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Featured Application: This study aims to fill a knowledge gap in rarefied gas flows, addressing
the complexities related to wall temperatures and pressure differentials in the simulation of
gas–solid interactions in nanoscale and microscale geometries. The findings are relevant to
diverse microfluidic applications, encompassing devices such as micro–nano electronic devices.
Simulations were carried out in non-dimensional form so that the results can be extended to all
noble gases.

Abstract: As computer capabilities improve, Molecular Dynamics simulations are becoming more
important for solving various flow problems. In this study, Couette and Poiseuille flows at different
wall temperatures were investigated using a hard-sphere Molecular Dynamics simulation approach.
Although a low spacing ratio was used in the simulations, the results are valid for rarefied gas flows
when proper scaling based on the Knudsen number was used because only binary collisions with a
hard-sphere model were considered. The main focus of this study was the examination of the effects
of various wall speeds, pressure gradients, and wall temperatures. A pressure gradient was generated
by developing a modified selective periodicity condition in the flow direction. With the combined
effect of the pressure gradient and the wall velocities, subsonic, transonic, and supersonic speeds in
nanochannels were examined. With the combination of different parameters, 1260 simulation cases
were conducted. The results showed that there are temperature and velocity slips that are dependent
on not only the temperature and velocity values but also on the magnitudes of a pressure gradient.
The pressure gradient also caused nonlinearities in temperature and velocity profiles.

Keywords: molecular dynamics; simulation; hard-sphere; Couette flow; pressure gradient

1. Introduction

Molecular dynamics (MD) simulations are widely used in various scientific and en-
gineering fields due to their ability to provide insights into the behavior and interactions
of molecules and materials at the atomic and molecular levels. Recently, there have been
notable advancements in micro- and nanoelectromechanical systems (MEMS, NEMS), re-
sulting in the creation of diverse applications [1]. Therefore, the examination of gas flows
in micro- and nanochannels has become crucial for the development and functioning of
microdevices like microvalves, micropumps, and microturbines. This research study em-
phasizes the significance of examining gas flows in these microchannels and their impact
on industrial applications. This study investigates Couette and Poiseuille flows combined
using a hard-sphere MD simulation approach. The results show that temperature and
velocity slips depend on wall speeds, pressure gradients, and wall temperatures, causing
nonlinearities. Since many numerical methods fail to adequately represent nanochan-
nel flows and experimental studies are also very difficult, MD simulations have become
very important.
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When it comes to the theoretical foundation for comprehending the actions of gases
on a molecular scale, the kinetic theory of gases is a fundamental principle in physics. This
theory considers gases to be ensembles of particles [2,3]. This technique is considered the
fundamental principle of the kinetic theory, which forms the mathematical framework
for describing the behavior of gases, called the Maxwell–Boltzmann equation [4,5]. The
approach proposed by Chapman (1916) and Enskog (1917) provides a more comprehensive
solution for transport phenomena [6,7].

There are two major molecular simulation methods that are based on the kinetic theory
of gases, namely, MD Simulation [8] and Direct Simulation Monte Carlo (DSMC) [9]. While
DSMC is a probabilistic technique based on molecular collisions, MD provides results that
are more realistic and accurate [10,11]. However, since all collisions are processed in the
MD method, higher computational resources are required [12]. In many frequently used
analytical and numerical solutions to flow problems, equations are simplified with some
assumptions. Among these assumptions, a continuum medium, slip/no-slip boundary
conditions, constant fluid properties, simplified diffusion mechanisms, empirical viscosity
models, 2-D approaches, steadiness, Newtonian or inviscid fluid models, and an isothermal
medium can be counted [13,14]. In MD, these macro-scale assumptions are unnecessary and,
in some cases, even impossible [15]. As computational power increases, MD simulations of
gas flow problems interest more scientists [16,17]. Nevertheless, the difficulty of increasing
the number of molecules, thus decreasing the Knudsen number (Kn), is still the main obsta-
cle. Therefore, in order to overcome these computational limitations, simulations based on
the hard-sphere model are preferred [18,19]. The hard-sphere model is frequently employed
in MD simulations for rarefied gas flows because it effectively represents the fundamental
features of gas molecules and their interactions in low-density environments [20]. The
hard-sphere model describes gas molecules as solid spheres, enabling the computational
simulation of molecular movement and collisions efficiently.

