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ABSTRACT

A general theory and calculational methods have

for the calculation of equation-of-state data for high

been developed

explosives

composed of carbon, hydrogen, nitrogen and oxygen. The theory

utilizes the Kistiakowsky-Wilson-Halfordequation 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 exp&imental data on the variation of plane-wave

detonation velocity with loading density and on Chapman-Jouguet

pressure at high loading density for several cyclotols. Detailed

equation-of-state data are presented for 65/35RDX/TNT (Composition B),

77/23RDx/m, 76/24HMX/TNT, andHMX. The calculated C-J pressure

for Composition B is 0.284Mb, compared with the experimental value

0.292 Mb, and with the value 0,2(77Mb for the Jones-Keller equation

of state which has been used In the past for
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UNCLASSIFIED

Chapter 1

:N’lYIODUCTION

In the past, IBM implosion calculations have utilized an equation

of state for the high explosive (CompositionB) which was based ultimately -

on theoretical work by H. Jones and others in England.(19,20) Jones,

work provided only the p-v-T relation during adiabatic expansion of

the produc$ gases from the Chapman-Jouguet point of the Hugoniot curve.

For the implosion runs, the Hugoniot curve itself and adiabats passing

through points on the Hugoniot above the C-J point were also required.

Peierls and Keller obtained these from Jonest data by perturbation

methods, including an approximate conversion of Jopest 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

LA-1040.(21) By their very nature these methods were not too satis-

factory, since the perturbations involved were by no means small. In

addition, the production values of loading density and composition

have been changed from 1.67and 60/40 RDX/TNT (by mole fraction) to

1.715 and 65/35 RDX/TNT (by weight),(30) 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 Jonest

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
(14)

till 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 0 (Po=l/vo being commonly

referred to as the loading density). Advancing through this block with

a velocity D is a shock front which compresses the material along the

Hugoniot (shock curve) for the solid explosive to a specific voluuw

vl (Figure 1.1), thereby raising the pressure to a value pl 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 (p2, V2) on the Hugoniot for the

reaction products.

products along the

(Pi) Vi)> and (P2>

This is followedby an expansion of the reaction

adiabat through (p2, V2). ‘l’hePoints (Poj vo)~

V2) are colinear, since it can be shown that the

slopes of the lines (po,Vo) + (PIZ VI) andko~ Vo) + (P2j V2) ~e

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

● m. ●●°0 ~j3-”;”:“” uN~b!$SIFIFR● : :00
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under

shock

which

steady-state conditions.

The laws of conservation of

front lead to the following

mass and nmmentum applied across the

relations

v/v. = pJp =

P- P. = PO(D -

may be conibinedto give

velocity D and the particle

zone:

(D - U)/(D - Uo)

I

Uo)(u- Uo),

J

(1.1)

expressions for the shock (detonation)

velocity U at the rear of the reaction

D- y(U. =Vo p-po)/(vo-v)I
I

(1.2)

.

the pressureand specific

u- U.=y(p-po)(vo-V)
Here (and henceforth) p and v denote

volume of the reaction products -- previously written (p2, V2) --

and U. is the particle velocity of the material ahead of the shock

(and is generally zero).

The law of conservation of energy together with the equations

above can be used to derive the so-called Hugoniot equation

e-e
o =*(P+PO)(VO -V)s

● 9. .●*.
● : +lO-”;O:“* y:

●
● *:.:.O

● ::● * c-b ● oowee ● ** ● *;ipmm●

●
:.**

:0: ●°:.
● e .. . . . ●*9 .

● *

(1.3)
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where e. is the specific internal energy of the solid explosive at

(PosVo) -d e iS

products at (p,v).

products (commonly,

the specific internal energy of the reaction

With the aid of an equation of state for the reaction

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 s@stituted in (1.3) gives the equation of the

Hugoniot curve for the explosion products.

