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High-order thermal lattice Boltzmann models derived by means of Gauss quadrature in the
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We use the spherical coordinate system in the momentum space and an appropriate discretization procedure to
derive a hierarchy of lattice Boltzmann (LB) models with variable temperature. The separation of the integrals

in the momentum space into angular and radial parts allows us to compute the moments of the equilibrium
distribution function by means of Gauss-Legendre and Gauss-Laguerre quadratures, as well as to find the
elements of the discrete momentum set for each LB model in the hierarchy. The capability of the high-order
models in this hierarchy to capture specific effects in microfluidics is investigated through a computer simulation
of Couette flow by using the Shakhov collision term to get the right value of the Prandtl number.
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I. INTRODUCTION

Lattice Boltzmann (LB) models are derived from the
Boltzmann equation using a simplified version of the collision
operator, as well as an appropriate discretization of the phase
space [1-4]. Since discrete velocity sets {v;,i = 1,2,...,N}
provide a basic ingredient of LB models, these models
are a particular class of discrete velocity models (DVM)
introduced five decades ago in the kinetic theory of rarefied
gases to approximate the collision operator [5-8]. LB models
originated more than 20 years ago [9-12] from the lattice gas
automata [3,13—15] and were primarily designed to recover the
hydrodynamics of fluid systems at the Navier-Stokes level by
using a polynomial expansion of the equilibrium distribution
function. In their early days, the LB models inherited the
collision-streaming concept, the main characteristics of their
ancestors. According to this concept, all fluid particles that
collided in a node r of the lattice move thereafter (in a lapse
8t) along the lattice links towards A neighboring nodes whose
position vectors are r;. To achieve this feature, the discrete
velocities v; are related to the lattice geometry and satisfy
the relation

i=12,....N. (1)

[v;18t = |r; —r|,

Such discrete velocity sets, called space filling velocity sets, are
very difficult to build for thermal LB models, especially when
higher-order moments of the equilibrium distribution function
need to be achieved [16-27]. Off-lattice velocity sets that do
not satisfy Eq. (1) were later considered in LB models by
using finite-difference, finite-volume, or flux limiter schemes
[28—44]. LB models provide an alternative to the simulation
techniques of computational fluid dynamics (CFD) or direct
simulation Monte Carlo (DSMC) and have been recognized
as efficient tools for the investigation of single-component
or multicomponent complex fluids with or without structure
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formation [1-4,45-60], as well as for the investigation of
microfluidics problems [17,28-30,61-77].

In microscale and nanoscale flows, the nonequilibrium
behavior of the fluid on length scales of the order of the
mean free path A of fluid particles produces a wealth of effects
not properly captured by standard hydrodynamics based on
the Navier-Stokes-Fourier equations [78—88]. Such effects are
observed when the Knudsen number Kn = A/L, defined as
the ratio between A and the characteristic size L of the flow
domain, becomes noticeable (Kn > 0.001). In particular, the
velocity slip, the temperature jump, as well as the longitudinal
heat flux that is not driven by the temperature gradient are
specific effects that manifest themselves at the microscale in
the case of Couette flow between parallel plates moving in
opposite directions [17,29,62-74,76-88].

As pointed by Karlin and coworkers [17,66—68,74], as well
as by other authors [18-24,69-73,76,77,89-93], successive
members of a hierarchy of LB models are needed to account
for the complexity of flow phenomena in a fluid system as the
Knudsen number increases and the system goes farther away
from equilibrium. The LB models of the hierarchy and the cor-
responding discrete velocity sets are usually derived by means
of the Gauss-Hermite quadrature in the momentum space
after the separation of variables in the Cartesian coordinate
system [17-24,66-68,74,89-95]. Higher-order moments of
the equilibrium distribution function are successively satisfied
when increasing the position of an LB model in the hierarchy.
Unfortunately, most of the models derived using this strategy
and currently reported in the literature are mainly isothermal
or of low order. Moreover, the widely used two-dimensional
LB models do not account for the real number of degrees
of freedom in the physical space and might not be appropri-
ate for investigating energy transport phenomena. Although
much effort was devoted recently to develop accurate LB
models with variable temperature [17-24,66—68,74,89-93],
such high-order models are still needed for the investigation
of flow phenomena in microfluidics.

In their pioneering works [31-33], Watari and Tsutahara in-
troduced two-dimensional (2D), as well as three-dimensional

©2012 American Physical Society


http://dx.doi.org/10.1103/PhysRevE.86.016708

VICTOR EUGEN AMBRUS AND VICTOR SOFONEA

(3D) LB models with variable temperature, where moments
of the distributions function are fulfilled up to fourth order. A
characteristic of these models is that the discrete velocities lie
on circular (2D) or spherical (3D) shells, respectively. Inspired
by the spherical shell concept, in this paper we introduce a
general procedure to derive LB models of arbitrary order N
in the space with D = 3 dimensions by using the spherical
coordinate system in the momentum space, as well as Gauss
quadrature.

The paper is organized as follows. In Sec. II we discuss
the discretization procedure of the momentum space by using
the separation of variables in the spherical coordinate system
followed by appropriate Gauss quadrature. The resulting
spherical shell LB models (SLB) are summarized in Sec. III.
Since the single relaxation time (Bhatnagar-Gross-Krook,
BGK) collision term [ 1-4] does not ensure the right value of the
Prandtl number for the ideal gas in the LB models, we use the
Shakhov collision term [96-99] instead. The Shakhov collision
term and the conservation equations are discussed in Sec. IV.
The numerical scheme we use to solve the evolution equations
of the distribution functions, as well as the implementation
of boundary conditions, are discussed in Sec. V. Computer
simulation results for Couette flow at various values of the
Knudsen number are reported in Secs. VI and VII, the first
of which is focused on the investigation of the accuracy
of the SLB models, while the second one is committed to
optimal models for fluid flow at the Navier-Stokes-Fourier
level (Kn < 0.1). Section VIII summarizes our results and
concludes the paper.

Details related to Gauss quadrature, as well as to the
Legendre and generalized Laguerre polynomials used to build
the discrete velocity sets and the corresponding equilibrium
distribution functions in the SLB models are provided in
the Appendixes. There is also a short appendix dedicated to
Hermite polynomials, which are used in Sec. I'V.

Throughout this paper we use dimensionless quantities that
are derived by means of three basic reference quantities [100]:
a characteristic length /g, a reference mass m g, and a reference
energy eg = kgTy (kg is Boltzmann’s constant and Tk is a
reference temperature). Other quantities of interest are made
dimensionless using the references that are derived from the
basic quantities: particle number density ng = 1/1%, speed
cg = ~/kgTgr/mpg, time lg /cg, and so on. Note that, although
we deal with a single component fluid system in this paper,
we do not necessarily choose my equal to the mass of fluid
particles. This allows us to keep the dimensionless value m #
1 of the mass of fluid particles in the equations to follow
and to facilitate their readability, as well as their extension to
multicomponent fluid systems in future publications.

II. DISCRETIZATION OF THE MOMENTUM SPACE

A. Separation of variables in the spherical coordinate system

To ensure the isotropy, we take advantage of the spherical
shell models introduced by Watari and Tsutahara [31-33,
101-103] and build a hierarchy of thermal LB models in
the 3D space by using the spherical coordinate system in the
momentum space instead of the Cartesian one that is currently
used in LB models derived by Gauss-Hermite quadrature
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[18,28-30]. The discretization procedure of the momentum
space is the keystone of any LB model and should fulfill
the fundamental conditions outlined by Chen and Shan [91].
Following this procedure, the continuum momentum space is
replaced by a discrete set {py;;}. The corresponding density
functions and equilibrium density functions are denoted fy;;

and fk(;f’ ) respectively (the meaning of the integer indices k,
J» 1, as well as their range, will arise later).
The highest natural number N for which all tensors of order

s(0<s<N)

K

M) — AqC (eq)

M{rx,} = Mf;]),az ..... o = Z fkji 1_[ Dkjiay (2)
=1

k,j,i

equal the corresponding ones in the continuum space [91]
s
(s) _— D
M{fxl} = M((;]),az ..... o /d pf(eq) l_[ Po (3)
I=1

defines the order of the LB model in the hierarchy (py;i«, and
Day» o1 € {1, 2, 3} are the Cartesian components of the vectors
Pyj; and p, respectively). For a given N, the moments py;;, as

well as the corresponding equilibrium density functions f,f;?)
will be established in Sec. II B by means of series expansion
and Gauss quadrature.

We first note that the equilibrium distribution function in
the continuum space, i.e. the Maxwell - Boltzmann distribution

function, is given by
F = Fpin,u,T) = n(B/m)PPe PP (4)

where the particle number density », fluid velocity u,, and
fluid temperature T [1-4] are given by (8 = 1/2mT, 84,4, is
Kronecker’s symbol and the sum rule over repeated «; indices
is understood)

n=M?2, (5a)
uy = MWV /mn, (5b)
T =840, M),/ Dmn — mu®/D. (50)

Since mass, momentum, and energy are conserved during
fluid particle collisions, the local quantities n, u,, and T are
also recovered by computing the corresponding moments of
Siji and f [1-4,18-20,89-91]. Splitting Eq. (4) yields (p =

V)
[ = f%pin,u,T)=nF(p* T)E(p;u.T),  (6a)
F = F(pT) = (B/m)PPe V", (6b)
E =E(p;u,T)= e P =2mp-u) (6¢)

Before expanding E in a power series with respect to
u/T]mto get {p,;;} and k(;?) that ensure

MVSI),(XZ,“..&: - Mg;?.()tz ..... o (7)
for 0 < s < N, we follow [91] and note that
poE = (T, +muy)E, (8)

N

fle ]_[ Poy =nF [ [(Tou, +muq,)E. )
=1

=1
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Since p and u are independent variables, the differential
operator 79, + mu, commutes with the integration operator.
Thus the sth order tensor

s
M((xsl)az ..... o dep nFH(Taua, +m”a1)E
=1

|:li[ (Tdu, +mua,)j| /de flea

=1

= []‘[ (T, + mual)j| n (10)

=1

is a polynomial of order s with respect to the Cartesian
components of the fluid velocity u [91]. Hence Eq. (3) is
preserved for 0 < s < N when replacing E in Eq. (6a) with
its series expansion up to order N with respect to u

IN/2] aNJ N-2j
1 mu 1 /p-u\"
(N) — [ —
E _;ﬂ( 2T> ;H(T) (n

(Lx] is the largest integer less than or equal to x). When using
the spherical coordinates (p,0,¢) to express the Cartesian
projections p,, of the momentum vector p, we get

Pa = Pa(P.0,9) =pes6.9), acfl 2,3}, (12)
where
e1(0,p) = sinf cos ¢,ex(0,¢) = sinf sin @, (13)
e3(0,9) = cosH.
Hence
E™ = EM(p.0,0;u,T) (14)
and
0 +1 2
M), =n/0 dp pD—'F[1 d(cos@)/o dp S\ (0.9).
5)

The term S{(;)} (6,¢) in the last integral above is a trigonometric
polynomial of the form

S(”}(Q @)= p'EW nea,(9 ®)
I=1

- ¥

SKA+U+V<s+N
x(cos 0)(sin 0)* T (cos p)*(sin )", (16)

Asuw(psu,T)

where A,u,v are positive integer numbers and the real
coefficients A, , ,(p;u,T) do not depend on 6 and ¢.

