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In this work, a molecular dynamics algorithm is proposed to study the transient and the stationary state of
gravitational segregation in simple fluid mixtures. Both isothermal and stable nonisothermal �where thermod-
iffusion occurs� cases have been studied. This approach is applied extensively on a simple fluid model:
Lennard-Jones mixtures composed of species differing only in their masses. First, using isothermal binary
equimolar mixtures, it is shown that the molecular dynamics simulations provide stationary results consistent
with the thermodynamic modeling in various thermodynamic conditions and for different gravity fields. Next,
in stable nonisothermal mixtures heated from below, it is shown that the gravitational segregation and the
thermodiffusion process �Soret effect� have an opposite effect on the concentration profiles along the fluid
column. Then, molecular dynamics simulations are performed on ternary and ten-component mixtures. For
these multicomponent nonisothermal mixtures, results obtained emphasize the fact that the way the thermod-
iffusion is estimated should be done with care. In addition, for all nonisothermal configurations, the simulation
results confirm that the thermodiffusion may have a non-negligible influence on the concentration profile in a
petroleum reservoir. Finally, by analyzing the transient behavior during the molecular dynamics simulations, it
is shown that the dynamic of the gravitational segregation is unambiguously controlled by the mass diffusion.
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I. INTRODUCTION

A precise knowledge of the initial state of a petroleum
reservoir is crucial in order to optimize its development plan.
Such knowledge relies on the ability of describing correctly
the spatial distribution of the hydrocarbons which is mainly
modeled by the gravity field through the gravitational segre-
gation �1–4�. In fact, just by adding the gravity contribution
to the chemical potential �described by an ad hoc thermody-
namic model�, it is possible to estimate the composition of
the fluid column from the one at a reference depth. Never-
theless, in many fields, the compositional profile computed
so differs from the actual one. So, one has to introduce other
external forces that may occur such as the thermal field, ex-
ternal fluxes, chemical reactions, etc. But a complete picture
is hard to achieve, especially in formulating the dynamic of
the evolution of the compositional profile, even if recent im-
provements have been achieved �5–7�.

One system of interest to improve the species distribution
estimation in a reservoir is the situation where only gravita-
tional and geothermal �through the thermodiffusion effect�
forces occur in a convection free configuration. In such a
case, gravitational segregation and thermodiffusion �the
Soret effect� generally induce opposite effects on the distri-
bution of the species along the reservoir �7,8�. This is the
case, for instance, when linear alkanes are involved. Gravity
tends to increase the concentration of the longest chains in
the bottom of the reservoir whereas the effect of thermodif-
fusion is opposite. Nevertheless, the accurate modeling of
the steady state nonisothermal gravitational segregation is

not simple to deal with in multicomponent mixtures. This is
by part due to the lack of knowledge of the coefficients char-
acterizing the thermodiffusion �the Soret effect�, even if there
are recent improvements in measuring this transport property
in hydrocarbon mixtures �9–11�.

In this work, for the first time ever to the best of our
knowledge, it is proposed to use molecular dynamics �MD�
simulations on Lennard-Jones �LJ� spheres in order to study
gravitational segregation in isothermal and nonisothermal
“isotopic” mixtures, i.e., analyze the coupling between the
gravity field and thermodiffusion effects on the composition
profiles in simple ideal mixtures. Throughout the text, an
“isotopic” mixture means a system for which only the
masses differ between the components. In addition, we point
out here that the mass ratios between the species employed
here �up to 10� are by far larger than the mass ratio encoun-
tered in real isotopes.

Such a molecular dynamics approach to tackle nonisother-
mal gravitational segregation is interesting in complement to
the macroscopic modeling for four main reasons:

�i� It does not assume explicitly the underlying formalism
to describe this process and so allows a true “test” of the
phenomelogical macroscopic theory usually used.

�ii� It permits the description of not only the stationary
state but also the transient toward this state which is not
accessible using thermodynamic modeling.

�iii� Contrary to the macroscopic model, the physical
properties, including the thermodiffusion coefficients, are not
inputs of the simulation but results for a given fluid model.

