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ABSTRACT

The history and theoretical basis of the Becker-Kistiakowsky-Wilson

(BKW) equation of state are reviewed, and the results of an extensive pa-

rameter study are described. The covolumes of water and carbon dioxide

were changed to 250 and 600, respectively, to obtain better agreement with

the experimental Hugoniots. Using these covolumes, a single set of BKW

equation of state parameters could not be found that would reproduce the

experimental detonation properties of TNT and RDX within experimental

error. The BKW equation of state parameters that would reproduce the

detonation velocity-density curve of RDX from 1.8 to 1.0 gin/cc were found

to result in a physically unrealistic behavior above O.5 megabar. It was

found that the BKW equation of state parameters a = 0.5, ~ = 0.16, and

K = 10.91 were satisfactory for most explosive systems and that a = 0.5,

@ = 0.09585, K = 12.685 were satisfactory for high density explosives who se

detonation products contain large amounts of solid carbon.

The computed detonation properties using these equation of state pa-

rameters and covolumes are presented for many of the more interesting

explosives.
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INTRODUCTION

.
.

t

.

.

The semiempirical Becker-Kistiakows&Wilson (BKW) equation of

state has been used successfully for predicting the detonation properties of
1

condensed explosives, for understanding the observed detonation properties,
2

and as an equation of state for hydrodynamic calculations. The studies of

Fickett3 with the Iamard-Jones —Devonshire equation of state suggest that

it may not be possible to improve markedly the agreement, already obtained

using the BKW equation of state, between the computed and experimental

detonation properties by improving the form of the equation of state. The

idealizing assumptions of chemical and thermodynamic equilibrium, for ex-

ample, may prevent one from obtaining complete agreement for all explosives

with any equation of state.

Cowan and Fickett4 performed the most recent BKW equation of state

parameter study in 1954. Since that time, considerable additional experi-

mental data have become available. The experimental Hugoniots of water,

carbon dioxide, and nitrogen permit a good determination of the individual

covolumes of the major constituents of the detonation products of CHNO ex-

plosives. Also, the new fast computers such as the IBM-7030 and codes
5

such as Stretch BKW permit one to perform a parameter study for an ex-

plosive in the time required to perform a single C-J calculation a few years

ago. We therefore undertook a parameter study to determine if we could

obtain an improved set of equation of state parameters, and also to deter-

mine if we could describe the detonation properties of most explosives to

within experimental error with a single set of equation of state parameters.
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The latter effort was unsuccessful. It was not possible to find a set of

BKW equation of state parameters (a, ~, ~) that would reproduce the experi-

mentally observed detonation properties of RDX and TNT with covolumes

that reproduced the experimental shock Hugoniots of the individual detona-

tion products.

Cowan and Fickett4 did their BKW parameter study with !geometrical ~1

covolumes for Composition B, which made the agreement about equally poor

(and in opposite directions) for RDX and TNT.

The present results support Fickett~s conclusion that, because of the

effect of other idealizing assumptions, extensive efforts to improve the equa-

tion of state for use in the prediction of detonation properties have probably

reached a point of diminishing return.

The detonation properties computed using the results of the parameter

study are presented for many of the more interesting explosives.

HISTORICAL BACKGROUND

The historical background of the Becker-Kistiakows&-Wilson equation

of state is of some value, since it gives an insight into its theoretical basis.

Although commonly called the Kistiakowsky-Wilson equation of state, it was

attributed to Becker by Kistiakows@ ad Wilson.6

Becker,7 in 1921, proposed the equation

Pv ( x ) b—=
RT

l+xe -~+—

v
n+l

k
where X = ~

as an equation of state for nitrogen at high densities. It was derived as-

suming a viria.1 equation of state and using a repulsive or Ipoint centers of

x
repulsion f! potential to estimate the first term, Xe . The second term, $,

described the attractive forces, and the last term was used by Becker to

obtain agreement at the critical point.

.

.

b

.
.

.
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In 1922, Becker8 used

Pv—=l+xe
x

RT

the equation

to compute the detonation velocities of nitroglycerine and mercury fulminate.

He stated that the computed detonation velocities were determined !%vith an

accuracy indicating the order at least of the magnitude observed. ”

Kistiakows& and Wilson
6,9 1/3 ad

used for X the expression K/VT

found that K, the covolume, could be approximated as an additive function of

the covolumes of the constituent molecules of the product gases for a large

number of explosives. R. S. Halford was an active contributor to this equa-

tion of state study.g

Kistiakowslg and Wilsong attribute to D. P. McDougall and L. Epstein

the addition of L?to the repulsive term, resulting in an equation of state of

the form

–=~+~epxPv
RT

with X = K/VT”.

