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THERMAL CONDUCTIVITY OF MIXTURES OF
POLYATOMIC FLUIDS USING NONEQUILIBRIUM
MOLECULAR DYNAMICS
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(Received February 1992; accepted April 1992)

The thermal conductivity of dense polyatomic fluid mixtures has been studied using the method of non-
equilibrium molecular dynamics. Molecular mixtures of the type spherical-nonspherical and nonspherical-
nonspherical, have been investigated. In addition, we have examined the contribution to thermal conductivity
from internal rotational modes. Internal rotational contributions are needed for predicting thermal
conductivity of polyatomics. Our results combined with those we obtained for pure polyatomics, have
shown that the usual approximation made in theories, that these contributions are density independent is
incorrect. Finally, we have also developed an approximate method for predicting internal contributions to
thermal conductivity, that includes density dependence.

KEY WORDS: Polyatomic fluids, thermal conductivity, nonequilibrium molecular dynamics, internal
degrees of freedom.

INTRODUCTION

Computer simulation methods have been widely used during the past two decades to
study the thermal conductivity of pure fluids and mixtures. Both equilibrium (Green-
Kubo) and nonequilibrium molecular dynamics algorithms have been extensively
used [1-3]. More recently the nonequilibrium algorithm developed by Evans [4] has
been extended for nonspherical systems [5], and has been used to study the thermal
conductivity of several nonspherical fluids [5-8]. In this paper we have used this
nonequilibrium molecular dynamics method to study the thermal conductivity of
mixtures of the types spherical-nonspherical and nonspherical-nonspherical. The
contribution from internal rotational degrees of freedom have been given special
attention, since a satisfactory theory for predicting the thermal conductivity of
polyatomics has to include these internal contributions. Since no satisfactory theory
is currently available for obtaining such contributions, most predictive techniques
assume out of necessity, that these contributions are density independent and equal
to the dilute gas value, which can be estimated from kinetic theory. We have also
developed a simple approximation for estimating these internal contributions, that
accounts for the density dependence of these contributions, as the simulation resuits
strongly indicate.

THEORY AND METHOD

In our work we have used the non-canonical linear response theory method for
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polyatomics [5]. In this method an external field is used to increase the energy of all
particles in the system with more than the average energy, and decrease it for those
with less than the average energy. This leads to a heat flux in the system, whose
magnitude is used to estimate the thermal conductivity. The equations of motion
given below show how such an external field can be incorporated in an NEMD study,

"‘i = pi/m) ( ] )

= Y+ (B = DFO) + 234, InF0) - sz,k[ b F@O) = ap,, (2)

b4 dof, [7 + ool (r, — I” Toir, F 3)

xx d[ - ix + iy iz( sy ) + Z fix r (t) (‘)

In Equations (1-3), #; is the center of mass position of molecule i, m, the mass, p,.
the linear momentum f — 0¢y/or;, where ¢, is the intermolecular potential (see
below), and r; = r, — r;. N is the number of partlcles in the system. £ is the average

energy per particle, whlle E, is for particle i. F(¢) is the external field, which for
simplicity, usually kept fixed at a constant value, and with only one non-zero com-
ponent (e.g., z). o, the thermostatting multiplier, ensures constant translational kinetic
energy. «” is the principal angular velocity and I is the pr1n01pal torque on i due to
7 only, while I'7 is that on 7 due to all other molccules F? 15 the principal moment of
inertia. Equation (3) represents the expression for o, the x component of ’. Similar
cquations can be written for the y and z components.
The thermal conductivity, A can then be estimated from the equation,
l <JQ (r - o))

total
PR TR (4)

where T'1s the temperature and the heat flux vector is

[ZE + 35 Z,,(p' f, + of- F,f)]. (5)

In Equation (5), ¥ is the volume of the simulation cube. The method can be extended
to mixtures by replacing p with 7 in Equation (5), to account for diffusive heat flux
in the system [9]:
1 v
= p, - — 6
7!, pl Nv Z pu ( )
where N, is the number of particles of species v and the summation in Equation (6)
is only over species v.

For studying the contributions to thermal conductivity from various modes, J,.,
can be broken up into a rotational part given by,

i = gL ron s sy ) g

while the remaining part is usually referred to as the translational contribution. The
rotational contribution to thermal conductivity can then be estimated from,
1 (g — o))

A = T—F(l')— (8)
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Table 1 Intermolecular potential models.

Benzene
oss = 0.35nm es/K = 770K
Bond length = 0.1756 nm

Methane I (nonspherical model)

gce = 0.3350nm ece/K = S51.198K
ooy = 0.2995nm ecnlK = 23.798K
oyy = 0.2813nm eyn/K = 8.631K

C-H Bond length = 0.1094nm

Methane II (spherical model)
¢ = 0.3733nm - /K = 149.92K

In addition it is also possible to break up the rotational contributions into that from
the inertieal term, and the torque term, identified by the first and second terms in
Equations (7), respectively.

