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We present an equation-of-state (EOS) model that allows
for reliably computing the thermodynamics and chemical
compositions of reactive carbon-containing systems over
a wide range of temperatures and densities covering both
high pressures up to tens of gigapascals and moderate
pressures. The model includes a theoretical EOS of a mul-
ticomponent fluid phase and a thermodynamically consis-
tent multiphase EOS of carbon nanoparticles. The results
of thermochemical computations based on this model are
shown to be in good agreement with a variety of shock
wave and static measurements, as well as with detonation
experiments that were not used for calibrating the inter-
molecular potential parameters.

Keywords: intermolecular potential, nanoparticles, per-
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Introduction

The knowledge of thermodynamic properties of chemically
reactive systems is necessary in solving a variety of practical
problems in many fields of science. In particular, high-pressure,
high-temperature thermodynamic data on multicomponent sys-
tems are needed in fluid science, in geophysics and astrophysics,
in the chemistry and physics of shocks and detonations. The
development of reliable equation-of-state (EOS) models for
such systems is of great theoretical and practical interest.

In this work, we present a new, accurate multiphase EOS
model for chemically reactive systems, which was recently
incorporated into the thermochemical TDS code [1]. The model
is applicable over a wide range of temperatures and densities
covering both the high-pressure area (up to tens of gigapascals)
and the region of moderate pressures (P <1GPa). The main
parts of the model are a theoretical EOS for a multicomponent
gaseous (fluid) phase based on an improved version [2] of the
KLRR perturbation theory [3,4] and semi-empirical thermody-
namically consistent EOSs for the graphite and diamond
nanoparticles in the solid and liquid states. Accordingly, ther-
modynamic computations with the developed model allow one
to obtain the data on thermodynamic properties and chemical
compositions of reactive carbon-containing systems taking into
account the possibility of formation of the carbon nanoparticles
in the product mixture and their phase transitions. The exam-
ples given in this work show that our model provides accurate
description of the thermodynamic states of chemically reactive
systems as compared to the data of static, dynamic (shock
wave), and detonation experiments. We also present the results
of comparisons to the predictions of semi-empirical EOSs and of
theoretical (first principles-based) EOS models used in other
well-known thermochemical codes [5-8].

Equations of State

It is assumed that molecules i and j of a multicomponent fluid
phase interact via a spherically symmetric Exp-6 potential
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where 1 is the intermolecular separation, ¢;; is the depth of the
attractive well, r,; is the position of the potential well
minimum, and «;; controls the stiffness of the repulsive part
of the potential. This model potential is known to provide a
sufficiently realistic description of intermolecular interactions
at high pressures and, in particular, under high-pressure,
high-temperature conditions relevant to detonation and shock
wave problems.

The core of our multicomponent Exp-6 EOS is an accurate
theoretical EOS of a single-component Exp-6 fluid. In this
work, we use a recently suggested version [2] of the KLRR
perturbation theory constructed on the basis of analyzing the
assumptions of the well-known Byers-Brown and Horton
version [4] of KLRR and carefully investigating how the
assumptions may affect the resulting thermodynamic proper-
ties being calculated with the theory. In particular, the effects
caused by neglecting minor components of the first-order
perturbing term of the excess free energy,

N2 00
AF, = 2n7/ @, (r)r’gy(r)dr, (2)
0

were studied. In Eq. (2), gp is the radial distribution function of
the reference fluid, ¢, is a long-range perturbing part of the
intermolecular potential, N is the number of particles, and V
is the volume. It was found that taking some minor terms of
AF; into account allows one to improve the accuracy of the
KLRR theory at high densities, especially for stiff potentials
(> 14). Computation of these terms is time consuming, and
a computational technique, which is based on using Laplace
and inverse Laplace transforms and allows for at least several
hundred times faster calculations, was developed. The resulting
perturbation theory was found to be more accurate in reprodu-
cing Monte Carlo (MC) simulation data than its versions [3,4].
Hence, it would be reasonable to build a multicomponent fluid
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EOS basing on the improved version of the perturbation
theory, and this has been done in the present work.

