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Gas mixing in a T-shape micro mixer has been simulated using the
Direct Simulation Monte Carlo (DSMC) method. It is considered that
the adequate mixing occurs when the mass composition of the species,
CO or N,, deviates below 1 % from their equilibrium composition.
The mixing coefficient is defined as the ratio of the mixing length to
the main channel’s height. As the inlet Kn increases, while the
diffusion of the molecules behaves more active, the mixing coefficient
decreases. Furthermore, increasing the inlet pressure will cause the
mixing length to increase, since the convection effect of the gas stream
is more pronounced compared with the diffusion effect. Increasing the
gas flow temperature or the wall temperature can enhance the mixing
performance, while the effect of increasing the wall temperature is
more significant. Walls with diffuse reflectors show more
enhancement in mixing coefficient compared with the specular
reflectors.

1. Introduction

The study of gas or liquid flows in micro systems
is developing very rapidly as they have many
applications in various fields. Because of their small
size, they can be produced in very great numbers and
low manufacturing cost. In addition, their
miniaturized size enables them to respond quickly to
excitations of actuators [1]. Gas mixing is a basic
problem for the design of propulsion devices in
Power-MEMS and in a variety of these devices, the
inside mixing process determines the efficiency of the
whole system [2,4]. For these reasons, the study of the
gas mixing and the identification of the factors which
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reduce the mixing length in a micro channel, has been
intensely studied [2,4]. In micro channels, the
continuum assumption is not valid anymore because
the Knudsen number is not very small. Therefore
these flows are usually analyzed with kinetic methods,
for instance the Direct Simulation Monte Carlo
Method (DSMC).

Wang and Li developed a generalized Enskog Monte
Carlo method by introducing a generalized molecular
collision model for Lennard-Jones potential and the
corresponding internal energy exchange model into
the Monte Carlo method for the correct modeling and
predictions of high Knudsen number non-ideal gas
flow and heat transfer. The generalized collision
model considers both repulsive and attractive forces
between molecules and the density effect, so that the
gas equation of state extends from the Clapeyron


mailto:sayyedmostafa.hosseinalipour@gmail.com

Hosseinalipour et al./ TPNMS 2 (2014) 132-139

Nomenclature

molecular mass, kgmol-1
main channel height, m

mixing length, m

= - 3

Mass fraction of species, 1

Greek Symbols

n mixing performance, 1
& composition deviation coefficient, 1
Subscripts
mix  mixture

equation to the van der Waals equation. The
GEMC method was validated by comparing the gas
transport properties with existing experimental data
and by comparing numerical results with DSMC at
low gas densities. The GEMC method was then used
for simulations and analyses of non-ideal gas flows in
micro and nano channels. The results show that the
high gas density influences the flow behavior and heat
transfer deviating from the predictions by the DSMC
method. The denseness makes the surface friction
coefficient on the wall lower than that based on the
perfect assumption[3].

Yan and Farouk simulated the gas mixing process
in micro channels using the DSMC method [5]. They
investigated the mixing of the H, and O, parallel gas
streams which were driven by inlet-outlet pressure
differences, and separated by a splitter plate in a micro
channel. In their work, the gases were considered as
mixed when the mass density contours were
symmetric with respect to the centerline of the
channel. They showed that the mixing length
increases with the increasing of the inlet-outlet
pressure difference. Furthermore, the mixing process
was very sensitive to the wall boundary condition. It
was shown that the mixing length is shorter in the case
with fully diffuse reflection than in the case with the
specular reflection [2,4]. Wang and Li, simulated the
mixing process of CO and N, in a micro channel [2,
5]. In their study, the gases were considered to be
mixed when the gas mixture density near the upper
and lower walls was equal. In their work, it was
emphasized that the main flow velocity and the
temperature are the most important factors affecting
the gas mixing performance.

Le and Hassan studied the gas mixing by
considering CO and N in a T-shape micro mixer with
the inlet-outlet pressure boundary condition when the
internal channel flow is driven by the pressure
gradient [4]. They showed that increasing Knudsen
number decreases the mixing length and enhances the
mixing process. In the present paper, the mixing of
two parallel gas streams of CO and N, with the same
inlet boundary conditions (for the velocity, the

pressure and the temperature) is analyzed by DSMC
method (Figure 1). The main purpose is to obtain the
numerical references which could be compared with
the results by Le and Hassan [4].The mixing process
can be affected by many factors, such as Kn number,
inlet pressure, stream temperature, and wall
temperature. This will be discussed in the following
sections.
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Fig.1. Schematic of the T-Shape microchannel
geometry.

