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1. Introduction

It is well known that the continuum hypothesis is no longer valid when the Knudsen number Kn = /L, defined as the
ratio between the mean free path / of fluid particles and the characteristic size L of the flow domain, becomes noticeable
(Kn > 0.01). For such cases, encountered in both micro-scale and rarefied gas flow, the use of Navier-Stokes-Fourier equa-
tions, as well as of the traditional techniques of computational fluid dynamics (CFD), becomes questionable [1-6]. Lattice
Boltzmann (LB) models provide a promising alternative to CFD, as well as to molecular dynamics (MD) or direct simulation
Monte Carlo (DSMC) models. LB models are derived from the Boltzmann equation using a simplified version of the collision
term, as well as an appropriate discretisation of the phase space [7-13]. The interest for the use of LB models to investigate
micro-scale flows is growing constantly [14-35], especially because traditional models currently used to investigate fluid
physics at non-negligible values of Kn (MD and DSMC) need huge computing resources that can easily exceed the capacity
of today’s supercomputers [1,2,4-6].

Implementation of boundary conditions (BC) is crucial to enable proper use of LB models for the investigation of micro-
scale flow. Velocity slip and rarefaction phenomena were first evidentiated by LB simulations in the pioneering works of Nie
et al. [14], as well as of Lim et al. [15]. Various implementations of BC were later considered in the literature [16-35] in order
to fit the specific numerical schemes used to solve the partial derivative equations that control the evolution of the
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distribution functions in the LB models. Many of these implementations are based on the diffuse reflection concept, which
dates back to the time of Maxwell and Smoluchowski [36,37].

The implementation of diffuse reflection boundary conditions in the two-dimensional finite difference lattice Boltzmann
model with multiple speeds and variable temperature, developed by Watari and Tsutahara [38], as done in Ref. [26], requires
the use of the first order upwind finite difference scheme in the lattice nodes adjacent to the walls of the flow domain, even if
higher order numerical schemes may be considered in the bulk nodes [29]. Although this implementation of BC was success-
fully used [26,29,30] to capture the main characteristics of micro-channel flow (velocity slip and temperature jump near the
walls, as well as the thermal creep phenomenon), the accuracy of the simulation results near the flow domain walls still
needs to be improved [29].

The purpose of this paper is to introduce new versions of the diffuse reflection boundary conditions for the two-dimen-
sional LB model of Watari and Tsutahara [38], as well as to investigate their accuracy. Although we restrict ourselves to a
particular model where second order flux limiter schemes [29,30,39-42] are considered to enhance numerical accuracy in
the bulk nodes while preserving the stability in the presence of density gradients [30,43], the implementation of our bound-
ary conditions may be easily conducted in other finite difference LB models as well. The paper is organized as follows. For
convenience, the multispeed model with variable temperature of Watari and Tsutahara, as well as the flux limiter numerical
scheme are briefly described in Section 2. The existing implementation of diffuse reflection boundary conditions for this
model, as well as three new versions are introduced in Section 3. In Section 4, their accuracy is investigated in the case of
Couette and Poiseuille flow.

2. Description of the lattice Boltzmann model with variable temperature and flux limiters

The thermal LB model of Watari and Tsutahara (WT) involves a set of 33 nondimensionalized velocities [38]

e =0, ey= {cosn(l;”,sinn(l;]) o (k=1,...4, i=1,..8) 1)

The values of the speeds ¢, € {1.0, 1.92, 2.99, 4.49} were determined in [38] to ensure the stability of this model within the
largest possible temperature range (0.4 < 0 < 1.6). The corresponding distribution functions foo = foo(X, t), fui = fii(X, t) are
defined in the nodes x of a square lattice. The local fluid density n, the velocity u and the temperature 0 are determined from
these distribution functions, as follows [38]:
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The distribution functions in the thermal model of Watari and Tsutahara evolve according to the following equation (in non-
dimensionalized form)

1
Otfii + € - Vi = T Ifii — ] (5)
where the equilibrium distribution functions
lfiq = ,fiq(x, t) = TleSki (6)

are expressed using the series expansion sy; = Si;(6,u) up to fourth order [38] with respect to the Cartesian components
U, (o = 1,2) of the fluid velocity (summation over repeated Greek indices is understood):
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The weight factors F, = F¢(6) in Eq. (6) depend on the local temperature 6 = 6(x, t) and the speeds ¢,k =1,...4:
1
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Here we used the notation (I =1,2,3)

