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Abstract

This paper summarizes the current methods for solving micro-channel flows,
and the direct simulation Monte Carlo (DSMC) method is used to simulate the
Couette flow, which is the most classical gas micro-flow. The results show that the
velocity slip is obvious in the transition regimes and the slip velocity increases
along with Kn increasing. The simulation results using DSMC are in accordance
with the numerical solutions to linearized Boltzmann equation. The DSMC method
is effective and easy to carry out in the simulation on gas fluid in micro-channels.
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1. Introduction

With the widespread application of micro-electromechanical, micro-channel gas
flow has gradually become an important research field. It does not satisfy
the common continuum assumption, so it can not be solved by the equation based
on the common continuum assumption. The ratio of the mean free path of a gas
molecule to the flow feature size is called the Knudsen (Kn) number. According to
the size of Kn , flow is divided into four different regions™.

Euler equation and N-S equation can only describe continuum area, Burnett
equation™ is more suitable than N-S equation, but it can not improve the N-S
equation. Numerical methods contain N-S Equation with Velocity Slip and direct
simulation Monte Carlo (DSMC) method!™. The high-order slip velocity condition
was derived by Besokok!™.. In view of this, we use the DSMC method to simulate
the micro-channel Couette flow problems. The simulation results are in good
agreement with the theoretical results.

2. The direct simulation Monte Carlo (DSMC) method

2.1 Algorithm description

Direct simulation of Monte Carlo method is to use the appropriate number of
analog molecules represent a large number of real gas molecules.

In practice, motion and collision are coupled together, which is difficult to
achieve in numerical simulation. If limit DSMC time step less than the average
collision time, then in the average sense, a molecule has only one collision in a
time step. If command the grid being smaller than the average free path at the
same time, the movement and collision of molecules can be dealt with separately.
The statistical properties of random state variables such as the state of motion of
the simulation molecules in the grid are determined by statistical sampling. The
macroscopic flow characteristics are obtained and the simulation of real gas flow
is realized. DSMC method does not directly solve the Boltzmann equation, but the
simulation of the physical process which were described by the equation. It can
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more easily introduce a more realistic model to achieve the description of complex
physical and chemical processes. Simulation of the flow field until the real
three-dimensional rare gas flows, which is direct numerical solution Boltzmann
equation can not be compared. After years of development, the DSMC method has
been widely used in rarefied gas dynamics, and it has been applied in the study of
real gas flow and micro-fluidics in the slip flow region and transition region.

2.2 Calculation step

First, the simulation molecules are evenly distributed in the grid in the form of
random numbers, the initial velocity is given by the Maxwell velocity distribution
function:

V, =+~ 2kT In(rand) /m -sin(2z - rand)
V, = 4— 2KT In(rand)/m -sin(2 - rand) 1)
V, =4/~ 2kT In(rand) /m

Where m is the molecular mass of the gas, k is the Boltzmann constant, T is the
gas temperature, and rand is the random number entered.

First calculate the new position of each molecule, if the occurrence of diffuse
reflection, the formula is amended as:

V'x = +/— 2KT In(rand)/m -sin x, -sin x,

Vv'y =+/—2KT In(rand)/m -sin x, -sinx, )
V'z =4/—2KT In(rand)/m - cos x,

The model calculates the collision according to the variable hard ball model
(VHS) and time-free counter (NTC) method proposed by Bird, and then the flow
field is sampled to obtain the macroscopic physical quantity, and the above steps
are repeated until the statistical error requirement is satisfied.

3. Couette Flow

3.1 Model establishment

Couette flow refers to the laminar flow of a viscous fluid between two parallel
plates that move relative to each other. The gas flows between a big flat , which
has a large ratio of aspect, micro flow flowing large Kn across the slip flow area to
the free molecular region, the wall appeared velocity slip and temperature jump
phenomenon. Couette flow is one of the simplest problems in micro-gas flow,
which is a valid example to validate the DSMC method.

3.2 Parameter Settings

The gas was assumed as Nitrogen. The upper plate’s speed was Uw, the lower
one was steady. The initial temperature of the two plates and gas were 273K, the
pressure is 101,325Pa, that was, room temperature and pressure conditions. The
total number of simulated gas molecules is 150,000, with a total of 1,500 meshes
and 7 500 sub-grids. The grid dimension took 1/3 of the mean free path of the
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molecule. The calculated time step was 1/5 of the average collision time, which
was 2.1196x10™'s, which ensured the decoupling of molecular motion and
collision. The collision calculation was carried out using Bird's variable hard ball
model (VHS) and time-free counter (NTC) method, and the sampling times were
100,000 times.

4. Results Analysis and Discussion

4.1 Velocity

Figure 1 shows the distribution of the slip velocity, U, as a function of Kn,
calculated by the analytical and DSMC methods, respectively. As can be seen from
the figure, the slip velocity increases with the number of Kn increases, but the
growth rate decreases. When 0.01 <Kn<0.1, DSMC method and N-S analytical
solution are in good agreement, but when 0.1 <Kn<0.9, it shows deviation between
the two methods, this is because the analytic method uses N-S equations with slip
velocity boundary condition. The results are compared with the numerical solution
of the linearized Boltzmann equation in Ref. [1]. The results show that the error of
the DSMC is 1.37% when 0.01<Kn<0.1, 5.12% when 0.1<Kn<0.9 ,method is valid
when the error is 1.37% and the error is 5.12%. The validity of DSMC method is
proved.

4.2 Shea Stress

Figure 2 shows the DSMC method of flow shear force distribution calculated as
the Kn number changes from 0.1-0.9,, it is easy to see that the analytical solution
and numerical simulation results are highly consistent, and the slip velocity has the
same trend
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Fig.1 the distribution of the slip velocity Fig.2 Flow shear force distribution

4.3 Temperature

Figure 3 is a schematic view of the profile temperature distribution. In this paper,
three Kn numbers of 0.05,0.1,0.5 are chosen, and the relative temperature
distributions at different cross sections are simulated by DSMC method. It was
found that the temperature is quadratic.
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Fig.3 The schematic view of the profile temperature distribution.
5. Conclusion

DSMC method in the processing of molecular motion calculation, did not use
the deterministic calculation model, but use Monte Carlo calculation method,
which greatly simplifies the calculation model; and by using a large number of
analog molecules, which ensure the accuracy of the results statistically. The
velocity, shear force and temperature distributions of the Couette flow are
simulated by DSMS method. The numerical solution of the N-S equation and the
linearized Boltzmann equation are compared .

a. The slip velocity and the shear stress change with the Kn in the slip flow
region and the transition flow region, both of which increase with the increase of
the Kn and decrease in the growth rate.

b. The distribution of relative temperature at different cross-section was
quadratic curve.
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