B. Gauss quadratures

Following the discretization procedure, the continuum mo-
mentum space is replaced by a discrete set { p;;;}. The Carte-
sian components of the vectors Pyji 1€ Pijia = Prea(8;,0i).
An LB model of order N is derived using a discretization
procedure that ensures Eq. (7) (i.e., the exact recovery of
all moments of the equilibrium distribution function up to
order N).
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This section presents a specific method used for the
discretization of the momentum space. The method is designed
to ensure the exact recovery of moments of the equilibrium
distribution function by Gauss quadrature (some general
information can be found in Appendix A). The choice of
a discrete set of momenta is dictated by precise quadrature
rules, which ensure the exact recovery of the angular and radial
integrals in Eq. (15).

According to [104,105], the following quadrature formula
is exact

2
Q(S) _
{ar} —
0

provided that

dy S\ (0.9) = ZS“) @9 (D

i=I

l'_
@i =¢+2ﬂ7a

where ¢ is an arbitrary angle. Since sin(¢ — 7w) =
cos(¢ — m) = — cos ¢, one has

M >2N +1, (18)

—sin¢ and

2 2
/ dg(cos @) (sing)” = (=" / de(cos ) (sin )",
0 0
Consequently, terms with odd (i + v) in S{(Z}(H,w) do not
contribute to the integral with respect to ¢ in Eq. (15).
The even powers of sinf in Eq. (16) are easily changed
to powers of cosf and QE;)I} is eventually expressed as a
polynomial of order at most 2N in z = cos#. The Gauss-
Legendre quadrature [105-107] gives
L
(s) _ (s) (P) ~()
Elay = /] dz Q=3 i Q). (19)
- =
where z;, 1 < j < L are the roots of the Legendre polynomial
Pr(z)oforder L > N + 1 and

) _ 2(1 - Zz)
7L+ D[ Pry1(z))?

are their associated weights. More insight on Legendre
polynomials and the Gauss-Legendre quadrature method is
provided in Appendix B.

The quadrature points

(20)

(21a)
(21b)

0; = arccos(z;),
0= ¢+ 21 — )/M
that are used to retrieve the angular integrals in the spherical

shell LB model define a discrete sete;; (1 < j < L,1<i <
M) of vectors on the unit sphere, with the Cartesian projections

ejia = ea(0;,91), aef{l,2,3) (22)

given by Eq. (13).
Due to the symmetry of the integration domain, odd powers

of z = cos 6 do not contribute to 6’{(;3 - Thus the appropriate
use of quadrature formulas during integration over the angular

coordinates (6,¢) gives the polynomial 5{(;)] = 5{(;3}( pru,T)
containing only even powers of p

L
5 2w P
Ear =37 S P ENp ) [ e 3

j=1i=1 =1
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This allows us to use the Gauss-Laguerre quadrature
[105-107] after changing the integration variable from p to
x = p?in Eq. (15). Since

Mig) = %/ dxx'Pe s TE G (s u,T) - (24)
0

contains the term x'/2, we expand
Fx;T)Y=e"F(x;T) (25)

with respect to the generalized Laguerre polynomials L(gl/ 2)(x)
[106,107] defined by Eq. (C2) in Appendix C

= re+1 F/2) 1,2
F(x;T) = Zm (T)LyP(x).  (26)

=0

The order K — 1 of this expansion must be greater than or
equal to N because 8{(;3}(x;u,T) is a polynomial of order
at most N in x and hence is orthogonal to all generalized
Laguerre polynomials Lgl/ 2)(x) of order £ > N. For a given
N, the minimal SLB model would have K = N + 1, buthigher
values of K can improve, for example, the accuracy with which
boundary conditions are implemented, a matter upon which
we elaborate in Appendix E. By virtue of the orthogonality
relation (C5), the coefficients .7-'21/ 2)(T) are derived using the
explicit form (C2) of the Laguerre polynomials, as well as the
definition (C3) of the I" function

FT) = / dx x"2e™ F(x; T)LY? (x)
0

oo
- / dx x'"?Fe; T)L P (x)
0

¢ r'e+3/2)
. -D)J2
= 2mTm) ; (s 4+ 3/2)(£ — s)!s!

X(—l)s /Oods xs+l/2 e—x/ZmT
0

F(E + 3/2) D)2 Z L(=2mT) 27

— ¢Ig!
r()g 5)ls!

Since the sum in the last line of Eq. (27) above is the binomial
expansion of (1 — 2mT)’, we get
K-1
F;T)=m""23 (1 —2mT)' LY (x). (28)
£=0
The application of Gauss-Laguerre quadrature rules, pre-
sented in Appendix C, gives

K
\) n s
M) = 3 Y wP Fs DEN (s u.T).,  (29)
k=
where x;, | < k < K, K > N + 1 are the roots of the gener-
alized Laguerre polynomial Lg\l,fl) (x) defined in Appendix C

and

x (K +3/2)
w/(cL) — k i 5 (30)
KK +1) [LK+1( k)]

are the corresponding quadrature weights.
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III. THE SLB(N; K,L,M) MODELS

According to the main result of the previous section,
Eq. (29), the moments (3) of f©?, of order at most N,
are exactly recovered by using a discrete set of equilibrium
distribution functions

1E) = nFeEy; 31)

defined at time ¢ in each node x of a cubic lattice £. Here # is
the particle number density (5a) and the polynomial functions
Fy and Eyj; are defined as follows:

(L) K-1
Fo = f 2(1 2omTY'LY P (pd),  (32a)
Eyji = w_(jP)EW)( pjisu.T), (32b)
where
Piji = Pk€ji- (33)
Due to the linearity of the Boltzmann equation, the quadrature

weights wy and w? have been absorbed in the polynomial

functions Fy and Ejj;, respectively. The exact form of the
generalized Laguerre polynomials Lil/ 2)()c), required for the
construction of Fj, is discussed in Appendix A. The general
form for EV) = E™)(p; u,T) s given by formula (11), having
the pattern

) mu? 1 [ mu? z 1 [ mu? 3
EV=ll-—rort=-|—) — = —
2T 2\ 2T 31\ 2T

1 su-p\> lu- mu®
—_ (=== 14+ = 1 — —
+5!(T><+6 T)|: 2Ti|

1 su-p\7 lu-p 9
+$( T ) <]+§T>+O(u) (34)

Equation (31) gives the equilibrium distribution functions
fk(]ef) in the LB model of order N with Gauss quadrature in
spherical coordinates, as well as the Cartesian components
Drjia (@ =1,2,3) of the corresponding momentum vectors
Piji (1 < k<K 1< j<L,1<i< M) The members of
this family (hierarchy) of spherical shell LB models will be
denoted SLB(N; K,L,M).

Figure 1 shows the first four SLB(N; K, L, M) models (1 <
N < 4) in the hierarchy. All the models shown in this figure
have the minimum number of momentum vectors for a given
N. As discussed previously, the rules for choosing the values
of K, L, and M for a given N are

K>N, L>N, M=>2N. 35)

These rules ensure the exact recovery of all the moments of
f(©@ of order less than or equal to N. The value of N depends
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SLB(1;2,2,3)

SLB(3;4,4,7)
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SLB(4;5,5,9)

FIG. 1. (Color online) First four members of the spherical shell SLB family: SLB(N; K,L,M)withN =1,... 4, K =N+1,L=N+1,

M =2N +1.

on the physics one aims to capture. As long as conditions (35)
are fulfilled, the values of K, L, and M can be increased
arbitrarily. This will help increase the accuracy of simulation
results when dealing with boundary conditions, as shall be
discussed in Sec. VIB.

The resulting momentum space configuration of the
SLB(N; K,L,M) model has K x L x M momentum vectors
structured on K spherical shells situated at the distances

= x,:/z (k=1,2,...,K) from the origin. According to
Eq. (35), the minimum number of momentum vectors for a
given value of N is (N + 1)2(2N + 1).

For N=1,2,...,8 and K = N + 1, the roots x; of
the generalized Laguerre polynomials L(Ii/ 2)()c), as well as
their associated weights w,(cm can be found in Table VI of
Appendix A. The weights w,((L), which correspond to p; =
/X, are depicted in Fig. 2 for N = 3,4, ...,8.

Each shell k& (k=1,2,...,K) of the model
SLB(N; K,L,M) is a sphere of radius p;. On this sphere

there are L circles situated on parallel planes z; = cos(6;)
(j =1,2,...,L) perpendicular to the z axis. The values of z;
and their corresponding weights w'P (calculated to machine
precision for L < 8) are given in Table V of Appendix B.
The circle defined by the intersection of plane j with the shell
k contains the tips of M uniformly distributed momentum
vectors pyj; (i =1,2,...,M). The angle formed by the
equally spaced projections of p;j; and the x axis is given by
the formula (18).

The value of the arbitrary offset angle ¢ becomes important
when there are walls bounding the flow domain which are not
perpendicular to the z axis. In this case, our preferred choice
for ¢ is w/M, with M a multiple of 4. The reasons behind
our choice are presented in Sec. VII. The arbitrariness of ¢
is a particular case of the symmetry of the discrete set of
momentum vectors under arbitrary rotations, which include
changes of the direction of the zenith (z) and/or the azimuth
(x) axis of the spherical coordinate system.

