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(a) Kn = 0.1; (b) Kn = 0.25; (¢) Kn = 0.5; (d) Kn = 0.75;

(e) Kn =1.0; (f) Kn =1.5; (g) Kn = 2.257; (h) Kn = 3.385; (i) Kn = 4.451; (j) Kn =6.77
Fig. 1. Velocity profiles of the micro Couette flow: (a) Kn = 0.1; (b) Kn = 0.25; (¢) Kn = 0.5; (d) Kn =
0.75; (e) Kn =1.0; (f) Kn =1.5; (g) Kn = 2.257; (h) Kn = 3.385; (i) Kn = 4.451; (j) Kn = 6.77.

K14 Kn = 0.1, 0.25, 0.5, 0.75, 1.0, 1.5 A
F Kn = 2.257, 3.385, 4.451, 6.77 I % A S AR A
B ) 3R B Couette It 3 76 2 493 B 2 A1 5 b
7 LBM, DSMC %4 [13:21] £k 4 Boltzmann J5 £
H A A B4 DL B Guo %5 1131 f LBM A58 2 455 ) 45 SR
Mt B2, B1(a)—(f)AH T Kn = 0.1, 0.25,
0.5, 0.75, 1.0, 1.5 B A AL 5 DSMC 4 #1 Guo
25 (1 LBM A RSB DUHU I 1 LA 45 ). T LUE
H, 78 Kn BN, ArvE LBM 5 DSMC 3 36 A+
£ BRI, 24 Kn BRI, AR#E LBM 5 45 R4
H D3 S T 0 A A 2R PR, EL™ ER S T AR
() DSMC #dfs, AT 16 BEPEE IR LBM it
& R GF T PR e LBM. 78 Kn B /N, Knudsen
120 54 25 I B R A S SR T )N, (] A B T B
LA, B IEAE RS, IEWE 1 (a)
FroR, Kn = 0.1 3818 8 A0 S 3T 3 B o A
N, AR BEH B I BT Knudsen 2 5210 2
P — @ AR, A SRS Guo % 18] [
BRI bR LBM 45 H 1 45 A AR E &, H R REH
B NESR. BEE Kntl kK, WK1 (b)—(f)
7, Knudsen Jz= & B 48 K, XTI 80 0 & Wi 49,28
K, e LBM Tl 25 3 5 DSMC 475 fiv 22 Bk ok 1
K, Guo % 3] {5 7 A0 X6} bp i LBM A — 5E 1 2k
3, SRMAE Kn > 0.5 B 5 DSMC £ 45 fhi 22 1K i
K MAXHERERK, < 1.5 WHEABMAR TS
DSMC ##li —H 4R, HEBEKn = 15015
DSMC 305 75 & 1R & Atk — 25 56 I A% AL A5 41
51 Kn % Couette i3I HIHERA 1, Bl 1 (g)—() &4t
T Kn = 2.257—6.77 N A SCBI R AR AL, 25 B 55 b

LBM A J Sone %5 34 ) 28 14 Boltzmann J5 2 $ {8
R EE R, B 1 (g)—(1) Fras Kon 0 N AR SO
H 3 B 43 A 5 28 1 Boltzmann 77 72 0 i 41 e
B — € e 22, AEARX AR LBM S 50K, SA
115 4% 75 F2 Boltzmann 7 FEEUE M LR, 1
Y Kn it — DK, Wl 1) Biw (Kn = 6.77),
SR 5 26 M Boltzmann J7 P B0 f# i 248 K,
5 FRE LBM AR L LT 506 BeE RUR .

3.2 MREEHEIM Poiseuille iEh

Nk — 0 B8 UIE AR SO A B 3E P, AR SO
£ X 1 & 1 Poiseuille M s #EAT T ALHL. 8 14
Poiseuille i3 #1478 e s 086 B SE B, iR
77 R E IR RN G, = —0p/0x = 1074
A 5t b SR B S B ORT B THD J2 S5 AE 4 B Rl
# 2, 2EH SR R A . G Mg ek
PEIGAE, T E M ECA N, x N, = 100x 100. = J7 [
TENEZEU =vu/u, K u=1/H fOH udy, HA
H NROEIE 9 R, 545 25 Ohwaha 25 P21 (25
P Boltzmann J5 72 #U4H f# L & Guo 25 3] ) LBM
BRI R SE BLEAT 1 LU

K28 Kn =0.1128, 0.2257, 0.4514, 1.1284 Fll
2.2568 I {3 i Poiseuille it 3 3 37 77 18] 1 6 B4
HEHH . 0 2 (a)—(e) B, Kn = 0.1128 i,
RI3E #2 X i B3, NS TR 45 A g il 5%
1 FT 15 45 5 5 28 M Boltzmann J5 72 BUE R 7T & 1
Uf, fH24 Kn = 0.2257 B, NS J5 2 57 S0 1 7 #2 5
J& 5261 Boltzmann J7 FEEUE A 2wt 2R K,

014703-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I % R Acta Phys. Sin.

