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Abstract. We develop a two-relaxation-time (TRT) Lattice Boltzmann model for hy-
drodynamic equations with variable source terms based on equivalent equilibrium
functions. A special parametrization of the free relaxation parameter is derived. It
controls, in addition to the non-dimensional hydrodynamic numbers, any TRT macro-
scopic steady solution and governs the spatial discretization of transient flows. In
this framework, the multi-reflection approach [16, 18] is generalized and extended for
Dirichlet velocity, pressure and mixed (pressure/tangential velocity) boundary condi-
tions. We propose second and third-order accurate boundary schemes and adapt them
for corners. The boundary schemes are analyzed for exactness of the parametrization,
uniqueness of their steady solutions, support of staggered invariants and for the ef-
fective accuracy in case of time dependent boundary conditions and transient flow.
When the boundary scheme obeys the parametrization properly, the derived perme-
ability values become independent of the selected viscosity for any porous structure
and can be computed efficiently. The linear interpolations [5,46] are improved with
respect to this property.
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1 Introduction

The two-relaxation-time (TRT) Lattice Boltzmann model [17-20] is suitable to model so-
lutions of the Navier-Stokes and hyperbolic non-linear advective-diffusion equations.
A very simple linear collision TRT operator is based on the decomposition of the pop-
ulation solution into its symmetric and anti-symmetric components. Two locally pre-
scribed eigenvalues (relaxation parameters) determine the evolution of the symmetric
and anti-symmetric collision components. When the eigenvalues are equal, the TRT re-
duces to the BGK operator [41] (called sometimes single-relaxation-time, SRT). The SRT
and TRT solutions can be obtained using the multiple-relaxation-times (MRT) collision
operator [15,27-31,36]. At second order, the incompressible macroscopic mass and mo-
mentum conservation equations are identical for TRT, SRT and MRT but these models
differ for higher-order approximations.

For TRT and SRT, both the kinematic and bulk viscosity are related to the selected
“symmetric” eigenvalue and the coefficients of the diffusion tensor are related to the pre-
scribed “anti-symmetric” eigenvalue. The effective values of the transport coefficients
depend also on the distribution of the equilibrium components between the different
velocities: the hydrodynamic equations are usually modeled with isotropic equilibrium
weights [41] whereas the anisotropic diffusion tensors need anisotropic ones (see [17,19]).
The TRT model enables a very simple analysis of its solutions based on parity argu-
ments. One example presents the multi-reflection (MR) boundary schemes, first devel-
oped in [16] for the Navier-Stokes equation and then adapted in [18] for the symmetric
equilibrium components, e.g., any scalar diffusion variable. Another example presents
the analysis of the interface conditions in [20], suitable for flat interface between two
immiscible fluids and for modeling Darcy flows in heterogeneous stratified soils.

There are strong numerical evidences (see [16]) that the permeability of an arbitrary
porous media is independent of the chosen viscosity value when a specific combina-
tion of symmetric/anti-symmetric eigenvalues (so-called “magic parameter”, here A,,)
is fixed and no-slip conditions are modeled either with the bounce-back or with one par-
ticular multi-reflection (MR1) scheme [16]. In other words, the obtained momentum dis-
tribution for Stokes flow, multiplied with the modeled viscosity, depends on the selected
eigenvalues only via their combination A,,. This property implies a very specific func-
tional dependency of the coefficients on the eigenvalues for all the terms in the popu-
lation expansion and boundary rules. The earlier exact solution [13] confirmed this for
parabolic flow. In this paper we give a rigorous explanation of these observations for ar-
bitrary flow, owing to the derivation in [32] of equivalent link-wise recurrence equations.
They allow to demonstrate that any steady non-dimensional velocity and pressure TRT
solution, obtained with the Stokes or Navier-Stokes equilibrium functions, is governed
by A., on a given grid, in addition to the Reynolds, Froude and Mach numbers. We will
show that bounce-back and MR1 share this property exactly.

In contrast with the SRT, the TRT can keep A, at any prescribed value for both hydro-
dynamic and convective-diffusion equations when their transport coefficients vary. This
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property is especially important when the kinematic viscosity takes large values, e.g., for
two phase flow with high viscosity ratio (see [20]), non-Newtonian fluids or simply for
accelerating the convergence to steady state [16,40]. The SRT model will result in high
bulk and boundary discretization errors, related roughly to the square of viscosity coeffi-
cient. In contrast, the TRT model with a proper choice of its free relaxation parameter can
reduce, at least, the spatial errors, and avoid a redundant variation of the characteristic
parameters and collision eigenvalues. Besides that, the particular value A,, =1/4 has
remarkable properties for stability of mass-conservation equation (see [21]).

The multi-reflection boundary approach follows the principal idea of the early
works [12,14, 15, 44]. They look for the incoming population in the form of its expan-
sion and insert the prescribed macroscopic boundary condition. Motivated by an exact
modeling of the parabolic distributions (e.g., Poiseuille flow in inclined channels), the
boundary techniques [12,14, 16] are all based on a third-order expansion, but they differ
for the approximation of the unknown gradients: finite-differences are used in [12], local
equations are established in [14], appropriate linear link-wise combinations of the known
populations are found in [16]. The MR conditions are much simpler than the node based
schemes, e.g., in [12,14, 33, 39, 44], or the diffusive “kinetic” schemes [3, 4, 43, 45], and
can prescribe more easily distinct conditions on adjacent walls, e.g., in corners. Mod-
eling the Stokes equation in porous media [16,40] clearly demonstrated the superiority
of the MR1 over linear/quadratic interpolations [5], both in accuracy and convergence.
The MR1 scheme is extended to MGMR(C) family with exact parametrization and ad-
vanced stability properties. Modeling the solutions of the incompressible Navier-Stokes
equation [16,33] confirmed the accuracy of MR1 for velocity and pressure solutions with
static and moving boundaries, but also revealed some difficulties with its applications in
corners, a problem we address in this paper.

We formulate the linear interpolations presented in [5] but also those from [46] as
a particular MR schemes and show that there is an infinite number of three popula-
tion schemes of formally equivalent accuracy (LI—family below). Linear schemes do
not maintain automatically the parametrization properties of the bulk solutions and their
permeability values depend on the used viscosity value, as shown in [16,40] for the lin-
ear schemes of [5]. One exception is presented in this paper (CLI scheme). We improve
the deficiency of the linear interpolations with the help of a simple local link-wise correc-
tion (MGLI sub-family) and present third-order accurate two-point schemes (MLI family)
which are exactly parameterized, then extend them for corners.

Known pressure boundary conditions are mostly restricted to solid walls located at
grid nodes, either by prescribing the equilibrium distribution for the incoming popula-
tion or by deriving their solution from a local system of mass/momentum constraints,
e.g., in [49]. So far a simple link-wise approach is the first-order accurate anti-bounce-back
rule. It defines the solution for the incoming populations on a free interface in [34] or for
the diffusion equation in [18]. The pressure schemes developed in this paper localize the
Dirichlet values at any prescribed distance along the link. The principal difference from
the boundary schemes [18] for the advection-diffusion equations is in the treatment of
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the first and second velocity gradients: we present second- and third-order accurate MR
pressure schemes with exact parametrization properties.

A Dirichlet pressure condition is not sufficient to set the solution of the Navier-Stokes
equations uniquely. As an example, we extend the MR approach to a mixed condition
which prescribes the pressure and the tangential velocity. This scheme is a linear com-
bination of the velocity and pressure multi-reflections, involving a whole set of cut links
into the local combination. The mixed scheme is formulated for any shape of the wall,
but we work out the details only for orientations of the boundary parallel to one of the
main axes, using d2Q9, d3Q15 and d3Q19 velocity sets as examples.

This paper is focused on the derivation and analysis of MR boundary schemes. A
complementary part [22] validates them for steady and time-harmonic flows with exact
solutions. Section 2 develops the TRT hydrodynamic model. In Section 3, we present
the TRT steady recurrence equations and obtain the parametrization properties of TRT
solutions. Section 4 describes the generic multi-reflection approach. Dirichlet velocity,
pressure and mixed schemes are worked out in Sections 5 to 7, respectively. Section 8
discusses an application of the developed schemes with MRT models. Section 9 con-
cludes the paper. The Chapman-Enskog analysis of the TRT model with the variable
mass and force terms is presented in Appendix A. Pressure schemes are constructed in
Appendices B. The correspondence of the present notations with those in [16] is given in
Appendix C.

2 The TRT-model

2.1 Definitions

The unknown variable of the scheme is the Q-dimensional population vector f(7,t) =
{fs,9=0,---,Q—1}. The populations are initialized at time t =0 on the nodes 7 of an
equidistant d-dimensional computational mesh. Each component f, undergoes the col-
lision step and propagates to the site 7+c; according to its velocity ¢;. The velocity set
contains Q vectors: one zero, 60 = 6, for the rest population, and Q—1 non-zero ones,
¢y=1{cqu,x=1,...,d}, g=1,---,Q—1, for the moving populations. We will assume d2Q9,
d3Q15 and d3Q19 cubic sets [41] where the velocity components ¢4, are either zero or &1.

Since each moving velocity vector has an opposite one, any pair of populations with
opposite velocities (;,c;), hereafter referred to as a link, can be decomposed into its sym-
metric (even) and anti-symmetric (odd) components:

fo=fi+hre fE=3 Uk G=—5 @)

For the rest population, fo = f;, f; =0. Assuming that the equilibrium components
e; (7,t) and an external source term S (7,t) = S (7,t)+ S/ (7,t) are prescribed, the time
and space evolution of population solution is computed with the TRT linear collision
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operator:

fq(?"i_gq/t"i_l):fq(?/t)/ qIO;"‘/Q_L
po=Aeny, mg=~Agng, ny=fs —eff.

The symmetric/antisymmetric components can be computed only once for each link:

F=fi fi=fis o=,

B (2.3)
e, =—¢€;, Pq=pz Mg=—mj.

