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ABSTRACT  
 

Gas flows in micro-electro-mechanical systems 
(MEMS) owing to the small size of the systems possess a 
relatively large Knuden number and usually belong to 
the slip and transitional flow regimes. This paper 
employs three schemes, namely the direct simulation 
Monte Carlo (DSMC) method, information preservation 
(IP) method, and the lattice Boltzmann method (LBM), 
to simulation micro-channel flows at three Knudsen 
numbers (Kn) of 0.0194, 0.194 and 0.388. The present 
LBM results are in agreement with those given by Nie et 
al. (2002), whereas they significantly differ from the 
DSMC (and IP) results as Kn increases. This suggests 
that the present version of LBM is not feasible to 
simulate the micro-channel flows in transition regime. 
 
INTRODUCTION 
 

The end of 20th century marks the beginning of the 
manufactory of micro-electro-mechanical systems 
(MEMS) and the study of the flows in them (Ho & Tai 
1998). The space and time scales of MEMS are at order 
of micron and microsecond, respectively. There are 
various MEMS devices manufactured by micro- 
machining technique, such as micro channels, micro 
pumps, micro nozzles, micro valves, micro-motors etc. 
The gas flows in MEMS owing to the small size of the 
systems possess a relatively large Knudsen number 

Lλ=Kn , and usually fall into the slip transitional flow 
regimes, where  is the molecular mean free path and 
L is the characteristic length of flow. Application of the 
methods of molecular gas dynamics or rarefied gas 
dynamics is inevitable. Except in the micro spacecraft 
applications the gas flows in MEMS are typically of low 
speed, say of order of 10 cm/s (cf. Pong et al. 1994; Ho  

& Tai 1998). Another feature of micro channel flows is 
the large aspect ratio (the ratio of the channel length to 
height). For example, in micro-channel experiments 
measuring the stream-wise pressure distribution  carried 
out by Pong et al. (1994) and Shi et al. (1996), the 
dimensions are 1.2μm×30μm×3000μm and 1.2μm
×40μ m ×4000μ m, respectively. The low flow 
velocity causes the large ratio of noise to useful 
information, which requires a very large sampling size in 
conventional statistical simulation approaches such as 
the direct simulation Monte Carlo (DSMC) method (Bird 
1994). And also, because of the low velocity the 
boundary value problem of the channel flow is of the 
elliptic nature, and the velocity and pressure at the inlet 
and exit that are dependent each other must be regulated 
until the calculation converges to a steady state. The 
large aspect ratio makes this regulation very difficult for 
the DSMC calculations. An information preservation (IP) 
method was proposed to more efficiently calculate 
MEMS flows than DSMC (Fan & Shen 1999, 2001). 
This method has been successfully applied to many 
micro flows (Fan & Shen 1999, 2001; Fan, et al. 2001; 
Cai, et al. 2000; Sun, Boyd, Candler 2002; Sun & Boyd 
2002; Jiang, Fan & Shen 2002; Xie, Fan & Shen 2002). 
Recently, the lattice Boltzmann method (LBM) was also 
attempted to simulate gas flows in micro-channel and 
cavity (Nie et al. 2002), and in high Knudsen number 
channel flows negative pressure deviations from a linear 
pressure drop was observed.  

λ
In this paper, firstly, various tools in simulation of 

MEMS flows are reviewed. Then the version of LBM for 
MEMS (Nie et al., 2002) that is employed here is briefly 
described. Next, micro-channel gas flows in the slip and 
transitional regimes are calculated using DSMC, IP and 
LBM, with an emphasis on examination of the negative 
pressure deviations from a linear pressure drop in 
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transition regime observed in the LBM calculation of Nie 
et al. (2002). Finally some conclusions are given. 

 
TOOLS IN SIMULATING MEMS GAS FLOWS 
 

In the arsenal for simulating slow rarefied gas flows 
there are the Navier-Stokes equations with slip boundary 
conditions, the linearized Boltzmann equation, the 
DSMC method, the IP method and LBM. 

By its nature the Navier-Stokes equation with slip 
boundary conditions is appropriate for small Knudsen 
number (Kn<0.1).  Recently Kardiadakis and Beskok 
(2001) proposed high order slip model and obtained 
density and pressure distributions, velocity profiles and 
slip velocity for plane Poiseuille flow in agreement with 
the results of DSMC and linearized Boltzmann equation 
for Kn equal up to 0.2. The unified flow model 
developed by them based on velocity scaling law for 
transitional flow is a kind of formula expression of the 
DSMC and linearized Boltzmann results but could not 
serve as a general method in the transitional regime. 

