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Abstract

We report equilibrium and non-equilibrium molecular dynamics studies of an ideal and a non-ideal mixture of

Lennard�/Jones spline particles. Soave�/Redlich�/Kwong type equations of state for the vapor phases, and Clausius�/

Clapeyron type fits for the phase line were determined for the systems. The ideal mixture, that was made up by isotopes,

had the same equilibrium properties as the pure component fluid. The isotope mixture was chosen for method

development purposes, since its one-component system was known. The equilibrium properties were used to determine

the position of the surface under non-equilibrium conditions, and thereafter the thermodynamic driving forces for

transport of mass and heat. The temperatures and pressures were such that the systems on the average were closer to the

critical line than to the triple line. It was shown that irreversible thermodynamic theory can be used to describe the

transport phenomena. Non-zero coupling coefficients are essential in the description, since in the cases we studied, one

component was transported against its main driving force. The surface transfer coefficients were next determined, using

the composition and temperature variation in kinetic theory. The main coefficients of transfer that were derived,

differed from the coefficients that were calculated from kinetic theory by a factor between 1.5 and 5, both systems

considered, while the coupling coefficients differed much more. It was also found, in contrast to the results of kinetic

theory, that the coupling coefficient(s) for heat and mass transfer were most of the time negative. This is unexpected, at

least for the isotope mixture that behaves thermodynamically as a one-component system. On the average for the cases

studied, the thermal resistivity of the non-ideal mixture was smaller, while the resistivities to mass transport were larger

than those of the ideal mixture.
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1. Introduction

Coefficients for transfer of heat and mass from

the liquid state to the vapor state are of large

technical importance. Non-equilibrium transitions

occur when fluids are transported in pipe-lines, in

distillation columns and in evaporators. It is

known that the film between a liquid and a gas

may have a significant resistance to transport of

heat and mass, but it is less clear whether the

resistance is due to the bulk parts of the film or to

the surface itself. Transfer rates have been mod-
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eled with empirical equations, or by assuming that

the process approaches equilibrium, with a certain

efficiency, like the Murphree efficiency in tray

distillation columns. On the theoretical side,

kinetic theory has been developed to sophistication

alone [10,11] and in combination with irreversible

thermodynamics for surfaces, cf. Bedeaux et al.

[2,3]. One of the premises for kinetic theory has

been that of ideal gases. Real systems may there-

fore have surface transfer coefficients different

from kinetic theory. In an evaluation of the

resistance of the liquid and vapor film layers

combined, it is important to know the contribu-

tion from the surface. This work aims to obtain

information about transfer coefficients for a

liquid�/vapor interface in a two-component sys-

tem.

There is clearly a lack of knowledge of surface

transfer coefficients of real systems. Controlled

experiments are difficult to do and few are

reported (Fang and Ward [5�/7]) due to the

molecular size of the surface. Also, as far as we

know, they have not yet been performed with two-

component systems.

This makes interface transport an interesting

target for non-equilibrium molecular dynamics

(NEMD) simulations. We have earlier presented

simulation data for two-component systems

(Hafskjold and Kjelstrup Ratkje [8,12]), but the

surface coefficients were not computed, in lack of

a precise definition of the surface and a formula-

tion of the excess entropy production rate of the

surface. This is now available. Røsjorde et al.

[8,19] and Bedeaux et al. [3]) studied equilibrium

and surface transport properties of a one compo-

nent fluid using irreversible thermodynamics, and

were able to define the extension of the surface. It

was furthermore established that the assumption

of local equilibrium held for extremely large

thermodynamic forces across the interface of a

one-component fluid (Røsjorde [18]). This makes

us expect that the same assumption also holds for

the two-component system, and justifies the use of

non-equilibrium thermodynamics in the analysis

of the earlier NEMD simulation data. For a two-

component system, the entropy production rate, as

given by non-equilibrium thermodynamics, gives

three independent forces and fluxes of transport
and six independent coefficients.

In order to find the coefficients for transport

across the surface, the surface transfer coefficients,

equilibrium data are required, however. The article

therefore, presents equilibrium data that are ne-

cessary for a study of transfer coefficients. We next

use the equilibrium data in a reduction of the

earlier as well as new NEMD simulations, and
make a first effort to find the surface transfer

coefficients of the systems.

Two types of systems shall be investigated, one

ideal and one non-ideal. Both are modeled with

Lennard�/Jones spline potentials. The ideal system

does not have a real analogue, since it contains

isotopes with a mass ratio of 1/10. This mixture is

studied because it represents a first step in direc-
tion toward a real two-component system. Since

we already know the one-component system, it is

easier to interpret changes in behavior by intro-

duction of an isotope. The results for the isotope

mixture can also be thought of as an investigation

of the ideal-system contribution to the non-ideal

system. The non-ideal system has the same particle

masses and molecular diameters, but different
potential energy depths in the Lennard�/Jones

spline potential.

Molecular dynamics simulations will, when

combined with non-equilibrium thermodynamics,

give the transport properties of the surface, as well

as physical insight into the transport phenomena.

The Gibbs surface of discontinuity is a layer of

finite thickness, d , bounded by two planes of
similarly chosen points parallel to the equimolar

surface. Røsjorde et al. [18] explained how to

determine the surface location, and we shall see

that their procedure can also be used for the two-

component system.

Kinetic theory has been formulated also for

two-component mixtures. The theory was evalu-

ated using NEMD for a one-component fluid (cf.
[19]), and found to apply for a range of conditions.

We, therefore, expected that the theory would

apply similarly to an isotope mixture. This was not

possible to have confirmed here, however. We

report that the main coefficients of transfer are

factors between 1.5 and 5 off in the two systems,

and that the coupling coefficients are further off
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and may have signs opposite to that of kinetic
theory. Reasons for this shall be discussed. The

work can be seen as a first attempt in the direction

of determination of surface transfer coefficients

for two-component systems.

2. Transport equations for the interface

2.1. The entropy production rate

The equations that govern transport across a

surface in non-equilibrium thermodynamics are

determined by the excess entropy production rate
of the surface, ss (we use the word surface and

interface interchangeably). A two-component sys-

tem has the following ss (cf. [20,21]):

ss�J?q
g
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where Jq?
g is the physical or measurable heat flux

into the surface from the gas; Jq?
l is the heat flux

out of the surface into the liquid; Ts, T1 and Tg are,

respectively, the temperatures of the surface, next

to the surface on the liquid side and next to the

surface on the gas side; J1 and J2 are the mass

fluxes for components 1 and 2; m1
l and m1

g are the
chemical potentials for component 1, respectively,

next to the surface on the liquid side and on the

gas side (same for 2). In the expression for the

entropy production rate, the chemical potentials

must be taken at the temperature of the surface.

The frame of reference for the fluxes is the

surface. In the stationary state that we investigate,

the surface is not moving, so the frame of reference
is also equal to the laboratory frame of reference.

Positive transport is defined as being from the

vapor, x B/0, to the liquid, x �/0. The energy flux

through the surface is constant, in stationary state:
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where Hi is the enthalpy of component i . The heat

flux in the liquid in ss may be eliminated, using

Eq. (2). Eq. (1) becomes:
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where also the thermodynamic identity

@(m=T)

@(1=T)
�H (4)

has been used for the liquid as well as for the gas.

The chemical potential differences are evaluated

at the temperature of the liquid Tl. The chemical

potentials of components 1 and 2, in the gas at the
liquid temperature and at the pressure P are

accordingly:

m
g
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where 8i is the fugacity coefficient of i , yi is the

mole fraction of i in the vapor, and Pi
g�/yiP is the

partial pressure of component i . The pressure P is

normal to the surface and in mechanical equili-

brium it is constant throughout the system. This is

the case here.

