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The lattice Boltzmann method has been shown to be successful for microscale gas flows, and it has attracted
significant research interest. In this paper, the recently proposed filter-matrix lattice Boltzmann (FMLB) model
is first applied to study the microchannel gas flows, in which a Bosanquet-type effective viscosity is used to
capture the flow behaviors in the transition regime. A kinetic boundary condition, the combined bounce-back
and specular-reflection scheme with the second-order slip scheme, is also designed for the FMLB model. By
analyzing a unidirectional flow, the slip velocity and the discrete effects related to the boundary condition are
derived within the FMLB model, and a revised scheme is presented to overcome such effects, which have
also been validated through numerical simulations. To gain an accurate simulation in a wide range of Knudsen
numbers, covering the slip and the entire transition flow regimes, a set of slip coefficients with an introduced
fitting function is adopted in the revised second-order slip boundary condition. The periodic and pressure-driven
microchannel flows have been investigated by the present model in this study. The numerical results, including
the velocity profile and the mass flow rate, as well as the nonlinear pressure distribution along the channel, agree
fairly well with the solutions of the linearized Boltzmann equation, the direct simulation Monte Carlo results, the
experimental data, and the previous results of the multiple effective relaxation lattice Boltzmann model. Also, the
present results of the velocity profile and the mass flow rate show that the present model with the fitting function
can yield improved predictions for the microchannel gas flow with higher Knudsen numbers in the transition

flow regime.
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I. INTRODUCTION

Due to technological advances in microelectromechani-
cal systems (MEMSs) and their growing application areas,
microscale gas flows (microfluidics) have attracted an in-
creasing amount of attention in the past few decades [1-3].
Microscale gas flows behave differently from that predicted
by macroscopic theory, and they are usually characterized
by a dimensionless parameter, namely the Knudsen number
Kn = A/H, where A is the mean free path of gas molecules
and H is a characteristic length of the flow system. MEMS
devices involving gas flows typically operate in the slip flow
regime (0.001 < Kn < 0.1) and the transition flow regime
(0.1 < Kn < 10) [4] due to their small length scales, which
become comparable with the molecular mean free path. It
is well accepted that the conventional Navier-Stokes (NS)
equations based on the continuum assumption are normally
valid in the continuum flow regime (Kn < 0.001), and they can
also be extended as far as Kn < 0.1 with the introduction of
slip boundary conditions. Once Kn > 0.1, the continuum and
thermodynamic equilibrium assumptions begin to break down
and the rarefaction effects dominate the flow characteristics
[5]. To model gas flows ranging from the continuum regime
to the free molecular regime (Kn > 10) and to capture the
rarefaction effects exactly, it is necessary to solve the Boltz-
mann equation. However, this proves to be difficult and even
impractical except in a few cases, because the intermolecular
collisions are quite important when Kn < 10 and the collision
integral term in the Boltzmann equation is very expensive to
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solve. In the past two decades, the direct simulation Monte
Carlo (DSMC) method [6], based on the gas kinetic theory,
has emerged as the dominant numerical technique and has
become the most widely used approach for solving gas flows
in the transition regime, but it is computationally demanding
in practical engineering applications.

On the other hand, some other mesoscopic methods based
on the gas kinetic theory have also been proposed and applied
to study microscale gas flows, such as the discrete-velocity
method (DVM) [7], the gas-kinetic scheme (GKS) [8,9] and the
lattice Boltzmann method (LBM) [10,11]. Compared to these
numerical methods, the LBM has distinctive computational
features, such as easy implementation due to its simple
structure, parallelization in nature due to the locality of particle
interaction and the transport of particle information, and
reliable numerical robustness [12—14]. Actually, the LBM has
attracted an increasing amount of attention in recent years,
and it is considered to be a promising approach for low-speed
microscale gas flows.

Although the LBM has been shown to be successful for
microscale gas flows in the past decade [14,15], most of
the previous studies of the LBM were focused on devising
mesoscopic boundary conditions to precisely predict the
slip phenomenon of rarefied gas flow in the slip regime
[10,11,16-25]. For microscale gas flows with moderate and
high Knudsen numbers, the standard lattice Boltzmann (LB)
models with a slip boundary condition are insufficient to
capture the kinetic boundary layers, or the Knudsen layers,
that appear in the solutions of the Boltzmann equation near
solid boundaries [26,27]. The standard LBM captures just a
few low-order moments of the solutions of the true Boltzmann
equation, that is to say, it is only accurate at the NS level as
an approximation to the Boltzmann equation [27,28]. Thus,
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just like the NS equations, the standard LBM is incapable
of describing the gas motion within the Knudsen layer, and
will fail to work for high-Kn flows where the Knudsen layer
take a large portion of flow domain [26]. Recently, Zhang [15]
reviewed and discussed the LBM models and their applications
for microfluidics.

To improve the capability of the LBM for high-Kn flows in
the transition regime, two approaches have been proposed: one
is to design a higher-order LBM via increasing the number of
discrete velocities, and another is to introduce the effective
viscosity method into the LB models. Some higher-order
or multispeed LB models have been developed to increase
the approximation accuracy to the continuous Boltzmann
equation [28-32]. However, Kim et al. [33] recently showed
that the accuracy of the higher-order LBM did not increase
monotonically with the increases of the order of Gauss-
Hermite quadrature, and this method could not guarantee an
improved accuracy for microscale gas flow with the Knudsen
number up to Kn = O(1).

On the other hand, as reported in Ref. [26], taking the
gas-wall collision effects into account for a confined gas,
the local mean free path is affected significantly by the
wall boundaries, which are much smaller than that defined
in unbounded systems; especially for high-Kn flows, the
mean free path becomes comparable with the characteristic
length, and the Knudsen layer will take a large portion of
flow domain. Therefore, by introducing an effective relaxation
time that corresponds to the effective mean free path, the
Navier-Stokes-aimed LB models are also capable of capturing
the effects of the Knudsen layer for microscale gas flow in
the transition regime, as shown in recent studies [26,34—40].
In the literature, two kinds of strategies have been applied
for the LB investigations of microscale gas flow. One is
using a geometry-dependent expression of local effective
viscosity, such as the correction u, = /(1 + 0.7¢=/*) with
an empirical parameter C proposed by Zhang et al. [34], and
the other is that based on the Stops expression p, = ®(y,Kn)u
used by Guo et al. [26], Tang et al. [36], and Liu and Guo [40].
Note that, as reported by Li et al. [37], the Stops-based function
®(y,Kn)is complicated, and it contains an exponential integral
function E;(y) = floo t~te77'dt (y ~ y/A), which requires a
numerical integration and thus will reduce the computational
efficiency significantly. Although corrections can improve
the numerical accuracy to some extent, it still cannot give
satisfactory results for microscale gas flows with higher
Knudsen numbers.