The linearized Boltzmann equation method 
(Cercignani 1998; Ohwada, Sone & Aoki 1989) is 
suitable for solving the low speed rarefied gas flows and 
its solutions for benchmark problems may serve as 
criteria of testing other methods. But the complexity in 
performing the numerical solution of the Boltzmann 
equation limits most existing solutions to simple 
geometry. Sometimes the equation being linearized is not 
the Boltzmann equation but the BGK equation 
(Bhatnangar, Gross & Krook 1954). The BGK solution is 
relatively easier, but some correction must be made to 
match physical reality. Generally, there are small 
discrepancies between the BGK and real molecule model 
solutions (Sharipov & Seleznev 1998; Jiang, Shen and 
Fan, this conference).  

The DSMC method (Bird, 1994) is an appropriate 
means to treat rarefied gas flow, and has been verified by 
the comparisons both of global characteristics and of 
velocity distribution level characteristics of high speed 
flow fields with experimental results. The converged 
(with sufficient sample size) DSMC simulation can be 
used to test the validity of other methods. But the 
statistical fluctuations inherent of the DSMC method 
make the useful information drowned by the huge 
background noise when simulating low speed gas flows 
in MEMS. The requirement for the time step to be less 
than the collision time makes the task of regulating the 
boundary conditions at the inlet and the outlet of the long 
channels unaccomplishable. So nowadays only simulati- 
ons of high speed channel flows or short channel flows 
can be seen in the literature. This method is used to test 
the validity of the LBM calculation, as the example 
considered here is a case of not so large an aspect ratio 
(100:1) and DSMC can yield convergent results with 

sufficient sample size. 
The IP method (Fan and Shen, 1999, 2001) is a 

method embedded in DSMC method and uses the 
simulated molecules to carry the information of an 
enormous number of molecules that a simulated 
molecule represents, the information characteristics vary 
according to the conservation laws and are summed to 
give macroscopic quantities. The convergence time is 
shortened immensely. In the simulation of bench mark 
unidirectional (Couette, Poiseuille, and Rayleigh) flows 
IP method has been verified by the results of linearized 
Boltzmann equation method and the DSMC simulation 
and can capture the Knudsen minimum in Poiseuille 
flows. In simulating the long channel flows where 
experimental investigations (Pong et al. 1994; Shi et al. 
1996; Arkilic, Schmidt & Breuer 1997) have been made, 
the IP simulation (Xie, Fan & Shen 2002; Shen,Fan & 
Xie,2003) yields the pressure distributions and mass flow 
rates in good agreement with the experimental data. The 
issue of regulation of the boundary conditions (the inlet 
and outlet pressure and velocity) at the entrance and exit 
of the long channel was successfully settled by using the 
conservation form of the mass continuity equation and 
the super relaxation method. This has general 
significance for MEMS flows. A general implementation 
of the method including 2-D and 3-D cases was 
elucidated in a recent monograph (Shen, 2003) and in 
(Shen, Fan & Xie,2003) . In this paper the IP method is 
also utilized to simulate the cases of interest for 
comparison.  

LBM (Chen and Doolen 1998) solves the simplified 
Boltzmann equation on regular lattice points. The LBM 
solution converges to the Navier-Stokes solution for 
small Kn. There has been an attempt to use it in the 
transitional regime (Nie, Doolen & Chen 2002). It is of 
great interest to use LBM to simulate gas flows in 
MEMS for its ease in handling complex geometry, 
simplicity in implementation and its high efficiency. The 
validity of this has not been verified. The purpose of the 
present paper is to test the feasibility of using the LBM 
to simulate transitional flow. 
 
THE RECENT VERSION OF LBM FOR 
SIMULATION OF FLUID FLOW IN MEMS 
 

In the recent version of the LBM (Nie, Doolen, and 
Chen, 2002) the relaxation parameter  in the Lattice 
Boltzmann equation with BGK collision approximation 
is modified as 

τ







 −τ

ρ
+=τ′

2
11

2
1 , (1) 

and the kinematic viscosity  is expressed as ν

( ) ρ−τ=ν 212c2
s , (2) 
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where  is the density and cρ s is the sound speed of the 
gas. The mean free path is defined as  

( ) ρ−τ=λ 5.0a , (3) 

where a is constant and is chosen to be 0.388 to match 
the simulated results and experimental data of mass flow 
rates. Therefore, for a characteristic length of h, the 
Knudsen number may be written as 

