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In the present work, rarefied gas flow between two parallel moving plates maintained at the same uniform
temperature is simulated using the direct simulation Monte Carlo (DSMC) method. Heat transfer and shear
stress behavior in the micro/nano-Couette flow is studied and the effects of the important molecular structur-
al parameters such as molecular diameter, mass, degrees of freedom and viscosity–temperature index on the
macroscopic behavior of gases are investigated. Velocity, temperature, heat flux and shear stress in the do-
main are studied in details. Finally, a discussion on the role of the molecular structural parameters in the de-
crease or increase of amounts of hydrodynamics and thermal properties of the gas is presented.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, prediction of rarefied gas flow and heat transfer
behavior of micro/nano flows attracted attention of researchers due
to the wide applications of micro/nanoelectromechanical system
(MEMS/NEMS) devices such as micro-valve, micro-turbine, micro-
pump and micro/nano-nozzles. To measure the degree of rarefaction
the Knudsen number (Kn) is defined as the ratio of mean free path of
the gas molecules to the characteristic length of the geometry
(Kn=λ/L). When the Knudsen number is sufficiently large, the gas
rarefaction is the main parameter to evaluate these systems [1].
Flow regimes are also classified on the basis of the Knudsen number
into: continuum (Kn≤0.01), slip flow (0.01bKnb0.1), transition
flow (0.1bKnb10) and free molecular (Kn≥10).

When there is a continuum breakdown, the conventional method
to describe gas flows, i.e., the Navier–Stokes (NS) equations fails to
predict the flow and the solutions are to be established based on
the kinetic principles such as those in treating the Boltzmann equa-
tion. Direct simulation Monte Carlo (DSMC) is shown to be the most
accurate numerical tool to handle the complexity of the Boltzmann
equation [2]. DSMC method possesses many advantages such as sim-
plicity of application, unconditional stability, and ease of modeling
complex physical flow. However, the computational cost is larger
than the traditional CFD approaches.

Shear-driven flows such as Couette flow are encountered in
micro-motor, comb mechanism, and micro/nano-bearing. In this
study we choose the well known problem of planar Couette flow,
i.e., a gas confined between two infinite parallel plates which are at

the same temperature but moving relative to each other. Micro/
nano-Couette flow has been widely studied in the literature. For ex-
ample, Morris et al. [3] investigated slip length in a dilute gas in Cou-
ette and Poiseuille flow using molecular dynamics (MD) and DSMC
and found that slip length is accurately given by Maxwell theory in
the entire Knudsen regime. Beskok et al. [4] reported a detailed anal-
ysis of the effects of compressibility and rarefaction on pressure-
driven and shear-driven microflows. They found that compressibility
and rarefaction are competing phenomena and both require consid-
eration in microfluidic analysis. Marques et al. [5] investigated gas-
eous micro-Couette flow with the NS equations and compared their
results with DSMC method in the continuum and transition regimes.
Their comparison between the NS and DSMC solutions for the heat
flux vector shows that slip and jump boundary conditions do not nec-
essarily depend on the velocities of the plates. Xue et al. [6–8] ana-
lyzed the micro-Couette flow using DSMC method, the NS, and the
Burnett equations. They found that the rarefaction has a significant
effect on velocity, temperature and pressure, especially for high
Knudsen number flows. They stated that the non-dimensional param-
eter Prandtl–Ekcert (PrEc) characterizing convective heat transfer in
the Couette flow increases as flow rarefies more. Their prediction of
shear stress and heat flux at wall shows the superiority of the Burnett
equations than the NS in the micro-Couette solution. Meanwhile the
Burnett equations with the slip boundary condition, which is propor-
tional to the Knudsen number, cannot be extended to the transition
flow regime. McNenly et al. [9] constructed models to capture the
Knudsen number dependence of the slip and viscosity model coeffi-
cients by a linear least-squares fit of the NS solution to the non-
equilibrium solution obtained using the DSMC method for the Cou-
ette and Poiseuille flows. Roy and Chakraborty [10] investigated
near-wall effects in micro scale laminar Couette flow for Knudsen
number varying from 10−3 to 10−1 and found that for values of the
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Knudsen number of the order of 10−2 or higher the heat transfer pre-
dictions from their model deviate significantly from the classical slip
flow based predictions in which wall-adjacent layer effects are not
considered. More recently, Frezzotti et al. [11] proposed a moment
method based on the linearized Bhatnagar–Gross–Krook (BGK) kinet-
ic model equation and applied the method to the cases of Couette,
Poiseuille and cavity flow. Their results showed that excellent ap-
proximations of exact solutions of the kinetic model equation could
be obtained using a small number of moment equations. Gu and Em-
erson [12] used high order moment approach, i.e., regularized 26 mo-
ment equations, for capturing non-equilibrium phenomena in the
transition regime for the Couette flow. Their new set of equations
overcomes many of the limitations observed in the regularized 13
moment equations and had good accuracy compared to the DSMC so-
lution. Kumar et al. [13] investigated the accuracy of the solution of
statistical Bhatnagar–Gross–Krook (BGK) and ellipsoidal statistical
BGK (ESBGK) equations in comparison with the DSMC solution in
Couette flow. They showed that these methods are numerically
more efficient than the DSMC method for a flow simulation in condi-
tions that are presently at the comfort-level limit for DSMC
computations.