They can be regarded as the population projections on the link-wise symmetric/anti-
symmetric orthogonal basis vectors of the Q—dimensional space. Two collision parame-
ters, “even” A, and “odd” A,, are the eigenvalues of the linear collision operator in such
a basis. The TRT collision operator can be regarded as a particular form of the multiple-
relaxation-times (MRT) models [17,19,29,31] when their eigenvalues, associated with the
even and odd order polynomial MRT-basis vectors, are equal to A, and A,, respectively.
The BGK model [41] is a TRT sub-class with a single relaxation parameter

The linear stability of the evolution equation restricts the eigenvalues to the interval
]—2,0[. Note that we have removed —2 and 0 from the stability interval. When one
eigenvalue is zero, it appears a set of additional conserved quantities, thus additional
macroscopic equations. In a similar way, the value —2 corresponds to staggered con-
served quantities not suitable for ordinary models. The following eigenvalue functions
are then positive:

1 1 1 1

AC:_<_+_)I A0:_<§+/\_o)’ ACOIAer- (24)

In order to prescribe macroscopic mass source M(7,t) and body-force F(7,t), the local
mass and momentum constraints are:

Q-1 0-1

Y. A0 =) fi7H)+M(F ), 2.5)
q=0 q=0

Q-1 Q-1 .

Y f@0E =) f1(7)E+EFL), (2.6)
g=1 g=1

where only the mass conservation constraints are considered for modeling advection-
diffusion equations. Let us define the following microscopic mass and momentum quan-
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tities from the local population fqi, equilibrium distributions e, and source terms S ff:

Q-1 0-1
=21 T=Xfid
q=0 q=1
Q-1 Q-
peq = Z e;, ]eq: Z eq_Eq, (2.7)
q=0 g=1
0-1 . Q1
M=) SF, F=) S.¢,
q=0 =1

where M and F represent the contributions coming from the selected local mass and
momentum sources ij. As shown below, the way M is split between p*1 and M, and

F between 29 and F, is arbitrary. The solvability conditions of Eq. (2.2), derived from
relations (2.5), (2.6), and the two relations in the last line of (2.7), are:

Q-1

Y pa(F)=M-M,

- (2.8)
Y mg(Ft)E;=F—F

=1

Using then the definitions of p, and m,, the equilibrium variables are related to the mi-
croscopic mass and momentum by

! M—M

Y pai)=Alp—p), e, pa=p-TT,

q=0 ¢

Q-1 2 - (2.9)
ol > 2 @ - F—F

qu(i’,t)cquto(]—] q)/ Le., ] q:]_ 2

q=1 ©

The redefinition of the macroscopic momentum j with respect to the microscopic mo-
mentum | in the presence of a forcing term has been discussed in [6,13, 16,24, 35]:

j=J+=. (2.10)

N My

We show in Appendix A that in the presence of mass source terms, the macroscopic
conserved mass variable p™ should also be redefined as:

pm=p+%. (2.11)
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Therefore, the equilibrium variables are related to the macroscopic variables by:

m MM S
pU=p"HAME T, o =pt o, p=) =) i
e q=0 q=0

0-1 0-1 (2.12)
cT= L fd= L G
q=1 q=1
We emphasize that M and F are defined with the last relations (2.7), via the choice of the
mass, {SéIr }, and momentum, {Sq_ }, source distributions. When M and F are specified,
the equilibrium variables are uniquely defined from the microscopic solutions obtained
via relations (2.12). The converse is also true: the choice for p° and 4 uniquely defines

M and F via relations (2.9).

2.2 Hydrodynamic equilibrium and forcing

Relations (2.12) define a class of equivalent models. We describe one sub-class based
on the isotropic equilibrium weights [41]. For the cubic velocity sets, these weights are
uniquely defined by the following (isotropic) conditions:

0-1 0-1
1 trcauCop=0up, 0B, 3 Z:l t;cgacéﬁ =1, a#B. (2.13)
9= 9=

Based on the ideas in [26,41], let us define the equilibrium as:

Q-1 B
e(—)i_:eozpeq_ Ee;’ e;:t;H’i(peq/j/ﬁ)l qzll"'/Q_ll
g=1
ey =t (795, Sy =t;(FTp),
- N 2 3j2_||ﬂ|2 (2.14)

L (0.p) =Co+8sEf (), Eq () =—"55—

Q-1
Sf=ctiM, S;=M-=Y Sr.

q=1

We assume
gs=1 p=p" (or p=po)

for modeling the compressible (incompressible, respectively) Navier-Stokes equations
and gs = 0 for the Stokes equations. The sound velocity is 0 < cs <1 (further restric-
tions and optimal solutions come from the stability analysis, e.g., in [36]). Note that the
equilibrium functions given in (2.14) are by no mean “approximations”, but come from
a deliberate choice motivated, first, because they are so far the most widely used, sec-
ondly, because they lead to simpler algebra, and finally, because they allow one to find
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exact solutions. Indeed the derivations in the following sections can be applied to other
equilibrium functions, such as the “entropic” equilibrium of [2].

As an example of the use of relations (2.9) to (2.12), the three following definitions
result in equivalent TRT schemes once the external forcing F is given:

E, (2.15)

The solutions of the TRT evolution equation using the equilibrium (2.14) with rela-
tions (2.15) are identical for f;E and p, but not for m,;. With the help of the last rela-

tions (2.12) and for two equivalent equilibrium functions e, * and ey H, one obtains:

q
_I I o1 ,eqID)  eq(l
mq(l)_mq(ll) =Ao(e; ( )—eq ( )):tho(]qq( )_]qq( ))
=t (PO - F0).g) =5, s, (2.16)

For any pair {f‘*q,S;} which obeys relations (2.12) the component m[(f) keeps the same

value:
m(F)—m +S- =1,--,0-1 (2.17)
qg —q q’ 5]— ’ ’ . .

The first setup in (2.15) keeps the momentum conserving equilibrium function, following
the MRT convention [13,16]. The second setup equates /4 to the macroscopic variable j,
as the BGK model in [6,24]. This setup simplifies the analysis of the Dirichlet boundary
conditions which are prescribed for j and not for 4. The third setup includes the source
terms into the equilibrium. This avoids an extra construction of the source gradients
when deriving the population solution. One can construct equivalent schemes based on
the different definitions for p*1 and the mass source M, e.g.:

0-1
pl=p=p"—1IM, M=M, Y py=0,
q=0
Q-1 A
eq: m = — = ——
p¥=p", M=-),AM, q;)pq 2M, (2.18)

0-1
pequ—/\Me:pm+AeM’ M=0, qu:M
q=0
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The solutions are then identical for fqi, and therefore for j and p™. With the help of the
last relations (2.12), one obtains

(1)

Pyq

— g™ = (e M — e ) = 52, (pea1D) — peaD)

9 9

=5 s g=0,-,0-1. (2.19)

Then for any equivalent choice of p°? and S, the component plgM) keeps the same value:

P =p S5, q=0,+,Q—1. (2.20)

Inspired by the idea of the Chapman-Enskog expansion, relations (A.2) in Appendix A
express nqi in terms of the gradients of the equilibrium components. The macroscopic
equations are identical for any choice of the source terms S o provided that relations (2.12)

are obeyed. Using the notations:

I =t:11,, Mp=ci;M, F*_t*F F,=(F-¢),

7 =1 = *i bq .7 (2.21)

]q:tq]q/ ]q:(]‘Cq), ] —t ]q , ]gq:(] q'Cq)/
the third-order accurate TRT solution (A.11) for incompressible flow becomes:

+ _ Pq - mq

T’lq - A_CI nq - A_o,
1 2 M

py=p+p? +0() =piM s,
g =y my?+ O(&) =myf) =7, (2.22)

P»(iM) =g/ + 0115 — 03 Ao (94117 — F) —0g Neo0g My + Ae0r My
m‘(iF) =0g 115 +04j5 — 93 Ae(0g iy — My) =99 AeoOg Fy + o0ty

These relations can be viewed as a restriction of the Chapman-Enskog expansion (A.2)
to the “diffusive time scaling expansion” (see last relations in Appendix A), without any
additional assumption on the asymptotic behavior of the equilibrium and source compo-
nents. Hereafter we omit the mass source for simplicity.

s,

O(ag"*”ng) and O(algl*l)Pq* ) terms, we will say then that the accuracy of a given bound-
ary scheme is represented by the triplet

When the population expansion (2.22) is matched exactly for (’)(81(1

) mi® /F0) (2.23)

We will refer to schemes w1th the trlplet ] / 11 /F©) as “linear” or “second-order”
schemes and with the triplet j®) /T1(2) /F(1 parabohc or “third-order” schemes, re-
spectively. The linear schemes are exact, at least when gs=0, for linear flows and uniform
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pressure (typically, a Couette flow) and the parabolic schemes are exact for parabolic ve-
locity profiles and linear pressure distributions (and/or uniform force distribution), as
a Poiseuille Stokes flow in arbitrarily inclined channels. As a further example, we con-
struct j® /T1) /F(?) schemes which are exact for linear velocity/forcing and parabolic
pressure solutions for Navier-Stokes equation, see [33]. The focus is on the development
of pressure and velocity schemes of equivalent accuracy, their adaptation for corners, the
study of their parametrization properties for steady problems, their support of the stag-
gered solutions and the analysis of their effective accuracy for time dependent boundary
conditions.

3 TRT steady solutions

For the sake of simplicity, we follow the third set-up in relations (2.15) and (2.18) and set
here ij = 0. Including the source variables into the equilibrium allows us to get their
gradients in expansion as for the equilibrium variables.

3.1 Infinite steady expansion

Based on a parity argument only and the idea of the Chapman [8] and Enskog [10] to
represent a solution as its expansion around the local equilibrium, the steady solution to
TRT operator can be given as infinite series:

ny = Z”;(k)' Mg =2." v,
= (k) k21( )
k k
m
n;(k):p/z , nq_(k): ; , k>1,
e 0
+0) _ + -0 _ —
A (;eq)’ (k=)
orn- VT ornt\ T (3.1)
(k) _ q°°q q7"°q
pq a r=2s—1 rl " r;s rl '
1<s< bt 1<s<4
arn+(k r) arn—(k*")
(k) q"'q q7''q
m’i a r:;:fl rl " r;s rl
1<s<kfl 1<s<k

When k=2, the solution reduces to relations (2.22) where the time derivatives have been
dropped.
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3.2 Recurrence equations

Assuming that A, and A, are constant in space and time, an equivalent link-wise “finite-
difference” form of the TRT evolution equation is (the derivation is reported in [32]):

- 1
Py :Aen; =ANge, —AoAée; + (Aeo— Z)Aépq,

] (3.2)
My = Aoty = Aqe;“ —AeAgeq’ +(Aeo— Z)A%mq,
where
- 1
A (7) = > (p(F+cq) —9(F—cy)), (3.3)
Dop(7) = (F+8g) =29 (7) +p(T—Cy), V.

