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Thermophoresis is the movement of molecules caused by a temperature gradient. Here we report
the results of a study of thermophoresis using non-equilibrium molecular dynamics simulations of
a confined argon-krypton fluid subject to two different temperatures at thermostated walls. The re-
sulting temperature profile between the walls is used along with the Soret coefficient to predict the
concentration profile that develops across the channel. We obtain the Soret coefficient by calculat-
ing the mutual diffusion and thermal diffusion coefficients. We report an appropriate method for
calculating the transport coefficients for binary systems, using the Green-Kubo integrals and radial
distribution functions obtained from equilibrium molecular dynamics simulations of the bulk fluid.
Our method has the unique advantage of separating the mutual diffusion and thermal diffusion coef-
ficients, and calculating the sign and magnitude of their individual contributions to thermophoresis
in binary mixtures. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4824140]

I. INTRODUCTION

In this study, we predict the concentration profile of a bi-
nary fluid under non-equilibrium conditions. We compute the
transport properties of a two component fluid at equilibrium,
and use these properties to predict the concentration profile
induced by a temperature gradient, applied by maintaining
parallel confining walls at different temperatures.

Thermal diffusion exists because a temperature gradient
applied to a mixture of two components will give rise to a gra-
dient in the concentration of these components.1 Modelling
fluid flow with confining planar walls provides a simplified
geometry to analyse the effects of thermophoresis. Early tech-
niques used thermal diffusion for isotope separation. Clusius
and Dickel2 built the first thermal diffusion column, and ob-
tained a separation factor, q, for HCl35 and HCl37 of 1.01.
This compared favourably to the separation factors for distil-
lation, chemical exchange, and centrifugal techniques of the
time. Recent experiments have extended the understanding of
thermophoresis in this geometry to a number of liquid mix-
tures including toluene with n-hexane, carbon tetrachloride
with cyclohexane, and methanol with ethanol.3

The importance of understanding thermal diffusion and
the current lack of knowledge of the process in liquid mix-
tures is highlighted by Wiegand.4 Furthermore, the impor-
tance of understanding thermophoresis in colloidal suspen-
sions is highlighted by Piazza and Parola, who emphasise its
role as a tool for particle manipulation in fluidic systems.5 Our
study furthers the understanding of the effects of thermal dif-
fusion in binary fluids and the contributions to thermophoresis
from the mutual and thermal diffusion coefficients.

a)Electronic mail: peter.daivis@rmit.edu.au
b)Deceased.

Argon-krypton (Ar-Kr) is a well studied two component
mixture partly due to the inert nature of the components.
Studying this fluid provides the opportunity to expand upon
current knowledge of two component fluidic systems, and test
the method presented in this study. By validating the trans-
port coefficients we obtain with results in the literature, and
with the successful prediction of concentration profiles using
a continuum mechanics description that relies on these coef-
ficients, we provide a framework for future research into the
transport mechanisms of binary systems.

Previous work presented in the literature highlights two
major issues when calculating the transport coefficients for
two component systems. The first is the large spatial range
over which the radial distribution function, gab(r), decays. It
is important to compute correct values for the three gab(r)
functions to calculate an accurate value of the thermodynamic
factor, ∂μk/∂ck, required for calculating the mutual diffusion
coefficient, Dm. This issue has been discussed in detail by
several authors.6, 7 We apply Kirkwood-Buff theory directly
by fitting the tail of the radial distribution function using a
method similar to that used by Gaylor, Snook, and van Megen
to fit structure factors obtained by Fourier transformation of
radial distribution factors.8

Ideality has frequently been assumed when calculating
the mutual diffusion coefficient for Ar-Kr fluids, beginning
with the work by Jolly and Bearman.9 Inaccurate values of
the thermodynamic factor were also obtained by Schoen and
Hoheisel,10 and they did not include errors in their reported
value due to the inability to obtain gab(r) at large r. An analyt-
ical expression for calculating ∂μk/∂ck for ideal fluids11 was
used to calculate the Soret coefficient, ST for an Ar-Kr mix-
ture assuming ideality by Perronance et al.12 Nichols, Moore,
and Wheeler noted that truncation of the radial distribution
function biases the evaluation of the thermodynamic factor
towards the result for an ideal gas mixture.6 Consequently,
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the error in the thermodynamic factor was not fully appreci-
ated in early work. We find that the Ar-Kr fluid studied here
is far from ideal, and that the assumption of ideality can lead
to inaccurate values of ∂μk/∂ck, and subsequently Dm.