{k+l}:{k+l’ k+1<4

10
k+l-4, k+1>4 (10)

Although the WT model needs more computing resources because of the relatively large number of distribution functions
when compared to other lattice Boltzmann models with variable temperature, like the internal energy density distribution
function (IEDDF) model [44-47], one should stress the fact that all observable fields (density, velocity and temperature) are
derived by WT from the same distribution function, as in standard kinetic theory. The WT strategy may be useful to derive
also higher order LB models by further expanding the Maxwell-Boltzmann distribution function to higher orders, as sug-
gested in [48].

In order to control the Knudsen number during computer simulations, the non-dimensionalized relaxation time 7 in Eq.
(5) is expressed as [26]

A

T=—
nc

(11)
where A is a constant, n is the local particle density introduced in Eq. (2) and

e et i 2
fo+ i Xiafu

is the local average speed of fluid particles. In the sequel, we adopt the value A4 = 10°, which corresponds to a flow domain
whose characteristic size is £ = 107° m [26]. As discussed in [26], the value of Knudsen number is given by

A
Kn == (13)

c=

Since the nondimensionalized speeds c, of the thermal LB model are no longer related to the lattice spacing és and the time
step ét, as in the standard (collision - streaming) LB models [11,12], finite difference schemes need to be used to evolve the
distribution functions in each lattice node [38]. The use of finite difference schemes in LB model, first proposed in [49], al-
lows for more freedom in the discretization of the phase space. Higher order schemes based on flux limiters proved to be
efficient and stable during computer simulations done using this model [29,30,43]. These schemes are briefly outlined below.

Let f,?,-J = fii(X;, t) be the value of the distribution function fi; at time t in the node x; on the characteristic line along the
direction i (for convenience, the characteristic line for direction i = 2 is shown in Fig. 1). The updated value fk"i“J = fui(Xj, t +t)
of the distribution function fk"ij at time t + ot in the node x; is computed using two fluxes
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The outgoing and incoming fluxes in node j along the direction i are
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Fig. 1. Characteristic line on the square lattice (i = 2).
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where 'I’(@Zij) is the flux limiter and

nj nj—1
nj _Jki " Jki
@ki T oenj+1 _ gnj (18)
ki ki

is the smoothness function [39,40]. From the wide choice of flux limiters in the literature [39-41], which all work well with
LB models, we adopt the Monitorized Central Difference (MCD) flux limiter given by

0, 0 <0
v(or) - 26}, 0< oy <} .
. (1+6y) /2, i<y <3
2, 3coy

3. Diffuse reflection boundary conditions

Application of the updating rule (14) in the bulk nodes of the lattice is straightforward. The same holds for lattice nodes
where periodic boundary conditions apply. Special attention should be paid when applying the updating rule (14) in the
boundary nodes located near the walls of the flow domain. Let us consider a rectangular flow domain bounded by two ver-
tical walls. According to the diffuse reflection concept [1,2,17,22,26,36,37], the distribution functions of the particles directing
to the wall mix themselves (i.e., thermalize) in wall nodes as a result of particle-wall interaction and become Maxwellian
before getting reflected into the fluid (see Fig. 2, which refers to the left wall of constant temperature 0,, and velocity
u,,;). More precisely, the distribution functions whose corresponding velocities point normal to the wall mix separately from
the distribution functions corresponding to velocities orientated along the diagonals of the square lattice.

A procedure, which relies on interpolation to define the values of the distribution functions in the ghost nodes outside the
wall, was already introduced in the LB model of Watari and Tsutahara [26,29,30]. For convenience, this implementation of
the diffuse reflection boundary conditions that we call version 0 from now on, is described below. A drawback of this version
is the use of the first order upwind finite difference scheme to update the distribution functions in the boundary nodes near
the walls, even if flux limiter schemes may be easily used in the bulk nodes [29]. For this reason, three new and more elab-
orated versions of the diffuse reflection boundary conditions will be further introduced in this Section to allow the use of flux
limiter schemes in the boundary nodes, too.