Together with the solvability relations (2.8), the recurrence Egs. (3.2) give a system of
equations for the variables {p,,m,} and the unknown equilibrium quantities (e.g., p and
J for hydrodynamic models). Other linear combinations of the TRT equations relate the
pqy and my:

2 2 A o —
Aqeq+ — AeAgpg—Bymy =0, 54)
Nses —NoDommg—Bgp,=0.

Based on the parity argument and the linearity of the recurrence equations with respect
to the equilibrium components, we look for solution in the form

Pyq (e;_’eq_) :Pq(eq_)_ZAopq(efj)r

3.5
my(ey g ) =mg(e;) =20 mq(ey ). (3-5)

Expanding p,(e;) and (e ) around their equilibrium values, the exact explicit solution

for all their coefficients in the series is obtained in [32] from the recurrence equations (3.5).
It tells us that the coefficients of p,(e;") and m,(e;) depend on the eigenvalue functions
N, and A, only via their combination A,,. Substituting the obtained series into rela-
tions (3.5) one can show, with the help of relations (3.4), that the infinite steady expan-
sion (3.1) and the solution of the recurrence equations coincide for both non-equilibrium
components.

3.3 Dimensional and parametrization properties of the bulk solutions

The hydrodynamic solutions are determined via the non-dimensional numbers: Mach
number Ma, Froude number Fr and Reynolds number Re:
UL U UL

Ma:C—S, Fr:g—L, Re o (3.6)
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with some characteristic acceleration parameter, e.g., the gravitation constant g if F=pog.
Let us introduce the dimensionless variables

i

g PR E a_ FrL z
poll’ pol*’ Po pol*"’

where P=c2p, Py =c2py, Vpo, then

p’:pﬁ:1+Ma2P’,
0
o (3.7)
I_I 1)’
I (0], 5) = 1(0/].P)

ool =Ma >+P'+E; (7.7).

Using the notations: j; "=t (7-e,), 11" =511, B =t7 (F'-;), we express the solution (3.5)

in terms of the dlmensmnless Varlables and present them in an equivalent form:

L . o AU
Py =Lpg(jy ) =208 ULpg (TT ")+ £ =py ("),

©o0
ZAGL A 2ACO mq<F{;*)_

L
oot2" a ") =R

(3.8)
= Lmy(TT;") —

Substituting relations (3.8) into the exact mass and momentum conservation rela-
tions (2.8), with

Q-1 Q-1 (F) o
Y pg=0, } my c;=
7=0 =1

one obtains the exact steady state conservation relations as

ey Ao ReE L
3L E pq(ji") =2AcRe E Py ) + 75 X pa(Fy),
q=0
Q ] x\ = I_f/ 6L2Q ! o K\ = 2A€0 Qil 1%\ = (39)
LZ:lmq(l—Iq )Cq:ﬂ—i_—Re Z:lmq(]q )cq—i——Pr Z:lmq(Fq )Cq
q= q= q=

It is noted that all the non-equilibrium components in relations (3.9) depend on A, and
A, only via their combination A,,. When gs =1, p=po, then the solutions for]_'" and P’
are identical on a given grid (L fixed) for any A., Ao, po, § and U provided that Re, Fr and
Ao are fixed. In the compressible regime, p = p and Ma should be fixed additionally.
These results, based on the truncated second-order expansion (2.22), mean that the hy-
drodynamic parts of the exact mass and momentum conservation equations (A.10) are
controlled by the hydrodynamic numbers in steady and transient regimes. However, the
higher-order corrections to these equations depend on A,, only.
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7 —|—(SqEq
7 —25,1 7 —Eq 2 ?b‘i'aq
P P & ]
T > <— > —— =
K_o K_1 K_q Ko 7, LK
"o+ 26

Figure 1. The velocity ¢; cuts the boundary surface at 7, +,C;, between the boundary node 7, and an outside
node 7,+C;. The figure is recalled from [16].

For the Stokes equilibrium (g5 = 0), any steady solution vj(7) does not depend then
on /A, and A, seParately but only on their combination A.,. Assuming the Darcy law for

the mean value j,

-

vj=K(F-VP), (3.10)

and setting A,, to some given value, the components of the permeability tensor K will
yield the same solution, independently from the selected viscosity and forcing values.
When the exact microscopic rules set by the boundary schemes are parameterized as
the steady bulk conservation relations, the numerical solutions carry the bulk properties
exactly for the Stokes and Navier-Stokes regimes.

Finally, we emphasize that for transient flows only the spatial part of the population
solution is controlled by A,, and that the higher-order corrections to the macroscopic
equations depend on both A, and A,.

4 Multi-reflection (MR) type boundary condition

4.1 Generic Mq-scheme

We assume that 7, is an inside boundary node and that 7.,

is the point where ¢, intersects the wall (see Fig. 1). We refer to ¢, as a “cut link” and
I1°(7,) is the set of all the cut links at 7,. It is split in TT()(#,), for the velocities cutting
the boundary I'™) where Dirichlet velocity conditions are imposed, and IT(P)(7,,), for
the velocities cutting the boundary I'(P) where the mixed (pressure/tangential velocity)
conditions are imposed:

I1°(, ) =10 (7, ) UTIP) (7).

Any link which bisects both boundaries is assigned to one of these two boundary condi-
tions in this paper (see sketch on Fig. 2). More complicated situations are possible but not
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Figure 2: An example of a “corner” node 7}, on d2Q9 grid. Second-type link is {Cs,Cs}. We assume that the
link going through the corner, ¢y, either belongs to I1(P)(7,) or to I1(*)(7,) but not to both at the same time.

considered here for simplicity. Multi-reflection [16, 18] involves five post-collision neigh-
boring values for each unknown population f;(7,,t+1). Here, we first write down their
combination Rq(?b,t) with the free coefficients «1, xy, kx_1, _1, €_» and two additional
terms £ (7o, t) and wy (Fu,1):

fa(Po,t+1) = My (Fo, 1),
My (Fo,t) = Ry (Fo, t)+ 5 (Fo t) +wy (Fuw 1),
Ry (Po,t) = x1fq(Po,t) +10fq (Fo —Cg t) + 11 fo (P — 20, )
+&_1f7(Fot) +R2f5(Fo—Cyst), qETI(Fp). (4.1)

An equivalent two-point form for Ry (7p,1) is:

Ry(Po,t) = &1 fo (Po,t) +10 fo (Fo, t+1) +R_1 f3(Fo,t)
+K71fq(?b_5q1t+1)+k—2f7(?b_5q/t)- (42)

(u)

In the next sections, we develop the M’ schemes (5.2) for Dirichlet velocity conditions

and the Mgp) schemes (6.2) for Dirichlet pressure conditions. Their coefficients and f5*
corrections are defined in Tables 3 and 9, respectively. The mixed scheme Mgm) combines

velocity and pressure schemes in Section 7.

4.2 Special links with M,

One can distinguish two types of links with potential difficulties to compute R, in re-
lations (4.1). The first type of special links cannot define x_1f, (7, —2¢;,t) when the
point (7, —2¢;) lies outside the computational grid. Keeping in mind the equivalent
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f7 fa fs

Figure 3: Second-type link {C¢,Cs} cuts the wall at grid “corner” vertex 7, =7y =7g.

-

two-point form (4.2), we replace x_1 f,(7, —C;,t+1) by the previous time step solution,
k_1f4(7p —Cy,t). Such a substitution yields the same steady solution. Another technique
we use is to switch the three points scheme to a two-point one, equivalent (similar) in
accuracy but with x_; =0.

When both neighbors (7, %c;) lie outside the computational grid, {¢;,C7}€I1°(7,), this
second type of special links cannot use g f, (7, —Cj,t+1) nor & _» f5(7, —C;,t). This situation
is typical when one link bisects two adjacent faces (see sketch on Fig. 2), hereafter re-
ferred to as a “corner” node. Link-wise conditions are then restricted to 1—3 population
schemes where x_1 =0, _» =0, and replacing fq (7o —Cy,t41) with xo f5 (7, 1):

Rq(rb/ )_Klfq(rb/ )+K0fq(7’b/ )+K 1fq(7’br )+fq (rb/ ) (43)

We discuss below how local “corner’ schemes (4.3) can maintain third-order accuracy
for the second-type links with the help of fF“ (7,t).

4.3 Exact MR closure relations

They are stated by relations (4.1). Dropping hereafter mass source variable, we substitute
there:

fiG0 =l +ey +BL4 T @), F= (R —C - 25}, VA,

AC 0

2 Pq 1My
1(78) = e —eg +5 — (7,141
11( ) [q )\e AO]( )

(4.4)

fo(Ft)=leg +eg +pg(1++ )—i-mq(l-i-/\ )+S,1(7 1),

Ae

fq-(7,t)=[eq+—eq+pq(1+%)—mq(1+%)—sq](7,t).
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One gets then exact two-time (t and t+1) boundary constraint on the equilibrium and the
non-equilibrium components along a given link. The sufficient conditions on the coeffi-
cients, which enforce the exact microscopic rules to yield bulk parametrization properties
at steady state, are examined for these relations in the next section. In Section 4.4, the
coefficients x; —%_, and the terms f; (P, t), wy (?w,ﬂ are defined such that the Taylor
approximation in space of the exact closure relation fits the prescribed pressure/velocity
Dirichlet values. We examine then the leading accuracy of the obtained schemes for time
dependent boundary conditions.