�iv� Because of the vertical size involved �typically
10 nm� in the simulation, the Rayleigh number is always
largely smaller than its critical value even when heating
strongly from below, i.e., the fluid column remains always in
a stable regime �no convection occurs�.
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In the first part, the thermodynamic modeling of isother-
mal and nonisothermal gravitational segregation is described.
For the particular case of stable isotopic mixtures, the ana-
lytical solution of the stationary concentration profile is then
provided. In addition is described the proposed MD algo-
rithm to simulate nonisothermal gravitational segregation to-
gether with some numerical details on the simulations. Then,
in a second part, the results of the MD simulations for vari-
ous configurations are presented, discussed, and compared
with the thermodynamic modeling. After some preliminary
results, the proposed MD algorithm is utilized in simple iso-
thermal isotopic binary mixtures subject to different gravity
fields and for various thermodynamic conditions. Next,
nonisothermal gravitational MD simulations �in which gravi-
tational segregation and thermodiffusion compete� are pre-
sented for various thermal gradients. Results on ternary and
ten-component isotopic mixtures are then given and com-
pared to the thermodynamic modeling with a particular em-
phasis on how thermodiffusion should be described in such
systems. Finally, in the frame of a mass diffusion process the
MD results of the transient state behavior of isothermal and
nonisothermal gravitational segregation are presented and
discussed.

II. THEORY

A. Isothermal gravitational segregation

When an isothermal N-component mixture is subject to a
constant gravity field �directed along the z direction which is
chosen to be positive downward�, at equilibrium, the distri-
bution of the species i can be deduced from the fact that the
total potential of each component is constant �12�:

�d�i

dz
�

T
= Mig , �1�

where �i is the chemical potential, T is the temperature, Mi is
the molecular weight, and g is the gravitational acceleration.

This equation, given a composition at a reference point z0,
can be used to obtain the variation of composition �due to the
gravitational segregation� at the stationary state as a function
of depth. For most systems, Eq. �1� cannot be solved analyti-
cally and a thermodynamic modeling combined with a nu-
merical procedure has to be employed �2,3,13�. Nevertheless,
for the systems studied here, isotopic mixtures, Eq. �1� can
be solved analytically. To obtain this analytical solution, we
start from the fact that, in an isothermal N-component mix-
ture,

d�i = vidp + �
j=1

N−1
��i

�xj
dxj , �2�

where vi and xi are, respectively, the molar volume and the
molar fraction of component i and p is the pressure. Using
the fact that isotopic mixtures are ideal ones �14�,

�i = RT ln xi + const, �3�

where R is the gas constant, Eq. �2� can be rewritten as

d�i = vidp + RT
dxi

xi
. �4�

In addition, the hydrostatic equilibrium implies that

dp

dz
= �g , �5�

where � is the density. By combining Eqs. �1�, �4�, and �5�,
we obtain an equation similar to that of Svedberg �15�:

dxi

xi
=

g

RT
�Mi − vi��dz . �6�

Furthermore, in an isotopic mixture, we have simply

vi� = xiMi + �1 − xi�Mx, �7�

where

Mx =
1

1 − xi
�
j�i

N

xjMj . �8�

This allows us to rewrite Eq. �6� as

dxi

xi�1 − xi�
=

g

RT
�Mi − Mx�dz . �9�

Equation �9� can be integrated from a reference depth z0 for
which the molar fraction xi

0 is known. This integration pro-
vides the stationary variation of composition of component i
vs the depth when dealing with an isotopic mixture �or an
ideal gas one�:

xi =
�xi

0/1 − xi
0�exp��g/RT��Mi − Mx��z − z0��

1 + �xi
0/1 − xi

0�exp��g/RT��Mi − Mx��z − z0��
. �10�

B. Nonisothermal gravitational segregation

The problem is by far more complex when, in addition to
the gravity field, the system is subject to a thermal gradient
directed along the z axis. If the fluid column is heated from
below, namely the Rayleigh-Bénard configuration, the sys-
tem may be unstable and convection may occur �16�. In pure
fluid, with a negligible pressure gradient, the stability of such
a configuration is governed by the Rayleigh number

Ra =
�p�Tgh3

��
, �11�

where �p is the thermal expansion coefficient of the fluid, �T
is the temperature difference over the height of the fluid col-
umn h, � is the kinematic viscosity, and � is the thermal
diffusivity. For a pure fluid located between two horizontal
impermeable walls, the system is stable, i.e., in the diffusive
regime, while Ra�Rac=1708 �16�. In a more than two com-
ponent mixture, the stability analysis becomes very hard to
achieve properly �17�. In fact, in a segregated N-component
mixture, over a large fluid column, one should take into ac-
count as well the concentration and the pressure gradients to
perform a complete stability analysis �7,18�. These contribu-
tions will not be considered in this study.