The objective of present work is to provide a deeper understand-
ing of the effect of four important molecular structures, i.e., molecular
diameter, mass, degrees of freedom and viscosity–temperature index
on the micro/nano flow behavior. Although simulation of Couette
flow has been implemented before, the specific contributions of this
work in the study of micro/nano-Couette flow are investigation of
the behavior of important engineering parameters, like heat flux
and shear stress. In addition we investigate the governing physical
behavior due to variation of molecular diameter, mass, degrees of
freedom and viscosity–temperature index for the first time. The ap-
proximate analytical solutions for the planar Couette flows are avail-
able within the framework of continuum fluid mechanics subject to
velocity slip and temperature jump boundary conditions and valid
for the low-velocity (subsonic) and low Knudsen number (Kn≤0.1)
flows [1,5]. Consequently, we compare our DSMC temperature, veloc-
ity, shear stress and heat flux distribution with the approximate ana-
lytical solution.

2. Problem statement

Planar Couette flow involves a gas trapped between two infinite
plate at y=±h /2 moving relative to each other in opposite direc-
tions with a constant velocity±Uw and maintained at the same con-
stant temperature, Tw. The flow is driven by the shear stress of
moving plates and depends on the y coordinate only. Therefore the
flow is considered steady, one dimensional and compressible. The
flow velocity generated by shear is assumed to have only an x compo-
nent varying only in the y direction. Temperature profiles are para-
bolic and are generated by the viscous dissipation. The amount of
heat flux in y direction is zero in the center of the channel and in-
creases towards the plates. The shear stress in the domain is constant.
Also the external forces are assumed to be absent.

2.1. The DSMC method

The Boltzmann equation describes the gas flow behavior in all the
rarefaction regimes. The DSMCmethod is proved to be the most accu-
rate numerical tool to solve the Boltzmann equation based on the di-
rect statistical simulation of the molecular processes described by
the kinetic theory [2]. The algorithm includes four primary steps:
moving the particles, indexing them, collision simulation, and sam-
pling the flow-field. The primary principle of DSMC is to decouple
the motion and collision of particles during one time step. The imple-
mentation of DSMC needs breaking down the computational domain
into a collection of grid cells. The cells are divided into subcells in

each direction. The subcells are then utilized to facilitate the selection
of collision pairs. After fulfilling all molecularmovements, the collision
between molecules is simulated in each cell separately in a statistical
manner. The random selection of the particles from a cell for binary
collisions requires that the cell size to be a small fraction of the gas
mean free path. The decoupling between the particles movement
and collisions is correct if the time step is a small fraction of the
mean collision time. Number of particles per cell should be high
enough, around 20, to avoid repeated binary collisions between the
same particles. In the entire computational domain, an arbitrary initial
state of gas particles is specified and the desired boundary conditions
are imposed at time zero. Particlesmovement and binary collisions are
performed separately. After achieving steady flow condition, sampling
of molecular properties within each cell is fulfilled during sufficient
time period to avoid statistical scattering. More details on DSMC algo-
rithm are given in Ref. [2,14]. In the current study, variable hard
sphere (VHS) collision model is used and the collision pair is chosen
based on the no time counter (NTC)method. We use diffuse reflection
model with the full thermal accommodation coefficient for the walls
and set the time step and cell dimensions equal to 10−13 (s) and
10−8 (m), respectively. These values are set in such a way that they
do not exceed mean collision time and mean free path, respectively.

