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ABSTRACT

This paper presents molecular dynamics simulations of the Couette flow of a rarefied gas between the liquid and wall boundaries and, in
particular, investigates the boundary conditions for the Boltzmann equation at the liquid interface. The simulation results for various
Knudsen numbers show that the slip velocity decreases at the liquid boundary and increases at the smooth wall as the Knudsen number
increases, indicating that the velocity profile of the rarefied Couette flow is asymmetric. One reason for this is backscattering, in which
molecules are reflected in the opposite direction to the mainstream flow, owing to molecular-scale roughness at the liquid boundary. It has
also been suggested that the backscattering effect decreases when the gas density increases. This can be understood using the local Knudsen
numbers near the liquid boundary.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0164544

I. INTRODUCTION

The shear flow of a rarefied gas between the wall and liquid
boundaries is a key factor in several multiphase flows of liquids and
gases, for example, droplet impact and lubrication of liquid pipe
flow.1,2 An important dimensionless quantity, the Knudsen number,
was used to determine the degree of rarefaction of the gas flow. The
Knudsen number is defined as

Kn ¼ k
L
; (1)

where k is the mean free path of the gas molecules and L is the repre-
sentative flow length. For Kn! 0, the gas flow can be described using
a fluid dynamics equation. However, in the case of Kn ¼ Oð1Þ, gas
becomes rarefied, resulting in a non-equilibrium flow in which inter-
molecular collisions do not occur sufficiently and local equilibrium is
not established. To address the rarefied gas flow, that is, high Knudsen
number flow, the Boltzmann equation is an essential tool because the
fluid dynamics equation based on local equilibrium cannot describe
nonequilibrium phenomena.

When analyzing such rarefied gas flows using Boltzmann equa-
tion, boundary conditions at the walls and liquid boundaries are

required. The boundary condition, called as the kinetic boundary con-
dition (KBC), dictates the interactions among the wall, liquid, and gas
molecules. Generally, diffuse reflection, which implies isotropic scat-
tering, was used as the boundary condition to solve the shear flow
problem.2

Many studies have investigated the molecular interactions
between walls and gas molecules based on molecular dynamics (MD)
simulations. For example, Yamamoto et al. investigated molecular
reflection at the boundary using MD simulation and applied its results
to the DSMC (direct simulation Monte-Calro) simulation of the
Boltzmann equation to solve the Couette flow of rarefied gas to inves-
tigate the accommodation coefficients of the momentum, transla-
tional, and rotational energies.3,4 Yamaguchi et al. investigated the
energy accommodation and tangential accommodation coefficients by
changing the mass or size of the gas molecules based on MD
simulations.5

When the representative length L becomes sufficiently smaller,
for example, at the nanoscale, the area affected by intermolecular
potential of the boundary molecules cannot be ignored near the
boundary (Fig. 1). In this case, we must determine the positions to
impose KBCs at the boundaries and determine the velocity distribu-
tion function of the KBC at the boundaries.
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In a pioneering work, the boundary was a wall, and the existence
of a potential area near the boundary was investigated usingMD simu-
lations for a small representative length of the flow.6 In particular, the
boundary structure of a liquid boundary is more complex than that of
a wall boundary, for example, a capillary wave of the molecular scale.7

Generally, diffuse reflection is used for the functional form of KBCs
for the reflected molecules at the liquid boundary when the vapor
causes weak evaporation/condensation problems with small deviations
from equilibrium.8 However, it is not known whether isotropic diffuse
reflection applies to the reflections of molecules on a liquid boundary
when shear flow occurs.

In this study, we performed MD simulations for a rarefied gas
Couette flow between wall and liquid boundaries. In addition, the
results of the MD simulations were compared with those of the
Boltzmann equation. Based on the results of this study, we investigated
the functional form of KBCs at liquid boundaries. In addition, the dif-
ference in the functional form of KBC was investigated by changing
the liquid temperature.