To calculate the thermodynamic properties of a multicompo-
nent fluid phase, we use an improved van der Waals one-fluid
(vdW1f) model, which assumes a mixture of chemical species,
interacting via potentials (1), to be a hypothetical one-component
fluid with an effective Exp-6 potential. The composition-
dependent parameters of the effective potential are given by

n n

*= Z Z XiXj4jeiiTi i/ (2 < 1),

=1 j=1

n n
= Z ZXijSijrz17jj/(ri1)7

i=1 j=1

n n 1/3
— E 3
I'm = Xl’Xjrm,ij ) (3)
1

i=1 j=

where the summation extends over all ij pairs, n is the number of
the components, and x; is the mole fraction of species i. The relia-
bility of vdW1f in predicting the excess thermodynamic para-
meters of a multicomponent fluid has been shown by Ree [9],
who is the author of the o-mixing rule. As seen in Table 1, the
multicomponent EOS built in this work provides good agreement
with MC data for Exp-6 fluid mixtures over a wide range of pres-
sures and temperatures. The results obtained are more accurate
than those of the models based on vdW1f and the Mansoori-
Canfield-Rasaiah-Stell-Ross (MCRSR) variational theory or on
vdW1f and the Zerah and Hansen’s hypernetted-mean spherical
approximation (HMSA) integral equations for pair distribution
functions. The constructed multicomponent EOS appears to be
currently most accurate among existing theoretical EOSs of
Exp-6 fluid mixtures.

A multiphase model of nanocarbon used in this work involves
semi-empirical EOSs for the solid and liquid nanoparticles of
graphite and diamond [10]. The EOSs are based on an accurate



ANS Al 0/, ‘TOLIO OAIJR[OI OFRIOAY
260 81€°L9 (2)0°'89 e 96LLY (L)e8 s e o 0002
z0'C ¥91°66 (2)z L6 I€0  €8€9¢ (L)TT°95 I:¢ o 000L
00'T 876°G8 (1)L%8 TeT  69LTS (L)TO7S I'1 o 0002
€L0 0LT'TE ()v1e TeT  T96'S1 (e)ego1 I:1 L 000¥%
01’1 CH8TT (¢)z1°ge AT AR A (1)ever I'1 8 000%
6G'T €289°9 (€)6L'9 6T°C GEEo'E (8)G1L°€ e 6 000T
0€°0 e16'01 (G)88°01 9zT 888T'¢  (gr)eses I:€ 6 000T
20’0 97988 (£)98'8 96'T VICHT (L)o18¥ I'1 6 000T
6€°0 z880°C (1)80°¢ LOT  LS0F'T (V)ver'1 e 0T 00€
70°G 6599°¢ (e)eve 8L°0  T.IET (L)60€°C I:€ 01 00€
oy 9L06'C (2)6LC 020 86G8'T (7)9g8'1 I'1 01 00€
gay) V.38 0— (9)7G6°0—  2T0  LSEE0 (1)8¢¢€°0 I'1 il 001
LLT PeL0— (€)ggL'0—  LF'T 08700  (9)€L70°0 I'1 0T 0%
(%) (sox) (OW) (%) (sod) (O) oHH  ([jow/,um)  (3])
ave (ow/r) nv - (ow/) oV d¢  (edD)d  (edD)d  omer O WA N

poss] os[e are (Ve ‘d¢) SOH oY) JO SI0LId
9ATYR[AI T[], "SUOIJR[NUIIS O[Ie)) 9JUOJ\ WOIJ paurejqo pue ppowr GO pedo[esap
o1} 1M poInduIod SemIXTur O -CH JO (]V) SOISIoUD [RULIDJUI SS90X0 PUR () SOINSSaI]

I slqeL

1102 Alenuer 9T 8¢ €T

v pspeo jumog

39



13:38 16 January 2011

Downl oaded At:

40 S. B. Victorov et al.

multiphase model of the bulk carbon and have correction terms
that allow for taking into account the effect of the small size of
carbon particles on their thermodynamics. The correction
terms represent approximate expressions for the surface energy
of nanoparticles depending on the material and the size and
shape of the particles. The enthalpy and entropy of the nanosize
material are calculated by adding the correction terms to the
corresponding quantities of the same bulk material. The pre-
sent model shifts the solid nanographite—solid nanodiamond
phase equilibrium line upward in pressure relative to the bulk
graphite—diamond equilibrium line, so that in a limited region
of temperatures and pressures between those two lines, the gra-
phite nanoparticles remain thermodynamically stable, whereas
the bulk graphite is unstable under the same conditions. The
model also shifts the nanocarbon melting line downward in
temperature. The determined absolute values of the heat of
formation of the graphite and diamond nanoparticles are
consistent with the available measurements for the heat of
formation of carbon particles recovered from detonation calori-
metry experiments.

