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The present study investigated the Couette flow in a nano-channel using the hybrid method that com-
bines the numerical solutions from the continuum region and the particle region. The governing equa-
tions in the continuum region were numerically solved using the finite volume method, while those in
the particle region were numerically solved using a molecular dynamics simulation. An overlap region
was defined to couple the continuum region with the particle region and to transfer the computational
results obtained in one region to another region as boundary conditions. This study considered the effects
of the wettability between the liquid and solid, the height of the pillar on the bottom wall, the velocity
of the moving wall, and the channel height on the Couette flow in a nano-channel. The slip velocity on
the wall decreases with increasing wettability because of the increasing attractive force between the fluid
and solid wall. The slip velocity decreases with increasing pillar height as a result of increasing resistance
to the fluid motion in the presence of pillar. The no-slip and locking conditions are independent of the
moving wall velocity when the attractive force is large enough to satisfy these conditions. The slip ve-
locity decreases as the channel height increases. When the channel height is large enough, the no-slip
condition assumption at macroscale is available. The relative slip velocity and slip length are presented

as a function of wettability for different velocity of moving wall and pillar heights.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Advances in nanotechnology can make the micro- and
nanoscale products for various applications, such as micro-/nano-
electro-mechanical systems (MEMS/NEMS), micro heat exchangers,
carbon nanotubes (CNT), and micromixers. Due to the small scales
and the high surface-area-to-volume ratio, micro- and nanoscale
systems have different flow characteristics from macroscale sys-
tems. It is important to predict the flow characteristics of
nanoscale products because flow characteristics significantly af-
fect the efficiency of the products. However, there are limitations
in analyzing physical phenomena in detail using an experimen-
tal method because of expensive equipment required and techni-
cal difficulty. However, as computer analysis technology advances,
numerical analyses of nanoscale system are actively conducted in
order to overcome the experimental limitations.
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A conventional tool for solving fluid flow problem is computa-
tional fluid dynamics (CFD) based on Navier-Stokes equations for
viscous flow modeling through the continuum hypothesis assump-
tion. However, the continuum hypothesis assumption is not ap-
plicable when the system approaches the micro- and nanoscales.
However, molecular dynamics simulations can be used to model
nano-fluid flow problems. Therefore, molecular dynamics simula-
tions become a necessary and useful tool to investigate the phe-
nomena in nanoscale systems. Many researchers have investigated
flow phenomena in nano-channels using molecular dynamics sim-
ulations. Thompson and Troian [1] indicated that the well-known
Navier slip boundary condition can be used when the local shear
rate at the fluid-solid interface is lower than the critical shear rate.
Generalized boundary conditions obtained by molecular dynamics
were used to relate the degree of slip to the underlying static prop-
erties and dynamic interactions of the walls and the fluid.

Zhang et al. [2] performed molecular dynamics simulations for
Poiseuille flows to study the influence of the solid-fluid coupling
strength, the fluid temperature, and density of the solid wall on
the velocity at the fluid boundary. Large velocity slip at the fluid
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boundary was observed for weak solid-fluid coupling, high fluid
temperature, and high solid wall density. Fan et al. [3] conducted
non-equilibrium molecular dynamics simulations to investigate the
complex liquid flow in nano-channels in two geometrically similar
flow domains with different sizes. Similarity between the global
flow parameters did not imply similarity between the molecu-
lar flows. Also, nano-sized vortex flow can be developed at low
Reynolds numbers due to near-wall molecules with sufficiently
large momentum.

Cao et al. [4,5] revealed the effects of surface roughness on the
slip flow of gaseous argon in submicron platinum channels for var-
ious geometries of the surface roughness using molecular dynam-
ics simulations. The velocity boundary conditions depended on the
Knusen number and the surface roughness. The slip length of gas
flow over a surface induced by the roughness was less than that
predicted by the Maxwell model and showed a non-linear rela-
tionship with the Knudsen number. Noorian et al. [6] investigated
the effects of cubical and spherical roughness geometry on the
flow of liquid argon through nano-channels using molecular dy-
namics simulations. The rough surface with cubical roughness el-
ements has a greater effect on the flow velocity than a smooth
channel. The penetration depth of the density fluctuation into the
main fluid was independent of the type of the roughness elements.
As mentioned in the preceding paragraph, many studies were con-
ducted to find the effect of liquid-solid interaction and surface
roughness on nano-channel flow.