II. METHOD
A. Molecular dynamics simulation

In this study, argon (Ar) molecules were used as the liquid film
and ambient vapor and platinum (Pt) molecules were used as the solid
walls (see Fig. 2). First, the liquid film and ambient vapor were con-
trolled using the velocity scaling method to reach a gas–liquid two–
phase equilibrium state at 85, 95, or 105K. Subsequently, the Pt walls
equilibrated at each temperature in another system were inserted into
the top and bottom portions of the simulation system to obtain the ini-
tial conditions. The size of the simulation system was Lx � Ly � Lz
¼ 7.212 50� 7.207 10 � Lznm

3 or 14.4250� 14.4142 � Lz nm
3 by

varying Lz as a parameter, where Lx, Ly, and Lz denote the system
lengths in x, y, and z directions, respectively. Although two different
lengths in the x- and y-directions were used, no difference was con-
firmed between the results of the two simulations for the same Lz.
Periodic boundary conditions were imposed in the x and y directions,
and the liquid film was placed at the center of the z direction. The Pt
wall at the top boundary was moved in the positive x direction, and
the Pt wall at the bottom boundary was moved in the negative x direc-
tion at a speed of Vw ¼ 50m/s. In addition to the 50m/s case, we also
checked the 25 and 100m/s cases and confirmed that they did not pro-
duce significant differences. The total number of Pt and Ar molecules
varied from 11 800 to 57 600, according to the size of the simulation
system.

In this study, the 12–6 Lennard-Jones potential, which is widely
used in MD simulations, was used as the intermolecular potential of
Ar:

/Ar�ArðrÞ ¼ 4eAr
rAr

r

� �12

� rAr

r

� �6
" #

; (2)

where r is the intermolecular distance, molecular diameter
rAr¼ 0.3405nm, and energy depth eAr¼ 1:654� 10�21 J. For the
interactions between the platinum molecules, we used the first-order
harmonic oscillator, which represents the interaction with only the
nearest-neighbor molecules, based on previous studies,9,10

/Pt�PtðrÞ ¼
1
2
Kðr � r0Þ2; (3)

where r0 represents the lattice constant and K is the spring constant,
with r0 ¼ 0:2774 nm and K¼ 46.8 N/m. The intermolecular potential
between Ar and Pt was calculated using the following equation:

/Ar�PtðrÞ ¼ 4eAr�Pt
rAr�Pt

r

� �12

� b
rAr�Pt

r

� �6
" #

; (4)

where

rAr�Pt ¼
rAr þ rPt

2
; eAr�Pt ¼ a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eAr � ePt
p

; (5)

where rPt¼ 0.2475nm and ePt¼ 8.346� 10–20 J. The magnitude of
the intermolecular forces between Ar and Pt is variable depending on
the values of a and b. In this study, a¼ 0.07 and b¼ 1 were assumed
to be constant. These values of a and b were based on those used in
previous MD simulations.9,10 The cutoff distance for the intermolecu-
lar force was set to rc¼ 1.5 nm. In these simulations, the center-of-
gravity control was applied to the Ar molecules to fix the center of the
liquid. The leap–frog method was used to solve the MD simulations
with a time increment of 5 fs. The simulations were conducted using
the in-house code.

FIG. 1. Schematic of rarefied gas flow between wall and liquid boundaries.

FIG. 2. Snapshot of MD simulation for rarefied gas Couette flow between wall and
liquid.
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B. Molecular gas dynamics simulation

Once the results of the MD simulation were obtained, we solved
the Boltzmann equation by comparing the results of the rarefied gas
flow. The ES–BGK Boltzmann equation11 was utilized in this study to
fit the Prandtl number of hard-sphere molecules as Pr¼ 0.66071. The
ES–BGK Boltzmann equation is expressed as

@f
@t
þ ni

@f
@xi
¼ p

lð1� �Þ Gðf Þ � f½ �; (6)

where f is the velocity distribution function of gas molecules, ni is the
molecular velocity (i ¼ x; y or z), l is the viscosity coefficient, p is the
gas pressure, and � is the constant value used to fit the Prandtl num-
ber, Pr,

Pr ¼ 1
1� � : (7)

In this simulation, the value of � was�1/2. G(f) can be expressed as

Gðf Þ ¼ qffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2pÞ3detðsijÞ

q exp � 1
2
ðni � viÞs�1ij ðnj � vjÞ

� �
; (8)

where sij is defined as follows:

sij ¼ ð1� �ÞRTdij þ �Hij; (9)

where dij denotes the Kronecker’s delta, qHij is the stress tensor, and q
is the gas density. R ¼ k=m is the gas constant, where k is the
Boltzmann constant andm is the mass of a molecule.