For a plane detonation wave, the well-substantiatedhypothesis of

Chapman and Jouguet(14) 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 Chapman-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 is satisfied, will be

The Chapnan-Jouguet point

interest here. First it may be

denotedby DW.

possesses several

noted that D.. is

properties of special

the minimum possible

value of D. Secondly> the energy change along the Hugoniot is given

fromEq. (1.3)by

{

de=; (Vo-

ThUS from the thermodynamic

1v)dp-(p+po)dv .

relation Tds = de + pdv it folJ.owsthat
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for changes along the Hugoniot,

f 1

Since (p - po)/(v - Vo)

(PO> v.) to the Hugoniot

(ds/dv)= ~ O according

(1.4)

is the slope of the straight lime from

point (p, v), it is evident that

as v ~ VCJ; i.e., the entropy along the

Hugoniot curve has a 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, Vo) + (P~J, VCJ). Thus if r* is defined as the negative of the

logarithmic slope of an adiabat:

()f)41p ()T*= - ~ = -:% ,
s s

then at the Chapman-Jouguet point
(a)

(1.5)

(1.6)

‘a)Thus the Chapman-Jouguet condition maybe written (9P/8v)s =
(P - Po)/(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
along the equilibrium adiabat. However, Kirkwood and Wood@t71&:d

recently shown that a correct statement of the C-J condition requires
that the derivative be evaluated for frozen composition. All calcu-
lated results quoted in this paper are based on the incorrect state-
=nt; 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 about +0.7$at density 1.2 g/cc.
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since p. is negligible compared with p in the case of a high ex-

plosive. From this expression and Eq. (1.2), with PO = U. = O,

there follow the well-known relations

The Hugoniot

.

adiabats calculated

I
In the present

(1.7)

investigation

satisfy all these properties of the C-J point (cf. Sec. 4.4).

As mentioned earlier, a calculation of the Hugoniot curve from

Eq. (1.3) requires a knowledge of the equation of state of the detona-

tion products. However, high explosives produce pressures of the

order of 1/2 IO a 500,000 atm and volumes of about 10 cc/mle(a 2 or

3 R cIibeper molecule), and in this range there exist neither direct

experimmtal data nor a satisfactory 6elf-contained theory. About the

best -t can be done at the present time is

equation of state in which the values of the

to give the best possible agreement with the

to use some empirical

parameters are chosen so

available experimental

@ta on high explosives -- in particular, the velocity of propagation

as
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of a plane detonation wave. As shown by Eq. (1.2), a knowledge of D

telh one a little about the Hugoniot -- it is tangent ta 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

variety of different densities po, and D is found experimentally to

increase with PO. Different values of D man different slopes of

the tangents to the corresponding Hugoniots, and hence give considerably

more information than just one value. In fact, if a perfect-gas equa-

(a) -t D shoddtion of state is used it can be shown theoretically

be independent of PO, so that the variation of D with PO does

indeed provide some measure of the gas imperfection terms in the actual

equation of state. According&y, it has become standard practice to

adjust the equation-of-state pu%meters to give a theoretical curve of

D vs. PO which agrees as closely as possible with the experimental

one.

which

This is the procedure which Jones fo~owed, and (in part) the one
,

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 discussedby Jones,
(18) —

hi8 Srgum?nts

~a)For example, from Eqs. (1.8)and (1.$l)below, using e =pv/(T~ - 1)
and neglecting p. 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. = O and

P. assumed constant)

[

F(p, v, Vo) =e(p, v) - e. - ;(P + po)(vo - v) = o,

D~,T(vo)
G(P, V, Vo) = ——

V2 (Vo -v)

-(p- po)=o.

o

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), VCJ(VO). At any point on this line

of tangency the normals to the two surfaces must have the sam? direction --

thus the pro~ections of the normals on the (v, Vo) plane have the same

direction, or

(-%)p,v+ap,v‘(-WP,V+WP,V*o 0

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

detonation velocity for the value of v of interest gives
o

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

O(*= (P+ Po)/(* )
P

= (P+ Po) (~)~(~)p) (1*8)

this can readily be reduced to

(1.9)

*
Thus, given a value of (X~, this expression together with Eq6. (1.7)

gives values of 8*, v/vo, and p at the Chapman-Jouguet point from

the experimental variation of I)CJ with ~.. Unfortunate-, the value
*

of d depends on the equation of state. However, it is evident from

Eq. (1.8)that @* > 0, and it seems likely that W* < 1. (Jones’

estimte is 0.25, the

temperatures is about

Table 7.2, range from

assuud, the error In

Ideal-gas value for diatomic ndecules at C-J

1/$ and experimental values for five explosives,

0.28 to 0.70.) mms if a value a* = 1/2 iS

2+CX* would probably be at nmst 20j$,so that

?(:J, Pw, and (v/vO)~J could be predicted from the experimental

‘CJ
— ~. *W within about 25, 20, and %, respectively. ~ any

*
~a).Equivalentexpressions (neglecting po) are 0( =

-1

‘{hJ@@p]-l}

-16-
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case, the

(v/vo)w

minimum value ~* = O provides lower limits on V: and

and an upper limit on pCJ. Thus the DU — ~. 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

derived in this report and for the Jones-Keller data

included in Chapter 7.