016708-5



VICTOR EUGEN AMBRUS AND VICTOR SOFONEA

0.5

0.4

NN
QN

0.3

, (L)

Wy

0.2

0.1

FIG 2. (Color online) Welghts w
=4,5...9(=12,...,K).

) associated to =

A/ Xr, for

IV. SHAKHOV COLLISION TERM AND CONSERVATION
EQUATIONS

To ensure the right value of the Prandtl number for the ideal
gas (Pr = 2/3), we use the Shakhov collision term [96-99] in
the Boltzmann equation. This gives the following evolution
equation for the distribution function f = f(x,p,?):

W f+ —a f= ——[f 1 +9S)] (36)

(for simplicity, in this paper we consider that the fluid is not
subjected to external forces). Here o, = 9/dt, 9, = 0/0xy,
v = Kn/n [78-82], and

s= 1= & 1 37)
= a2 %S| promr |
1
4o =550 f dPp flabsty. (38)
where
Eol = pa — MUy (39)

are the Cartesian components of the peculiar momentum & =
p — mu. The widely used Bhatnagar-Gross-Krook (BGK)
collision term [3,4] is retrieved as a particular case of the
Shakhov collision term when S is canceled by setting Pr = 1
in Eq. (37).

The following conditions need to be fulfilled to ensure
the conservation of mass, momentum, and energy during
interparticle collisions:

n:/def=/a'Dpf(eq>(1+S),
(40a)

MmNy, = /de fPe = /de f(eq)(l + S)pa,
(40b)
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D 1 By,
n<—T + —muz) =2

D
> > o d”p fpaps

- ‘Sﬂ/de Y1+ S)paps.  (40c)
2m

To get a better understanding of the effect of the Shakhov
collision term on the conservation equations for mass, mo-
mentum, and energy, we first note that S is proportional to the
contraction of the third-order Hermite polynomial Hzﬂy(é)
defined in Eq. (D1d)

—Prvm ®

S=5@) = T2 > +2qa Sy HS, (), (@D)

where {, = (py — muy)/~mT. According to the orthogonal-
ity relation Eq. (D3), S is orthogonal to any polynomial of
order less than or equal to 2 in ¢, with respect to the weight
function exp(—¢2/2). Since the equilibrium distribution func-
tion f©9 defined by Eq. (4) is proportional to exp(—¢2/2),
one can easily see that S is orthogonal to the following
polynomials:

HO@) =1,
VmTHP (@) + mugHOE) = pa,
mTHE) + Vm3Tlug MY (©) + ugHO(©)]
+m*uqup +mT8apYHO () = papp.
and therefore does not contribute to the integrals in Eq. (40)

above.
The pressure tensor 7,4 is given by [80]

1
Top = — / dPp fE.Ep = nTSup + Oup, (42)

where o4 is the viscous stress tensor. Equations (38) and (42)
may be written in an alternative form using the definition (39)
of the peculiar momentum

1
5,358 / d”p fpapspy

D 1
= (EnT + Enuz) Uy + qo +nTug + oggug,  (43)

1
Z/de fPapp = mnugug +nTdyp + 0gp. (44)

This helps us derive the conservation equations by multiplying
Eq. (36) with 1, p,, or p,pgdus/2m and subsequently
integrating over the momentum space

on + dynu, =0, (45a)
0,(mnuy) + dg(mnuqug) + 0g(nT8yp + 04p) =0, (45b)

o, (2t + L s + 9 Dot + L a?
'\ n 2mnu o | Ug > n 2mnu
+ 00qo + 0 [ug(T Sup + 04p)] = 0. (45¢)

The Chapman-Enskog method is currently used to derive
the expressions for the transport coefficients (dynamic vis-
cosity n and heat conductivity k7). According to this method,
both f and 9, are expanded with respect to the small parameter
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¢ =Kn
o0
f=Y_¢ro, (46a)
=0
o0
9 = Z e'd,, (46b)
=0

where f© = £€9 [2,3,80,108]. The use of Eq.(10) after the
introduction of the expansion (46a) into Egs. (38) and (42)
gives

oo
ga =) e'q, (47a)
=1
oo
S=) &s?, (47b)
=1
oo
Oup = Z 8100({2, (47¢c)
=1
with
8
0l = 3% [ P s, (482
1—Pr £’
SO — Dg, | —=—— — 1|, (48b
w72 a5 | (D T (48b)
1
ol = — / dPp [V, k. (48c¢)

Note that the expansions (47) above do not contain zero-
order terms like ¢(” and 0’;%). This is not surprising since
there is no heat flux and no viscous stress in a fluid system at
equilibrium.

After substituting the expansions (46), the evolution equa-
tion (36) can be solved separately for each power of &. The
zeroth- and first-order terms give the following equations:

1 1 1
al(]f(O) 4 _pyay f(O) — _f(O)S(l) _ —f(l), (49)
m T T

1 1 1
0 £+ 0, F O+ —p,0, £ = —fOSD — Z . (50)

Since S does not contribute to Eq. (40) we have, VI > 0

/ d’p ¥ =0, (51a)
/ d’p fPp, =0, (51b)
8,
22 [P 10 paps =0 (510)
m

To get the conservation equations up to first order (I = 1)
with respect to ¢ = Kn, Eq. (49) can be used to express ) in
the first-order equation (50) before performing the integration
over the momentum space [3,80,108]

1

2mT? gzsﬂ 9T

D+2
(D _—) 3T —
f tf { T £p0p

1 1
— g€, 0 up — ——&°9 Osh. (52
bt ity — €| + FUSY. (52)
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TABLE I. The minimum values of N required by the Chapman-
Enskog method for the retrieval of specific conservation equations
(mass, momentum, and energy) at the Euler or Navier-Stokes-Fourier
(NSF) level when using the BGK or Shakhov collision term.

Euler NSF
BGK Shakhov BGK Shakhov
mass 1 3 2 4
momentum 2 4 3 5
energy 3 5 4 6

The above expression for V) can be obtained using the chain
rule

Btf(o) = [(0;n)9, + (0ruq)0y, + (atT)aT]f(O)’ (33)

where f@ = £ is given in Eq. (4). The time derivatives of
n, Uy, and T are recovered from the zeroth-order conservation
equations [i.e., Eq. (45)] with g, = 0 and o, = 0.

After the substitution of £V in the first-order evolution
equation (50), all moments to be calculated involve the
equilibrium distribution function only and have the general
form defined in Eq. (3). This technique can easily be extended
to higher orders (/ > 1) of the Chapman-Enskog expansion,
which become important as Kn increases. As stated in the
introductory section, the investigation of fluid flow phenomena
at increasing Knudsen number requires the recovery of higher-
order moments, which may be achieved only by increasing N.

Table I lists the minimum value of N required for the
recovery of specific conservation equations (mass, momentum,
or energy), up to zeroth or first order with respect to ¢ (the so-
called Euler and Navier-Stokes-Fourier levels, respectively).
Choosing N greater than or equal to the values listed in Table I
guarantees the exact recovery of the respective equation at the
desired level, as indicated by the Chapman-Enskog expansion.
The computer simulation results in Sec. VII A, as well as the
theoretical analysis performed in Appendix F, which takes
into account the particularities of the spherical quadratures,
indicate that the actual minimum value for N required for the
retrieval of the energy equation at the Navier-Stokes-Fourier
(NSF) level with the SLB models can be smaller than the
estimates in Table I.

At the Navier-Stokes-Fourier level, the viscous stress tensor
and the heat flux are given by

2

Oup = —1 |:80,uﬂ + gty — 580‘5(81’”7/)] , (54a)
da = —k70,T, (54b)

with the transport coefficients
n =1tnT, (55a)

1 D+2
= — T. 55b
e Pr 2m o (5b)
The Prandtl number
cpn D+2

Pr= -, = — 56
' KT » 2m (56)

is an adjustable parameter of the Shakhov collision term.
The architecture of the SLB models allows the total number
of momenta in the corresponding velocity set to be optimized
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according to symmetries of the moments required for the
recovery of the physics governing the evolution of the system.
A more thorough discussion can be found in Appendix A.

V. NUMERICAL SCHEME AND BOUNDARY CONDITIONS

The evolution equations (36) are numerically solved on a
cubic lattice of spacing 8s by projecting the discrete momenta
Pyj; on the Cartesian axes and using the monitorized central
dlfference (MCD) flux limiter scheme [40,43,60,109-116].
Let ko, a € {1, 2, 3} be the unit vectors of the Cartesian axes.
To avoid possible confusion, in this section we do not use the
implicit sum rule over the repeated index o and make explicit
use of the sum symbol (X) when necessary.

For every distribution function f;;;(x,?), defined at node
x of the three-dimensional lattice at time 7, we introduce
the outgoing and incoming fluxes along the Cartesian axes
[28-30,39,40,116]

. 1 | Pijia St
Friia(X,1) = frji(x,1) + 3 (1 - jS—s) (57a)
XL ) = figi (e, DIV [Opia (x.1)],
Fii (1) = F [x — sgn(prjia)dskast]. (57b)

In the equations above, ®y;;(x,t) denotes the smoothness
function

foi(xe.0) = fon(x.)

®k'ia(x7t) = (58)
J S0 = fiji(x,0)
and V[®] is the MCD flux limiter [109-111]
0, ® g 0’
_ 126, 0<O<1/3,
YIOI=V a4 ey 13<0 <3, (59)
2, 3<0.

For a given vector py;;, we used the signum function of real
argument x

-1, x<0O,
sgn(x) = 0, x=0, (60)
1, x>0,

to specify the forward and backward distribution functions on
the Cartesian axes

(61a)
(61b)

f;;;(xJ) = fijilx + sgn(pijia)dskq,t],
f;fj?i(X,f) = frjilx — sgn(prjia)dskq,t].