GUILLAUME GALLIÉRO AND FRANÇOIS MONTEL PHYSICAL REVIEW E 78, 041203 �2008�

041203-2



In a stable system, because of the presence of a thermal
gradient, thermodiffusion may occur and may modify the
composition profiles from the ones due to gravitational seg-
regation alone �6–8�. To characterize thermodiffusion, we
define a “generalized” thermal diffusion factor of component
i, as in Kempers �19�:

�Ti
= −

T

xi�1 − xi�
�xi

�T
. �12�

Using this formulation, because of thermodiffusion, Eq. �9�
becomes

dxi

xi�1 − xi�
=

g

RT
�Mi − Mx�dz −

�Ti

T
dT . �13�

In a previous work on LJ isotopic mixtures �20�, we have
shown that, for such mixtures, the thermal diffusion factor is
independent of the temperature for a given density �contrary
to the Soret coefficient ST=�T /T� and is weakly dependent
of the molar fraction. Thus, assuming that �Ti

is independent
of both xi and T, from Eq. �13� we obtain the composition
profiles of an N-component isotopic mixture at the stationary
state induced by nonisothermal gravitational segregation:

xi =
�xi

0/1 − xi
0�exp��g/RT0��Mi − Mx��z − z0� − �Ti

ln�T/T0��

1 + �xi
0/1 − xi

0�exp��g/RT0��Mi − Mx��z − z0� − �Ti
ln�T/T0��

, �14�

where T0 is the temperature at the reference depth z0.

C. Fluid model

To describe interaction between fluid particles �spheres�,
the classical truncated Lennard-Jones 12-6 potential has been
used during the MD simulations:

ULJ = 4	��


r
�12

− �


r
�6	 , �15�

where 
 is the distance at which the potential is equal to zero
�the “atomic diameter”�, 	 is the potential depth, and r is the
intermolecular distance. A cutoff radius equal to 2.5
 has
been used.

In the following, dimensionless quantities, denoted with a
star as a superscript, have been used. 
 has been employed as
the length parameter, 	 as the energy parameter, and M as the
mass parameter.

D. Molecular dynamics scheme to simulate
gravitational segregation

In order to simulate the gravitational segregation process
by MD, a simple procedure has been developed. At both
ends �along the vertical direction�, two softly repulsive walls
are added to the simulation box; see Fig. 1. Each wall inter-
acts with the fluid particle through a Weeks-Chander-
Andersen potential �21�, i.e., a LJ potential truncated at the
distance which corresponds to its minimum:

Uwall = 4	��


d
�12

− �


d
�6	 + 	, d* � 21/6,

Uwall = 0, else �16�

where d* is the distance from the wall.
The simulation box, which is divided in 20 slabs along the

z axis, is noncubic with a large vertical extension; see Fig. 1.

The vertical extension h* has been chosen equal to 30,
whereas horizontal, L

x
* and L

y
*, ones have been taken equal to

10. Such vertical extension is necessary in order to find a
compromise between minimizing possible geometric con-
finement effects on the fluid structure or dynamic introduced
by the walls �molecular packing �22�� and reasonable simu-
lation duration. It should be noted that, due to the presence of
walls and the fluid ordering so introduced, the three slabs
located next to both walls �i.e., slabs 1, 2, 3 and 18, 19, 20�
have been discarded from the analysis.

Once having equilibrated the system, a gravity potential
�−Mgz� applied on each particle is progressively increased
from zero to its desired value during 104 time steps. Then,
the gravity potential is kept constant at its final value and,

FIG. 1. �Color online� Schematic sketch of the simulation box
used to perform MD computation of nonisothermal gravitational
segregation.
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after a transient state, gravitational segregation established
itself.

Concerning the imposition of the thermal gradient, a pro-
cedure similar to the one proposed by Müller-Plathe �23� has
been employed. This approach consists of swapping every A
time step �A ranging from 50 to 300� the “coldest” particle
�i.e., the one with the lowest kinetic energy� located in slab
20 with the “hottest” one located in slab 1. Such a procedure
consists of a simple redistribution of the kinetic energy
within the simulation box. After a transient state, related to
the thermal diffusivity, a thermal gradient establishes itself
which allows thermodiffusion to occur in mixtures.

In order to compare the composition profile with the ther-
modynamic modeling, Eqs. �10� and �14�, the reference val-
ues have been taken at the middle of the fluid column �z0*

=h* /2=15�. The reference molar fraction xi
0 and temperature

T0 have been deduced from a linear interpolation of the MD
results in slabs 10 and 11.

E. Simulation details

MD Simulations have been performed using a homemade
code. Systems composed of 900 ��*=0.3� to 1800 ��*

=0.6� particles have been used. Classical periodic boundary
conditions �for both x and y directions, but not for the z
direction�, combined with a Verlet neighbors list have been
applied �24�. A time step �

t
* equal to 0.002 has been em-

ployed. To integrate the equation of motion, the velocity Ver-
let algorithm is used. To maintain the desired temperature
during simulations, a Berendsen �25� thermostat with a large
time constant equal to 1000�

t
* has been utilized. Discarding

the transient state, about 106 time steps depending on the
mixture and the state, nonequilibrium data have been col-
lected during very long runs of 0.15–1
108 time steps. In
order to estimate errors on the variables computed, the sub-
block average method has been applied �26�.