equations of state

of LA-104O are

In addition to experimental D— P. data, fairly reliable

measurements of C-J pressure have recently been made.

provide additional information for calibration of the

~is is discussed fully in Chapter 6.

These of course

equation of state.
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Chapter 2

EQUATIONS OF STATE

2.1 Gaseous Products

The equation of state which Jones
(19,20)

used for the gaseous

components of

of the form

the reaction products was a virial expansion in pressure

pve = R!t!+bp + Cp2 + dp3, (2.1)

where V is the molar volume of the gaseous portion of the reaction
6

products. (The specific volumof the solid product, carbon, was as-

sumed constant and equal to its value at NTP.) The values of the

parameters b, c, and d were determined as described in ~pter 1 to

give a good fit with experimental D — PO data at loading densities

below about 1.5 g/cc, Eq. (2.1) then giving a value of D about 1~

higher than experiment at PO = 1.7. Using Jones* C-J values for

Composition B at PO = 1.5

Eq. (2.1) are (in units of

0.297 + 4.49

g/cc, the terms of the virial expansion in

Mb-cc/mole)

Evidently, the series is not

3.30+1.34 .

convergingrapidlyeven at this pressure

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

-18-
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ten times greater. Although the convergence would probably be better

with values of b, c, 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 s-te would be more satisfactory.

Further objections to Jonest 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 SEUM

equation of state. (b) His treatment of adiabatic

complicated, involving the numerical integration of

equation.

expansion is rather

a differential

For the above reasons, Jonest methods were discarded and an

equation of state developed by Kistiakowsky, Wilson, and Halford was

used instead.(25) This equation has been described and a treatment of

equilibrium among the product-gas compounds given by Brinkley and

Wilson}’) a theoretical treatment of Hugoniot calculations has been

given by the same authors,(3) s.nda treatment of adiabatic emnsion

has

and

The

been developed by Kirkwood, Brinkley, and Richardson.(23) S=l=

somwhat more elegant treatments have been given by Snay and Ste’gun.(35)

theoretical sections of this paper follow those in the above reports,

with SO= refinements and additions.

The Kistiakowsky-Wilson equation of

us) for the we gaseous reaction products

state (slightly

has the form

modified by



fl
;
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LJ13 8=F(x) =1+x ‘,

where x= ~k

Vg(T + Q)w “

(2.2)

In these e~essions, Vg is the molar vol- of the gaseous products

(i.e., the total volum of the reaction products less the volume oc-

cupied by any solid products, divided by the nuuiberof moles of gas,

ng)o The quantity

given the somewhat

to infinity as T

Chapter 5.

9 is a constant which we have introduced (and

arbitrary value 400°K) to prevent p from tending

tends to zero; this is discussed further in

Like the Jones equation of state, Eq. (2.2) has three empirical

parameters:

in being of

gas form is

cx,fl, and <. However, it differs from Jones’ not only

closed form, but also in that the correction to the ideal-

allowed to be a function of the temperature and also to

depend on composition through the “constant” k:

(2.3)k = ~g ‘i ‘iJ

where n /n
‘i=ig is the mole &action of the gaseous compound i,

‘i is a constant characteristic of that compound, and the summation

-20-
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i8 carried only over the

The ki are of the nature

ment of equilibrium (Eq.

gaseous components in the reaction products.

of covolumes, as will be seen from the treat-

393) -- the larger the value of one of the

‘i ‘
the smaller the value of the corresponding ni in the equilibrium

mixture. (In the treatments by Brinkley and Wilson, etc., the quantity

~ in Eq. (2.2) isomitted, butithas been foudcomenient ti intro-

duce it here to provide in effect a simple means of ad~usting the magni-

tude of k without altering the relative values of the ki.)