However, in these methods, the system size is limited to sev-
eral nanometers, because the computational cost is high when
calculating the nano-channel flow using molecular dynamics sim-
ulations. Thus, in this study, a multi-scale hybrid method is
adopted. This computational method couples the molecular dy-
namics simulations with CFD. O’Connell and Thompson [7] de-
veloped the hybrid method to combine the advantages and com-
pensate for the disadvantages of molecular dynamics simulations
and CFD. Molecular dynamics simulations have high accuracy but
also high computational cost, while CFD has lower computational
cost, but the continuum hypothesis assumption breaks down near
the system boundary. Information is transferred in the overlap re-
gion, where the two methods are used simultaneously. Many re-
searchers have used multi-scale hybrid methods to solve micro-
and nanoscale problems [7-23]. The present study investigates the
effects on the flow boundary of the surface wettability, the pillar
height at the bottom wall, moving wall velocity, and the channel
height.

2. Numerical methods

For the hybrid method, the domain is composed of three dif-
ferent regions as shown in Fig. 1. Near the moving wall region,
the finite volume method (FVM) is implemented for the contin-
uum region. Near the stationary wall region (the particle region),
molecular dynamics simulation is used. There is an overlap region
between the continuum region and particle region where the hy-
brid method is applied.

2.1. Molecular dynamics

The liquid and stationary wall in the particle region (P region)
are simulated using molecular dynamics in three dimensions. The
dimension of the P region used is 9.2nm x 6.1 nm in the x- and
y-directions, respectively. To consider the channel height effect on
the fluid flow in the channel, the length in the z-direction varies in
the range from 12.78 nm to 51.12 nm according to increasing chan-
nel height as shown in Table 1. Periodic boundary conditions are
applied in the x- and y-directions. The 12-6 Lennard-Jones poten-
tial ¢(r) is used to model the molecular interaction as shown in

Eq. (1).
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where ¢ and o are the characteristic energy and characteristic
length. The values for the characteristic energy and characteristic
length are set as ¢ =1.65 x 102! ] and o = 0.341 nm corresponding
to the liquid argon. The cutoff radius is set to r. = 40. The interac-
tion between the solid and liquid is also modeled using the 12-6
Lennard-Jones potential. The characteristic energy and characteris-
tic length between the solid and liquid are changed to ¢,,; = B¢
and o,,; = 0, where § is the wettability factor between the liquid
and solid. In this study, 8 is varied from 0.01 to 10 to investigate
the wettability effect. Newton’s equation of motion is used to cal-
culate the acceleration of argon atoms as shown in Eq. (2).
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The Verlet velocity algorithm is used to integrate Newton’s
equations of motion with a time step of dtp = 0.0108ps which cor-
responds to 0.0057 in LJ unit for liquid argon.

The density and temperature of the liquid between the walls
are p =1378.37kg/m3 and T = 90K, respectively. The temperature
of the liquid is maintained by a Langevin thermostat in the y -
direction. The bottom wall consists of two layers of FCC (1 1 1)
structured atoms and periodic rectangular pillars, which have the
same density as that of the liquid atoms [7]. The bottom wall is
modeled as a fixed body with a rigid structure, and particles at
the bottom wall are fixed in their initial positions. The width of
the rectangular pillar is 4.8 nm, and its center is located at the
center of the stationary wall. The height of the pillar is varied
from 0 to 4.3575 nm in order to investigate the pillar height effect.
Molecular dynamics simulations were conducted using the large-
scale atomic/molecular massively parallel simulator (LAMMPS)
[23].

2.2. Finite volume method

The liquid in the continuum region (C region) was simulated
using the finite volume method for two-dimensional incompress-
ible Navier-Stokes equations. It is assumed that flow in the chan-
nel is two-dimensional since there is no change along the y -
direction in the low- Reynolds- number flow. The governing equa-
tions are shown in Eqs. (3) and (4).
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where u is the velocity vector of the x and z components, respec-
tively, and w is the dynamic viscosity which is u=2.476 x 104
Paes corresponding to liquid argon at p = 1,378.37kg/m3 and T =
90K.

The fully implicit scheme was used for the temporal integra-
tion of the governing Egs. (3) and (4) in the continuum region. For
the spatial integration in the continuum region, the convection and
diffusion terms were discretized using the power-law and central
difference schemes, respectively, under the staggered grid system.
In this study, when the pressure gradient along the stream-wise
direction was lower than 10-8, the solution was considered to be
converged. The SIMPLEC algorithm is used to solve the flow and
pressure fields [24]. The size of the C region in the x-direction
varies in the range from 21.3 to 85.2 nm and the z-direction varies
in the range from 14.91 to 1039.44 nm. The domain of the C region
is divided by a uniform grid with the number of meshes ranging
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