The Knudsen number is a critical parameter in MD simulations for describing gas
movements. MD simulations provide reliable solutions for both low Knudsen numbers
(Kn < 0.01, for the continuum approach) and high Knudsen numbers (for nanochannels
and rarefied gas). For low Knudsen numbers, gas behavior becomes like continuum flow,
where the mean free path of gas molecules is significantly shorter than the actual size of
the flow area. Under these conditions, the movement of gas can be well characterized
using continuum-based models, such as the Navier–Stokes equations. As the Knudsen
number increases, the behavior of gas shifts towards rarefied flow, where the mean free
path becomes similar to or greater than the characteristic length scale. MD simulations
are more useful than Navier–Stokes equations for compressible flows because they can
offer precise insights into the behavior of compressible gaseous continua at the molecular
level. Conducting this investigation at the molecular level enables a more thorough com-
prehension of compressibility, which is essential for accurately capturing the dynamics of
compressible flows [21].

In MD simulations, Couette flow and Poiseuille flow are often used to study the flow
of fluids at the molecular level [22–27]. In these simulations, the behavior of individual
particles in response to external forces such as shear forces and pressure gradients is
investigated. Couette flow is a fundamental concept in fluid dynamics that characterizes
the motion of a fluid between two parallel plates, where one plate or two plates move at
a constant velocity. This flow structure can be defined by the production of shear stress
and the creation of velocity gradients within the fluid. Another approach used in solving
physical problems, Poiseuille flow is characterized by a pressure difference (∆P) along
the length of a tube, and the flow is driven by this pressure gradient. It refers to the
steady, laminar flow of an incompressible fluid through a pipe or tube. When considering
the assumption of incompressibility, there is a simple analytical solution to the problem,
and this solution has been examined using various methods [28]. Most MD simulations
documented in the literature focus on flows induced by an accelerating body force rather
than flows induced by pressure [29–32]. These limitations arise from the use of periodic
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boundary conditions that cannot create a pressure gradient within the simulation domain.
In many studies, new techniques have been developed to imitate flows caused by pressure
differences. Lupkowski & Van Swol (1990) positioned two rigid walls at entry and exit
points and then exerted external forces upon them [33]. Li et al. (1998) used an imaginary
membrane that allows the unidirectional movement of molecules while reflecting molecules
entering from the opposite direction with elastic reflection and certain probability [34].
To et al. dealt with periodic entry and exit velocity conditions, where the square velocity
difference between molecules entering and exiting the simulation area is kept constant [35].

In the present study, MD simulations of Couette and Poiseuille flows with the addition
of wall temperature effects for a monatomic gas were conducted by utilizing a multi-
cell hard-sphere method. Combinations of the coupled effects of wall speeds, pressure
gradients, and wall temperatures were investigated to better understand the implications
of various parameters. Subsonic, transonic, and supersonic speeds in nanochannels were
achieved. In order to illustrate Poiseuille flow, we used a density differentiation algorithm
that, for the sake of normalization, eliminates the dependency of variation in molecular
mass on imposed pressure gradients. This approach also allowed us to avoid the application
of a special thermostatic treatment, which was the case for many Poiseuille flow studies
in the literature [36–38]. A membrane with a periodic boundary condition was employed,
permitting unidirectional movement of molecules while elastically reflecting molecules
approaching from the opposite direction with a specific probability. While we used low
spacing ratios in the simulations, the results can be extended to rarefied gas flows of
similar Knudsen numbers by using proper scaling [39]. The simulations in this study
focus on 0.03 < Kn < 0.14 and M < 1.7 for Knudsen and Mach numbers, respectively.
Slips on the walls showed significant results along with explicit overall behaviors. MD
was successfully used to investigate wall slips, which is important for investigating wide
temperature and velocity ranges. Moreover, these simulations generate realistic profiles of
flow characteristics depicting intrinsic behavior. The simulations also enable us to examine
the unsteady nature of various flows in detail [40]. In this study, the methodology and
model are detailed in Section 2. The simulation results are presented in Section 3, and the
conclusions are given in Section 4.