The finite differential method was used for the ES–BGK
Boltzmann equation as a one-dimensional problem (z direction). As
reported by Chu,12 we can eliminate the molecular velocity component
ny by multiplying the velocity distribution function, f, by one or n2y and
integrating over the entire space of ny,

fxzðz; nx; nz; tÞ ¼
ð1
�1

f ðz; nx; ny; nz; tÞdny;

hxzðz; nx; nz; tÞ ¼
ð1
�1

n2yf ðz; nx; ny; nz; tÞdny:

8>><
>>: (10)

Numerical simulations were performed for the Boltzmann equations
for the distribution functions fxz and hxz, and the time development of
the macroscopic variables was calculated using the following
equations:

q ¼
ð ð1
�1

fxzdnxdnz; vz ¼
1
q

ð ð1
�1

nzfxzdnxdnz;

vx ¼
1
q

ð ð1
�1

nxfxzdnxdnz;

T ¼ 1
3qR

�ð ð1
�1
ðnx � vxÞ2 þ ðnz � vzÞ2
� �

fxzdnxdnz

þ
ð ð1
�1

hxzdnxdnz

�
;

where vx and vz are the gas velocities for x and z directions and T is the
gas temperature. In this study, vz is almost zero due to the nature of
the problem. 300 and 200 grids were utilized for the velocity space
nx; nz and physical space z, respectively. Nonuniform and uniform

grids were utilized for the velocity and physical spaces, respectively: in
the velocity space, the minimum size was Dnz=

ffiffiffiffiffiffiffiffiffi
2RT
p

¼ 1:0�4 near
nz ¼ 0 and the maximum size was Dnz=

ffiffiffiffiffiffiffiffiffi
2RT
p

¼ 1:0�2 far from
nz ¼ 0. The same grid size was applied in nx space. Furthermore, for
physical space, the grid size in the case of largest system was
Dz=k ¼ 6:7� 10�2.

As can be seen from Fig. 2, the gas flow is symmetrical between
the upper and lower halves of the system, so we consider the upper
half of the system. The following diffuse reflections were used as the
boundary conditions for the upper wall boundary of the molecules
with nz < 0,

fwall ¼
q�

ð2pRTÞ3=2
exp �

ðnx � VwÞ2 þ n2y þ n2z
2RT

 !
; (11)

where q� is the saturated vapor density at temperature T and Vw is the
wall speed (Vw ¼ 50 m/s). Diffuse reflections are used as the boundary
conditions for the liquid boundary of molecules at the upper liquid
surface with nz > 0,

fliquid ¼
q�

ð2pRTÞ3=2
exp �

n2x þ n2y þ n2z
2RT

 !
: (12)

Because each of these boundary conditions is a similar diffuse reflec-
tion, the slip velocities at the wall and liquid boundaries are equal
resulting in a symmetric flow, where the average velocity is at the cen-
ter of the flow in the case of Couette flow. If the velocity profile vxðzÞ
obtained from the MD simulation agrees with that obtained from the
simulation above, these boundary conditions, which were isotropic dif-
fuse reflections, can be considered appropriate.

III. RESULTS
A. Couette flow between wall boundaries:
Determination of position to impose kinetic boundary
condition for wall boundary