3. Results and discussion

The DSMC code used by Roohi and coworkers [15–19] for simula-
tion of different geometries like micronozzle, microchannel and back-
ward facing step is applied and modified to simulate micro-Couette
flow. Argon with molecular mass of m=6.63×10−26 kg, viscosity–
temperature index of ω=0.81, variable hard-sphere diameter of
dvhs=4.17×10−10 m and specific heat ratio of γ=1.667 is consid-
ered as the base gas. By varying the favorable parameter and keeping
other molecular parameters constant, we simulate some imaginary
gases to investigate the effects of four molecular parameters on the
flow behavior. The properties of imaginary gases are a combination
of properties of real gases and the variation of the investigated pa-
rameter is in the range of corresponding value in real gases. Simulat-
ed imaginary gases and their properties are shown in Table 1.
Simulations are performed for Kn=0.1 and Mwall=1.05, here. The
reason for using Kn=0.1 is that most applications of MEMS devices
are in the slip and early transition regimes. Mwall is the wall Mach
number defined as the ratio of Uw to the parameter

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kTw=m

p
and is

specified by varying the driving velocity of both plates Uw. In all
cases, the simulated gas and the wall temperature are considered at
a reference temperature of Tref=273 K.

The macroscopic properties of the interest in the present work are
viscous shear and heat flux, derived using molecular gas dynamics [2].

Table 1
Simulated cases: imaginary gases (Kn=0.1–Mwall=1.05).

Gas Diameter
(d×10−10 m)

Degrees of
freedom (ζ)

Molecular mass
(m×10−27 kg)

Viscosity index (ω)

A 2

3 66.3 0.81
B 3.5
C 5
D 6.5
E

4.17

3

66.3 0.81
F 5
G 6.1
H 6.7
I

4.17 3

10

0.81
J 20
K 40
L 80
M 160
N

4.17 3 66.3
0.6

O 0.8
P 1
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Viscous stress tensor τ, is defined as the negative of the pressure tensor
with the static pressure subtracted from the normal components [2].

τ ¼ τij ¼ − ρc′ic
′
j−δijp

� �
ð1Þ

where c i and c j are the components of c the velocity of molecule
relative to stream velocity, i.e., thermal velocity and p is the pressure
tensor defined as:

p ¼ pij ¼ ρc′ic
′
j ð2Þ

The heat flux vector is defined as:

q ¼ 1
2
ρc02c0 þ nεintc

0 ð3Þ

where, εint is the internal energy of a single molecule.
In figures, the ordinate is normalized by the distance between the

parallel plates h. Flow velocity and temperature are normalized by the
relative velocity of the plates Uw and the temperature of the wall Tw,
respectively.

Also heat flux and shear stress are normalized by the parameters,
ρ∞UwCpTw and 1

2ρ∞U
2
w, respectively. Here, ρ∞ and Cp are the free

stream density and the specific heat capacity of argon, respectively.
The normalized heat flux and shear stress are referred to as the heat

flux coefficient (Ch) and the friction coefficient (Cf), respectively, in
the figures.

3.1. Grid study and validation

To achieve grid independent solutions, we simulate argon flow in
a channel using three different grid resolutions in y direction. We
kept number of particles per cell constant, i.e., average of 300 parti-
cles per cell, and set Knudsen and wall Mach number to 0.1 and
1.05 respectively. Although the problem is one-dimensional, we
employed a two-dimensional code and imposed periodic boundary
condition on both sides of the domain to correctly simulate infinite
length plates. Fig. 1 shows the velocity, temperature, heat flux and
shear stress profiles of argon gas for the three investigated grids,
i.e., Grid 1 (150,000 particles in 10×50 cells), Grid 2 (300,000 parti-
cles in 10×100 cells) and Grid 3 (450,000 particles in 10×150
cells). It is observed that Grids 2 and 3 give almost identical velocity,
temperature, heat flux and shear stress profiles. More dependency on
the grid on the temperature and heat flux profiles than velocity and
shear stress profiles is observed, but solutions of Grid 2 and 3 are
quite close to each other. Therefore, we continue our study using
Grid 2.