After each time step d¢, the distribution functions in node
x evolve according to

fkji(x,t + (St)

Prjia 81 o
= fuji(x.1) = Z A = Fia(.0)]

{fkﬂ(x 1 — fkeq)(x DI+ Syi(x,01}. (62)

The apphcatlon of the updating rule (62) in the bulk nodes of
the lattice is straightforward. The same holds for lattice nodes
where periodic boundary conditions apply. Special attention
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FIG. 3. Diffuse reflection boundary conditions: e, bulk nodes; o,
boundary nodes; M, wall nodes.

should pe paid when applying the updating rule (62) in the
nodes located near the solid walls bounding the flow domain.

Let us consider a plane wall perpendicular to the Cartesian
axis «. For convenience, we refer to the case in Fig. 3, where
the unit vector normal to the wall () has the same direction
as the unit vector k, (X = k). The wall is located at the
distance §s/2 outside the boundary nodes, in the direction of
k. We focus our attention on the boundary node x; in Fig. 3
and note that Eq. (57) cannot be used to compute the outgoing
fluxes F2™ (xp,t) when Dijia > 0, nor the incoming fluxes

kjio
k‘}m(xb,t) when py;ji < 0. Following [116], we set

jio ot
|pk] | ) (63)
8s

X fiji(X6:1) = Frin(Xp.)]

1
kjll)t(xb’t) = fkjl(xb N+ = (

for piji« > 0. According to the diffuse reflection concept
[78-82], fluid particles reflected at time 7 in node x,, on the wall
follow the Maxwell distribution function f©V(p;n.,,u.,,T,),
where u,, = u,,(Xy,t) is the wall velocity and T,, = Ty,(Xy,?)
is the local wall temperature (this quantity may vary along
the wall, as considered in [117]). The density n,, = n,,(Xy,?)
is determined by requiring that the total particle flux in
node x, vanishes in the direction normal to the wall
[29,30,61,100,114-118]

fpx>0 fxuw)p-xd®p
(Bw /n)D/Zf e Plo—mul p .y dPp

(64)

ny =

where B, = 1/2mT,. After replacing the integrals in the
equation above with sums over the corresponding elements
of the discretized momentum space and observing that the
normal component of the incoming flux in node x,, is identical
to the outgoing flux in the boundary node x;, of the lattice [116],
we get

out
Zpk,-m>0 fkjm(xb’t)

. (65)
Zpkjm<0 Fk(Tw)Ekji(uwa Tw)pkjia

Ny = —

This allows us to define the incoming particle flux in the
boundary node x;, for pyjie <0

o (X5,1) = =1y Fe(Ty) Exji(uy, T) pijia. (66)

and ensures that the updating procedure (62) can be applied
for all lattice nodes in the flow domain. As shown in [116],
this procedure is of second order with respect to the lattice
spacing §s.
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VI. COMPUTER RESULTS

To illustrate the characteristics of the SLB models intro-
duced in this paper we consider the problem of Couette flow
between two parallel plates perpendicular to the z axis, located
atz, = —0.5 and z; = 0.5, respectively. The plates have equal
temperature Ty,(x,y,25) = Ty(x,y,2;) = T, = 1.0 and move
in opposite directions along the y axis with speed u,, such
that w,(x,y,zp) = (0,0, — uy,) and u,(x,y,z;) = (0,0,uy).
To compare our computer simulation results to the direct
simulation Monte Carlo (DSMC) results reported in [86,119],
in this paper we use two values of u,, namely 0.42 and
0.63. Computer simulations were done on a cubic lattice

velocity u,,

0.6 (@ ) .
-0.5 -0.25 0 0.25 0.5
z coordinate
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Kn=001 g @ @
- »
o 1.041
5
©
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1 . . .
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0.008
&
% 0.004 ¢
w
Q
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I
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[
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8
0.008 : : :
-0.5 -0.25 0 0.25 0.5
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Q
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=
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©
2
£ -0.0015
c
o
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0.5 -0.25 0 0.25 0.5

z coordinate
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with 100 nodes in the z direction and 2 nodes in the x
and y directions where periodic conditions apply. The lattice
spacing had the value §s = 1/100 and the time step was set
to 8t = 1074,

Throughout this section we consider only SLB models with
N =6,K > N,L > N,and M = 13. These models guarantee
the recovery of moments up to order 6 of the equilibrium
distribution function and thus unambiguously recover the
Navier-Stokes-Fourier equations with both Shakhov and BGK
collision terms. In Sec. VII we shall address the problem of
optimizing these models by choosing smaller values for N,
K, L and M, permissible because of the isotropy properties

>
=]
2
‘©
kel
[}
>
z coordinate
'_
o
3
S
[}
o
£
2
-0.006
N
o
x
=
©
Q
< -0.007
[}
4
[
>
[%]
c
o
0.008
0.003 f
>
o
x
=
5
2 0.0015
©
c
£
2
2
S 0r

z coordinate

FIG. 4. (Color online) Stationary profiles (longitudinal fluid velocity u,, temperature 7', transversal heat flux ¢., longitudinal heat flux g, )
across the flow channel in Couette flow at Kn = 0.01 (Shakhov collision term; 7,, = 1.0; u,, = 0.63).
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-0.4

Kn =0.10

-0.45

velocity uy

-05
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1.05

1.04

temperature T

-0.045

transversal heat flux q,
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longitudinal heat flux ay

-0.45
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FIG. 5. (Color online) Stationary profiles (longitudinal fluid velocity u,, temperature 7', transversal heat flux ¢,, longitudinal heat flux ¢, )
across the flow channel in Couette flow at Kn = 0.10 (Shakhov collision term; 7,, = 1.0; u,, = 0.63).

of the particular moments necessary for the recovery of the
conservation equations at the desired level.

A. Preliminary investigations

Figures 4 through 6 show the results of computer
simulations carried out with the models SLB(6;7,7,13),
SLB(6;7,8,13), SLB(6;8,7,13), and SLB(6; 8,8,13) for three
values of Kn (0.01,0.10, and 0.50). The Shakhov collision term
was used in these simulations and the results are compared
to DSMC results for hard sphere molecules [85-88,119].
As seen in Figs. 4 through 6, good agreement between the
DSMC results and the four SLB models is observed up to

Kn = 0.10 (Fig. 5). This value of Kn is generally recognized
as the upper limit of the slip flow regime, where one can
still rely on the Navier-Stokes-Fourier equations provided
appropriate boundary conditions are considered to account
for the slip velocity and the temperature jump at the walls
[78-83]. The slip velocity, the temperature jump, as well as
the Knudsen layer where the velocity profile is nonlinear
and a longitudinal heat flux is generated, are well captured
at Kn =0.01 and Kn = 0.10 with the four SLB models,
despite the large value u,, = 0.63 of the walls’ speed. Although
the results of computer simulations conducted with the four
models SLB(6; K,L,13), K = 7,8, L = 7,8 stand very close
at Kn = 0.10, this is no longer valid as Kn is increased
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FIG. 6. (Color online) Stationary profiles (longitudinal fluid velocity u,, temperature 7', transversal heat flux ¢,, longitudinal heat flux ¢, )
across the flow channel in Couette flow at Kn = 0.50 (Shakhov collision term; 7,, = 1.0; u,, = 0.63).

further. For Kn = 0.50, (Fig. 6), the two SLB(6; K,8,13)
models (K = 7,8) still produce quite identical profiles for
the velocity and the transversal heat flux. These profiles are
closer to the DSMC results than the profiles produced by the
SLB(6; K,7,13) models.

Surprisingly, the temperature profiles produced by the
four models SLB(6; K,L,13), K = 7,8, L = 17,8 differ sig-
nificantly for Kn = 0.5, even for L = 8. As suggested by
other authors [29,71,101,102,120], this behavior originates
from the half-space integrals involved in the implementation
of the diffuse reflection boundary condition, Eq. (64). The
recovery of the half-space integrals for the Couette flow

with the walls perpendicular to the z axis is discussed in
Appendix E. If the discrete set of momentum vectors of a
specific LB model includes vectors that are parallel to the wall,
the corresponding distribution functions do not contribute to
the sums in Eq. (65), generating larger errors in the evaluation
of the half-space integrals in Eq. (64), with respect to the
case when the discrete set of momentum vectors does not
include such vectors [29,71,101,102,120,121]. When the z
axis is perpendicular to the channel walls, there are momentum
vectors parallel to the walls in models SLB(N; K,L, M) when
L is odd (Fig. 1). For this reason, models SLB(6; K,7,13) give
less accurate results than models SLB(6; K ,8,13), especially
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FIG. 7. Stationary profiles (longitudinal fluid velocity u,, temperature T, transversal heat flux ¢g., longitudinal heat flux g,) across the
channel in Couette flow at Kn = 0.50 (T, = 1.0; u,, = 0.42) recovered with various quadrature orders K = L.

near the walls (Fig. 6). Moreover, as seen in Figs. 4 through 6,
the accuracy decreases as Kn increases.

B. Effect of quadrature orders K, L on the accuracy
of the results

To get further insight on the effect of various values of the
Laguerre and Legendre quadrature orders K, L on the accuracy
of the results, we conducted three series of simulations with

1.050 |

1.049

1.048

temperature T

z coordinate

FIG. 8. Stationary profiles of fluid temperature T in the central
region of the channel in Couette flow at Kn = 0.50 (7, = 1.0; u,, =
0.42) recovered with various quadrature orders K = L.

models SLB(6,K,L,13). These simulations of Couette flow
were done at Kn = 0.50 with wall temperature 7,, = 1.0 and
speed u,, = 0.42.

Figure 7 shows the results for the first series, when L is even
and K = L. These results are compared to the corresponding
DSMC results [85-88,119]. As observed during the prelim-
inary investigations (Figs. 4 to 6), the longitudinal velocity
profiles u,, as well as the transversal and longitudinal heat
flux profiles ¢, and g, are very close to the corresponding
DSMC profiles (Fig. 7). Apparently, these profiles are less
sensitive to changes in K and L than the temperature
profile. Although all profiles converge (become closer) when
increasing the quadrature orders, only the temperature profile
shows large variations. The convergence of the temperature
profiles at Kn = 0.50 is more clearly seen in Fig. 8, where
the profiles are plotted in the central region of the channel.
The convergence process of the temperature profiles at various
values of Kn may be seen also in Fig. 14 (Sec. VIC), where we
compare the SLB results obtained with the BGK and Shakhov
collision terms by plotting the dependence of the temperature
value in the center of the channel (z = 0) with respect to the
quadrature order K for even values of K (K = L).