Another type of effective viscosity is to design a non-
geometry-dependent expression which only takes the average
effect into consideration, e.g., the Bosanquet-type expression
e = /(1 4+ a Kn) presented in the previous studies on the
microchannel gas flows using the traditional numerical meth-
ods [41,42] where the viscosity has been averaged over the
channel cross section. In other words, the real local viscosity
is not considered in the simulations, and the effective viscosity
only takes the overall rarefaction effect on gas viscosity into
consideration. Recently, Michalis et al. [43] investigated the
effects of rarefaction on gas viscosity through the DSMC
simulations of microchannel gas flow, demonstrating that the
Bosanquet-type of approximation describes very satisfactorily
the Knudsen number dependence of the viscosity over the
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entire transition flow regime. By incorporating the Bosanquet-
type effective viscosity into the LBM frameworks, Li et al. [37]
and Homayoon et al. [38] successfully simulated microchannel
gas flows in the transition regime using the MRT and LBGK
models with different slip boundary conditions, respectively.
Li et al’s study showed that taking the Bosanquet-type
effective viscosity and employing an appropriate slip boundary
condition can give satisfactory results for microchannel gas
flow at moderate Knudsen numbers (up to Kn = 3), but it
still cannot provide satisfactory results for the mass flow rate
at relatively large Knudsen numbers (4 < Kn < 10) in the
transition regime. The main reason behind the deviation may
be that the constant slip coefficients used in the second-order
slip boundary condition, in which the effects of effective
viscosity are included, are inappropriate for relatively large
Kn flow simulations in the transitional regime.

In this study, we present an extended filter-matrix lattice
Boltzmann (FMLB) model [44] with Bosanquet-type effective
viscosity to study microchannel gas flows in the slip and
entire transition regime. Following the literature [22,26], we
first analyze a kinetic boundary condition for the FMLB
model in detail, and then we present an appropriate slip
boundary condition taking into account the discrete effects
for the simulations of microchannel gas flow. Finally, inspired
by Guo et al’s study [26], we proposed a corrected slip
boundary condition, which contains an adjustable coefficient
as a function of the local Knudsen number, to improve the
capability of the present model in predicting a reasonable mass
flow rate for relatively large Knudsen numbers in the transition
regime.

The rest of the paper is organized as follows. The extended
FMLB model is described in Sec. II. The kinetic boundary
condition for the FMLB model is constructed and analyzed in
Sec. III. Section IV is used to present and discuss in detail the
simulation results of microchannel gas flows in the slip and
entire transition regimes. Finally, some concluding remarks
drawn from this study are made in Sec. V.

II. THE FMLB MODEL FOR MICROSCALE GAS FLOW
A. The FMLB model

Considering the staggered formulation of the discrete
velocity Boltzmann equation (DVBE) for the time-space
discretization, the evolution equation of the discrete density
distribution function N; for the gas molecules reads [44—46]

L Giby 8¢ L Giby &y
Ni X+T,t+— _Ni -, — = :S,Q[(N),

2
(1)

where ¢; is the discrete particle velocity in the ith direction,
d; is the time step, and €2; (V) represents the discrete collision
operator, which includes the external force term and obeys the
basic conservation laws of mass and momentum:

Y =0. Y a2 =7 @)

where f is the body force experienced by the molecules.
For the two-dimensional (2D) applications and without loss
of generality, we consider the D2Q9 model in this work, and
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the discrete velocity ¢; is defined as

(0,0), i =0,
¢ = {c(£1,00,c(0, £1), i=1-—4, 3
c(+1, £ 1), i=5-28,

where ¢ = §, /4, is the lattice speed, with 8, being the lattice
size.

To guarantee the recovery from Eq. (1) to the continuity and
momentum equations in the Navier-Stokes level, by assuming
constant kinematic viscosity (B = vg/v = 1, with B denoting
the ratio of the bulk kinematic viscosity to the local kinematic
viscosity), the solution for the density distribution function N;
can be expressed as (see [44] for details)

N = 1+5,~'ﬁ+ (& - ii)? 17-17
=P 2 2\ & 2

*i.% G- il V.
_v((c 2;6‘ u)_ C§u>:|’ @

i=0,1,....8,

where for the D2Q9 model, the weight factor, w;, takes
the values wy =4/9, w4 =1/9, and ws_g = 1/36, and
¢s = v/RT =c¢/+/3 is the sound speed, with R being the
gas constant and T the system temperature. The macroscopic
density and velocity are defined as

p=) NG,

Substituting Eq. (4) into Eq. (1) with some high-order terms
dropped, the discrete collision operator €2; (N) can be written
as [44]

pii =GN (X.0). 5)

Qi(N) = 2 e 9@ -V i+ 5 1. ©

S s

With Eq. (1) taken into consideration, the first-order Taylor
expansions of N; (X & ¢;8;/2,t & 8;/2) lead to

ic"g’ 2O SN G £ 8,9 (N 7
<X > 2) (x,1) 3 (N). (7

Based on the discrete velocity vectors given by Eq. (3), we
can define two moment vectors,

a,f:ZEk,»N,- (21%,;1%’), 8)
where the corresponding invertible filter matrix Ej; for the
D2Q9 model is given by

Ey = [1,cix,ciy,3c,-zx — 1l,cix (SC,'Zy - 1) ,
.G -G -n/2 O
Also, the density distribution function N;(X & ¢;8;/

2,t £ 8,/2) can be rewritten as a product of the inverse matrix
E;' and the moment vector o

2
— 1,3cixc,-y,3ciy

Ciy (3Ci2x -
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Substituting Egs. (4), (6), (7), and (9) into Eq. (8), the
moment vectors oz,fE can be written as

_ ) .
puy £ % f
puy £ 5 f
3pusuy + p(—6v £ §) %
oF = | 3puguy + 2GR (B Zy | (10)
3puyity + p(— 6vj:8)a””
T
T,k
L F* i

where Tliz, F* are two third-order terms and a fourth-order
term, resf)ectively. As indicated in Eq. (10), the postcollision
moment vector «; can be computed from the precollision
moment vector o, (see [44] for details). For the high-order
terms T pand F *+, apply T1 » = —n Ty, with a free parameter
y| to deal with the third-order terms, and simply set F+ =0
for the fourth-order term.

As shown above, the collision process of the FMLB model
is implemented in the moment space, which has been proven
to be similar to that of the standard MRT model in our
previous work [47]. Indeed, with the assumption of B =1,
the present FMLB model can be viewed as a special case
(two-relaxation-time) of the MRT model with the trapezoidal
rule (see Appendix A for details).