2. Methodology and Model

This section outlines the methodology and computational model employed in our MD
study. In the first part, the computational model is explained, and in the second part, the
selective permeability that creates a pressure gradient is detailed.

2.1. Computational Model

In this study, the MD simulation method was used to process every molecule and
molecular interaction. No real collisions are missed, and no fictitious events are im-
posed. Serving as the computational domain, a 3-dimensional region (box) was filled
with molecules of a compressible fluid, as shown in Figure 1. The monatomic gas molecules
are modelled as hard spheres undergoing elastic intermolecular collisions. Ly is a charac-
teristic length in the problem in the y-direction. A molecule–wall interaction model called
diffuse reflection is used so that any molecule reaching ±y walls is reflected back to the
computational region with a velocity generated based on the wall characteristics, namely,
temperature and velocity [14].

In the z-direction, a complete periodicity condition is applied in which any molecule
that reaches a boundary in that direction is instantly transferred to the other boundary,
retaining its original velocity. These periodic boundary conditions in the z direction allow
for simulations of systems that extend infinitely along the z-axis, providing a more accurate
representation of particle behavior without the need for an excessively large simulation
box. This is particularly useful in studying systems with periodic or long-range effects,
allowing researchers to observe behavior over an extended spatial domain without the
computational burden of simulating an infinitely large system. Although there are 2D
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Computational Fluid Dynamics (CFD) solutions abounded in the literature when it comes
to MD simulations this simplification cannot be applied simply because reducing molecular
degree of freedom changes behavior of the gas (for example, speed of sound, heat capacity,
specific heat ratios, viscosity, etc.). An algorithm is used for this periodicity condition,
which prevents the violation of the primary principle of Event-Driven MD Simulations,
which stipulates that any two molecules cannot overlap at any time during the simulation.
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In order to increase computational speed, the multi-Cell Method is used [41]. In this
approach, the whole computational region is divided into cells. This cell division improves
computational speed simply because distant molecules are less likely to collide with each
other. Nevertheless, molecules can cross multiple cells in 3-dimensional space, and any
distant pair of molecules can still interact; no real collision is lost. Any molecule may
undergo three major kinds of events: intermolecular collision, cell switching (a pseudo-
event), and an outer boundary event (as explained above). Intermolecular collisions cause
changes in the velocity components of the colliding pair based on their incoming velocities,
masses, sizes, and relative positions through momentum and energy conservation with
the assumption of perfectly elastic interaction. Cell switching, as a virtual event, does not
really affect the velocity or computational position of a molecule. It merely changes the cell
the molecule is assigned to, allowing a new set of molecules in the cellular neighborhood to
gain candidacy for becoming a future partner of an interaction. Every molecule has a time
variable that is updated after each real event it is involved in while relocating, but this is
not the case in cell switching. This approach greatly reduces the incremental errors caused
by molecular relocations.

The simulation starts with equally spaced molecules with the same rms speeds but
arbitrarily different velocity components. The earliest event is calculated and carried out,
and then the simulation moves on to the next event. This process repeats in order to generate
the simulation. It is worth noting that in a few collisions per particle (cpp), the overall
molecular behavior spontaneously adjusts itself to the Maxwellian speed distribution.
The whole process is event-driven, and any molecule’s position changes only when it
is involved in a real event [42–44]. Molecular positions and velocities are the variables
defining flow properties such as density, energy, temperature, velocity, pressure, etc. These
properties are computed based on the data reduced during the whole simulation using the
long-time averaging technique. Despite the computational cost, the time averaging method
is used for the sake of accuracy [45]. Instead of using the real, dimensional properties of
a gas, non-dimensional input properties are used. All lengths, masses, and speeds are
scaled with the molecular diameter of d = 1, the molecular mass of m = 1, and the rms
speed of crms =

√
15, respectively. The last two choices result in a most probable speed of

cmp =
√

10 (for which the speed of sound becomes 2.89) and an average initial translational
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kinetic energy of Ex = Ey = Ez = 5 in any direction. In this study, the molecular spacing
ratio is set as s/d = 3.5. It is studied in a dimensionless form so that it is applicable to all
noble gases, no matter which gas is chosen.

