the undetonated explosive and the
energy of the reaction products must be referred to the same epergy
zero, the Hg's in Egs. (3.7), (3.9), and (%4.9) must of course be
consistent. The povo term is small compared to the experimental
error in the values of QQHf)e available and was neglected.

In order to calculate a C-J detonation velocity, g was

taken to be the Hugoniot function, Eq. (4.8), with e, &iven by (4.9).

Then points were calculated on the detonation Hugoniot until a minimum

value of D =v_ Yp - po)/(v° - v) was found. This was done by cal-
culating D at three values of v which bracketed the minimum; then
approximating D vs. v with a parabola through these three points
and taking the anelytically predicted volume for minimum D as the
middle volume for the next guess. This Qas repeated with successively
finer volume intervals until the volume for minimum D had been
determined to the desired accuracy. For maximum loading density, the

5

volume was determined to 1 part in 10“ and required about 5 minutes
mechine time; for lower densities the accuracy was about 1 part in 300

and required about 80 seconds. (This procedure is equivalent to using
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Eq. (1.6) as the C-J condition. While this is incorrect, the resulting

error is small as was pointed out in the footnote to that equation.)

L.4 Internal Consistency

Several checks were made on the internal comnsistency of the
calculations in the case of 65/35 RDX/TNT, and the Chapman-Jouguet
point (determined as described in the preceding section as the Hugoniot
point having minimum D) was found to possess all the properties described
in Chapter 1:

(a)_ The entropy along the Hugoniot is a minimum at the Chapman-
Jouguet point to better than fi&e significant figures, and the C-J
adiabat lies always below the Hugoniot but above the straight line
(PO’VO) — (pCJ’vCJ)'

(b) The shock curve for the detonation products originating at
the C-J point lles always between the detonation Hugoniot and the C-J
adiabat (cf. Table 7.1l); thus all three curves are tangent to the line
(po,vo) - (pCJ,ch) at the C-J point.

(c) The value of 8* for the C-J point (determined from (1.5)
by numerical differentiation of (p,v) data for the CeJ adiabat) together
with the calculated value of DCJ gives values of C-J volume and
pressure from (1.7) which agree with the directly calculated values to
five significant figures. |

(d) The value of «* for the C-J point (determined from (178)

by numerical differentiation of (e,v) data for the C-J isobar) together







with the calculated value of d fn DCJ/ a 4n 9, &ives from (1.9) a

*
value of ¥ which agrees with the adisbatic slope to five significant

figures.
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Chapter 5

EQUATION-OF-STATE PARAMETER STUDIES

The gaseous-equation-of-state constants «, /6, X, and ki
are to be considered as parameters whose values are to be determined
empirically to give the best possible agreement with the available
experimental data -- principally the variation of detonation velocity
(DCJ) with loading density (po). On this basis, Brinkley and w11son(2)
chose the values ® = 0.25 and /5 = 0.30, assuming the volume of
solid carbon to have the constant value V_ = 5.3% cc/mole (its value
at room temperature and 1 atm pressure). They used the set of values
of the covolume constants ki given in Table 1I.l, which were chosen

to give the best possible fit of D curves for a number of

(oh S P
different explosives using the same set of parameter values for all
explosives. Christian and Snéy,(7) using the above values of & and /3
followed the same procedure for a much greater variety of explosives
(using, however, fixed compositions of the reaction products), and
arrived at a considerably different set of covolume constants (also
given in Table II.1l). Neither set of values appeared too satisfactory
to us: the Christian-Snay value for the 32 covolume is quite small,
and among the Brinkley-Wilson values it is surprising to find OH and
320 having values which are not only equal but also appreciably less

than that for He, and to find NO with a value much less than those
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