2.  Numerical
conditions

modeling and boundary

DSMC is a statistical method consisting of
numerical experiments which simulates a limited
number of test molecules while each of them is
representative of a large number of real molecules.
During each time step, the code carries out two
uncoupled stages: displacement and collision. For this
decoupling, the time step must be smaller than the
average time of the flight of the molecules. During the
first step, the molecules undergo a displacement
without any collision. The molecules which leave the
field of calculation are eliminated and the collisions
with the walls are treated. For the interaction of the
molecules with the walls, the model of diffuse
reflection with a perfect accommodation is used. In
the second step, the collisions between molecules are
treating in a probabilistic way (method NTC [6]). The
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flow field is subdivided in several cells which their
characteristic dimensions are smaller or equal to the
mean free path of the molecules. The macroscopic
quantities are evaluated in these cells. The mean free
path depends on the characteristics of the mixture.

There are various models of collision but the most
common ones in DSMC, are VHS (Variable Hardware
Sphere) and VSS (Variable Software Sphere) models
[7], which are based on “Inverse Power Law (IPL)”
model. In these models the cross section of collision
depends only on the relative velocity of the two
colliding molecules. Moreover, they provide easier
use of realistic viscosity power laws and calculation of
the collisions. To study a mixture, it is preferable to
use VSS model [7].

A developed version of bird code for T shape
micro channel geometry is used in this study [6]. This
code is based on the DSMC method which allows
simulating the solution of the Boltzmann equation and
obtaining a reference solution for the transition regime
[7].

Figure 2 shows the T-shape microchannel with
two inlets along the vertical axis and one outlet along
the horizontal axis. The widths of the two inlets are
both equal to 1 and the height of the outlet is h. The
computational domain was established as shown in
Fig.2. CO and N, are selected as the operating species
in order to avoid the density effect on the mixing since
those two gases have the same molecular mass, mco =
my, =4.65x107 kg.
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Fig.2. Boundary condition for the T-Shape micro
channel.

Table 1 shows the molecular parameters of two
species. The two gas streams enter the T junction from
the upper and lower inlet, and leave the main channel
exit after being fully mixed. The pressure at the two
inlets is set at the same value, which is near the

134

atmospheric pressure for most of the cases. The outlet
pressure for all cases is maintained low enough to
prevent the backflow and thus enhancement in the
mixing process.

Table 1
Molecular parameters
Gas N, Co
y 1.4 1.4
Q 0.74 0.73
T (K) 273 273
Dt (X 10-10m) 4.13 4.17
4 2 2
m(x 10~26kg) 4.65 4.65

3. Results and discussion
3.1. Characterization of the mixing process

Considering a T-shape microchannel with the
inlet channel width 1=1pum, the whole length of the
channel L = 8um, the height H = 2.8um, and the main
channel height h=1.4um. The two opposing stream
temperatures are equal to the wall temperature, Tj, =
Ty = 300 K. The inlet pressure is 0.1 MPa and, with a
low outlet pressure, no back-flow can be obtained
downstream the outlet plane. Figure 3 shows the
velocity vectors for the T-shape microchannel flow.
The two gaseous flows which come from the inlets,
start to merge within the T junction. In the main
channel flow is accelerated due to the pressure
difference between inlet and outlet, and the stream-
wise velocity has a parabolic profile at each cross
section as expected. Moreover, the velocity slip near
the wall caused by the rarefaction effect can be
observed.

Fig.3. Velocity vectors for the gas mixture of CO and N,
in the T Shape micro channel.