3.1. Version 0

We refer to the left channel wall in Fig. 2, since the right wall is handled in a similar manner. The wall is located half
lattice spacing between the ghost nodes and the fluid nodes. Let the indices (j,[) fix the position of a node into the lattice.

Fig. 2. Diffuse reflection boundary conditions: O - ghost nodes, o - boundary nodes, e — bulk nodes, B - wall nodes where the distribution functions
fillk=1,...4,i=1, 2, 8) follow the Maxwell distribution law.
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The black squares (j=1/2,1) and (j=1/2,1+1/2),l=0,1,..., denote the mixing nodes on the wall. The corresponding
(unknown) values of the particle number density are n)/*' and /21172 respectively. Because of particle-wall interactions,
the dlstrlbutlon function of fluid particles reflected by the walls becomes Maxwellian. The values of the distribution func-
tions f2 f3! and f3*',(1=0,1,...), defined in the ghost nodes (j = 0,1) outside the wall need to be computed in order to
use the updating rule (14) for the distribution functions in the lattice nodes (j = 1,l) located near the wall. For these
nodes, the MCD scheme is reduced to the first order upwind scheme by setting the corresponding value of the flux limiter
to zero.

Following the discretization of the velocity space, in the LB model the Maxwellian distribution function is replaced by the
set of equilibrium distribution functions, Eq. (6), and the distribution functions of reflected particles may be calculated in
wall nodes using an interpolation procedure. This gives (k= 1,...4):

o+ f 172,
—K - —2n 20
Fi( w1)5k1 (Owi, W) w 20)
- Ol
+f1 +1 B +1 +f, _ 2n1/211+1/2 1)

Fi( w1)5k2(0w1~,uwl) -~ F( wz)Sks(Owu“wl)

Egs. (20), (21), together with the requirements that there is no mass flux perpendicular to the wall in the mixing nodes:

> ady = Z afd! (22)
k

ch[m 4 ll+1} ch{ l?sm] (23)
k

may be solved to get the values of the distribution functions in the ghost nodes (0,1) and (0,1+1) after each time step.
3.2. Version 1

In this version, the interpolation procedure is rejected. We simply assume that the distribution functions in the ghost
nodes are identical to the corresponding distribution functions in the wall nodes. Since the reflected distribution functions
in the wall nodes are Maxwellian, this assumption means

kl = n]/z le( WI)Skl (0wl7uwl)
1 l 2,1+1/2

Ol — Y22 E (0wn) Sk (Owt, W) (24)
| 1/2,0+1/2

o L2 F(O)Sks (O, W)

k8
After replacing the expressions (24) of the ghost distribution functions in the conservation Eqgs. (22,23), we get the values of
the fluid density in the wall nodes:

=n,

11
121 YiCihis
n/o = 25
wl >k CkFi(Own)Si1 (Ot W) (25)
10, £l
pl/2h1/2 _ Z"Ck[’“‘ +is ] (26)
w Dk CkF i (Own) [Sik2 (Owt, W) + Sk (Owir, U )]

Eq. (24) are then used to get the values of the distribution functions in the ghost nodes.
3.3. Version 2

The distribution functions in the ghost nodes are still considered identical to the reflected functions defined in the wall
nodes and thus, Eq. (24) hold also in this version. However, the distribution functions defined in the boundary nodes (%, £}
and f1 11y that appear in the conservation Eqgs. (22), (23) are replaced by the corresponding outgoing fluxes (f,iéz", }‘,1(‘/12"”/2

and 7,/**"1/%) defined in the wall nodes:

Zc,f”“ Z 0l (27)
ch []__1/2 1+1/2 n ]__;éz.lﬂ/z} _ ch[ +f0 I+1] (28)
k

k

The outgoing fluxes in the equations above are computed according to Eq. (16), where the value of the smoothness function
is assumed to equal the unit value. In this case, most of the flux limiters in the literature, including MCD [39-41] also equal
the unit value. Consequently, we get
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The values of the fluid particle density in the wall nodes are recovered from Eq. (24) and the conservation Egs. (27), (28):

n
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As in the previous version, Eq. (24) are finally used to get the values of the distribution functions in the ghost nodes.

n

31)