It should be noted that the density values �* are defined
using the whole simulation box volume �L

x
*
L

y
*
h*�. Nev-

ertheless, due to excluded volumes close to both walls, see
Fig. 2, the “true” �bulk� density of the fluid phase is some-
what larger, roughly of the order of 30 /28 higher.

III. RESULTS

A. Preliminary results

In a first step, we have performed a simulation on an
isothermal pure fluid without gravity at T*=2.0 and �*=0.6.
This thermodynamic state, a dense supercritical gas �Tr
=T /Tc
1.5 and �r=� /�c
2, where Tc and �c are, respec-
tively, the critical temperature and the critical density of the
LJ fluid �27��, corresponds to the condition for which most of
the segregation MD simulations are performed in this work.

As expected, see Fig. 2, despite the purely repulsive na-
ture of the two soft walls, the density profile along the ver-
tical dimension �z� is not constant. The fluid exhibits a strong
structure close to the walls which is due to the molecular
packing effect �22�. Nevertheless, as shown in Fig. 2, the
area on which the analysis is done, between slabs 4 and 16
�i.e., between z*=4.575 and z*=25.425�, is not largely af-
fected by the walls presence. In addition, as mentioned pre-
viously, because of the exclusion zone close to the walls, the
bulk density is somewhat larger than 0.6, being equal to
�0.639.

For the same thermodynamic state, we have performed
separate equilibrium and nonequilibrium MD simulations in
order to estimate the physical properties that are needed to
evaluate the Rayleigh number, Eq. �11�. It should be noted
that our MD code has already been validated for the compu-
tations of all these properties �28,29�. Using equilibrium MD
simulations �30�, we have obtained �

p
*=0.23�0.01 and for

the isobaric heat capacity c
p
*=3.4�0.2. In addition, using the

boundary driven nonequilibrium scheme of Müller-Plathe
�31�, we have computed that the dynamic viscosity �* is
equal to 0.99�0.04 and that the thermal conductivity �* is
equal to 4.4�0.2. Using these results, we can deduce that,
for �*=0.6, T*=2, and h*=30,

Ra 
 2.103�T*g*. �17�

This implies that if �T*g*�1, then Ra�Rac and the system
simulated is stable. It should be mentioned that Eq. �17�
provides only an approximation of the Rayleigh number in
mixtures. First, it omits the concentration and the pressure
gradient contributions �see Sec. II B�. Second, the dimen-
sionless transport properties �in particular, the thermal con-
ductivity because of multiple definitions �15�� may be
slightly different in mixtures compared to the pure fluid val-
ues �32,33�.

B. Isothermal stationary gravitational segregation
of binary mixtures

1. Influence of the gravity amplitude

In order to test the limitations of the proposed MD algo-
rithm to simulate gravitational segregation, we have first
simulated an isothermal binary equimolar isotopic mixture,
for which M2 /M1=10, subjects to various gravity amplitude.
The thermodynamic conditions chosen are T*=2.0 and �*

=0.6. The gravity acceleration g*=g�i=1
N xiMi


	 has been
changed from 0.01 to 0.32.

As expected, see Fig. 3, whatever g*, the lightest com-
pound is enriched at the top of the column �small z* values�.

Z*
0 5 10 15 20 25 30

ρ*

0.0

0.2

0.4

0.6

0.8

1.0

FIG. 2. Density profile along the vertical direction at T*=2 and
�*=0.6. The full line represents the domain used to perform the
analysis.
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More important, results shown in Fig. 3 clearly indicate that
the proposed scheme provides a steady state composition
profile in perfect agreement with the thermodynamic model-
ing, Eq. �10�. This is the case even in the situations in which
the molar fraction profile is not linear as for g*=0.32.

It should be noted that the gravity values employed here
are indeed large compared to what occurs in a petroleum
reservoir. In fact, considering a mixture of methane with a
“super” methane �Msuper-CH4=10MCH4�, using the molecular
parameters provided in Ref. �28�, we obtain that the corre-
sponding “real” heights h of the systems simulated �between
z*=5.25 and z*=24.475� vary from 270 �g*=0.01� to
8750 m �g*=0.32�! These values should be compared with
the usual petroleum reservoir height which generally varies
from 100 to 1000 m.

2. Influence of the thermodynamic conditions

For the same isotopic mixture as in the previous section,
we have evaluated the influence of the thermodynamic con-
ditions, T* and �*, for a fixed gravity g*=0.02. From the
thermodynamic modeling, Eq. �10�, the segregated concen-
tration profile for the mixture studied here should be inde-
pendent of the density. As a test, for T*=2, we have changed
�* from 0.3 to 0.6 with a step of 0.1. Figure 4 clearly dem-
onstrates that the segregated concentration profile provided
by MD is independent of the initial density and is consistent
with Eq. �10�.

