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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.

APPROVED FOR PUBLIC RELEASE
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e 9** ● ● ** :s. ● 0

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
●

● : :*:::.
● 9 ● a*:., ,., ● *~oo 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

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE
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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

● me .●*9 . O:* ● o, .*
8

● :- b- : :. ; ;
● e● 9 ●:C:9* ●:O :.. Q.

imlllu: :S*O
● ● *
9*.
● O

● *. ● ● : ●
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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.

9** .●m* ●:* ● .. ..
9

● Lib: i. :;
● *● 0 ●:?:00 6:0 :.0 ● .

*

● .
● ● **.
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● 0. ● m.

● * .*. ●.D: ●e* ●
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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

APPROVED FOR PUBLIC RELEASE
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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-

mmi
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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

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



9119U

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
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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.
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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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I

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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(3.24)
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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:

—
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I

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

(3.27)
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am,

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.

-39-
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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

-40-
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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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Solutions

to the point where they
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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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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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e
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.
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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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for CO, N2, and 02.

We have, therefore, calculated a set of covolumes of our own

“which are primarily geometrical in nature (except that fairly small

corrections were applied in the case of the

OH, and NH ); these values are also given
3

of the manner in which they were calculated

Although we have departed somewhat from the

polar molecules 1$0, NO,

in Table 11.1, and details

are given in Appendix II.

geometrical values for

reasons discussed in Chapter 6, we still feel the geometrical basis to

be of value in providing a means of calculating a covolume for any new

molecule which one might wish to include in his list of reaction products.

Although the calculated DCJ — PO curve is rather insensitive

to the relative values of the covolumes, it is quite sensitive to the

values offl and ~ used-s in addition, the value ofx has a sizeable

effect on the calculated C-J pressure for a given j20. As a result

of the parameter studies to be described, we have found it desirable

to depart drastically from the values C%= 0.25 and ~= 0.30 used

by the other authors.

Except as specifically noted below, these parameter studies

were made for 65/35 RDX/TNT (by weight) using the geometrical

covolumes given in Table 11.1 and the carbon equation of state (2.5).

Some preliminary calculations showed that the calculated
‘CJ— PO

curve was essentially the same for equilibrium composition of the

reaction products as for a composition held fixed throu@out, so that

fixed composition was used because of the great saving in time which
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‘a) (The fixed composition used was the so-called ~0-resulted.

arbitrary composition, which for oxygen-deficient explosives is as

follows: all nitrogen is present as NO, all hydrogen present occurs

as H20, the remaining oxygen

as graphite.) For comparison

include an experimental curve

by the relation

‘CJ
= 3127

c

occurs as CO, and the remaining carbon

purposes, the figures to be described

(see Chapter 6) assumed to be represented

p. + 2673 m/see.

Figure 5.1 shows the effect of varying the covolume-scale-

factor ~ . This effect may be summarized roughly as producing a rota-

tion of the calculated DW — PO curve about a point on the ordinate

axis, with little change in the shape of the curve. The effect of

varying
r

is shown in Fig. 5.2; decreasing ~ is seen not only to drop

the calculated curve as a whole, but also to decrease the cu?nrature.

The effect of
P compared with that of ~ is about what one

would expect, since in the equation-of-state imperfection factor

F= 1 + x em, (x4 ~), ~ affects both x and eflx whereas ~

affects only the latter, which becomes most important at high loading

densities. It is evident that different sets of values of ~ and $,

all of which result in the same calculated value of D at one given

‘a)With fixed composition, the values of ki used are immaterial.
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Fig. 5.1 The effect of on D —
f

PO; a = 0.6,
P

= 0.06.

I I I I I I I I I

/

/3=0.08

EXP..
/3=0.06

.
p=o.04

.

I I I

3 I.2 1.4 L6 1.8 2.0

po[9m

Fig. 5.2 The effect of
f

onD— po; a = 0.6, <= 30.
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loading density, will result in D — PO curves having different

average slopes. This is ilil.ustratedbetter in Fig. 5.3, which compares

curves for two values of
P , with

‘(
determined in each case so as to

give the experimental value of D at PO = 1.715 g/cc.

It maybe seen from the figures just

65/35 RDX/TNT, at

to give a good fit

are for M = 0.6,

least) a value of
P

much

to the experimental data.

similar cumes run for a

value P = 0.30 tobe much

lated ‘CJ
— PO curve is,

course, that ~ is increased

constant magnitude).

described that (for

less than 0.30 is required

Although the curves shown

= 0.25 also indicate the

too high. The effect of @ on the calcu-

in fact, relatively small (provided, of

with (% so as to keep y/( T +e)a of

The important effects of @ are shown in Figs. 5.band 5.5,

which give the results for a

adjusted for each a to give

curve. Figure 5.4 shows the

series of runs in which P and ~ were

the best fit to the experimental
‘CJ — P.

variation with PO of the C-J pressure

and temperature for three values of & . It may be noted that for

large a,
‘CJ

decreases strongly with increasing PO. Although

there are no acc&ate experimental values of temperature with which to

compare these results, such a decrease is not unreasonable since at

the high densities a larger fraction of the available energy may be

expected to go into imperfection (potential) energy as opposed to
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0.4

.

1-

a
0

0. I

T

)

Fig. 5.4 The effect of W on p vs. ~ and T vs. j)o;
P’f

chosen to match experimental ‘II— Po “
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kinetic energy.
(a)

Thus the calculated dependence of temperature on

~ o does not provide any argument against the use of values of w

greater than 0.25.

C-J pressure at PO

~apter 6, accurate

for 65/35 RDX/TNT

Figure 5.5 shows the effect of u on the calculated

= 1.715 g/cc. As will be discussed in detail in

experimental values of pressure are available, and

a value a = 0.5 gives much better agreement with

experbmt than does U = 0.2~.

Figure 5.6 shows shock Hugoniots through the C-J point for two
.

values of a. These results are for TNT, with equilibrium composition,

the carbon equation of state (2.6), and the least-square
‘i

described

in ~apter 6. It can be seen that the choice of~has a considerably

larger

values

of the

effect on the

There is one

of tX greater

pressure at small volumes than on pWo

serious difficulty associated with the use of

than 0.25. From Eq. (2.2), the imperfection part

gas pressure at constant V (and neglecting the small effect
g

of composition changes) is pro~rtional to

constant

Txe~x~ T e(T+O)& .

(T + e)d

It is evident that for e = O, this pressure becomes infinite as T

‘a)Independent calculationsbased on the Lennard-Jones-Devonshirefree-
volunE theory n icate an even stronger decrease in T

(ilj
with in-

creasing PO. CJ
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Fig. 5.5 The effect of & on PWD(PO = 1.715g/cc); ~ and ~ chosen
to match experimental – ?.”
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5.6. The effect of f% on the C-J shock

0.8

for TNT (see text).
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tends to zero, and it may in fact be shown that (foru <1) the pressure

has a minimum at some temperature Tm. For @ = 0.25, Tm is of the

order of 1°K, so that this feature of the equation of state may safely

be ignored. For Ot % O.~, however, Tm becomes 2000°K or more at

volums encountered along the detonation Hugoniot, with serious diffi-

culties resulting. Introduction of the constant 0 of course removes

the pressure singularity at T = 0, but has been only partially effec-

tive in renmving difficulties with the pressure minimum -- the larger

the value of 0 used, the more the temperature dependence of x is

reduced and consequently the greater the value of w required to match

the experimental Chapman-Jouguet pressure. We have settled on the

arbitrary value 0 = kXI°K as being large eI’IOUgh to

the pressure-minimum difficulties, while still being

with SU calculated temperatures except those rather

considerably reduce

small.compared

far out on the C-J

adiabat. With this value of 0, (~p/@T)v was always positive for

specific vol~s greater than about 0.25 cc/g (V/Vo > 0.43 for

Composition B, v/v. >0.48 for u).

