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Abstract: A hundred years ago (in 1921) Becker proposed
an equation of state in which the repulsive term in van der
Waals equation of state was replaced by an exponential
function. Twenty years later, Kistiakowsky and Wilson modi-
fied Becker’s equation and used it to calculate the deto-
nation properties of nitroglycerine and mercury fulminate.
The resulting equation of state, commonly called the BKW
equation of state, is attributed to Becker, Kistiakowsky, and
Wilson. Although it was not founded on a strict theoretical
background, the BKW equation of state has been widely
adopted in thermochemical codes to predict the deto-
nation properties of explosives.

Throughout the years, the accuracy of BKW has been sig-
nificantly improved through proper calibration of the BKW
constants and covolumes. This paper presents the concept
of temperature-dependent covolumes of polar molecules
(H2O and NH3) as a way to improve the accuracy of pre-
diction of detonation properties of explosives, especially
those explosives producing larger amounts of H2O and NH3.
It was demonstrated that temperature-dependent covo-
lumes describe more accurately experimental shock Hugo-
niots of polar molecules than constant covolumes, and the
accuracy of prediction of detonation properties of HNO
types of explosives is greatly improved.
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1 Introduction

The semi-empirical Becker-Kistiakowsky-Wilson (BKW) equa-
tion of state (EOS), has had a long history in the field of ex-
plosives, having been extensively used to describe deto-
nation characteristics even though it does not have a
rigorous theoretical background [1].

Becker [2] was the first (in 1921) to suggest that the van
der Waals term (1/(V-b)), describing repulsive forces, could
be replaced by an exponential function (XeX), and he pro-
posed the equation:

P ¼
RT
V 1þ XeXð Þ �

a
V2 þ

c

Vðnþ2Þ
(1)

where X=K/V, P is the pressure, V is the molar gas volume,
T is temperature, R is the gas constant, b is excluded vol-
ume, and K, a, n, and χ are constants. The constant K has
the nature of covolumes (i. e., a sort of excluded volume).

The terms XeX and a=V2 represented repulsive and at-
tractive forces respectively, while the last term was added
by Becker to obtain agreement at the critical point. A year
later, Becker used only the first term of Eq. 1 to compute
the detonation velocities of nitroglycerine and mercury ful-
minate. Twenty years later, Kistiakowsky and Wilson [3] in-
troduced the concept of covolumes by using the expression

X ¼ K=VTa (where constant α=0.25) in which K could be
treated as an additive function of the covolumes of the
constituent molecules of the product gases. A constant b

was also added to the repulsive term to give Eq. 2:

PV
RT
¼ 1þ XebX (2)

Cowan and Fickett [4] made a significant contribution to
the further development of BKW EOS by adding the con-
stant q to the temperature term of X to prevent pressure
from reaching infinity as temperature tends towards zero.
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Further, K was defined as k
P

xiki in which k is a constant;
xi the mole fraction of component i and ki the individual
geometrical covolumes (or covolume factors). The evolution
of the BKW EOS then resulted in Eq. 3.

PV
RT ¼ 1þ XebX ¼ F xð Þ (3)

where X ¼ K
V Tþqð Þa; K ¼ k

P
xiki; xi ¼ ni=

P
ni, and F xð Þ is an

imperfection term.
Eq. 3 contains four constants (α, β, k, and Θ) and covo-

lume of each gaseous detonation product (ki). Typically,
these constants are adjusted to fit measured detonation
properties. The calibration of the constants and covolumes
has been studied and reported by many authors: Finger
et al. [5], Mader [1,6], Hobbs and Baer [7], Fried and Souers
[8], Kozyrev [9], Suceska [10].

Cowan and Fickett [4] and later Mader [6] showed that
the experimental detonation velocity for a single explosive
at a single density could be obtained by adjusting k with
fixed values of a and b. The slope in a curve of detonation
velocity versus density may be changed by adjusting b. In
that way, one can reproduce the experimental detonation
velocities at two densities for a single explosive. The value
of α has a sizeable effect on the calculated detonation pres-
sure and it is adjusted to reproduce detonation pressure for
fixed β and k values [4,6]. Since Cowan and Fickett’s work
[4] in most of the sets of BKW constants, the value of the
constant α is fixed to 0.5 (Table 1). Experimental detonation
temperatures can be reproduced by changing the parame-
ter θ.