The approximate analytical NS solutions subject to velocity slip
and temperature jump boundary conditions are available and valid
for the planar Couette flow [4,5,10,20]. Marques et al. [5] derived

a- Velocity profile b- Temperature Profile

c- Heat flux coefficient profile d- Shear stress coefficient profile

Fig. 1. Grid study test (Profiles).
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the solution for the streamwise velocity and the temperature profile
in the Couette flow as follows:

U ¼ Uw

1þ k0Kn
2y
h

ð4Þ

T ¼ Tw þ 2m
15k

1þ 2k1Knð Þ Uw

1þ k0Kn

� �2
− 2m

15k
Uw

1þ k0Kn

� �2 2y
h

� �2
ð5Þ

where k andm are the Boltzmann constant and the mass of a gas mol-
ecule, respectively. For hard sphere gases, k0 and k1 are two constants
with values 1.111 and 2.127, respectively [5]. The heat flux may be
derived using the relationship below [5]:

qy ¼ μ
Uw

1þ k0Kn

� �2 4y
h2

ð6Þ

µ=(2mkT0/π)1/2n0λ is the viscosity coefficient with n0 representing
the number density. It can be deduced that shear stress is calculated
by substituting viscosity coefficient and dU/dy derived from Eq. (4)
into the familiar shear equation for Newtonian fluids (τxy=−μdU/
dy):

τxy ¼ μ
Uw

1þ k0kn
2
h

ð7Þ

Fig. 2 shows the comparison of velocity, temperature, heat flux
and shear stress with the approximate analytical solution of Ref. [5]
and DSMC solution of Ref. [12]. In this comparison the Knudsen num-
ber is equal to 0.1 and the wall Mach number is 0.21. The present case
is a slip regime simulation and it is observed that there is a good
agreement between our solution and the DSMC solution of Ref. [12].
However, both DSMC solutions deviate from the approximate analyt-
ical NS solution. This is expectable and more deviation is predictable
by increase of Knudsen number or plates' velocity. It is observed
that all velocity profiles are in good agreement with slight deviation
in analytical solution. However deviation of analytical temperature
profile from DSMC solutions is noticeable. It is also observed in the
figure that heat flux coefficients are in good agreement. Also shear
stress coefficients with slight deviations are in good agreement. The
larger scatter in our simulation compared with DSMC simulation of
Ref. [12] is due to smaller sample size used here.

3.2. Effect of molecular diameter (d)

First, we performed simulations to investigate the effects of mo-
lecular diameter. We focus on velocity, temperature, heat flux and
shear stress distributions. The Mach and Knudsen numbers are kept
constant (Kn=0.1, Mwall=1.05). As shown in Fig. 3(a), variation of
the molecular diameter has no effect on the bulk velocity of the do-
main. The formulation for the macroscopic velocity in x-direction in
the DSMC method is as below [21]:

U ¼ 1
N

XNt

p¼1

XNp

q¼1

ci;p ð8Þ

ci, p is the molecular velocity component in the x-direction, Np is
the number of molecules in the sampled field cell at the pth sam-
pling time step, and N is the total number of molecules sampled
during the total time steps of Nt in the field cell. It is observed
that the macroscopic velocity in the domain is a function of molec-
ular velocity. In the shear driven Couette flow the only cause of the
molecular velocity is the moving plates. Therefore we focus on the
interaction between the molecules and moving plates here. To
have a constant Knudsen number and different molecular diame-
ters for different cases, the number of simulated molecules will
be different in each case. This is because of dependency of the
mean free path in the initial gas on diameter (λ0 ¼ 1=

ffiffiffi
2

p
πd2n). In

other words, in order to have the same degree of rarefaction, the
number of molecules with smaller diameter would be higher. As
a result, in a gas with smaller molecular diameter, the number of
molecules colliding with the moving wall is higher and vice
versa. However, the amount of absorbed macroscopic kinetic mo-
mentum is the same for both cases. The nonlinearity observed in
velocity profiles near walls is due to the existence of Knudsen
layer. The Knudsen layer is a kinetic boundary layer on the order
of a mean free path (about one to a few mean free paths) and
starts to become dominant between the bulk flow and solid sur-
faces in the transition flow regime [22]. For high Knudsen number
flows (Kn>1), this layer occupies whole the channel length. The
velocity distribution and other physical variables are subject to
appreciable changes within the Knudsen layer [23]. For example,
as Gallis et al. [24] reported, within the Knudsen layer molecules
collide with the surface more frequently than they collide with
each other. For further discussions on Knudsen layer see Refs.
[25–27].