Upper and lower walls (±y) move in opposite directions at predefined speeds (±Vx),
enabling Couette flow simulations. The lower wall is held at an initial medium temperature
(Tl = 10), while the upper wall temperature (Tu) is kept at various values ranging from
cold to very hot in different simulations. This set of wall temperatures enabled us to
examine the effects of different temperature gradients perpendicular to the flow direction.
These conditions were fostered by using a modified diffuse reemission algorithm [46,47].
Regardless of the incoming molecular velocity components, reflecting molecular velocity
was computed based on these wall conditions by choosing from normal and tangential
distributions of the corresponding medium.

2.2. Pressure Gradient

Periodic boundary conditions are frequently employed in MD simulations to represent
systems of effectively limitless size by computationally simulating only certain portions of
a system. They serve as a fundamental framework for investigating systems in equilibrium,
simulating molecular flows under different circumstances and accurately modelling bulk
systems by eliminating boundary effects. Periodic boundary conditions have been used
to generate flow using an imaginary membrane that allows molecules to pass from one
direction and forces molecules coming from the other direction to reflect elastically with a
certain probability. In this study, as the third boundary condition, the density difference
between upstream and downstream is applied. The probability of passing from the periodic
downstream to the upstream boundary is kept at 1, while in the opposite direction, the
probability (PW) varies. Note that for PW = 1.0, no apparent pressure gradient is expected,
and as PW decreases, the gradient becomes stronger.

In this study, a model for a special boundary condition was developed, representing a
density variation between the outmost boundaries in the x-direction. The model applies a
selective periodicity condition so that the possibility of transferring molecules from the +x
boundary to the −x boundary is maintained at a higher level than its counterpart. This is
achieved by assigning different probabilities to opposite boundaries’ permeabilities and
developing an acceptance–rejection algorithm. While all the molecules approaching the +x
wall are transferred to the other side, this algorithm is applied to the molecules approaching
the −x wall, and this membrane is emphasized by the shaded area in Figure 1. Note that
this achieved density variation also generates a pressure gradient in the x-direction.

3. Simulation Results

For combined heat conduction, Couette flow, and simple pressure gradient channel
flow, the values given in Table 1 were used. During the simulations, different wall speeds,
wall temperatures, and pressure gradients were examined. All the values used are di-
mensionless. The Vx value, which expresses the wall speed, varies between the value at
which the wall has no speed (Vx = 0.0) and the value at which the wall speed is Vx = 5.0.
The speed of sound Is calculated as 2.89, and therefore Vx = 5.0 can be considered to be
approximately 1.7 Mach. The pressure gradient varies between 1.0 and 0.5. There is no
pressure gradient in the case wherein PW = 1.0. In the case of PW = 0.5, the pressure
gradient is at its maximum point, and this means that half of the molecules approaching the
wall are reflected to the other side, and the other half are reflected via specular reflection.
Tu, which expresses the upper wall temperature, was chosen to be between 4.0 and 22.0,
and the lower wall temperature was set as Tl = 10 and kept constant in all the simulations.



Appl. Sci. 2024, 14, 2313 6 of 15

Table 1. Simulation parameters.

Parameters Values

Vx 0.0 1.0 2.0 3.0 4.0 5.0
PW 1.0 0.9 0.8 0.7 0.6 0.5
Tu 4.0 7.0 10.0 13.0 16.0 19.0 22.0

The simulations were conducted for a set of various numbers of molecules (N) and
aspect ratios (AR), as presented in Table 2. The different wall speeds, wall temperatures,
and pressure gradients given in Table 1 were applied to these data sets.