Mader [6] claimed that the detonation characteristics of
RDX and TNT cannot be reproduced by the same set of pa-
rameters. He, therefore, mooted one parameter set (BKW-
RDX) for explosives having a slightly negative oxygen bal-
ance and one set (BKW-TNT) for explosives with significant
amounts of condensed carbon in the reaction products.
Subsequent optimisation by Finger et al. [5], Hobbs and
Bear [7], Fried and Souers [8] on a larger number of ex-
plosives, and using large product databases, showed that it
is feasible.

In addition to the traditional “trial and error” method,
some researchers applied complex optimisation methods to

evaluate the BKW constants. Fried and Souers [8] employed
a modern stochastic optimization algorithm to find the
BKW constants and covolumes that would best match ex-
perimental detonation velocity and pressure. The resulting
BKWC set of constants (Table 1) was implemented in their
thermochemical code CHEETAH [11]. Kozyrev [9] used the
Nelder-Mead simplex method for multidimensional mini-
mization to optimise BKW constants (set BKWNV).

Evaluation of covolumes is quite a challenging task. The
covolumes had been defined by Mader [6] as the geo-
metrical volume (in Å3) occupied by a molecule rotating
about its centre of mass multiplied by a factor of 10.46, to
obtain a CO covolume of 390 used by Cowan and Fickett
[4]; geometrical covolumes calculated based on this defi-
nition have since been used by many in the field. As stated
by Fried et al. [11], there is no general relation between mo-
lecular volume and the virial coefficient, thus covolumes
cannot be uniquely identified with the physical molecular
property. The authors suggested treating covolumes as ef-
fective interaction parameters that lie somewhere between
the molecular volume and virial limits, since in the high-
density limit, the covolume acts as an effective molecular
volume, while it is related to virial coefficients in the low-
density limit.

Mader [6] applied two methods of evaluation of covo-
lumes; a) from the van der Waals radii and b) by relating
the covolume to the depth of the potential well and the
separation radius (ki ¼ ri*ð Þ

3 Tið Þ
1=2). Similarly, McGee et al.

[13] used for polyatomic species a correlation between sep-
aration radius (ri*) and molecular volume
(ri* ¼ 1:19 Molecular volumeð Þ1=3 þ 0:68), which enables
evaluation of the covolume.

Suceska et al. [10] applied ab-initio methods based on
density functional theory to estimate the covolumes of
product gases. In their analysis, the authors compared the
covolumes obtained by different methods and carried out
an extensive analysis of the accuracy of the predicted deto-
nation properties over a broad pressure range. Generally,
they found fairly good agreement in covolumes obtained
by different methods for O2, CO2, N2, CH2O, and CO, while
the difference may double or triple for larger product mole-
cules such as CH2O2, C2H4, CH2OH, etc. The best method of
evaluation of covolumes is by matching experimental shock
Hugoniot data for detonation product species (when such
data are available) [6, 10].

In our earlier works [10,14–16], it has been found that
although the BKW constants and covolumes may be ad-
justed to reproduce satisfactorily experimental detonation
parameters at higher initial densities of explosives, neither
traditional adjustment of constants nor stochastic opti-
mization procedures can give consistent levels of accuracy
over broad density limits, i. e. broad pressure limits. All test-
ed sets of covolumes (BKWC, BKWS, and BKW-E5) over-
estimated detonation velocities and pressures at low initial
explosive densities (below 1 g/cm3), with the error increas-
ing as density decreases. Introducing density-dependent

Table 1. Some sets of BKW constants.