Results and Comparisons with Experiments and with
Predictions of Other Models

For practical applications of the obtained multicomponent
EOS, one should determine the intermolecular potential para-
meters for species that are considered as possible gaseous (fluid)
products in the chemical system being investigated. In this
work, we assume the gaseous phase to consist of molecules No,
N, CO,, CO, NO, NOy, N5O, O,, and O that are the major pro-
ducts in reactive systems (including energetic materials) com-
posed of C, N, and O atoms. It is appropriate to mention here
that molecules of energetic materials may also include the atoms
of hydrogen, which typically leads to the formation of such addi-
tional product species as H,O, NH3, CH,, and so on. Although
the developed EOS model can be applied to hydrogen-
containing reactive systems as well, they will be considered in
our separate work. The present article deals with hydrogen-free
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systems taking into account the primary goals of this study. One
of them is to show that the obtained model allows one to predict
the properties of real reactive systems more reliably, in better
agreement with the results of measurements compared to those
EOS models that describe molecular simulations less accurately.
In this sense, reactive systems composed of C, N, and O atoms
provide us with better examples than one could obtain from
examining hydrogen-containing systems. The reason is that a
realistic description of intermolecular forces in fluids containing
polar molecules (such as HyO, NHj3) requires temperature-
dependent modifications of the Exp-6 potential [5-7,11] or some
special approaches [8]. In either case, this leads to introducing
additional parameters to the model, and possible errors in those
parameters may affect the final results of thermochemical com-
putations, making difficulties for determining the true source of
deviations. Thus, reactive systems composed of C, N, and O
atoms are more suitable for the purposes of this work. Further-
more, this choice of elemental composition is also motivated by
practical importance of having a reliable EOS model, which
could be applied to thermodynamic modeling of new, recently
synthesized hydrogen-free energetic materials [12].

The potential parameters have been determined mostly by
matching experimental Hugoniot data and available results of
static experiments for the region of moderate pressures and
temperatures. The unlike-pair Exp-6 parameters are additive
for all pairs except for COo-O, for which we found the best-
fitting value of kco,-0 =0.91, where kj; is the factor determining
the deviation from the Lorentz-Berthelot combination rule for
I'm,i;j- The obtained values of the potential parameters are listed
in Table 2.

Using the TDS code with the developed EOS model, we have
computed the thermodynamic properties of a number of chemi-
cal systems over a wide range of pressures and temperatures.
The results are in good agreement with a variety of experimental
shock wave data (up to high temperatures and high pressures of
about tens of gigapascal) and static measurements (at moderate
temperatures and pressures P<1GPa). Some examples are
given in Figs. 1-3. To check the reliability of our EOS model
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Table 2
The like-pair Exp-6 potential parameters

8(),1'i/kB I, ii 80,1'1'/kB I, ii
Species  (K) (m™') a; Species (K) (m™') oy

N, 100.6  4.25 123 NO, 326.2 427 13.8
N 120.0 2.65 104 N,O 234.3 427 138
(02 96.2 3.79 147 CO, 230.2 422 138
O 277.0 2,57 11,5 CO 103.5  4.12 14.0
NO 140.2 3.70 13.9

in reproducing the experimental data on more complicated
chemical systems, we have computed the detonation parameters
of a few liquid and solid energetic materials. The detonation