The effect of the solid-carbon equation of state on the calcu-

lated D — Po curve is shown in Fig. 5.7, which compares results for

a fixed molar volume of carbon and for the two equations of state (2.5)

and (2.6). All further calculations were made with the equation of

state (2.6).

In conclusion, it may be said that for fixed-composition calcu-

lations, the values a = 0.25 and p= 0.30 used by Brinkley and
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Wilson and by Christian and Snay appear to need considerable modifica-

tion, and that ~ = 0.6, ~= 0.067 give much better agreement with

experinmMxil data on 65/35 RDX/TNT. For calculations made with

equilibrium composition, the situation is qualitatively the s-;

a detailed discussion is given in the following chapter.
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DETERMINATION OF

Chapter 6

~UATION-OF-STATE

6.1 ~perisumtal Data

PARAMETERS

The parameters in the gas equation of state were chosen so

to best match data on I)CJ vs. PO and on pCJ at maximum PO

a group of five related explosives. These data are summarized in

Table “6.1and were obtained from experimental ~asurements in the

following manner.

as

for

Measurements(a) of the detonation velocity for infinite diameter,

D
(4,5,6)

were available for each explosive at two densities --
->

P. = 1.2 g/cc, and the highest PO obtainshle

casting. (Values of D- were obtained by firing

diameter d and extrapolating D vs. l/do) It

by pressing or

charges of different

was assuwd on the

basis of previous work, both at this laboratory and elsewhere
(8) that

over this range of loading density D vs. PO could be represented by

a straight line within experimental error.

The Dural pressures in Table 6.1 were obtained from measure~nts

by GMX-6(10’39) of shock and free-surface velocities in 24ST Dural

plates driven by the appropriate explosives: The particle velocity

behind the Dwal shock was found from the free-surface velocity with

the aid of the graph given by us(12) and the pressure then calculated

‘a)Accurate to about $ 50 m/see.
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from the second of Eqs. (1.1).

The explosive C-J pressure was

the matching conditions at the IiE-metal

then calculated with the aid of

interface: Letting the sub-

scripts i, r, and t refer respectively to the incident, reflected,

and transmitted shocks at the interface, then from (1.1) (taking all

velocities in a coordinate system such that Uoi = Uot = O and with

the positive direction that of ttheincident shock)

Pi = Poi Di %

1

(6.1)

Pt = Pot ‘t ‘t

Pr = pi +Por@i - Dr)(Ui - Ur), (6.2)

o has been neglected relative to pi and pt. Applying thewhere p

boundary conditions pr = pt and Ur = Ut, there may readily be derived

the well-known relation

where from (1.2)

{1Por(u~- ‘r) (Pr- Pi)(vo - ‘i)
R=

Poi ‘i
=

Pi - Po)(vi - Vr)

(6.3)

1/2

}
. (6.4)
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Since the shock curve from (pi,vi) through (pr,vr) is tangent
(a)

to the

straight line (p-,v_) + (pz,v.) it is evident that R ~ 1. The use

of

to

by

U(J Al.

this so-called acoustic approximation in (6.3) gives results correct

within a per cent or so; however, we have used values of R obtained

calculating shock curves for the detonation products (cf. Table 7.1).

The measurements

were made for explosives

so that before pCJ was

data were

Table 6.1

mation R

of Dural shock and free-surface velocities

of slightly differing composition and density}

calculated as described above the experimental

first corrected to the

in the following way.

= 1,

composition and density values in

From (6.1)and (6.3) with the approxi-

5+%.% pot ‘t ‘t ~_———
+ Poi Di u~

= )
‘i pi ‘i

from which

2 Poj Di Ui
‘t = Poi Di”+90t Dt “

Differentiationof (6.6) gives, using (6.6) and (6.5),

(6.5)

(6.6)

(6.7)

~a)See the discussion in connection with Eq. (1.4); also Sec. 4.4.
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From (1.1) and (1.7), U: = Di/&:J + 1)) so1
that neglecting the

*
variation of ~ ~J, &@i = 6Di/Di. Also, from the experimental

(39) &Dt/Dt g ~
Hugoniot for Dural

and using the experimental dependence

in the nei~borhood of 65 RDX/35 TNT

be reduced to

NJt/ut. T*ing Pt/Pi ~ 1.22

of D on composition and density

(from Table 6.1), Eq. (6.7) can

~ufJuf* = 6ut/ut = 0.86 &p. + o.oo236(~RDx), (6*8)

in which Uf~ is the experimentally measured free-surface velocity.

With the value of Uf~ thus corrected, the corresponding value of

Dural shock velocity was found from the experimental equation of state,

and Pt and Pi calculated as previously described. These corrections

were of the order of 1 to 3 per cent, and all data in Table 6.1

are believed to be accurate to a per cent or so (including experimental

error).

6.2 Determination of(Xand#

In order to determine a set of equation-of-state parameters

from the experimental data of Table 6.1, we startedby assuming the

set of “geometrical” covolumes described in Appendix II. Using these

‘alues‘f ‘i$the parameters C%,
P

, and ‘(
were varied as described

in Chapter 5 so as to give a good match to the experimental data for

65/35RDX/TNT. The values O( = 0.5, ~ = 0.09, ~ = 11.8516 were
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found to give results for this explosive agreeing with experiment to

about l% for the D — PO curve and 3$ for the C-J pressure;

however, the calculated values for the other explosives were quite

poor (cf. Fig. 6.1). It would of course have been possible to improve

the agreement for the other explosives by choosing a different set of

values of 0(, ~, and {fores.chexplosive. However, itwas felt

that intercomparisonof the equations of state of the various explosives

would be more reliable if a single set of values of the parameters

could be used for all five; consequently an attempt was made to improve

matters by adjusting the covolume values.

6.3 Determination of ‘i

An optimum set of values of the ki (Insofar as the D —PO

calculations were concerned) was obtained by the following least-square

process. From Fig. 7.2 it may be seen that the reaction

2CO+C02+

shifts markedly to the right as PO

of interest. Because of this strong

c(s)

is increased through the range

composition change, points of

different PO for a single explosive were given the same weight in the

least-squaring as points for different explosives.