4.3.1 Parametrization properties of the exact closure relations

The dimensional analysis from Section 3.3 works exactly when the exact closure relations
keep the parametrization properties for all cut links. For steady solutions, it is simpler
to work with the two-point form (4.2). Substituting there the solution (4.4) and dropping
the time we get

Z [A(”)j;—I—A(P)H;—l—B(“)pq—I—B(p)mgF)—|—B(f)Fq*](?)

r={Pp,7o—C4}

=13 (7o) —wy(Fas), (4.5)
where
AW (F) =K1 —F_1+Ko+1, AW (=) =K_1—F_2,
AP (F) =1y +R_1+K0—1, A(’”)(*b—*q)zmﬁrk_z,
B () = (k40 )+ O g, g —p o R
B(p)(*b)z(’cl—k1)+K1_K_)1\?-K0+1' B(p)(qb—qq):__—ﬁx_l:;k2'
BU) (7)) = Ay AW(7,), BU) (7, — ) = A AW (7, — ;)

When f}“(7,) is a linear combination of p,(7,), mgF) (%) and F(7y), their coefficients
have to be added to B (#,), B(P)(#,) and Bf)(%,), respectively. We substitute then the
solution in the form (3.5) for mép) and p, into relation (4.5) and reorganize it with respect

to the non-dimensional solutions ]_7 and P’. Taking into account that steady solutions
pq(ey) and mg(e; ) depend on the eigenvalues only via Ao, we get the sufficient condi-
tions as:

AW @) =11 (Ao 7q), B (F) =r2(Aeo,7.q),

4.7)

A(p) (?) — A07’3 (Aeo,?,q), B(p) (?) — A0r4 (Aeo,?,q) .
Here, r;(A.,7,q) abbreviates any function which depends on the eigenvalues only via
Ao or does not depend on them. It is noted that 7; may depend on J,; and may differ
for any two coefficients, from one point to another one, or from link to link. When the
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Table 1; The LHS of the MR-closure relation is the linear combination of the elements on the first and third
lines, with the coefficients from the second and fourth lines, respectively. The first two lines come from the

Taylor expansion in space and time of the equilibrium components with respect to (rb,t). The last two lines
come from the directional Taylor expansion of mg(¥), pq(7), and S (7). The RHS——fq (Fo t) —wg (P, b).

e | ogef age; ore,; e d4es Bgeq_ dre,
P Bt | Cct ] 1 a0 B~ | C 1
pq | mg | 9gpg | 9gmg S, 9;S, agsq—

Dt D~ | Ef | E= |a®W=1] B~ | C

sufficient conditions are all satisfied, the steady solution on the given grid for ' and P’
is fully determined by the choice of the hydrodynamic numbers and A,,, for the Navier-
Stokes equilibrium. For the Stokes equilibrium, the solution for vj is then fixed by A,
and the forcing. Below, we will verify if the velocity /pressure schemes maintain the
parametrization properties (4.7) exactly or at least up to a specific order.

4.4 Approximated MR closure relations

With the goal of finding the coefficients of the multi-reflection, we replace the solu-
tion (4.4) in the exact closure relation with its Taylor approximation in space and time
with respect to (7,t). More precisely, third-order accurate, directional in space and
second-order accurate in time Taylor approximations are used for eqjE (7,). Assuming
incompressible flow and in agreement with the diffusive scale expansion (2.22), the time
variation is neglected for p, (7, t) and m,(#,t) and their space approximation is restricted
to second-order. The obtained microscopic rule is referred to as the approximated MR clo-
sure relation. Its left-hand-side (LHS = Ry(7y,t) — f5(7,t+1)) is equal to a linear combina-
tion of the elements presented in the first and third lines in Table 1. The RHS is equal
to — 5 < (Pp,t)— wq(?’w,ﬂ. The coefficients of the LHS are presented by the elements from
the second and fourth lines, respectively, with

At =11+x0+K_1+K_1+K 2 A =—2(k_1+K_2),

alP)=AT -1, a) = AT+ A +1,
Bt =—(ko+2Kk_1+%_2), B~ =—(ko+2k_1—&k_2),
Ct=2L(ko+4x_1+%_2), C™=2%(ko+4x_1—&_5), (4.8)
Dt =(aP +1)+ “(p), D—:(oc<”)—1)+“(u),

g g
E+:B+(1+A—e), E =B (1+A_o)'

The closure relation is valid for any equilibrium function. We substitute then the hy-
drodynamic equilibrium (2.14) with (2.12) and the solution (2.22) for p, and m,, dropping
the mass term and the second-order force gradients there. The simplest equivalent tech-
nique is to put F equal to zero in relation (2.12). The LHS of the obtained closure relation
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Table 2: The LHS of the MR-closure relation is expressed in terms of the equilibrium gradients. It is given
by the linear combination of the elements in the first line with the coefficients from the second line. The

RHS=— pc (Fp, t) —wg (Fu, 1).
17 | 9,0y | 97115 | o1y R Fr | 9F; o:F;
a®P | B | ) [ D=1 a | g0 [ @ [ D41 | g | 40 [ (D-+1)A,

represents then a linear combination of the elements given in the first line of Table 2, with
the coefficients from the second line. The coefficients are given by relations (4.8) and their
combinations:

BP) =B++D-, ") =B~ 4D,
yP=Ct—-A,D*+E~, 4y =C~—A.D +ET, (4.9)
B =alA,, y ) =g A,.

The approximated closure relation is adapted for velocity and pressure conditions in the
two next sections.

5 Méu) —schemes for Dirichlet velocity condition

5.1 Principal schemes

We assume that the velocity distribution is prescribed on T'*):
(T +0,Cg t) =1 (Fuost), o €TW, g€ (7). (5.1)
The Mé”) —scheme follows relations (4.1) with the notations:

fa(Fot+1) =M (7 1),

M (7, t) =R (7, 8) + P (7, ) + 0l (7, ), geTI®,

w{su): ( )]q (rwl/),

j;b (?WI/> - t*p“ <rW//>/

where p(7y) = po(7p) for the incompressible flow. Otherwise, p(7;) can be extrapolated
from the bulk or, when 7, lies at a grid node, one can keep

(5.2)

(Fw) =0 (T, t+1)

'0)

as one more unknown variable, equal to the sum of all (known and unknown) popu-
lations. This approach has the analogs in [39, 49] for grid boundary points, in [15] for
free interface points and in [16] for moving solid/fluid points. We limit ourself mainly
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Table 3: The coefficients xg, k_1, £_1, £_p, the corrections f;'c'(

(1)

u)

445

and the valid range for é; for the Dirichlet

velocity M, ' —schemes. The missing coefficient is k1 =1—xg—k_1—k_1—K_».
Mgu) Ko K_1 K_1 K_2 54 ,;'C'(u)
BB 0 0 0 0 6,=1/2 0
ULI 1-20, 0 0 0 0<6,<1/2 0
MGULI Eq. (6.5)
MULI Eq. (5.6)
DLI 0 0 2 0 12¢5, |0
q
MGDLI Eq. (5.5)
MDLI Eq. (5.6)
-3, )
YLI WZ 0 1+”5q 0 0<4,<1 0
MGYLI Eq. (5.5)
MYLI Eq. (5.6)
=25
CLI ﬁ 0 —Ky 0 0<4,<1 0
MCLI Eq. (5.6)
MR(K) <%*36ﬁé%>+zzk Fz*fz;%)*k <%ﬁ;{+2k <*%1flg>*k 0<6,<1|Eq. (5.7)
1-26,—25 5
MRI e | TP o K1
1-26,—262—4CA,| 2CA,+52 —1426,4262—4CA,| 2CA,—52
MGMR(C) (1+q5q)2j2(:/\0 (1+5q)272(q:/\0 (1+5qq)LqZCAU (1+5q)272(qj/\0

to incompressible flow below. Table 3 summarizes the principal Mé”)—schemes: the

bounce-back (BB), the linear interpolations: upwind/downwind ULI/DLI from [5] (called
also BFL-schemes) and YLI from [46] (which we consider here as a M,gu) scheme). We
present the central linear, three populations based, CLI scheme and show in sequel that
CLI, ULI/DLI and YLI belong to the LI(a(*)) family (5.9) which contains an infinite
number of second order accurate, “linear” schemes governed by a choice of the coef-
ficient a(®). Other new schemes, “linear” MGULI/MGDLI/MGYLI from MGLI(a(*)
sub-family and “parabolic” MULI/MDLI/MYLI and MCLI from MLI(«(*)) family have

equal coefficients as ULI/DLI/YLI and CLI, respectively, but differ from them in the
correction f§ <) The MGLI(a(")) sub-family gets exact parametrization properties for
LI(a)) family. The MLI(«(*)) family extends its formal accuracy to third-order. Then
follows the “parabolic” family MR(k) from [16], with k as a free parameter, and its new
sub-family MGMR(C), with MR1=MGMR(C =0).

We substitute first the coefficients x; —%_, into relations (4.8) and (4.9), and specify the
coefficients from the Table 2. All schemes yield a(P) =0 (ie., AT=1and D" =1) such that
I1,, 0:I1; and p, /A, vanish from the closure relation. The remaining coefficients from the

Table 2, divided by a) are given in Table 4. The coefficient a®) is discussed in Section 5.6.
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Table 4: All M( >fschemes yield a(P)=0. The table shows the remaining coefficients from Table 2, divided by
w®): plux) = g(w) /o (u) - g(p¥) = B(P) /(W) etc. They define the error Err(%) in relations (5.3).

M /) () B[ po) B () A )] (%)
BB 2 =N, Ao |—BPIN=Ag|LA, |-1A,
ULI 2 6, |—Aot(0,—3)|Ae [-BPIA, 6500 |05\
DLI 5 6y |—Not+(1=6,)|Ae |—BPIA, 63\ |05\
YLI thsq 5[1 _AO_% AO _‘B(p*)Ae 5[,7/\0 '5[1/\0
CLI o 6, |—Ao Ao |Aeo 630 |-04 Ao
52
MR(K) |13 5 |—Ao Ao |+ Ag S| =8,
521
MR1 ETRL —8,\
MGMR(C) ()ﬁ (C—64) Mo
4
MGMR2 (1+67)2—26,A, 0

The MR closure relation takes the form:

Uq +94 aq]q zézaq]q-i—a( )at]q](rb, )=w u)j;(fwla_i_(Err(u)_ ;.c.(u)),
Err) =Ern") + Erry +Err}’),
Erlt) =80 o
2

) (S
Errl") = =) (80700, 11, + U E; + (7 = Zhazji),

Erréu) = —oc(“)(’y(f*)aql-"q*-l-’y(”*)asﬂg-l-oc( )Aoat Fy).
All Mg”) schemes yield
Bl =4, Errgu) =0,

then they are at least j?) /T1(D-accurate (with 6, =1 for bounce-back). Using the approx-
imation (2.22), one can perform a back substitution for velocity schemes:

d I—I*—mb(7 VLA aq]q atj;+(9(e3), méF):mq—l—Sq’. (5.4)

The forcmg term then vanishes in Err2 (1 e., BP*)m by Bl *)Fq* = ,B(P*)mq) when S, =F7
(i.e., ]eq =7]) and BP*) = —B(/*). The last condltlon is verified by BB, CLI/MCLI and
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Table 5: The left-hand-side of the approximated steady state MR closure relation. The right-hand-side is equal
to fw;”) /() :j;b(?w,ﬂ.

