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In this work, we have studied the effect of surface roughness on thermodiffusion in
simple “isotopic” mixtures confined in a slit nanopore. To do so, we have performed non-
equilibrium molecular dynamics simulations of Lennard–Jones binary equimolar mixtures
confined in structureless (in which the interaction with the fluid is described by a Lennard–
Jones 9–3 potential) and atomistic walls for various widths, from 5 to 35 times the size
of a molecule, in the NP//T ensemble. For that purpose, a new algorithm is proposed in
atomistic pore. Different super-critical conditions have been explored, ranging from low to
moderate densities. In addition to the thermal diffusion factor, we have also estimated the
mass diffusion and thermodiffusion coefficients separately. The results show that the two
types of walls lead to noticeably different results. The thermal diffusion factor tends to
increase in atomistic wall and slightly decrease in structureless wall when the pore width
is decreasing, this being related to the average density behaviour. More precisely, both mass
and thermodiffusion coefficients are weakly affected by the pore width for structureless
walls, whereas both quantities largely decrease (up to 70% and 55% respectively compared
to bulk fluid) when pore size decreases in the case of a rough solid surface because of the
friction on the walls.

© 2013 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

A temperature gradient in a multi-component mixture can induce a relative species migration, due to the phenomenon
known as Soret effect or thermodiffusion [1]. This phenomenon plays a crucial role in many natural processes and industrial
applications such as the vertical spatial variation of the composition in petroleum reservoirs before production [2–4].

It is generally assumed that the porous medium, through tortuosity, has a similar influence on the mass and thermodif-
fusion coefficients [5,6], i.e. the thermal diffusion factor (or equivalently the Soret coefficient) is not affected by the presence
of a porous medium. However, in very low permeability porous medium (in which the pore widths are of the order of a
few molecular diameters), the behaviour of the confined fluid is considerably different from the behaviour of the corre-
sponding bulk fluid [7]. In particular, we can mention the strong inhomogeneity of the confined fluid due to adsorption and
molecular packing effects [7]. In the past, some works have been carried out to determine the porous medium effect on
thermodiffusion by using molecular dynamics simulation [8–12], but the analysis was not always easy to handle because of
the impossibility to get rid of the selective adsorption [8–11].

To simplify the analysis of the influence of the size of a porous medium on thermodiffusion, we have used “isotope”
binary mixtures. In these mixtures, both compounds have the same interaction parameters (size and energy), but different
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masses. So the two components are completely equivalent in terms of adsorption and thermodynamic properties, which
allows focusing only on the porous medium effect (confinement + molecular packing) on the thermodiffusion. Following
a previous work dedicated to structureless slit pore only [13], we have tried in this work to quantify the impact of the
roughness of the solid surface on the results as it is known that this parameter has an impact on mass diffusion [7,14]. To
do so, using the same ensemble (NP// T ) we have compared the atomistic and structureless walls effect on thermodiffusion.
More precisely, we have performed a systematic study of the influence of pore widths varying from 5 to 35 times of
molecular diameter, at four different parallel pressures in a super-critical state, for two descriptions of the wall, one based
on an integrated potential (structureless) and another one based on an atomistic description of the walls.

2. Theory & model

2.1. Fluid description

In this work, the fluid particles are described by smooth spheres, interacting through a truncated 12–6 Lennard–Jones
potential:

U (ri j) = 4ε
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where εi j and σi j represent respectively the intermolecular potential depth and the molecular diameter, ri j is the distance
between particle i and particle j. To perform the computation, the potential is truncated at a cut-off radius rc = 3.5σ .
Furthermore, long-range corrections are derived from the Wang and Fichthorn formulation [15], which are based on a
classical approximation of a radial distribution function equal to one for a distance above the cut-off radius and can be used
to deal with confined systems. The equations of motion are integrated using the “velocity Verlet” algorithm [16]. To save
CPU time, we have used the Verlet neighbour list [16]. In the following, LJ reduced quantities are expressed with a star as
superscript [13].

As mentioned in the introduction, to focus only on the confinement effect on thermodiffusion, we have used “isotopic”
binary mixtures in which the two compounds have the same interaction parameters (ε and σ) but different masses (m2 =
10m1).

2.2. Solid phase description

In this work the solid was modelled by two parallel planes placed in z-direction and separated by a given reduced
distance H∗ = H/σ . This distance corresponds to the distance between the positions of the two solids where the potential
is infinite. We have used two types of walls, as shown on Fig. 1. The first wall model is an integrated wall which is
structureless. In that model the Lennard–Jones 9–3 potential has been used (without truncation) to describe the fluid–solid
interactions:
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where d is the distance between the particle and one wall, ε and σ the solid–fluid molecular parameters taken equal to
those of the fluid.