B. Effective viscosity

Viscosity in gases is an inherent physical property and
arises principally from the molecular diffusion that transports
momentum between gas molecules, which is a very critical
parameter in the numerical simulations of real gas flows. In the
simulation of continuum flows, the viscosity can be determined
by the most important characteristic parameter, namely the
Reynolds number (Re). For the noncontinuum flows, e.g., mi-
croscale gas flows, the most important characteristic parameter
of the flow is the Knudsen number (Kn). Thus, as pointed
out in Refs. [22,26,35], the relation between the viscosity or
relaxation parameter(s) in the LB models and the Knudsen
number should be given appropriately for the simulations of
microscale gas flows.

From gas kinetic theory [48], the mean free path A is related
to the dynamic viscosity u = pv, the macroscopic pressure p,
and temperature 7, and can be expressed as

RT
x:%,/”T. (11)

For the isothermal D2Q9 LB models according to Eq. (11)
and the equation of state p = pc?, the kinematic viscosity can
be determined from the Knudsen number as

1 /6
v = -,/ —KnN§,, (12)
3Vr
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where N = H/§, is the lattice number in the characteristic
length. Note that the fact that ¢ = \/§cs =+3RT =6,/6, =
1 for the D2Q9 model has been used in the deduction. Because
the dynamic viscosity of a real monatomic gas is independent
of density, for a specific gas and fixed characteristic length,
Eq. (12) indicates that the local kinematic viscosity is propor-
tional to the local Knudsen number, and it also implies that the
local Knudsen number is inversely proportional to the local
density for a constant p.

For microscale gas flows over a solid wall, the collisions
between gas molecules are not sufficient due to the wall
confinement effects [26], especially in the near-wall region.
Thus, there exists a so-called Knudsen layer near the wall
and its thickness is in order of the mean free path. Within
the Knudsen layer, it can be expected that the local mean
free path is much smaller than that in a system without a
wall. For microflows with a large Kn, e.g., in the transition
flow regime, the effects of the Knudsen layer become very
important. Therefore, incorporating the wall effects on the
microflow into the LBM framework is necessary and helpful to
improve its capability for simulating microchannel gas flows.
Following the literature, the effects of the Knudsen layer can
be introduced into the present LBM framework via using the
effective mean free path, which is equivalent to making use of
the effective Knudsen number or effective viscosity.

In this study, we adopt the Bosanquet-type effective
viscosity in the form [41]

7

= — 13
1+ aKn (13)

e

where a is the rarefaction parameter. Beskok and Karniadakis
[41] first applied this expression and used a = 2.2 in the
simulations of microchannel flows in the transition regime.
In later years, another choice, a = 2, was suggested by some
other researchers [37,43,49]. Noted that the Bosanquet-type
effective viscosity is independent of the distance from the
wall and only related to the local Knudsen number, which
implies it is not the real local effective viscosity, and just the
overall confinement effects are considered in the numerical
simulations. In the work of Michalis et al. [43], this overall
rarefaction effect on gas viscosity was investigated in detail
through the DSMC simulations of isothermal, low-speed flows
in a long microchannel, in which the average values of the
viscosity over a cross section were considered, and then the
relationship between the cross-sectional average viscosity and
the Knudsen number within the same channel was investigated.
It was noteworthy that Michalis ez al.’s study showed that the
rarefaction parameter a is not constant and also depends on
the Kn value, but this dependence was rather weak over the
majority of the transition regime, suggesting an “effective”
value close to 2. Recently, this Bosanquet-type effective
viscosity with @ =2 has been successfully applied to the
LBGK and MRT models for microchannel gas flows in the
transition regime [37,39].

In the present FMLB simulations, we define an effective
kinematic viscosity with @ = 2 based on Eqgs. (12) and (13) as

1 /6 KnN§,
Ve = =4 ——. (14)
3V 71+ aKn
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III. KINETIC BOUNDARY CONDITION FOR
THE FMLB MODEL

As is well known, an appropriate boundary condition is
always one of the critical points in the numerical simulations
using the LB models, especially for the applications in
microscale gas flows. To our knowledge, two widely used
kinetic boundary conditions have been proposed for the
BGK- and MRT-LB models in the literature, namely the dis-
crete Maxwellian boundary conditions (DMBC) [16,18] and
the combined bounce-back and specular-reflection (CBBSR)
boundary condition [50]. Through detailed analysis on the
two boundary conditions for the BGK- and MRT-LB models,
respectively, given by Guo et al. [22] and Guo and Zheng [51],
the discrete effects were reported to be existing in the two
kinds of LB models, and the CBBSR schemes within both LB
models were found to be identical in a parametric range; also,
their analysis indicated that the CBBSR scheme has a wider
parameter range than that of the DMBC scheme, which means
the CBBSR scheme can be applied for a wider slip velocity
range than the DMBC ones. As reported in the literature, the
key to simulating microscale gas flows using the LB models
is how to correct the intrinsic unphysical discrete effects to
implement an exact slip boundary condition.

In this study, the CBBSR scheme is applied for the present
FMLB simulations, as illustrated in Fig. 1. If boundary
conditions are imposed at position X + ¢;8;/2, then ¢ =
—¢; and ¢ = ¢; —2(¢; -n)n (7 is the unit normal vector),
respectively, are the opposite and specular velocity of ¢;;
the unknown distribution N; (X + ¢;68;/2,t + 8; /2) entering the
fluid domain at that point can be computed as follows:

N; (5& + %,t + é)
2 2
=rN; <()? +¢i8,) + E’i,t + ﬁ)
! 2 2

t

o i Cid, P
+{—-r)Ny [X+(Ci'n)n5t]+7,t+5 , (15)

where r € [0,1] is the portion of the bounce-back part in the
combination. According to Eq. (15), the CBBSR scheme on
the bottom wall for the D2Q9 model (see Fig. 1) can be

J=2
o=,
A
056,
v 8
bottom wall
J=0

I1-1

FIG. 1. Schematic diagram of the CBBSR scheme in the D2Q9
model.
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expressed as
N = N3,
NST =Ny 4+ (=) N, (16)
Nt =rNgs_ 4+ (1 —r)N;7,

where the dependence on (X % ¢;8;/2,t & 8;/2) is dropped
for notation simplicity, e.g., the distribution functions
N; (x £¢;8,/2,t +6,/2) for the node at index of (I,J = 0)
have been simplified as Ni(?f.

As reported in the literature [22,26,51], when the CBBSR
scheme is used to represent the slip boundary conditions within
the LBM framework, the parameter r plays an important role
in the simulations of microflows, which must be corrected
accurately to realize the exact slip boundary conditions, and
the corrected formulations are different for the different LB
models due to its different discrete effects. In the following
subsection, we first analyze the discrete effects of the CBBSR
scheme within the FMLB model and then present the corrected
bounce-back portion r to realize an exact prescribed slip
boundary condition.