3.4. Version 3

The interpolation procedure defined by Egs. (20), (21) is kept in this version, while the distribution functions defined in
the ghost nodes (fk1 , "’ and f,f’s"’“) which appear in the conservation Egs. (27), (28) used in the previous version are replaced

by the incoming ﬂuxes }',1{2",}‘,32'”/2 and }'1/2“1/2
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The incoming fluxes are computed after setting the smoothness function to the unit value:
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After application of the interpolation procedure (20), (21), the incoming fluxes become

1721 €Ol 172 Crot o1
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The values of the fluid particle density in the wall nodes are retrieved after replacing (29) and (34) in the conservation Eq.
(32):

DSR4 (1-28) (-8
2k (1 +/f\l(:sg)Fk(ewl)skl(91,\/1,l.lW[)
e Sl g (1) (R A7)
O (R R (Reo e
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These values allow us to compute the values of the distribution functions in ths ghost nodes, according to the interpolation
procedure (21).

(35)
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4. Computer results
4.1. Accuracy of the four implementation versions of the diffuse reflection boundary conditions

Simulation of Couette flow was used to test the new implementation versions of the diffuse reflection boundary condi-
tions. A two-dimensional fluid system was placed between two vertical walls located at x = —L/2 and x = L/2, where L = 1 is
the non-dimensionalized channel width. Periodic boundary conditions were applied in the y direction. The left and right
walls move in opposite directions with velocities w,, = —u, and u,, =u,, respectively. The wall speed was set to
u,, = 0.1. The corresponding wall temperatures are 0,,; and 0y,.

We restrict ourselves to Couette flow in the slip flow regime (Kn < 0.1), when the spatial extension of the Knudsen layer is
still negligible and the velocity profile across the channel is well approximated by a linear one [1,2,4,5]. In this case, analyt-
ical solutions for the vertical component u(x) of the fluid velocity and the temperature 0(x) in the normal direction to the
channel walls are available [26]:

u(x) =Ax+B (36)
0(x) = Cx* + Dx+E (37
where the coefficients
_ Uwr — Uwi
A= 1+ 2Kn (38)
B = Ywr + U (39)
2
__ My
C= 2KA (40)
_ er - le
D=1 okn @)
_ l 2 Owr + Owl
E =g A(1+4hKn) + == (42)

are expressed using the dynamic fluid viscosity # = n0t and the thermal conducibility xk = 2n0t [38]. For the thermal model
of Watari and Tsutahara, the constant h in Eq. (42) has the value (y = 2)

2y 1 4
= im 3 43)
where
pr=21_1 (44)

is the Prandtl number.

Temperature jump and slip velocity are specific to micro-scale flow when the Knudsen number is no longer negligible. For
Couette flow with u,, = —u,, = u,, and 0, = 0,, = 0,, the temperature jump and the slip velocity at the walls are given by
[26]

, 2(Kn
slip _ _ — _ = -
P = 1y, + u(=L/2) = Uy — u(L/2) = Uy 1+ 20Kn) (45)
; hKn
¢ = 0(—L/2) — 0, = 0(L/2) — 0, = U2 Pr—— 46
(-L/2) (L/2) T (46)

where { = 1.15 is a correction factor [26].

Typical profiles of velocity and temperature in Couette flow are shown in Fig. 3 for three values of Kn. These profiles were
recovered on a lattice with N = 100 nodes in the horizontal direction and three nodes in the vertical direction by using ver-
sion 2 of the diffuse reflection boundary conditions, as well as the MCD flux limiter scheme. The slip velocity and the tem-
perature jump increase with Kn, as expected. The MCD flux limiter scheme, which is of second order with respect to the
lattice spacing ds = L/N, is preferred against the much simpler first order upwind scheme because of the lower numerical
dissipation [29,41,42]. This is justified in Fig. 4, where simulation results recovered for Kn = 0.001 with the first order upwind
scheme, as well as with the MCD flux limiter scheme, are compared to theoretical results, Eq. (37), for two values of N. Higher
fluid temperature values are observed in the middle of the channel when using the first order upwind scheme. These
unphysical values are due to numerical dissipation, which plagues the first order upwind scheme, and are still observed
when decreasing the lattice spacing Js by increasing the number of lattice nodes N per unit length. Even if other second order
finite difference schemes like the space centered scheme, the second order upwind scheme, Lax-Wendroff or Lax-Friedrichs,
may be considered to reduce numerical dissipation, it is known that these schemes become unstable in the presence of
density gradients which arise, e.g., in multiphase systems [41]. For this reason, the new versions of the diffuse reflection
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Fig. 3. Velocity and temperature profiles across the channel in Couette flow, recovered using version 2 of the diffuse reflection boundary conditions.
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Fig. 4. Temperature profiles across the channel in Couette flow, recovered using version 0 of the diffuse reflection boundary conditions and two finite
difference schemes (left: first order upwind; right: second order MCD flux limiter).