The second issue is that the practical transport coeffi-
cients depend on the so-called primed phenomenological co-
efficients, whereas it is the unprimed ones that are obtained
from the Green-Kubo (G-K) time correlation functions. The
primed phenomenological coefficients are defined with re-
spect to one set of thermodynamic fluxes and forces which
are convenient for measurement, whereas the unprimed ones
are defined with respect to another set, which are more conve-
nient for computation. In previous work on Ar-Kr mixtures,
this distinction has led to computations only of the relevant
G-K integrals and unprimed phenomenological coefficients
and not the transport coefficients.13, 14 However, the primed
coefficients can easily be expressed as a combination of the
unprimed ones. The appropriate combinations are presented
by de Groot and Mazur,11 and similar ones are utilised by
Galamba, Nieto de Castro, and Ely for calculating the ther-
mal conductivity of molten alkali halides.15

The method presented here to overcome these issues
when calculating transport coefficients for two component
systems is validated with a comparison of the thermal diffu-
sion factor α12 obtained by Hafskjold, Ikeshoji, and Ratkje.16

In their work a heat boundary-driven non-equilibrium molec-
ular dynamics algorithm is used to calculate α12 for an
equimolar Ar-Kr fluid, and we obtain a value that agrees with
theirs. Our method has the advantage of separating the mutual
diffusion and thermal diffusion coefficients.

II. THEORY

A. Relation between primed and unprimed
phenomenological coefficients

With the introduction of a second species in a binary
fluid, the diffusion and heat flux both need to be considered.
Diffusion is driven by the gradients of chemical potential and
temperature, which can be expressed in terms of the concen-
tration and temperature gradients. With component 1 as the
solute, consisting of the larger particles (Kr) and 2 as the sol-
vent (Ar), the equation for the mass flux of component 1 can
be defined as11

J1 = −L′
11

T

[
1

c2

∂μ1

∂c1
∇c1

]
p,T

− L′
1q

T 2
∇T (1)

and the heat flux is defined as

J′
q = −L′

qq

T 2
∇T − L′

q1

T

[
1

c2

∂μ1

∂c1
∇c1

]
p,T

. (2)

In these two equations, T is the temperature and ck is the mass
fraction of component k, defined as the ratio of the compo-
nent’s mass density ρk to the total mass density of the so-
lution ρ. ∂μk/∂ck is the thermodynamic factor and p is the
pressure. Importantly L′

ab are combinations of the unprimed
phenomenological coefficients, which are obtained from the

usual G-K time correlation functions17

Lab = lim
t→∞ Lab(t), (3)

Lab(t) =
∫ t

0
Cab(t ′)dt ′, (4)

Cab(t) = V

3kB

〈Ja(t) · Jb(0)〉. (5)

These equations are used to calculate the mass-mass phe-
nomenological coefficient L11, the heat-heat phenomenolog-
ical coefficient Lqq, and the mass-heat and heat-mass cross-
correlated phenomenological coefficients, Lq1 and L1q, re-
spectively, for the Ar-Kr fluid. Due to the Onsager reciprocal
relations the cross-correlated phenomenological coefficients
are equal, L1q = Lq1. We show later in Eqs. (31)–(34) how the
combinations of the phenomenological coefficients should be
used for two component fluids to obtain the primed phemeno-
logical coefficients L′

ab.
The mass flux due to a temperature gradient is called the

Soret effect, and the heat flux due to a concentration gradient
is called the Dufour effect. From the constitutive relations11

J1 = −ρDm∇c1 − ρc1c2D
′∇T (6)

and

J′
q = −λ∇T − ρ1

∂μ1

∂c1
T D′′∇c1, (7)

we define the practical transport coefficients being the ther-
mal conductivity, λ, the mutual diffusion coefficient, Dm, the
thermal diffusion coefficient, D′, and the Dufour coefficient,
D′′. These transport coefficients are expressed in terms of the
phenomenological coefficients as11

λ = L′
qq

T 2
, (8)

Dm = L′
11

ρc2T

(
∂μ1

∂c1

)
p,T

, (9)

D′ = L′
1q

ρc1c2T 2
, (10)

and

D′′ = L′
q1

ρc1c2T 2
. (11)

To obtain the phenomenological coefficients the integrals of
the equilibrium G-K time correlation functions are used. In bi-
nary systems, the phenomenological coefficients in Eqs. (8)–
(11) are a combination of the usual phenomenological coeffi-
cients obtained from the G-K integrals.