Fig. 2. Validation of results (Kn=0.1, Mwall=0.21).
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The definition of temperature in molecular gas dynamics is given
as follows:

Tx ¼
m
k

1
N

XNt

p¼1

XNp

q¼1

ci;p
2− 1

N

XNt

p¼1

XNp

q¼1

ci;p

0
@

1
A

28<
:

9=
; ð9Þ

Ty ¼
m
k

1
N

XNt

p¼1

XNp

q¼1

cj;p
2− 1

N

XNt

p¼1

XNp

q¼1

cj;p

0
@

1
A

28<
:

9=
; ð10Þ

Tz ¼
m
k

1
N

XNt

p¼1

XNp

q¼1

ck;p
2− 1

N

XNt

p¼1

XNp

q¼1

ck;p

0
@

1
A

28<
:

9=
; ð11Þ

T ¼ 1
3

Tx þ Ty þ Tz

� �
ð12Þ

Similar to our previous discussion on the velocity profiles, we can
justify the similar temperature profiles observed in Fig. 3(b). Accord-
ing to Eqs. (7)–(10), temperature is only a function of molecular ve-
locity. However, as observed in Fig. 3(b), temperature profile in the
center of the channel increases for molecules with larger diameter.
This is due to increase of collision cross-section for molecules with
larger diameters. Although in the case of molecules with larger diam-
eter the number of molecules is less than what we simulate in case of

molecules with small diameters, effect of collision cross-section in-
crease is slightly more effective here. Therefore slight increase of tem-
perature in the center of channel is observed by increasing the
molecular diameter.

Fig. 3(c) and (d) show that non-dimensional heat flux and shear
stress decrease as molecular diameter increases. According to
Eqs. (1) and (3), it is observed that these two quantities are func-
tion of the density. The density, itself is a function of number of
molecules and their mass. As we discussed before, the number of
simulated molecules with smaller diameters is more than mole-
cules with larger diameters. Therefore greater magnitudes of heat
flux and shear stress are logical for smaller molecules. On the
other hand, the number of intermolecular collisions would increase
as the number of the molecules increases and the viscous dissipa-
tion due to the collisions causes larger amounts of heat flux and
shear stress coefficients.

3.3. Effect of degrees of freedom (ζ)

The different behavior of hydrodynamics and thermal properties
monatomic, diatomic and polyatomic gas molecular structures are
shown in Fig. 4. Fig. 4(a) indicates that using gases with different de-
grees of freedom and keeping other molecular structures such as mo-
lecular mass, diameter, viscosity–temperature index and reference
temperature constant, the bulk velocity of the domain remains con-
stant for the range of simulations performed here. This is because

a- Velocity profile b- Temperature Profile

c- Heat flux profile d- Shear stress profile

Fig. 3. Study of effects of molecular diameter on gas behavior.
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the macroscopic velocity only depends on the microscopic velocity of
the molecules which is independent of the degree of freedoms of
molecules. In other words, velocity profiles are shaped due to the mo-
mentum change after wall–molecules collisions. This change of mo-
mentum is not function of degree of freedom. However, other
profiles show dependency of ζ. This is due to the variation of specific
heat capacity (Cp) which is a function of the structure of gas. The re-
lation between Cp and ζ is as follows:

Cp ¼ ζ
2
þ 1

� �
R ð13Þ

The energy ofmoleculesmay be stored in translational, rotational or
vibrational modes. Monatomic molecules can only store energy in
translational mode so that the degrees of freedom are just three in
translational direction, but diatomic molecules may possess an addi-
tional three degrees of freedom for storing energy in rotational mode.
In particular, the heat capacity depends on the number of degrees of
freedom that are available to the particles in the gas to store thermal en-
ergy. The kinetic energy of gas particles is the only one of themany pos-
sible degrees of freedom which manifests as translational temperature
change, and thus the larger the number of degrees of freedom available
to the particles of a gas other than kinetic energy, the larger will be the
specific heat capacity for the gas. Fig. 4(b) illustrates that temperature
decreases once we simulate molecules with higher degrees of freedom.
This decrease of temperature is explained by increase of the heat

capacity due to using a gas with greater degrees of freedom instead of
three. Fig. 4(c) also shows smaller amount of heat flux by increasing
the degrees of freedom of molecules. This is also due to the increase of
Cp. Simulating molecules with higher degrees of freedom shows that
the energy is saved in molecules rather than transferring it as heat to
the environment. The shear stress also experiences a decrease in abso-
lute amount, which is shown in Fig. 4(d). As ζ increases, more momen-
tum exchange in intermolecular collisions causes the shear stress in the
domain decrease.