For the liquid phase we have:

ml
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where xi is the mole fraction of i in the liquid, and

superscript * denotes the vapor in equilibrium with

the liquid at Tl. In the ideal limit, when 8i �/1

applies, Raoult’s law gives the mole fractions of
the liquid.

By introducing Eqs. (5)�/(8) into Eq. (3), we

obtain the final expression for the excess entropy

production rate of the surface of a two-component

system with evaporation and condensation:
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According to this, evaporation or condensation
takes place due to a temperature difference across

the surface, or due to deviations between the vapor

pressure of a component and its vapor pressure in

equilibrium with the liquid plus a contribution

due to variation in activity coefficients. Such

variations turn out to be non-negligible in the

present case.

The number of terms in the entropy production
rate can be reduced for an isotope mixture, when

the chemical potentials of two isotopes are equal.

The chemical driving force has then as conjugate

flux the difference between the isotope fluxes, in

the reduced form. For the sake of comparison to a

two component system, we shall still use Eq. (9),

however. According to de Groot and Mazur [21],

the Onsager relations apply also to the extended
version.

2.2. The flux equations

The last expression of the excess entropy pro-

duction rate defines three independent forces and

fluxes of transport for the surface. The fluxes are
linear combinations of the forces:
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Xq , X1 and X2 are conjugate driving forces for the

heat flux, for the mass flux of component 1 and for
the mass flux of component 2, respectively. The

coefficients lij
s are phenomenological coefficients,

or surface transfer coefficients. There are three

main coefficients, for heat transfer and for mass

transfer, lqq
s , /ls

m1m1
/ and /ls

m2m2
/, respectively. The

coupling coefficients lqm
s describe the transport of

heat into the gas phase that accompanies the mass
flux during evaporation, while lmq

s describes eva-

poration due to a temperature difference across

the interface. The last two coefficients are equal as

shown by Onsager [14,15]: /ls
qm1

/�//ls
m1q/ and /ls

qm2
/�//ls

m2q/,

and /ls
m1m2

/�//ls
m2m1

/.

In a comparison with kinetic theory it is

convenient to use the resistivity matrix, which is

the inverse of the conductivity matrix. The relation
between the various coefficients are:
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The linear relations using these resistances
become:
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2.3. Transfer coefficients from kinetic theory

Molecular transports across an evaporating

surface have been formulated in kinetic theory.

The theory assumes point particles without inter-

nal degrees of freedom, and elastic collisions

between them. The theory applies to vapors that

are ideal and have velocities smaller than velocity

of sound [10]. The six coefficients of the flux
equations are (cf. [3,20]):
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The coefficient si is the condensation coeffi-

cient. It gives the fraction of particles that after

collisions with the liquid surface, is considered to

be condensed at the surface. The remaining frac-

tion, 1�/si , is re-emitted. We see that only two

coefficients depend on the condensation coeffi-
cients, and each of them depends on only one s .

Knowledge of /rs
m1m1

/ will determine s1, and knowl-

edge of /rs
m2m2

/ will determine s2. Among the other

variables that enter the resistivities from kinetic

theory, vmp is the average of the most probable

velocities of the two components:
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The thermal conductivity is the sum of two

contributions, one from each component:
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Here li and Ci,V
g are the mean free path and the

contribution to the molar heat capacity at constant

volume of the corresponding component. The

mean free path is the same for both components,

and so is the molar heat capacity, due to lack of

internal degrees of freedom. The molar density in

the gas is given by:

cg�c
g
1�c

g
2 (31)

3. The system

The system consisted always of an imaginary

box with 4096 particles of two types. The dimen-

sions of the box were Lx , Ly and Lz , where x is the

direction along the box, y is the vertical direction

and z is the depth direction. The cross-section was

quadratic, meaning that Ly �/Lz and the ratio Lx /

Ly �/16. The size of the cell is LxLyLz �/4096/rN

in m3, where N is the Avogadro’s number. In the

Fig. 1. The box containing the particles.
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x -direction the box was divided into 128 equal
sub-volumes, called layers. Fig. 1 shows an illus-

tration of the box.

The systems are characterized by the reduced

(dimensionless) variables that are given in Tables 1

and 2. The last table gives reduced variables for the

isotope mixture and for the non-ideal mixture that

we studied. Subscripts 1 and 2 hold for the heavy

and light components in the isotope mixture, and
for the components with the large and small

potential energy depths, respectively, in the non-

ideal mixture. The overall mole fraction of com-

ponent 1 has symbol z1.

The isotope mixture becomes ideal in this

model. In all cases studied, the vapor mixtures

are far from ideal gas behavior. The supersatu-

rated gas has fugacity coefficients that deviate
from unity.

3.1. The Lennard�/Jones spline potential

The fluid particles do not move around freely, as

they do in an ideal gas. Particles attract each other

depending on the separating distance. With in-

creasing distance, the interaction potential de-

creases rapidly. If the particles are positioned

closely together, they will instead be forced away

from each other. The Lennard�/Jones potential
describes this:

uij �4oij

��
r0

rij

�12

�
�

r0

rij

�6�
(32)

where uij is the potential between particle i and j ,

(J); oij is the minimum potential energy or the

potential depth between particle i and j , (J); r0 is

the particle diameter, (m); and rij is the distance

between particle i and j , (m).

The Lennard�/Jones spline potential is a mod-

ified version of the Lennard�/Jones potential with

exactly the same behavior until the separating

distance reaches a certain value rs. For greater
distance than rs, there is still an attraction between

particles but the absolute value of the potential is

smaller. We then use a second expression:

uij �aij(rij�rc)
3�bij(rij�rc)

2 rs5r5rc (33)

where:

rs�
�

26

7

�1=6

r0

rc�
67

48
rs

aij ��
387 072

61 009

oij

r3
s
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Beyond the range of rc, the potential is set to

zero.

3.2. The cubic equation of state

In order to find the driving forces of the system,

in particular the chemical driving forces, the

equilibrium pressure of the mixture must be

known as a function of temperature and composi-

tion. As equation of state to relate the P , V , T -

Table 1

Reduced variables

Variable Reduction formula

Energy U*�/U /o11

Velocity v*�/v (m1/o11)1/2

Distance r*�/r /r1

Mass m*�/m /m1

Temperature T*�/(kBT /o11)

Density r*�/rr1
3

Time t*�/t /r1(o11/m1)1/2

Pressure P*�/Pr1
3/o11

Table 2

Ideal and non-ideal mixtures parameters

Isotope mixture Non-ideal mixture

Overall mole fraction (z1) 0.5 0.8

Mass ratio (m2/m1) 0.1 1.0

Diameter ratio (r22/r11) 1.0 1.0

Diameter ratio (r21/r11) 1.0 1.0

Energy ratio (o22/o11) 1.0 0.8

Energy ratio (o21/o11) 1.0 0.8
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behavior of the gas a Soave�/Redlich�/Kwong
(SRK) equation was chosen (cf. [16]):

P�
RT

v� bi

�
ai(T)

v(v� bi)
(34)

Here v is the molar volume. The constant bi is

given by:

bi�
0:08664RTci

Pci

(35)

For the isotope mixture, the constant ai is given

by:

ai(T)�0:42748
(RTci)

2

Pci

[1�0:4816(1�T
1=2
ri )]2 (36)

Tri �
T

Tci

(37)

For the non-ideal mixture, the constants ai for

components 1 and 2 are given by:

a1(T)�0:42748
(RTc1)2

Pc1

� [1�0:9349(1�T
1=2
r1 )]2 (38)

a2(T)�0:42748
(RTc2)2

Pc2

� [1�0:8058(1�T
1=2
r2 )]2 (39)

where Tci and Pci are, respectively, the critical

temperature and pressure for component i . It is

necessary to include a temperature dependence in

ai and bi , because the system shall be exposed to a

large temperature gradient.