( )
h

5.0a
ρ
−τ

=Kn . (4) 

According to the D2Q9 lattice model (Qian, d’Humi
éres & Lallemand 1992), the lattice BGK equation can 
be expressed as  

( ) ( )
τ

−
−=−δ+δ+

eq
ii

iii
ff

t,ftt,tf rcr , (5) 

with the equilibrium distribution  

( )










 δ−
++ρ= βα

αββααα uu
c2

ccc

c
uc

1tf
4
s

2
sii

2
s

i
i

eq
i , (6) 

where 31cs = , 94t 0 = , 91t i =  for 4,3,2,1i = , 
361t i =  for , 8,7,6,5i = α  and  denote the 

Cartesian directions, and the fluid density 
β

ρ  and 
velocity  are defined as   u

∑=ρ i if ,    ρ . (7) ∑= i ii fcu

The bounce-back boundary condition is employed 
along a solid wall: when a particle reaches a lattice node 
in a layer adjacent to and inside the wall it scatters back 
to the fluid nodes along its incoming direction. The 
densities at the channel inlet and exit are known as iρ  
and eρ , respectively, while an extrapolation scheme 
(Chen, Martinez & Mei 1996) is used to regulate the 
pressure distribution among the lattice nodes.  
 
RESULTS AND DISCUSSION 
 

Consider gas flows through a two-dimensional 
micro channel. To be consistent with the computational 
conditions of Nie et al. (2002), three cases are studied, 
with the Knudsen number of 0.0194, 0.194, and 0.388, 
respectively, while the ratio of the channel length to 
height hL  keeps 100. The inlet and outlet pressure 
ratio ei pp  is 2 and 1.4, respectively. Three numerical 
schemes including DSMC, IP, and LBM are employed. 

The details of the DSMC and IP implementation for 
micro-channel flows are described in (Xie, Fan & Shen 
2002), Shen(2003) and (Shen, Fan & Xie, 2003).  

Figure 1 shows the mass flow rates as a function of 
Kn given by three methods. They generally agree well 
each other, though the LBM value is slightly higher at 

388.0=Kn . This is understandable, because in the 
version of LBM for MEMS flows the constant in Eq. 
(3) is adjusted to best match measured data of mass flow 
rate (Nie et al., 2002). 

a  

Figures 2-7 show the normalized velocity profiles 
and the deviation of the stream-wise pressure from a 
linear pressure distribution at different Knudsen numbers, 
where  is the maximum velocity,  pmaxU l =pe+ (pi 

-pe )(1-X), and LxX = . In the slip regime with 
0194.0=Kn , the velocity profiles at the exit given by 

LBM, DSMC, IP and slip Navier-Stokes equations agree 
well with each other (Fig. 2), and the four pressure 
distributions are unanimous in trend but slightly different 
in details (Fig.3). The sample sizes of DSMC and IP 
calculations are given in Table 1. It takes about 5 days on 
a Pentium-Ⅳ 1.5G PC so as to obtain an enormous 
sample size of DSMC. At this sample size, the DSMC 
trend can be seen whereas the statistical scatter is still 
obvious.  

For Kn = 0.194, the velocity profiles at the exit 
obtained by LBM shows minor difference from those 
obtained by the other  three  methods  (Fig.4). A more 
apparent difference appears in the pressure distribution 

Kn

M
(k
g/
s)

0.2 0.4 0.610-7

10-6

10-5

10-4

10-3

LBM, present paper
DSMC
IP
slip N-S, Arkili et al.

.

 
Fig. 1 The mass flow rate versus the Knudsen number 

at the exit. 

 3

3                                                           Copyright © 2003 by ASME 

Downloaded From: http://proceedings.asmedigitalcollection.asme.org/pdfaccess.ashx?url=/data/conferences/icmm2003/71900/ on 03/29/2017 Terms of Use: http://www.asme.org/about-asme/terms-of-use



(Fig.5): the LBM result swings closely around the null 
line, while the DSMC and IP results show clear large 
positive deviation from the linearity.  
    For Kn=0.388 in the transitional regime, the LBE 
velocity profile significantly deviates from the DSMC 
and IP profiles (Fig.6), and the negative behavior of 
( ) el ppp −  predicted by LBM essentially differ from 

the positive prediction of DSMC and IP (Fig.7). This 
clearly shows the unfeasibility of LBM in simulating 
MEMS flow in transitional flow 

 
y/h

u/
U
m
ax

0 0.2 0.4 0.6 0.8 10

0.2

0.4

0.6

0.8

1

LBM, present paper
DSMC
IP
slip N-S, Arkilic et al.