Thus using a guessed set of
‘i‘ obs = ~ x ‘ikia value of k

I
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JllRm

was determined at four loading densities (1.2, 1.4, 1.6, ad maximum)

for each of the five explosives by adjusting ~ in each case until the

calculated D
CJ

was equal to the experimental value. This gave a set

of twenty linear equations for the new set of ki (corresponding to

~= 1):

~ (Xi)r ki = (kobs)r,
i

which were then solved by the method of

suit of this process was large negative

r = 1,2, ● .. 20, (6.9)

least squares. The first re-

values for the ~ and NO

covolumes, presumably because these components are present in nmle

fractions of only about 10
-2

to 10-5. Therefore the equations were

solved instead with these two covolumes held fixed at their original

values (multipliedby the average ~ from the determination of all

the kobs). Table 6.2 contains the resulting(a) ki, together with our

‘a/In a preliminary trial of the least-squaring process on three ex-
plosives with a = 0.6, it was found that carrying out the entire
least-squaring process a second time (starting with the ki produced
from the first least-squaring) produced only a small change in the
ki. It was also found that the rather sizeable change in ki
from the initial geometrical set to the first least-square set
produced composition changes of at nmst a few per cent of the
original mole fractions. Since the determination of so many kob~
is rather expensive in machine time, the final least-squaring was
started with the ki from this trial run and was done only once.
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“geometrical” set and the values obtained by Brinkley and Wilson and

by Christian and Snay. The changes which the least-squaring process

Table 6.2

Comparison of Covolume Constants

Source ‘i—

‘2 C02 co H20
‘2

NO

Brinkley-Wilson
(2)

153 687 386 108 353 233

Christian-Snay(7) 60 525 313 285 334 ---

{

a180 670 390 360 380 350
“Geometrical”

b2133 7940 4622 4267 4504 4148

Least-square 2133 6407 3383 3636 6267 4148

aoriginal set, scaled so that k
~?

would be about the same as
that used by Brinkley and Wilso

b
Scaled by the average K(= 11.8516) from the determination of all
the kobs (see text). -

produced (namely 20 to 25%

and a 40$ increase in the

would expect in order that

“+4jN306) shotid

However, the fact

as large as k
co

decreases in the

‘2
covolume) are

the calculated D

C02 and CO

qualitatively

– P. curve

Covolumes

what one

for TNT

be lowered compared with that for RDX (C3H6N606).

that the resulting value for ‘N2 is nearly twice

and almost as large as k
C02

indicates that

a Priori estimation of covolmes on a geometrical basis is rather.—
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unsatisfactory for this equation

In Figs. 6.1and 6.2 the

compared with experiment for the

of state.
(a)

calculated results for D — PO are

geometrical and the least-square co-

volumes, respectively. (To avoid confusion, results for only three

explosives are shown; the others show qualitatively similar effects.)

It

‘is

of

can.be seen that with the least-square
‘i

fairly good agreement

obtained for all explosives in the case of D— PO, and the values

the parameters thus determined are

= 0.50

; = O.og

<
= 1.00

I
(6.10)

ki = least-square set, Table 6.2. t

e= koO°K

The C-J pressures calculated with this set of paramters are compared

with the experimental values in Table 7.2. These values do not differ

significantly from the pressures calculated with the “geometrical”
‘i

if allowance is made for the differences in the calculated values of

‘CJ
— i.e., there has been less than one per cent change in the value

*
of XCJ indicated by (1.7).

‘a)It is of course possible that at least part of the apparent diffi-
culty with the geometrical covolumes is actually due to an inaccurate
equation of state for the solid carbon (cf. Sec. 7.2).
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Chapter 7

RESULTS

7.1 Equation-of-State Data

Calculations of Chapman-Jouguet conditions as a function of

loading density for five different explosives are described in Chap-

ter 6, on the basis of which were chosen the values of the gas-equation-

of-state parameters given in (6.1o). SonE of the results of these cal-

culations are given in Fig. 6.2 and Table 7.2. More extensive data

(Hugoniot curve, C-J adiabat, and several isocalorics) are tabulated for

65/35 RDX/TNT (Composition), 77/23 RDX/TNT, 76~24 HMX/TNT, and HIM

in Appendix III. The data for HMX even at C-J conditions represent

an extrapolation beyond the pressure range for which the equation-of-

state parameters were calibrated. No experimental pressure measuremmts

are available, but the calculated value pcJ = 0.391Mb is probably too

highby five per cent or more (cf. Table 7.2).

Some results in addition to those in Appendix III are given in

Figs. 7.1through 7.3. Figure 7.1 shows the variation with loading

density of the Chapman-Jouguet pressure and temperature for three

explosives. The calculated composition of the reaction products of

65/35 RDX/TNT is shown in Fig. 7.2 for C-J conditions as a function

of loading density, and in Fig. 7.3 for PO = 1.715 g/cc = a fuction
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Fig. 7.2
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Variation of C-J composition with loading density for
65/35 RDX/TNT. For the gaseous components the ordinate
x is the mole fraction ni/n ; for carbon, x is ns/N ,

sthe fraction of the total amo%t of carbon which is we ent
as graphite.
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Variation of composition with volume along detonation
Hugoniot and C-J adiabat for 65/35 RDX/TNT (P. = 1.715 g/cc)
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of volume along both detonaticm Hugoniot and C-J adiabat. The calcu-

lated compositions are not necessarily physically meaningful since they

depend on the somewhat arbitrary values chosen for the covolumes,
‘i;

however, the figures do serve to illustrate the nature of the equili-

brium shifts encountered in our calculations. pressure-volume graphs

of Hugoniot and C-J adiabat for 65/35RDX/TNT are given in Figs. 7.4

and 7.5.

We have calculated the shock curve for shocks traveling into

the reaction products of 65/35 RDX/TNT in the C-J state, and these”

data are given in Table 7.1, together with corresponding data for the

C-J adiabat. (In the old CPC implosion calcula~ions carried out by

group T-5, reflected s40cks back into the HE were approximated with.

the aid of the appropriate adiabat. As can be seen from the table,

the error was negligible.)

7.2 Comparison with Experiment

As was described in detail in Chapter 6, the values of the

empirical parameters of the gas equation of state, (6.I.0),were chosen

so as to give good agreement with experiment in the case of D
CJ ‘s”

P. for five explosives, and in the case of pCJ at high loading

density for

ment in the

of D and

65/35RDX/TNT. A comparison of calculation with experi-

case of D — Po is given in Fig. 6.2, and in the case

p at high loading density in Table 7.2. All calculated
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Table 7.1

Adiabat and Shock Hugoniot Through the C-J Point

65/35 RDX/TIW

Adiabat Shock Hugoniot

v/v p(m) Y* p(Mb) R(Eq. 6.4)

0.600 0.5316 2*98 0.5344 1.259

0.625 0.4710 2*96 0.4723 1.202

0.650 0.4195 2“94 0.4201 1 ●151

0.675 0.3755 2.93 0.3757 1.104

0.700 0.3377 2.91 0.3377 1.063

0.725 0.3050 2.90 0.3050 1.025

0.743(C-J) 0.2843 2.89 0.2843 1.000

0.750 0.2765 2.89

0.800 o.22g7 2.85

O.goo 0.1646 2.81

1.000 0.1227 2.76

1.2 o.o’p16 2.69

1.4. 0.0495 2.62

1.6 0.0350 2.55

1.8 0.0260 2.50

2.0 0.0201
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values are in satisfactory agreement with experiment