The entropy production for a binary fluid, that has no ex-
ternal fields or viscous flow, with temperature and concentra-
tion gradients is given by11

σ = − 1

T 2
Jq · ∇T −

2∑
k=1

Jk · ∇
(μk

T

)
. (12)

The chemical potential gradient can be decomposed into the
concentration and temperature dependent parts at constant
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pressure as

∇μk = μk − hk

T
∇T + (∇μk)T ,p . (13)

Here hk is the partial specific enthalpy of component k. Sub-
stituting Eq. (13) into the equation for entropy production we
obtain

σ = − 1

T 2
Jq · ∇T −

2∑
k=1

Jk ·
(

1

T
(∇μk)T ,p − hk

T 2
∇T

)
.

(14)
The Gibbs-Duhem equation for the chemical potential gradi-
ents at constant temperature and pressure gives11

r∑
k=1

ck (∇μk)T ,p = 0 (15)

and the diffusive fluxes satisfy

2∑
k=1

Jk · (∇μk)T ,p = J1 · (∇μ1)T ,p + c1

c2
J1 · (∇μ1)T ,p

=
(

1 + c1

c2

)
J1 · (∇μ1)T ,p . (16)

The entropy production in Eq. (14) can now be written as

σ = − 1

T 2
Jq · ∇T

− 1

T
J1 ·

[(
1 + c1

c2

)
(∇μk)T ,p − 1

T
(h1 − h2) ∇T

]
.

(17)

The entropy production can also be written with the fluxes left
in their original form and the thermodynamic forces written as

Xq =
(∇T

T 2

)
, (18)

X1 = 1

T

[(
1 + c1

c2

)
(∇μk)T ,p − 1

T
(h1 − h2) ∇T

]
, (19)

resulting in the entropy production written in the form

σ = −Jq · Xq − J1 · X1. (20)

Now we introduce the primed heat flux into the entropy pro-
duction

σ = − 1

T 2

(
Jq −

2∑
k=1

hkJk

)
· ∇T

− 1

T
J1 ·

(
1 + c1

c2

)
(∇μ1)T ,p (21)

or

σ = −J′
q · Xq − J1 · X′

1. (22)

The difference between J′
q and Jq represents the transfer of

heat due to diffusion.11 The linear phenomenological equa-
tions for the unprimed variables are defined for the heat flux
and mass flux as11

Jq = −LqqXq − Lq1X1 (23)

and

J1 = −L11X1 − L1qXq, (24)

and for the primed variables

J′
q = −L′

qqXq − L′
q1X′

1 (25)

and

J′
1 = −L′

11X′
1 − L′

1qXq . (26)

In this notation, Eq. (19) becomes

X1 = X′
1 − (h1 − h2) Xq . (27)

Now the entropy production can be written in terms of the
primed flux phenomenological coefficients as

σ = L′
qqXq · Xq + L′

q1X′
1 · Xq + L′

11X′
1 · X′

1 + L′
1qXq · X′

1,

(28)
and for the unprimed variables the entropy production is

σ = LqqXq · Xq + Lq1X1 · Xq + L11X1 · X1 + L1qXq · X1.

(29)
If we substitute the primed thermodynamic forces into
Eq. (29), we obtain

σ = LqqXq · Xq + Lq1(X′
1 − (h1 − h2)Xq) · Xq

+L11(X′
1 − (h1 − h2)Xq)2

+L1qXq · (X′
1 − (h1 − h2)Xq). (30)

Comparing this with the entropy production in Eq. (28), we
find

L′
qq = Lqq − Lq1(h1 − h2) + L11(h1 − h2)2

−L1q(h1 − h2), (31)

L′
q1 = Lq1 − L11 (h1 − h2) , (32)

L′
11 = L11, (33)

and

L′
1q = Lq1 − L11 (h1 − h2) . (34)

The Onsager reciprocal relations still hold in this case, there-
fore L′

1q = L′
q1. It can be seen in Eqs. (31)–(34) that the dif-

ference in the partial specific enthalpies (h1 − h2) is required.