The values ofoCand#used in applications of this equation of

state by Brinkley, Snay, etc., are 0.25 and 0.30, respectively. In

the ~esent 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 covolum values ‘i used by others have also see~d

unsatisfactory to us (for physical reasons), and we have used instead

values derived as described in Chapters 5 and 6. We have =de a number

of other Improvements over previous applications, the most important

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

(2,3)solid product is carbon (graphite). Brinkley and Wilson assumed

for simplicity in their calculations that the specific volume of the



..



solid carbon present was constant and equal.to the value O.~ cc/g for

graphite at NTP. As shownby Figure 5.7, use of

equation of state produces an appreciable change

D— PO curvefa) We have used an equation of

described in IA-385(22):

P = Pl(~)+ a(~) ● T + b(~) ● T2,

a nmre realistic

in the calculated

state of the form

(2.4)

where
7= P/p. is the compression of

to its normal crystal density PO = 2.25

the solid graphite relative

g/cc. For our preliminary

calculations, including the parameter

the fo~owing expression was used for

studies described in Chapter 5,

the zero-temperaturepressure:

Pi(q) = 4.5w8 -10.35947 + 6.7575~ - 1.0598~ + o.0628~? (2.5)

This functiondiffersconsiderablyfrom thatgivenfor carbonin

LA-208(27)for two reasons: (1) We usedmore recentBridgmandata(l)

for the low-compressionend of the curve,and (2)Thomas-Ferti-Dirac

calculationsmadeby one of us(9) indicatethe high-compressionend of

the curveto be in error. However,recentexperimentalmeasuremmts(40) “

have indicatedthatEq. (2.5)givesmuch too high values for the pressure,

and all final results quoted in Chapters 6 and 7 were calculated using

the foil.owinqanalytical expressions:

‘a)Christian and Snay(7 ) have also made calculations using a variable
carbon volume, but their equation of state was purely hypothetical.

-22-
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P1(~) = -2.4673 + 6.7692? - 6.9555$ + 3.040573-0.3869$,
1

‘1a(]= -0.2267 + 0.271.2 ,
‘i

b(q) = ok8316 - oec@04q-1 + o.03068~2,

these coefficients giving

in unitsof U,605.6°K).

to valuesof b obtained

p in megabars when T

The expression for b(@

from the (corrected) TFD

)(2.6)

is in volts (i.e.,

is an analytic fit

zero-temperature

pressure as described in M-385. The function a(q) is of a form

suggested by Reitz,
(32)

the second coefficient being 3R~/2 and the

first being chosen to make a(l) = 30(/~, where a is the linear

coefficient of thermal expansion and <is the isothermal

at NTP. The range of applicability of these expressions

0.95 4
7

L 2.5.

compressibility

iS 0<T<2,

-23-
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Chapter 3

THERMmYwc THEORY

The calculations described in Chapter 4 require a knowledge of

the extensive thermodynamic properties 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 mol~ quantities. The relation between the two is

g = ngGg+n Gs s’ (3.1)

where g and G represent any extensive property in specific and molar

units, respectively; the subscripts g and s refer to gas and solid;

and n
e

and ns

per unit mass of

G
g

and G~ can

are the number of moles of gas and solid, respectively,

mixture. We wish to derive expressions from which

be calculated for substances obeying the equations of

state (2.2) and (2.4) in terms of tabulated data

in their standard reference states (ideal gas or

pressure).

for ths pure components

real solid at unit

-24-
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3.1 Internal Energy

The dependence OS internal energy on vol~ is given by the

thermodynamic relation(a)

w,= ‘(%),-‘o

Integration of this expression at constant temperature and fixed

composition then gives the energy of a system at temperature and volume

(T, V) <n terms of its energy at temperature T and a reference

vol~ V*:

E(T,V) = E(T,V*) +
~~ {T(’)v - ~}dv.

Gaseous components

The standard

equivalent, in the

reference state of ideal

case of internal energy,

zero pressure. Taking, then, the limit V*

in Eq. (3.2) may be written as a simple sum

the component substances:

(3.2)

gas at unit pressure is

to ideal (or real) gas at

- 00, the term E(T, V*)

of the internal energies of

‘a)See, for example, Rossini,’33) Chapter 14.