First, MD simulations were performed in the absence of a liquid
to investigate whether the velocity distribution of the gas molecules on
the wall was a diffuse reflection. MD simulations were performed with
smooth solid walls at the top and bottom of the system and Ar gas
molecules between them, as shown in Fig. 3(a). The wall and Ar gas
were equilibrated at 85, 95, and 105K to obtain the initial conditions.
The top wall moved at a velocity of Vw ¼ 50m/s in the positive
x-direction, and the bottom wall was assumed to have a velocity of
0m/s. The number of Ar gas molecules was adjusted to approximately
equal the saturated vapor density at each temperature to match the
conditions in the calculation with the liquid described below. The satu-
rated vapor density obtained from the MD simulation is about
4.77 kg/m3 at 85K, 11.44 kg/m3 at 95K, and 24.03 kg/m3 at 105K, and
these values are consistent with vapor densities from previous studies
for each temperature.13 In addition, we have confirmed that the tem-
perature dependence of the transition layer thickness at the gas–liquid
interface is almost consistent with previous studies. The values of N
¼ p=ðqRTÞ at various temperatures of argon were shown as N¼ 0.98
at 85K, N¼ 0.95 at 95K, and N¼ 0.90 at 105K (see Ref. 13). As the
saturated vapor density increases with temperature, the value of N
deviates from 1, but as will be shown later in this MD simulation, the
ideal gas approximation is almost valid in this temperature range (see
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the result of Fig. 4). The Knudsen number was varied from 0.2 to 5.9
in the simulations. The Mach number for each temperature was
Ma¼Vw=

ffiffiffiffiffiffiffiffiffi
cRT
p

¼ 0.291 at 85K, Ma¼ 0.275 at 95K, andMa¼ 0.262
at 105K, where c ¼ 5=3 is the ratio of specific heats. Although there is
some difference in the Mach number, we confirm that this slight

difference in the Mach number has no effect on the non-
dimensionalized slip velocity using the wall velocity Vw.

Figure 3(b) shows the velocity profile of Ar gas obtained from
MD simulations at 95K, Lz¼ 32nm, and the gas density 11.44 kg/m3

as one example. The horizontal axis represents the velocity, and the
vertical axis is the z-coordinate. The same wall was used for both
the top and bottom walls, with the top wall moving at Vw ¼ 50m/s in
the x direction and the bottom wall remaining stationary.

The gray areas with thickness l¼ 1.030 nm from the top and bot-
tom boundaries were solid walls. The pink area represents the area
where the influence of the intermolecular forces due to the solid wall is
considered non-negligible. The intermolecular forces of the wall mole-
cules were assumed to limit the distance from the wall to �5.5 times
of rAr�Pt (5.5rAr�Pt¼ 1.617 nm¼ ‘w). This is almost equivalent to
the cutoff distance used in MD simulations, and previous studies
have treated it similarly.6 For convenience, this position is denoted as
z ¼ ztopw ¼ Lz � l � ‘w for the top wall and z ¼ zbotw ¼ l þ ‘w for the
bottom wall.

The difference between the velocities of the rarefied gas at z
¼ ztopw and z ¼ zbotw , and those of the walls Vw and 0 are the slip
velocities us. The velocity profile was 25m/s¼Vw=2 at the center
of the system. The magnitudes of the top and bottom slip velocities
were nearly equal. Since the same wall was used on the upper and
lower sides, the velocity distribution was symmetrical on the upper
and lower sides.

Figure 4 shows the relationship between the Kn number and slip
velocity us. The horizontal axis represents the Kn number, and the ver-
tical axis represents the slip velocity non-dimensionalized by the wall
velocity. The black lines indicate the slip velocities obtained by solving
the Boltzmann equation [Eq. (6)] with the diffuse reflection boundary
conditions [Eqs. (11) and (12)]. The markers indicate the slip velocity
of the wall boundary in the MD simulations at each temperature. For
MD simulations, the mean free path of the gas molecules was esti-
mated using the following equation:

k ¼ 1ffiffiffi
2
p

npr2
Ar

; (13)

where n denotes the number density of the gas molecules.
Although there were top and bottom walls in the MD simulation,
as mentioned earlier, the slip velocities on both sides of the wall
had the same magnitude; therefore, they are shown with a single
marker.