B. Calculation of thermodynamic properties

To obtain the partial specific enthalpy of component k,
we use the relation

hk =
(

∂H

∂Mk

)
T ,p,{Mi �=k}

, (35)

which are obtained for the Kr and Ar species by holding the
number of either Kr or Ar particles constant while varying the
number of Ar or Kr particles, respectively. In Eq. (35), Mk is
the total mass of components of type k, and the enthalpy H, is
calculated for each system through the usual relation

H = U + pV. (36)
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Here U is the total internal energy, and V the total volume of
the fluid.

By expressing the primed phenomenological coefficients
in terms of the unprimed coefficients, we can fully account
for the effects of heat conduction and diffusion in binary mix-
tures. This allows us to obtain accurate values for the transport
coefficients of Eqs. (8)–(11) for a binary fluid. The impor-
tance of the partial enthalpies in the calculation of DT was
recognised by Vogelsang et al.,18 who used a single sim-
ulation to calculate partial enthalpies and volumes using a
method introduced by Sindzingre, Ciccotti, and Massobrio.19

However, they did not use Eqs. (31)–(34) to calculate the
transport coefficients.

Also required in the calculation of the mutual diffusion
coefficient, Dm, is the thermodynamic factor. This is calcu-
lated using the theory presented by Kirkwood and Buff20 on
the relation between the thermodynamic factor and Gab, the
volume integral of the radial distribution function,

Gab =
∫

(gab(r) − 1) dV . (37)

The relation of Eq. (37) to the thermodynamic factor for com-
ponent 1 is given by(

∂μ1

∂c1

)
p,T

= kBTρm

(
G12 − G11

1 + c1 (G11 − G12)

)
. (38)

Here kB is Boltzmann’s constant. Because the pair distribution
decays over a large spatial distance and the pair distribution
can only be computed to half the box length of the bulk fluid,
we require a fit to the tail of the radial distribution function so
the remaining decay can be integrated over all space. We have
used a function of the form

gab(r) = 1 + A · e−Br · cos (Cr + D) , (39)

where A, B, C, and D are fitting parameters chosen to min-
imise the residual of the fit to the data in the tail of the sim-
ulated radial distribution function. This is a modified form
of the function used by Gaylor, Snook and van Megen to fit
radial distribution functions and obtain structure factors by
Fourier transformation.8 We note that the radial distribution
function calculated in the canonical ensemble,21 does not con-
verge to 1 but rather to 1 − k/N, where N is the total number of
particles and k is some constant. The size of the system used
to calculate the pair distribution is chosen such that k/N is
smaller than the error in the fit used to force the convergence
to 1. This issue could potentially be avoided with a recent
development by Krüger et al. who present a method to cal-
culate the exact expressions for finite volume Kirkwood-Buff
integrals.7

To provide a more complete set of transport coefficients
for the equimolar Ar-Kr fluid we also report the value of the
viscosity, η. The viscosity is calculated from the stress au-
tocorrelation function, and for a homogeneous and isotropic
fluid at equilibrium, the symmetry of the material can be used.
The zero strain rate viscosity is calculated by averaging over
the elements of the symmetric traceless pressure tensor. As
reported by Daivis and Evans22

η = V

10kBT

∫ ∞

0
〈Pts(t) : Pts(0)〉dt. (40)

This results from the fact that there are only five independent
components of the traceless symmetric part of the stress ten-
sor. Using the sum of five different correlation functions in-
creases the statistical reliability of the viscosity computation
yet maintains computational efficiency.22

C. Confined system profile predictions

The relationship between the steady state concentration
and temperature gradients is derived from the linear constitu-
tive relations. In the steady state, the diffusive fluxes are zero

J1 = −ρDm∇c1 − ρc1c2D
′∇T = 0 (41)

or, assuming a planar geometry,

Dm

∂c1

∂y
+ c1c2D

′ ∂T

∂y
= 0. (42)

Integrating this equation to obtain the concentration profile
results in the relation

c(y) = 1
1−c0
c0

exp
(

D′
Dm

(T (y) − T0)
)

+ 1
, (43)

where c0 and T0 are the concentration and temperature at
some reference point in the system. The thermal diffusion and
mutual diffusion coefficients are required in the form of their
ratio, often denoted as the Soret coefficient, ST, in Eq. (43).
Thermophoresis, also known as the Soret effect, or ther-
mal diffusion, causes the migration of particles along tem-
perature gradients. The effect is studied experimentally for
moderate thermal gradients applied in a mixture of 200 nm
polystyrene spheres in water by Duhr and Braun.23 They re-
port a thermophoretic depletion in the region of elevated tem-
perature. The authors have also demonstrated the ability to
utilise thermophoresis and fluid flow for trapping of small
biomolecules.24 In this study, they observe an increased con-
centration in the heated region. The direction of migration is
dependent on the sign of ST. The method presented in our
work has the advantage of determining the magnitude of the
transport coefficients Dm and D′, the sign of D′, and how each
contributes to thermophoresis.