boundary conditions, introduced in this paper, were especially designed to allow the incorporation of flux limiter schemes in
the lattice nodes adjacent to the flow domain walls.

To compare the accuracy of the four implementation versions of the diffuse reflection boundary conditions discussed in
Section 3, we used the same lattice spacing s = L/N(N = 100) for all computer runs and plotted in Fig. 5 the dependence of
the velocity slip us? at the left channel wall, as well as of the corresponding temperature jump ¢, with respect to the
Knudsen number. Since the fluid velocity and temperature values are defined in the nodes of a discrete lattice, a second order
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0.02 0.04 0.06 0.08 0.1
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Fig. 5. Effect of Knudsen number on the velocity slip and temperature jump near the left channel wall in Couette flow, as recovered with various
implementations of the diffuse reflection boundary conditions (és = 0.01).
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extrapolation technique was used in order to get the values 0(—L/2),u(—L/2) of the fluid temperature and velocity on the left
channel wall, which appear in Eqgs. (45) and (46).

As seen in Fig. 5, comparison between LB simulation results and the analytical solutions (45) and (46) reveals that ver-
sions 2 and 3 of the diffuse reflection boundary conditions, which give quite identical results, are generally more accurate
than the results recovered when using versions 0 and 1 in the slip flow regime. Moreover, versions 0 and 1 give unphysical
(negative) values of the velocity slip us'? and the temperature jump ¢ for very small values of Kn. According to Fig. 6, these
unphysical values are specific to larger values of the lattice spacing Js. As the lattice spacing becomes smaller, the numerical
accuracy of the four versions improves significantly and both quantities (velocity slip and temperature jump) evolve towards
the corresponding values computed in accordance to Eqgs. (45) and (46). However, in Fig. 6 one can easily see that version O of
the diffuse reflection boundary conditions still exhibits the largest numerical errors, regardless the value of the lattice
spacing ds.

For a quantitative estimation of numerical errors introduced by the four versions of the diffuse reflection boundary con-
ditions, we compared the corresponding transversal velocity and temperature profiles for Kn = 0.001 to the analytical results,
Egs. (36) and (37). Let x;,j = 1,2,...N be the coordinates of the lattice nodes along a transversal section of the channel and
u;, 0; be the corresponding values of the local fluid velocity and temperature, recovered using the LB method. Following quan-
tities provide global estimations of the accuracy of velocity and temperature profiles, respectively:

N
Ever = 05 ) _ | — u(x;)| (47)
j=1
N
Etemp = 05 _ [0 — 0(x))| (48)

j=1

where u(x;), 0(x;) are the corresponding values of the velocity and temperature in the lattice node j along the transversal sec-
tion, as computed using the analytical solutions, Egs. (36) and (37). As seen in Fig. 7, the accuracy of the simulation results is
significantly higher when using versions 2 or 3 of the diffuse reflection boundary conditions. The accuracy scales with (3s)?,
as expected because the MCD flux limiter scheme is of second order.

4.2. Control of Prandtl number

A current problem concerning the lattice Boltzmann models with variable temperature is related to the achievement of
various values of the Prandtl number Pr during computer simulations. The value Pr=1 is uniquely defined in single relaxa-
tion time LB models like the thermal model of Watari and Tsutahara since both transport coefficients (viscosity # and heat
conducibility x) are proportional to the relaxation time 7. LB models that allow to control the value of Pr were recently pro-
posed in the literature and rely on various schemes like multiple relaxation times or adjusted collision terms [33,50-57]. In
the case of the LB model used in this paper, the control of Pr may be achieved by introducing a force term I;; [43] in the
evolution Eq. (5):

1
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Fig. 6. Dependence of the velocity slip u"? and the temperature jump ¢"™ on the lattice spacing ds, for Kn = 0.001.
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Fig. 7. Dependence of E,. and Ecp, defined in Egs. (47) and (48) vs. lattice spacing és, for Kn = 0.001.

changes the value of the heat conducibility in the energy equation by a factor (q + 1), from k = 2n6t to k = 2(q + 1)nft [43].
Consequently, the Prandtl number changes from Pr=1 to Pr = 1/(1 + q).