In the second series of simulations, we used a constant
value for the Laguerre quadrature order (K = 22) and varied
the Legendre quadrature order up to L = 22. Similarly, in the
third series of simulations we varied the value of K while
keeping L = 22. The results of these simulations (velocity
and temperature profiles near the left wall) are shown in
Figs. 9 and 10, respectively.
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FIG. 9. Stationary profiles (longitudinal fluid velocity u, and temperature T) near the left wall in Couette flow at Kn = 0.50 (T;, = 1.0;
u, = 0.42), for K = 22 and variable L (results corresponding to even and odd values of L are plotted separately).

For K = 22, the convergence process of the velocity and
temperature profiles near the wall is very fast for even values of
L and the profiles are quite well superposed for L > 16. For
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K =22 and odd values of L, the convergence process near
the wall is much slower and still not achieved up to L = 21.
However, in the central region of the channel the convergence
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FIG. 10. Stationary profiles (longitudinal fluid velocity u, and temperature 7') near the left wall in Couette flow at Kn = 0.50 (T;, = 1.0;
u, = 0.42), for L = 22 and variable K (results corresponding to even and odd values of K are plotted separately).
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FIG. 11. Stationary profiles of fluid temperature T in the central region of the channel in Couette flow at Kn = 0.50 (7, = 1.0; u,, = 0.42),
for K = 22 and various values of L (results corresponding to even and odd values of L are plotted separately).

process of the temperature profiles is practically achieved for
L > 16 regardless of the parity of L (Fig. 11).

The results of the third series of simulations show a
somewhat different behavior. As seen in Fig. 10, the velocity
profiles are well superposed for L = 22 and all tested values
of K (even or odd). Apparently, the convergence of the
temperature profiles is achieved faster for even values of K
and slower for odd values (Fig. 12).
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C. Comparison between SLB results obtained with the BGK
and Shakhov collision terms

Figure 13 shows the simulation results obtained with the
model SLB(6;22,22,13) using the BGK and Shakhov collision
terms. In these simulations, the Couette flow with T,, = 1.0
and u,, = 0.42 was considered at three values of Kn (0.05,
0.10, and 0.50). A comparison to DSMC results for hard sphere
molecules [85-88,119] reveals that both BGK and Shakhov

1.048

1.046

temperature T

......................... e e
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FIG. 12. Stationary profiles of fluid temperature 7" in the central region of the channel in Couette flow at Kn = 0.50 (7, = 1.0; u,, = 0.42),
for L = 22 and various values of K (results corresponding to even and odd values of L are plotted separately).
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FIG. 13. Comparison between SLB results obtained with the BGK and Shakhov collision terms for Couette flow at three values of the

Knudsen number Kn (7, = 1.0; u,, = 0.42).

collision terms give good results for the velocity profile, as
well as for the transversal heat flux. The longitudinal heat
flux is better captured with the Shakhov collision term. For
given Kn and K = L, the temperature values in the center
of the channel converge when increasing the Gauss-Laguerre
quadrature order K, as seen in Fig. 14.

For a given Kn, the temperature values recovered using the
BGK collision term are always higher than the corresponding
values recovered with the Shakhov collision term. This is due
to the larger value of the Prandtl number achieved with the
BGK collision term [3,108,116]. Although the DSMC and
Shakhov temperature profiles agree very well at the Navier-
Stokes level (up to Kn =~ 0.1), the Shakhov temperature
profile sets below the DSMC temperature profile when Kn is
increased further. A similar behavior was previously reported
during computer simulations done with Mieussens’ discrete
velocity model [84,122—124] using the so-called ellipsoidal
statistical collision term (ES-BGK). As discussed in [84,122],

the simplified collision terms used in computer models do
not account for all the features of the collision integral in the
Boltzmann equation. The particularities of each collision term
are responsible for the differences observed in the simulation
results when exploring a large range of Kn. Their exploration
is beyond the scope of this work, which is devoted to the
introduction of LB models based on Gauss quadratures when
the spherical coordinate system is used in the momentum
space.

D. Effect of time step §¢ and lattice spacing s

The Couette flow simulations reported in this section were
done on a cubic lattice with 100 nodes in the z direction and
2 nodes in the x and y directions where periodic conditions
apply. The time step had the value 8t = 10~ and the lattice
spacing was set to ds = 1/100. Equation (62) was used to
update the distribution functions in each lattice node, after
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FIG. 14. The convergence of the temperature values with respect to quadrature order K in the center of the channel (z = 0) for Couette
flow at various values of the Knudsen number Kn (7,, = 1.0; u,, = 0.42) when using the Shakhov and BGK collision terms. Results were
obtained using the models SLB(6; K,L = K,13) with K € {8,10,12,14,16,18,20,22}.

each time step. The numerical scheme this equation is based
on is of first order with respect to the time step 8¢ and of second
order with respect to the lattice spacing §s [116]. This is seen in
Figs. 15 and 16, where we plotted the dependence of the fluid
temperature in the center of the channel versus §¢ and §s for
two values of Kn. The minor change of the temperature value
noticed when 8¢ and s become one order of magnitude smaller
support the values we selected for the simulations reported in
this paper (6t = 10~* and 6s = 1/100).

VII. OPTIMAL SLB MODELS FOR COUETTE FLOW AT
THE NAVIER-STOKES-FOURIER LEVEL (Kn < 0.1)

As discussed in Sec. III, for a given order N of the series
expansion in Eq. (11) the minimal SLB model (i.e., the
model that has the smallest number of momentum vectors)
is SLB(N; N + 1,N + 1,2N + 1). To ensure the accuracy of
the simulation results, as well as the lowest computational
costs (computational time and memory requirements), it is
important to choose the right model in the SLB hierarchy
when investigating a particular flow problem. Following the
experience gained from the simulations reported in the previ-
ous section, we will discuss here the choice of optimal SLB
models for the simulation of Couette flow between parallel
plates perpendicular to the z axis. As seen in Sec. VIB, the
quadrature orders K, L, and the computational costs required
to get accurate results using the implementation of the diffuse
reflection boundary conditions introduced in Sec. V increase
substantially when going beyond Kn = 0.1. For this reason, in
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time step ot

this section we will restrict our analysis to the slip flow regime
(Kn < 0.1), where the Navier-Stokes-Fourier (NSF) level is
still applicable [78—83].

A. Finding the minimum value of the order N of the series
expansion Eq. (34)

According to Table I, the recovery of the flow equations at
the NSF level would require the moments of the equilibrium
distribution function up to order 4 or 6, depending on the
collision term (BGK or Shakhov). To check this, we first
conducted Couette flow simulations at Kn = 0.100 using the
minimal models SLB(N;N +1,N +1,2N + 1), as well as
models SLB(N;8,8,15), for N =2,3, ...,7. The models
SLB(N;8,8,15) were considered in this section to keep all
simulation parameters fixed, except the order N of the series
expansion, Eq. (11).

Stationary profiles of velocity and temperature near the
left wall, as well as temperature profiles across the channel
are plotted in Figs. 17 and 18, respectively. Apparently, the
results obtained with the minimal models SLB(NV; N + 1,N +
1,2N + 1) depend strongly on N. These results seem to
converge when N, and hence the number of momentum vectors
in the models SLB(N; N + 1,N + 1,2N + 1), increases. Con-
trastingly, the SLB(NV; 8,8, 15) models, which all have the same
number of momentum vectors, produce results that appear to
be well superposed, except for N = 2. Asnoticed in Sec. VI B,
the quadrature orders K,L should be high enough to ensure
the accurate implementation of the diffuse reflection boundary

T T T T T
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FIG. 15. Effect of time step &t on the temperature value in the center of the channel (z = 0) for Couette flow at Kn = 0.001 and
Kn =0.100 (u,, =0.42; T, = 1.0, 6s = 0.01). The results were obtained using the model SLB(6;8,8,15) with the Shakhov collision

term.
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FIG. 16. Effect of lattice spacing §s on the temperature value in the center of the channel (z = 0) for Couette flow at Kn = 0.001 and
Kn =0.100 (u, = 0.42; T, = 1.0, §t = 0.0001). The results were obtained using the model SLB(6;8,8,13) with the Shakhov collision

term.

conditions when the channel walls are perpendicular to the z
axis. Since the models SLB(N; K =N +1,L =N+ 1,M =
2N + 1) produce more accurate results when N increases,
while models SLB(N; 8,8,15) produce results that are almost
independent of N (Figs. 17 and 18), it is clear that the effect of
the quadrature orders K and L on the accuracy of the Couette
flow simulation results is more important that the effect of N.
According to Figs. 17 and 18, the values of K and L should be
at least equal to 6 to approach the DSMC results at Kn = 0.1.

To separate the effect of N from the effect of the boundary
conditions on the accuracy of the results, as well as to check
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if models of quadrature orders K = L = 8 are convenient for
simulations at the Navier-Stokes-Fourier level (Kn < 0.1), we
conducted a second series of Couette flow simulations using
models SLB(N;8,8,15) and SLB(N;20,20,17), for Kn =
0.001 and Kn =0.100 (4, = 0.42; T,, = 1.0, s = 1/100,
8t = 10~%). Both collision terms (Shakhov and BGK) were
considered in these simulations. After reaching the stationary
state, the temperature values Ty in a lattice node situated in
the central region of the channel (z = 0.005) were collected
in Tables II and III for 2 < N < Npax, Where Npax has
the values 7 and 8, respectively (the Shakhov case with
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FIG. 17. Stationary profiles of velocity and temperature near the left wall in Couette flow at Kn = 0.100 (u,, = 0.42; T, = 1.0), obtained
with models SLB(N; N + 1,N + 1,2N + 1) and SLB(N; 8,8, 15) using the Shakhov collision term (N = 2, ...,7).
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FIG. 18. Stationary profiles of temperature across the channel in Couette flow at Kn = 0.100 (&,, = 0.42; T,, = 1.0), obtained with models
SLB(N;N + 1,N + 1,2N + 1) and SLB(N; 8,8,15) using the Shakhov collision term (N = 2, ...,7).