The values of a and ~ found satisfactory for reproducing the experimental

detonation velocities for a number of explosives were 0.25 and 0.3, respec-

tively.

Cowan and Fickett4 added a 0 to T to prevent the pressure from tend-

ing to infinity as the temperature tends to zero and to keep (8P/i3T)v positive

over the range of volumes of interest. They found that the values a = 0.5

and ~ = O.O9 were satisfactory for reproducing the experimental detonation

velocity-density curve and the C-J pressure of Composition B. The value

Of e

were

they used was 400; K was defined as ~2X k., where ~ was 11.85, the ki
il

the individual geometrical covolumes, and Xi was the mole fraction.

With this historical background it becomes apparent that the BKW

7



equation of state is based upon a repulsive potential applied to the virial

equation of state,

PV=l+Q+C+
RT v ~2 ““””

Let X=:. Then, neglecting higher order terms,

Pv—=
RT

l+x+px2,

or, to a first approximation,

Using a repulsive potential of the form U = A/rn where r is the sepa-

ration distance, Jeans10 shows that

Thus X
K=— .

VTa

BKW EQUATION OF STATE PARAMETER STUDY

In a parameter study of the BKW equation of state one may adjust the

BKW parameters a, ~, and ~, and the covolumes of the detonation products.

Cowan and Fickett4 showed that, for a given alpha and beta, one may

adjust kappa to give the experimental velocity for a single explosive at a

single density. One may change the slope of the detonation velocity-density

curve by changing beta. With successive iterations on kappa and beta, we

reproduced the experimental detonation velocities at two densities for a single

explosive. A modification of Stretch BKW5 was written to perform the

.

:

.

.
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iteration on beta

velocities at any

For CHNO

of water, carbon

and kappa so as to reproduce the experimental detonation

two densities for any explosive.

explosives the covolumes of primary importance are those

dioxide, carbon monoxide, and nitrogen. Since experimental

Hugoniots are available for water,
11

and for liquid nitrogen and solid carbon

dioxide12 in the pressure range of interest (500 to 100 kbar), the covolumes

of these species were adjusted so as to best reproduce these Hugoniots for

any alpha, beta, and kappa set.

It was not possible to reproduce exactly all three experimental

Hugoniots with any set of BKW parameters of interest in detonation calcu-

lations; however, it was possible to improve considerably the over-all agree-

ment, as shown in Figures 1, 2, and 3. The covolume of water was changed

to 250, and the covolume of carbon dioxide was changed to 600. The new

covolumes reproduced the experimental Hugoniots with about the same over-

all agreement for the three new sets of alpha, beta, and kappa we shall de-

scribe below. The comparison of these new covolumes with the covolumes
3

estimated by Fickett from his MD intermolecular potentials is shown in

Table I. The new covolumes for water and carbon dioxide are in better

agreement with the covolumes estimated from the LJD potentials than those

used previously.

Parameters Fitting RDX

Using the new covolumes for water and carbon dioxide, a beta and

kappa were computed which reproduced the experimental detonation velocities

of RDX at 1.80 and 1.0 gin/cc. Alpha was chosen so as to reproduce the

experimental C-J pressure. The results are presented in Table II as the

second set of parameters.

As shown in Table III, this set of parameters reproduced the experimental

9
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TABLE I. COVOLUMES OF DETONATION PRODUCTS

Species

H20

C02

co

N2

NO

1-12

02

CH4

Adjusted Least MD LJD
True Geometrical Sqpared This ~(ri)3 *(ri)3(Ti)*

Geometrical (Ref. 1) (Ref. 4) Report (Ref. 3) (Ref. 3)

420 360 307 250 215 231

735 670 540 600 487 547

490 390 285 390 380 380

380 380 529 380 380 380

386 386 386 358 335

180 180 180 214 65

350 350 350 297 311

528 528 528 455 515

Covolumes
Number Parameter Set P K a 0 H20 C02 CO N2

—— —. __ _

1 LA-2613 0.09 11.85 0.50 400 360 670 390 380

2 Fitting RDX 0.181 14.15 0.54 400 250 600 390 380

3 Fitting TNT 0.09585 12.685 0.50 400 250 600 390 380

4 Best Fit for RDX 0.16 10.91 0.50 400 250 600 390 380

()

aP >0
‘ith m v
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detonation velocities of the explosives described in Reference 1 within

-200 m/see. Since previous deviations were as high as 500 m/see, this

was an encouraging result.

