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Influence of Gas–Solid Kinetic Energy Exchange Processes
on Gas Effusion from Slitpores in Non-equilibrium Molecular
Dynamics Simulations
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Department of Materials Engineering Science, Graduate School of Engineering Science, Osaka University, Toyonaka, Osaka 560-8531, Japan

(Received May 2003; In final form November 2003)

The boundary-driven type non-equilibrium molecular
dynamics (BD-NEMD) simulations have been carried out
to clarify the influence of solid flexibility on gas effusion
through a slitpore, by using a rigid solid model
(R-model) and a flexible solid model (F-model). The LJ
potential particles with parameters of argon are chosen
for both the effusing gas molecules and the solid atoms.
It is found that the R-model combined with a velocity
scaling technique provides a reasonable effusion flux,
probably a maximum in magnitude, compared with the
fluxes calculated from the F-model without a fictitious
thermostat (a velocity scaling) for effusing molecules.
In the F-model, temperature lowering has been observed
at the pore exit, being enhanced with an increase in the
strength of springs that unite the solid atoms. This
observation indicates that the molecules escaping from
the pore exit take the excess kinetic energy for
evaporation from solid atoms or surrounding molecules,
which results in the low exit temperature, and that the
rate of gas–solid kinetic energy exchange decreases with
increasing spring strength (i.e. decreasing solid flexi-
bility). It is suggested that the effusion flux is influenced
by two factors: the solid flexibility and the molar
potential energy in the pore.

Keywords: Non-equilibrium molecular dynamics; Energy exchange;
Effusion; Membrane

INTRODUCTION

Membrane separations have been intensively investi-
gated because of their several advantages over
other separation processes: low energy consump-
tion and the compactness of separation plants
[1,2]. Understanding permeation and separation

mechanisms from the viewpoints of the diffusion
and the adsorption is important for rational design of
membranes. Recently, several molecular simulation
techniques consisting of molecular dynamics (MD)
and Monte Carlo (MC) methods [3,4] have been
utilized for studies of permeation mechanisms
at the molecular level; in particular, a boundary-
driven type non-equilibrium molecular dynamics
(BD-NEMD) technique [5–10] has been widely used
[10–19] since it is simple and easy to generate non-
equilibrium stationary states by deposing two control
regions in a simulation cell.

In most BD-NEMD simulations for gas per-
meation, membrane atoms have been fixed at their
stable locations, providing potential fields for
permeating molecules without exchange of kinetic
energies. Therefore, these NEMD simulations have
to employ some temperature correction techniques,
such as the velocity scaling or the Nose-Hoover
thermostat techniques [3,4], to take into considera-
tion the kinetic energy exchange between solid
atoms and diffusing molecules. However, there have
been no reports that examine the reliability of these
corrections in NEMD simulations of molecular
transport through micro-pores.

As for the equilibrium-MD simulations, Demontis
et al. [20–22] have investigated effects of framework
vibrations on diffusion of methane in zeolite
crystallites, by comparing with rigid and flexible
framework models. According to their simulation
results, the values of diffusivity of methane obtained
from the flexible framework model were almost the
same as those from the rigid framework model,
though some differences were observed in the shape
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of the mean-square-displacement (MSD) curves.
They also suggested that the similarity of methane
diffusivities might be ascribed to the small size of
diffusing molecules compared with the windows
of zeolites and that the small differences in the MSD
curve shape might be due to the movable potential
energy barriers through the adjustment of frame-
work atoms to diffusing molecules. However, there
have been no reports that deal with the effect of the
strength of springs that connect framework atoms,
which will influence the effusion rate, in particular,
by changing the rate of kinetic energy exchange
between solid atoms and molecules as well as the
potential barriers for diffusion.

In this work, we carry out BD-NEMD simulations
to investigate the influence of the flexibility of solid
atoms on gas effusion through a slitpore, by using a
rigid solid model (R-model) combined with the
velocity scaling technique and a flexible solid model
(F-model) without a fictitious thermostat for effusing
molecules. For the R-model, the MD step interval for
the velocity scaling is chosen as a simulation
parameter from the viewpoint of practical importance
of simulations while the flexibility of membrane
atoms is chosen for the F-model from physical
significance on the effusion process.