-25-
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Eg(T, 00) = Z Xi(E;)i = ; xi(E; - Qi + : xJH:)i$ (3.3)
i

where xi = n~/ng is the mole fraction of component i and the sum

is over all gaseous components of the mixture.

For the equationof state (2.2),

\

since at constant temperature and composition

(3*4)

(3.5)

The integral in (3.2) can thus be written

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

Eg(T,V)

RT =2 xi~a+. J#++(, -l). ,,.,,
i i

Solid component

For a solid, the standard reference state is at unit pressure.

=26- 1
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Taking, therefore, V* = V: to be the

temperature T and unit pressure p“,

single solid component)

(molar) volm of the solid at

(3.2) can be written (for a

E5(T,V) = (1$ - H~)s + (H~)s - pOV~ +
!;{T(%~-

S
}
p dV, (3.8)

or, for the solid equation of

E~(T,V) (H” - H:)s (H:).

RT = RT
+—

RT

state (2.4),
(a)

P“v: ~
v

1{s-—
RT ‘m Vo

}
b(V) T2 - pi(v) dV.

s
(3.9)

3.2 Entropy

The pressure dependence of entropy is given by the thermodynamic

relation(b)

(%)T= -(%), ●

‘a‘In evaluating the thermodynamic functions for the solid (Eqs. 3.9,
3.18, and 3.24) we have neglected ‘V: and approximated
@ = @(T) by the constant value #(25°C); the resulting errors
are less than those of the analytic fit which we used for HO - %*

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

reference pressure p“ = 1 atm gives

S(T,P) = S(T, P“) -
{(

p g“

PO

Gaseous components

The entropy of areal gas at (T, p“)

of the entropy of the ideal gas at (T, p“)

Sg(T,PO) =

and the entropy
‘I ‘f

to the entropies of the

S1(T,PO) =

) dp.
P

(3.10)

may be expressed in terms

through the relation
(a)

the mixture of ideal gases is in turn related

pure components, each at pressure p“, by

~ xi Jnxi, (3.I.2)
i

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

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

(3.13)

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

wRo6.ini, (33) Chapter 23, Eq. (42).

-28-
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the integral’in (3.13) with the aid of the differential relation

(@=-(-%3TW (3.14)

Using (3.4)13.5), and the following relation for constant temperature

and composition:

dp .dF
dV
g

T -F--V’
g

the integral in (3.13) can be written

~’%+ Lvg{y+ $%3(%JJ ‘%

(3.15)

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

-29.
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Solid comnnent

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

(3.14), the entropy of the solid component can be written

v

S(T, V=) = (SO)~ +
J(1

‘O& d V8,
V“s s

(3.17)

where V: 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

S6 (sO)s ~ ‘8
~=R s{‘T ~o }

a(V) + 2b(V) T dV.

s

(3.18)

3.3 Chemical Equilibrium

The equilibrium state of a system is characterizedby the

possibility of a number of chemical reactions among the components,

each reaction being subject to the thernmdynamic condition

Here ji is the number of moles of component

reaction, fli being positive for products and

and

(3.19)

~ involved in the

negative for reactants

-30-
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is the chemical potential of component ~.

indicate differentiation with total volume

held constant.)
(a)

The conditions for the conservation of

independent equations of the type (3.19) are

the composition of the system,,provided that

the components are known.

Gaseous components

For the gaseous components obeying the

(The snibscripts v

and all nts other

(3.20)

and n
J

than ni

mass, together with all

just sufficient to determine

the chemical potentials of

equation of state (2.2),

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

and (3.16) may be written (since EO/RT - SO/R = FO/RT - 1),

efx-~
+.n8A+-+n

‘d’F ‘-”
‘aJHere A and F are the molar Helmholtz

This F should not be COItfU6edwith

-31-
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From (3.20) we then have for the chemical potential of the ith gaseous

component

(F” - H~)i ~x
‘i(H;)i .~n y + e

=
RT +—

RT .# +-~nF+~(F-l)* ‘3”21)

Solid component

For the solid component,

found from the free energy F,

written

the chemical potential is more easily

which from (3.8) and (3.17] may be

n~Fs nsEs + nspV~ n~Ss
-—

%??-= RT R

n~(FO - H~)s ns(H~)s ns(pvs

J

- p“v~) n~ ‘s
n

RT
+—

RT + RT -Evo pdV. (3.22)

s

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

>s (F” - H:)s .+(J$)s F;

riT= RT RT ‘z’

where for the equation of state (2.4),

-32-
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F; p v~ - p“v: ~
v~

m= RT J-W-vo ‘dv
s

J{

pv~ - p“v: ~ ‘s
=

RT -mvo }
PI(V) +a(V) T+b(V) T2 dV.