N =2, Kn = 0.001 is not present in these tables because our
simulations returned nonarithmetic values).

Tables II and I1I show that the value for the temperature in a
central node gets corrections as N is increased. When using the
model SLB(N; 8,8,15) with the BGK collision term for Kn =
0.001, the first eight significant figures of the temperature value
stay the same for all N > 4. This confirms that the Navier-
Stokes level is accurately recovered with NESK = 4. For the
Shakhov case, N = 4 gives only six figures, N = 5 gives seven
figures and N = 6,7 seem to give eight significant figures that
are identical. At Kn = 0.1, the SLB(N; 8,8,15) model with
the BGK collision term shows that seven significant figures
are accurate when N = 4,5, but increasing N to 6 ensures
convergence up to ten significant figures. With the Shakhov
model, N = 4 gives six significant figures, N = 5 raises this
number to seven while N > 5 give up to ten significant figures
that are identical.

The SLB(N;20,20,17) models (Table III) give similar
results for the BGK case: NBSK = 4 seems to be the minimum
value of N for which seven and eight significant figures are
recovered at Kn = 0.001 and 0.1, respectively. The corre-
sponding SLB models implementing the Shakhov collision
term with N > N5, =5 are accurate to eight significant
figures at both Kn = 0.001 and Kn = 0.1. Increasing N to
6 ensures ten accurate digits in the temperature value at
Kn = 0.1.

The minimum values NBSK =4 and N3, =5, which
are required for the recovery of the Navier-Stokes-Fourier
level when using the BGK and the Shakhov collision terms,
respectively, are also confirmed in Fig. 19. When N exceeds
NBSK or NS, | the relative error Ty /Ty, — 1 becomes quite
negligible (less that 107®) for both SLB(N:8.,8,15) and
SLB(N;20,20,17) results at Kn = 0.001 and Kn = 0.1. An
attempt at explaining the value of NBSK and N3. is made in

min min
Appendix F.

B. Finding the optimal models

For N > N3. . the peak temperature we observed in
Couette flow simulations with the models SLB(N; 20,20,17) at
Kn = 0.100 using the Shakhov collision term when u,, = 0.42
and T, = 1.0 exceeds the wall temperature by an amount
approximately equal to the reference value AT..s = 0.033814
(Table III). We shall look for the optimal SLB model defined
as the model which has the smallest momentum vector set
and is able to retrieve the peak temperature value in Couette
flow with a relative error below 1% with respect to AT (i.e.,
0.033476 < AT < 0.034152).

Since the occurrence of momentum vectors parallel to the
bounding walls is undesirable in the SLB models, the offset
angle ¢ in Eq. (18) is set to w/M, M is restricted to multiples
of 4 and only even values are allowed for L. This way, there

TABLE II. Temperature values in a lattice node belonging to the central region of the Couette channel (z = 0.005), computed with models
SLB(N;8,8,15) at Kn = 0.001 and Kn = 0.100 (T, = 1.0, u,, = 0.42, §s = 0.01, §t = 107%).

BGK

Kn = 0.001 Kn = 0.100

Shakhov
N Kn = 0.001 Kn = 0.100
2 - 1.034099184002857
3 1.024191980104776 1.033988314149106
4 1.024185044160306 1.033998502667994
5 1.024183651339326 1.033997349131699
6 1.024183756789055 1.033997467946009
7 1.024183777145866 1.033997467075263

1.035414171136828
1.035405198720537
1.035405932242372
1.035405940327726
1.035405954841901
1.035405964436171

1.041406268511928
1.041405158492003
1.041415561165884
1.041415560121376
1.041415681094108
1.041415681652265
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TABLE III. Temperature values in a lattice node belonging to the central region of the Couette channel (z = 0.005), computed with models
SLB(N;20,20,17) at Kn = 0.001 and Kn = 0.100 (T,, = 1.0, u,, = 0.42, 85 = 0.01, 8t = 107*).

Kn = 0.001

Kn = 0.100

Shakhov

N Kn = 0.001 Kn = 0.100

2 - 1.033917770404391
3 1.024077364289831 1.033813987161310
4 1.024069792328900 1.033815669767298
5 1.024068457600274 1.033814572445944
6 1.024068436025751 1.033814581437933
7 1.024068436842635 1.033814581336912
8 1.024068453774640 1.033814581273103

1.035218899719038
1.035206867784424
1.035207373441255
1.035207454543212
1.035207559540435
1.035207467876605
1.035207475994389

1.041153825468452
1.041153543029809
1.041155336986916
1.041155340608889
1.041155350240522
1.041155349882998
1.041155349717404

are no momentum vectors parallel to any plane wall as long as
the walls are perpendicular to the coordinate axes.

In Table IV we show the Couette flow results when the
walls are perpendicular to the z or x axis (setting the wall
perpendicular to the y axis would give similar results to the
x case). According to this table, the model SLB(S; 8,6,12)
fulfills the requirements for the optimal model for geometries
which include walls perpendicular to any of the coordinate
axes. Actually, in Table IV one can see that all models
SLB(N;8,6,12), where the value of N can be chosen as
low as N = 2, do not exceed the upper limit of the relative
error we chose for the optimal model. Alternatively, the
models SLB(N;6,6,12), 2 < N < 6, which have a smaller
momentum set, might be appropriate when the error related to
the temperature peak is relaxed up to approximately 2%.

VIII. CONCLUSION

In this paper we have introduced a hierarchy of spherical
Lattice Boltzmann models, denoted SLB(N; K,L,M), which
ensure the recovery of all moments of the equilibrium
distribution function up to order N and can be used to
solve the three-dimensional Boltzmann equation numerically.
Unlike current LB models that rely on the Cartesian coordinate
system and the Gauss-Hermite quadrature, we used the spher-
ical coordinate system, as well as the Gauss-Legendre and
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N = order of series expansion, Eq.(12)

Gauss-Laguerre quadrature formulas [105-107] to accomplish
the discretization of the momentum space. The tips of the K x
L x M momentum vectors of the model SLB(N; K,L,M) are
situated on the circles defined by the intersection between K
spherical shells and L parallel planes. Each circle contains M
equidistant points, as shown in Fig. 1.

The characteristics of the SLB models were investigated
by computer simulation of the Couette flow between parallel
plates perpendicular to the z axis. To achieve the right value of
the Prandtl number for the ideal gas (Pr = 2/3), we considered
the Shakhov collision term [96-99] besides the widely used
BGK term that features the unrealistic value Pr = 1. A flux
limiter scheme was used to evolve the distribution functions
in each lattice node and diffuse reflection boundary conditions
were implemented on the channel walls.

The SLB simulation results obtained with the Shakhov
collision term were compared to DSMC results [85-88] for
various values of the Knudsen number Kn. As observed
during the preliminary investigations (Figs. 4 through 6), the
longitudinal velocity profiles u,(z), as well as the transversal
and longitudinal heat flux profiles g, (z) and g, (z) are very close
to the corresponding DSMC profiles and specific effects in
microfluidics (the slip velocity, the temperature jump, as well
as the longitudinal heat flux) are well captured up to Kn = 0.50
(Fig. 13). The temperature profiles 7'(z) are more sensitive
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FIG. 19. Effect of series expansion N on the relative error of Couette flow results obtained with models SLB(N;8,8,15) and
SLB(N;20,20,17) at Kn = 0.001 and Kn = 0.100. Ty is the fluid temperature in node z = 0.005 of the lattice (u,, = 0.42; T, = 1.0;

85 = 0.01; 8t = 107%).
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TABLE IV. Temperature values in a lattice node belonging to the
central region of the Couette channel (z = 0.005), computed with
models SLB(N; K,L,12) at Kn = 0.100 using the Shakhov collision

term (N =2,....5, K,L € {6,8},

8t =107).

T, = 1.0, u, = 0.42, 85 = 0.01,

SLB model

Channel walls L z axis

Channel walls L x axis

SLB(5;6,6,12)
SLB(5;6,8,12)
SLB(5;8,6,12)
SLB(5;8,8,12)

1.034353143000633
1.034277528046599
1.034071909199458
1.033997333345718

1.034371330774369
1.034384224321768
1.034089477729780
1.034102718864193

SLB(4;6,6,12)
SLB(4:6,8,12)
SLB(4:8,6,12)
SLB(4;8,8,12)

1.034354417336353
1.034278622687030
1.034073260081271
1.033998494366201

1.034372606941889
1.034385556462679
1.034090866008742
1.034104125256837

SLB(3;6,6,12)
SLB(3;6,8,12)
SLB(3;8,6,12)
SLB(3;8.8,12)

1.034340396079116
1.034278749044194
1.034048626623691
1.033988279334024

1.034353953406585
1.034367061985098
1.034061702865505
1.034075083772691

SLB(2;6,6,12)
SLB(2;6,8,12)
SLB(2:8,6,12)

1.034290145222360
1.034230337741884
1.034015567947804
1.033955317278828

1.034309974340356
1.034322854462495
1.034034469222146
1.034047468762622

SLB(2;8,8,12)

to changes in the quadrature orders K and L, especially for
Kn > 0.1.

The simulation results become more accurate and a
convergence process was observed when K and L are
increased (Sec. VIB). The convergent behavior is due to
the inaccurate recovery of the half-space integrals involved
in the implementation of the diffuse reflection boundary
conditions (Sec. V and Appendix E). As observed in the
literature [29,71,101,102,120,121], these integrals are more
accurately recovered when the LB model does not contain any
momentum vectors parallel to the channel walls. According to
our Couette flow simulations at Kn = 0.5, the values of K and
L need to be as high as 22 while at Kn = 0.1 the convergence
is essentially achieved for K = L = 8.

We have confirmed both numerically (Sec. VII) and
analytically (Appendix F) that the minimum order N of a
SLB model that ensures the retrieval of mass, momentum, and
energy equations at the Navier-Stokes-Fourier level (Kn <
0.1) is 4 or 5, depending on the collision term (BGK or
Shakhov) used within the model. However, smaller values
for the order N of the series expansion (34) seem to affect the
accuracy of the results in a negligible manner since the Couette
flow simulations performed with models SLB(N;8,6,12)
of order N as low as N =2 were found to fit the peak
temperature in Couette flow with a relative error of less than
1%.