Set α β k (cm3Kα) θ (K)

Brinkley & Wilson [12] 0.25 0.30 – –
Cowan & Fickett [4] 0. 5 0.09 11.8516 400
BKW-RDX [6] 0.54 0.181 14.15 400
BKW-TNT [6] 0.5 0.0959 12.685 400
BKWR [5] 0.5 0.176 11.80 1850
BKWS [11] 0.5 0.298 10.50 6620
BKWC [11] 0.5 0.403 10.86 5441
BKWNV [9] 0.5 0.505 10.00 5032.97
BKW-E5 [10] 0.5 0.38 9.41 4250
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covolumes instead of invariant covolumes, it has been
found that experimental detonation parameters could be
very well reproduced even at lower densities or pressures
[15]. This concept of variable covolume in BKW EOS has a
foothold in the assumption that the covolume is a measure
of the interaction forces between the product species, and
this force will decrease as the density decreases.

These findings motivated the work of [16] where an al-
ternative approach to improve the accuracy of the BKW
EOS over a broad range of pressures and explosives den-
sities is presented. It has been found that the introduction
of an additional constant (ɛ) to the F(X)-X relationship, en-
ables a more accurate prediction of detonation parameters
over a broad range of densities. This resulted in the so-
called modified BKW EOS (denoted as MBKW) [16]:

PV
RT
¼ 1þ XeebX (4)

The constants in MBKW are determined by fitting ex-
perimental F(X)-X data (α=0.5, β=0.154, ɛ=1.54, k=9.45,
and θ=3765). The history and major modifications made to
the BKW EOS from 1921 till today are summarised in Ta-
ble 2.

It was noticed during the calibration of covolumes that
the difference between the experimental and calculated
detonation velocities for explosives producing larger
amounts of water (e.g. RX-23AB) and ammonia (e.g. RX-
23AC) is still high, despite the modifications described
above. This begs the question, can the accuracy of BKW
EOS be pushed even further? In this work, the concept of
temperature-dependent covolumes of polar molecules (H2O
and NH3) will be introduced and discussed.

2 Results and Discussion

2.1 Description of the Model

In this work, the thermochemical equilibrium code EXPLO5
is used. The code has several equations of state built-in:
BKW EOS, modified BKW (MBKW) EOS, and theoretically
based EXP-6 EOS (based on exponential-6 potential and an-
alytical representation of the excess Helmholtz free energy)
[17]. Like other thermochemical codes, EXPLO5 uses ther-
modynamics to solve simultaneously the state variables and
chemical composition of detonation products, and thus ob-
tain detonation parameters of explosives. So far, the code
has been validated on numerous explosives having differ-
ent compositions and densities [10,14–16,18]. Some gen-
eral remarks on the accuracy of different EOSs, are as fol-
lows.

The BKW EOS (with BKW-E5 set of covolumes and con-
stants) predicts accurately detonation parameters for den-
sities of explosives above 1 g/cm3 (error below 5%, RMS
<2.5%) [15]. At lower densities, the error is above 5% and
increases with a decrease in density. Our analysis has
shown that none of the BKW sets proposed so far can pre-
dict accurately detonation velocity and pressure at densities
below 1 g/cm3 (Figure 1). The accuracy can be improved to
some extent by increasing constant β (e.g. in the BKWNV
set where β=0.505) but increasing β results in an increase
of errors at higher densities.

Seeking a solution to this problem, it has been found
that a small modification of BKW EOS by adding a constant
ɛ (Eq. 4) results in a more accurate prediction of detonation
pressure and velocity over a broad range of densities of ex-
plosives. The thus modified BKW EOS (denoted MBKW EOS)
can reproduce very well experimental detonation velocities
and pressures over a broad range of densities, from 0.25 to
2 g/cm3, with results comparable to that of theoretically
based EXP-6 EOS (Figure 1).

Table 2. History and modification of BKW EOS (modified from [16]).