M HE AR Fr | 9,11 9,F; — 11
BB 1L A, Ao | -, I,
ULI/DLL |1 |6, | Aw+|0g—3]Ac | Ao | —Ao—[6,—3] | 650

YLI 16 | Awth Ao | —A—1 5,0\
CLI,MGLI [1 [, [Ae A, [ A, 57\
MR1,MCLI | 1 |4, | 307 0 |0 640
MGMR2 1[4 |30 0 |0 0

MR k), Vk (see ), B(P) in Table 4). We consider the following corrections:

;'C'(u):—a(u)(ﬁ(p*)—i-ﬁ(f*))mélc), I[g(f*):Ao, (5.5)
u & ]

lg).c.( ):_a(u)[’B(p*)méF)+ﬁ(f*)p;+<,y(u*)+/\eﬁ(l’*)—?‘7)85]6*,], (5.6)

[g).c.(u):_a(u)(’B(p*)mgF)+ﬁ(f*)F;)_ (5.7)

The resulting closure relations are given in Table 5. The first correction (5.5) distin-
guishes the “magic” linear schemes MGLI(a(*)), e.g., MGULI/MGDLI and MGYLI from
ULI/DLI and YLI, respectively. We will show that the MGLI sub-family satisfies the
conditions (4.7) and therefore, these schemes support exactly the bulk properties of the
solutions with respect to A,,. In particular, the permeability of any porous structure com-
puted with these schemes is absolutely viscosity independent when A, is fixed. This
property is shared by BB, CLI and MGMR(C) owing to their coefficients. Further details
are found in Section 5.2.1. The correction (5.6) removes the second-order error Erréu):
it is used to construct MR(k) and MLI(a(*)) families. The terms m, and S, are locally

u)

available but B%jq needs to be computed unless its coefficient in f§ <) yanishes. The

correction (5.6) reduces then to the local relation (5.7) for MR (k) family.
5.2 Space approximation

5.2.1 Bounce-back and two-three populations based “linear” schemes,
LI(a()={CLI,ULI/DLI,YLL-- MGLI(a(")}-family

Let the coefficients yield the following conditions (see relations (4.8) and (4.9)):
Kk 1=F2=0, aP=x+xo+k_1—-1=0, W =1-x9=a"s, (5.8)

There is then an infinite number of three coefficients {xo,%_1,%; }, parameterized with free
parameter a) =51 +x9—%_1+1, which satisfy relations (5.8). These three coefficients
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build the LI(a(*)) family:

a) 1
Kozl—a(”)éql k,lzl—T, Klza(”)((sq—i—i)—l. (59)
The coefficients of the closure relation, divided by a) are:
BIP) = Ayt (s, ——2), BUI=A,, A —_pgIA,,
21 qw (5.10)

Y P = ) = 5. A,.

The heuristic stability condition 0 <x; <1 is satisfied when

2 <o < 4 .
1+25, — ~ 1424,

Two populations schemes ULI (DLI) select the solution with a(*) =2 («(*) =1/ d4, respec-
tively) and their two coefficients lie inside [0,1]. They reduce to BB for §, = 1. Anexample
of a three populations scheme is YLI. This scheme does not reduce to BB for §; = % but it
coincides with ULI for §; =0 and with DLI for §,=1.

Parametrization properties. The exact steady closure relation reduces to the local, one
point form (4.3) for the LI(«(") family:

&) (s +8gpy+ ¥ ImiF +BUIE) + 1) Fy) = s (o). (5.11)
The microscopic rule (5.11) obeys the relations (4.7) if
,B(p*) = Aori(AeO/éqIQ)/

where 7; is either some function of A,, or does not depend on the eigenvalues. The
bounce-back rule satisfies these properties with B(P*) = —A,. This explains why the com-
ponents of the permeability tensor K are viscosity independent for any porous media
when BB is applied and A, is fixed (see the results in [16]).

Neither ULI/DLI nor YLI shares this property, but CLI does: this scheme is fixed by
setting

5(17*) =—A,= —,B(f*),

in addition to conditions (5.8). Similar to YLI, CLI does not need any switching at 5, =
but it reduces to BB for §,= % ; its coefficients kg = —&_1 are not restricted however to [0,1]
but they lie inside [—1,1].

We propose the local correction (5.5) for LI(a(*)) family and call the obtained schemes
“magic” linear schemes or MGLI(a(*)) sub-family. The fF () replaces the deficient com-
ponent, “(u)‘g(p*)mb(f) with the suitable one, —oc(”)AomgF). It is noted that the f} <) yan-
ishes for CLI. The exact steady closure relation (5.11) are equivalent for the all schemes
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from MGLI(a(") family and CLI, although their pre-factors a(*) differ. The obtained
steady solutions are therefore identical for MGULI/MGDLI/MGYLI and CLI, but the
transient solution, the staggered invariants, the convergence and stability differ. All
MGLI(a(*)) schemes are then controlled with A, for steady solutions and they allow
efficient and accurate computations in complex geometries.

Particular solutions. For steady or transient, one-dimensional flows invariant along the
boundary, the Erréu) can be removed from the closure relation with special solutions for
Aeo(8y). These solutions are presented in [22] and verified for steady Poiseuille flow and
the pulsatile flow [26,47]. They extend the previous (bounce-back) solution [13, 16] for
linear interpolations and for an arbitrary distance, 0<J,; <1. The CLI and all MGLI(oc(”))
schemes yield an exact prescribed location of the solid walls in parabolic flow when

2
30,

Aeo: T, (Sq ZO (512)

When 552, = % the solution reduces to A,, = %, previously obtained in [13,16] for BB. When
07 =0, then A, =0, a stability limit of the model.

Alternative solution [22] redefines J; for the coefficients of the linear schemes such
that Poiseuille flow in arbitrary inclined channel is modeled exactly. The coefficients
depend then, however, on A, and the assumed channel width.

5.2.2 Two- three populations based “parabolic” schemes,
MLI(a() = {MCLI, MULI/MDLI,MYLIL - - }-family
The LI(«(*)) family is robust but exact in general only for linear velocity and constant
pressure solutions. The idea of the (modified) MLI(«*)) family is to remove Erré”) with
5 < (relat1on (5.6)), without altering the coefficients, but 1nvolv1ng a finite-difference
(f.d) approx1mat10n for Bq ja- Itis noted that %) = — A BP*) for LI(a®)) family (cf. rela-

tions (5.10)), then f correctlon (5.6) becomes for MLI:

K
Pelt) __y(u) <ﬁ<p*>mgf> +BUES aq]q> (5.13)

One needs to approximate aq Ja when §,#0, e.g. with the help of a link-wise f.d. approx-
imation:

(5.14)

Riakwws 5, 5;
where

Fo=To+0,05 Ta=Tot+0i5s 0,70, 870,
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Here, j; (7w, t) is computed with a prescribed Dirichlet value. The solution in the neigh-
boring grid point, j; (Fp— E’q,ﬂ, 0;=1, is either already updated, t=t+1, or taken from the
previous time step, = t, or combined. We discuss in section 5.2.4 how the MLI family
may maintain the third accuracy in corners. On the whole we find that the stability of MLI
and MGLI schemes is very similar. The solutions with MULI/MDLI and MCLI (which
are equal at steady state) are quite comparable with MGMR(C) solutions, although MR1
gains more often in accuracy for steady and temporal flow. We observe that in closed
rectangular boxes, the most robust is a combination of MLI and MR1 for two adjacent
boundaries.

Parametrization properties. The MLI family completely removes the term associated
with mgF) and Fq* from the closure relation (5.11). It is understood that if the discretized
velocity distribution obeys some parametrization properties, so does any finite-difference
combination of velocity values. The MLI family satisfies therefore the conditions (4.7) and
its steady solutions are fully controlled by the non-dimensional hydrodynamic numbers
and A,.

5.2.3 Five populations based “parabolic” schemes: MR (k)-family

This family cancels the coefficients in front of a; Jq in the f,; <) correction (5.6) with the
help of the five coefficients x; —%_». They satisfy the linear system of equations:

P =AT—-1=0, pW=A"+B=alVy,

AT+ A +1=aW = k% (5.15)
NN “(2“) 82, B¥——p) = _alin,
The free parameter a(*) is parameterized with k, following the original work [16]. The
; <) reduces to relation (5.7):
Pl —Ep{) =0 Ay (ml") —Fr). (5.16)

This term is equal to oc(“)Aomb7 when ]_'éq =7, S, = Fq* (this set-up is used in [16]). The
MR(k) yields the triplet j®) /T12) /F() for all k. The optimal solutions for k, based on
heuristic stability arguments, i.e.,

Kl—Te [ ’ ]/ {K()/KfllellK—Z}E [_ s ]/
are given in [16]. The last condition (5.15), B(P) = —a() A,, is not necessary to reach the

prescribed accuracy but appears to be very helpful for the parametrization properties.
Below we discuss the MR1 scheme and the MGMR(C) sub-family. Both yield an exact
parametrization owing to special solutions for k.
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Parametrization properties and MR1 scheme. It was discovered that a particular MR (k)
scheme

MR1: k=k(6;)==(1+6,)%—1, then x1=1, (5.17)

E
2
yields permeability values absolutely independent of the viscosity (see Table III in [16]).
The MR1 coefficients lie inside the interval [—1,1] but represent the limit of “optimal”
solutions for x;. The following conditions are sufficient to satisfy relations (4.7):

K1+x0+%x_1—1=0, x_14+%_,=0,

Rk (5.18)

(Kl—K_l): (Kl—f_1+K0+1), K_ o= 5

2
The first condition guarantees that A(")(7) and A?) (7, —¢,) vanish from the closure rela-

tion for both points. The second condition guarantees that B(P) is proportional to A, for
them. The solution to relations (5.18) is:

x1=1, xKo=—K_1, K_1=—K_»o. (5.19)

When x; =1, then k =k(J,). This particular choice results in the MR1 scheme which

satisfies relations (5.19) and relations (4.7). If we setx_1=%_,=0, f},) “ =0 and the solu-
tion (5.19) is the CLI scheme.