There are two main steps in the development of the
SLB models: a, the separation of variables and b, the
use of Gauss quadrature formulas. The resulted momentum
vectors are no longer related to the lattice geometry and
therefore more elaborate schemes (e.g., finite difference
or flux limiter schemes) need to be used instead of the
collision and streaming scheme encountered in the standard
LB models. The implementation of the boundary conditions
on plane walls is based on the evaluation of incoming and
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outgoing fluxes, which involves half-space integration. The
half-space integration (or the integration over a hemisphere
that results after the radial coordinate has been separated)
is a source of numerical errors that can be reduced by
rejecting the SLB models containing momentum vectors
parallel to the walls, as well as by increasing the order of the
angular quadratures (a process that raises the computational
costs). The problem of the half-space integration, which
is encountered also in connection to LB models involving
the Gauss-Hermite quadrature, remains a challenge for the
future.

Although our SLB models were developed in the three-
dimensional space, two-dimensional models based on concen-
tric circles can be considered as well. Such models involving a
circular quadrature followed by a radial one might generalize
the D2Q7 LB models developed two decades ago on a
triangular lattice [3,13—15,89,94], as well as the 2D model
originally developed by Watari and Tsutahara [31,32,103]. The
use of SLB models to investigate various problems related to
transport phenomena in single or multicomponent fluids with
one or more phases present, as well as the comparison of SLB
models to LB models based on the Gauss-Hermite quadrature
require future work.
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APPENDIX A: GAUSS QUADRATURES

Gaussian quadratures are quadrature methods which ex-
actly recover integrals of the form

/ dx w(x)g(x),
D

where D is the integration domain, g(x) is a polynomial in x,
and w(x) is a suitable weight function such that there exists
a complete set of orthogonal polynomials ¢, (x) satisfying the
orthogonality relation

fD dx WP () () = Vabum- (AD)

The integer subscripts n,m indicate the order of the polyno-
mials, the Kronecker delta symbol §,,, takes the value 1 when
n = m and 0 otherwise, and y,, is a constant which depends on
the set of polynomials {¢, }.

For the recovery of integrals of polynomials of order less
than or equal to Q, a Gaussian quadrature method employs a
number of m quadrature points x; (k = 1,2, ...,m) such that
2m > Q

m

fD dx w(x)g(x) = wig(x). (A2)
k=1

The weights wy in Eq. (A2) can be computed using the formula

_ D, (x)
wy = /Ddx w(x)—(x — Xk)cp’,n(Xk). (A3)

Based on general properties of sets of orthogonal polyno-
mials [107], Eq. (A3) can be simplified to
_ Am+1 Vm
Amq)erl(xk)(D;yL(xk) '

where A,, is the coefficient of the highest power of x in ®,,(x)
and y,, is defined by Eq. (Al).

wy = (A4)

APPENDIX B: LEGENDRE POLYNOMIALS

The Legendre polynomials [106,107] form a complete set
of solutions to Legendre’s equation

). d? d
(=) 5 =2 + L+ D | P =0, (B

and have the following polynomial form:

1€/2] .
1 . (20 —2 V4
P& =5 ) (—1)'%—2’( , ’)(l.), (B2)
i=0

where the binomial coefficient is defined as [106]

ny n! B3
(k) Ckl(n—k)!” (B3)

The coefficient of the highest power in the Legendre
polynomial of order £ is
20)!
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The Legendre polynomials are orthogonal on the domain
D=[-1,1]

1
2
dz Py(2)Pp(z) = — ¢, B5
];1 Z Py(2) Pr(2) o (BS)

which sets
2
= —_— B6
Y= 2 (B6)

The following recursion formula can be used for the
automatic computation of higher-order polynomials
€+ DPpi(z) = 26+ DzPy(z) — LPe—1(2).  (B7)

The first few members of the set are

P(z)=1, Pi(2) =z,

Py =321 P)=33 -3z
Py(z) = 24— B2+ 2,

P5(2) = 825 - 273+ B,

The set of Legendre polynomials Py(z) is used in the
Gauss-Legendre quadrature method for the exact integration of
polynomials on the domain D = [—1, 1] with weight function
w(z) = w')(z) = 1. Integrals of polynomials of order less
than or equal to Q can be recovered by using L quadrature
points, as long as 2L > Q. The corresponding weights w;P),
j=1,2,...,L, defined as w; in Eq. (A2), can be evaluated
using the formula

P _ 2(1 - 2j)

(B8)

YT L PG

TABLE V. The roots z; (j=1,2,...,L) of the Legendre

polynomials P;(z), L =1, 2, ...,8, and their corresponding weights
(P)

w;
L 2 P
1 0 2
2 +0.5773502691896258 1
3 0 0.8888888888888889
+0.7745966692414834 0.5555555555555556
4 +0.3399810435848563 0.6521451548625461
+0.8611363115940526 0.3478548451374539
0 0.5688888888888889
5 40.5384693101056831 0.4786286704993665
40.9061798459386640 0.2369268850561891
+0.2386191860831969 0.4679139345726910
6 +0.6612093864662645 0.3607615730481386
40.9324695142031520 0.1713244923791703
0 0.4179591836734694
7 40.4058451513773972 0.3818300505051189
+0.7415311855993944 0.2797053914892767
40.9491079123427585 0.1294849661688697
+0.1834346424956498 0.3626837833783620
3 40.5255324099163290 0.3137066458778873
+0.7966664774136267 0.2223810344533745
+0.9602898564975362 0.1012285362903762
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which follows from Eq. (A4) using the results (B4) and (B6),
as well as the formula for the derivative of P,

1—-7z24d
Lp
Tl &=

The points z; are the roots of the Legendre polynomial of order
L [i.e., P (zj) =0]. Alistof theroots z; (j = 1,2, ...,L) of
the Legendre polynomials of order L = 2,3, ...,9 and their
corresponding weights w( ) is given in Table V.

—Pp1(2) + 2Pe(2). (B9)

APPENDIX C: LAGUERRE POLYNOMIALS

The generalized Laguerre polynomials L,(c“)(x) form a
complete set of solutions to the generalized Laguerre equation
[106,107]

2
[ jz—i-(a—l—l—x)——l-k}L(a)(x)—O (ChH

and have the following polynomial form:

k
Fa+k+1) (—x)

LY%x) = . C2
e () ZOF(a+s+1)s!(k—s)! €

Here, o > —1 is a real number and

o0
rv+1)= / dx x’e™* (C3)
0

is the Gamma (factorial) function [106], which satisfies the
recurrence relation I'(v 4+ 1) = vI'(v) and reduces to I'(k +
1) = k! when k£ > 0 is an integer number. The coefficient A,
of the highest power of x in L;f‘) is readily determined from

Eq. (C2)
(=D
kI

The generalized Laguerre polynomials satisfy the orthogo-
nality relation

A =

(C4)

Lk +a+1)
dx wP )L (x)LY — T 5w (C5
/0 xw ()L ()L (x) = RS e (C5)
on the domain D = [0,00), with respect to the weight function
wP(x) = x% 7, (Co)
which sets the value of y; to
Ck+a+1)
= - C7
= T+ 1) €N

The first few members of the family of generalized Laguerre
polynomials Lgf‘)(x) are given below:

Lg’)(x) =1, L(“)(x) =-—x+a+l,
L¥Y(x) = zix — (@ +2)x + —(a + D +2),

@ 1
Ly (x) = —yx + —(a + 3)x

1
- —(a +2)(a + 3)x + ;(a + Dl + 2)(« + 3),

@ 1

Ly (x) = —x* - —(Ol +4)x

4!
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TABLE VI. Roots x; and weights w,(cm, k=1,2,...,

K, for the

generalized Laguerre polynomials L(Ié/ 2)(x), K=223...9.

K Xk w,(f)

5 0.9188611699158103 0.7233630235462755
4.081138830084190 0.1628639019064826
0.6663259077023708 0.5671862778403113

3 2.800775054150257 0.3053717688445466
7.032899038147373 1.366887876790013 x 102
0.5235260767382691 0.4530087465586076
2.156648763269094 0.3816169601717997

5.137387546176712
10.18243761381592

5.079462757224076 x 1072
8.065911501100308 x 10~*

0.4313988071478515

1.759753698423696
5 4.104465362828315
7.746703779542557
13.45767835205758

0.3704505700074585
0.4125843737694529
9.777982005318071 x 1072
5.373415341171987 x 1073
3.874628149393572 x 1073

0.3669498773083707

1.488534292310452

0.3094240968362601
0.4177521497070222

6 3.434007968424071 0.1432858732209769
6.349067925680380 1.533249102263384 x 1072
10.54046985844834 4.306911960439409 x 10~
16.82097007782838 1.623469821074071 x 10~°
0.3193036339206301 0.2631245143958920
1.290758622959153 0.4091418694141023
2.958374458696650 0.1821177320927161

7 5.409031597244433 3.005332430127097 x 1072
8.804079578056775 1.760894117540062 x 1072
13.46853574325148 2.852947122115973 x 1073
20.24991636587088 6.166001541039145 x 1078
0.2826336481165991 0.2271393619524716
1.139873801581614 0.3935945428036153
2.601524843406029 0.2129089708672281

g 4.724114537527791 4.787748320313819 x 1072
7.605256299231614 4.542517474762636 x 103
11.41718207654583 1.624046001853259 x 10~
16.49941079765582 1.642377413806098 x 10~°
23.73000399593471 2.173943126630918 x 10~°
0.2535325549744191 0.1985712548680195
1.020844277720390 0.3749207846631710
2.323096077022466 0.2360748210008250

9 4.199350600657293 6.709610500320429 x 1072
6.713974316615029 9.008508896644318 x 1072
9.972009159539349 5.426607386359321 x 10~
14.15405367127805 1.270536687910836 x 10~°
19.61190281916595 8.484309239668555 x 1078
27.25123652302706 7.228647164396524 x 107!