Author Equation Main contribution

Becker (1921) [2] p
RT ¼

1
Vg � b

� �

p
RT ¼

1þxexð Þ

Vg
x ¼ k

Vg

Proposed an exponential term to describe deviation from the ideal gas behaviour as a function of
density by substituting [1/(Vg-b)] in Van der Waals EOS by exponential term (1/Vg) (1+xex)

Kistiakowsky Wilson
(1941) [3]

pV
RT ¼ 1þ xebx

x ¼ k
VTa

Modified Becker’s equation by adding an adjustable constant β and making k a function of temper-
ature

Cowan and Fickett
(1954) [4]

x ¼ k
VðTþqÞa

k ¼ k
P

xiki
ki ¼ 10:46 � Vi

Modified Kistiakowsky-Wilson’s equation by adding constant θ.
Calculated ki from Van der Waals radii

Suceska et al. [16] PV
RT ¼ 1þ XeebX

Added constant ɛ to the imperfection term to improve the accuracy at lower densities of explosives

Mader [1,6], Finger [5], Hobbs and
Baer [7], Fried et al. [11], Kozyrev [9],
Suceska et al. [10]

Optimization of BKW constants and covolumes
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2.1.1 Temperature-Dependent Covolumes of Polar
Molecules

Calibration of BKW constants and covolumes, either tradi-
tionally or based on optimisation methods, mainly focused
on reproducing experimental detonation velocities and
pressures of a large number of explosives. To calibrate cov-
olumes the following approach was applied. First, the covo-
lumes for the main detonation products were derived by
matching their experimental shock Hugoniot data with
those calculated (for products for which experimental shock
Hugoniot data are available). Then, the covolumes were
fine-tuned comparing calculated and experimental deto-
nation parameters for individual groups of explosives, start-
ing with explosives that produce a smaller number of deto-
nation products. To fine-tune covolumes of N2, O2, and NO,
nitric oxide (NO) and cyanuric triazide (CN) were used, then
CNO explosives to adjust CO2 and CO; HNO explosives to
adjust H2O, NH3, and H2, and eventually CHNO explosives
for final fine-tuning. The obtained values of covolumes are
given in Table 3, along with the covolumes reported by
other authors.

During the calibration of covolumes, it was noted that
the error in calculated detonation parameters is larger for
some HNO explosives (e.g. RX-23-AA, RX-23-AB, RX-23-AC,
AN, etc.) and some other explosives (e.g. ANFO). From the
calculated concentration of detonation products at the CJ
state, it was found that these explosives produce large
amounts of H2O and NH3, (over 50% of the total number of
moles), therefore it seems logical to conclude that the error
in calculated pCJ and D is related mostly to the values of
covolume of these products. In addition, it is found that the
error is larger for explosives in which detonation temper-
ature is lower (e.g. RX-23-AB which TCJ �2200 K).

The calculated detonation parameters using several sets
of constants and covolumes (Tables 2 and 3), for seven ex-
plosives that produce large amounts of polar H2O and/or
NH3, are given in Table 4.

From the results given in Table 4, it can be noted that
six of the explosives produce over 50 mol% of H2O, and
one (RX-213-AC) produces more than 50 mol% NH3. Deto-
nation temperatures range between 2180 K (RX-23-AB, RX-
23-AC) and 3380 K (NM). Furthermore, calculated deto-
nation properties using different sets of constants and cov-
olumes are rather scattered and the error in detonation ve-
locity in some cases is above 30% for detonation velocity
and above 38% for detonation pressure. The calculated
detonation temperatures do not change significantly with
the set of constants used (up to 12%).

Regarding the individual sets of constants and covo-
lumes, all of them underestimate detonation velocity and
pressure for explosives producing large amounts of H2O, ex-
cept BKWS which overestimates them. This is the result of a
larger covolume of H2O used in the BKWS set (k(H2O)=
376 Å3) as compared to other sets (k(H2O) ranges between
188 Å3–246 Å3). The BKWNV set predicts detonation veloc-
ities most accurately, but considerably underestimates det-
onation pressure (for example, it predicts detonation veloc-
ity of RX-23-AB with an error of � 1.72%, but detonation
pressure with an error of � 15.05%). Regarding RX-23-AC
explosive, which produces 54.1% of NH3, BKW-E5 and
MBKW-E5 sets (with k(NH3) =405 Å3) quite accurately predict
detonation velocity and pressure. Other sets give large er-
rors, particularly the BKWC set, which is related to a larger
NH3 covolume used in the BKWC set (k(NH3) =550 Å3). All the
sets give satisfactory agreement between experimental and
calculated detonation velocities for NM and RX-23-AA.
These explosives have detonation temperatures of 3380 K
and 2900 K, respectively. However, the error in detonation
pressure is large and goes up to 14%.