III. METHOD

A. System parameters

To test the theory outlined in Sec. II A, we simulated an
equimolar Ar-Kr system using the Lennard-Jones parameters
in Table I. Reducing with respect to the Ar-Ar parameters,
and using rc = 2.5σ ij for the cut-off of the Lennard-Jones
(L-J) potential, the simulation parameters in reduced units are
presented in Table II. The L-J potential takes the usual form

φ(r)LJ = 4ε

[(σ

r

)12
−

(σ

r

)6
]

, (44)

where r is the distance between the particles, ε is the depth of
the potential well, and σ is the distance at which the potential
is zero. For the equimolar Ar-Kr fluid studied here the L-J
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TABLE I. Argon-krypton simulation Lennard-Jones parameters.

Species Index ε/10−21 J σ/10−10 m m/10−26 kg

Ar-Ar 2-2 1.654 3.405 6.634
Kr-Kr 1-1 2.305 3.663 13.915
Ar-Kr 2-1 1.952 3.519

potential is shifted and truncated

φ(r) =
{

4ε
[(

σ
r

)12 − (
σ
r

)6
]

− φLJ
c r ≤ rc

0 r > rc.
(45)

The state point was chosen to match that studied by Haf-
skjold, Ikeshoji, and Ratkje,16 the number density, n is 0.7138
and T is 0.965. To calculate the G-K integrals and the ra-
dial distribution functions, systems composed of 864 particles
were used. The G-K integral data was ensemble averaged over
32 macroscopically similar systems, varied by the applica-
tion of 32 slightly different temperatures through a Gaussian
thermostat, then re-equilibrated to the temperature of 0.965
before accumulating the correlation functions. To obtain the
partial specific enthalpy of the Kr species, 8 separate systems
were simulated, composed of 848, 852, 856, 860, 868, 872,
876, and 880 Kr particles, all with 864 Ar particles. To ob-
tain the partial specific enthalpy of the Ar species, the same
range of 848–880 particles were used this time for the Ar
species, with 864 Kr particles. For the bulk fluid simulations,
periodic boundary conditions were used in all three Cartesian
directions.

IV. RESULTS AND DISCUSSION

A. Bulk fluid

1. Green-Kubo time correlation functions

The G-K time correlation functions are shown in
Figs. 1–5. The zoomed boxes highlight the quick decay of
the correlation functions to zero. The integrals can be seen to
have converged as there are no significant deviations or fluc-
tuations in the integrals. The values of the G-K integrals are
extracted after the convergence. The value of the integral of
the mass flux auto-correlation function obtained for the Ar-Kr
fluid is −0.01692(7). Knowing that the sum of the diffusive
fluxes is zero in our simulations and J1 = −J2, this result is
comparable with the value of 0.0174(5) obtained by Sarman
and Evans.14

For the integral of the heat flux auto-correlation function,
we obtained a value of 4.14(2). The value we obtained is com-
parable to the result of Sarman and Evans14 who report a value
of 4.12(2).

TABLE II. Reduced argon-krypton Lennard-Jones parameters.

Interaction Index ε σ m rc

Ar-Ar 2-2 1 1 1 2.5
Kr-Kr 1-1 1.39384 1.06696 2.0976 2.6674
Ar-Kr 2-1 1.180612 1.03348 2.5837
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FIG. 1. Mass flux (a) auto-correlation function and (b) its integral for
equimolar Ar-Kr, n = 0.7138 and T = 0.965.