As we deal with two-component fluids, we need
mixing rules in order to find the thermodynamic

properties. The simplest procedure is to assume a

one-fluid theory of mixture, that is, to assume that

the equation of state for the mixture is the same as

that for a hypothetical ‘pure’ fluid whose char-

acteristic constants b and a(T ) depend on compo-

sition. With this assumption, Eq. (34) may be used

for the mixtures. The constants appearing in this
equation are then mixture values.

P�
RT

v� b
�

a(T)

v(v� b)
(40)

A linear mixing rule is used for the parameter b :

b�
X

i

yibi (41)

where yi is the mole fraction of component i . For

the interaction parameter a (T ) a quadratic mixing

rule is used:

a(T)�
X

i

X
j

yiyjaij (42)

aij �(aiaj)
1=2(1�kij) (43)

where kij is the pair ij interaction parameter.

We shall use kij �/0 both for the isotope and

non-ideal mixtures. Reid et al. [16] argue that kij �/

0 for hydrocarbon pairs. The variables ai , bi , a

and b shall be determined from the equilibrium

behavior of the fluids in question (cf. Sections 5.1
and 6.1).

4. Simulations

4.1. Equilibrium simulations

Equilibrium simulations were done in order to

find the vapor pressure as function of the tem-

perature for the two systems in question. Six

equilibrium simulations were carried out for the

isotope mixture with the following conditions:

reduced masses: m1��/1 and m2��/0.1,

mole fractions: y1�/0.5�/y2,
overall reduced number density: r*�/0.4.

The simulations started with TH as set tempera-

ture in the hot region and TL as set temperature in

the cold region. At equilibrium, the temperature

through the system was constant and equal to TL.

Twelve equilibrium simulations were carried

out, in the same manner, for the non-ideal mixture

with the following conditions:
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reduced masses: m1��/1 and m2��/1,
mole fractions: y1�/0.8 and y2�/0.2,

overall reduced number density: r*�/0.4.

4.2. Non-equilibrium simulations and calculations

Some NEMD results were taken from Hafskjold
and Kjelstrup Ratkje [8,12]. In addition to their

simulations, a set of new simulations were ran.

Table 3 presents the additional non-equilibrium

simulations conditions for both the isotope and

the non-ideal mixtures.

The simulation and calculation method details

were described earlier (Røsjorde et al. [18,19]), and

only details necessary for this work are repeated.
In order to give the system a certain temperature,

or temperature profile, energy was added and

withdrawn in different layers. In this study, energy

was added to the four layers at each end of the box

(layers 1�/4 and 125�/128 are thermostated to a

high temperature TH) while energy was withdrawn

in the eight layers in the middle of the box (layers

61�/64 and 65�/68 are thermostated to a low
temperature TL). The amounts of energy added

and removed were always equal, so that total

energy was conserved.

To generate a heat flux, each end of the cell was

thermostatted to a high temperature, and the

center was thermostatted to a low temperature.

In addition to giving a heat flux from the hot to

the cold side, the temperature profile generated a
liquid region in the center of the cell and a vapor

region at each side. Mass fluxes of components 1

and 2 were generated by particle swapping from

type 1 to 2 in the thermostatted high-temperature

region, and simultaneously from type 2 to 1 in the

thermostatted low temperature region. When the

system was at steady state, the fluxes of energy and
mass were both constant, and a liquid and a vapor

phase existed, by proper choice of initial condi-

tions. Between the two bulk phases was the

surface.

The fluxes and variables in all 128 layers of the

system were found as time averages of instanta-

neous velocities, kinetic energies, potential energies

and the number of particles. Using the symmetry
of the system around the middle of the box, the

mean of the properties in each half was calculated

to obtain better statistics. This gives a system with

only 64 layers, where each layer is the mean of the

corresponding two layers in the original system.

Parameters of interest were computed as follows:

The mass flux, Jn , and the average velocity, vn ,

in each pair of layers n , with n�/1, . . ., 64, were
found from:

Jn�mvn�
64

V

X
i � layers

mvi (44)

where V�/LxLyLz is the volume of the whole

system.
The particle density of the layers was found

from the number of particles, Nn , in each pair of

layers divided by the volume of the pair of layers:

rn�Nn

64

V
(45)

The kinetic temperature, Tn , in each pair of layers

n , was given by:

3

2
NnkTn�

1

2

X
i � layers

m½vi�vn½
2 (46)

For both systems studied, one of the conditions

was stationary state heat conduction (simulations

number 3 and 8). The isotope mixture was also

studied with J1�/�/J2 (simulation number 4).

4.3. Non-equilibrium molecular dynamics

(NEMD) simulation results

The results from the NEMD simulations are

reported in reduced Lennard�/Jones units, i.e.

reduced enthalpy flux and reduced mass flux, in

Table 4. The numbering of the simulations follows

Table 3

NEMD simulations conditions

Isotope

mixture

Non-ideal

mixture

Overall reduced number density (r*) 0.4 0.4

Set temperature in the hot region (TH� ) 1.0 1.0

Set temperature in the cold region (TL�) 0.7 0.7

TH in real units (K) 124 413

TL in real units (K) 86.8 289.1
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the numbering of Hafskjold and Kjelstrup Ratkje
[8]. Simulation number 3 for the isotope mixture

and number 8 for the non-ideal mixture are special

cases with no mass fluxes and no convection flux,

J1:/J2:/0.

5. Results of calculations for the isotope mixture

5.1. The liquid�/vapor phase equilibrium

Fig. 2 gives the vapor pressure as a function of
the temperature in the six equilibrium simulations

of the isotope mixture. With a least-square regres-

sion, the data were fitted to the Clausius�/Cla-

peyron form equation, following [18]:

P�1:4507�109 exp

�
�672:726

T

�
(47)

The enthalpy of evaporation was 5590 J mol�1.

We estimated the critical pressure from the

critical temperature of argon (see Table 16 in

Section 7):

Tc-isotope�111:6 K (48)

Pc-isotope�1:4507�109 exp

�
�672:7

111:6

�

�35:0�105 Pa (49)

The systems investigated had all a temperature
lower than 111.6 K. The error in the predicted

vapor pressure was a few percent.

The parameters a and b of the SRK equation of

state for argon isotopes, given by Eqs. (36) and

(35), were:

aisotope�0:10526(m3 mol�1)2 Pa (50)

bisotope�23:0�10�6m3 mol�1 (51)

5.2. The extension of the surface

Following the procedure explained in [18], the

extension of the surface was found using the SRK

equation of state.

The SRK cubic equation of state was solved for

the density, r . For subcritical conditions, each

isotherm has three solutions for r when the
pressure is specified. For a given pressure, only

the largest root corresponding to the gas state is

physically real.