Analysis of the errors shows that the BKW-E5 set pre-
dicts detonation velocity of HNO explosives with an RMS er-
ror of 3.3% and MBKW-E5 set with an RMS error of 4.18%,
which is larger compared to the RMS error reported in the
literature for a series of different explosives; RMS error
=2.45% for BKW-E set and RMS error=1.90% for MBKW-E5
[19].

Figure 1. Error in predicted detonation velocity of PETN as a func-
tion of explosive charge density using different sets of covolumes
in BKW EOS.

Table 3. Values of covolumes of main detonation products used in
this work (BKW-E5) along with values reported in the literature.

Product Covolumes (Å3)
Brinkley and
Wilson [12]

Fickett
and Davis
[4]

BKWS
[11]

BKWC
[11]

BKWNV
[9]

BKW-
E5
[10]

H2O 108 360 376 188 226 246
N2 353 380 376 374 341 392
H2 153 180 153 270 11 110
O2 333 350 316 306 305 363
CO2 687 670 663 511 502 590
CO 386 390 614 372 359 390
CH2O2 – – 865 737 522 663
NH3 164 420 418 550 697 405
CH4 400 450 493 420 190 497
NO 233 350 394 394 394 340
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In addition, the analysis showed that the experimental
detonation parameters for explosives given in Table 4 can
be more accurately reproduced by changing covolumes of
H2O and NH3. Using the BKW-E5 set of constants, the covo-
lume of H2O was varied until the best agreement between
experimental and calculated detonation velocity and pres-
sure is obtained for an individual explosive. In this way, dif-
ferent values of covolume for each studied explosive are
obtained. The values of so obtained covolumes of H2O
against the detonation temperature of explosives are

shown in Figure 2a. In the same way, the dependence of
NH3 covolume on temperature is obtained (Figure 2b).

It should be mentioned that a similar issue was noticed
by Ree [21,22] who used the theoretically based Exp-6 in-
teraction potential equation to calculate detonation pres-
sure. The author noticed that the accuracy in the potential
energy of polar molecules (NH3, H2O, and HF) decreases as
temperature decreases. This is attributed to an increased ef-
fect of dipole-dipole alignment as temperature decreases.
To describe orientation-dependent electrostatic interaction,

Table 4. Values of detonation parameters and concentration of detonation products at the CJ state calculated using different sets of con-
stants and covolumes.

Explosive Density (g/cm3) Set of constants
and covolumes

pCJ

(GPa)
D
(m/s)

TCJ
(K)

Concentration of products at
the CJ state (molar percent) *

Difference
in D (%)

Difference
in pCJ (%)

RX-23-AB
(69% HyN/ 5% Hy/ 26% H2O)

1.384 Expt. [19] 186 7480 – H2O=73.5
N2 = 25.74BKW-E5 147 6939 2149 � 7.23 � 20.97

MBKW-E5 148 6905 2114 � 7.69 � 20.43
BKWC 131 6508 2260 � 12.99 � 29.57
BKWS 178 7877 2276 5.31 � 4.30
BKWNV 158 7351 2167 � 1.72 � 15.05

ANFO
(94% AN/ 6%FO)

0.80 Expt. [20] 49 4797 – H2O=61.26
N2=27.1
CO2=9.54

BKW-E5 49 4713 2944 � 1.75 0.41
MBKW-E5 47 4648 2910 � 3.11 � 3.69
BKWC 46 4551 3002 � 5.13 � 5.74
BKWS 56 5114 3024 6.61 14.75
BKWNV 49 4746 2952 � 1.06 0.41

Hydrazine mononitrate
(HMN)

1.64 Expt. [9] – 8690 – H2O=58.82
N2=35.
O2=5.7

BKW-E5 245 8343 2636 � 3.99
MBKW-E5 246 8228 2597 � 5.32
BKWC 232 8109 2841 � 6.69
BKWS 274 8916 2887 2.60
BKWNV 287 8647 2621 � 0.49