To characterize the mixing process, a mixing
length, which is used to judge the complete mixing of
the two gases, needs to be defined. In Yan and
Farouk’s work, the mixing of two gases was
considered to be complete as the density contours
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appeared symmetric about the channel centerline, and
therefore the mixing length was determined [5]. In
fact, the mixing length determined by this way, may
cause large errors because it somehow relies on one's
sense and vision. In the present work, the idea
presented by Gobby et al. is used to judge the mixing
process [8]. In this way, complete mixing is developed
when the equilibrium composition is reached. In order
to quantitatively evaluate the mixing process, it is
defined that complete mixing can be achieved when
the composition of each species deviates below 1 %
from its equilibrium composition for all locations in a
cross section. In other words, gas mixing is considered
complete when:

mw(i)—%g)ﬁm(i,y)gmw(i,yh“’f@og) )

Where w.(i) represents the equilibrium mass
fraction for species i (i = 1,2) and w;y, represents the
mass fraction for species i at location y in a cross
section. Similarly, the development of the gases
mixing can be also judged by defining the
composition deviation coefficient as:

E:max( lo(,y) -0, ()] ) (2)

o, (1)

The composition deviation coefficient should
decrease asymptotically to zero along the main
channel and the critical value set to judge whether the
two gases are fully mixed is equal to +1% as
mentioned before. In the present study, only the
composition deviation coefficient of CO along the
channel is examined since the N, gas stream must
behave the same manner as CO due to the
conservation of mass. Figure 4 shows the density
contour for N, in the T micro mixer. The CO gas
stream enters from the upper inlet while the N, gas
stream enters from the lower inlet.

As aresult, it is reasonable to get the mass fraction
of N, in the down half of the channel higher than that
in the upper half of the channel. Based on the previous
definition, the evolution of the composition deviation
coefficient along the main channel for CO is
calculated.

Figure 5 indicates the determination of the mixing
length L« from the simulation results.
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Fig.4. Density contour for N, in the
microchannel.
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Fig.5. Evolution of composition deviation coefficient
along the main channel.

The composition deviation coefficient decreases
asymptotically to 0 along the main channel as was
expected before. The mixing point is picked out where
the composition deviation coefficient is equal to 0.01.
Then, the mixing length, L can be defined as the
distance between the starting point of the main
channel and the mixing point.

3.2. Benchmark testing of current work

Figure 6 depicts the comparison between the
effect of inlet pressure on dimensionless mixing
length in the present study and what is reported by
Hassan et al. [4].

Figure 7 shows the composition deviation
coefficient along the main channel in the present study
and Hassan's results. Both of these figures show that
the current results are in very good agreement with the
Hassan's results.
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Fig.6. inlet pressure effect in the current study and
Hassan et al. [3]
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Fig.7. composition deviation coefficient in the current
study and Hassan et al. [3]

3.3. Effect of channel geometry and Kn

The effect of the channel geometry on mixing
process was investigated by changing the size of the T
shape channel, while the inlet Kn wasn't maintained
by means of the adjusted inlet pressure. Figure 8
shows the evolution of the composition deviation
coefficient along the main channel for the cases with a
fixed scale of geometry.
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Fig.8. Effect of inlet-outlet width ratio of the channel on
the mixing coefficient.
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For the cases with the inlet channel width equal to
0.8um and 1.2um, the combination of the two gas
streams develops similarly along the main channel
and the complete gas mixing doesn't happen at the
same portion of the main channel length.

It can be observed that the channel geometry may
have some effect on the mixing process even though
the inlet Kn is fixed. Inspired by the fact that the
channel geometry may have some effects on mixing,
the Kn effect was investigated in the scale-fixed
mixers, and also in those with the same main channel
height. It should be emphasized that the Kn mentioned
here all correspond to N,

The dimensionless mixing coefficient defined in
Wang and Li's work was also adopted here to estimate
the mixing performance, which is calculated by: [2]

L....
Nmix = I;lllx (3)

Where L,,;x, was defined as the mixing length, and
h is the main channel height. Figure 9 depicts the
variation of the mixing coefficient as a function of the
inlet Kn corresponding to the mentioned two
configurations. It can be observed that as the inlet Kn
increases the mixing coefficient always decreases.
Furthermore, the Kn affects the mixing coefficient
more significantly while the micro mixer is shrunk
under a certain scale.

0.85

0.01 0.02 0.03 0.04 0.05 0.06
Knin

Fig.9. Effect of the Kn on mixing coefficient.