We have then changed the temperature keeping the den-
sity fixed at �*=0.6. The temperatures studied are T*=0.9,
1.5, 2, and 3. It should be noted that at T*=0.9 the system is
biphasic, see Fig. 5, the critical temperature of the truncated
LJ fluid being located at T

c
*
1.1 �34�.

As previously, see Figs. 5 and 6, the MD results are con-
sistent with those coming from the thermodynamic model-
ing, Eq. �10�, and exhibit a more pronounced segregation
when decreasing temperatures. In addition, it is worthwhile
to note that in the biphasic case �see Fig. 3� the segregated
concentration profile is not affected by the presence of an
interface for such an isotopic mixture.

C. Nonisothermal stationary cases

More complex are the cases in which a thermal gradient
�along the z direction� is present in addition to the gravity
field. In order to tackle this problem, we have performed MD
simulations of the same equimolar isotopic mixture as in the
previous section �at T*=2 and �*=0.6 on average� subject to
a gravity field g*=0.02 and to different thermal gradients
�T* /h* taking the values 5.3
10−3, 10.6
10−3, 15.9

10−3, and 21.2
10−3. Considering the same methane plus
“supermethane” mixture as in Sec. III B 1, the vertical exten-
sion of the column is about 550 m. Using these parameters,
the corresponding “real” thermal gradient applied varies
from 2.9 to 11.5 K per 100 m. Usually, the geothermal gra-
dient at petroleum reservoir depths is of the order of 3 K per
100 m.

For the conditions applied here, the largest Rayleigh num-
ber, Eq. �17�, corresponding to the largest �T* value used, is
below 30. So, its maximal value is largely below its critical
threshold �Rac�. Thus in all configurations studied here, the
system is stable and only diffusion will occur. In fact, due to

z*
5 10 15 20 25

x 1

0.0

0.2

0.4

0.6

0.8

1.0

g*=0.01
g*=0.02
g*=0.04
g*=0.08
g*=0.16
g*=0.32
Eq. (10)

FIG. 3. Molar fraction stationary segregated profile of the light-
est compounds in a binary equimolar isotopic mixture �M2 /M1

=10� at T*=2 and �*=0.6 under various gravity fields. Error bars
are smaller than the symbols and so are not represented here.

z*
5 10 15 20 25

x 1

0.46

0.48

0.50

0.52

0.54 Eq. (10)
ρ*=0.3
ρ*=0.4
ρ*=0.5
ρ*=0.6

FIG. 4. Molar fraction stationary segregated profile of the light-
est compounds in a binary equimolar isotopic mixture �M2 /M1

=10� at T*=2 under g*=0.02 for various densities.

z*
5 10 15 20 25

x 1

0.45

0.50

0.55

0.60

0.65

ρ*

0.00

0.15

0.30

0.45

0.60

0.75

Eq. (10)
Molar Fraction
Density

Liquid

Gas

FIG. 5. Molar fraction and density stationary profiles in a binary
equimolar isotopic mixture �M2 /M1=10� at T*=0.9 under g*

=0.02.
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the very small system size accessible by MD simulations
�appearing at the power of 3 in the definition of the Rayleigh
number, Eq. �11��, a huge thermal gradient should be applied
to destabilize the fluid column �35�.

An example of the stationary density and temperature pro-
files of the segregated mixture is shown in Fig. 7. It is inter-
esting to note that, for the largest thermal gradient, the den-
sity gradient is reversed, i.e., the density is larger at the top
of the column than at the bottom; see Fig. 7. Nevertheless,
despite this reverse density profile, the system is stable �Ra
�Rac�.

Because of the presence of a thermal gradient, the ther-
modiffusion process will take place in the simulation box in
addition to the gravitational segregation. Therefore, one
needs the value of the thermal diffusion factor of this mix-
ture, �T, in order to obtain the theoretical stationary molar
fraction profile, Eq. �14�. We have obtained this value using
the correlation proposed in Galliero et al. �20�, which has
been developed for such LJ isotopic mixtures. For the sys-
tems studied here, this correlation yields �T=2.08. The fact
that �T�0 indicates that the heaviest component tends to

migrate towards the cold areas. Thus for the systems studied
�heated from below�, the thermodiffusion effect on the molar
fraction profile is opposite the one induced by the gravitation
field. It should be noted that such a �T value is of the order
of magnitude of those in simple hydrocarbon mixtures
�9–11� but is rather small compared to those in colloids or
nanofluids �36,37�. In addition, it has been shown in a pre-
vious work �20� that the amplitude of the thermal diffusion
factor in normal-alkane binary mixtures can be correctly ap-
proximated by the mass contribution �isotopic� alone.