80

0.25 0.3 0.35 0.4 0.45 0.5
V, cub.cm/g

Figure 1. Shock Hugoniot of initially liquid COs. Symbols
(except for +) are the measured values. Symbol + represent
the results computed with semi-empirical BKWC EOS [13].
Lines are our computations with different theoretical EOS mod-
els. Dotted and dashed-dotted lines correspond to the models in
Charlet et al. [7] and Fried [8], respectively. Solid line repre-
sents computations based on the model developed in this work.
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Figure 2. Chemical composition of the products along shock
Hugoniot of initially liquid COy computed with the model
developed in this work. The formation of liquid carbon nano-
particles at P> 40 GPa is responsible for the change of the P
vs. Vslope in this range of pressures (see Fig. 1).

products are hot reactive mixtures consisting of a number of
fluid components and, for some explosives, also of one or more
condensed phases. That is why thermodynamic modeling of
detonations makes a good test for EOS models. The results of
TDS detonation computations are listed in Table 3 and demon-
strate very good agreement with measurements. Figure 4 gives
an example of isentrope calculations and allows one to see
how the parameters and chemical composition of the product
mixture vary as the products expand from the Chapman-
Jouguet (CJ) state. It is important to mention here that detona-
tion experiments were not used for calibrating the potential
parameters of the model. Thus, good agreement with the mea-
sured detonation characteristics confirms reliability of the devel-
oped EOS model. TDS code detonation computations have also
been done for the same energetic materials with semi-empirical
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Figure 3. The isotherms of CO, (a) and CO (b). Symbols are
the measured values. Lines are our computations with the
model developed in this work.

Becker-Kistiakowsky-Wilson EOS using its well-known parame-
terizations of Finger et al. (BKWR) [17] and of Fried and Souers
(BKWC) [13], with theoretical (first principles—based) EOS
models [5-8]. The resulting statistics are given in Table 4. The
results obtained with the presented EOS model are shown to
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Figure 4. The expansion isentrope from the CJ state for
CN,4Og: pressure, adiabatic gamma, and Gruneisen gamma
versus volume ratio V/V; (a) and concentrations of the major
product species versus pressure (b). The CJ state is denoted by
a circle (a) and by a vertical dotted line (b).

be much more reliable compared to the results of calculations
with semi-empirical EOSs of dense gaseous mixtures and more
accurate, to a greater or lesser extent, than the computations
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Table 4
Statistics of comparisons of the measured detonation
parameters to the results of our thermochemical computations
with the model presented in this work, with theoretical
models [5-8], and with semi-empirical BKWR [17]
and BKWC [13] EOSs”

Reference

FEnergetic This
material ~ work  [§] 7] 6] [5] BKWR BKWC

NO +  +/=  + + = + +/-
C3Nyy + 4= - +/= + - -
CN,Og + + + + - - -
CoNgO12  +  +/—  + + - - +
CeNO12  +  +  +/— — = — —
CeN120g  + + + + - - +/=
C4NsOs +  +/- - - - - +

“Symbols +, +/—, and — mean good (within the experimental
uncertainties), satisfactory, and poor agreement with experiments,
respectively.

based on the examined theoretical EOSs from other thermo-
chemical codes. The success of the EOS model developed in this
work can be explained by (a) using an accurate statistical-
mechanical theory, (b) carefully determining the potential
parameters from a variety of experimental data including those
at moderate pressures and temperatures, and (c¢) taking into
account the effect of nanosizes of carbon particles and correct
determination of their phase state.

Conclusions

We have developed an EOS model that allows for reliably
computing the thermodynamic properties and chemical compo-
sitions of reactive multicomponent and multiphase carbon-
containing systems over a wide range of temperatures and
densities covering both the high-pressure area up to tens of
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gigapascals and the region of moderate pressures. The model
includes a theoretical EOS of multicomponent gaseous phases,
which appears to be currently most accurate among existing
theoretical EOSs of Exp-6 fluid mixtures and a semi-empirical
thermodynamically consistent multiphase EOS of carbon
nanoparticles. High predictive abilities of the presented EOS
model allow one to apply it to solving a variety of practical
and theoretical tasks in geophysics and astrophysics and in
the chemistry and physics of shock waves and detonations. In
particular, the model can be used for predicting the detonation
properties of new energetic materials and for studying, in the
framework of recently suggested technique [5], a complex
multifront structure of detonation wave for explosives whose
detonation products undergo nanocarbon phase transitions.
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