SIMULATION DETAILS

Figure 1 shows a schematic diagram of the
simulation cell used in this work for investigation
of gas effusion through a slit-shaped pore. The pore
is dug in the center of face-centered cubic (f.c.c.)
crystal of argon atoms. The shape of the cross
section of the pore (or channel) is slightly zigzag at
the atomic scale. The simulation cell consists of two
areas: the condensed area of membrane atoms with
a pore and two space areas representing the gas
phase connected to the molecular sinks (L-regions).
In order to apply the periodic boundary conditions
in three dimensions, the condensed area is divided
into two parts, each with an equal number of
membrane atoms. Furthermore, two H-regions are
set to be adjacent in the center of the cell as shown

in the figure. Two L-regions are sinks of diffusing
molecules, that is, molecules that enter into the
L-regions are immediately removed from the cell.
On the other hand, the H-regions are molecular
sources where the chemical potentials of the
diffusing component are kept constant by using
insertion/deletion algorithms of the mVT-ensemble
Monte Carlo (mVT-MC) technique. In the M-regions,
which locate between the H-region and the
L-region, molecules can diffuse through the mem-
brane into evacuated space without any mani-
pulation of local molecular densities. It is noted here
that, in our previous paper [19], we used the mVT-
MC technique to maintain the number of molecules
in the H-region to reduce the computation cost;
however, in this work, we have adopted the
algorithm that keeps the chemical potential of
the H-region as proposed by Heffelfinger et al. [6]
for making rational comparisons of simulation
results calculated for both rigid and flexible
membranes consisting of different strength of
springs that unite membrane atoms.

One mVT-MC cycle consists of 100 insertion/dele-
tion trials and it is carried out at every 50 MD steps.
The velocities of inserted molecules are assigned
with random numbers on the Gaussian distribution.
In addition, a so-called streaming velocity (vst)
[10,13,15] is added to the inserted molecules to
eliminate the discontinuity in the flux at the interface
between the H-region and the M-region. At the end
of each mVT-MC cycle, the velocities of all molecules
in the H-region are rescaled in three directions
independently so as to maintain a constant tempera-
ture of molecules in the H-region. For the opera-
tion of velocity scaling, the streaming velocity in
the x-direction is eliminated first and added after
the scaling.

The streaming velocity vst is recalculated at every
MD block, which consists of 1000 MD steps, as the
block-average flux in the M-region divided by the
block-average density in the H-region, both are on
the basis of the last MD block

vst ¼
k J MlMD block

rCR
; J M ¼ rM £

i[M-region

P
vi

N M
ð1Þ

where J M, N M and r M are the molar flux, the
number of molecules, and the density, respectively,
in the M-region, r CR is the density of the control
region (the H-region in this case), and vi is the
velocity of ith molecule.

The solid membrane is modeled by first arranging
argon atoms in the f.c.c. crystal structure and then
removing the atoms in the direction perpendicular to
the (111) surface. The slit width of the pore is set
at 0.66 nm. Two types of solid models are adopted:
a Rigid model (R-model) and a Flexible model
(F-model). In the R-model, the solid atoms are fixed

FIGURE 1 Schematic diagram of the simulation cell for gas
effusion through a slitpore.
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at their optimized locations. Therefore, in order to
take account of the kinetic energy exchanges
between the solid and the gas, the velocities of
all the molecules moving in each subcell are
simultaneously rescaled so as to keep a constant
temperature of the molecules in each subcell.
We divided the M-region into 10 subcells in the
x-direction. It should be noted that this velocity
scaling procedure may correspond to infinitely rapid
exchange of kinetic energies between the molecules
and the solid atoms.