A. Analysis of the CBBSR scheme within the FMLB model

Inspired by the analysis of the CBBSR scheme in the
MRT model [26,51], we consider a steady unidirectional
incompressible Poiseuille flow driven by a constant force
f= (pa,O)T, and we assume
g 3¢9
a  oax
for any flow variable ¢. Under such conditions and with
the collision equation in moment spaces Eq. (A1) taken into
account, substituting the second-order Taylor expansions of

N; (x £¢;68;/2,t +6;/2) into the left-hand side of evolution
equation (1) leads to

dy(ciyNi) = Qi(N) = —[E~"A(a”

p =const, u, =0, 0 (17)

—a™].  (18)

Then, multiplying Eq. (18) by ¢;, and subsequently sum-
ming over all i while utilizing the related expressions and
symmetry properties, we can obtain the following equation:

0 ouy
- (v ) =a. (19)
dy \ 9y

This indicates that, under this condition, the evolution equation
in the FMLB model, Eq. (1), is actually a second-order
numerical scheme of the exact Navier-Stokes equation for this
Poiseuille flow.

To investigate the discrete error introduced by the CBBSR
scheme, according to the procedures proposed in Ref. [26],
we can obtain the following relation between the horizontal
velocities at node indexes of J = 1 and 2 (cf. Fig. 1):

27 (1 — G) 1-G
u, =1+ Uy —
1+G—-2rG 1+G-2rG
66 145
wlo—r (20 L LM (20)
1+G ' 1+n

where u;> = uy|;—;, and G = (6v —§,)/(6v +§,). More
details of this deduction are provided in Appendix B.
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For the Poiseuille flow considered in the present study, with
an additional constraint du, /Y| y=H) = 0, we can obtain the
analytical solution of the macroscopic control equation (1) in
the form

uj =4ducy,(1 =y +us, (1)

where y;- =(j—05)46,/H,u. = 8aH2/v, and u; is the slip
velocity at the wall. Substituting the analytical solution of u; »
and the expression of parameter G into Eq. (20) while utilizing
Eq. (12), the slip velocity at the wall produced by the CBBSR
scheme can be expressed in terms of Kn as

s 1-— 6 1—y18 /6
Up="2 4" [2kn4+ — 22 [2knA — A2,
U r T 1+y3Vnm

(22)

where A = 1/N = §,/H, and note that §, = §, has been used
in this deduction. This equation shows that the nondimensional
slip velocity is not only influenced by the parameter r and the
Knudsen number, but is also related to the numerical part
depending on the grid resolution. To our knowledge, when
r = 1 the CBBSR scheme is reduced to the no-slip bounce-
back scheme, but Eq. (22) shows that the slip velocity still

exists, U, = i;—;j%

treatment in the MRT model [26], for the purely bounce-back
rule, the numerical slip velocity can be eliminated by setting
the free parameter y; = (8v — §,)/(8v + &,). In addition, the
most important point is that, similar to the results reported
by Guo et al. [22,26,51] for the cases of the LBGK and MRT
models, there exist some inherent discrete effects in this kinetic
boundary condition, which must be corrected to realize an
exact prescribed slip boundary condition. In the following,
we focus on how to correct this issue for the present FMLB
model.

\/gKnA — A% fortunately, similar to the

B. Second-order slip boundary condition

For microscale gas flows, the widely used and so-called
second-order slip boundary condition can be written in the
form

2

— A, 22 B_u

dy?
where A and A, are the two slip parameters and are usually
determined from theory, experiments, or experiences. For
the Poiseuille flow mentioned above, substituting the Navier-
Stokes solution Eq. (21) into this boundary condition Eq. (23)
yields a slip velocity at the wall as

U, = 4A,Kn + 8A,Kn’. (24)

ug = Ajh — ; (23)

wall

wall

Therefore, combining Egs. (22) and (24), we can conclude that,
in order to match the expected second-order slip boundary
condition, the parameter r in the CBBSR scheme must be
chosen as

14 /(A +24,Kn l-n2 6, A B
r = —_— —_— - -_ .
6\ ? 1+ 3V7" " 4Kn

(25)

It can be found from this expression that the control parameters
r not only depend on the predetermined parameters A} and A,,
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but they also relate to the Knudsen number Kn and the grid
resolution (recall that A = §,/H = 1/N), which is different
from the MRT results reported in the literature [26,51].
Furthermore, the influence of grid resolution can be removed
by setting the free parameter y; = (8v — 8,)/(8v + §,) in the
present FMLB model.

In this study, in order to obtain the exact second-order slip
boundary condition, the effects of the effective viscosity on
the CBBSR scheme must also be taken into consideration.
According to Egs. (12)-(14), we can define a Bosanquet-type
effective Knudsen number Kn, as follows:

Kn

Kn, = ———,
1+ aKn

(26)

where it is clear that Kn, and v, still satisfy the original
relationship Eq. (12). Combining Eqs. (25) and (26), the
control parameter r with the corrections from the effects of
the “effective viscosity” method can be given as

1 (4, £ 2aKn, — Lon2 [0, A B
r=|1+,/~ e— W= ,
6\ : 1+ 3Vz" " 4Kn,

27)

in which the terms related to A can also be removed by setting
y1 = (8v, — 1)/(8v, + 1) and then Eq. (27) can be simplified

as
= —1
r= [1+ /E(Al +2A2Kn6)} . (28)

As pointed out by Li et al. [37], due to the introduction
of the effective mean free path, the slip coefficients A; and
A, are different from that used in the original second-order
slip boundary condition (e.g., A; = 1.11 and A, = 0.61 [52],
A1 = 1.0 and A, = 0.5 [53]) and both coefficients should be
modified properly. In the MRT simulations for microchannel
flows in the transition regime, Li et al. [37] suggested that the
two slip coefficients can be chosen as

2—0
A= —(1-0.18170),
o

Ay, =0.8, (29)
where o is the tangential momentum accommodation coef-
ficient (TMAC). In the literature, the a posteriori method
was usually used to determine the slip coefficients via demon-
strating the capability of predicting an accurate mass flow rate
[37,52,54]. It should be noted that the results of the mass flow
rate for the periodic microchannel flow obtained by Li et al.
using the two constant slip coefficients obviously deviate from
the benchmark solutions of Cercignani et al. at relatively large
Knudsen numbers (4 < Kn < 10). Through investigations
with an adjustable second slip coefficient for the periodic
microchannel flow at4 < Kn < 10, we find that the mass flow
rate obtained with a larger value of the second slip coefficient
better fits the benchmark solution. Hence, in the present
study, based on Li et al.’s suggestion, we choose the same
first slip coefficient Ay = (1 — 0.18170)(2 — ¢)/o and give a
nonconstant second slip coefficient B, [see Eq. (30)], where
the value of B, is close to A, = 0.8 at the moderate Knudsen
numbers (0.1 < Kn < 2) and increases gradually with the
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FIG. 2. The ratio of the present second slip coefficient to that
suggested by Li et al. as a function of Kn in the transition regime

further increase of Kn. In the present FMLB framework with
the effective viscosity, the corrected bounce-back portion r can
be determined as