+ ﬁ(a +3)(a + 4)x* — —(ot +2) (@ +dx
+—(Ol+ - (x+4),

LY (x) = —lx + (a+5)x

- ﬁ(a+4)(a+5)x +ﬁ<a+3> (o + 5)x?
—5(a+2)-~-(a+5)x+§(oz+ - (a+5).
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The following recursion formula can be used for the
automatic computation of higher-order Laguerre polynomials:

KLO(x) = 2k — 1 +a — x)L (x)

—(@+k — DL, (x). (C8)

The Laguerre polynomials are used in the Gauss-Laguerre
quadrature method, which allows the exact recovery of
integrals of polynomials over the domain [0,00) with respect
to the weight function (C6). For the exact recovery of integrals
of polynomials of order Q, the number K of quadrature points
must satisfy 2K > Q. An example of the application of this
quadrature rule is given in Sec. I[I B, where Q = 2N, with the
lower bounds on the quadrature orders given in Eq. (35).

The discrete weights [defined by Eq. (A3)] can be evaluated
using the formula

U D, 12
KI(K + 1?[LY (0]
The points x; are the roots of the K'th order polynomial [i.e.,

L(Ii/z)(xk) =0,k =1,...,K]. Equation (C9) can be obtained
from Eq. (A4) using Egs. (C4) and (C7), as well as the property

(€9)

dL(Ol)
% Z}X(X) (k+ DL (x) — (@ + k + 1 — )L@(x).
(C10)
The roots and corresponding weights for K =2,...,9 are

listed in Table VI.

APPENDIX D: HERMITE POLYNOMIALS

In this section we present some of the general features of
the Hermite polynomials in an arbitrary number of dimensions,
selected from [18,126]. In what follows, Greek indices go from
1 to the number of dimensions D and the Hermite polynomial
of order n is a totally symmetric tensor with n indices and
components Hfj’l)az (x), and x = (xq,x2,...,xp) is a D-
dimensional vector. The first members of the set have the
following expressions:

HO(x) = 1, (D1a)
HOx) = xa, (D1b)

HP(X) = XaXp — Sap. (Dlc)
MY, () = XoXpXy — (Yadpy + Xpday + Xy045).  (D1d)

Higher-order polynomials can be obtained using the recur-
sion

1 -2
H((Xn])v“aal(x) = xalH(n,~~~,) (x) [ alazHgi,...?an
2 -2
+8d10t3H:(xr;,a4),..., +50¢10th(n )an 1]'

(D2)

The Hermite polynomials are orthogonal over the domain D =

RP? with respect to the weight function e x 2
de —x- m n
(271,)]_)/2 x /27.{( 7)"” (X)H( ),’ (x)
= ) [ [dap,- (D3)
oes, i=1
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Here S, is the set of n! permutations of 1,2, . . . ,n, for example,

de 2
—x2/24,(2) @)
(27T)D/2 * H (x)H (x)—sa;LSﬁv +6av6ﬁu (D4)
and for n =3 the set of all permutations is S3 =

{{1,2,3},{2,3,1},{3,1,2},{1,3,2},{3,2,1},{2,1,3}}.

APPENDIX E: IMPACT OF DIFFUSE REFLECTION
BOUNDARY CONDITIONS ON SLB RESULTS FOR
COUETTE FLOW

The diffuse reflection boundary conditions can be phrased
as

f(stpst) = flf)O)(vapJ)s

where n is the outwards normal of the bounding surface at
point x,,, D is the number of dimensions, f is the distribution
function, and f© is the equilibrium distribution function. The
equilibrium distribution function f? is fully determined by
the value of the wall temperature T, and velocity u,,, which are
fixed by boundary conditions, and the density n,,, implicitly
given by

/ defpn=—/ dPp £O p.
pn>0 pn<0

Here p, = p - n is the projection of the momentum p on
the outwards normal n.

To illustrate, let us consider the problem of Couette flow
between the parallel plates investigated in Sec. VI. The plates
are perpendicular to the z axis while the flow is along the y
axis. On the upper wall, Eq. (E1b) takes the form

f &’pfp.= / p fp.. (E2)
p:>0 p:<0

(p-n<0), (Ela)

(E1b)

In the stationary state the only nonvanishing component of
the fluid velocity is u,, in which case p, = &.. For simplicity,
let f© be the Maxwellian given by Eq. (4). The integral of
the equilibrium distribution function can be performed in the
Cartesian coordinate system and yields

mT,

/ &p fp.=—ny - (E3)
p:<0 7

which proves that Eq. (Elb) fixes n,. The left-hand side
of Eq. (E2) can be analyzed qualitatively as follows. Since
the flow has translational symmetry along the x and y axes,
the derivatives with respect to x and y automatically vanish,
therefore, the Boltzmann equation takes the form

z 1
B f===(f = 1 (E4)
m T

The Chapman-Enskog solution to this equation is
o0
f= qu), £ = ( Pz ) £O, (E5)
j=0

Thus, the evaluation of the integral in the left-hand side of
Eq. (E2) reduces to the evaluation of integrals of the form

f p FOp.x,. Hpith (E6)
>0
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The integral in Eq. (E6) can be calculated exactly

. n Jj+!
p fOpit = —mT)7 I, (E7)
\/pz>0 pf p(, \/E Jj+

where I, is given in terms of the Gamma function (C3) by
* —12 i+l /2 J
iy Zf dze 2%/ =21 (1 + 5 ) (EB)
0

Using the expansion (ES) of the distribution function, the
integral in Eq. (E2) can be expressed as a series in powers
of the relaxation time t

ET(1+4) o\ i1
d3 , = N 2 ——90 2mT) 2
/pz>0 pfp: ]X:(; Nz ( mz) [n@mT) 7 |

Ly T,/ZT +
;—— +717°0.n _—
21 ) ¢ Tm

(E9)

The first order in the Knudsen number vanishes since in
the Couette flow the product nT is a constant, therefore, the
corrections to Eq. (E3) are of order Kn?. This first correction
requires the recovery of the integral

/ d’p fOp.
p=>0

Integrals of odd powers of p, over the domain p, > 0 can be
written as

o0
/ &p fO p2H = l/ 212
p.>0 4 Jo

(E10)

1 2
xf dcos@|cos€|2j+1/ dof©.

1 0
(E11)

The ¢ integral can be recovered exactly since it involves
a finite-order trigonometric polynomial in sin¢g and cos¢
coming from the truncated polynomial expansion of f©. The
integral with respect to 6 in Eq. (E11) above contains the
term | cos 6|, which cannot be recovered using Gauss-Legendre
quadrature rules. The value of such quadrature sums converges
to the exact value as the number of quadrature points L
is increased. In Sec. IIB the quadrature method for the p
integral is chosen assuming the ¢ and 6 integrals run over
the entire sphere, the exact recovery of which would prevent
integrands with odd powers of p. However, in this case
the Gauss-Laguerre quadrature is faced with the problem of
recovering nonpolynomial terms of the form x/*!/2, The value
given by the quadrature slowly converges to the exact value as
K increases.

The recovery of integrals of the form (E6) is necessary for an
accurate computation of the values of the macroscopic density,
velocity, and temperature near the wall, which in turn have a
global influence on their corresponding profile. Equation (E9)
shows that the recovery of coefficients of increasing powers
of Kn require increasing values of the quadrature orders K
and L.
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APPENDIX F: OPTIMAL SLB MODELS

By definition, SLB(N; K,L,M) is a spherical LB model
which ensures the exact recovery of moments of the Maxwell-
Boltzmann equilibrium distribution function of order up to
and including N. In practice, it can be shown that even though
the recovery of the macroscopic equations involves moments
of order N’, the values of the parameters of the SLB model
required for the exact recovery of the equations can be lower
than the values required by Eq. (35). In this Appendix the
effect of boundary conditions shall not be considered.

Let us first look at the Navier-Stokes-Fourier level of the
Shakhov model. The conservation equations can be obtained
from Egs. (49) and (50). The constraints on the values of the
parameters N,K,L, and M come from the equation

1 T
o, f(o)+ (‘%o"‘%l’yay) [f(O)S(l)_Tazof(o)_El’yayf(o)]

= lf(O)SQ) _ lf@) (F1)
T T

with the Shakhov collision term given by Eq. (37). The
highest-order moment necessary for the recovery of the energy
equation comes from integrating the Shakhov term in Eq. (F1),
multiplied by p?/2m

/ d”p O P pa&Es. (F2)

At first sight, the recovery of the integral in Eq. (F2) would
require N > 6, with the minimal model being SLB(6;7,7,13),
which employs 637 roots. However, given that the Shakhov
collision term contains only powers of the peculiar momentum
&g, the result of the integral shall be a polynomial of order 3
in the macroscopic velocity, therefore the value for N can be
chosen to be smaller than 6.

Let us assume that we are employing an SLB model with
N = 5. In this case, the angular part E® of f© defined by
Eq. (11) shall be a polynomial of order 5 in p,. The exact
recovery of the angular part of the integral in Eq. (F2) requires
M > 12 and L > 6 and eliminates all odd powers of p,
leaving a polynomial of order 10 in the magnitude p of the
momentum for the radial integral

o0 1 00
f dp p* F(p)p"* = 5/ dxx'? Fx)x5. (F3)
0 0

The recovery of the above integral requires K > 6, therefore,
the minimal model capable of recovering the Navier-Stokes-
Fourier level of the Shakhov model is SLB(5; 6,6,12), which
has only 432 roots.
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The key assumption in the above derivation was that the
recovery of the Shakhov model at NSF level requires the
recovery of moments of up to order 6, but the relevant
macroscopic equations contain terms of up to order 5 in the
fluid velocity u,,.

Let us now look at the Navier-Stokes-Fourier level of the
BGK model. The constraints on the SLB model come from
Eq. (F1) with the Shakhov term set to 0

1 T 1
3, f© — (a% Py ay) [18,0 FO 4 —~Py 3, f<°>] =—- @,
(F4)
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The energy equation requires the exact recovery of the
following integral:

/dDP O p*paps,

which sets the lower bound for N at 4. According to
the discussion in Sec. III, the minimal model should be
SLB(4;5,5,9). However, since the square length p2 of the
momentum has no angular part, the quadrature parameters on
the angular part can be decreased to L =5,M = 8 and as a
result, the minimal model for the recovery of the NSF level
of the BGK model is SLB(4;5,5,8). The value M = 8 is in
agreement with the 2D thermal model introduced by Watari
and Tsutahara [31].
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