In the F-model, the solid atoms are movable
through springs of harmonic oscillators; the potential
function for a pair of adjacent atoms, Es

p; is given
as [23],

Es
p ¼

1

2
ksðr 2 r0Þ

2 ð2Þ

where ks is the spring constant, r the distance between
solid atoms, and r0 the equilibrium inter-atomic
distance ( ¼ 0.381 nm). The value for ks is 8.89 N/m
taken from the constant of platinum [24]. In the
F-model, the kinetic energies are exchanged between
the solid atoms and effusing molecules through both
collisions and interactions between atoms and
molecules while the energy transfer in the solid entity
is also conducted through direct collisions of solid
atoms. As shown in Fig. 1, a part of solid atoms
in the H-regions are replaced by phantom
particles [25,26], with a dumping constant
ð¼ 4:23 £ 10213 kg=sÞ [23] so as to introduce a
thermostat for the solid atoms.

The effusing molecules and the solid atoms are
represented as the Lennard–Jones particles with
potential parameters of argon (s ¼ 0:3405 nm;
1 ¼ 1:006 kJ=mol) [23]. The cut-off distance for
calculations of the intermolecular interactions
is set at 1.0 nm. The size of a simulation cell is

12:4 £ 9:91 £ 3:96 nm3 and the thickness of the
control regions is 1.0 nm. The chemical potential
of an effusing gas in the H-region ðPH ¼ 10 MPaÞ is
calculated through the ideal gas law. All the
NEMD simulations are conducted by integrating
the classical equations of motion using the Verlet
technique of the velocity form with 1.0 fs for the
time increment of an MD step. To calculate
the ensemble averages of density, potential energy,
and effusion flux in a stationary state, the last
500,000 MD steps in total 1,000,000 MD steps have
been adopted.

RESULTS AND DISCUSSION

In the simulations for the R-model, the interval of
MD steps for one velocity rescaling operation
(Rescaling MD Interval: RI) is varied at three levels
(RI ¼ 1; 10 and 100 steps). For the F-model, the
strength of the springs is varied at three levels by
multiplying the strength factor a ( ¼ 0.1, 1.0, 10.0) to
the original spring constant ks ( ¼ 8.89 N/m). It is
noted that the MD step time of 1.0 fs is confirmed to
be small enough for simulating vibrations of solid
atoms even in the case of the largest spring constant
ða ¼ 10:0Þ by the conduction of BD-NEMD simu-
lations with smaller MD step times (0.25 and 0.5 fs).
In all the simulations, the temperature is set at 298 K.

Figure 2 shows snapshots and molecular trajec-
tories for the R-model ðRI ¼ 1 stepÞ and the F-model
ða ¼ 0:1Þ: The trajectories are drawn for all mole-
cules in the right hand side of the simulation cell
during a time interval of 20 ps. In the two solid
models, the molecules effusing from the pore exit
are either trapped on the outer surface of the solid
or dispersed directly into the gas phase. In the
F-model, the solid atoms vibrate around their

FIGURE 2 Snapshots (a, b) and molecular trajectories (c, d) for the R-model ðRI ¼ 1 stepÞ and the F-model ða ¼ 0:1Þ; Dt ¼ 20 ps for
molecular trajectories.
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equilibrium positions. It is observed that the
vibration amplitudes of surface atoms, locating at
either the inner surface of the pore or the outer
surface of the solid, are larger than those of inside
atoms, which is ascribed to the small number of
springs connecting to a surface atom.

Figure 3a–c shows the profiles of the effusion flux
( J ), the internal temperature in the x-direction (Tx),
and the local density (r), respectively, for the
R-model. The internal temperature of each subcell
ðTSC

x Þ is calculated from the molecular velocities (vi)
subtracted by the local stream velocity in the subcell
ðvSC

st Þ; which are defined as follows:

TSC
x ¼

i[SC

P
mi

�
vi 2 vSC

st

�2

N SCkB
; vSC

st ¼
i[SC

P
vi

N SC
ð3Þ

where mi, is the mass of molecule i, N SC, the number
of molecules in the subcell, kB, Boltzmann constant.
The subcell width in the x-direction is 4.22 nm.
As shown in Fig. 3a,b, the profiles of J and Tx are
almost constant in the whole simulation cell and they
coincide with each other regardless of the rescaling
MD interval (RI), which indicates that the velocity
scaling technique has worked well in each simu-
lation run and that the rescaling interval in MD Steps
can be taken as long as 100 steps to obtain a reliable

value for the effusion flux in the R-model. In Fig. 3c,
three curves of r behave similarly; that is, they
sharply decrease in the pore towards the membrane
exit, then slightly increase at the outer surface due to
adsorption on it, and finally they decrease towards
the sink. The sharp and large decrease in the density
in the pore indicates that the diffusion process of
molecules passing through the zigzag pore is the
largest resistance for effusion to gas phase compared
with other processes: direct evaporation at the exit or
desorption from the outer solid surface.

Figure 4a–c shows the profiles of J, Tx and r,
respectively, for the F-model with different values
of 0.1, 1.0 and 10.0 for the spring strength factor a.
At the first glance, three curves for effusion flux J
are constant in the whole simulation cell though
they are different in magnitude. A largest value of
31 kmol/m2 s for J is obtained for a ¼ 1:0; which is
the same flux obtained for the R-model. This is good
information for BD-NEMD simulation since the
R-model is less costly than the F-model.

In Fig. 4b, the curves for Tx, calculated from
Eq. (3), decrease towards the effusion direction,
especially in the pore region; the decreases are small
and almost identical for a ¼ 0:1 and 1.0 while it is
much larger for a ¼ 10:0 than the other two. This
temperature lowering was unexpected; however,

FIGURE 3 Profiles of effusion flux (a), internal temperature in the
x-direction (b) and local density (c) for the R-model.

FIGURE 4 Profiles of effusion flux (a), internal temperature in the
x-direction (b) and local density (c) for the F-model.
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it is interpreted in terms of heat of evaporation
(or desorption) and the heat transfer rate that
govern the effusion process at the pore exit; that is,
a molecule effusing from the pore exit to the gas
phase has to take extra kinetic energy necessary to
evaporate (or desorb) from either solid atoms or
surrounding molecules; therefore, the temperature of
molecules remaining at the exit gets lowered unless
the heat (kinetic energy) is fully supplied from the
solid. Therefore, large temperature lowering
observed for a flexible solid with strong springs
ða ¼ 10:0Þ indicates that the rate of gas–solid kinetic
energy exchange decreases with increasing spring
strength (i.e. decreasing solid flexibility). Another
description is possible for the effusion process in the
case of rather rigid solid; that is, collisions of
molecules on to solid atoms are likely elastic and
little heat flows from solid to molecules, resulting in
temperature lowering of molecules that have given
their kinetic energies to the effused molecules. It is
noted here that, in Fig. 4b, the four points in the gas
region are connected by broken lines since the
velocity distributions in these regions are signifi-
cantly deviated from the Gaussian function, which
will be shown later.

In Fig. 4c, density profiles for the three spring
models are almost the same except in the case of
a ¼ 10:0; where the local density at the outer surface
is much higher than others, which is consistent with
the finding of large temperature lowering at the
outer surface; that is, as the temperature lowers at the
outer surface, molecules lose their frequency to get
excess kinetic energy for desorption and the density
increases. Another explanation from the statistical
viewpoint could be plausible; that is, the Boltzmann
factor increases with lowering temperature, which
results in the increase in the adsorption density at the
outer surface.

Figure 5 shows the molecular velocity distri-
butions for the F-model with a ¼ 10 in the H-region
(denoted as H) and four subcells in the M-region
(denoted as 2, 4, 6 and 8), the locations of each subcell
are displayed at the top of the figure. Each arrow in
the figure denotes the center of velocity distribution,
which corresponds to the stream velocity in each
subcell. The velocity distribution in the H-region is
perfectly Gaussian and the center velocity slightly
shifts to the positive direction, which is the streaming
velocity automatically given in the NEMD simu-
lation. As molecules go downward, the pore passing
through subcells 2 and 4, the center velocity
increases due to the decrease in the local density
while the distribution curve keeps the Gaussian
shape. Almost the same curve is obtained in subcell
6, which includes the outer surface of the solid. The
distribution curve in subcell 8, on the other hand,
shows significant asymmetry as the backward
velocities are almost cut, indicating that molecules