s

Equilibrium conditions

The equilibrium condition (3.19) for the mth chemical reaction

!uiynow be written with the

z ($i)mpi = z (Ji)m
i

aid of (3.21) and (3.23) as

(F” - H~)i (HO)i

RT + ‘(di)m~ + Z (Ji)myn ni
6

Making use of the definition of

o.

the equilibrium constant K :
P

(3.25)

(3.26)

thwe obtain the following equilibrium condition for the m reaction:

—





I

().Ji)m
~n Km s ~n(ffg ni )

(3.27)
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Chapter 4

METEODS OF CALCULATION

4.1 Thermodvnaml.cData

The numerical calculations

and were carried out on IBM Type

These calculations require (Eqs.

described below are

701 Electronic Data

rather complex,

Processing Machines.

3.79 3*!?,3.169 3*189 3*26) values of

the thermodynamic quantities EO$ SO, and & Kp for various substances

and reactions over an extended temperature range -- preferably

in the

S0 be

form of analytic fits. It is desirable that fits for EO and

consistent with the thermodynamic relation

{

dEO + R dT, gas
T ds” = d.EO+ pOdV =

dlii” > solid

so as to insure correct relationships between calculated shock curves

and adiabats, Such fits have been given by us(13) in the forms

{

(E”- H~)/RT = a+bT+cT2+dT3

Gas:

SO/R = (a + 1) ~nT + 2bT +~T2 +$IT3 + e,

(4.1)
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(HO-H~)/RT = a+ bT+cT2+dT3

Solid:

SO/R =a~n T+2bT+~cT2

(4.2)

~dT3+e
‘3 “

Analytic fits for J% Kp could have been made by combining these

expressions according to the definition (3.26) and the relation

{

(EO-]i~)/RT - SO/R + 1, gas

(F”- H“)/RT =

(Ho- H: )/RT - So/R , sOlid.

However, for simplicity the free energy was fit with simple cubic

expressions of the form used for the energy. This is not thermxlynami-

cally consistent, but is satisfactory for our purposes. Values of’the

coefficients for the X. K fits are given in Table 4.1.
P

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, H:, for the reaction products at T = O°K and heat

contents, $- H:, for the elements making up the explosive were taken

from the NBS jables.’38) (All internal energies quoted in this paper

are thus referred to an energy zero such that the energies of the

elements are zero at T = O°K.) The values R = 1.98719 cal/mole =

8.31439 X 10-5 Mb-cc/mole were also taken from the NBS tables.

-36-
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Table 4.1

(a)
Analytic Fits for the Equilibrium Constants:

ln(~)m = am + bmT + CmT2 + dmT3 - (,@)m/RT

Range, 500 to 3000°K

m a bm”104 cm”108 dmc10M (aH:)m/R

1 5.~69 -2= m 1.821/3 486
2 5.0679 -87.1936 102.1230 39;54;:;
3 -18.5737 -31:1507 139.0486 -182.5956 -19,909.9

Range, 3000 to 12000°K

1 4.7051 -;.~8; 3.3830
2 7.2128 -4.4698
3 -2~.2756 3:1990 -0.0672

Table 4.2

Heats of Formation of Pure

Explosive

~ (c4H6N~ 08)

RDX (C3 H6 N6 06)

T~ (C7H5N306)

DNPA (CfjHa N2 06)

-1.0266 4,861.0
1.7107 39,54593
-0.4704 -19,909.9

Explosives

(Mf)e

~kcal /mole at 25°C)

+17.93(17)

+14.71(31)

-17.81(36)

-121c2(b)34)

‘a)The reactions m are definedby (4.5).

‘b‘Poly-dinitropropylacrylate(per-polym;r 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:

.

i S~stance
1

(1)
‘2

(2) C02

(3) co

(4)
%2°

(5) ‘2

(6) No

b (4.3)

(7) c(~) J
In reducing the n~er of chemical components considered to a

computationallypractical minimum, the following considerations served

as a guide:

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

thought to be present (CO, H20, N2, C(S)), there should be another

nitrogen and another hydrogen compound in order that neither the amount

of N2 nor E$O 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

consistent with (a). (For exsmple,

have as small.a ratio as possible

NHa or CH& is likely to introduce
J

more complication into the equationthan H20.)