The second wall model is an atomistic wall, modelled as harmonic faced centred cubic crystal with a density equal to the
one employed for the integrated wall model. The interaction has been truncated at a distance equal to fluid–fluid interaction.
This representation of the wall is more realistic, but is more time consuming. However, it allows us to avoid some artefacts
such as thermal creep (microscopic Marangoni effect) in the simulation box [8,11]. Indeed, when changing a flat wall into
a slightly corrugated wall, it is shown that the dynamic behaviour of confined fluids can be drastically modified, while the
average static properties are not affected [7].

As an example the stationary state of the local fluid density for different wall types and of the same isotopic mixture
in the z-direction is shown in Fig. 2. As expected, a strong inhomogeneity perpendicular to the walls (z-direction) can be
observed, induced by adsorption and molecular packing.

When comparing the two wall types’ results, the fluid molecules are, especially for the lowest pressure state (see
Fig. 2(a)) noticeably more attracted by the atomistic walls than by the structureless walls. This difference leads to non-
negligible differences, even in the central part of the pore in the less dense cases, and confirms that the integrated potential
provided by Eq. (2) is unable to correctly mimic the potential associated with an atomistic description of the walls [7].
However, these differences are reduced when increasing the pressure and enlarging the pore width, see Fig. 2(b), with a
density in the central part of the pore that is almost the same for the two wall types and is equal to the bulk density (bulk
values correspond to the results in the absence of walls).
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Fig. 1. General scheme of the system used in the NEMD simulations for different type of walls: atomistic wall (a) and integrated wall (b).

Fig. 2. Reduced local density of the fluid confined in pore at T ∗ = 2 for (a) H∗ = 5 and P∗
// = 0.25, (b) H∗ = 10 and P∗

// = 1. Dotted line corresponds to
the bulk density.

2.3. NP//T ensemble

To study diffusion/thermodiffusion of confined fluids using molecular simulation methods for various pore widths, the
simulation should be done in a grand canonical ensemble, in which chemical potential, volume, and temperature are con-
stant. However, these methods are not easy to implement in molecular dynamics simulations. Recently, Wang and Fichthorn
[15] have proposed an alternative to this ensemble, the so-called NP//T ensemble, where N is the number of particles,
T is the average temperature, and P// is the parallel (to the walls) component of the pressure/stress, in which they used
the Evans and Morriss barostat [16]. Eslami and Müller-Plathe [17] have proposed another algorithm, in which they have
used a Berendsen barostat [18] to control the parallel pressure by changing the pore width. It has been shown that such an
ensemble gives similar results to that of a true Grand Canonical one, even if not being fully equivalent [17].

It is rather easy to impose a given P// when using integrated walls (by changing the simulation box size in x- or
y-direction); however, when dealing with atomistic walls, if the pore width is kept constant, there exists no alternative
published in the literature. So, for this purpose, we have developed an algorithm to control the parallel pressure of a
fluid confined between atomistic walls for a fixed pore width. Here we briefly describe the steps of our NP//T ensemble
Molecular Dynamics simulation:

(1) Impose the density step �ρ , the desired parallel pressure P d
// , a tolerance parameter δ and an initial density ρ .

(2) Generate an initial configuration (positions, velocities and accelerations).
(3) Make a simulation in the NVT ensemble (where V is the volume) during n time-steps (typically, n = 104); here the

Berendsen thermostat has been used [18].
(4) Evaluate the average parallel pressure P new

// .

(5) If |P new
// − P d

//| � δ, then end.

(6) If the parallel pressure is between previous and new parallel pressures the density step, �ρ is divided by 2.
(7) If P new

// < P d
// , then ρnew = ρ + �ρ and if P new

// > P d
// , then ρnew = ρ − �ρ .

(8) Generate a system with the new density ρnew and go back to step number 2.
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Fig. 3. Evolution of the parallel pressure (a) and average density (b) as a function of the iteration number.

To test our algorithm, the simulation has been performed for sub-critical conditions (T ∗ = 1) in a pore width of 5σ with
a target parallel pressure equal to 1 (see Fig. 3). Initial conditions are ρ∗ = 0.2 and �ρ∗ = 0.1. Fig. 3 shows that the system
is already close to the desired parallel pressure in 10 iterations, despite an initial system far from the final state, which
means that the algorithm converges. Furthermore, as expected, the density has a similar behaviour with less pronounced
fluctuations

2.4. Computed quantities

After having imposed the parallel pressure for a given pore width we have performed simulations using a non-
equilibrium molecular dynamics (NEMD) scheme proposed in [19] for 1.5 × 107 time-steps to ensure a sufficient statistical
averaging. At the stationary state, the thermal diffusion factor has been computed using:

αT = − T

x(1 − x)

∇x

∇T
(3)

where x is the molar fraction of the heaviest compound (i.e. species 2 in this work) and T the temperature. Concerning
the mass diffusion, D , we have used the classical mean square displacement of both species [11] over the two directions
parallel to the walls to compute the two self diffusion coefficients D1 and D2. Then we have used the fact that the mixture
studied is ideal, which allows us to employ the following relation [13]:

D = x1 D2 + x2 D1 (4)

Finally, the thermodiffusion coefficient, DT , is deduced from the thermal diffusion factor and the mass diffusion coefficient
using:

DT = D
αT

T
(5)

Error bars have been computed using the classical sub-blocks method [16]. They have not been included in Figs. 4–7 for the
sake of clarity, but they are of the order of 1% for density and mass diffusion and smaller than 15% for the thermodiffusion
factor.