3.4. Effect of molecular mass (m)

Fig. 5(a) shows variation of velocity for gases with different mo-
lecular mass. It is observed that the velocity does not change consid-
erably as the mass varies. The reason is that the molecular velocity is
not related to the mass. It is observed in Fig. 5(b) that as the molecu-
lar mass increases the temperature also increases. This is obvious be-
cause the average kinetic energy for each molecule, mostly absorbed
from the moving plates during the wall–molecule interactions, is pro-
portional to the molecular mass [2].

e ¼ 1
2
mc′2 ð14Þ

It is also observed in Fig. 5(c) and (d) that the amount of non-
dimensional heat flux and shear stress increases. These observations

a- Velocity profile b- Temperature Profile

c- Heat flux profile d- Shear stress profile

Fig. 4. Study of effects of degrees of freedom of molecules on gas behavior.
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are quite consistent with the increase of the kinetic energy due to mo-
lecular mass increase. Since the shear stress is a function of trans-
ferred momentum from the plates which is dissipated, and the
amount of total absorbed energy from the walls increases according
to Eq. (14), this value increases as the molecular mass is increased.

3.5. Effect of viscosity–temperature index (ω)

The variation of velocity for three different viscosity–temperature
indexes is shown in Fig. 6(a). One can see that the bulk velocity de-
creases when ω increases. This is because of increase of mean free
path by increasing ω. The VHS relation between viscosity and the
mean free path is defined according to [28]:

λ ¼ 2μ=15ð Þ 7−2ωð Þ 5−2ωð Þ 2πRTð Þ−1=2
=ρ ð15Þ

Also the relation between viscosity and temperature according to
the Chapman–Enskog expansion is defined as below [2]:

μ ¼ μ∞ T=T∞ð Þω ð16Þ

Eqs. (15) and (16) show that increase of ω, increases μ and there-
fore λ. Increase of mean free path is equivalent to using a more rare-
fied gas. In this condition i.e., more rarefied flow, the number of the
molecules colliding to the moving walls and transferring the kinetic

momentum to the domain decreases. Therefore, the velocity in the
domain decreases.

The increase of temperature shown in Fig. 6(b) is explained by in-
crease of λ (or Knudsen number) due to increase of ω. As the flow be-
comes rarefied the constant energy absorbed fromwalls will be saved
in smaller number of the molecules, and shows itself in terms of tem-
perature rise. However in a less rarefied gas this amount of constant
energy is distributed in larger number of molecules and the tempera-
ture rise is smaller than what is observed in more rarefied gases.
Fig. 6(c) shows the variation of non-dimensional heat flux with vis-
cosity–temperature index. The figure shows that the magnitude of
heat flux increases for larger amounts of ω. This is because of increase
of the surface–molecular collisions due to increase of the mean free
path of the molecules. As a result, not only the molecules near the
surface but also molecules in the center of channel can collide with
the surfaces. Therefore, more absorbed kinetic energy from the wall
is transferred into heat. Fig. 6(d) shows that the shear stress increases
when we are facing with molecules which have larger amounts of ω.
The reason is absorption of more momentum from the walls by in-
crease of ω.

3.6. Multiple effects in real gases

At the final stage, simulations are performed for some real gases,
i.e. hydrogen (H2), nitrogen (N2), argon (Ar), carbon dioxide (Co2),
chlorine (Cl2), and xenon (Xe), to investigate the most effective

a- Velocity profile b- Temperature Profile

c- Heat flux profile d- Shear stress profile

Fig. 5. Study of effects of molecular mass on gas behavior.
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parameters on the velocity, temperature, heat flux and shear stress
behavior of the gas. Simulated real gases are tabulated in Table 2.
The reason for choosing these gases is to have a full coverage of all
the molecular parameters. Fig. 7(a) shows the velocity profile for dif-
ferent gases. As it is observed in velocity profiles of Figs. 3–6, the ef-
fect of the viscosity–temperature index on the bulk velocity is the
strongest effect among the four investigated parameters, which de-
creases the velocity in the domain as increases. Meanwhile it is ob-
served that increase of mass has a reverse effect, i.e., slight increase
of domain velocity. It is also observed in Table 2 that the molecular
mass and viscosity–temperature index are in direct relation with
each other. Simulation of real gases shows that for gases with molec-
ular mass in the range of 46 to 118×10−10, the increase of ω plays
the key role. However for gases with sufficiently small or large masses
like H2 and Xe, the controlling parameter is m.