TNT pressure, which is in error by + 17* (of which

due to the high calculated value of D). The reason

except for the

about 2$ is

for this large

disagreeunt, from the point of view of properties of the equation of

and * , which are

the experimental C-J

*
values of ~ and

The low calculated

state, can be seen better from the quantities ~*
*

alsogiven inthetable\a) Itisevident that

pressure for TNT corresponds to unusually large

(.X*, which the calculations fail to reproduce.

value of ~* could be due to several causes: (a) the r’

our graphite equation of state (= 5.65 at the

(b) the equilibrium equations should predict

(c) the gas equation of state does not predict sufficiently

changes in ~* with changes in gas composition, or (d) the @S

composition should be different from what it is (probably in the

direction of larger components). Which of

the correct explanation remains at present

however, that there is some uncertainty in

TNT C-J point)

more carbon to

given by

is low,

be present,

large

these causes (if any) is

unknown. It may be said,

comection with the experi-

mental D — PO curve for TNTj and experimental

Some preliminary calculations have shown

reduced to zero, the calculated pCJ for TNT is

work is continuing.

that even if tZ is

still a little above

marked effect on thethe experimental value. This change in a has a

(a)values of r“ were calcu&ted from the second of equations (1.7);
experimental values of a were obtained from (1.9) and values of
A in Table 6.1; calculated values of c%* were found from (1.8) by

numerical differentiation of data along the appropriate isobars.
The different nE!ansof determining experimental and calculated values
of c%* is of no consequence (see Sec. 4.4).
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pressure at smal.lervolumes (Fig. 5.6). An experhnent which might

provide some information on this

pressures in tubal.loysimilar to

Table 6.1. Such experiments are

point is the measurement

those in Dural which are

in progress, but results

of shock

quoted in

to date are

incomplete. It is also uncertain how conclusive the final results will

be since an error analysis of the problem of calculating the volunw of

the HE reaction products is

shock m?asurexwmts in Dural

described in Chapter 6) and

rather unfavorable: Thus

are used to determine the

the tuballoy measurements

a Point (P2YV2) on the C-J shock curve. Assuming the

in the metals to be accurately known functions of the

suppose that

C-J point (as

to then determine

shock velocities

corresponding

particle velocities, then the uncertainties due to experimental errors

in UD and l+ are roughly (for Composition B)

{

4p(#?~J = 1.08 &D/uD

~vcJ/vcJ = - 0“39 JuD/uD)

{

tiP2/P2 “ 1.14 cfuT/uT

&& = o.% c$uT/uT- 1.47 &j#JD.

With probable errors of about 1$ each in
‘D

and UT, the error in
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the calculated value of V2 is then + 1.8~, which means a total un-

certainty in
‘2

approximately equal to the volume difference between

the two curves of Figure 5.6 at the tuballoy pressure of about 0.35 Mb.

7.3 Comparison with Jones-Wller Equation of State

The data for 65/35 RDX/TNT represent an equation of state for

Composition B designed to replace the old Jones-Keller equation of

state(21) which has been used for practically all implosion calculations

in the past. Figure 7.4 compares the detonation Hugoniots for the two

equations of state, and Figure 7.5 shows our C-J adiabat together with

the

The

and

and

Jones-Xkller adiabat which passes through our Chapman-Jouguet point.

large difference between our C-J point (p = 0.284 Mb, v/v. = 0.743)

Keller’s (p = 0.207 Mb, v/v. = 0.796) is due in part to the density

composition differences (with the associated difference in detona-

tion velocity),but is largely due to Keller’s very large ~~J = 3.90(a)

(cf. Eqs. 1.7). This value is the result of Jones’ high ~~J (3.497 for

P. = 1.5 g/cc), which is in turn probably due to too high a slope of

his calculated DCJ — PO cu.rve (cf. Eq. 1.9): Jones ~S not published

his curve for Composition B, but his equation of state was the same as

that which he used for TNT and his D — Po curve for TNT(19) rises

very rapidly at high loading densities, d ~n D/d fln~o being 1.11

compared with experiuntal values (from Table 6.1) of about 0.67.

‘a)Reference 21, p. VIII-8.
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Corresponding to the large difference

our Eugoniot curve is much less steep than the

in the values of r*U,

Jones-Ke31er o=, and

has about a 2@ lower pressure at small vol~”s. Although our Hugoniot

curve is certainly nearly correct in the vicinity of its C-J point

(since it is tangent to the correct straight line of slope - PO Da

at about the right ~int), there is no evidence to indicate whether it

has the right curvature and is anywhere near correct at high pressures.

Here again a tuballoy plate shot (with Comwsition B) similar to that

discussed in Sec. 7.2 for TNT would probably help to clarify the situa-

tion. However, with the s- assumptions about the experimmtal errors,

the total uncertainty in the determination of the volume wouldbe about

equal to

tuballoy

the vol!mk?difference of the two curves of Figure l’.kat the

pressure of 0.5 Mb.

7.4 Conclusions

One of the purposes of the work here

equations of state such that the efficiencies

reported was to derive

of various high explosives

could be compared through implosion calculations to be carried out by

grOUp T-5. For purposes of such intercomparison, it is felt that the

data of Appendix III should be fairly reliable. As to the absolute

accuracy of each equation of state, the situatio~ is less clear. The

Kistiakows&-Wilson equation of state with parameter values given in

(6.10) has proved capable of giving satisfactory agreewnt with experiment

.
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for cyclotols from 65 to 100’$RDX in the vicinity of the Chapman-

Jouguet point. However, its failure to give good agreement with experi-

ment for pure T~ indicates that it is probably unreliable for an ex-

tended extrapolation to explosives of other

parameters are re-evaluated) or even, for a

tions far removed from the C-J point. This

compositions (unless the

given explosive, to condi-

is particularly true if the

extrapolation is toward smaller volumes, where a minimum in p vs. T

will be encountered as discussed in Chapter 5. Because of this and the

disagreement with experimental data for TNT, the Kistiakowsky-Wilson

equation of state cannot be considered to be entirely satisfactory, and

further work may result in its replacement by the Lennard-Jones-

Devonshire free-volume equation of state.(41)
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Appendix I

SOLUTION OF TEE EQUILIBRIUM EQUATIONS

We haye solved the equilibrium equations described in Sec. 4.2

in the following way.

Case (1) - Solid Carbon Present

Letting

Ki . ‘6
‘l%J$I= “--#

(1.1)

these expressions and the equilibrium Eqs. (4.4) and (4.6) can be readily

combined to give the equations

1/2-N = ()
2 ‘5 + ‘in3n5 N (1.2)

(1.3)
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These

value

equations were solved by the following method: (a) Guessinga

of n , (b) solving (1.2) for n
3 5

1/2, (c) solving (1.b)as a

quadratic in n3, (d) iterating steps (b) and (c) till the calculated

became constant (using “linear feedback”‘28)), andvalue of n
3

fimdly, (e) calculating n4 from (1.3) and the remaining mole nunibers

from (4.4)and (4.6).