1+ /2 (A +2BK )_1 B, = A, T aKn
= - n, ) = S
r ¢ A 2 2 25 (Kn)

(30)

where the value of A, is still set at 0.8, and W (Kn) is a function
of Kn. It can be found that Eq. (30) can be reduced to Eq. (28)
by setting W (Kn) = 1 4+ aKn with @ = a. In the present study,
through choosing different values of a for the different Kn, we
can give a better fitting between the mass flow rate predicted by
Eq. (30) and the solution of the linearized Boltzmann equation
for microchannel flows in the upper transition regime. Finally,
according to the discrete data of @ in the tests and choosing
a proper basis function, ¥ (Kn) can be approximated as the
following fitting function:

W (Kn) ~ 3.57(1 + Kn)*%® — 2.67. (31)

To give a straightforward view of this fitting function, in Fig. 2
we plot the ratio of the value of B, to that of A, suggested by
Li et al. as a function of the Knudsen number Kn in the entire
transition regime, which is obtained by substituting Eq. (31)
into Eq. (30) while setting a = 2.

IV. NUMERICAL RESULTS AND DISCUSSIONS

Microchannel gas flows with periodic or pressure bound-
ary conditions have been studied by many researchers and
employed as the benchmark cases for steady incompressible
microscale gas flow. In this study, both cases are investigated
using the present FMLB model with the effective viscosity
method and the corrected CBBSR boundary condition, where
r is determined from Eq. (28) or Eq. (30). All numerical
tests performed in this study use Cartesian coordinates with
a uniform gird (8y =48, = 1), the corresponding time step
size is 6, = 1, and the characteristic length takes the width
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FIG. 3. (Color online) Dimensionless slip velocities as a function of y; or r with different resolutions N (Kn = 0.1): (a) y; = —0.9,
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of the channel (H = N§, = N). In the present simulations,
the convergence criterion toward the steady state is set as
follows:

3ol (%, 1) — i (%, — 10008,))
> i G tm)?

<1072, (32

A. Validation of the CBBSR scheme within the FMLB model

In this subsection, we carry out some numerical tests to
validate our theoretical analysis in Sec. III for the CBBSR
scheme within the FMLB model. It should be pointed out
that, for all test cases in this validation, the effective viscosity
method is not introduced.

We first perform a systematic investigation on the discrete
effects of the CBBSR scheme within the present FMLB
framework, including the numerical tests with the different
bounce-back parameter r and the different values of free
parameter y;, as well as the different resolutions N varying
from 5 to 51. A series of force-driven Poiseuille flows in a
microchannel at Kn = 0.1 are simulated by the present FMLB
model. In the simulations, the fluid density is p = 1 and the
constant acceleration a is set at 107*. The periodic boundary
conditions are applied to the inlet and outlet of the channel, and
the CBBSR scheme is applied at the two parallel walls. The

present results of these test cases are classified and grouped
into five plots in Fig. 3. Figures 3(a), 3(b), 3(c), and 3(d)
illustrate the present simulated dimensionless slip velocities
as a function of r for y; = —0.9, y; =0, y; = 0.9, and y; =
(8v — 85)/(8v +6,), respectively, and Fig. 3(e) shows the
present simulated dimensionless slip velocities as a function of
y) in the study of the purely bounce-back scheme (r = 1) for
the no-slip boundary condition. For the purpose of comparison,
those analytical results obtained by Eq. (22) are also included
in those plots in Fig. 3. All present results in Fig. 3 show
an excellent agreement with the analytical solutions given
by Eq. (22), demonstrating the correctness of our theoretical
analysis.

To further investigate the influence of the control parameters
r in the CBBSR scheme on the realization of the expected slip
boundary condition, and to validate the present analysis on the
correction of the parameters r [see Eq. (25)], the fully diffusive
case [A| = 2¢//m ~ 1.1466, Ay = (1 +2¢2)/m ~ 0.9757,
with ¢ = 1.01615] that was often tested in the literature
[22,23,51] is simulated by the present FMLB model at
Kn = 0.2. Here, the influences of different grid resolutions
are also investigated by varying the grid resolution N from 5
to 51. For the fully diffusive walls, the bounce-back fraction
r is usually set to 0.5 when ignoring the discrete effects of
the CBBSR scheme, while it must be computed from the
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FIG. 4. (Color online) Velocity profiles for the Poiseuille flow
at Kn = 0.2 for the fully diffusive walls with different grids. The
analytical solution of Cercignani [48] is extracted from Fig. 4 of
Ref. [22].

correction Eq. (25) to consider those discrete effects within
the FMLB model. For all three chosen grids N = 5, 25, and
51, the velocity profiles predicted by the present FMLB model
with the corrected parameter r given by Eq. (25) are plotted
in Fig. 4, in which the results obtained with r = 0.5 are also
included for comparison purposes. It can be seen that all of
the present results obtained with the corrected parameter r are
in excellent agreement with the analytical solution reported
by Cercignani [48], but for those results with » = 0.5, the
grid-dependent deviations from the benchmark solution can
be clearly observed. As revealed in Fig. 4, there are inherent
discrete effects existing in the CBBSR scheme for the FMLB
model, and it is necessary to correct r in order to accurately
realize the slip boundary condition for the microscale gas
flow.

B. Microchannel flows with the periodic boundary condition

Gas flow in a microchannel with a periodic or pressure
boundary condition has been investigated by many researchers
using the LBGK and MRT models and employed as the
benchmark cases of steady incompressible microscale gas
flow (cf. Refs. [26,35,37,38,40]). In this subsection, we apply
the present FMLB model with the Bosanquet-type effective
viscosity to study the periodic microchannel flow driven by
a constant force. Here, all simulations are performed on
a uniform grid (N, x N, =51 x 51), and the driven force
is set as f, = pa = 107*. The periodic boundary condition
is applied at the inlet and outlet of the channel, and the
CBBSR boundary condition with the fitting function ¥ (Kn)
is applied at the top and bottom walls, which are assumed
to be fully diffusive (o = 1). Figure 5 shows the velocity
profiles normalized by the mean velocity over the cross section
of the channel i = (l/H)fOH udy at Kn = 2k/\/m, with k
ranging from 0.1 to 10. The numerical results obtained by

PHYSICAL REVIEW E 88, 053311 (2013)