RESULTS

The method outlined above was used to study model mixtures of benzene and
methane, to represent both spherical-nonspherical and nonspherical-nonspherical
mixtures (see below). Details of the simulation technique are given in the Appendix.
For benzene, a six center site-site Lennard-Jones potential has been used [10]. For
methane, we have used two potential models. The first is a five center site-site
Lennard-Jones potential (methane 1) [11], while the second is an effective central
Lennard-Jones potential (methane II) [12]. All the potential models used here have
been found to give reasonable thermodynamic and transport properties for both
benzene and methane. Details of the intermolecular potential models are given in
Table 1. For the mixtures, we have used the usual Lorentz-Berthelot rules for cross
interactions [13]. Results for mixtures of the type spherical-spherical, including
multi-component mixtures, have been previously reported [2, 3, 14].

All results have been reported in dimensionless units based on the site-site benzene
parameters (see Table 1). For ease of comparison, we have attempted to study
mixtures at approximately equivalent “reduced” densities and temperatures. These
reduced densities and temperatures have been based on the pseudo-critical densities
and temperatures of the mixtures. For mixtures of the type benzene-methane (non-
polar) the Lee-Kesler mixing rules [15] are known to work well and have been used
here for obtaining the pseudo-critical densities and temperatures of these mixtures.
This however does result in the “dimensionless’ density and temperature of the
mixtures (defined on the basis of the site-site benzene parameters) not remaining
constant.

Results for benzene-methane I mixtures (nonspherical-nonspherical) are given in
Table 2. The thermal conductivity is further divided into contributions from the
rotational modes, as well as the torque contributions (see Equation (7)). Other
contributions can be obtained easily since,

ltotal — ,{rol 4 )»lr,
&)
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Table 2 Thermal conductivity of model benzene-methane I mixturcs.

W T-« P* lmluf /;.mr ;jr)r-mww
100.0 5.50 0.24 895 + 0.13 3.02 + 0.08 2.78 + 0.07
75.0 475 0.29 9.21 + 0.06 3.27 + 0.06 3.03 + 0.05
50.0 3.88 0.36 9.93 + 0.14 3.48 £+ 0.07 3.28 + 0.06
25.0 2.94 0.46 11.27 + 0.09 369 + 0.11 3.54 & 0.10
0.00 1.86 0.62 15.60 + 0.24 4.81 + 0.08 4.67 + 0.07

“Mole precent of benzene

1rot rot-inertial rol-lorque
A =4 + Aretroraw

For mixtures of the type nonspherical-nonspherical (Table 2), at the roughly constant
reduced densities and temperatures studied, it is apparent that the contributions from
both the total internal and torque terms are approximately a constant percentage of
the total thermal conductivity. In this case all the overall internal contribution are
33% 4 3%. In addition, it is clear that most of the contribution from the internal
part, is in fact from the torque term (see Equation (9)). The translational part is
however the dominant term of the thermal conductivity of these mixtures. This
observation, perhaps, also explains why theories that have used the incorrect approxi-
mation, that the internal contribution is equal to the density independent kinetic
theory result, have been reasonably successful for the nonpolar type mixtures studied
here. By using empirical corrections (which such theories use), it is reasonably simple
to rescale the translational term to account for errors associated with using the dilute
gas values for internal contributions for dense fluids. However, such behavior may not
be observed in other mixtures that are more complex in nature (e.g., polar-nonpolar
mixtures). Many theories for thermal conductivity are known to fail for such mixtures.

Table 3 gives results for benzene-methane II (spherical-nonspherical type) mix-
tures. Since the potential used for methane, here, is an effective overall potential, it
should be expected to account for both the translational and rotational modes, via
the translational modes only. Up to benzene mole fractions of 50%, the internal
contributions for mixtures with either methane I or methane II are identical within the
statistical accuracy of the simulations. It appears that benzene by virtue of its larger
size, and stronger molecular interactions (see Table 1), almost completely dominates
the behaviour of the mixture. For smaller benzene concentrations, the effect of
methane being modelled as a spherical molecule can be seen. For example at 25%
benzene, the internal contributions are 33% in the case of nonspherical methane

Table 3 Thermal conductivity of model benzene-methane I1 mixtures.

X T* /7* /{mml /:mt irol—lmqm'
100.0 5.50 0.24 8.95 + 0.13 3.02 + 0.08 2.78 + 0.07
750 473 0.29 928 + 0.20 3.23 + 0.13 305 + 0.12
75.0° 4.73 0.31 11.78 + 0.11 4.04 £+ 0.11 390 + 0.10
50.0 3.88 0.36 10.02 + 0.07 3.33 £ 0.06 3.20 + 0.05
50.0° 3.88 0.43 15.79 + 0.14 496 + 0.09 493 + 0.08
25.0 2.94 0.46 10.44 + 0.05 2.61 + 0.08 2.53 + 0.07
0.00 1.86 0.62 13.01 + 0.06 0 0

“Mole precent of benzene.
These show the effect of density al constant temperature (sec text).
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Table 4 Comparison of internal contributions for benzene-methane mixtures.