In Fig. 8, it clearly appears that the thermodiffusion effect
can have a strong impact on the composition profile; the
larger the thermal gradient the larger the influence of the
thermodiffusion. For a large thermal gradient ��T* /h*

�1.5
10−2�, the composition distribution may even be re-
versed, i.e., the heaviest compound is enriched at the top of
the fluid column! In addition, it is really interesting to note
that, whatever the thermal gradient, Eq. �14� combined with
the estimated �T value provides results which are fully con-
sistent with the MD simulations, see Fig. 8.

For a “realistic” thermal gradient ��T* /h*=5.3
10−3�, it
is worthwhile to emphasize that, for the system studied here,
the thermodiffusion impact on the concentration profiles is
less pronounced than the gravity one but is not negligible at
all; see Fig. 8. Keeping in mind that the thermodiffusion
amplitude of the system studied here is not particularly im-
portant, the non-negligible thermodiffusion influence on the
concentration distribution supports the fact that thermodiffu-
sion had to be taken into account in order to obtain an accu-
rate description of the fluid distribution in a petroleum res-
ervoir at the initial state �6–8�. In addition, we can suspect
that the thermodiffusion effect may even favor the apparition
of an unstable situation in particular petroleum reservoirs.

D. Multicomponent mixture

In order to analyze the behavior of some multicomponent
mixtures, we have performed simulations on ternary and ten-
component isotopic mixtures at T*=2 and �*=0.6 for g*

z*
5 10 15 20 25

x 1

0.44

0.46

0.48

0.50

0.52

0.54

0.56 Eq. (10)
T*=1.5
T*=2.0
T*=3.0

FIG. 6. Molar fraction stationary segregated profile of the light-
est compound in a binary equimolar isotopic mixture �M2 /M1

=10� at �*=0.6 under g*=0.02 for various temperatures.

z*
5 10 15 20 25

T*

1.8

1.9

2.0

2.1

2.2

ρ*

0.60

0.62

0.64

0.66

0.68

FIG. 7. Temperature �full symbols� and density �open symbols�
stationary profiles of a binary equimolar isotopic mixture for g*

=0.02 and various thermal gradients �circles: �T* /h*=5.3
10−3;
down triangles: �T* /h*=21.2
10−3�.

z*
5 10 15 20 25

x 1

0.46

0.48

0.50

0.52

0.54

FIG. 8. Molar fraction stationary profiles of the lightest com-
pound in a binary equimolar isotopic mixture for g*=0.02 and vari-
ous thermal gradients. The dotted lines correspond to the results of
Eq. �14�. Circles: �T* /h*=0; down triangles: �T* /h*=5.3
10−3;
squares: �T* /h*=10.6
10−3; diamonds: �T* /h*=15.9
10−3; up
triangles: �T* /h*=21.2
10−3.
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=0.02. For the ternary mixture the species masses are M3
=2M2=10M1 and for the ten-components one the species
masses are M10=10M1, M9=9M1, …, M3=3M1, and M2
=2M1. Both mixtures are equimolar ones, i.e., xi=xj.

In a first step, isothermal MD simulations have been per-
formed for both mixtures. Results provided in Figs. 9 and 10
indicate that MD values and those yielded by the thermody-
namic modeling, Eq. �10�, are in a very good agreement
�within the error bars� for both the ternary and the ten-
component mixtures. It is worthwhile to mention that, for the
ten-component mixture, despite an extremely long run �6

107 time steps�, the error bars are rather large because of a
low statistic when small values of molar fractions are used.

In a second step, we have performed MD simulations in
non isothermal conditions using a “realistic” thermal gradi-
ent, �T* /h*=5.3
10−3 for even longer runs �108 time
steps�. In such situations, to apply Eq. �14� in order to obtain
the analytical nonisothermal segregated profiles, the thermal
diffusion factor of each species i, �Ti, should be estimated.
To do so, it is necessary to first define a one fluid approxi-
mation on mass on all the compounds j� i �21,38� to esti-
mate the mass of the pseudospecies “equivalent” to the rest
of the mixture and then to use the correlation provided in
Galliero et al. �20�. However, this lumping process should
respect the constraint that, in a N-components mixture;

�
i=1

N

� xi = 0. �18�

Equations �12� and �18� impose that, in a nonisothermal
equimolar mixture �xi=xj� without gravitational segregation,