Vol. 65, No. 1 (2016) 014703

1.4 1.4
L (a) ] [ (b) ]
1.2 7] 1.2 .
10 F ] ]
: ] 1.0 .
0.8 |- . 1
= r b > 0.8 | -
0.6 C, p N
v ] 0.6 | a
0.4 o Ohwada et al.[35] o Ohwada et al.[35]
P - —-—--NS q - —-—-- NS F:
02 | ———ee LBM, Guo et al.[13] ] 0.4 - ———ee LBM, Guo et al.l'¥l 7
N Present LBM Present LBM i
ol v v v oo Lo v v v vy ]
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
y/H y/H
1.4 1.4
[ () [ (@
=) =)
o Ohwada et al.[3] P o Ohwada et al.[3%] g
0.6 -—---NS 3 0.6 | - —---NS B
== LBM, Guo et al.l'¥l § == LBM, Guo et al.ll3]
Present LBM T Present LBM
04 baa 1 L L 1 0_4-...|...|...|...|...
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
y/H y/H
1.2
1.0 =
> 0.8 - —
D
I o Ohwada et al.[3%
0.6 - - —-—-- NS T
I == LBM, Guo et al.[13]
i Present LBM
oqlbw v v
0 0.2 0.4 0.6 0.8 1.0
y/H
B2 & 4 8 8 Poiseuille W1 0 A (a) Kn = 0.1128; (b) Kn = 0.2257; (c) Kn = 0.4514;

(d) Kn =1.1284; (e) Kn = 2.2568

Fig. 2. Velocity profiles of the micro periodic Poiseuille flow: (a) Kn = 0.1128; (b) Kn = 0.2257; (c) Kn =

0.4514; (d) Kn = 1.1284; (e) Kn = 2.2568.
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Abstract

With the rapid development of micro-electro-mechanical systems (MEMS), microscale rarefied gas flows have re-
ceived considerable attention in the past decades. Recently, the lattice Boltzmann method (LBM) emerges as a promising
way to study the flow in MEMS for its kinetic nature and distinctive computational features. Various LBM models have
been used to simulate the microscale and nanoscale flow, among which the two-dimensional and nine-velocities (D2Q9)-
based LBM is most widely accepted due to its extremely simplicity and high efficiency. However, the D2Q9-based
LBM encounters great difficulties in the transition regime due to the rarefaction effects on mean free path and gas
viscosity. An effective way to improve the capability of the existing LBM model is to incorporate an effective viscosity
into the relaxation time, which can improve the accuracy of LBM model while keeping the simplicity and efficiency
of LBM. However, the existing D2Q9-based LBM models with effective viscosity cannot give satisfactory predictions
of the none-equilibrium phenomenon at moderate or high Knudsen (Kn) number both in accuracy and efficiency. To
solve the above problem, in this study, an effective mean free path function proposed by Dongari et al. (Dongari N,
Zhang Y H, Reese J M 2011 J. Fluids Eng. 133 071101) via modular dynamics mean is introduced into the D2Q9
multi-relaxation-time lattice Boltzmann model (MRT-LBM) to account for the effect of Knudsen layer in transition flow
regime, and the viscosity in the MRT-LBM model is modified correspondingly. The combination of the bounce-back and
specular reflection boundary condition is used to deal with the velocity slip, and the relaxation time and the reflection
coefficient are properly set to eliminate the numerical artifact on the boundaries as the kinetic boundary condition is used.
Micro Couette flow at Kn = 0.1-6.77, and periodic Poiseuille flow at Kn = 0.1128-2.2568, respectively, are numerically
investigated by using the proposed MRT-LBM model, and the numerical results, including the non-dimensional velocity
profile and the mass flow rate, are verified by the direct simulation Monte Carlo (DSMC) data, the linearized Boltzmann
solutions and the existing LBM model. The calculation results demonstrate that in transition regime, with the increase
of Knudsen number, the dimensionless slip velocity at the wall significantly increases. It is shown that the velocity
profiles predicted by the present MRT-LBM model agree well with the DSMC data and linearized Boltzmann solutions
up to Kn = 4.5 in Couette flow, which is much more accurate than that obtained from the existing LBM model. And
the present LBM model gives at least the same order of accuracy in the prediction of velocity profile and mass flow rate
as the existing LBM model in periodic Poiseuille low. What is more, the Knudsen minimum phenomenon of flow in the
microchannel is successfully captured at around Kn = 1. The results demonstrate that the proposed model can enhance
the ability of LBM in capturing the non-equilibrium phenomenon in micro flow in the transition regime both in accuracy
and efficiency.

Keywords: micro-scale flow, transition regime, multi-relaxation-time lattice Boltzmann model, effective
viscosity
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