Table 2. The data sets.

Sets of Values

Parameters Set 1 Set 2 Set 3 Set 4 Set 5

AR 1.0 2.0 2.0 4.0 4.0
N 204,800 25,600 51,200 204,800 51,200
Kn 0.0345 0.0689 0.1378 0.0345 0.0689

Ly/d 280 140 70 280 140

In order to converge toward the steady state profiles, a final long-time averaging
procedure was computed between 198 and 200 cpp. It was verified that the steady-state
conditions were well established by comparing these data with previous cpp values. The
local temperature depends on local molecular velocities:

3kT ≡ ⟨m|→c −→
u |2⟩ = m⟨ |→c −→

u |2⟩ (1)

where 〈 〉 is an averaging operator, k is the Boltzmann constant, T is absolute temperature,
m is molecular mass,

→
c is molecular velocity, and

→
u is the local velocity vector averaged

over the molecules in the vicinity. In our problem, since there are only pressure gradient
and velocity boundary conditions acting in the x-direction, we expected a non-zero velocity
component only in the x-direction:

⟨ cx⟩ = |→u | = Vx. (2)

Substituting Equation (2) into Equation (1) yields

3kT = m⟨ |→c −→
u |2⟩ = m(⟨ c2⟩ − V2

x ). (3)

Kinetic energy, on the other hand, is defined as

E ≡ 1
2

mc2. (4)

By using Equations (3) and (4), for temperature, the relationship

3kT = 2⟨E⟩ − ⟨m⟩V2
x (5)

can be deduced.
n denotes number density; pressure is expressed by the state equation:

p = nkT (6)

As an example, number density plots for when Vx = 0.0, AR = 1.0, and N = 204,800
are presented in Figure 2. A single simulation took 20 h on a Xeon Power Station HP-
Z840 in a single processor run. The first column consisted of zero pressure gradient cases
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(PW = 1.0). In this case, a periodic boundary condition was applied, wherein all molecules
approaching the wall pass to the other side. The lower wall was maintained at an initial
medium temperature (Tl = 10), while the upper wall temperature (Tu) was kept at various
values during the simulations. Since Tu = 10 corresponds to the same wall temperatures
for the upper and lower walls, the third-row, first-column plot represents a case where only
the wall velocities are in effect.

Appl. Sci. 2024, 14, x F� R PEER REVIEW 7 of 15 
 

As an example, number density plots for when 𝑉௫ = 0.0, 𝐴𝑅 = 1.0, and 𝑁 = 204,800 
are presented in Figure 2. A single simulation took 20 h on a Xeon Power Station HP-Z840 
in a single processor run. The first column consisted of zero pressure gradient cases (𝑃𝑊 =1.0). In this case, a periodic boundary condition was applied, wherein all molecules ap-
proaching the wall pass to the other side. The lower wall was maintained at an initial me-
dium temperature (𝑇௟ = 10), while the upper wall temperature (𝑇௨) was kept at various 
values during the simulations. Since 𝑇௨ = 10 corresponds to the same wall temperatures 
for the upper and lower walls, the third-row, first-column plot represents a case where 
only the wall velocities are in effect. 

 
Figure 2. The number density plots for when 𝑉௫ = 0.0, 𝐴𝑅 = 1.0, and 𝑁 = 204,800. 

Figure 3 shows the density plots for when 𝑉௫ = 5.0, 𝐴𝑅 = 1.0, and 𝑁 = 204,800. In 
Figures 2 and 3, the first column only shows the effects of velocities and upper-wall tem-
peratures. As the upper wall cools, the number of molecules close to the wall decreases. 
When 𝑇௨ = 4, the upper wall is considerably colder than the lower wall. The number of 
molecules increases in the cooling region. This result is clearly depicted in Figure 3, where 

Figure 2. The number density plots for when Vx = 0.0, AR = 1.0, and N = 204,800.