For the average of the integrals of the cross-correlation
functions, we have computed a value of −0.0171(1). This is
in excellent agreement again with Sarman and Evans14 who
obtained a value of −0.0175(8), and MacGowan and Evans13

who obtained a value of −0.0162(50).
The stress auto-correlation function and its integral are

shown in Fig. 6. The value of the integral of the stress auto-
correlation function was calculated using Eq. (40) and the
value of η we obtained is 2.491(8). To our knowledge at the
time of the submission of this publication there were no re-
ported values of the viscosity in the literature for equimolar
Ar-Kr at the state point studied here.
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FIG. 2. Heat flux (a) auto-correlation function and (b) its integral for
equimolar Ar-Kr, n = 0.7138 and T = 0.965.
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FIG. 3. Mass-heat (a) cross-correlation function and (b) its integral for
equimolar Ar-Kr, n = 0.7138 and T = 0.965.

2. Radial distribution functions

To obtain the radial distribution functions for equimo-
lar Ar-Kr, the volume integrals have been calculated using
Eq. (37) and are shown in Figs. 7–9. These figures show
(a) the radial distribution function for the relevant species and
their fit from Eq. (39), (b) the integral of the pair distribu-
tion and their fit, and (c) the residual of the pair distribution
and the fit of the radial distribution function. The residuals are
of the order of 10−3 indicating a good fit for the spatial decay
in the pair distributions. The values of the volume integrals
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FIG. 4. Heat-mass (a) cross-correlation function and (b) its integral for
equimolar Ar-Kr, n = 0.7138 and T = 0.965.
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FIG. 5. Average of heat-mass and mass-heat (a) cross-correlation functions
and (b) their integrals for equimolar Ar-Kr, n = 0.7138 and T = 0.965.

Gab calculated from Eq. (37) are summarised in Table III. Us-
ing the integral values of the radial distribution functions, we
obtain a value of the non-ideality factor Q = 0.626(3). This
has been calculated using the method presented by Kirkwood
and Buff,20 and shows that the mixture studied here is far from
ideal. The value of the thermodynamic factor calculated from
Eq. (38) is 0.68(2).
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FIG. 7. Equimolar argon-krypton fluid (a) radial distribution function, (b) its
integral, and (c) residual of pair distribution and fit for Kr-Kr, n = 0.7138 and
T = 0.965.

3. Partial specific enthalpies

To obtain the two component transport coefficients, the
G-K integrals are used in Eqs. (31)–(34) which rely upon cal-
culation of the partial specific enthalpies for the fluid. Fig-
ures 10 and 11 show enthalpy versus mass for Kr and Ar. The
values of the partial specific enthalpies calculated from the
slopes of the lines of best fit are −2.07(1) and −2.33(2), re-
spectively, where the bracketed numbers are the errors in the
respective values. The difference h1 − h2 is the weighting of
the contribution from the relevant unprimed phenomenologi-
cal coefficients when calculating the primed phenomenologi-
cal coefficients with Eqs. (31)–(34).

4. Transport coefficients

Combining the results of the above simulations, we have
calculated the transport coefficients shown in Table IV. For
comparison with previous work, we also include the mutual
diffusion coefficient calculated using the assumption of ide-
ality Dm(ideal), although this value of the mutual diffusion
coefficient is incorrect for equimolar Ar-Kr. Our value of
0.0491(2) compares well with the results of Jolly and Bear-
man who obtain a value of 0.0489(4).9 The sign of D′ indi-
cates the direction in which a species will migrate. This is
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FIG. 8. Equimolar argon-krypton fluid (a) radial distribution function, (b) its
integral, and (c) residual of pair distribution and fit for Ar-Kr, n = 0.7138 and
T = 0.965.

positive for the Kr species. We can compare our result for the
thermal diffusion factor to the result presented by Hafskjold,
Ikeshoji, and Ratkje16 who reported

α12 = T
D′

Dm

. (46)

In this study, we find a value of 1.6(1) which is comparable to
their value of 1.5(1). The method presented in this study re-
quires more computation, but it has the advantage of obtain-
ing the individual contributions due to the thermal diffusion
coefficient and mass diffusion coefficient separately.