RX-23-AA
(79% HyN /21%Hy)

1.424 Expt. [19] 258 8640 2900 H2O=50.59
N2=34.70
NH3=8.74
H2=2.98

BKW-E5 222 8319 2785 � 3.72 � 13.95
MBKW-E5 224 8260 2738 � 4.40 � 13.18
BKWC 238 8779 2949 1.61 � 7.75
BKWS 241 8751 3064 1.28 � 6.59
BKWNV 223 8475 2784 � 1.91 � 13.57

Ethylenediamine dinitrate
(EDDN)

1.3 Expt. [9] – 6660 – H2O=55.,3
N2=22.34
CO2=3.64
CO=3.64
C(s)=14.39

BKW-E5 160 6671 2730 0.17
MBKW-E5 139 6642 2566 � 0.27
BKWC 122 6229 2874 � 6.47
BKWS 150 7032 2831 5.59
BKWNV 137 6581 2675 � 1.19

Nitromethane
(NM)

1.13 Expt. [7] 120 6350 3380 H2O=48.1
N2=17.26
CO2=4.11
CO=12.67
C(s)=15.75

BKW-E5 127 6438 3247 1.39 5.83
MBKW-E5 128 6497 3137 2.31 6.67
BKWC 114 6064 3664 � 4.50 � 5.00
BKWS 132 6618 3628 4.22 10.00
BKWNV 118 6212 3341 � 2.17 � 1.67

RX-23-AC
(32% HyN/ 68% Hy)

1.135 Expt. [19] 169 7870 2180 NH3=54.15
H2O=20.19
N2=25.43

BKW-E5 158 7934 2165 0.81 � 6.51
MBKW-E5 163 7909 2131 0.50 � 3.55
BKWC 234 10389 2161 32.01 38.46
BKWS 144 7451 2348 � 5.32 � 14.79
BKWNV 119 6937 1915 � 11.86 � 29.59

Legend: HyN – hydrazine nitrate, Hy-hydrazine, AN – ammonium nitrate, FO – fuel oil, * – calculated using BKW-E5 set of constants.
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Ree proposed a simplified form of the temperature-depend-
ent well depth (ɛ) [22]:

eii Tð Þ ¼ eo;ii 1þ
lii

T

� �

(5)

where λii is a constant characteristic of the i-th molecule.
The λii/T term accounts for dipole contribution and it plays
a role at lower temperatures (which is manifested in an in-
crease of ɛii and consequently increase of pressure). At high
temperatures, dipole contribution is negligible due to rapid
molecular rotation. Following Ree’s equation (Eq. 5), this pa-
per proposes the same form of dependence for temper-
ature-dependent covolume of polar molecules:

ki Tð Þ ¼ ko;i 1þ
li

T

� �

(6)

where ki(T) is temperature-dependent covolume of i-th
product, k0,i is covolume at T!1, and λi is a constant ob-
tained by fitting ki - T data given in Figure2. Thus obtained
values of constant λ and covolumes ko for both BKW and
MBKW EOSs are given in Table 5.

Figure 2 and Eq. 6 show that at temperatures between
3000 and 5000 K (which correspond to typical values of det-
onation temperatures of explosives) covolume does not
change significantly; k(H2O) varies from 244 and 257, i. e. for
about 5%. This explains why the constant covolume model
of polar molecules gives satisfactory results for the majority
of CHNO explosives but fails to predict accurately the deto-
nation properties of explosives having lower detonation

temperatures and producing large amounts of polar mole-
cules.

2.1.2 Validation of Temperature-Dependent Covolumes
Concept

The concept of temperature-dependent covolume of H2O
and NH3 is validated by comparing experimental and calcu-
lated shock Hugoniots of initially liquid H2O and NH3, as
well as by comparing experimental and calculated deto-
nation parameters for explosives given in Table 4, and for a
series of 60 explosives having different compositions and
densities. The shock Hugoniots are calculated by a special
subroutine built-in EXPLO5 code, based on the Rankine-Hu-
goniot conservation equations across the front of the shock
wave [18,24]. It is assumed that both liquid H2O and NH3

molecules dissociate to establish a chemical equilibrium
with the mixture of dissociation products (H2, H, O2, O, and
OH in the case of water, and H2, H, N2, N, NH2, NH3, and
N2H4 in the case of ammonia). The species are chemically
reactive so their concentration will affect temperature and
pressure. The results are given in Figures 3 and 6 and Ta-
ble 6.