Guo et al. [26] and Li et al. [37] using the MRT models,
respectively, with Stops’ expression of effective viscosity
and the Bosanquet-type effective viscosity, as well as the
benchmark solutions of the linearized Boltzmann equation
given by Ohwada et al. [55], are also grouped in Fig. 5
for comparison purposes. Noted that, as reported in the
literature [26,37], the solutions of the Navier-Stokes equations
with the second-order slip boundary conditions [48,52] are
increasingly deviating from the linearized Boltzmann results
with increasing Kn beyond 0.1128, so the slip-NS results
are not presented again in Fig. 5. It can be clearly seen
from Fig. 5 that the velocity profiles predicted by the present
FMLB model with the fitting function Eq. (30) and those MRT
solutions given by Li et al. [37] are almost the same for Kn
varying from 0.1128 to 4.5135, and both results are in good
agreement with the linearized Boltzmann solutions; the MRT
results given by Guo et al. using Stops’ expression of effective
viscosity show a visible deviation from the benchmark solution
as Kn > 1.1284. For larger Knudsen numbers Kn = 6.7703,
9.0270 and 11.2838 (k = 6, 8, and 10), the velocity profiles
were not given in the studies of Guo et al. [26] and Li
et al. [37], but the velocity profiles predicted by the present
FMLB model with Eq. (30) are presented here and also agree
well with the solutions of the linearized Boltzmann equation,
as shown in Fig. 5. To investigate the influence of the fitting
function W (Kn) used in the corrected CBBSR scheme [see
Egs. (30) and (31)], the present results at the four relatively
large Knudsen numbers Kn = 4.5135, 6.7703, 9.0270, and
11.2838, which are obtained with the constant slip coefficients
suggested by Li et al., Eq. (28), are also plotted in Fig. 5. The
comparisons between the two group results and the benchmark
solutions show that, in the present FMLB frameworks, using
the fitting function Eq. (30) can yield a slightly better match
for the velocity profile at relatively large Kn in the transition
regime.

To further validate the present model, in Fig. 6 we plot the
nondimensional mass flow rate Q = fOH pu dy normalized by

paH?/~/2RT against the Knudsen number. It can be found
from Fig. 6 that the mass flow rate predicted by the present
FMLB model with Eq. (30) is almost identical to the solution
of the MRT model given by Li et al. [37], because the same
effective viscosity and the same second-order slip boundary
condition are used in the two models, and both models can
only provide reasonable results up to Kn & 3. However, when
taking the fitting function W (Kn) into consideration, the
present model with Eq. (30) can provide a satisfactory mass
flow rate for the entire transition flow regime (up to Kn ~ 10)
in comparison with the solution of the Boltzmann equation
given by Cercignani et al. [48]. The comparisons between
the two present results with and without the fitting function
show that the second-order slip term in the boundary condition
plays an important role in simulating rarefied gas flows with
relatively large Knudsen numbers, and the present FMLB
model with the effective viscosity can be extended to simulate
microchannel flow at a relatively larger Knudsen number by
making appropriate fixes in the slip boundary conditions.
Besides, the well-known Knudsen minimum phenomena are
all observed for those results obtained by different methods,
which is captured at Kn= 0.9 for both of the present
results.
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FIG. 5. (Color online) Velocity profiles of gas flow in a periodic microchannel (U = u/i).
C. Microchannel flows with the pressure boundary condition Knudsen number is inversely proportional to the local density

The present FMLB model is also applied to simulate
pressure-driven gas flow in a long microchannel, which is
a basic phenomenon and has wide engineering applications in

and varies along the channel, Kn (x) = Kngypout/ 0 (x), where
the local density p (x) takes the value at the centerline of the
channel and Kn,, is the Knudsen number at the outlet.

MEMS. In this problem, the flow is driven by the substantial Throughout the numerical experiments presented in this

drops between the pressures at the inlet and outlet of the
channel, and the pressure distribution along the microchannel
is usually nonlinear [27,37,40]. Following the literature, in

section, a 2100 x 21 uniform grid is adopted and the top and
bottom walls are still assumed to be fully diffusive (o = 1)
unless otherwise notified, where the CBBSR scheme with the

this study the ratio of the length to the height of the channel fitting function is.applied. The copsistent linear extrapolation
is set to be L/H = 100, and the pressure at the inlet and scheme [24,40] is used to realize the pressure boundary

at the outlet is set to be pi, and poy, respectively. In our
simulations, the outlet density is set to be poy = 1; to keep
the dynamic viscosity constant along the channel, the local
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FIG. 6. (Color online) Nondimensional mass flow rate against
the Knudsen number for microchannel gas flow. Present 1: for the
periodic case; Present 2: for the pressure-driven case.

treatment can ensure the smooth transition of the pressure and
velocity fields from the interior nodes to the boundary. The
details of the implementation procedure can be found in the
literature [40].

For the pressure-driven microchannel flows, we first con-
sider the following two cases ranging from the slip flow regime
to the transition regime: (i) Kngy = 0.0194, pin/pou = 1.4;
(i1) Kngy = 0.388, pin/pou = 2, Which have been investi-
gated using different numerical methods in the literature
[26,37,56,57]. In Figs. 7 and 8, the nondimensional streamwise
velocity u/umax at the outlet and the pressure deviation
6p = (p — p1)/ Pout @long the centerline of the channel are
presented for the above three cases. Here, iy« is the maximum
velocity at the outlet, and p; (x) = pin + X(Pour — Pin)/ L is the
linear profile of the pressure along the centerline. It should be
pointed out that the DSMC and IP-DSMC results of Shen
et al. [56], the analytical results of Arkilic et al. [57] obtained
by the NS equations with the first slip boundary condition, as
well as the MRT results (for the later two cases) reported by
Li et al. [37] are also grouped in those plots in Figs. 7 and 8
for comparison purposes.

For Kngy = 0.0194 and pin/p., = 1.4, both profiles of
velocity and pressure deviation predicted by the present FMLB
model agree well with those of the DSMC, IP-DSMC, and
Slip-NS methods, as shown in Fig. 7. When Kn,, increases
up to 0.388 and pin/p.. = 2, the whole flow field falls into
the transition flow regime; it can be observed from Fig. 8 that
both results of the velocity profile and pressure deviation given
by the slip-NS method show significant deviations from those
benchmark solutions of the DSMC and IP-DSMC methods,
while both results predicted by the present model with the
effective viscosity also agree fairly well with the benchmark
solutions, which confirms that it is necessary to take the effects
of the Knudsen layer into consideration for the simulations
of microscale gas flow in the transition regime. Also, it can
be clearly seen from Fig. 8 that both results predicted by
the FMLB model with the Bosanquet-type effective viscosity
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FIG. 7. (Color online) Pressure deviation along the channel
centerline (a) and streamwise velocity at the outlet (b) for the
pressure-driven flow in a long microchannel with Kny, = 0.0194
and pin/poul =14

and the fitting function are in fairly good agreement with
those obtained by the MRT model with the same effective
viscosity method in Li et al.’s study [37], although different
second slip coefficients are used in the second-order slip
boundary conditions for the CBBSR scheme within the two
different LB models. The above comparisons demonstrate
that by using the corrected CBBSR scheme with the fitting
function ¥ (Kn), the present FMLB model is still able to
accurately capture the characteristics of the pressure-driven
flow in a long microchannel in the slip and slight transition
regimes.