Parametrization properties and MGMR(C) sub-family. Let the local solution compo-
nents be labeled with “loc” and those in 7, —c; with “nb”. The exact steady closure re-
lation (4.5) with (4.6), divided by a*), becomes then for the MR (k) —family (including

correction f} eluy,

- loc nb, n - loc nb
];I _|_5qp[lioc+A(u) (]q b_]ql +P1110C)+B(u) (Pqnb_quoc)

+A(p)nb(ngnb_H;loc_i-mgp)loc)+B(p)nb(m[(1p)nb_m[sp)loc)
b .
—I—A(”)n A(,(Fq*nb—Fqloc) :];b, (5.20)
where
_ 2
A(P)”b:K*r’_K—Z _ (1+5’7)2_1_k A(u)”bzé_‘7
) 2 ' 2" o (5.21)
o o Alp)
@™ _ %A A" LN
B 1 A A , B AW > o

The MRI1 solution yields A )" —0 and all coefficients (5.21) satisfy the sufficient con-
ditions (4.7), in agreement with the analysis above. Another possible solution is to set
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A(p)nb = CA,, then all coefficients in relation (5.20) satisfy the conditions (4.7). This re-
sults in sub-family MGMR(C),

MGMR(C): k=k(C) =k(6,) —CA,, C""<CA,<O0. (5.22)

In principle, C may represent a constant or a function of 6, and/or A. The stability
bounds yield
(1464)*4+2CA,

M= 1s,)7—2CA, © 01]

and all other coefficients inside [—1,1] when

J
3 —
Cmi’rl: ;25'1_551? for 0§5q§50 <K0—1),
7'7—1 for (S()S(SqSl(k,l:l),

where 6y = @ MGMR (C) may show superior stability properties in comparison with
MR1: MR1 presents the limit of MGMR(C) when C — 0, e.g. when ¢, — 0 or A, — co.
The MGMR(C) sub-family guaranties equal steady solutions on a given grid when the
hydrodynamic numbers and A,, are fixed provided that C takes the same value, e.g., if

then

The MGMR(C) family cancels the W)agng term in the closure relation when C =d;:
MGMR2: k=k(C)=k(d;)—d4o. (5.23)

The MGMR? yields then the triplet j®) /TI®) /F(1), i.e,, it is exact for parabolic velocity
and pressure distributions. However, its coefficient 1 exceeds 1 (C >0 when ¢, > 0) and
it remains stable only when the free parameter A, is very small (typically, A, ~1072).
The MGMR?2 is then too restrictive for general modeling, but allows to verify the third-
order expansion and boundary analysis. As an example, the MGMR2 is exact for the
parabolic pressure and linear velocity solutions [33] for the incompressible Navier-Stokes
equations, with and without forcing. We discuss these solutions in [22].

5.2.4 Special links with M,gu)

For the first-type links, we restrict the five population schemes to the two-point form (4.2).
One can also switch to the MLI(a(*)) family. For the second type of special links, the
schemes from MLI—family are applied in a “local” form (4.3). When

—
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one can still apply them with the relations (5.14). For each of the two opposite velocities,
the exact steady closure relation is given by relation (5.11). When 6, >0, §;>0 and J, # &5,
the two conditions are independent and non-trivial. When two links have equal coeffi-
cients (e.g., 6; = J;) and f; o) - _ f; 'C'(u), the sum and the difference of relation (5.11)
give two conditions:

B pq (7o) =a "t (jg (Fur) — g (), (5.24)
(u)ﬁj;b(?w) —2j5 (7o) 15" (Pw)

VR + B myt 4 7)) = 5
q

(5.25)

The LI and MLI families yield ,B(“) :a(”)(Sq such that the first condition constrains p,(7},) to
its directional central approximation. The second constraint vanishes for the MLI family

if f}f <) g computed with relation (5.6) using relations (5.14). Then the obtained solution

loses its uniqueness. We recommend to use (for second-type links only) a mgF)-based
approximation instead of relations (5.14):

(F) o fdyy* d
. m a II d
Ry o)~ = Yol g,
a=1

L TL Cqo =117 (Fo +Cga) — 112 (7).

(5.26)

We assume here that the ¢z, are parallel to the principal coordinate axis. A sub-set of
the next grid neighbors {7, +cz.} is available, except perhaps for some specific “sharp
corner” discretization.

5.3 Numerical example

Several Stokes and Navier-Stokes flows around cubic arrays of spheres, square array of
cylinders, reconstructed fiber materials and moving solids in [16], using the d3Q15 veloc-
ity set, and with body-centered cubic arrays of spheres and a random-size sphere-packed
porous medium in [40], using d3Q19 velocity set, have validated the multi-reflection ap-
proach for arbitrary shaped, relatively smooth boundaries. They have confirmed the high
accuracy of the MR (k) family in the context of moderate resolutions. Using the BB and
MR1, the permeability (3.10) of any porous structure is viscosity independent when the
free eigenvalue function A, varies together with A, such that A,, = A.A, keeps a con-
stant value. These numerical results have been formally obtained with MRT models but
in their reduced, TRT version (see also in Section 8).

Let us here give only one example. We consider again a Stokes flow around a cubic
array of spheres and use the d3Q15 velocity set. For the two most dense arrays the first-
type links appear. For them we switch MR1 to the two points form (4.2). The relative
error

ET (k)y=k/k*f -1
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Table 6: Comparison of the relative permeability errors E(")(k)[%] for a cubic array of spheres in a 25° box
using several link-wise boundary schemes. The error is controlled by A, for BB, CLI, MR1 and MCLI. The
steady solutions are identical for all MLI(a(*)) schemes (MCLI here) and for CLI and all MGLI(a(*)) schemes,
respectively.

X Neo= 13_6 Neo= Neo=

BB | CLI | MR1 MCLI BB |CLI| MR1 |[MCLI|BB|CLI | MR1|MCLI
0.5[-1.0| 057 [-0.42]—6.6x10"2[0.16]1.55| —0.14] 0.29 [7.2| 80| 1.8 | 2.7
0.6 |—-3.0| 0.05 |—-0.46 —0.12 1.8310.95|—-0.22| 0.20 (49|69 | 15 | 24
0.7 |-21| 0.10 | -0.44 —-0.12 |0.87|1.03|-0.23| 0.17 |6.4| 72| 1.3 | 21
085|—15| 1.1 |-035] —4x107% |32 |24 |[-023]| 0.22 |13| 11 | 0.6 | 1.6
090|—4.4|—-0.05|—-0.67 -0.16 |259/14| -05| 01 |8.0(10.1|0.16| 1.6
095|—-4.3| 0.28 | —0.56 0.05 228|120 |—-046| 034 |9.7| 13 | 022 | 22

ENTS

is computed with respect to the reference permeability value k", based on the quasi-
analytical solution for the drag force on a sphere given in [1,25,42]. Exact formulas, the
tabulated values we are using and the numerical parameters can be found in [16].

We confirm that the macroscopic solutions and permeability values are identical and con-
trolled by A, for CLI and MGLI(a(*)), e.g. MGULI/MGDLI and MGYLL The solutions
are also controlled by A, for MLI(a(*)) and MGMR(C) families (with MR1 as a partic-
ular element). We start from a uniform density and zero velocity equilibrium distribu-
tion. The convergence to steady state differs, because the coefficients are different, but
the number of steps has typically the same order of magnitude within one family when
the viscosity and A,, are fixed. Higher A,, values may accelerate the convergence at
fixed viscosity. At the same time, the errors generally increase with A, owing to the
increase of the coefficients in front of the higher-order derivatives in the bulk and bound-
ary macroscopic relations. The relative errors in permeability in Table 6 are given for
Nep = {%,i,%}, versus relative solid concentration values x =c/c™*, c"™ = /6. It is
noted that A, = % (3) yields for MGLI the exact parabolic flow in a straight channel with
a distance 6, =1 (respectively, 6, =1) to boundaries. We keep then A, =3 as a reasonable
upper accuracy limit. The results with BB and MR1 for A,, = < are the same as in [16]
(Table IV therein).

The accuracy of the “magic” linear schemes (see CLI in Tables 6 and 7) clearly sur-
passes the bounce-back rule for A, = % but is similar to it for A,, = %. This indicates
once more the role of A,, on the actual second-order error. There is no solution for A,
which gives the best accuracy for the any geometry. It often happens that the error goes
through zero when A,, varies inside the interval [0,1] (here, inside [%,%] for MCLI and
[1,3] for MR1), resulting in a very high precision for particular A, values. One should
keep A.,, roughly speaking, below 2 for linear schemes and not much higher than 1 for
parabolic schemes. Related to truncated terms, e.g., ’y(p >agng, the difference between the
results obtained with MR1 and MGMR(C) depends on a selected value C, and converges
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Table 7: Comparison of the relative permeability errors E(")(k)[%] for a cubic array of spheres in a 25° box

using linear schemes when A, =3/16. The permeability is independent of the viscosity v only for CLI when
Ago is fixed.

X | W V=5 v=1 v=1 V=3
CLI | ULI/DLI | YLI | ULI/DLI | YLI | ULI/DLI | YLI | ULI/DLI | YLI
0.5 | 0.57 0.9 1.2 2 3.5 4.3 8.0 8.8 16

0.6 | 0.05 0.3 0.6 1.3 2.8 3.3 7.1 7.8 16
0.7 | 0.1 0.4 0.8 1.4 3.2 3.6 8.1 8.4 18
085 1.1 1.7 23 3.6 6.6 7.7 15.5 17 34
0.95]0.28 1.0 1.9 4.0 8.1 10.3 21.3 242 50.4

to zero when C — 0. We detect usually that MR1 results are slightly more accurate.

In Stokes flow modeled with ULI/DLI and YLI, the second-order boundary error,
with respect to the viscosity independent solution v}, varies as 6,—3|A2 and $AZ, re-
spectively (see the coefficients in front of 85 jo in Table 5). One should expect then the
increase of errors in permeability measurements with A,, even when A, is fixed. It is
noted that for YLI this error does not vanish when 6, = 1. The results in Table 7 are com-
puted with ULI/DLI and YLI (they coincide for ULI/DLI with those in Table V in [16]
when v = 31—0 (t=0.6 there) and v = %). The results with CLI are those from the previ-
ous table. We observe that CLI overtakes ULI/DLI in accuracy even for relatively small
viscosity. In its turn, ULI/DLI surpasses YLI by a factor 2 for all tests. Although the sit-
uation may in principle become inverse, for other A,, value and/or smaller viscosities,
we return to this conclusion systematically. Finally, the errors increase rapidly with the
viscosity and they reach, roughly, those of bounce-back (see in previous table) already for
v= % . Although one could advocate the use of small viscosity values (A, < —1), we em-
phasize that the convergence time increases as the inverse of v, even when A, is fixed. In
case of the BGK, A,, behaves as 12 and requires the use of even smaller viscosities. Also,
it is not possible to keep small values for two viscosities, e.g., for two phase simulations
with high viscosity ratio.