All results of the MD simulations agree with the results of the
Boltzmann equation at each temperature: at 85K, the overall slip
velocity was slightly lower than that obtained using the Boltzmann
equation, and at 105K, the slip velocity was slightly higher than that
obtained using the Boltzmann equation. This is due to the effect of Ar
molecules adsorbed on the wall. In these simulations, the density of
gas molecules was set to reproduce the saturated vapor density at each
temperature. This difference in gas density affected the value of the gas
density layer (adsorption layer) on the wall. This difference in the
adsorption layers may be the cause of misalignment of the boundary
or a slight deviation from perfect diffuse reflection. However, the
results are almost consistent with those of the Boltzmann equation,
which sets the boundary conditions for diffuse reflection at each tem-
perature. The wall boundary positions (z ¼ ztopw or zbotw ) are

FIG. 3. (a) Snapshot of MD simulation for rarefied gas Couette flow between
smooth walls and (b) velocity profile obtained from the MD simulation at 95 K.

FIG. 4. Relation between slip velocity and Kn number in the case of smooth wall
boundaries for each temperature.
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appropriate for the boundary conditions of the Boltzmann equation,
and the walls used in this study were considered to be isotropic diffuse
reflections.

B. Couette flow between wall and liquid boundaries:
Gas velocity profile and slip velocity on liquid
boundaries

Next, the velocity profile of Ar vapor molecules sandwiched
between the liquid and solid walls, and the slip velocities at the liquid
boundary and wall were investigated using the calculation system
shown in Fig. 2.

Figure 5(a) shows the velocity profiles of Ar vapor and liquid
obtained from MD simulations. A typical velocity profile at 95K and
Lz¼ 52nm is presented. The horizontal axis represents the velocity,
and the vertical axis is the z-coordinate. We introduce a new coordi-
nate system Z. Z ¼ z � Lz=2¼ 0 is the center of the liquid film, and
the gray area is the solid wall. The green area at the bottom indicates
the liquid film. The pink areas represent the areas of intermolecular
forces created by the liquid film and wall.

The distance affected by intermolecular forces on the liquid side
was defined as the distance from the liquid film surface to a position
with thrice the thickness of the density transition layer, based on our
recent studies.14–19 The thickness of the transition layer is represented
by the approximate curve in Eq. (14) [Fig. 5(b)]. The nonlinear least
squares method was used for fitting the density transition layer,

qðZÞ ¼ qv þ ql

2
þ qv � ql

2
tanh

Z � Zm

0:455v

� �
; (14)

where ql is the liquid-phase density of Ar and qv is the gas-phase den-
sity of Ar. Zm is the distance from the center of the liquid film to the
center of the transition layer, and v denotes the thickness of the transi-
tion layer. Using the obtained Zm and v, ZL ¼ Zm þ 3v represents the
position at which the intermolecular forces of the liquid film are
reached. The difference between the velocities at Z ¼ ZL and 0m/s in
the liquid film, and the difference between the velocities at Z ¼ Zw

¼ Lz=2� l � ‘w and Vw ¼ 50m/s on the solid wall is slip velocities.
Figure 6 shows the relationship between the Kn number and the

slip velocity. The horizontal axis represents the Kn number, and the
vertical axis represents the non-dimensionalized slip velocity in terms
of the wall velocity. The black line represents the slip velocity obtained
by solving the Boltzmann equation [Eq. (6)] with diffuse reflection
boundary conditions: [Eqs. (11) and (12)], and the markers represent
the slip velocities of the wall and liquid boundaries obtained from the
MD simulations.

In the MD simulation, a difference was observed between the slip
velocities on the wall and liquid sides, which decreased when Kn is
small. When Kn¼ 0.12, the slip velocities of the wall and the liquid
were almost the same, which is consistent with the results of the
Boltzmann equation analysis with diffuse boundaries. This implies
that the position of the vapor–liquid boundary in the Boltzmann equa-
tion is appropriate at Z ¼ ZL.

However, the slip velocity at the wall boundary in the MD simu-
lation was higher than that of the Boltzmann equation analysis and
that at the liquid boundary is smaller in the case of a high Kn. Thus, in
the MD simulation, the wall side is more slippery than that obtained
from the Boltzmann equation, and the liquid side is less slippery.
Owing to these differences in slip velocities, the vapor velocities at the
center of the liquid and wall do not equal Vw=2, resulting in an asym-
metric velocity profile [Fig. 5(a)]. The asymmetry of the slip velocity
was due to backscattering at the liquid boundary caused by the
molecular-scale boundary roughness of the liquid. This is discussed in
detail in the Appendix.