Table 4

Pressure, heat flux and mass fluxes in reduced units for non-equilibrium simulations

Simulation number Type of mixture P* J? �q
g J�1 J�2

3 Isotope 1.77�/10�2 2.309�/10�3 :/0 :/0

4 Isotope 1.81�/10�2 2.235�/10�3 0.334�/10�3 �/0.336�/10�3

5 Isotope 1.72�/10�2 1.835�/10�3 1.55�/10�3 �/1.434�/10�3

6 Isotope 1.91�/10�2 2.390�/10�3 0.953�/10�3 �/0.591�/10�3

7 Isotope 2.80�/10�3 6.063�/10�3 4.056�/10�3 �/1.449�/10�3

8 Non-ideal 4.07�/10�2 5.079�/10�3 :/0 :/0

9 Non-ideal 3.41�/10�2 4.749�/10�3 0.197�/10�3 �/0.501�/10�3

10 Non-ideal 2.79�/10�2 3.07�/10�3 0.93�/10�3 �/0.831�/10�3

11 Non-ideal 3.34�/10�2 4.0�/10�3 0.653�/10�3 �/0.405�/10�3

12 Non-ideal 4.72�/10�2 8.911�/10�3 2.896�/10�3 �/0.742�/10�3

19 Non-ideal 2.73�/10�2 3.318�/10�3 1.045�/10�3 �/0.852�/10�3

21 Non-ideal 3.22�/10�2 4.437�/10�3 0.245�/10�3 �/0.706�/10�3

22 Non-ideal 3.53�/10�2 4.452�/10�3 0.784�/10�3 �/0.561�/10�3

23 Non-ideal 2.85�/10�2 4.384�/10�3 0.395�/10�3 �/0.765�/10�3

24 Non-ideal 3.75�/10�2 5.15�/10�3 1.838�/10�3 �/0.675�/10�3

25 Non-ideal 3.12�/10�2 2.91�/10�3 0.963�/10�3 �/0.757�/10�3

26 Non-ideal 4.05�/10�2 6.26�/10�3 2.601�/10�3 �/0.762�/10�3
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On the gas side, the surface was taken to start in

the last layer for which the density was given by

the SRK equation of state. The next layer deviated

seriously upward from the SRK value, see Fig. 3

for an example. The figure shows the density

profile of simulation number 3. The line represents

the density predicted by the SRK equation of

state. To find exactly where the experimental
density no longer was predicted from the equation

of state, a plot was done of the residual, r�/rSRK,

in the relevant range (cf.: Fig. 4).

On the liquid side, the start of the surface was

found by recording the deviation of the density

from a linear variation with temperature.

In Figs. 3 and 4, the extension of the surface was

found to be from layers 11 to 19 for simulation 3.
The extension of the surface was always the same

in this system, seven layers, see Table 5.

5.3. The driving forces

To calculate the driving forces in Eqs. (13)�/(15),

we need the fugacity coefficient. From the SRK

equation of state we have (cf. [16]):

ln 8 i� ln
v

v� b
�

bi

v� b
� ln Z�

abi

RTb2

�
�

ln
v� b

v
�

b

v� b

�

�

2
X

j

yjaji

RTb
ln
v� b

v
(52)

where 8i is the fugacity coefficient for component

i , Z is the compressibility and aji �//

ffiffiffiffiffiffiffiffi
ajai

p
/(1�/kji ).

The expressions for a , b and bi were given in

Section 3.2. Numerical results for five simulations

(runs 3, 4, 5, 6 and 7) are presented in Table 5. A

typical accuracy for the temperature was in the

order of 0.4�/10�3 for the pressure 0.3�/10�3,
and 0.4�/10�2 for the composition.

Tg is the temperature at the surface on the gas

side, and Tl is the temperature at the surface on the

liquid side, Pg is the average pressure in the gas

phase and P*(Tl) is the vapor pressure calculated

at the liquid temperature, see Eq. (47). Superscript

Fig. 2. Vapor pressure at different temperatures for the isotope mixture.
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* denotes equilibrium, and x1
g and x1

l are mole
fractions at the surface on the gas and liquid phase

side, respectively, for the heaviest component

(component 1). The vapor is supersaturated, as

Pg�/P*(Tl), but not by more than 20%.

The conjugate driving forces for the heat flux,

for the mass flux of component 1 and for the mass

flux of component 2 are Xq , X1 and X2, respec-

tively, see Table 8.
The driving forces for the mass flux of compo-

nent 1 and 2 are now written as:

X1��
�

R ln
P1�

P
g
1

�R ln
8 1�

8 g
1

�
(53)

�X1P�X18 (54)

X2��
�

R ln
P2�

P
g
2

�R ln
8 2�

8 g
2

�
(55)

�X2P�X28 (56)

The results obtained for the fugacity coefficients

are given in Table 6. The separate contributions to
the driving forces are given in Table 7. All three

driving forces are summarized in Table 8. We see

that the signs of the chemical forces are consistent

with supersaturated vapors. Also, the chemical

forces are identical. The isotope mixture is clearly

ideal in this respect.

Fig. 3. The density through the system for simulation 3 (isotope mixture).
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5.4. Surface transfer coefficients

The transfer coefficients were calculated using

the expressions given in Section 2.3. Røsjorde et al.

[19] found a condensation coefficient equal to 0.82

for an argon fluid. We used the same value for the

isotope mixture of argon: s1�/s2�/0.82.The re-

sults are given in Table 9.

The number of unknown coefficients in Eqs.

(16)�/(18) are six when the Onsager relations are

taken into account: rqq
s , rqm

1

s�//rs
m1q/, rqm

2

s�//rs
m2q/, /

rs
m1m1

;/ /rs
m1m2

/�//rs
m2m1

/, /rs
m2m2

/. According to irreversible

thermodynamics theory, the coefficients are not

functions of the forces, but they may be functions

of temperature and composition.

A complete determination of the coefficients

should probably involve a mapping of the coeffi-

cients and their relation to the temperature and

excess densities in the surface. The determination

of surface excess densities is cumbersome, and a

Fig. 4. The density residual in some chosen layers for simulation 3 (isotope mixture).

Table 5

Temperatures, pressures and mole fraction needed to calculate the driving forces in the isotope system

Simulation number Surface extension Tg (K) Tl (K) Pg (bar) P*(Tl) (bar) x1
g (�/) x1

l (�/)

3 11�/19 92.85 87.31 7.56 6.54 0.483 0.498

4 11�/19 92.88 87.61 7.74 6.71 0.541 0.512

5 11�/19 93.51 86.42 7.38 6.04 0.787 0.603

6 11�/19 95.67 87.33 8.18 6.55 0.625 0.547

7 11�/19 100.3 89.34 12.0 7.81 0.851 0.664

Table 6

Fugacity coefficients for the isotope mixture

Simulation number 81
g 82

g 8�1 8�2

3 0.8569 0.8569 0.8762 0.8762

4 0.8547 0.8547 0.8741 0.8741

5 0.8564 0.8564 0.8825 0.8825

6 0.8452 0.8452 0.8760 0.8760

7 0.7860 0.7860 0.8611 0.8611
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shorter route was attempted. We chose to take

advantage of kinetic theory in the evaluation of
data. We know from the work on the one-

component system, that good agreement with

kinetic theory can be expected if one is not too

far from the triple point. Kinetic theory (cf.

Section 2.3), gives the coefficients as functions of

temperature and composition in the vapor. The

idea was, therefore, to express each coefficient as a

function of two variables, ai and aj , and vapor
state variables, and some particle characteristic

constants bi (for example the molecular weight, p ,

R , etc....).

rs�f (Tg; c
g
1; c

g
2; ai; aj; bi; :::) (57)

The expressions (see below) gave each coeffi-

cient as a function of temperature and concentra-

tion of the vapor in the range investigated. The

resistivity coefficients derived accordingly were:

rs
qm2

�
a1X � a2

(X � b)2(Tg)1:5c
g
2

�rs
m2q (58)

rs
qm1

�
a3X � a4

(X � b)2(Tg)1:5c
g
2

�rs
m1q (59)

rs
m2m2

�
a5X � a6

(X � b)(Tg)0:5c
g
2

(60)

rs
m1m1

�
a7X � a8

(X � b)(Tg)0:5c
g
2X

(61)

rs
m1m2

�
a9

(X � b)(Tg)0:5c
g
2

�rs
m2m1

(62)

rs
qq�

a10X 2 � a11X � a12

(X � b)3(Tg)2:5c
g
2

(63)

where Tg is the temperature next to the surface on

the gas side; ci
g is the molar density for component

i in the gas; X�/c1
g/c2

g; Mi is the molecular weight

for component i ; li
g is the thermal conductivity for

component i in the gas; b�/(M1/M2)0.5; a1, . . ., a12

are 12 specific parameters for a given mixture.