Figures 3 and 4 show that BKW EOS, with BKWC, BKWS,
and BKW-E5 sets of constants, cannot correctly reproduce
the region of higher specific volumes/lower pressures for
both H2O and NH3. BKW and MBKW EOS with temperature-
dependent covolumes (BKW-E5-TC and MBKW-E5-TC) re-

Figure 2. Dependence of covolume of H2O (a) and NH3 (b) on tem-
perature (Note: squares represent manually adjusted values which
reproduce detonation velocity).

Table 5. Values of ko and λ in Eq.6 for H2O and NH3.

Product Equation of state λi ko,i
(ki A3)

H2O BKW EOS (Eq. 3) 450 224
MBKWM EOS (Eq. 4) 670 212

NH3 BKW EOS (Eq. 3) 320 341
MBKWM EOS (Eq. 4) 237 361

Figure 3. Experimental vs. calculated shock Hugoniots of H2O.
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produce the entire p-V range fairly well. Theoretically based
EXP-6 EOS, with temperature-dependent well depth (Eq. 6),
reproduces accurately experimental shock Hugoniots
throughout the entire p-V range. It should be mentioned
that temperature-dependent covolumes of H2O and NH3 are
adjusted so to best reproduce experimental detonation pa-
rameters, rather than the experimental Hugoniots.

Comparing the results from Table 4, obtained using con-
stant covolumes of polar molecules, with the results from
Table 6, it is clear that temperature-dependent covolumes
reproduce more accurately experimental detonation veloc-
ity and pressure. The improvement in accuracy is especially
pronounced for RX-23-AB and RX-23-AC explosives. Figure 5
shows that the RMS error in detonation velocities using
constant covolumes of H2O and NH3 is 3.54% for BKW EOS
with BKW-E5 set and 4.18% for MBKW EOS with MBKW-E5
set, while using temperature-dependent covolumes RMS er-
rors decrease to 1.59% for BKW EOS (with BKW-E5-TC set)
and 1.84% for MBKW EOS (with BKW-E5-TC set). Such accu-
racy is even better than the accuracy of theoretically based
EXP-6 EOS (RMS error of 2.36% for detonation velocity).
BKW EOSs with other constant and covolume sets (BKWC,
BKWS, and BKWNV), which use constant covolumes, give
much larger errors (RMS errors range from 4.7% to 13.78%).

Additional validation of the concept of temperature-de-
pendent covolumes of polar molecules was done on a ser-
ies of 59 explosives having densities ranging between
0.25 g/cm3 and 1.89 g/cm3. These explosives include 42 ex-
plosives of CHNO type (HMX, RDX, TNT, PETN, NG, NM, CE,
HNAB, NTO, EDNA, FOX-7, FOX-12, TNAZ, DINA, DINGU, and

Table 6. Comparison of detonation parameters calculated using temperature-dependent covolumes of H2O and NH3 with experimental
data.

Explosive Density (g/cm3) EOS/Set of constants pCJ

(GPa)
Error
(%)

D
(m/s)

Error
(%)

RX-23-AB 1.384 Expt. [19] 186 7480
EXP-6 EOS 167 � 10.22 7559 1.06
BKW-E5-TC 168 � 9.68 7349 � 1.75
MBKW-E5-TC 177 � 4.84 7439 � 0.55

ANFO 0.80 Expt. [20] 49 4797
EXP-6 EOS 43 � 12.24 4493 � 6.34
BKW-E5-TC 51 4.08 4780 � 0.35
MBKW-E5-TC 49 0.00 4739 � 1.21