C. Modified kinetic boundary condition at liquid
boundary

As shown in the Appendix, the velocity slip phenomenon at the
liquid boundary was caused by the backscattering of the reflected

FIG. 5. (a) Velocity profile obtained from the MD simulation at 95 K and (b) density
profile at the vapor–liquid interface.

FIG. 6. Relation between slip velocity and Kn number in the case of smooth wall
and liquid boundaries in the case of 95 K.
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molecules. In this section, the boundary condition used to describe the
backscattering of this gas molecule is introduced, and the Boltzmann
equation is analyzed.

For the wall boundary condition, we showed in Sec. IIIA that dif-
fuse reflection is consistent with the MD simulation results. Therefore,
the wall boundary condition is the same as that in Sec. II B, as in Eq.
(11). We need to modify the liquid boundary condition to express the
backscattering of the reflected molecules. In this study, the modified
Maxwell-type boundary condition was used with reference to the pre-
vious study:20

fMod
liquidðZL; nÞ ¼

ð
~nz<0

���� ~nz
nz

����KMð~n; nÞf ðZL; ~nÞd~n; (15)

KMð~n; n; a; bÞ ¼ ð1� aÞdðnz þ ~nz Þ þ a
jnzj
RT
� exp � n2z

2RT

� �� 	

�
"
ðb� 1Þdðnx þ ~nx Þdðny þ ~ny Þ

þ ð2� bÞ
2pRT

exp �
n2x þ n2y
2RT

 !#
; (16)

where ~n ¼ ð~nx; ~ny; ~nzÞ is the molecular velocity of an incident mole-
cule from the gas to the liquid phase and n ¼ ðnx; ny; nzÞ denotes the
molecular velocity of the reflected molecule at the boundary. The
main parameters in Eq. (16) are a and b. a is the energy accommoda-
tion coefficient that represents the normal-direction component of the
reflected molecules at the boundary and is between 0 and 1. Here, a
was always set to 1. b is the tangential momentum accommodation
coefficient (TMAC), which represents the tangential component of the
reflected molecules to the boundary and should be greater than 1 and
less than or equal to 2. Setting the parameters a¼ 1 and b! 1 yields
under the boundary conditions of a perfect diffuse reflection [Eq.
(12)]. The larger the value of b, the greater the effect of backscattering.

Figure 7(a) shows the relationship between the Kn number and
slip velocity in the Boltzmann equation with modified boundary con-
ditions for the liquid side [Eq. (15)] and boundary conditions [Eq.
(11)] on the walls at 95K. In this case, we used b ¼ 1:16. The horizon-
tal axis represents the Kn number, and the vertical axis is the non-
dimensionalized slip velocity in terms of the wall velocity. The solid
orange line shows the slip velocity on the wall, and the solid light blue
line indicates the slip velocity on the liquid side. The orange markers
indicate the slip velocity on the wall side of the MD simulation, and

the light blue markers indicate the slip velocity on the liquid side.
These results of the Boltzmann equation analysis are in good agree-
ment with the MD simulation results for b ¼ 1:16 at 95K. The results
showed that the difference between the slip velocity of the liquid
boundary and that of the wall can be described by a boundary condi-
tion that incorporates backscattering.

Figures 7(b) and 7(c) show the results for the 85 and 105K cases.
The black lines in Fig. 7(c) show the slip velocity obtained by solving
the Boltzmann equation with the boundary condition of perfect diffuse
reflection [Eq. (12)] for a liquid boundary. First, the results for 85K
show that the difference in slip velocity between the wall and liquid
boundary is larger than that at 95K. This is due to the fact that the liq-
uid boundary is more slippery at 85K than the case of 95K. If the
value of the coefficient b of the modified boundary condition is set to
1.28, the results of the MD simulation and the Boltzmann equation
are in agreement. However, the results at 105K show that the differ-
ence between the slip velocities of the wall and liquid boundary is
smaller and has almost the same values. Thus, the value of b is very
close to 1, indicating that the trend is almost the same as that of a per-
fect diffuse reflection.