The set of coefficients calculated from these

formulae shall be called the modified kinetic

theory or the MKT set from now on. The 12

variable a ’s in each model were found using a

regression method and the results from NEMD.

Table 20 in the Appendix A gives the a-parameters

for the MKT set. Table 9 gives the MKT resistivity

coefficients with a-parameters from Eqs. (58)�/

(63), and Table 20.

We shall see below that it was not possible to

obtain a set of coefficients that matched kinetic

theory results, in spite of choosing to work with

the simplest possible ideal mixture, the isotope

mixture.

Table 7

Details for the driving forces, isotope mixture

Simulation number X1P X18 X2P X28

3 1.20846 �/0.18541 1.20846 �/0.18541

4 1.19088 �/0.18614 1.19088 �/0.18614

5 1.67063 �/0.24957 1.67063 �/0.24957

6 1.84722 �/0.29760 1.84722 �/0.29760

7 3.56691 �/0.75820 3.56691 �/0.75820

Table 8

Driving forces in the isotope system

Simulation

number

Xq (K�1) X1 (J mol�1

K�1)

X2 (J mol�1

K�1)

3 6.837�/10�4 1.023 1.023

4 6.477�/10�4 1.005 1.005

5 8.778�/10�4 1.421 1.421

6 9.974�/10�4 1.550 1.550

7 12.210�/10�4 2.809 2.809
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Table 9

Comparison of the resistivities calculated using the MKT model and the kinetic theory expressions for the isotope mixture

Simulation

number

rqq
s �/10�11

(m2 s J�1 K�1)

/rs
m1m1

/ �/10�4

(m2 s J mol�2 K�1)

rs
m

2
m

2
�/10�4

(m2 s J mol�2 K�1)

rs
qm

1
�/rs

m
1
q �/10�8

(m2 s mol�1 K�1)

rs
qm

2
�/rs

m
2
q �/10�8

(m2 s mol�1 K�1)

rs
m

1
m

2
�/rs

m
2
m

1
�/10�8

(m2 s J mol�2 K�1)

MKT

model

Kinetic

theory

MKT

model

Kinetic

theory

MKT

model

Kinetic

theory

MKT

model

Kinetic

theory

MKT

model

Kinetic

theory

MKT

model

Kinetic

theory

3 4.17 3.22 �/0.50 1.48 5.39 0.79 17.9 0.87 17.2 1.14 315 1.99

4 4.76 3.30 1.55 1.31 5.11 0.88 12.2 0.89 13.5 1.18 322 2.04

5 24.5 4.89 10.2 1.16 1.52 2.39 �/36.2 1.41 �/16.5 1.91 479 3.03

6 6.47 3.29 4.04 1.14 4.54 1.07 2.13 0.93 6.88 1.24 338 2.14

7 21.4 2.80 7.60 0.68 �/2.2 2.15 �/35.3 0.89 �/18.9 1.22 316 2.01
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6. Results for the non-ideal mixture

6.1. The liquid�/vapor phase equilibrium

Fig. 5 presents results from the twelve equili-

brium simulations for the non-ideal mixture. The

vapor pressure is shown as a function of the

temperature. With a least-square regression, the

data were fitted to the Clausius�/Clapeyron form

equation by:

P�5:125�108 exp

�
�1845:6

T

�
(64)

The enthalpy of evaporation was 15.4 kJ mol�1.

To have numerical insight, we adopted the mixture

n -hexane�/cyclohexane as a real representation of

the Lennard�/Jones spline mixture. The critical
temperature was calculated using Kay’s rule and

the critical temperatures of the species n -hexane

and cyclohexane, see Table 16 in the Section 7.

Tc-Nonideal�yhTch�ylTcl

�0:8�371:7�0:2�291:6

�355:7 K (65)

We then calculated the critical pressure:

Pc-Nonideal�5:125�108 exp

�
�1845:6

355:7

�

�28:6�105 Pa (66)

The parameters a and b of the SRK equation of

state for n -hexane and the cyclohexane, given by

Eqs. (38), (39) and (35), are presented in Table 10.

The critical pressure for each specie was calculated

using the same Kay’s rule.

Fig. 5. Vapor pressure at different temperatures for the non-ideal mixtures.

Table 10

The SRK equation of state parameters for the non-ideal system

Units n -Hexane Cyclohexane

Pci Bar 30.3 21.7

ai (m3 mol�1)2 Pa 1.347 1.158

bi m3 mol�1 8.83�/10�5 9.68�/10�5
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6.2. The extension of the surface and the driving

forces

Following the same procedure as explained in

Section 5.2, the extension of the surface for the

non-ideal mixture simulations was found using the

SRK equation of state. The numerical results for

the non-ideal mixture simulations (8, 9, 10, 11, 12,

19, 21, 22, 23, 24, 25, 26) are given in Tables 11

and 12.

The variables Tg, Tl, Pg and P*(Tl) were defined

before, see Eq. (64) and Section 5.3. Superscript *

denotes the equilibrium condition, and xg and xl

are mole fractions at the surface on the gas and

liquid phase, respectively, for component 1. The
vapor in this case is undersaturated in all cases

except one.

The driving forces Xq , X1 and X2 are given in

Table 12. Details of the chemical driving forces are

given in Table 13. The fugacity coefficients for the

non-ideal mixture were on the average smaller

than in the ideal mixture. The sign of the driving

forces is consistent with undersaturated vapors,
except for simulation 8.

6.3. Surface transfer coefficients

The transfer coefficients of the system were

calculated using kinetic theory, see Section 2.3.

In lack of data, the condensation coefficients were

chosen to be s1�/s2�/1. The results are given in
Tables 14 and 15.

The simulation results were next used to find the

surface transfer coefficients with the MKT model,

see procedure detailed above. Table 20 in the

Appendix A gives the a -parameters for the MKT

model of the non-ideal mixture. Tables 14 and 15

give the resistivity coefficients.

7. Discussion

7.1. The equations of state and the phase lines

The equation of state and the phase line that

were generated for the isotope mixture in this work

Table 11

Temperatures, pressures and mole fraction needed to calculate the driving forces in the non-ideal system

Simulation number Surface extension Tg (K) Tl (K) Pg (bar) P*(Tl) (bar) xg
1 (�/) x1

l (�/)

8 9�/18 331.5 297.1 11.3 10.3 0.569 0.826

9 9�/18 329.2 297.8 9.43 10.4 0.713 0.854

10 9�/18 339.5 298.7 7.71 10.6 0.910 0.913

11 10�/20 333.9 295.6 9.23 9.96 0.671 0.843

12 7�/18 359.3 315.0 13.1 14.6 0.940 0.902

19 11�/19 335.9 296.2 7.54 10.1 0.895 0.905

21 6�/16 342.1 298.6 8.89 10.6 0.804 0.882

22 8�/19 342.9 298.8 9.75 10.7 0.744 0.874

23 6�/17 350.6 297.8 7.86 10.4 0.904 0.902

24 8�/19 352.9 304.1 10.4 11.9 0.879 0.888

25 9�/19 336.3 296.2 8.61 10.1 0.922 0.905

26 9�/19 349.2 307.9 11.2 12.8 0.920 0.897

Table 12

Driving forces in the non-ideal mixture

Simulation

number

Xq (K�1) X1 (J mol�1

K�1)

X2 (J mol�1

K�1)

8 3.49�/10�4 0.502 0.636

9 3.2�/10�4 �/0.579 �/0.714

10 4.02�/10�4 �/1.962 �/2.380

11 3.88�/10�4 �/0.450 �/0.548

12 3.91�/10�4 �/0.572 �/0.927

19 3.99�/10�4 �/1.788 �/2.149

21 4.26�/10�4 �/1.033 �/1.273

22 4.31�/10�4 �/0.506 �/0.632

23 5.06�/10�4 �/1.709 �/2.079

24 4.55�/10�4 �/0.743 �/0.983

25 4.02�/10�4 �/0.942 �/1.172

26 3.85�/10�4 �/0.712 �/0.995
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fits well with results obtained previously for the

one-component system. While the pure argon-like

fluid had a critical temperature of 111.2 K, the

argon isotope mixture had a critical temperature

of 111.6 K. The discrepancy can be explained by

the numerical error in the analysis (a few percent).