To further investigate the capability of the present model,
pressure-driven microchannel flows with larger Knudsen
numbers are also simulated in this study, and the predicted
mass flow rate is compared with the benchmark solutions of the
Boltzmann equation given by Cercignani et al. [58] and the ex-
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FIG. 8. (Color online) Same as Fig. 7 but for Kn,,, = 0.388 and
pin/pout =2

perimental results for helium flows [54,59,60]. First, for com-
paring to the solutions of the linearized Boltzmann equation,
the normalized mass flow rate Q,—z > /(pa H 2 /~2RT)against
the average Knudsen number Kn,,. = (Kn;j, + Kngy)/2 is also
plotted in Fig. 6. Here, the present results for this pressure-
driven case are taken from the simulation with pi,/pou = 2
and o = 1, which are denoted by “Present 2, Eq. (30)” in
Fig. 5. It can be found that, for this case, the present model with
Eq. (30) can still give reasonable results in comparison with
the benchmark data and our solutions obtained for the periodic
case. Also, it should be pointed out that, for the Knudsen
minimum phenomenon, there exists a small difference between
both of the present results for the periodic and pressure-driven
cases: it is captured at Kn & 0.9 for the former case, while it
occurs at Kn & 1 for the latter one.

Next, following Li et al.’s study [37], the rarefaction effect
on mass flow rate is also investigated by comparing the present
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FIG. 9. (Color online) Nondimensional mass flow rate for the
pressure-driven flow in a long microchannel compared with the
experimental data of (a) Maurer et al. [59] and (b) Colin et al. [54,60],
the solutions of Aubert and Colin’s second-order slip model [61], and
the MRT results of Li et al. [37].

results with the experimental data for helium gas reported by
Maurer et al. [59] and Colin et al. [54,60]. In the following
comparisons, the nondimensional mass flow rate is defined as
S = Q/Ons, where Qs represents the corresponding mass
flow rate without rarefaction effects, which is obtained from the
present simulations with the no-slip boundary condition [r =
1, y1 = B8v —6,)/(8v + 8,)]. Also, to compare the present
results with the solutions of Li et al. [37], in our computations,
the TMAC is set to be ¢ = 0.93 and the pressure ratio pi,/ Pout
is taken as 1.8.

In Figs. 9(a) and 9(b), the nondimensional mass flow rate
S and the inverse one 1/S are shown as a function of the
average and outlet Knudsen numbers, respectively. Here, not
only are the experimental results of Maurer et al. [S9] and Colin
et al. [54,60] included, but also Li et al.’s results [37] obtained
by the MRT model with the Bosanquet-type effective viscosity
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and the solutions of Aubert and Colin’s second slip model [61]
are included for comparison purposes. It can be found from
Fig. 9(a) that, as reported by Li et al. [37], Aubert and Colin’s
second-order slip model can only predict an accurate mass flow
rate up to Kn,,e & 0.18 (corresponding to Kn,,, ~ 0.23) when
compared with the experimental data of Maurer et al. [59].
However, the present model can always predict fairly accurate
results for all chosen Knudsen numbers (0.05 < Knye < 0.8),
as shown in Fig. 9(a). In Fig. 9(b), a similar phenomenon
can also be observed. Compared with the experimental data
of Colin et al. [54,60], the separation point for the results
of Aubert and Colin [61] is show to be Kng, ~ 0.24, while
the present model still gives a satisfactory prediction up to
Kngye = 0.5. In addition, it is noteworthy that, as shown in
Fig. 9, the agreement between the present solutions predicted
using the FMLB model and the MRT solutions of Li er al.
looks fairly satisfactory, although the fitting function used in
this study gives a variable second slip coefficient while the
fixed one was adopted in Li et al.’s study.

V. CONCLUSIONS

In this paper, we proposed an extended filter matrix lattice
Boltzmann (FMLB) model for microchannel gas flow in
which wall-confinement effects are considered. A kinetic
boundary condition (CBBSR) that combines the bounce-back
and specular-reflection schemes is proposed for the present
FMLB model, and it is analyzed based on a unidirectional
flow. The present analysis shows that the bounce-back portion
r in the CBBSR boundary condition must be corrected for the
present FMLB model to realize the exact prescribed boundary
conditions, whether they are no-slip or slip schemes, e.g., the
discrete error in the no-slip case can be eliminated via choos-
ing an appropriate free parameter y; = (8v — 6,)/(8v + &),
which is similar to the treatment in the case for the MRT
model; to realize the specified second-order slip boundary
condition, the control parameter r should be corrected accord-
ing to the two slip coefficients A; and A, and the Knudsen
number.

To take account of the wall-confinement effects on gas
viscosity, the Bosanquet-type effective viscosity, in which the
mean value of the viscosity is considered, is incorporated
into the framework of the FMLB model in this study. Also,
we propose a modified second-order slip boundary condition
with a fitted second-order coefficient as a function of the
local Knudsen number to give a satisfactory result of the
mass flow rate for the high-Kn microchannel gas flow. In
this work, we have implemented the present extended FMLB
model to simulate the microchannel gas flows with a wide
range of Knudsen numbers covering from the slip regime up
to the entire transition regime. For all test cases conducted in
this study, including the microchannel flow with the periodic
boundary condition and the pressure-driven microchannel
flow, the present FMLB results, including the velocity profile
and the mass flow rate, as well as the nonlinear pressure
distribution only, for the pressure-driven case, are found to
be in quite good agreement with the solutions of the linearized
Boltzmann equation, the results of the DSMC and IP-DSMC
methods, the available experimental results, and the MRT
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results reported in previous studies. In particular, we also
investigate the influence of the proposed fitting function on the
numerical results of the mass flow rate, and the results obtained
by the present extended FMLB model with the constant slip
coefficients suggested in Li er al.’s study are also presented
for comparison purposes. Those comparisons show that, for
microchannel flows at low and moderate Knudsen numbers,
the present FMLB model with the fitting function can give
almost the same results as that with the fixed slip coefficient of
Li et al.; the former can give satisfactory results over almost
the entire transition flow regime, while the latter give the same
results as those of the MRT-LB model reported by Li et al.,
which can only provide reasonable results up to Kn =~ 3. In
addition, the Knudsen minimum phenomenon is also well
captured in all the simulations of both kinds of cases in this
study.