Investigation of the effects of molecular parameters on tempera-
ture profiles in the previous sections shows that increasing m, d and
ω results in temperature rise in the domain. It also seems that the mo-
lecular mass has the strongest effect on temperature. These three pa-
rameters are in direct relation with each other. However, increase of ζ
decreases the temperature. Fig. 7(b) shows that the molecular mass
and degrees of freedom are the competing parameters in temperature
rise and fall. The figure shows that the increase of temperature is in
direct relation with increasing the molecular mass. However, there
is one exception, i.e., CO2, a polyatomic gas with the degree of free-
dom of 6.7.

Fig. 7(c) is the non-dimensional heat flux profiles for real simulat-
ed gases. As discussed in the previous sections we know that increase
of d and ζ decrease the absolute amount of Ch. On the other hand, in-
crease of m and ω decreases this quantity. Looking at Table 2 and this
figure, it is observed that the role of molecular mass and degree of
freedom is more pronounced. It is observed that as the molecular
mass increases the magnitude of heat flux increases but this trend is
not valid for polyatomic molecules because their degree of freedom
is larger than monatomic and diatomic gases.

In Fig. 7(d) the variation of shear stress coefficient is investigated.
These variations are very similar to those observed for heat flux coef-
ficient, i.e., increase of d and ζ decreases the absolute amount of Cf, but
increase ofm and ω decreases this quantity. In the same way we con-
cluded in the last paragraph, we can see that molecular mass and de-
gree of freedom are the major parameters and the expectable trend of

a- Velocity profile b- Temperature Profile

c- Heat flux profile d- Shear stress profile

Fig. 6. Study of effects of degrees of viscosity–temperature index on gas behavior.

Table 2
Simulated cases: real gases (Kn=0.1–Mwall=1.05).

Gas Diameter
(d×1010 m)

Degrees of
freedom (ζ)

Molecular mass
(m×1027 kg)

Viscosity
index (ω)

Hydrogen (H2) 2.92 5 3.34 0.67
Nitrogen (N2) 4.17 5 46.5 0.74
Argon (Ar) 4.17 3 66.3 0.81
Carbon dioxide (CO2) 5.62 6.7 73.1 0.93
Chlorine (Cl2) 6.98 6.1 117.7 1.01
Xenon (Xe) 5.74 3 218 0.85
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increasing of Cf by increasing the molecular mass has two exceptions
which are polyatomic gases.

4. Conclusion

In this paper, the classical problem of Couette flow was simulated
for the investigation of the effects of four molecular gas structures,
i.e., molecular diameter, mass, degree of freedom and viscosity–tem-
perature index on hydrodynamics and thermal behaviors of rarefied
flow using the DSMC method. The effects of variation of each of
these parameters on the velocity, temperature, heat flux and shear
stress coefficients were investigated in details for imaginary gases
and the observed physics was justified. Then simulations were per-
formed for real gases to see the multiple effects of these parameters
and also to find the parameters which have the key role. The results
show that increase of d, ζ, m has almost no effect on the bulk velocity
of the domain in the simulated range. However increase of ω by 0.2
unit leads to increase of domain velocity near the walls about 2–3% of
plates' velocity. It is observed that increase of d, m, and ω increases
the temperature in the domain. This effect for molecular diameter is
very slight. However increase of ζ decreases the temperature in the do-
main. It is also observed that increase of d and ζ decreases both heatflux
and shear stress and increase of m and ω increases these quantities.
Simulation of real gases shows that the main effective parameter on
the bulk velocity is the viscosity–temperature index of the gas. In

other profiles, i.e., temperature, heat flux and shear stress coefficients,
molecular mass and degree of freedom play the key roles.
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