.

Thus the list contains, in addition to CO, ~0,

three others:

of formation).

Since

~ (small size), C02(mge size), and NO

the calculated compxition depends rather

‘2$
and C(s)

(positive heat

st~ongly on

the values of the covolumes, whose choice is somewhat arbitrary, the

computational cost of including more components is probably not justified.

In some preliminary calculations (on IBM-CPC equipment) OH, NH3, and

CH4 were also included.
(a)

Although these compounds were usually found

tobe present in appreciable amounts (e.g., mole fractions of 1 to l@),

they were omitted in the final calculations for the

It shouldbe

suitable for

CO> H2% and

or CO.

The

noted that our set of components would

an explosive nmre oxygen-rich than RDX

reasons given above.

probably not be

(which balances to

N2) since the absence of 02 would force the burning of N2

conservation equations for the four elements present are

‘a)These molecules were included
t93Y

e list of reaction products
considered by Kirkwood, et al.
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9

+n+n
‘237 =NC$

2n1 + 2nk = ~J

b (4.4)

2n +n
56 = ‘N~

2n2+n3+n4+n6=N0,
d

where the n~ are the numbers of moles of the components in the product

mixture per unit mass of explosive-nl being the number of moles of

hydrogen, and similarly for the remaining numerical subscripts, following

the list (4.3) of components. me NC> %$ ‘N$ ‘O 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)
c02+H2-cO+%?0

(2) H20 + 1/2 N2- H2 + NO

1

(4.5)

(3) 2CO+C02 +C(s)

(Any other set of three independent reactions involving these components

could of course have been used;

of them imolve solid carbon.)

Corresponding to these

however, it is desirable that only one

I
reactions we have the following
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equilibrium equations:

‘3n4
‘1 = nln2

‘2 =

‘3 =

where the K’s are given

indicated in Table 4.1.

‘2

1

(4.6)

J

W M. (3.27)$ the (Kp)m’S being calculated as

With solid carbon present, Eqs. (4.4) and (4.6)

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 n , and is described
3

in detail in Appendix I.

When the equilibrium Eqs. (4.4) and (4.6) are used to calculate

the mole numbers, it is found in some cases that ~ is negative This.

is of course impossible, and means physically that there is no solid

carbon present (
?

= o). Mathematically, the equilibrium equations

must be altered by deleting ~ from the carbon

and ignoring the equilibrium equation involving
!

system of six equations in the six unknowns

were obtained by combining the six equations

-41-
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could be solved by iterating on the single variable nl. Details are

given in Appendix I.

4.3 Equation-of-State and Detonation-VelocityCalculations

For use in hydrodynamic calculations, the equation of state of

the reaction products is needed in the I’orm p = p(v,e) or

P = P(V,s) where v is the specific volume of the gas-solid mixture,

and e and s are the specific energy and entropy. The determination

of functional relations of this sort may be considered a6 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, p, 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 be 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 is obtained. The manner in which this is accomplished Is shown

schematically in Figure 4.1.

Thus suppose that it is desired to determine the various thermo-

dynamic quantities at some v and g, say gc. 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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WImm

and gas volumes are determined so that

Pg@gl = PJVJ (4.7)

where nV=v-
gg

n~V~, and p and ps
g

are the pressures computed

from the gas and solid equations of

precisely, the solid volunE Vs is

until (4.7) is satisfied.

state, (2.2) and (2.4). Wre

iterated with “linear feedback”(28)
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1

Solveequilibrium
equations(carbon Calc.
present) for no new n i

(L.F?)●

$= ‘3‘?
no

%;
or

,&,!Ll T
Calc.nevT

(L. F.)

no

r yes I
Celc. g g=g?