The parameters a and b in the SRK equation of

state were defined and calculated in Section 5.1 for

the isotope mixture. The constant b is intended to

account for the finite volume occupied by the

molecules, while a accounts for the forces of

attraction between molecules. For the isotope

mixture we found that aisotope�/0.10526 (m3

mol�1)2 Pa and bisotope�/23.0�/10�6 m3 mol�1.

These results compare well with the results of

Røsjorde [17] who found: aargon�/0.10875 (m3

mol�1)2 Pa and bisotope�/23.8�/10�6 m3 mol�1.

The results of the isotope mixture and those of the

one-component fluid differ by 3%. The enthalpies

of evaporation in these systems, that were derived

from the Clausius�/Clapeyron like equation dif-

fered a little more, however. For the pure fluid and

isotope mixture they were DH�/5205 and 5590 J

mol�1, respectively.

Table 13

Details of the driving forces, non-ideal mixture

Simulation number X1P X18 X2P X18

8 0.75742 �/0.25557 0.75742 �/0.12187

9 �/0.82812 0.24923 �/0.82812 0.11455

10 �/2.67558 0.71394 �/2.67558 0.29552

11 �/0.63777 0.18793 �/0.63777 0.09013

12 �/0.95452 0.38299 �/0.95452 0.02717

19 �/2.42259 0.63480 �/2.42259 0.27358

21 �/1.45718 0.42467 �/1.45718 0.18440

22 �/0.73222 0.22660 �/0.73222 0.09973

23 �/2.34167 0.63222 �/2.34167 0.26270

24 �/1.10804 0.36457 �/1.10804 0.12469

25 �/1.32073 0.37892 �/1.32073 0.14825

26 �/1.09549 0.38400 �/1.09549 0.10074

Table 14

Resistivities for the non-ideal mixture from kinetic theory and MKT, part 1

Simulation number rqq
s �/10�11

(m2 s J�1 K�1)

rs
m

1
m

1
�/10�4

(m2 s J mol�2 K�1)

rs
m

2
m

2
�/10�4

(m2 s J mol�2 K�1)

rqm
1
�/rs

m
i
q �/10�8

(m2 s mol�1 K�1)

MKT model Kinetic

theory

MKT

model

Kinetic

theory

MKT model Kinetic

theory

MKT

model

Kinetic

theory

8 1.17 0.86 �/5.53 2.32 12.2 3.03 1.82 1.04

9 1.64 1.04 �/2.39 2.22 15.3 5.36 �/0.625 1.24

10 2.56 1.29 3.85 2.33 17.7 22.3 �/7.36 1.59

11 1.67 1.09 �/4.24 2.55 16.7 5.08 0.49 1.33

12 1.31 0.64 2.56 1.24 8.74 18.3 �/4.34 0.83

19 2.55 1.32 3.41 2.36 18.2 19.1 �/6.90 1.60

21 1.88 1.09 0.435 2.24 16.8 8.83 �/3.25 1.35

22 1.59 0.98 �/1.40 2.19 15.6 6.16 �/1.41 1.23

23 2.45 1.25 3.79 2.41 18.4 21.6 �/7.13 1.58

24 1.70 0.90 2.22 1.8 14.0 12.5 �/4.57 1.15

25 2.66 1.32 4.19 2.31 17.2 25.7 �/7.85 1.61

26 1.61 0.80 2.70 1.51 11.3 16.5 �/4.90 1.01
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The overall conclusion is that the equilibrium

properties of the isotope mixture are very near

those of the one-component mixture. In other

words; the isotope mixture can be considered to be

ideal, as judged from the values obtained for the

chemical potentials of its components. This is

expected from the way we have constructed the

system. The kinetic energies of each of the isotopes

are the same, and so are the potential energies.

Since the mass ratio of the isotopes is so unnor-

mally high, this result is not real, but it allows one

to study separately the mass effect on transfer

coefficients.

The equilibrium data for the non-ideal system

can not be compared with similar data for non-

ideal systems. They can, however, be compared

with the results of the ideal system. In the ideal

system the fugacity coefficients were smaller than

unity, indicating that attractive forces are impor-

tant, see Table 6. The contribution from the

fugacity coefficients to the driving force, were on

the average larger in the non-ideal mixture than in

the ideal mixture, compare Table 7 and Table 13.

This indicates that the attractive forces in the non-

ideal mixture are relatively large.

7.2. The mixtures as defined by real species

In order to obtain numerical insight, the re-

duced Lennard�/Jones parameters of Table 1 were

converted to parameters with units. The isotope

mixture was thought of as a mixture of argon�/

argon like particles, and the non-ideal mixture as a

mixture of n -hexane�/cyclohexane like particles.

Table 16 gives properties and Lennard�/Jones

Table 15

Resistivities for the non-ideal mixture from kinetic theory and MKT, part 2

Simulation number rs
qm

2
�/rs

m
2
q �/10�8 (m2 s mol�1 K�1) rs

m
1
m

2
�/rs

m
2
m

1
�/10�8 (m2 s J mol�2 K�1)

MKT model Kinetic theory MKT model Kinetic theory

8 2.08 1.01 221 7.04

9 0.797 1.21 281 8.36

10 �/3.12 1.55 372 11.1

11 1.58 1.29 305 9.06

12 �/1.95 0.80 205 6.10

19 �/2.82 1.56 371 11.0

21 �/0.757 1.31 318 9.45

22 0.282 1.19 289 8.59

23 �/2.98 1.54 382 11.3

24 �/1.78 1.12 279 8.31

25 �/3.41 1.57 373 11.1

26 �/2.12 0.99 244 7.28

Table 16

Lennard�/Jones potential and other properties for the components

Component Isotope mixture (argon�/argon) Non-ideal mixture (n -hexane�/cyclohexane)

Argon n -Hexane Cyclohexane

Hard-sphere diameter, r (Å) 3.418 5.909 6.093

Potential energy, o /kB (K) 124 413 324

Molecular weight (g mol�1) 39.944 86.17 84.16

Accentric factor, v (�/) 0.001 0.299 0.212

Critical temperature, Tc (K) 111.6 371.7 291.6
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parameters of argon, n -hexane and cyclohexane
(cf. [4,16]).

In Table 16, kB is the Boltzmann constant, kB�/

1.38066�/10�23 J K�1 and Tc is the critical

temperature using Tc�:/0.9 (cf. [9]). It was im-

possible to find a real counterpart to the non-ideal

system, but n -hexane�/cyclohexane was close,

having almost the same hard-sphere like diameter.

These data were used to obtain numerical values
also for the fluxes, see below.

7.3. The fluxes and driving forces for evaporation

and condensation

The results from the NEMD simulations were
reported in reduced Lennard�/Jones units, i.e.

reduced enthalpy flux and reduced mass flux, in

Table 4. They are converted into real units in

Table 17.