Through this study, the present FMLB model has shown,
in general, noticeably good accuracy and robustness for
isothermal microchannel gas flows in the slip and transition
regime, as indicated by various demonstrated comparisons.
It looks promising for more extensive applications of the
present FMLB method to other more challenging simulation
scenarios in the future, e.g., the nonisothermal rarefied gas
flows involving curved boundaries.
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APPENDIX A: THE COMPARISON BETWEEN THE FMLB
MODEL AND THE MRT MODEL WITH THE
TRAPEZOIDAL RULE

To simplify the analysis and without loss of generality, we
consider the isothermal D2Q9 LB models. For the FMLB
model, when the parameter B is fixed at 1 and taking an
external force term into account, the collision process can
be implemented in the moment space (see [47] for details):

at =a" —8A(d” —a®d), (A1)
with a non-negative diagonal matrix

A = diag(0,2/5,,2/8,,3v + &,/2)"L,3v + 8, /2) !,
Gv+8/27(n + D/8.(n + D/8.0). (A2)
In Eq. (A1), «® denotes the equilibrium moment vector
corresponding to the equilibrium distribution functions qu,
and it can be expressed as
ot = E N

= (p,pit, pity,3pitxity 3pusuy,3puyiy,0,0,0)". (A3)
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Next, we start the MRT formulations from the discrete
velocity Boltzmann equation (DVBE):

aN; . = ,
— +¢ VN, =Q; + F,

a7 (A4)

where €2; is the collision operator, and F; is the external force
term accounting for a body force f .

Integrating the DVBE (A4) along the characteristic line
with a time step §,, we obtain

N;i (X 4 ¢;8i.t + 8;) — N; (X.1)
L
= [Qi(x +cit't +t)+ F,(x +¢;t' .t +1t)]dt'. (AS)
0
For the remaining integration on the right-hand side, we
approximate it by the trapezoidal rule to yield a second-order
accurate but implicit in time equation,

Ni(X + Ci8;,t + 8;) — N;(%,1)
8 . . 8 L.
= Q1) + F(E,01 + Ef[szc-(x + it +81)

2
+ Fi(X 4 ¢i6;,t + 8,)]. (A6)

Following He et al. [62], the implicitness can be removed by
introducing a transformation,

>

Ni(X,t) = N;(X,t) — %[Q/i(x,t) + Fi(X,0)]. (A7)

Then, the previous implicit scheme Eq. (A6) can be expressed
equivalently as

Nl()_é + Ei(sf?t + 8[) - Nl(iﬂt) = St[Qli(zvt) + E(£9t)]
(A8)

The collision operator in the D2Q9 MRT model can be
given in the form [51,63]
—1
Q) = —(M"'SM);;(N; — N7Y), (A9)
where M is a transformation matrix and S =
diag(to, 71, - - - ,‘L'g)_l is a non-negative diagonal matrix,
with 7; being the relaxation time for the ith moment. Using
the transformation matrix, the distribution functions N;, N7,
and N; can be projected onto the moment space as

m; ZM,'J'N]', m?sz,-jN;q, I’I_’l,' =M,'ij. (AIO)

Combining Egs. (A7), (A9), and (A10), the relation
between both velocity moments m; and 7; can be expressed
as

mi =m; —0.58, [-S (mi —m) + F] (A1)
and
mi = (1+0.588)7" (7; +0.58,Sm + 058, F), (A12)

where I is the unity matrix and F; = M; ; F; are the force terms
in the moment space.
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Utilizing Egs. (A9)—(A12), the evolution equation (A8) for
N; can be easily transformed into the MRT framework and
the corresponding collision process can be carried out in the
moment space as

i (X + 8.t + 8,) = m; — &S (m; —mi) +8,S'F; (A13)
with
S=6"405ID",8=1+0558""'=S"'S. (A14)

Substituting Eq. (A4) into Eq. (A7), it can be found that
the variables N; (¥,t) and N; (X + ¢;8,,t + ;) actually are the
first-order Taylor expansions of N; (X — ¢;8,/2,t — §8,/2) and
N; (X + ¢;8;:/2,t + 8:/2), respectively, which is the same as
the treatment [see Eq. (7)] in the FMLB model.

In addition, note that (i) the external force terms F; can be
directly structured in the moment space without computing it
from the expression in the disperse velocity space, which is
the same as the treatment of the equilibrium moment m;" in
the standard MRT framework; (ii) in the FMLB model, the
external force terms in the moment space can be computed by
Fy = Ewic; - f/cs2 = (0, fx, £,0,0,0,0,0,0)T, so Eq. (Al)
can be rearranged into the same form as Eq. (A13); (iii) for
the conserved moments pii, the corresponding value in the
diagonal matrix A is fixed at 2/, for the FMLB model, which
is equivalent to setting 7,; = 0 in this MRT framework; that
is to say, there are two non-nil relaxation terms in the FMLB
model, (3v + &;/2) and &, /(y1 + 1) if collated with this MRT
framework, as shown in Egs. (A13) and (A14).

The comparison discussed above reveals that, with the
assumption of B = 1, the FMLB model can be completely
regarded as a special case (two-relaxation time) of the MRT
model with the trapezoidal rule.

APPENDIX B: THE DETAILS OF THE CBBSR SCHEME
WITHIN THE FMLB MODEL

For the steady incompressible Poiseuille flow driven by a
constant force, as mentioned in Sec. II, the CBBSR scheme
within the D2Q9 FMLB model produces the relation between
the horizontal velocities near the wall, Eq. (20). In the
following, we make a detailed analysis to derive that formula.

First, according to the transformation between the distribu-
tion functions N; and the moments «; (i = 0,1,2,...,8), we
have

NF — N = Qaf —a))/3, (B1)

NF = Nf = (of +af +a7)/6,

(B2)
N8i - N7i = (ozf - ozf + oz6i)/6.

Combining the collision expression in the moment space
Eq. (A1) and the constraints Eq. (17) while utilizing Egs. (10)
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and (B1), we can obtain

a7 = Gay?, (B3)

L2+ _ 2y

W = pas,. (B4)
= ..

o 1+

Taking the constraint d N; /dx = 0 into consideration, the

transport step between the inner node at / = 0, 1, and 2 can
be simply written as

Nig=Ngg, Nog=Np§, Nog=Nsg. (B
Then, substituting Eq. (BS) into Eq. (B2) yields
R o R S e (B6)

1- 1- - _ 2+ 24 24
a —a, toag =a] —oay tog. B7)

According to Eq. (10), the momenta o %‘H are expressed as

o™ = puy , & pasd, /2. (B8)
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Combining Egs. (B3), (B4), and (B6)—(B8), the moment ai_
can be expressed in the form
- puy —ud) 3pas,
a, = — .
1-G 1+G
In addition, from Egs. (16) and (B5), the CBBSR scheme gives
that

(B9)

NI~ = N~ =(1=2r)(Ng* = N; 7). (B10)
Then, substituting Eq. (B2) into Eq. (B10) gives
al 4oy oy =0 =2r) (" —ayt +at). (BLD)

With the aid of Egs. (B3), (B4), (BS8), and (B9), we can obtain
from Eq. (B11) that
2r(1 —G) 1-G
u =1+ u; —
1+4G-2rG 1+G-2rG

6G 145
x|:6—r(—+ + y'):lé,a.
1+G I +wn

(B12)
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