B. Confined temperature difference systems

The transport coefficients are used to make a continuum
prediction of the temperature dependent concentration profile
for a highly confined fluid through Eq. (43). To simulate the
confined fluid, two hexagonal close packed, three layer walls
are constructed by tethering the centres of mass of 768 Ar par-
ticles to lattice sites with a reduced spring force of 57.15. The
temperatures of the walls are controlled using Gaussian ther-
mostats at reduced temperatures of 0.915 and 1.015. The fluid
is composed of 7680 Ar and 7680 Kr particles sandwiched
between the parallel walls. The volume of the channel is set
so that the confined fluid density matches the density of the
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FIG. 9. Equimolar argon-krypton fluid (a) radial distribution function, (b) its
integral, and (c) residual of pair distribution and fit for Ar-Ar, n = 0.7138 and
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TABLE III. Ar-Kr volume integral values of radial distribution functions,
n = 0.7138 and T = 0.965. The number in brackets is the error in the last
decimal place.

Species Index Gab

Kr-Kr 1-1 8.903(1)
Ar-Kr 2-1 6.891(1)
Ar-Ar 2-2 7.273(1)
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FIG. 10. Enthalpy versus mass of Kr, p = 8.967 and T = 0.965.
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FIG. 11. Enthalpy versus mass of Ar, p = 8.967 and T = 0.965.

bulk fluid for which the transport coefficients have been cal-
culated. Periodic boundary conditions are used in the x and z
directions of the fluid to create an effectively infinite length
channel.

The temperature and concentration profiles are shown
in Figs. 12 and 13, with the predicted concentration profile
shown as a solid line. Figure 14 shows a magnified view of
the concentration profile. The prediction of Eq. (43) describes
the concentration profile in the centre of the channel for the
Kr species reasonably well. For the prediction, we have used
a second order polynomial to fit the temperature profile seen
in Fig. 12 as the solid line.

The width of the channel, y is measured in lengths of
the Kr-Kr potential. At a distance of 7σ from the colder
wall thermostated at T = 0.915, the concentration of Kr
is 0.765, and at the same distance from the warmer wall
thermostated at T = 1.015, the concentration is 0.743. This
represents a separation of the Kr species of approximately
3% across a distance of 66σ . Further separation could be
achieved by combining larger distances with a greater temper-
ature difference imposed by the walls. However, it is expected
that larger temperature differences across the same chan-
nel width of 80σ would result in a nonlinear concentration
profile.

In the region of approximately 7σ from the wall at both
sides, particle layering becomes a dominant feature. The con-
tinuum prediction presented in this work is not intended to
account for the concentration and density variations in these
regions.

TABLE IV. Transport coefficients for equimolar Ar-Kr, n = 0.7138 and
T = 0.965.

Dm Dm(ideal) D′ λ η

0.033(1) 0.0491(2) 0.054(4) 4.28(4) 2.581(9)
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FIG. 12. Equimolar Ar-Kr temperature profile for confined temperature difference system with wall temperatures of T = 0.915 and 1.015. A second order
polynomial fit is shown as the solid line.

FIG. 13. Krypton concentration profile for confined temperature difference system with wall temperatures of T = 0.915 and 1.015.
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FIG. 14. Magnified Kr concentration profile for confined temperature difference system with wall temperatures of T = 0.915 and 1.015.
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V. CONCLUSIONS

We have computed the transport coefficients, specifically
the viscosity, mutual diffusion coefficient, thermal conduc-
tivity, and thermal diffusion coefficient of an equimolar Ar-
Kr mixture. Our results for the unprimed phenomenologi-
cal coefficients agree with those computed previously from
the Green-Kubo relations. Using the relationship between the
unprimed and primed phenomenological coefficients, we ob-
tained values of the transport coefficients that also agree with
those computed independently by others. The value that we
found for the mutual diffusion coefficient indicates that the
ideal solution assumption is not valid for this mixture. Us-
ing this method, we have successfully obtained accurate and
separate values for the mutual diffusion and thermal diffusion
coefficients, which have previously only been calculated in
the form of their ratio as the thermal diffusion factor.

Using these coefficients, we have made a reasonable pre-
diction of the temperature dependent concentration profile for
confined fluids experiencing a temperature gradient imparted
on the fluid through the walls. By successfully accounting
for the effects of thermal diffusion in the confined fluid, we
have shown how the effect can be used in the separation of an
equimolar Ar-Kr mixture. The combined effects of heat and
mass diffusion have the net effect that the larger Kr particles
migrate to the cooler region of the fluid, creating an increased
concentration of approximately 3%.

In a future publication, we will present results for a model
colloidal fluid, in which a much smaller temperature differ-
ence results in a greater separation of the larger species, and
for which the temperature profile can be predicted with linear
non-equilibrium thermodynamics.
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