A. Model I for methane

x* T* o* Internal (rotational) contributions
NEMD Eucken® Equation (10)?
100.0 5.50 0.24 3.02 + 0.08 0.208 3.13
75.0 473 0.29 3.27 £ 0.06 0.439 4.02
50.0 3.88 0.36 3.48 + 0.07 0.626 4.63
25.0 2.94 0.46 3.69 + 0.11 0.658 4.7
0.00 1.86 0.62 48] + 0.08 0.571 5.70

B. Model II for methane

x* T p* Internal (rotational) contributions
NEMD Eucken® Equation (10)¢

100.0 5.50 0.24 3.02 4+ 0.08 0.208 3.13

75.0 4.73 0.29 323 £ 0.13 0.439 2.74

75.0° 4.73 0.31 4.04 + 0.11 0.439 3.51

50.0 3.88 0.36 3.33 + 0.06 0.626 2.88

50.0° 3.88 0.43 496 + 0.09 0.626 4.66

25.0 294 0.46 2.61 £ 0.08 0.658 3.04

0.00 1.86 0.62 0 - -

“Mole percent of benzene.
®See Table 3.

“Estimated error is 5% {16, 17].
9Estimated error is 15%.

mixtures, and 25% in the case of spherical methane mixtures; a significant difference
that cannot be attributed to statistical error. In addition the two models for methane
do not, as could be expected, give identical results for the total thermal conductivity
of methane. At T* = 1.86, and p* = 0.62, the thermal conductivities are 15.60, and
13.01, for methane I and methane II respectively, a difference of about 17%. The
nonsphercial model gives results closer to the experimental value for this state
condition (the experimental value is 15.50). However, it is possible that for a different
state condition, the spherical model could do as well or even better than the non-
spherical model. The marked entries () in Table 3, are provided to clearly show the
inadequacy of the approximation, that the internal contributions are independent of
density changes, as had been shown previously for pure fluids {7, 8].

Our results also indicate that for pure fluids, and mixtures of the types investigated
here, the internal contributions can be represented reasonably well by a simple
approximation,

int _ int A"(p9 T)

6. T) = 20, T) Jee s (10)
A"(0, T) and A“(0, T), the zero density (dilute gas) rotational-internal and trans-
lations contributions, respectively, can be obtained from kinetic theory. We have used
the modified Eucken method, as used in TRAPP and other semi-empirical methods
{16, 17]. In our calculations we have used NEMD results for A"(p, T'), although there
are several methods available for estimating these contributions, such as TRAPP [17].
Table 4 compares the NEMD results, the kinetic theory results, and those from
Equation (10) for mixtures. Figure 1 shows results for the critical isotherm of pure
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8
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Figure 1 Comparison of internal contributions for pure benzene along the critical isotherm. -
Equation (10); © 0, NEMD; — —, Eucken correlation [16, 17)].

benzene. Similar results were obtained for other state conditions of benzene as well
[8]. These results show that Equation (10), although perhaps not very accurate, gives
significantly better values for A™(p, T), compared to the presently used kinetic
theory-density independent approximation, and is just as simple to use.

CONCLUSIONS

We have presented thermal conductivity results based on the NEMD method, for
mixtures of the type spherical-nonspherical and nonspherical-nonspherical. In
addition contributions from the rotational modes have also been investigated. These
contributions are important in prediction fechniques for thermal conductivity. A
simple approximation has been suggested for the internal rotational thermal con-
ductivity, which is significantly better than the approximation currently used in most
theories.
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APPENDIX: DETAILS OF THE NEMD SIMULATION

Here we outline the details of the simulation technique employed. The simulations
were carried out on 108 molecules (648 L1J sites for pure benzene) using a spherical
cutoff of 3.0. The initial configuration was that of an FCC. Configurations from a
previous simulation were used when possible. Equilibration took 20 000-30 000 time
steps and an additional 100000-150000 time steps were needed for the thermal
conductivity to converge. We used a reduced time step of 0.0005. The translational
and rotational equations of motion were solved using Gear’s fifth order predictor-
corrector scheme (see Reference [11] for more details on the method used for solving
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the rotational equations of motion). The range of external fields used in this work
were F(£)* = 0.1,0.2, 0.3 in reduced units. We found that within statistical uncertain-
ties there was no observable dependence of the conductivity with respect to the
magnitude of the external field. Calculations were also carried out for a 256 particle
system (up to 1536 sites), and we verified that there was no size dependence. The
gaussian thermostat (x in Equation (2)) was used to control the translational tem-
perature. With the thermostat on and translational velocity rescaling done every time
step the temperature was maintained within 1% of the desired value. No thermostat
was used in the rotational equations of motion. Linear and angular momenta were
conserved. As a further check, we tested the program with the thermostat turned off
and F(£)* = 0 (conventional EMD) to ensure that the total energy is conserved. The
thermodynamic properties obtained from these EMD simulations agreed with
previously published results [10-12]. In addition, the thermal conductivities obtained
were found to agree, reasonably, with experimental values for both benzene and
methane [18]. Although, this is not a direct test of the NEMD algorithm, in view of
the previous success of these potential models for a wide range of thermodynamic and
transport properties, such agreement should have been expected.
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