5.4 Staggered invariants
Spurious conserved quantities have already been known for Lattice Gas modeling and

have been discussed by Zanetti in [48].

5.4.1 One particular staggered solution

We will refer here to “staggered solution” as a one dimensional velocity component
uy (y,t) which oscillates between two time measurements in a periodic channel composed
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of N, horizontal lines (numbered with superscript):

u](/ﬂ)(t):(_l)t—i_lusl l:1/2/"'/Ny/2/

(21-1)

(5.27)
u V=~ 1=12-,(Ny+1)/2, t=0,1,2,--.

Substituting the equilibrium distribution with the staggered solution (5.27) (and p,; =0,
()

mép) =0, Fq* =0) into the exact closure relation, one finds that M, ’ —scheme supports it if,
necessarily:

(Kl—Ko—kfl—l-K,l +k_2)u5:us. (5.28)

Since
AT =K1 +Ko+R_1+Kk_1+F_r=1

for all Mg,”) schemes, then the necessary conditions are:
Ko+#%_1=0, Ki+x_1+ik_r=1. (5.29)

These conditions are met by BB, CLI/MCLI and MR1. The El) <) correction (5.7) van-
ishes for MR1 on the solution (5.27), the BB, CLI and MR1 schemes support then the

staggered solution exactly. The flf <) reduces to a(®) ﬁag Jo for MCLI, and it differs from
zero for the solution (5.27) unless 6, =0.

A simple initialization of the staggered solution (5.27) in an open channel with the
no-slip horizontal walls confirms that it is kept by the BB, CLI and MR1 but it is damped
for MCLI (except when 4, =0). The oscillating vertical velocity can coexist with the phys-
ical solution of a problem, e.g. the channel flow invariant along its direction. A simple
method to kill it is to use the “delayed” value fq (7,t—1) of the outgoing population. The
“delayed” bounce-back is therefore:

fa(Fo t+1) = fo(Fo, t—1). (5.30)

The use of the “delayed” values can worsen, however, the conservation and stability
properties of the scheme. We mention that the oscillations in time are not restricted to
one dimension in space in closed boxes. Their development is related to the existence of
staggered invariants supported by the boundary conditions.

5.4.2 Staggered invariants of the BB, CLI and MR1 schemes

The staggered invariant obeys the relation
S(t)=—5(t+1) then S(t)+S(t+1)=0, Vt. (5.31)

In an open channel consisting of N lines parallel to the solid walls, the following com-
binations of the perpendicular momentum values J, (7,t) satisfy this relation for BB, CLI
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and MR1:

N, =2K4+1:
it g <(te g
- (gr-£)

N, —2K: (5.32)

K K-1 K
t): <IE—‘(ZI Z—’(ZI 1) ) <27;(121)_27;(121—1)>
=1

=1 =2

Owing to the momentum conservation by the collision operator, the total normal mo-
mentum is exchanged (no forcing) for even and odd numbered lines, excepted at the
boundary lines. Relations (5.32) are derived by replacing the incoming populations with
their actual solutions. They combine the difference in total perpendicular momentum for
even and odd numbered lines in the initial column (first term in the RHS, for BB, CLI
and MR1), in the column reduced by two boundary lines (second term in the RHS, for
CLI and MR1), and finally, in a one reduced by two lines near each boundary (last term
in the RHS, for MR1). The following relations illustrate a derivation of this solution for
CLIscheme (k1 =1, kxo=—%_1) when N| =2K+1, then:

K+1 K

K K41
(z#hi#”)WI(zﬁlzhﬂmﬁww
=1 1=1

=1

(ffﬁf” —fffﬁ"”) (t+1)= (ffff"” —fi‘f“) (1) +80(1), (5.33)

I=1 1=2

(Eh“%wznml %(Eﬁ%w+zﬁMQ'
gel1®) geI1®) gel1®) geI1®)
Combining these relations, one gets relation (5.31) with S(¢) given by the first rela-
tion (5.32) when x_; =0. For the bounce-back (ko =0, x_1 = 0), the staggered invariant
represents the difference of the total normal momentum for even and odd numbered
lines. One can trigger the staggered vertical velocity (5.29) initializing its uniformly,
uy(t=0) =u in open channel when N, =N is odd. Substituting J,(t=0) =u" into
relation (5.32), one gets the solution for the staggered amplitude |u°|:

(1+xo+x_1)|u’|

N| =2K+1: |[u°|=
* L e N —(Nyp—2)ko+(NL—4)x_1

(5.34)
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For the bounce-back, the initial value is equally distributed over all nodes: |u*|=|u°| /N, .
When J,; =0, the coefficients coincide for CLI, MCLI and MR1 (k1 =xo=—-k_1=1,k_ 1=
%_» =0) and all of them converge to the solution (5.34) where the amplitude is equal to
its initial value, |u*| = |u°|. When the number of the grid lines parallel to the solid wall is
even, N| =2K, the staggered invariant (5.32) vanishes on the uniform initial distribution
uy(t=0)=u". One can provoke the solution (5.27) initializing 1, =u° for one row, say the
last one. Then
||
N —(NL—=2)ko+(NL—4)x—1’

=
and, again, |u*| = |u°|/ N for the bounce-back. In closed boxes the staggered invariants
exist but in a more complicated form.

5.5 About the uniqueness of the steady solutions

Starting from different (arbitrary) initial distributions, one could expect to obtain equal
steady macroscopic and population solutions. We distinguish three contrary situations.

The first one is when the obtained solution is not steady but oscillates for each two
(or more) time moments. The boundary schemes which do not maintain the simple stag-
gered solution (5.27), e.g., the LI schemes (excepted BB and CLI) and the parabolic ones
(excepted MR1 and MCLI (4, = 0)), usually do not show the appearance of oscillating
solutions in closed rectangular boxes. One can try to avoid their development with the
help of an accurate initialization, e.g. [38], or removing at =0 the open channel staggered
invariants (5.32), at least.

The second situation happens when the solution for second-type link is decoupled
from the evolution of the whole system. Indeed, the case J; =J; =0 is degenerated for
the link-wise approach since two anti-parallel links cut the wall at the same point (see in
Fig. 3). One example gives then the ULI scheme. Applied in a local form (4.3) for such a
link, its solution is:

foFot+1) = fo (7o, ) =275 (B), fo(Fo t+1) = fy (o t) +25° (D).

These two anti-parallel populations are decoupled from the others (their initial values are
exchanged for no-slip condition). The local MGULI scheme,

Fa(Fot+1) = fo (B t) —2j27 3+m§” (t),
fq(?b/t‘i‘l):fq +2] 3 mq t/

couples the second-type link with the other corner populations via mb7 ( ) (note that the
sum of two solutions remains equal to its initial value). We recommend to use MGULI for
the second-type links in solid grid vertexes, bearing also in mind that it yields the correct
parametrization properties, or to avoid the solid vertexes on the discretization grid.
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The third situation is when the number of the non-trivial independent boundary con-
straints is less than a number of the unknown population components. Let us consider
the “parabolic” schemes in a standard node when 6, =0 (%, =7). The MCLI and MR1
coincide then (MGMR(C) reduces to MR1) and xp=1, k1 =%_1 =0 for MULI=MYLI, two
other coefficients vanish for all schemes. Replacing f;(t+1) with its boundary solution,
e.g.,

fi(t+1) = fy(t+ D)+ —ale ()

for MULI, and substituting f,; ‘C‘(“), one gets the normal momentum values ZqQ;ll falt+
1)cgn as:

MULL MYLI: j,(t4+1)=/5(3),

MCLLMRI: 25y (+1) () =4 D) o
Computing the anti-symmetric component in a given boundary node,
ng (1) = falt+1) ;fq(tﬂ) —e; (t41),
one gets for m; =A,n, :
MULL MYLI: 1y (Fo, t+1) =my(Fo,t) — Ao (e (Fo,t+1) e, (77 (1)), 536
MCLL MR1: 1 (Fo, t+1) =my(Fo,t) — Ao (e (Fo,t+1) +e (o t) —2¢, (7 (F)).

Substituting here the solution (5.35), m,(t) becomes fixed for the populations perpendicular
to the boundary:

MLI(2™)), MR1: 1m1(Fo, t4+1) =115 (Fo,t), |cgn| =1, |cge|=0. (5.37)

Numerical simulations with the parabolic schemes in open and closed rectangular boxes,
taking J, =0 for the vertical and/or horizontal boundaries, confirm that m,(t) = m,(0)
for the normal populations. Exact steady closure relation (5.11) becomes for all cut links
when 6, =0:

MGLI(a"), CLI: (]‘;+ﬁ(f*>(1:;—m,§”))(?b):jj,(?w), Foy =Tow,s (5.38)
MLI(a), MR1: j3(7p) =]} (Fu), To="Tuw- (5.39)

The conditions imposed by relation (5.38) constrain not only j; but also m,. This con-

straint is not exact unless ﬁ(P*)m[sF) +pU *)Fq* +£¥ <) vanishes, e.g. for Couette flow. In
contrast, the closure relation (5.39) is exact but it does not restrict the non-equilibrium
components. The obtained steady velocity solution is then exact at boundary points for
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any solution obtained in the bulk. The population solution depends however on the ini-
tial values m, (7,,0) assigned for the normal links g,. For some (invariant) situations
discussed in [22] the associated accommodation layer has not any impact on the velocity
solution. In general, however, it is not so and the velocity solution loses the uniqueness,
depending on the initialization of m, (7,,0).

We recommend to avoid the use of the parabolic schemes (based currently on the
explicit in time f} () corrections) when 6, =0. Finally, we emphasize that the situation
07 =0 can be avoided by replacing the grid solid vertex by the next neighbor node, then
0, =0is replaced by J; =1, but this may increase the truncation errors.