�
i=1

N

�Ti
= 0. �19�

However, if the usual linear assumption is employed, i.e.,
using Eq. �8� as the one fluid approximation, the correlation
of Galliero et al. �20� does not ensure the constraint imposed
by Eq. �19�; see Table I. In fact, Eq. �8� used as a one fluid
approximation mass tends to overestimate the mass of the
pseudospecies. In order to circumvent this inconsistency, we
propose an empirical one fluid approximation on mass which
writes, when dealing with a species i,

Mx
3/2 =

1

�1 − xi�2�
j�i

N

�
k�i

N

xjxk� 2MjMk

Mj + Mk
�3/2

. �20�

This equation is similar to the one used in some models
developed for predicting viscosity in mixture �with an expo-
nent of 1.5 instead of 0.5 �32�� and allows us to obtain
smaller Mx than Eq. �8�. Thermal diffusion factor values pro-
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FIG. 9. Isothermal �left figure� and nonisothermal �right figure, �T* /h*=5.3
10−3� molar fraction segregated profiles in a ternary
isotopic mixture.
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FIG. 10. Isothermal �left figure� and nonisothermal �right figure, �T* /h*=5.3
10−3� molar fraction segregated profiles in a ten-
component isotopic mixture �for the sake of readability, only profiles of components 1, 5, and 10 are shown�.
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vided by this new one fluid approximation on mass are pro-
vided in Table II.

It is interesting to note that Eq. �19� is very well respected
for both mixtures when this empirical one fluid approxima-
tion, Eq. �20�, is used; see Table II. In addition, even if the
differences between values provided in Tables I and II are
generally not large, in some cases the thermal diffusion fac-
tor sign can be opposite, e.g., �T2 in the ternary mixture.

From the nonisothermal results shown in Figs. 9 and 10, it
appears that the thermodynamic modeling, Eq. �14�, coupled
with the new one-fluid approximation, Eq. �20�, is in excel-
lent agreement with the MD simulations results for both the
ternary and the ten-component mixtures. In addition, as for
binary mixtures, the concentration profiles are modified in a
noticeable manner by the thermodiffusion effect compared to
the isothermal ones. This confirms the importance of ther-
modiffusion when estimating the concentration profile in pe-
troleum reservoirs with a large vertical extension.

To emphasize the differences between the use of Eq. �8�
or Eq. �20� as the one fluid model on mass, we have per-
formed nonisothermal simulations of the same ternary mix-
ture but subjected to a stronger thermal gradient, �T* /h*

=15.9
10−3, in order to enhance the influence of the ther-
modiffusion.

Figure 11 shows that the choice of an adequate one fluid
model on mass may affect noticeably the concentration pro-
file predicted. In the example chosen, Eq. �14� combined
with Eq. �8� predicts a homogeneous distribution of compo-
nent 2 whereas Eq. �14� combined with the new Eq. �20�
predicts an enrichment of component 2 at the top of the
column. It is interesting to note that MD results and those
predicted by Eq. �14� combined with the new one fluid ap-
proximation on mass, Eq. �20�, are consistent; see Fig. 11.
Such a good agreement cannot be achieved using Eq. �8� as
the one fluid approximation on mass.

E. Transient behavior

One major advantage of the MD simulation is that it al-
lows the analysis of the transient behavior of the gravita-
tional segregation without postulating a priori how this seg-
regation establishes itself. In order to study this transient

behavior, we have performed MD simulations of an isotopic
equimolar binary mixture �M2 /M1=10� subject to g*=0.02
at T*=2.0 and �*=0.6. Both isothermal and nonisothermal
��T* /h*=5.3
10−3� cases have been simulated. To analyze
this transient behavior, the molar fraction of component 1
has been measured �averaged on 50 time steps� during the
transient in slab 17. In order to reduce, the statistical uncer-
tainties, the results presented in Fig. 12 correspond to an
average of 20 different independent runs.

Figure 12 shows that isothermal and nonisothermal molar
fraction evolutions are very similar and both resemble a “dif-
fusive” evolution. In order to relate this transient behavior to
a diffusive process, we have estimated the mutual diffusion
coefficient D

12
* . To do so, we have used the fact that in an

ideal solution the mutual diffusion coefficient can be ob-
tained from �39�

D12
* = x1x2� 1

x1M1
+

1

x2M2
�2

�x2M2�2
N���r

c.m.
* 
�2

6t*
, �21�

where N is the total number of particles, t* is the time and
�r

c.m.
* is the mean-squared displacement of the center of the

mass of all fluid molecules. Using this procedure, we have
obtained D

12
* =0.32�0.05.