Figure 3 shows the density plots for when Vx = 5.0, AR = 1.0, and N = 204,800.
In Figures 2 and 3, the first column only shows the effects of velocities and upper-wall
temperatures. As the upper wall cools, the number of molecules close to the wall decreases.
When Tu = 4, the upper wall is considerably colder than the lower wall. The number
of molecules increases in the cooling region. This result is clearly depicted in Figure 3,
where the speed of the upper wall is high. In the case of PW = 1.0, there is no pressure
gradient; therefore, the molecules are distributed more homogeneously than when there is
a pressure gradient. As the pressure gradient grew stronger, molecules concentrated near
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the cold wall. When Tu = 10, the lower wall and upper wall temperatures were equal, and
the graph is symmetrical in the case where there is no pressure gradient. The 2-D density
plots presented in Figures 2 and 3 show variations that agree with the corresponding
temperature profiles. Density increases near the cold wall and decreases near the hot wall.
The asymmetry of higher-density regions around the corners of cooler walls is caused by
the pressure gradient that supports the movement of walls in the forward direction. This is
particularly important for the column located on the rightmost side, which has the most
intense pressure gradient.
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The pressure difference was considered in the simulation results to examine how
the system responded to the pressure difference when a selectively permeable periodic
boundary condition was applied. It was observed that the pressure gradients in all the
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simulations in this study could be divided into five selected intervals, whose value ranges
were taken as approximate values. Table 3 presents these observed pressure gradients.
The range with the lowest pressure difference is called dPdx1, and the range with the
highest-pressure gradient is called dPdx5.

Table 3. Nomenclature of pressure gradient intervals.

Assigned Name of Pressure Gradient Corresponding Interval

dPdx1 − dP
dx < 0.0008

dPdx2 0.0020 > − dP
dx > 0.0008

dPdx3 0.0032 > − dP
dx > 0.0020

dPdx4 0.0043 > − dP
dx > 0.0032

dPdx5 − dP
dx > 0.0043

In Figure 4a–c, variations in average pressure in the computational domain with Tu are
depicted for various pairs of wall velocities. A legend corresponding to the dPdx values and
wall speeds is given in Figure 4d. Seemingly, in compliance with Equation (6), the average
pressure increases almost linearly with Tu. Note that Tu affects the average temperature
in the whole region. This behavior is also affected by Couette flow wall velocities simply
because faster-moving walls impart more energy to the system, causing a pressure increase.
There are bands of velocity ranges arising from the existence of separate cases with different
values of Knudsen numbers and aspect ratios.
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In Figure 5, the behavior of the relationship between pressure and upper wall tempera-
ture is further examined by means of linearly curve fitting the data presented in Figure 4a–c
in terms of their Knudsen numbers. In this figure, the effect of Knudsen number and wall
velocities on the average pressure is depicted. As the Knudsen number or wall velocities
increased, the average pressure increased.
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As shown in Figure 5, wall velocity and wall temperature have a linear effect on the
average pressure. This linearity is directly affected when the pressure gradient is included
in the system. The velocity profiles when AR = 1.0 and N = 204,800 are given in Figure 6. In
the first column, the velocity profiles are almost linear because the Knudsen number is low
(Kn = 0.034) and there is a periodic boundary condition with PW = 1.0. As the pressure
gradient increases, the nonlinearity in the velocity profiles gains significance. The effect of
the pressure gradient on the velocity profiles is greater than that of wall temperature. Note
that the velocity slips on the walls are not symmetrical when a pressure gradient exists. For
example, in the extreme case when PW = 0.5, the velocity slip is greater on the lower wall.
The effect of the wall temperatures on the velocity slips seems to be insignificant.

The upper and lower walls move in opposite directions with given velocities. This
is why, as per Equation (5), we expected higher temperatures in the middle region. This
corresponds to a lower density in the same region because of Equation (6), which is clearly
depicted in the plot. This parabolic velocity profile and corresponding temperature profile
are shown in Figures 6 and 7, respectively. In Figures 6 and 7, due to the pressure gradient
supporting forward-moving walls, the behaviors of higher-density regions accumulated
near the corners of colder walls are not symmetrical. This is especially significant for the
rightmost column with the strongest pressure gradient.