The sets of heat and mass fluxes in Table 17

include the isotope mixtures as well as the non-

ideal mixtures. The heat flux and mass flux, J1,

were always positive in the simulations, while J2

was always negative. This means that the first

component condenses and the second one evapo-

rates. A net flux (J1�/J2) of the order of magnitude

of 104 mol m�2 s�1 means that the vapor velocity

is 220 m s�1. This is smaller than the velocity of

sound. In some of our simulations the net mass

velocity was therefore, very high, in particular in

simulation number 7 which had supersonic condi-

tions. The operating conditions in the simulations

are, therefore, sometimes very far from conditions

in the laboratory. They may also be far from

conditions were kinetic theory applies (that is

below supersonic conditions). The results must

be evaluated on this background.

The driving force, Xi , is the main force that acts

on species i . Via the coupling coefficients it will

also act on species j and promote heat transport.

The presence of coupling effects is essential in

irreversible thermodynamics and deserves atten-

tion. Such coupling effects are present here. This

can be seen as follows. The driving forces, X1, X2

and Xq for the isotope mixture are all positive. The

flux of the heavy component 1 is, therefore, along

with its main driving force, while the flux of the

light component 2 is against its main driving force.

The process of simultaneous evaporation, con-

densation and heat transfer was formulated in the

flux equations Eqs. (16)�/(18). Coupling coeffi-

cients are necessary to explain the set of signs that

are obtained for the forces and fluxes. For

instance, in the case of component 2, it is

Table 17

Heat and mass fluxes in real units for non-equilibrium simulations

Simulation number Type of mixture P (bar) J ?q
g (J m�2 s�1) J1 (mol m�2 s�1) J2 (mol m�2 s�1)

3 Isotope 7.56 1.587�/107 :/0 :/0

4 Isotope 7.74 1.536�/107 2226.3 �/2244.7

5 Isotope 7.38 1.261�/107 10341.4 �/9566.7

6 Isotope 8.18 1.642�/107 6359.3 �/3942.9

7 Isotope 12.0 4.167�/107 27060.1 �/9664.4

8 Non-ideal 11.3 2.802�/107 :/0 :/0

9 Non-ideal 9.43 2.620�/107 316.5 �/658

10 Non-ideal 7.71 1.698�/107 1494.3 �/1091.9

11 Non-ideal 9.23 2.206�/107 1048.6 �/531.4

12 Non-ideal 13.1 4.917�/107 4652.0 �/974.3

19 Non-ideal 7.54 1.831�/107 1679.5 �/1118.7

21 Non-ideal 8.89 2.448�/107 393.9 �/927.3

22 Non-ideal 9.75 2.456�/107 1259.1 �/736.3

23 Non-ideal 7.86 2.418�/107 634.6 �/1004.4

24 Non-ideal 10.4 2.841�/107 2952.6 �/886.4

25 Non-ideal 8.61 1.605�/107 1547.4 �/994.8

26 Non-ideal 11.2 3.454�/107 4178.9 �/1001.3
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impossible to explain a flux that goes against its
main driving force, in the absence of other

contributions. Mass or heat transfer across an

interface is often described in the engineering

literature using only the main coefficients for

mass transfer and for heat transfer. Irreversible

thermodynamics gives a more complicated, but yet

systematic description also of the coupling be-

tween processes.
Further inspection of the data, reveal for

instance in that simulation 4, when J1�/�/J2, has

a preference for the heavy component to condense,

and the light component to evaporate. This makes

physical sense.

Table 12 gives the driving forces in the non-ideal

system. The thermal driving forces were always

positive, while the driving forces for the compo-
nents were always negative (except in simulation

number 8). The non-ideal mixture has components

with identical masses, but with different potential

energy depth. The component with the largest

potential energy depth (component 1 or n -hexane)

had a negative flux, and was, therefore, trans-

ported along with its main driving force. The other

component was transported against its main driv-
ing force, as well as against the two other forces.

Clearly, this is only possible if one or two of the

coupling coefficients are negative. We shall see

that this is indeed, the case. It is now physically

likely that it is the component with the smallest

potential energy depth, that the system chooses to

transport against its main driving force.

We conclude in the same manner as for the ideal
system, that the transport processes can only be

described through coupling of fluxes as described

in Eqs. (16)�/(18). It is interesting to see that the

component with the smallest potential energy

depth in the non-ideal case plays a similar role in

the non-equilibrium situation as the light compo-

nent 2 in the isotope mixture. The component, that

is the easiest one to evaporate, is in both cases
chosen by the systems to be transported against its

main driving force. In this sense, the results for the

two systems are similar.

Hafskjold and Kjelstrup Ratkje [1] found that

the component with the larger mass or larger

potential energy depth (component 1 in both

cases) accumulated in the cold region. This was

explained by the components’ different heat trans-
port mechanisms. The light component carries

predominantly kinetic energy and this contribu-

tion to the heat flux increased from the cold to the

hot side. The heavier component transferred heat

predominantly by energy transfer in molecular

collisions, and this contribution increased from the

hot to the cold side. The authors explained the

separation in the temperature gradient (the Soret
effect), as a consequence of the system’s response

to the external thermal force and a consequent

maximization of the system’s thermal conductiv-

ity.

In order to find the driving forces of transport,

it is necessary to have an accurate method for

determination of the extension of the surface. The

results illustrated by Figs. 2 and 3, show that the
method first used by Røsjorde et al. [18,19] for a

one-component fluid, also works for the two-

component systems studied here. The surface was

order of magnitude ten layers thick, see Tables 7

and 13. Røsjorde and coworkers found the same

thicknesses [18,19]. The thermodynamic forces and

the transfer coefficients (see below) refer to the

thickness of the surface.

7.4. The transfer coefficients of the isotope mixture

This is a first attempt to determine NEMD-

simulated coefficients for heat and mass transfer

for the liquid�/vapor phase transition in a two-

component system.

Kinetic theory gave the basis for the determina-

tion. This theory was found to apply between the
triple point and halfway to the critical point in the

one-component system (Røsjorde et al. [18,19]).

This finding gave the rationale for the present

study of the isotope mixture. We expected kinetic

theory to apply to a certain degree also for this

case.

Kinetic theory uses only one characteristic

parameter, the condensation coefficient s . The
equations of transport can be cast in a symmetrical

form, in accordance with non-equilibrium thermo-

dynamics. The coefficients derived from the

NEMD simulations can therefore be directly

compared with the results of kinetic theory. The

resistivites in kinetic theory are all positive, see
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Eqs. (19)�/(24). Kinetic theory values as well as the

MKT values were given for the isotope mixture in

Table 9.

Table 18 gives the average ratio between resis-
tivities calculated using the MKT model and those

calculated from the kinetic theory for the isotope

mixture. Over the composition ranges that were

investigated, the main resistivities from kinetic

theory predicted on the average the fitted MKT-

values by a factor between 3.5 and 4.9, see Table

18. For the less extreme boundary conditions

(simulations 3,4 and 6), the fit was better (not
shown). The coupling coefficients were less well

predicted, however, the worst being the mass-mass

coupling coefficient, rs
m

1
m

2
. Special is that the

MKT-fit failed to obtain the positive sign of the

coefficient, rs
qm

1
and rs

qm
2
, of kinetic theory (see

Table 9).

It is likely that the main coefficients on the

diagonal in the matrix of coefficients are better
predicted than the coupling coefficients. Evidence

for inaccurate coupling coefficients is also given by

the second law condition

rs
mimi

rs
mjmj

�rs
mimj

rs
mjmi

]0

The condition is not fulfilled in all cases. Also

rs
m

1
m

1
is negative in simulation 3 and rs

m
2
m

2
is negative

in simulation 7.