3. Results and discussion

3.1. Density

As mentioned previously, we have studied a simple equimolar “isotopic” binary mixture confined between atomistic
and structureless walls. The pore width varies between 5 to 35 times of a size molecule. We have studied the effect of the
parallel pressure using P∗

// = 0.25, 0.5, 0.75 and 1, corresponding to a bulk density of 0.148±0.01, 0.306±0.03, 0.416±0.04
and 0.483±0.05, respectively. To avoid phase transitions, we have performed our simulations at a super-critical temperature
(T ∗ = 2). In addition, it should be mentioned that the average densities so obtained have been estimated over the full pore
space (i.e. over H∗) even if there is no fluid present very close to the walls, see Fig. 2.

As shown in Fig. 4(a), for the lowest parallel pressures (P∗
// = 0.25 and 0.5), the average density of the simulated sys-

tems tends to increase relatively to the corresponding bulk values (about 180% in the extreme case) when pore width is
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Fig. 4. Average density relatively to the bulk value for atomistic (a) and structureless (b) walls as a function of pore widths, for P∗
// = 0.25 (circles), P∗

// = 0.5
(triangles), P∗

// = 0.75 (across) and P∗
// = 1 (squares).

Fig. 5. Thermodiffusion factor relatively to the bulk value for atomistic (a) and structureless (b) walls as a function of pore widths, P∗
// = 0.25 (circles),

P∗
// = 0.5 (triangles), P∗

// = 0.75 (across) and P∗
// = 1 (squares).

decreasing, as expected from the local density profiles shown in Fig. 2(a). Furthermore, this increase is more pronounced for
P∗

// = 0.25 than for P∗
// = 0.5. For P∗

// = 0.75, the average density is almost the same for all pore widths and is equal to that
of bulk fluid. Finally, for P∗

// = 1, the average density tends to weakly decrease with pore width (5% at most), consistently
with what shown in Fig. 2(b). In Fig. 4(b), density tends to decrease when pore width decreases (up to 18% in the extreme
case) for all parallel pressures tested. Furthermore, for the lowest parallel pressure, the decrease is less pronounced than for
the others parallel pressures tested, which exhibit almost the same behaviour with pore widths.

From these results, we can confirm, as already shown in Fig. 2, that the structureless pore (LJ 9–3) is not able to
yield results similar to that of a fully atomistic pore, especially at low pressure and in very narrow pores. From this,
we can expect that the transport properties will as well be influenced by the choice of the nature of the description
of the walls.

3.2. Thermodiffusion

For the systems described in the previous section, NEMD simulations have been performed to estimate the thermodiffu-
sion factors of the studied binary mixture. For that purpose, we used the linear parts of the molar fraction gradient of the
heavy component and of the temperature profiles in the x-direction. To quantify the porous medium effect, we have com-
pared the results in the confined situations with the thermodiffusion in bulk fluid for the same thermodynamic conditions.
For the bulk fluid we have obtained αT = 0.47 ± 0.05, 0.86 ± 0.005, 1.22 ± 0.09 and 1.44 ± 0.11 for P∗

// = 0.25, 0.5, 0.75
and 1, respectively. These results are in agreement with those of Ref. [20].

Fig. 5 shows that there is an opposite effect of the pore width on αT in atomistic and structureless walls. The thermod-
iffusion factor tends to decrease in structureless walls when the pore width is decreasing while it is the contrary for the
atomistic walls. Additionally, we can note a weak effect of the confinement in structureless walls, which is at most of the
order of the error bars. However, in atomistic walls, the thermodiffusion factor is strongly affected (up to 200% in extreme
case), and is more pronounced when the parallel pressure is decreasing. It should be pointed out that, as expected, for all
cases the thermodiffusion factor tends toward the bulk values when the pore width is increasing.
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Fig. 6. Thermodiffusion coefficient relatively to the bulk value for atomistic (a) and structureless (b) walls as a function of pore widths, for P∗
// = 0.25

(circles), P∗
// = 0.5 (triangles), P∗

// = 0.75 (across) and P∗
// = 1 (squares).