Kne=0.0194

 
Fig. 2 Comparison of the LBM, DSMC, IP, and slip 

Navier-Stokes velocity profiles at the channel exit for 
Kn=0.0194 and 4.1pp ei = . 
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Fig. 3 Comparison of the deviation of the stream-wise 
pressure from a linear pressure distribution given by 
LBM, DSMC, IP, and slip Navier-Stokes equation. 

CONCLUSION 
 
It seems very tempting to use the Lattice Boltzmann 
method (LBM) to simulate gas flows in MEMS. On an 
example of microchannel of length to height ratio of 100 
the present study reveals that LBM is suitable to simulate 
MEMS flows only for very small Knudsen numbers, here 
it retains certain advantages over conventional method as 
the handling complex geometry, simplicity in 
implementation and high efficiency in this near 
continuum regime. For Knudsen number as large as  
Kn=0.2, LBM results deviate from DSMC results 
apparently. In the transitional flow regime, for Kn=0.388 
LBM results deviate from DSMC results  significantly  
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Fig. 4 Comparison of the LBM, DSMC, IP, and slip 

Navier-Stokes velocity profiles at the channel exit for 
Kn=0.194 and. 0.2pp ei =  

 

Fig. 5 Comparison of the deviation of the stream-wise 
pressure from a linear pressure distribution given by 
LBM, DSMC, IP, and slip Navier-Stokes equation. 
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Fig.6 Comparison of the LBM, DSMC, IP, and slip 
Navier-Stokes velocity profiles at the channel exit for 

Kn=0.388, 0.2pp ei =  

 

 
Fig.7 Deviation of pressure distribution from linearly 

Comparison of LBM, DSMC and IP simulations, 
Kn=0.388, 0.2pp ei =  

 
Table 1         Sample sizes used to yield the DSMC and IP data 
Pressure ratio 

ei pp  
Knudsen number

Kn 
Sample size for 

DSMC 
Sample size for 

IP 
1.4 0.0194 6106.6 ×  4104.7 ×  
2 0.0194 7101×  4105.7 ×  
2 0.194 6106×  4104.1 ×  
2 0.388 6106.5 ×  4104.1 ×  

and predict wrong trend in the pressure deviation from 
linearity. Thus the present paper by using the well-tested 
DSMC method has shown the unfeasibility of using the 
Lattice Boltzmann method to simulate transitional flow 
in MEMS. It is desirable to have experimental data to 
compare with the results of DSMC, LBM and IP. But the 
available experimental investigations have been 
performed exclusively for long channels with a length to 
height ratio of 2500-5600 (Pong, et al., 1994; Shih, et al., 
1996; Arkilic, et al., 1997) where IP has shown good 
agreement but DSMC calculation has not been 
performed for the difficulty with unattainable 
computation time. The desired overall comparison will 
be hopefully available in the future. 
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NOMENCLATURE 
 

a  constant in definition of mean free 

path 

sc  sound speed, sm  

ic  particle velocities in LBM, sm  
f  distribution function 

if  distribution function with velocity ic
h  the height of the micro channel, m  

Kn Knudsen number, hλ  
l  the length of the micro channel, m  

M&  flowrate across the channel, skg  
p  pressure, 2mN  

ep  pressure at the exit of the channel, 
2mN  

ip  pressure at the inlet of the channel, 
2mN  

lp  linearly distribution pressure, 
( )( )X1pppp eiel −−+=  

r  particle spatial location 
t  time,  s
u  velocity along the axis of the channel, 

 5

5                                                           Copyright © 2003 by ASME 

Downloaded From: http://proceedings.asmedigitalcollection.asme.org/pdfaccess.ashx?url=/data/conferences/icmm2003/71900/ on 03/29/2017 Terms of Use: http://www.asme.org/about-asme/terms-of-use



sm  
u  velocity, sm  

maxU  maximum velocity of the cross 
section, sm  

x  the Cartesian coordinate along the 
channel axis, m  

X  dimensionless coordinate along the 
channel axis, lxX =  

tδ  time step,  s
λ  mean free path of the molecules, m  
ρ  density, 3mkg  
τ  relaxation factor in the BGK model 

equation 
τ′  modified relaxation factor 
  

Subscripts  
  
βα,  Indicate the spatial directions in 

Cartesian coordinates 
i  Indicate the directions of the moving 

velocities along the links between the 
lattice notes 
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