Assuming a diffusion equation behavior, the configuration
studied here leads to an evolution of the molar fraction that
follows roughly �40�

x1 = x1-statio.�1 − exp�−
t*

�*
�	 , �22�

where x1-statio is the stationary molar fraction and �*

=h*2 / ��2D
12
* � is the diffusion characteristic time. A more

refined solution of this problem leads to �41�

x1 = x1-statio.�1 −
8

�2 exp�−
t*

�*
�	 . �23�

It should be noted that both relations are not appropriate to
deal with very short times �41�.

From Fig. 12, it appears that Eqs. �22� and �23� represent
very well the transient behavior computed by MD simula-
tions. Thus, we can conclude that the establishment of the

TABLE I. Ternary and ten-component thermal diffusion factors of each compound, using Eq. �8� as the one fluid approximation on
mass.

Mixture �T1 �T2 �T3 �T4 �T5 �T6 �T7 �T8 �T9 �T10

Ternary 1.77 0.12 −1.46

Decanary 1.46 1.08 0.73 0.42 0.13 −0.13 −0.36 −0.57 −0.75 −0.93

TABLE II. Ternary and ten-component thermal diffusion factors of each compound, using Eq. �20� as the one fluid approximation on
mass.

Mixture �T1 �T2 �T3 �T4 �T5 �T6 �T7 �T8 �T9 �T10

Ternary 1.75 −0.15 −1.61

Decanary 1.44 1.03 0.65 0.30 0 −0.27 −0.5 −0.71 −0.89 −1.05
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gravitational segregation �isothermal or not� follows a diffu-
sionlike process guided by the mass diffusion coefficient.
This result is important as it emphasizes that a macroscopic
dynamic model aiming to describe the gravitational segrega-
tion process �6,7� should be formulated in such a way that its
transient behavior is conducted by the mass diffusion.

IV. CONCLUSIONS

In this work, for the first time ever to the best of our
knowledge, a molecular dynamics algorithm is proposed to
study the transient and the stationary state of gravitational
segregation in isotopic mixtures. Both isothermal and stable
nonisothermal �where thermodiffusion occurs� cases have
been studied. The fluid particles are described by Lennard-
Jones spheres but the approach is extensible to any kind of
molecular model. This work is aimed to deal with situations
that resemble to those occurring in a stable petroleum reser-
voir composed of hydrocarbons subjected to a geothermal
gradient.

In the first part, simulations have been performed on bi-
nary equimolar mixtures �with M2 /M1=10� for various grav-

ity amplitudes. It has been found that, discarding the areas
close to the walls for the analysis, the MD simulation sta-
tionary results are in perfect agreement with the analytical
solution of the thermodynamic modeling for T*=2 and �*

=0.6. Then, simulations have been performed for various
thermodynamic conditions including the biphasic case. In all
cases, MD simulation results have been found to be consis-
tent with the thermodynamic modeling showing an influence
of the temperature, but not of the density, on the stationary
concentration profiles.

Then, on the same mixture, MD simulations have been
carried out in nonisothermal situations �heated from below�
for different thermal gradients. It has been found that, be-
cause of the small height of fluid simulated �a few nanom-
eters�, the Rayleigh number is always largely below its criti-
cal threshold, i.e., the system is stable. Stationary simulations
results have shown that the non-negligible influence of ther-
modiffusion on the composition profiles of the studied mix-
tures is opposite to the gravity one. The thermodiffusion ef-
fect can even reverse the composition distribution along the
fluid column for a very large thermal gradient. In addition, it
has been found that the MD compositions profiles are con-
sistent with those predicted by an adequate thermodynamic
modeling.

Next, ternary and ten-component isothermal and noniso-
thermal mixtures have been studied. As for the binary mix-
tures, it has been noticed that in the nonisothermal case, the
stationary concentration profiles are modified in a noticeable
manner by the thermodiffusion effect compared to the iso-
thermal situation. This result confirms the importance of
thermodiffusion when estimating the concentration profile in
some petroleum reservoir. In addition, it has been demon-
strated that a thermodynamic modeling of these multicompo-
nent isotopic LJ mixtures can be performed using an ad hoc
one fluid approximation. The usual linear one fluid model on
mass is shown to be inadequate. Therefore, an empirical one
fluid model is proposed that ensures the consistence of the
thermal diffusion factor values.

Finally, the transient behavior of isothermal and noniso-
thermal segregation in a binary mixture has been studied by
MD simulations. The results have clearly shown that the evo-
lution of the molar fraction in a given slab is similar to the
one deduced from a diffusion equation. More precisely, it has
been found that this segregation process, isothermal or not,
follows a diffusion process based on the mutual diffusion
coefficient. This firmly confirms that the macroscopic dy-
namic modeling of the gravitational segregation in multi-
component mixtures should be formulated in such a way that
the transient behavior is guided by the mass diffusion coef-
ficients.
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