Unfortunately, this set of parameters gives detonation velocities that

are grossly too large for high ciensity explosives whose detonation products

contain large amounts of solid carbon. The slopes of the computed detona-

tion velocity-density curves for high density TNT, DATB, and TATB are

too steep when calculated with the parameters found by fitting RDX.

For some explosives not considered in Reference 1, such as hydrazine

nitrate and tetranitromethane, the agreement between computed and experi-

mental detonation velocities was markedly improved; however, while agree-

ment was improved with the new parameters for HNB and TNTAB, it was

still far from satisfactory.

The parameters fitting RDX result in a serious difficulty at pressures

above about O.5 mbar for many of the explosives. Since such a large beta

is necessary to obtain a sufficiently steep detonation velocity-density curve

for RDX, the imperfection terms of the equation of state become sufficiently

large at the higher pressures that (8P/8T)V goes from a positive value

through zero to a negative value with increasing pressure. The isentrope

temperatures reach a maximum value and then decrease with increasing

pressure. Perhaps most disturbing is the behavior of (8E/8P)V, which goes

to infinity and then changes sign with increasing pressure. Obviously this

set of parameters is not satisfactory if one wishes to compute isentropes

good to 1 mbar.

Parameters Best Fitting RDX With Positive (8P/~T)V

Various attempts at varying all. the BKW equation of state parameters

to obtain a set that would both reproduce the experimental detonation

18



velocities of RDX at 1.80 and 1.0 gin/cc and have a positive (tlP/tlT)V for

all explosives up to one mbar pressure were unsuccessful.

The best procedure tried was to find as large a beta as possible that

would result in a positive (~P/8T)V and as steep a detonation velocity-density

curve for RDX as possible. The final parameters determined by this proce-

dure are presented in Table II as the fourth set. This set of parameters

was used for the BKW calculations presented at the end of this report with

the exception of those for TNT, DATB, TATB, and liquid TNT.

As shown in Table III the agreement between the computed and experi-

mental detonation velocities is poorer for most explosives than that obtained

with the parameters fitting RDX; however, the agreement is still considerably

improved over the old parameter set. The difficulties associated with high

density explosives whose detonation products contain large amounts of solid

carbon are, of course, still present.

Parameters Fitting TNT

The fundamental difficulty in trying to find a single set of equation of

state parameters that would reproduce the detonation properties of RDX and

TNT is probably that the detonation products for both systems are not in

complete thermodynamic equilibrium, and the effect on the detonation prop-

erties is larger for TNT than for RDX. We therefore computed a beta and

kappa set for TNT by reproducing the experimental detonation velocities of

TNT at 1.64 and 1.0 gin/cc. The results are given in Table II as the third

set of parameters.

These parameters give good agreement for high density explosives

containing large amounts of solid carbon in the detonation products, such as

TATB, DATB, and TNT, but give too low detonation velocities for explosives

with smaller amounts of solid carbon in the detonation products as shown in

Table III.

19



Thus these parameters make a crude adjustment for the effect of

large amounts of solid carbon in the detonation products. The primary ef-

fect is to change the slope of the detonation velocity-density curve for these

explosives.

While using a different set of equation of state parameters for ex-

plosives containing large amounts of solid carbon may not be too desirable,

it does avoid the large (and probably incorrect) energy drops associated with

the use of large positive heats of formation for solid carbon that were used

previously.

Summary of Parameter Study

The recommended parameters for most explosives are those that rep-

resent the best fit to RDX with a positive (8P/~T)V over the r~e of VOl-

umes of interest. The parameters recommended for high density explosives

whose detonation products contain about half or more of the total number of

moles of detonation products as solid carbon are the set obtained by fitting

TNT .

It is perhaps useful to emphasize that we are dealing with an idealized

model of the detonation process whose only recommendation is that, in gen-

eral., it reproduces the experimentally observed state parameters reasonably

well. Its usefulness in hydrodynamic calculations and as a tool for under-

standing the experimentally observed performance has been proved often;

however, its use for extended extrapolations or very detailed predictions

must be confirmed with experimental data before the results can be believed.

BKW CALCULATIONS

The IBM run pages contain the computed detonation properties for

some of the more interesting explosives. The calculations were performed

.

,

.

.

.

.
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with the IBM-7030 STRETCH computer using the code WTRETCH BKW f!,

which is described in detail in Reference 5.

The C-J state; the detonation Hugoniot; the isentrope through the com-

puted C-J state; the displaced isentrope through the experimental C-J pres-

sure and the BKW Hugoniot temperature computed for that pressure; the co-

efficients to fits of the pressure, volume, energy, and temperature slong the

isentrope; and the particle velocity along the isentrope are given for many

of the common explosives.