Case (2) - No solid Carbon Present

Deleting ~ from (4.4) and ignoring

‘3
in (4.6),the remaining six equations can

2 n5 + ‘2(N; ~ 2 ‘1) n51/2 - NN = O
1

‘c
‘2=1+ K#ll/n4j

the equation involving

be combined to give:

(1.5)

(1.6)

I
‘c

1 + ‘1%/n4)

or

+n 4 + K2n51/2(n4/nl) =NO -NC

~{Kl(No-"c}(nl/n4)2-tNc-"o+~/2+(~-l)nl+~n:'Ynl'
- %!n51’2= 0 (1.7)
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()NH (nl/n~)

‘1==- 1 + wn4J ●

(1.8)

These equations were solved by: (a) Guessing a value of nl, (b) solv-

ing (1.5) for n51/2, (c) solving (I.7)as a quadratic in nl/nh,

(d) calculating a new nl from (1.8), (e) iterating steps (b)-(d)

(with linear feedback on nl) until the value of nl became cons=nt,

and finally (f) calculating n2 from (1.6) and the remaining mole

ntiers from (4.4).
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Appendix II

CALCULATION OF GEOMETRICAL COVOLUMES

The covolumes used by Brinkley and Wilson(2) and by Christian

and Snay,{7) obtained by the curve-fitting procedures mentioned in

Chapter 5, are given in Table 11.1 in this appendix. In the last

column of this table are listed.the “geometrical” covolumes which we

used for our preliminary calculations; these values were determined on

the basis of the following considerations.

Strictly geometrical values were calculated using internuclear

distances and

atomic radii:

The radii for

The value for

(15$16) and the following Van der WM3h!angles from Herzberg

‘H =
1.20 x

‘c
= 1.60

1

(11.1)

‘N
= 1.50

‘o
= 1.40

hydrogen, nitrogen, and oxygen were taken from Pauling.
(29)

carbon (since Pauling gives none) was simply assumed to

be 1.6o to make the C-N-O progression arithmetic (however, it may be

noted that the interplanar distance in graphite is 3.40 ~, indicating

< 1.70 8).‘c = There arises the question whether to calculate an

actual volume of the non-rotating molecule, or a volume of the rotating

-91-
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molecule represented as a sphere whose radius is the maximum dimension

.
of the molecule measured from its center of mass. There is some reason

to expect that rotational motion might be inhibited at the high densities

of interest here. However, there is no clear-cut evidence on this

question, and since the high densities on the Hugoniot curve are

accompanied by high temperatures which tend to maintain the rotation,

we have assumed the rotating-molecule model. (This is consistent with

the way in which thermodynamic data were used in our calculations, the

thernmdynamic functions all being considered as though full thermal

rotation existed.)

CoVolumes calculated on this basis for the mlecules of interest

are given in the third column of Table 11.1, and are related to the

volume V of the rotating molecule as follows:i

‘i
= lo.J+6vi, (11.2)

where V~ is inR3, and

covolume for CO the same

comparison. Corrections

polar molecules by means

the factor 10.~ was introduced to make the

as the Brinkley-Wilson value for easier

were applied to these values in the cases of

of the following rough considerations.

The Van der Waals potential energy of interaction between two

like non-polar molecules a distance r apart may be represented by the

Lennard-Jones expression

-92-
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‘(r)“(’T2’($
where we may take as a measure of the diameter of either nmlecule the

constant ro, which is the separation r at which the potential is a

minimum. In the case of a polar molecule, there are added to the energy
‘6

two additional terms of the form
()

-(1+0) ~ ~ where the constant I

represents the effect of interactions between the permanent dipole of

one molecule and an induced dipole in the other, and the constant O

represents the average interaction between permanent dipoles. This I

last effect depends on the relative orientation of the molecules, and
I

for a Boltzman distribution of orientations O is inversely proportional

to the temperature. The average separation r; of the molecules at

the potential minimum is then given by

odU’ rll

()

5

F
= 12e$

r)
-6(2e+I+o)fi = 0,

r=r9
0

0 0

or

r. 6

()
q

Assuming that

diameters with

. 2G+I+0
2e “

rt and r.
o

and without

are, respectively, measures of the molecular

dipole effects, we then find
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(11.3)

Values given by Taylor-Glasstone(37) for the constants 21E,1, and O

are, respectively, 47, 10, and 190 for water and 93, 10, and 84 for

ammonia. However, these values of O are for room temperature (293°K),

and since we are generalJy interested in temperatures of 3000°K or

higher, and since also in a mixture a water or ammonia molecule is not

usually surrounded by polar molecules, rough effective values for O

of 6 for water and 3 for ammonia were assumed. Using these values

in (11.3), correction factors of 0.864 and 0.937 were obtained for

water and emmonia, respectively. The covolumes corrected with these

factors are given in parentheses In column three of the table.

Also given in Table 11.1 are values based on r. values given

by Taylor-Glasstone,(37) scaled so as to give the sanE covolume for N2

as the geo~tric~ value. These are room temperature values; hence

the values for ~0, NH3, andpremmnablyalso NO are quite small be-

cause of the large orientation effect.

The final values accepted for the covolumes (given in the last

column of the table) are based primarily on the geometrical.calculations,

but with consideration given also to the Ie~ard-Jones r. values ad

to intuition. Thus the C02 value has been reduced somewhat as a con-

cession to the much lower relative value which would be calculated for

.
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this elongated

OH and NO have

. . . . . . . . .*. :0- ● .
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zmlecule if rotation were not allowed, the values for

been reduced 5 or 10$ to allow for polar effects (esti-

mated, for lack of data), the .NH
3
value has been made slightly smaller

than the corrected geometrical value since the Lennard-Jones r.

value for
9

is even smaller

has been reduced considerably

between the values for CO and

In this procedure, the values

than that for %0, and the CH4 value

since the I.ennard-Jones r. value lies

lf2. Although there is some arbitrariness

are still felt to be good enough for the

present purpose. (As has been emphasized before, the individual co-

volume values have an appreciable effect on the calculated composition

but very little influence on the shape of the calculated loading density

curve.) It maybe noted that the only important differences between

our values and the Brinkley-Wilson values occur for the polar molecules,

where Brinkley and Wilson have apparently been influenced by room-

temperature values.
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Appendix III

EQUATION-OF-STATE DATA FOR FOUR EXPLOSIVES

This appendix contains equation-of-state data for the

explosives:

63/35 RDX/TNT (PO = 1.715 g/cc),

77/23 Rl)X/TNT (PO = ~.746g/cc),

76/24 EMX/TNl (PO = 1.815 6/CC),

(P. = l.goog/cc).

(The compositions are percentages by weight, not mole fractions.)

All data were calculated for equilibrium composition of the reaction

products, using for the gaseous products the equation of state (2.2)

with parameter values (6.1o), and for the solid carbon the equation of

state (2.4), (2.6). The data represent approximately

of 701 machine time per explosive.

Units for all results are:

P— Mb (lOU dynes/cm2)

!C— ‘K

e— Mb-cc/g (1012 ergs/g)

1* to 2 hours

s— 10-5 Mb-cc/g-°K (107 ergs/g-°K)

Internal energies are referred to an energy zero such that the energies

of the elements are zero at T = O°K.