We performed a series of simulations using version 2 of our diffuse reflection boundary conditions in order to
check its compatibility with the force term I,; introduced above. For this purpose, we considered the thermal Cou-
ette flow between two vertical walls of different temperatures 6, =1—A/2,60, =1+ A/2,A =0.006666. The walls
move in opposite directions with velocities u,, = —u,, and u,, =u,, as previously. The simulations were done on
a lattice with N =100 nodes in the normal direction to the walls. Fig. 8 shows the temperature profiles normalized
to A, for various values of Pr, when Kn=0.001. These temperature profiles agree to the theoretical profiles derived
according to Eq. (37).

4.3. Evidence of Knudsen minimum in poiseuille flow

Poiseuille flow driven by a constant force along the channel was also considered to further check the improved boundary
conditions introduced in this paper. A key test is the evidence of the so-called Knudsen minimum, i.e., the minimum value of
the mass flow rate plotted as a function of Knudsen number Kn [1,2]. This minimun has been experimentally observed long
time ago [58] and reported only recently in lattice Boltzmann simulations [21,25,30,59-61].

We carried a series of LB simulations for various values of Knudsen number Kn using version 2 of our diffuse reflection
boundary conditions on the same lattice with 100 x 3 nodes (ds = 0.01) that was used in Section 4.1. Both walls were at rest
(ay = u,, = 0) and had the same temperature 6,, = 1. The fluid was subjected to a constant acceleration a = 0.001 in the
vertical direction. Following Ref. [59], the resulted fluid flow rates in the stationary state

L2
akn) = [ ntx,yuy(x.y)de (51)

L2

-0.25

normalized fluid temperature 6/A

0.5 W theory: Pr=0.01 ——

-0.5 -0.25 0 0.25 0.5

X coordinate

Fig. 8. Dependence of the normalized temperature profile 0/A across the channel in Couette flow, for various values of Prandtl number Pr.
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Fig. 9. Dependence of the normalized flow rate Q in Poiseuille flow vs. Knudsen number Kn.

were normalized by the factor

L2
Q = aT (52)

The normalized flow rates Q (Kn) = 9(Kn)/Q, are plotted in Fig. 9 and agree well to the analytical result of Cercignani [62]
1 2
Q—%+s+(2$ —1)Kn, s=1.01615 (53)

even beyond the slip flow regime (Kn > 0.1). Note that the minimum flow rate is recovered for Kn = 0.35 in our simulations,
while the minimum value of the expression (53) is located at Kn ~ 0.394.

5. Conclusion

Three new implementation versions of the diffuse reflection boundary conditions were introduced for the two-dimen-
sional LB model with variable temperature of Watari and Tsutahara [38] in order to allow to use second order flux limiter
schemes in the lattice nodes adjacent to the flow domain walls. The accuracy of the new implementations was tested in the
case of the slip flow regime of Couette flow (Kn<0.1). For small Kn and large ds, unphysical (negative) values of the velocity
slip and temperature jump are observed when using versions 0 and 1 of the diffuse reflection boundary conditions. Analysis
of computer results show that the newly introduced versions 2 and 3 of the diffuse reflection boundary conditions, which
involve outgoing fluxes instead of particle distribution functions, give the best results. Version 2 involves no interpolation
procedure to determine the distribution functions in the ghost nodes outside the flow domain and hence is more economical.
This version was thereafter used to investigate the temperature profile in Couette flow for various values of Prandtl number,
as well as the capabiliy of the thermal LB model to capture the Knudsen minimum in Poiseuille flow. Application of this ver-
sion of diffuse reflection boundary conditions to higher-order lattice Boltzmann models introduced recently [48] will be the
subject of further work.
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