The isentrope data are fit to an equation of the form

in (P) = A + B(lnV) + C(lnV)2 -1-D(l.nV)3 + E(lnV)4

N
where (lnV) is printed as LNV*N. The format of the numbers is

* x.~ ● ● ● + XXX, where + XXX is the exponent to the base 10.

As input data the calculation requires, for the explosive, its elemental

composition, heat of formation, densi~ and formula weight; and, for the

gaseous explosion products, their elemental compositions, heats of formation,

covolumes, and quartic fits of their ideal gas entropies as functions of tem-

perature. For the solid explosion products the calculation also requires the

density, molecular weight, and (if the solid is to be considered compressible)

the parameters to the Cowan solid equation of state.4

The thermodynamic functions were taken from the compilations of

Mader.
13

The thermodynamic integration constants5 were computed from

these tables at 2500’%. The parameters for the carbon equation of state

were computed using for the experimental Hugoniot of graphite the expres-

sions U = 0.24 + 2.38 Up up to 215 kbar, and Us = 0.516 + 0.576 Up above
s

215 kbar, where Us is shock velocity and Up is particle velocity. The co-

efficient of isothermal compressibility used was 2.976 mbar
-1

, the linear
-6 -1

coefficient of expansion was 3.8 x 10 “C , S,nd the heat capacity was

0.16 cal/gmPC .

21



The other solids considered as detonation products were assumed to

be incompressible. The sources of the other input parameters are given

in References 1 or 3.

.

?

.

.
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CATALOG OF COMPUTED DETONATION PROPERTIES

.

.

Explosive

Densities for

C-J Calculations

Densities for
Isentrope

Calculations

CHNO (Solid One Component)
HMX
RDX
TNT
DATB

TATB
PETN
Tetryl
Picrio Acid

CHNO (Solid Mixtures)
Octol

Cyclotol
Composition B
9404
9010

CHNO (Liquids)
Liquid TNT
Nitromethsne
Nitroglycerine
HN03/CH3N02

C6H6/TNM

l/0.0’71-NM/TNM

1/0.25 -NM/TNM
1/0.50 -NM/TNM
1/1.25 -AN/TNM

CHNOA.1
Alex 20

CNO

Tetrardtromethane
HNB

TNTAB

HNO
Hydrazine Nitrate

BCHNO
l/3.75 -EDB/TNM
1/4 .45-EDB/TNM

CHNOF
65/35-RDX/TFNA

TFNA
TFENA

1.9, 1.6, 1.4, 1.2, 1.0
1.6, 1.6, 1.4, 1.2, 1.0
1.64, 1.6, 1.4, 1.2, 1.0

1.788, 1.6, 1.4, 1.2, 1.0

1.89, 1.6, 1.4, 1.2, 1.0
1.67, 1.’77, 1.4, 1.2, 1.0
1.70, 1.60, 1.4, 1.2, 1.0
1.76, 1.6, 1.4, 1.2, 1.0

1.809, 1.6, 1.4, 1.2, 1.0

1.743, 1.6, 1.4, 1.2, 1.0

1.715, 1.6, 1.4, 1.2, 1.0

1.844
1.781

1.447
1.128
1.59
1.29

1.362

1.197

1.310
1.397
1.380

1.801

1.(,4
1.70
1.74

1.626

1.40
1.427

1.754
1.692
1.523

1.9
1.8
1.84

1.809

1.’743
1.715, 1.6, 1.4
1.844
1.781

1.447
1.128

1.801

Displaced
Ieentrope
through

Exper. PCJ

190

343
313
293
367
319

172
141

Page

25
43
61
84
94

104
114

124

134
157
180
219
234

252
267
282
284

286

288
290
292
294

231 296

911

312

313

314

315

317

319
321

323

.

.
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1.93616432566-001
1. M511902797-LW1
9.49073319376-W2
6.64351323703-002
4.45045626592-002
3.25532146914-002
2.27 S725040S0-C412
1. Y9510?326Zl-M2
1.11 C575Z6973-OOZ
7.11602666623-003
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4.36369s17457
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3.6aon66m3*
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2.20004062443-WI
2.93261022767-CU
3.56626646656-001
4.l$1497M629-ml
4.71s:99u964-ml
5.20435063573-ml
5.6465 1293-001

“#6.066794 1919-WI
6.41611556052+01
6.79601642427-001
7.m573577929-ml
7.3$C35047093*1
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7.6555m50453-ml
s.07661263m6-ml
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&46193746970-Wl
6.66309166794-W1
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