(Note: The tables which follow were made on IBM tabulators, which has
made it necessary to represent p, e, and s by P, E, and S, respectively.
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TABLE 111.1

EQUATION OF STATE OF 65/35 RDX/TNT

A- kiUGONIOT

v/v. I P T E s

00400000 2.286944 13143.245 00404099 9.234468
00425000 10826758 103740083 OO31O285 89688241
oe450000 1.475962 81018888 0.240720 8o191160
00475000 10214503 6499.388 0~189943 7e760607
00500000 10015264 5400.042 0~152048 7.394363
0.525000 0e858934 4638~086 0c122999 7e086108
00550000 0.733696 4097~558 OO1OO3O8 6.831309
00575000 0.632201 3702.718 0.082384 6~626273
0.600000 00549370 34070591 0~06811/ 6~4666f9
0.625000 0.481314 3183*826 0.056672 6.346953
0.650000 I 0.424986 3012.755 0o04t416 60261O91
0s675000 0.378037 28820108 0.039870 6~203368
00700000 0.338560 2781 348 0003366Z 6 168351
0.725000 0.305098 2703:481 00028511 6:151416

C-J 0.742776 0.284330 265901OO 00025373 6s148238
00750000 0.276518 26430242 0.024204 6*148718
0.775000 0.251930 2596.596 00020576 6a157085
00800000 0.230630 25600470 00017498 60173966
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!Miliim::

EQUATION OF STATE OF 65/35 ROXiTNT

8S C-J ADIABAT

vA/o I P T E s
I

0s400000 I le799750 3635.169 0,174386 6,148238
Q942ioo6 1o503794 35958454 Oe150380 6,148237
00450000 1.265525 3531.582 Oe130258 6e148237
00475000 1007412O 3453a955 0,113253 6.148238
00500000 00919397 3370016Z 0e098762 6.148235
0.525000 0.793286 3284m729 0-086309 6,148237
06550000 0.689582 3200.269 0a075524 60148237
00575000 I 0.603560 3118e229 06066118 6.148238
00600000 0.531615 30390376 OC057859 6,148237
0s625000 0.470983 2964a1294 Oa050563 6.148237
0.650000 00419519 2893a039 0.044082 6.148238
0.675000 0.375532 2825e353 0e@38296 6.148238
0C700000 0,337699 2761017O 00033104 6.1.48238
0.725000 0.304969 2700.365 0.028425 6.148238

C-J Oe742776 0.284330 265901OO 0.025373 6e148238
00750000 0.276500 2642c7Q1 0002~i192 6.148238
00775000 0.251609 2588.247 0.020346 6t148238
00890900 1“ 00229744 2536e584 00016841 6.148238
OC850000 o@193355 244101?1 OOO1O695 6e148240
00900000 I @~164570 2355.201 00005493 6.148239
04950000 0.141468 2277.477 00001043 6.148239
10000000 0.122691 2206.948 -0~002798 6.148238
1.050000 I Oa107252 2142.714 -0.006143 6.148238
10100000 I 0.094429 2084000~’ -0.009078 6,148238
la150000 0.083680 2930.159 --0.011670 6.148238
10200000 I oao74595 1980.616 -oao13974 6.148238
1025OOOO 0.066857 1934*894 -0.016034 6,148237
103OCOOO 0.060220 1892.576 ‘0.017884 6.148238
10350000 00054493 1853.304 -oooi9555 6.148238
10400000 04049520 1816e765 -0.021070 6.148238
10450000 0.045180 1782.688 ‘0.022449 6.148238
10500000 00041371 1750a834 -’00023710 6.148237
10550000 00038013 -0.02/+866 148238
10600000 00035040 16;2:983 -0.025931 6:148237
10700000 OO030Q36 1641e813 -0.027823 6e14823/
10800000 0.026019 1596,220 ‘OC029454 6,148238
10900000 I 0.022751 1555*325 -00030873 6.148238
20000000 0.020059 1518.422 -00022.119 6.148238
40000900 000041/6 1154 bl{2 -OOO4271O 6 148238
60000000 00001849 1314.283 -OQC45933 6:148238
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EQUATION OF STATE OF 65/35 RDX/TNT

CO P AS A FUNCTION OF V AND E

0005 0010 0415

00550000 Oe643384 00733145 00824348
00600000 0,517958 0~604492 0e692334
0.650000 0.429236 00511454 00595450
00700000 0.363747 00441703 0.521770
00750000 0.313804 00388014 0e463803
00800000 0.274744 00345629 00416844
0~850000 0.243579 0s311331 00377 085
00900000 0.218298 06282955 00342818
00950000 0.197476 0.259031 00310955
10000000 0.180071 0.238542 0.283683
10500000 0.090118 0.117138 0.140921
20000000 0.055285 0.072719 00088254
2.500000 0.038438 00051059 00062406
30000000 0.028851 0.038647 00047514
30500000 0.022798 00030759 00038003
40000000 0.018687 0.025371 00031479

0020 0025 0030

00400000 1082697O 10929656 2.049467
0.425000 10580132 10688834 1~803477
00450000 1.388598 10496292 10604971
00475000 10235097 10339734 10442423
00500000 10109643 10210659 la307471
0.525000 10005702 10,10285O 16193914
00550000 0.918587 1001165O 10097121
00575000 0.844751 0.933556 10013627
00600000 0.781471 0086591{ 00940826
00650000 0~678672 0.754436 00819848
00700000 0.5985 42 96
00750000 00534068 0:594204 0:642612
00800000 0.480885 00531079 0.569928
0.850000 00432214 0.475234 00509741
00900000 00389728 004283{4 00459301
00950000 Oe353676 0.388642 Oe416580
10000000 0.322799 0.354638 00380050
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TABLE 111.2

EQUATION OF STATE OF 77/23 RDX/TNT

A. HUGONIOT

v/v. I P T E s

00400000 2.462565 13551 856
--

0e42i987 9 323819
0.425000 10970174 . lo728:257 00329278 8:769134
00450000 1*591533 83334095 0.255536 8.258195

00675CO0 I 0.408507 2849.915 0.042884 6.176491
00700000 0.365736 2746.601 00036285 6.138505
0.725000 0.329487 2667.406 00030812 6.119987

C-J 0.74?261 00306415 26210526 0.027393 6.116368
00750000 0.298535 2606.739 0t026238 6.116824
00775000 0.271916 2560.346 0~022385 6.125620
00800000 0.248866 2524.977 00019118 6.143617
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EQUATION OF STATE OF 77/23 RDX/TNT

B(1 C-J AD IABAI’

Vne ! P T E s

#
06400000 16940786 35430101 0,185687 6.116368
00425000 10624783 3520.514 00160230 6.116367
00450000 10368429 3469.383 00138863 6.116367
00475000 1016I728 3400.251 0.120800 6.116368
06500000 00994415 3322.112 00105404 60116366
0.525000 0.857960 3240.503 0.092174 6.116366
00550000 00745718 3158.655 00080718 60116368
00575000 0.652599 30780405 00070727 6.116368
00600000 00574710 3000.772 0.061956 6.116368
0.625000 I 0.509078 2926e726 OOO5421O 6el16368
00650000 00453358 2855.979 ooo4f330 6.116368
00675000 I 00405733 2788.617 0.041188 6.116368
00700000 0.364773 2724.619 0.035679 6.116368
00725000 I 00329338 2663.894 0.030716 6o116368