r

oExi
L. ~. indicatesthe
6uperscr~ptsI and
n.1

at specifiedv andFig.4.1.F1OW~i~am ofthecalculationofthethe-dynamicvariables
appl~cationof“linearfeedback”totheiteration(seetext).
~ indicateinputandoutputVdUeS, ZWPeCtiVd.Y> of U3
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Having so determined V and V , we can
s

from (3.27). With these K&’s the compo~ition is

calculate the

determined by

Km8s

itera-

tion as outlined in Sec. 4.2. With this new composition the gas and

solid volums are redetermined, the Kmfs recomputed, and the composi-

tion is again determined so as to satis~ the new
%’s”

When this

whole process has converged (i.e., the pressure and composition are no

longer changing) g is calculated. In general g ~ gc; T is then

changed by linear feedback on g and T and the whole process is

repeated until g = gc. With the final 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

machine time

about twenty

carried to an accuracy of about one part in 105, and the

required for such a calculation at one point (v, gc) was

seconds.

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

Hugoniot function

h = e -e. -:(P+PO)(VO -v) (4.8)

and gc was taken tobe 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 V. is the reciprocal of the loading density ~o, and
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o = (AHf)e/Me +ZN~(I$ -H~)J+ZNj(H~)J -POVO,

o

where (&If)e is the ‘molarenthalpy of formation of

(4..9)

the explosive at

To (usually 25°C), Me is the molecular weight of the explosive, and

N. is the number of mnles of element j contained in unit mass of
d

explosive. Since the energy of

energy of the reaction products

zero, the H~’s inEqs. (3.7),

consistent. The povo term is

error in the values of @Hf)e

In order to calculate a

the undetonated explosive and the

must be referred to the same energy

(3+9), and (4.9) must of co~sebe

small compared to the experimental

available and was neglected.

C-J detonation velocity, g was

taken to be

Then points

value of D

culating D

the Hugoniot function, Eq. (4.8), with e. given by (4.9).

were calculated on the detonation Hugoniot until a minimum

= v. Y(P - Po)/(vo - V) was found. This was done by cal-

at three values of v which bracketed the minimum; then

approximating D vs. v with a parabola through these three points

and taking the analytically predicted volume for minimum D as the

middle volume for the next guess. This was repeated with successively

finer volume intervals until the volume for minimum D had been

determined to the desired accuracy. For maximum loading density, the

5volume was determined to 1 part in 10 and required about 5 minutes

machine 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

4.4 Internal Consistency

to that equation.)

Several checks were

calculations in the case of

made on the internal consistency of the

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 five significant figures, and the C-J

adiabat lies always below the Ilhgoniotbut above the straight line

(Po,vo) + (PCJ,vCJ)●

(b) The shock curve for the detonation products originating at

the C-J point lies always between the detonation Hugoniot and the C-J

adiabat (cf. Table 7.1); thus all three curves are tangent to the line

(po$vo) ~ (PcJ,vCJ) at the C-J point.

(c) The value of V* for the C-J point (determined from (1.5)

by numerical differentiation of (p,v) data for the C-J adiabat) together

with the calculated value of D.. gives values of C-J volume and
w-

pressure from (1.7) which agree with the directly calculated

five significant figures.

values ta

from (1.8)(d) The value of cX* for the C-J point (determined

of (ejv) data for the C-J isobar) togetherby numerical differentiation

-b7.

am
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am

with the calculated value of d In DCJ/ d.& PO gives from (1.9) a

*
value of X which agrees with the adiabatic slope to five significant

figures.
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Chapter 5

EQUATION-OF-STATE PARAMETER STUDIES

The gaseous-equation-of-stateconstants

are to be considered as parameters whose values

empirically to give the best possible agreement

a’ p) q, and ki

are to be determined

with the available

experimental data -- principally the variation of detonation velocity

(Du) with loading density (PO). On this basis, Brinkley and Wilson
(2)

chose the values o! = 0.25 andfl= 0.30, assuming the volume of

solid carbon to have the constant value Vs = 5.34 cc/mole (its value

at room temperature and 1 atm pressure). They used the set of values

of the covolume constants
‘i

given in Table 11.1, which were chosen

to give the best possible fit of DCJ— PO curves for a number of

different explosives using the same set of parameter values for all

(7)explosives. Christian and Snay, using the above values ofctand #

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 11.1). Neither set of values appeared too satisfactory

to us: the Christian-Snayvalue for the ~ covolume 3.squite small,

and among the Brinkley-Wilson values it is surprising to find OH and

~0 having values which are not only equal but also appreciably less

than that for H2, and to find NO with a value much less than those
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