This can be explained by the fact that as the
geometry goes into the micro scale, which causes the
flow to fall into slip or even transition flow regime,
the molecular diffusion is mainly responsible for the
mixing. More specifically, as the flow becomes more
rarefied as the Kn increases, the two gas streams are
able to diffuse more thoroughly at the inlet of a T
junction before the mixing processes subsequently in
the main channel. This type of mixing behavior under
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rarefied conditions differs considerably from that in
the continuum flow model and is expected to be
primarily counted in the design of the micro gas
mixers.

3.4. Effects of inlet pressure, stream temperature
and wall temperature.

Calculations were repeated by changing the inlet
pressures while the outlet pressure was maintained
lower enough to prevent the backflow. Nine cases
were carried out with the inlet pressure values of 100,
125, 150, 175, 200, 225, 250, 275 and 300 kPa. The
variation of L;,/L, versus the inlet pressure is shown
in Figure 10. It can be seen that the mixing length
increases monotonically with the increasing inlet
pressure. As the inlet pressure increases, the Kn value
decreases at the channel inlet and within the rest of the
T shape microchannel as well. Thus, the diffusion
effect in the micro T-junction becomes less efficient.
In addition, the increment of the inlet pressure also
speeds up the flow velocity, which makes the
convection effect of the gas stream more pronounced
compared with the diffusion effect of the molecules.
Therefore, it takes longer for the higher inlet pressure
cases to achieve the complete gas mixing.
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Fig.10. Effect of the inlet pressure on the mixing
coefficient.

The effect of the stream temperature was
investigated by varying the inlet gas temperature from
300 K to 450 K while the wall temperature was kept
at 300 K. Figure 11 shows decrease of mixing length
with the increase of gas stream temperature.

This can also be explained by the molecular
diffusion characteristic within the T-junction. High
gas temperature makes the molecular motion more
active because the thermal velocity of a molecule is
proportional to the gas temperature.
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Fig.11. Effect of the stream temperature on the mixing
coefficient.

As a result, the diffusion effect turns to be more
significant thus enhancing the mixing process.

On the other hand, when the incoming gas stream
temperature was kept at 300 K while the wall
temperature was set at 300, 350,400 and 450 K, a
similar trend was obtained as shown in Figure 12;
high wall temperature leads to a shorter mixing
length. It can be concluded that the mixing process is
more sensitive to the wall temperature rather than the
stream temperature. Because when the temperature of
the incoming flow is different from that of the wall,
the flow temperature can adjust to be equal to the wall
temperature very fast at the entrance region of the
microchannel. Therefore, increasing the wall
temperature can effectively increase the gas flow
temperature along the whole channel thus accelerates
the mixing process.
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Fig.12. Effect of the wall temperature on the mixing
coefficient.

3.5. Effects of wall’s condition on mixing length

The effect of the wall temperature was
investigated by varying the wall temperature from 300
K to 450 K in 2 cases as shown in Figurel3.

It shows that diffuse wall makes the molecular
motion more active because the thermal velocity of a
molecule is proportional to the gas temperature.
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Fig.13. Effect of the wall condition on the mixing
coefficient

It shows that diffuse wall makes the molecular
motion more active because the thermal velocity of a
molecule is proportional to the gas temperature. As a
result, the diffusion effect turns to be more significant
thus enhancing the mixing process.

4. Conclusion

The mixing process of two gas species, CO and
N,, within the T shape microchannel was simulated.
The outlet pressure was chosen to be lower enough to
prevent the backflow in order to speed up the mixing
process and enhancing the mixing performance. The
following conclusions are drawn:

1-When the Kn increases, the mixing coefficient
decreases, indicating an enhanced mixing process.
This type of mixing behavior can only be observed in
micro scale, which is quite different from those being
predicted in the macro scale. The two investigated gas
streams started to mix within the T junction before
entering the main channel due to the diffusion effect
of the rarefied flows.

2-the mixing length increases with the increasing
inlet pressure, which speeds up the flow velocity thus
making the convection effect of the gas stream more
pronounced compared with the diffusion effect.

3-Increasing the gas flow temperature or the wall
temperature can both lead to an enhanced mixing
process, while the effect of the wall temperature is
more significant.

4-Diffuse walls lead to enhanced mixing process
in compassion with specular walls.
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