In Figure 7, the temperature profiles when AR = 1.0 and N = 204,800 are given.
When Tu = 10, the lower wall and upper wall temperatures are equal, and the graph is
symmetrical in the case where PW = 1.0. For Tu ̸= Tl , the profiles are not symmetrical.
This figure shows that the temperature slips increase with the increasing wall velocities.
Pressure gradients affect these slips as well. Stronger pressure gradients cause greater
temperature slips on the lower walls. This is due to the fact that because of the higher
pressure at the left wall, some of the molecules traveling upstream are reflected back, while
the others are instantly beamed to the right wall with their existing velocity.
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In Figures 6 and 7, the upper and lower walls move in opposite directions at the speci-
fied velocities. Therefore, according to Equation (5), we anticipated higher temperatures in
the central area. In the temperature profile, a parabolic behavior can be observed because
the flow in the middle region is slower, as shown in Figure 6. This behavior identically
matches the low-Knudsen-number analytical solution [48]. As PW decreases and, corre-
spondingly, the pressure gradient increases, the profiles in the right column of Figure 7 lose
their parabolic nature: a stronger pressure gradient causes a lower peak temperature in the
profile. Note that wall velocities strongly define the behavior of the velocity profile near the
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walls. The existence of a pressure gradient causes higher velocities around the centerline, as
predicted by Poiseuille flow theory. Combined effects of pressure gradient, wall velocities,
and temperatures govern different nonlinear temperature and velocity profiles. All these
effects cause density variation that plays a role in the region as well.

At the points where the velocity profile becomes zero, the temperature profile achieves a
maximum satisfying Equation (5). This behavior is much more intense for supersonic flows.

4. Discussion

In this study, MD simulations of Couette and Poiseuille flows with the addition of
wall-temperature effects for a monatomic gas were conducted by using a multi-cell hard-
sphere method. Simulations of various parameters, combinations of the coupled effects of
wall speeds, pressure gradients, and wall temperatures were executed. Subsonic, transonic,
and supersonic speeds in nanochannels are achieved. The periodicity boundary condition
in the streamwise direction was modified by developing an acceptance–rejection scheme so
that a density difference between upstream and downstream regions formed and yielded a
pressure-gradient-driven flow.

In total, the results of 1260 simulation cases were evaluated. The temperature and
velocity slips show dependencies not only with respect to the temperature and velocity
values but also the magnitudes of the pressure gradient. The pressure gradient also causes
nonlinearities in the velocity profiles, which is in compliance with basic flow theory.

In the simulations, the upper and lower walls move in opposite directions at the speci-
fied speeds. Therefore, according to Equation (5), we predicted that higher temperatures
would occur in the central region. Since the flow in the middle region is slower, a parabolic
behavior was observed in the temperature profile. As PW decreases and accordingly the
pressure gradient increases, the profiles lose their parabolic properties: a stronger pres-
sure gradient results in a lower peak temperature in the profile. As the pressure gradient
becomes stronger, the zero-velocity layer moves toward the wall moving in the opposite
direction of the flow.

The molecular spacing ratio in this study is 3.5, which corresponds to a rather high
pressure. Additionally, the number of molecules is very low for experimental examina-
tion. The application of pressure and temperature gradients complicates the problem of
experimental examination even more. Therefore, similar experimental data were not found
in the literature. For simple Couette flow, Couette flow with a pressure gradient, and
simple Poiseuille flow with a very low Knudsen number (Kn = 0.034), our results match
the analytical continuum parabolic results for velocity and temperature profiles, which are
explained in Figures 6 and 7 in the Simulation Results Section.

It is understood that with the currently available computational capabilities, MD
simulations of gases can successfully handle hundreds of thousands of molecules with
various combinations of wall temperatures, wall velocities, and pressure gradients in
nanochannels of high and low Knudsen numbers.
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