The uncertainty in the coefficient determination

can be part of the explanation of the large average
deviation from kinetic theory in Table 18. The

calculation of the chemical potential of the iso-

topes may have added to the error, but most of the

uncertainty must be due to the relatively few

simulations. But, since some of the simulation

conditions are closer to each other (simulations 3,4

and 6) than other, and the net velocity of mass is
not so large, the results may also point to some

inherent wrong parts in kinetic theory. A support

for this idea, is that the NEMD simulation give a

negative coupling coefficient.

In order to pursue this point further, an alter-

native model was chosen for the coupling coeffi-

cients between heat and mass. The results did not

change significantly. All coefficients changed
somewhat in the fitting procedure, but the devia-

tions in Table 18 were maintained, and so were the

signs of the coupling coefficients in Table 9. We

also tried to solve the complete system of fluxes

and forces with constant coefficients. Again, the

results were similar: five coefficients deviated by a

factor of 1�/10 from kinetic theory, while one

coefficient was way off.
We, therefore, conclude that the kinetic theory-

like model seems inadequate for calculation for

surface coefficients of transfer in this case. Our

simulation conditions are not ideal gas conditions

as evident from the fugacity coefficients. It may

thus not be fair to use kinetic theory to derive our

results. It is still remarkable that we find a negative

coupling coefficient, while kinetic theory claims all
coefficients to be positive. This points to a possibly

different mechanism for these coefficients than

that used in kinetic theory. A negative coupling

coefficient rm
1
q
s may be required to explain the

simultaneous evaporation of one component and

condensation of the other component in a mixture.

7.5. The transfer coefficients of the non-ideal

mixture

Tables 14 and 15 gave all coefficient results for

the non-ideal mixture.

We compare first the kinetic theory results in

Tables 14 and 15 to the kinetic theory results in

Table 9.

While the resistivity to heat transfer is smaller in

the non-ideal case than in the ideal case, the
resistivity to transfer of component 2 is larger in

the non-ideal case than in the ideal case. This is of

course due to the way that the masses and other

molecular parameters enter the theoretical expres-

sions. The same pattern can, however, also be seen

when we compare the two sets of NEMD-coeffi-

Table 18

Average ratio of resistivities calculated from the MKT model

and kinetic theory for the isotope system

Resistivities Average absolute ratio MKT model/KT

rqq
s 3.5

rs
m

1
m

1
4.9

rs
m

1
m

2

s 3.7

rs
m

1
q 20.3

rs
m

2
q 11.3

rs
m

2
m

2
160
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cients. As we go from the ideal system to the non-

ideal system (with larger attractive forces), the

resistivity to heat transfer becomes smaller, while

the resistivity to mass transfer becomes larger for

the evaporating component. It seems, therefore,

that kinetic theory give some prediction of the

variation in the main coefficients from one system

to the other.

The average ratio between resistivities calculated

using the MKT model and those calculated from

the kinetic theory are given in Table 19 for the

non-ideal mixture.

The deviation from kinetic theory seems less

severe in the non-ideal systems. Still, for the MKT

coefficients, the second law requirement was now

not fulfilled in four out of 12 cases: The coefficient

rs
m

1
m

1
was negative for simulations number 8, 9, 11

and 22 using MKT. Also the coefficient require-

ment (rs
m

1
m

1
rs
m

2
m

2
�/rs

m
1
m

2
rs
m

2
m

1
) was not obeyed in five

out of 12 cases. These cases are characterized by

having the most comparable driving forces and

thus larger uncertainties in the calculations.

Again, we find that the coupling coefficients rs
m

1
q

and/or rs
m

2
q are negative in almost all cases, except

simulation 8 which describes pure heat conduction

(and therefore may be taken out of the fit) and in

simulation 11.

The second law criterion was fulfilled for more

sets of calculations, when we solved the force�/flux

matrix with constant coefficients and sets of three

simulations to find nine unknown coefficients [13]

(not shown here). The coupling coefficient between

heat and mass remained negative, however. The

scatter in the coefficients did not decrease by
fitting to nine in stead of six coefficients.

We conclude that the temperature and concen-

tration variation in kinetic theory is not sufficient

to use with the NEMD simulation to find surface

transfer coefficients. The resistivities do depend on

the concentration and temperature, however, since

one set of three simulations give a different set of

resistivities than another. A different procedure
must be sought to unmask the temperature and

concentration dependence of the coefficients. The

equation of state for the surface may then be

needed.

8. Conclusion

We have used the linear flux�/force relations
prescribed by non-equilibrium thermodynamics to

study the rates of evaporation and condensation in

two-component fluids. Isotope and non-ideal sys-

tems have been studied, using NEMD simulations.

The procedure of Røsjorde et al. [18] was

applied, and an SRK equation of state was

determined for each system. It was established,

that the equation of state could be used to find the
position of the surface. The method gave a high

accuracy for the position at the vapor�/liquid

interface. The driving forces of transport were

then determined, from the systems’ equilibrium

properties and the extension of the surface.

The force�/flux relations that follow system-

atically from the excess entropy production rate

in the system, described the intuitive understand-
ing that an underpressure�/overpressure as well as

a temperature difference will promote

evaporation�/condensation and heat transfer. The

results showed that coupling coefficients were

essential for an explanation of the transport

processes.

Procedures for determination of the unknown

resistivity coefficients of the vapor�/liquid interface
in the two-component fluid were tested. The

simulation results were mapped on to the concen-

tration and temperature dependence that is given

by kinetic theory. Six independent coefficients

were determined for all fluids using this procedure.

The order of magnitude of the coefficients were

Table 19

Average ratio of resistivities calculated from the MKT model

and kinetic theory for the non-ideal system

Resistivities Average absolute ratio MKT model/KT

rqq
s 1.8

rm
1
m

1

s 1.5

rm
2
m

2

s 1.7

rm
1
q
s 3.2

rm
2
q
s 1.6

rm
2
m

2

s 33
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. 10�125/rqq
s 5/10�10, m2 s K�1 J�1

. 10�55/rs
m

1
m

1
5/10�3,m2 s J K�1 mol�2

. 10�95/rs
m

1
q 5/10�7 m2 s K�1 mol�1

. 10�65/rs
m

i
m

j
5/10�4 m2 s J K�1 mol�2

Kinetic theory gives a mechanistic picture of

the collision frequency of particles in the vapor

phase with the liquid surface. The present

simulations gave coupling coefficient for

heat and mass transfer that had a different

sign from that predicted by kinetic theory.
In the mass exchange of components 1

and 2 across the surface, the liquid was colder

than the vapor was. The main term in the heat

flux was directed from the vapor to the liquid.

Negative coupling coefficients for mass and heat

transfer means that the condensing component 1

leaves heat in the vapor, while the evaporating

component 2 leaves heat in the surface. It is

thus not unlikely to have a negative coupling

coefficient.

For conditions close to the triple line, one

would expect kinetic theory to hold for the

isotope mixture. The lack of agreement between

kinetic theory and the simulation results also

for the isotope mixture, may be explained by

being close to the critical temperature, the tem-

peratures investigated were 80% of Tcrit. Similar

results were found for the non-ideal mixture.

Uncertainties in the determinations are large,

however.

A first attempt has been done to find

surface transfer coefficients. More work is

needed to find out, how the coefficients vary

with temperatures and concentrations. An equa-

tion of state for the surface is probably then

required.
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Appendix A: Parameters for the MKT model

Parameter MKT (isotope

mixture)

MKT (non-ideal

mixture)

a1 �/1.104 �/0.102

a2 2.513 0.325

a3 �/1.803 �/0.210

a4 3.217 0.465

a5 �/3.595 �/0.20
a6 15.560 12.590

a7 20.68 3.669

a8 �/20.34 �/13.803

a9 7.123 2.223

a10 0.139 0.020

a11 �/0.152 0.010

a12 0.157 0.021

The MKT ’a ’ parameters for the isotope and the
non-ideal mixture.
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