C-J 0.743261 0.306415 26210526 0.02?393 6.116368 –
00750000 00298518 2606.306 0.026226 6o116368
00775000 0.271574 255107O2 00022148 6.116368
00800000 0.247907 2499.918 00018433 6.116368
0.850000 0.208526 2404.151 00011920 6.116370
00900000 0.177382 ~3170728 OOOO641O 6.116369
0.950000 0.152396 2239.490 00001701 6.116369
19000000 0.132093 2168.414 -OaO02362 6.116368
10050000 0.115406 2103o614 -00005899 6.116368
10100000 00101550 2044.329 -00009000 60116368
10150000 00089938 1989.907 -0.011738 6.116368
10200000 00080126 1939.787 ‘0.014169 6.116368
1025OOOO ~ 00071771 1893.489 -0.016342 6.116368
10300000 I 0.064608 1850.600 00.018292 6.116368
10350000 0.058427 181OO76O ‘00020052 6.116368
10400000 00053061 17730660 ‘00021647 6.116368
10450000 0.048379 1739a027 ‘00023099 6.116368
10500000 0.044271 1706.623 ‘0.024424 6.116368
10550000 0.040651 16?6.240 ‘0.025640 6c116368
10600000 00037445 1647.692 -0.026757 6.116364
10700000 00032053 .1595.469 -0.028742 6.116368,
10800000 00027728 1548.851 -00030450 6.116368
10900000 OOO2421O 6.961 ‘00031935 6 116368
20000000 00021316 1469q092 ‘00033236 6:116368
40000000 0.004324 10900379 -00044179 6~116368
60000000 0.001877 09410993 -0.047427 6.116368
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EQUATION OF STATE OF 77/23 RDX/TNT

CO P AS A FUNCTION OF V AND E

V/V. \E 0905 0010 0015

00550000 0.689734 OC780180 00872128
00600000 0.553508 0.641573 00731078
0.650000 0.457843 00541903 0.627758
0.700000 0.387463 0.46?294 00549458
0.750000 o@333901 0~409922 0.488123
00800000 0.292063 Oe364740 0.438636
00850000 0.258699 0.328304 0e392776
O0900CO0 0.231643 0.298264 Oe353679
04950000 0.2093?7 0.271312 0e320566
10000000 00190794 0.246952 0,292250
1.500000 00093754 0-120497 0s144466
20000000 0.057286 00074491 00090194
2.500000 0.039697 0.052143 00063635
30000000 0.029716 00039375 00048364
30500000 0s023429 0.031279 Oe038628
40000000 0.019168 0.025759 00031959

‘V/Vo\ El 0,20 0025 0030

0s400000 1,949626 2o041869 2~163052
0.425000 1,677282 le784166 10901878
00450000 104702O9 10579070 10691447 “
09475000 10305759 1.412624 10519279
00500000 1017I85O 2.275557 10376487
0c525000 1006I.O65 16161227 10256495
00550000 0e968310 10064676 1015438O
00575000 0.889809 0.982152 10066442
00600000 0.822656 OO91O815 0.989888
0.650000 00713911 00793553 00862924
00700000 0.629501 Oo/oO915 00756021
00750000 0.561215 0.617579 0e663882
00800000 Oe49i945 00547859 00588635
0.850000 00445494 0.490067 0~526340
00900000 0.401484 00441593 oo4t4144
00950000 0.364165 0.400506 00429942
10000000 0.332222 0.365354 00392154
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TABLE 11103

EQUATION OF STATE OF 76/24 tiMX/TNT

AO HUGONIOT

00400000 2,723679 13930.584 0.454802 9e3bt422
0.425000 2.182018 l1047e336 0s350243 8e788203
00450000 le761759 8520.323 0~2?1541 8.256535
00475000 10448336 671OO429 0.214077 7.787889
00500000 1021143O 5487.121 00171471 7.386550
0.525000 10026382 4657.320 0e138913 7.046486
00550000 0.877615 4076.416 0.113402 60761310
00575000 0,756157 3652.149 00093138 6e527237
00600000 I 0.656420 3333.623 00076940 6.341409
0.625000 00574179 3091o769 0.063923 6o199569
0.650000 0.506039 2908.223 00053398 6.096339
0.675000 0.449216 2768.869 0s044826 6.025777
00700000 00401468 26 62.958 0003[786 5.982021
0.725000 OO361O52 2582.699 0s031959 50959861

C-J 0.746000 0.331752 2530.680 0.027820 5.954623
00750000 0.326591 2522D108 00027099 50954801
00775000 0.297000 2476.621 0.023016 5.963073
00800000 0.271419 24420763 0,019561 50981600 “
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TABLE 11103 - CONTS

EQUATION OF STATE OF 76/24 iiMXi TNT

B. C-J ADIAE3AT

Vlvo I P T E s

00400000 2.161341 3325,152 00197494 5.954623
0.425000 10816153 3335s577 00170157 5e954623
00450000 10529224 33110310 00147179 5,954623
00475000 1.296139 3260.447 00127774 5.954622
00500000 10107259 3195,080 0.111266 5e954622
0.525000 0.953355 3122.820 OOO971O8 5.954622
00550000 0.826959 3048.089 0.084874 5.954623
00575000 0.722293 2973.607 0.074226 5e954623
00600000 0.634918 2900.913 0.064896 5.954623
00625000 0.561401 2830,509 0.056671 5.954623
Ot650000 00499093 2762.849 00049379 5,954623
0.675000 0.445926 2698.142 0.042880 5.954624
00700000 0.400270 2636.452 0.037060 5.954623
0.725000 0.360835 2577.747 0.031824 5~954624

C-J 0.746000 0.331752 2530.680 0.027820 5.954623
00750000 0.326584 25210943 00027095 5.954623
00775000 0.296684 2468.924 0.022807 5.954623
00800000 0.270456 2418.555 0.018904 5.954624
0.850000 0.226899 2325.197 0.012078 5.954625 .

● 900000 ●1 92536 22 400743 OQ()06318 5.954624
00950000 0.165032 2164.132 0.001406 5.954624
10000000 0.142731 2094.413 ‘00002822 5.954624
10050000 00124439 2030.754 ‘0.006495 5s954624
10100000 OO1O928O 1972.433 ‘0.009708 5.954624
10150000 0.096598 1918.825 ‘0.012539 5.954623
10200000 0.085900 1869.397 -00015050 5.954624
1025OOOO 00076805 18230ta87 ‘0.017288 5.954623
10300000 0.069019 17810294 -0.019294 5.954623
10350000 0.062311 17410875 -00021101 5.954624
10400000 0.056496 1705.129 -0.022?36 5.954624
10450000 0.051429 1670.792 ‘00024222 5.954623
10500000 00046989 1638.634 ‘0.025576 5.954623
10550000 0.043082 1608.454 ‘0.026816
10600000 0.039627 1580.071 -0.027955 5:954623
10700000 0.033826 1528.082 ‘00029972 5 9 54621
10800000 0.029183 1481e596 -00031704 5:954623
10900000 0.025417 14390757 ‘00033205
20000000 0.022325