moving into this region infrequently go back due
to small attractive force exerted from the solid
surface. Therefore, we conclude that the internal
temperatures Tx calculated through Eq. (3) are
reliable only for subcells 1–6, slightly doubtful for
subcell 7, and unreliable for subcells 8–10; This is
the reason why we used broken lines in Fig. 4 for
connecting the data points at subcells 8 – 10;
furthermore, the Gaussian distribution curve for
subcell 6 is good evidence for the local equilibrium in
the small region at the outer surface.

To have more insight into the potential energy of
molecules, we calculated the local molar potential
energies (Ep) issued from interactions between
molecule–molecule (gas–gas) and molecule–solid
atoms (gas–solid); they are shown in Fig. 6 for the
F-model with three values for a. The three curves for
Ep (gas–gas) are almost identical, increasing from
the inside of the pore to the gas phase due to

FIGURE 5 Molecular velocity distributions in the H-region and
four subcells numbered as 2, 4, 6 and 8 in the M-region for the
F-model ða ¼ 10Þ; an arrow in each figure indicates the center of
distribution.
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the decrease in the local density. As for the Ep

(gas–solid), two curves for a ¼ 1:0 and 10.0 are
almost the same inside the pore region while
the curve for a ¼ 0:1; corresponding to weak springs,
is lower than others, which indicates that the more
flexible the membrane atoms, the deeper the Ep

(gas–solid) since atoms can adjustably move so as to
obtain the lower potential energy.

Figure 7 shows the effect of the spring strength
factor a on the average effusion flux J for the
F-model. Though the data points are only three, they
are reliable to reach the conclusion that there exists a
maximum in J in the vicinity of a ¼ 1.0. It is noted
that the original value for ks taken from the spring
constant of platinum crystal [24] might have been so
lucky for us to obtain the significant result. Now, we
have macroscopic and molecular level knowledge

from simulations to understand the reason why
the maximum exists in J with the change of spring
strength for the F-model. When the spring is very
strong as in the case of a ¼ 10:0; the kinetic energies
are exchanged weakly between molecules and solid
atoms, which results in both temperature lowering at
the membrane exit and the decrease in frequency
for molecules to evaporate or desorb into gas phase.
On the other hand, when the spring is weak as in the
case of a ¼ 0:1; the exchange rate of kinetic energies
becomes high and temperature lowering becomes
low; however, the potential energy of molecules in
the pore becomes deeper due to the high flexi-
bility of solid atoms, which increases the potential
barrier for molecules to evaporate or desorb from
the membrane exit since they have to gather more
excess kinetic energy to escape to the vacuum.

CONCLUSIONS

We have carried out BD-NEMD simulations of gas
effusion through a slitpore by using two types of
solid models: the R-model combined with a velocity
scaling technique and the F-model without a
fictitious thermostat for effusing molecules. The LJ
potential particles with parameters of argon were
chosen for both effusing gas and solid atoms. In the
BD-NEMD simulations, the chemical potentials at
two control H-regions were kept at a specified value
and the streaming velocity was added on the
inserted molecules.

It is concluded that the R-model combined with a
velocity scaling technique provides a reasonable
effusion flux, probably a maximum in magnitude,
compared with the fluxes obtained from the F-model
with different strengths of springs that unite solid
atoms. In the F-model, temperature lowering was
observed at the pore exit where effusing molecules
must take excess kinetic energy from solid atoms or
surrounding molecules to evaporate into the gas
phase. Temperature lowering is enhanced with an
increase in the strength of the spring, which indicates
that substantially rigid solid with strong springs
hardly exchange the kinetic energy between solid
and gas. On the other hand, a weak spring provides
another effect on the potential energy; that is, when
solid atoms are too flexible, the molar potential
energy becomes low in magnitude, which results in
the decrease in effusion flux due to the increase in the
potential barrier for molecules to escape from the
pore exit.
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