Here, we consider the local Knudsen number near the liquid
boundary at each temperature. The representative length is the thick-
ness of the potential area near the liquid boundary [Fig. 5(a)], which is
three times the thickness of the transition layer v at each temperature:

Knlocal ¼
k
3v
: (17)

The Knlocal values for each temperature are listed in Table I. At 85K,
Knlocal was relatively large, indicating that the collisions between vapor
molecules are small in the vicinity of the liquid boundary. However, at
105K, Knlocal was relatively small, indicating an increase in collisions
between vapor molecules compared with lower temperatures. The col-
lision between vapor molecules changes the velocity distribution func-
tion of the molecules exiting the liquid phase to the gas phase from

FIG. 7. Relation between slip velocity and Kn number in the case of smooth wall and liquid boundaries for each temperature; (a) 95 K (b ¼ 1:16), (b) 85 K (b ¼ 1:28), and (c)
105 K (diffuse reflection).

TABLE I. Local Knudsen number for each temperature conditions.

T (K) v (nm) Knlocal

85 0.668 13.5
95 0.787 4.66
105 0.932 1.90
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anisotropic to isotropic. The molecular collisions between vapor mole-
cules on the boundary increased with increasing temperature. This
may be one reason for approaching perfect diffuse reflection at high
temperatures.

IV. CONCLUSION

In this study, molecular dynamics simulations were performed
for the Couette flow of a rarefied gas between a liquid and a wall.
These results were further discussed in context of the Boltzmann equa-
tion analysis, particularly with respect to the gas–liquid boundary con-
ditions. The following findings were obtained:

(i) The slip velocity on the liquid boundary was smaller and
that on the solid boundary was larger, resulting in an asym-
metric velocity field of Couette flow as the Kn number
increases.

(ii) For the results obtained in (i), the Boltzmann equation analysis
was performed using boundary conditions that consider back-
scattering. It was confirmed that the slip velocity asymmetry
could be determined.

(iii) The difference between the slip velocities at the wall and liquid
boundaries decreases as the system temperature increases. One
of the reasons for this is related to the collisions between vapor
molecules near the liquid boundary.
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APPENDIX: BACKSCATTERING OF GAS MOLECULES AT
ROUGH WALL SURFACE

In the MD simulation, the phenomenon in which the gas flow
is more slippery on the wall side than the result obtained from the
Boltzmann equation and less slippery on the liquid boundary side is
described in Sec. III B. It was assumed that this was due to the back-
scattering of gas molecules caused by molecular-level capillary
waves disturbing the liquid boundary rather than the wall bound-
ary. Therefore, as illustrated in Fig. 8(a), a solid wall with a smooth
boundary was placed at the top of the system, and a solid wall with
a rough boundary and uneven surface of one platinum molecule
was placed at the bottom of the system, as shown in Fig. 8(b). Ar
gas molecules were placed between the smooth and rough walls.
The top wall was moved at a velocity of 50m/s in the positive x
direction, and the bottom wall was assumed to have a velocity of 0.
As shown in Fig. 8(b), the rows of Pt molecules were arranged such
that they are perpendicular to the direction of movement of the top
wall, representing the unevenness of the molecular scale. The gas
density was adjusted to the saturated vapor density at 95K
(11.44 kg/m3) to match the conditions of the system described
previously.

Figure 9 shows the relationship between the Knudsen number
and slip velocities at the top and bottom walls. As shown in the fig-
ure, the slip velocity is different at the top smooth and lower rough
boundaries. It can also be observed that the top boundary is more
slippery, and the lower boundary is less slippery, similar to the liq-
uid case. This result is similar to those for the liquid and smooth-
wall conditions, as shown in Fig. 6. Hence, this indicates that the
roughness caused by molecular-scale fluctuations on the boundary

FIG. 8. (a) Snapshot of MD simulation for rarefied gas Couette flow between
smooth and rough walls and (b) top view of rough wall boundary.
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causes backscattering of molecules, which leads to a lower slip
velocity.
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