5.954623
1401o874 -Oo034518 5c954623

40000000 0.004384 10190459 -00045392 !) 954623
60000000 0.001867 868.690 ‘00048532 5:954623
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EQUATION OF STATE OF 76/24 HMX/TNT
u~c[~$Wl~fI

C. P AS A FUNCTION OF V AND E

v/vo\ E] obo5 0010 0815

00550000 0s763974 o 853 (96 o 945290
00600000 0s607946 0:697411 0:788316
0~650000 0s500168 0.586216 0s673802
00700000 0.421465 0.503442 0.587490
00750000 0.361924 0.4399?2 00520371
00800000 0.315603 0.390187 0~466615
0.850000 0,278774
00900000 0.248971
00950000 0.224499 00290200 0034399”/
10000000 0.204132 0s265071 00313445
10500000 OO1OO279 00128823 00154289
2s000000 OOO6I!1O7 00079405 00096030
2.500000 0.042255 0 0006{589
30000000 OC031.576 00051271
30500000 0.024858 00033152 00040885
40000000 00020312 0.027266 00033782

V/V. \El 0020 0.25 0030

00400000 2016C)695 20230075 20351OO3
0.425000 108403O3 10940596 20060880
00450000 10603595 10711931 1082?915
00475000 10418611 10527075 10637703
00500000 10269149 10375207 10480299
0.525000 10145946 1024883O 10348419
00550000 10043018 10142428 1.236580
00575000 OO9561O4 10051816 10140635
00600000 00881980 009f3f94 1005I425
0.650000 00762609 00846279 0.920129
00700000 0.670698 00746246 00811281
00750000 0.597538 00664115 00714109
00800000 00535053 00588747 Oe632695
0.850000 0.478397 0.526303 00565331
00900000 0.430885 004(3951 0.508920
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TABLE IIIo4

EQUATION OF STATE OF H,MX

A. HUGONIOT

Vlvo P T E s

00400000 3,227617 14809.120 0.515784 90537179
0.425000 2.596288 l1860e636 OC399018 8e947521
00450000 2.096072 9054.157 0s309538 8.382373
0s475000 10720646 6974.240 Oe243880 7.871184
00500000 10439763 5585.797 00195602 7.429602
0.525000 10222705 4670.496 0015899? 70054793
00550000 1004824O 4044.172 0e130293 6.737355
00575000 00904577 3587.930 OO1O7329 6.471283
00600000 0.785548 3243.249 00088849 6.255050
0.625000 0e686819 2980.949 00073937 6.086593
0.650000 0.604786 2783.357 0~061863 5.962019
0.675000 0.536245 2634.531 00052022 50875471
00700000 0.4(8632 23021O 0.043946 5.820886
0.725000 0.429886 2440.552 0.03?269 5e792426

C-J 0c748055 0039136~ 2383~871 0~032107 5,784796
00750000 0.388362 2379.805 04031709 5,?84849
00775000 0.352753 2335m831 00027046 5.793635
00800,000 0.322015 2304.725 0~023107 5e815019
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EQUATICIN OF STATE OF HMX

B. C-J ADIA6AT

Vlvo P T E s

00400000 2e558204 2977e815 0e226796 5.784796
0.425000 20175Z49 3008e371 00195713 5,784796
00450000 10841779 30370223 00169326 5,784796
00475000 10561616 3024.445 0s146991 5.784795
00500000 103327OO 2984.641 0c127998 56784796
0.525000 10145954 2930.335 00111731 5e784796
00550000 00992698 2868.642 00097693 50784794
00575000 0.865935 2803.780 00085490 5.78+796
00600000 0.760231 2738.213 0.074811 5e784796
0.625000 0.671393 26736390 0.065409 5e784796
0.650000 0.596178 261OO157 00057083 5e784796 “
0.675000 0.532058 2548.992 0.049671 5.784796
00700000 00477045 2490.146 00043040 5,784796
0.725000 0.429566 2423.729 0.037083 5e784796

C-J 0.748055 0.391364 23830871 OOO321O7 50784796
00750000 0.388360 2379.760 0.031708 5*784796
00775000 0.352415 2328.203 0.026839 5.784796
00800000 0.320907 2278.988 00022414 5.784796
0.850000 0.268636 2187.205 00014684 50784798
00900000 0.227458 2103o586 0.008177 5.784797
00950000 00194547 2027.277 0,002639 5.784797
10000000 0.167901 1957.469 ‘OOOQ2118 50784798
10050!)00 0.146076 1893.431 ‘0.006240 5.784797
10100000 0.128014 1834.511 ‘0.009840 5.784797
10150000 0~112925 1780.141 -00013005 5e784797
102C?OOOO OO1OO213 1729.822 ‘0.015805 5.784797
1025OOO() 0.089419 1603.120 -0.01829{ 50 f84f97
10300000 0.080189 1639.660 ‘00020526 5e784797
10350000 0.072245 1599 ●112 ‘0.022529
10400000 0.065368 15610189 ‘0.024338
10450000 0.059380 1525 .640 ‘Oo0259f8
10500000 00054139 1492.243 ‘0.027470
10550000 00049531 460 804 b
10600000 0.045462 1431:151
10700000 0.038637 1376 603 ‘00032288 04fY(
10800000 0.033188 1327:564 -00034173 5:784797
109OCOOO 0.028777 1283.205 ‘00035800
20000000 0.025163 1242.854 ‘00037216
40000000 00004549 828.606 ‘00048559
60000000 0.001821 668.563 ‘0.052586
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EQUATION OF STATE OF HMX

C. P AS A FUNCTION OF V AND E

V/V. \ El 0005 0610 0015

00550000 oa914209 00996592 10083790
00600000 0.714640 0.805559 00898004
00650000 0.583285 0.672762 oe763008
00700000 0.4891.61 00575216 00663290
00750000 0.418518 00500793 0.582868
00800000 0s363895 0*442558 Oe514835
0.850000 0.320613 00394700 00458821
00900000 0,285663 0.353634 0s412080
00950000 OC256998 00319050 0~372625
10000000 002331.81 0.289623 0.338983
10500000 00110390 00138616 0.165014
20000000 0.066529 0.084657 00101993
2.500000 0.045624 0.058735 00071420
30000000 0.033876 00044045 00053959
36500000 00026532 00034791 0.042888
46000000 I 0~021588 0.028515 00035339

0s20 Oe25 0030

00400000 2.564922 2.579803 2.685376
0.425000 20171131 2.224194 203431OO
00450000 1.856913 10951487 2.072350

●475000 1062763O 10734718 1~852730
00500000 10448724 1055804O 10671579
00525000 10303632 10411616 10520211
00550000 1018328O 10288739 10392257
00575000 10082OO8 10184489 10282894
00600000 0.995892 10095114 1o188429
00650000 0.858007 00948740 10022915
007,00000 00748261 00822678 0.886656
00750000 0.655763 00721474 00777289
OC800000 00580450 0.638892 OO6881O5
00850000 0.518214 00570563 0.614373
00900000 0.466131 0 513342 0 552673
00950000 00422064 0:464910 0:500485
10000000 0.384416 0,423526 00455918
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