HMN 1.640 Expt. [9] – 8690
EXP-6 EOS 286 8864 2.00
BKW-E5-TC 263 8591 � 1.16
MBKW-E5-TC 271 8523 � 1.92

RX-23-AA 1.424 Expt. [19] 258 8640
EXP-6 EOS 232 � 10.08 8608 � 0.37
BKW-E5-TC 229 � 11.24 8394 � 2.85
MBKW-E5-TC 239 � 7.36 8412 � 2.64

EDDN 1.30 Expt. [9] – 6660
EXP-6 EOS 158 6753 1.40
BKW-E5-TC 154 6778 1.77
MBKW-E5-TC 156 6817 2.36

NM 1.13 Expt. [7] 120 6350
EXP-6 EOS 128 6.67 6325 � 0.39
BKW-E5-TC 126 5.00 6438 1.39
MBKW-E5-TC 130 8.33 6478 2.02

RX-23AC 1.135 Expt. [19] 169 7870
EXP-6 EOS 151 � 10.65 7731 � 1.77
BKW-E5-TC 163 � 3.55 7863 � 0.09
MBKW-E5-TC 170 0.59 7969 1.26

Note: The results of calculations using EXP-6 EOS are given for comparison.

Figure 4. Experimental vs. calculated shock Hugoniots of NH3.
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ANFO), 4 HNO explosives (HN, RX-23-AA, RX-23-AB, and RX-
23-AC), 11 CNO explosives (TNM, HNE, HNB, BTF, TNTAB,
DNF, and DNDF), one NO explosive (nitromethane) and one
CN explosive(cyanuric triazide). The calculation is done us-
ing BKW and MBKW EOSs and different sets of constants
and resulting RMS errors for detonation velocity, pressure,
and temperature are summarised in Figure 6.

Figure 6 shows that by introducing temperature de-
pendent covolumes of H2O and NH3, the RMS error for det-
onation velocity is changed from 3.04% to 2.84 for BKW
EOS, and from 2.46% to 2.14% for MBKW EOS. A slightly
higher error for BKW EOS is probably related to the fact that
BKW EOS systematically overestimates pCJ and D at densities
below 1 g/cm3 (Figure 1) [10]. At the same time, both BKW
and MBKW EOSes predict more accurately pCJ and TCJ than
EXP-6 EOS.

It should be emphasised that most of the studied ex-
plosives have detonation temperatures between 3000 K
and 5000 K, so the covolumes of polar species do not
change significantly (up to 5%, Figure 2), and that the
amount of H2O and NH3 in detonation products for most
explosives is typically less than 35% (except for HNO ex-
plosives). Under such conditions (3000 K<TCJ<5000 K, the

concentration of H2O and NH3<35%) temperature-depend-
ent covolumes do not significantly affect calculated deto-
nation parameters. This means that the improvement in ac-
curacy is attributed to more accurate prediction of
detonation properties of HNO types of explosives.

3 Conclusions

This paper presents a way to further improve the accuracy
of BKW EOS by introducing the concept of temperature-de-
pendent covolumes of polar molecules – H2O and NH3. The
term used to describe the temperature dependence of cov-
olumes is identical to that used by Ree for accounting for
dipole contribution at lower temperatures [21].

It is demonstrated that temperature-dependent covo-
lumes describe experimental shock Hugoniots of H2O and
NH3 very well throughout the entire p-V range. Also, it is
shown that temperature-dependent covolumes consid-
erably improve the accuracy of prediction of detonation pa-
rameters of explosives that produce a large amount of po-
lar species and whose detonation temperature is below
2500 K (e.g. RX-23-AB, RX-23-AC).

The comparison of experimental and calculated deto-
nation parameters for a series of 59 explosives has shown
that the accuracy of detonation velocities predicted using
MBKW EOS with MBKW-E5-TC set and BKW EOS with BKW-
E5-TC set is very close to the accuracy of theoretically based
EXP-6 EOS (e.g. the RMS errors for MBKW-E5 EOS and EXP-6
EOS differ by only 0.41%). Moreover, both BKW and MBKW
EOS predict more accurately detonation pressure and tem-
perature than EXP-6 EOS.
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