Fig. 7. Mass diffusion coefficient relatively to the bulk value for atomistic (a) and structureless (b) walls as a function of pore widths, for P∗
// = 0.25 (circles),

P∗
// = 0.5 (triangles), P∗

// = 0.75 (across) and P∗
// = 1 (squares).

In bulk fluids, αT is increasing with density for such states [20]. Thus, putting aside the fact that the surface of the two
wall types are different, it seems that the results obtained here in confined situations are consistent with the density results
when looking at Figs. 4 and 5. However, to better understand these trends and in particular the impact of the roughness
of the walls, we have evaluated the effect of confinement on mass diffusion and thermodiffusion coefficients in the next
section.

3.3. Mass diffusion and thermodiffusion coefficients

To supplement the previous results, we have evaluated the thermodiffusion coefficients for the same systems in the same
thermodynamics conditions. To do so, the mass diffusion coefficient has been computed and the thermodiffusion coefficient
deduced from Eq. (5). The results are shown in Fig. 6.

Fig. 6(a) shows that, contrary to the thermodiffusion factor, the thermodiffusion coefficient of a fluid confined between
atomistic walls tends to decrease when the pore width is decreasing for all parallel pressures tested. Those results are
completely different from that obtained with structureless wall (Fig. 6(b)), where we can observe a weak effect of the
confinement on DT . To understand these surprising trends, we have plotted the results for the mass diffusion coefficient in
Fig. 7. To quantify the porous medium effect we also have computed mass diffusion coefficient in bulk fluid and we have
obtained D∗∞ = 19.84 ± 0.20, 8.90 ± 0.09, 5.96 ± 0.06 and 4.91 ± 0.04 for P∗

// = 0.25, 0.5, 0.75 and 1, results in agreement
with [21].

Fig. 7(a) shows a strong dependence of the mass diffusion coefficient on the confinement in atomistic walls. In all cases,
the mass diffusion coefficient decreases with the pore width in a similar fashion for all pressures (more pronounced when
the pressure decreases). These trends are completely different in structureless walls (Fig. 7(b)), where we can observe a
weak effect of confinement on mass diffusion. Interestingly, these two behaviours cannot be explained by average density
effects (Fig. 4) as long as D is decreasing when density increases.

In fact, these trends can be explained, for both thermodiffusion and mass coefficients, by taking into account the fact
that the boundary conditions on the fluid due to atomistic walls and structureless walls are completely different. For the
first wall type (atomistic), because of the roughness, the slip of the fluid on the walls is very limited, while this slip is non-
negligible when using structureless (flat) walls. This has been confirmed using molecular dynamics simulations by Saugey
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and co-workers [14]. They showed that the mass diffusion coefficient is very sensitive to boundary conditions on the solid
substrate. Furthermore, because of adsorption, the local mass diffusion close to an atomistic wall is reduced compared to
that of the bulk [22].

As thermodiffusion coefficient in such an isotopic mixture is a purely kinetic property (the potential of the two com-
pounds is exactly the same), such explanations for the mass diffusion coefficient should hold as well for the thermodiffusion
coefficient. Thus, in this case, the difference of friction on the solid due to the wall roughness seems to be the dominant
effect to explain the noticed behaviour on mass and thermodiffusion coefficients.

4. Conclusion

To summarize, we have studied in this paper the effect of corrugation (structureless and atomistic walls), parallel pres-
sure and pore width on thermodiffusion and mass diffusion in simple isotopic mixture confined in a slit pore. To do so,
we have performed non-equilibrium molecular dynamics (NEMD) simulations of Lennard–Jones binary equimolar mixtures
confined in atomistic and structureless walls with various widths (5 to 35 times the size of a molecule), at four different
parallel pressures in super-critical conditions. To do so, a new algorithm has been developed to control the parallel pressure.

It has been found that the roughness of the wall has a large impact on the thermal diffusion factor’s dependence with
the pore width. This dependence is in fact strongly related to the behaviour of the average density with the pore width,
which noticeably differs between the two wall types because of differences between effective fluid–solid interactions. More
precisely, in an atomistic wall the thermal diffusion factor tends to increase strongly when the pore width is decreasing,
and this dependence increases when parallel pressure is decreasing. However, in a structureless wall this effect can be
considered as negligible for the pore widths larger than 10 times the size of the molecules and whatever the parallel
pressure used, consistently with previous findings.

When looking at the mass diffusion and thermodiffusion coefficients separately, it has been shown that both quantities
are largely influenced by pore size in an atomistic wall (a strong decrease when the pore width decreases), whereas it is
not the case when using structureless walls. For both mass and thermodiffusion diffusion coefficients, these trends can be
explained by taking into account the fact that the boundary conditions on the fluid due to atomistic walls (friction) and
structureless walls (slip) are completely different.
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