5.6 Time approximation

The third-order accurate closure relation (5.3) is:

N o 1o, O

MLI(a™)), MR(K): (ji +049q/ + E(s;a; jo+a04jy) (Fo,t) =5 (Fuw )

LI(a™): (a2 48,9005 + B P miT + U +aWa,j5) + ) (o ) (5.40)
:oc(”)j;(?’w,ﬂ.

We conjecture that for time dependent boundary values, «(*) indicates at what time value
t=t-+al) it is better to set wlgu) (P t).

When f; <) — 0 then
D +1 1
() — -
& a(”) 2 Ao
(see a'V) in Table 2 with relations (4.8) for D). It is noted that D~ is the coefficient of my
(since my contains dyj; via relations (2.22)) and +1 comes from the change of the momen-
tum in time:

() = 1) (Fo £) 4 (Pt 1) =) o (Fo 1) + D4y

Then, if f§ <) includes ﬁzx(“)m[(f) (for some B), a!) is increased with 8 and becomes equal
to %—Ao +B. When the second-order spatial error is canceled, as for the MLI(a(*)) and
MR (k) families, we suggest that this expression presents an effective estimate of a(*), e.g.
B=A, for MR(k) and = A,+|6;— 1| for MULI/MDLL The resulting coefficient a*) is
presented in Table 8. For the principal parabolic schemes, a(*) is found between land 1.

The second-order space and times errors are difficult to separate for the LI(a(*)) fam-

ily. The formal estimate for a(*) is 1—A,+p, with B again as the mgF) coefficient in f} o),

However, when the component —Ao(at]’;—l—aql—[j’—F; ) of the second-order error is ex-

2
q

error and we suggest that the effective coefficient reduces then to 3+ 8. We summarize
this in Table 8.

pressed via A.d7j;, as in the special solution (5.12) for Ag(J,), it contributes to space
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Table 8: Coefficient a'!) in closure relation (5.3). When the second-order time and space errors are coupled for
the linear schemes, e.g., via the effective solutions for A, the solutions of the parabolic schemes (second line)
are valid for linear schemes and replace the fourth line.

M| wMULI | MDLI | MYLI | MCLI, MR(k)
o) 1-4, 5, 1 :
M | MGULI | MGDLI | MGYLI| CLI, BB
o [ 1-6,—N, | 3,—A, | 1-A, 1-A,

We verify this analysis in [22] modeling time-harmonic flow [26,47] with time depen-
dent boundary conditions at the inlet/outlet sections. This and other tests (e.g., transient
Couette flow and Taylor vortex flow) mainly indicate that MR1 behaves more accurately
when the boundary values are estimated in the middle of the time interval, t=t+ % ; CLI
and MCLI have a better accuracy with t= t+% but only when §, < %, then the results are
close for a(t) = % and ) =1, and t=t+1 gets better results when J; — 1. The MYLI and
MGYLI behave more accurately with t=t+1 for all g

6 Mép )_schemes for pressure boundary condition

We assume that the pressure distribution and the tangential velocities are prescribed at
the boundary I'(?):

P’r(p)zpb<7w,t), ﬁT\r(m:ug(?’w,t), ?WEF(P), T:{T1,T2}. (61)

The multi-reflection combination M, is called Mép ) for the Dirichlet pressure condition.

The M,gp ) _scheme follows relations (4.2) with:

foFort+1) =M (o 1),
MY =RP 7o, )+ 20 (T, ) + w0l (Fur F), qeTI®),
w = —alPef (7)) = —aPIT; (e 2P, o),

p.c.(p) — _,B(M)Pq (?b/t)c

(6.2)

Table 9 summarizes the principal M,gp ) schemes developed in this paper: (pressure anti-

bounce-back) PAB, (pressure linear interpolation) PLI and the five-populations based PMR (k)

family, where k is a free parameter. Table 10 presents the closure conditions of the Mép )
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(p)

Table 9: The coefficients K1, K9, k_1, Ry, &_3 for the M_?)—schemes.
M) [ PAB | PLI PMR(k)
K1 -1 % —0q 1+A,
Ko 0 6—1 14+ 3/\e(k*2)+45qk(2+3/\e)
k-1 |0 0 kf5q YR
kK1 |0 : 1+ 5q (A 2)4+Ae(3k 2)
ko |0 0 —kdg(Ae— 4)f/\e(kfz)
0q ; 0<6,<1]0<45,<1

schemes. We fit it to the link-wise Taylor expansion for IT:

alP)(IT;+6,9 H*+25§,agng+a( JOIT}) (Fy,t) = P)IT; (7o, B) + ErrlP)

Err(”):ErrE )-I-Erré )+Err§ ), Errg ):(zx P —[3(”))8 H*

alp) (6.3)
ErrlP) = — (1 >aq]q, ErrlP) = —(’y(p)—l—ﬁ(“) 52)851—[;,
“(f) — 1+B_ )
(x(P)
All schemes yield a®) =0 (i.e., D~ = —1, B{f) =0) such that the terms associated with Jar

dtj; and the forcing vamsh from the closure relation (see in Table 2). All schemes yield

qrs

then Errgp) vanishes (with 6, =1 for PAB). The first gradient /3<”>aq Ja is removed with the

help of the correction f} <(p) (see (6.2)). Since py(j;) includes A,94F7, the force gradient

term 'y(f )aqF x ()= ,B(“)Ao, also Vanishes from the closure relation (see relations (4.9)).
(p)

The M( ") needs p(7w) to compute wq rwﬂ and, unless gs =0, the M,"’ needs the

boundary velocity values, i rwﬂ to compute the non-linear term in wép ) (rw,j unless

gs=0. The simplest directional f.d. approximation can be used:
i1 (Fog £) A2 11 (P ) + 85 (1 (P, 1) — (T — Cp 1)), if T2 TTW(7y),

b
g(ﬁ(?b,t)—mw,t)), if &;eTI(7,), 6;7#0.
q

6.4
(T, 1) R i (Fp, )+ ¢4

The last relation applies for the second-type link when 7, € T(P), 75 € T and 05 # 0.
Otherwise, when 567 =0, then 7, lies on ') and one can compute the f.d approximation
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Table 10: Coefficients of the pressure closure relations with the f;'c'(m correction (6.2). The LHS is a linear

combination of the elements in the first line. The RHS is equal to —w;p)/a(l’) :Hq(?'w,ﬂ. PAB: a(P) =—2,
PLI: «(P) =—1, PMR(k): a(P) =kA,.

LHS IT; I, [oaL; ;. |odT;

M‘SP) aP) /0@ | BP) /aP) | ()4 BIIA) 7aP) [y () /0 (P) [ () /()

PAB 1 z 0 —Ae |3

PLI 1 5, 0 —5, A |20,

PMR(k) |1 5 —(3+36)+1 0 T HA(2+5,)
PMR1

(k=1) 1 5 1-45, 0 3+ A(2+6,)
PMR2

(k:(1+25,,)2) 1 84 305 0 T4+ A((1465)%+,)

along the coordinate axis,
d
aql/_[: Z aaﬁan,
a=1

similar to relations (5.26). Linear velocity approximations, which we use for the non-
linear term only, are formally consistent with the O(&) overall accuracy. When the tan-
gential velocity u. is prescribed, one must only approximate the normal velocity compo-
nent, u, (?W,B.

6.1 Five populations based, PMR (k)-family

This family sets y(*) =0 (Errép) = 0) with the help of its coefficients, keeping x_; and
a(P) as two free parameters. The range of the coefficients improves if one sets: a(P) =
kA, and specifies x_; as a linear function of A, (see in Appendix B). The coefficients
k1 —&k_p are found inside the heuristic stability interval [—1,1] when % <k< g and k is
independent of §; and A,. The PMR(k) is considered as a principal pressure family with
j® /11?) /F(?) accuracy, i.e. exact for linear pressure and parabolic velocity distribution.
We apply mostly PMR1=PMR (k=1). The particular choice, PMR2=PMR (k=2(1+6,)?)

yields a triplet j©®) /TI®) /F(): it cancels E rrép ) owing to k and becomes exact for parabolic
pressure and velocity solutions. The PMR?2 yields all its coefficients inside [—1;1] for all
Ae. The coefficient a(!) in Table 10 indicates that the pressure boundary value should be
prescribed in the middle of the time interval when A, — 0 (i.e. A, — 0 and truncation
errors vanish). We emphasize that the estimations for a{) are only indicative, its actual
values, e.g. for compressible flow, will depend on the coupling with the second-order
spatial pressure gradients governed by the coefficients (?).
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Parametrization properties. Again, the local solution components are labeled with “loc”
and those in 7, —c, with “nb”. Then the exact steady closure relation (4.5) with (4.6)
becomes for the PMR (k) —family:

loc nb

<A<P>n*)’“+(A<P>n*)”b+(3<rf>mg“) +(BPmP)
—i—A(“) <];nb ];]()C)_i_B(u)n (pq —py loc)

+ A" A (FF B0 = P)TTY, (6.5)
where

A( )loc 3 A(P)nb 1

1 :—1+k(§+5q), 1 :1—k(§+5q),
B(ploe 3 1. B®"™ 1 1

2 :—Z(k—z)‘i“sqk(l\eo—i)/ 2 :1( 2)— ‘5qk(Aeo—§)r (6.6)
A(u)nb B(u)i’lb k

A :5qkAe/ = (5(1'1'5 ) )Ae'

Multiplying the closure relation (6.5) by A,/A. and provided that k is independent of
the eigenvalues (or depends on them via A,,), the coefficients satisfy the sufficient con-
ditions (4.7). The PMR (k) family supports then exactly the parametrization of the steady
bulk solutions.

It is noted that for the PMR2 scheme k=2 when J,=0, then all coefficients (6.6) vanish

with the exception A(? ) — (1) and the exact closure relation becomes:
IT; (7y) =115 (Ry), 04=0, Fo=F,, qeII¥). (6.7)

Like the parabolic velocity schemes, PMR?2 yields the exact closure condition for ;=0 and
may cause a loss of uniqueness, because of the lack of restriction on the non-equilibrium
part. We recommend then to use PMR1 when 6, =0.

6.2 One-three populations based, PAB and PLI schemes

The coefficients of PAB and PLI are equal, respectively, to those of the anti-bounce-back
and three populations based Dirichlet schemes [18] for diffusion equations. The anti-
bounce-back is also used to prescribe the pressure at a free interface, e.g., in [34]. The

removal of dgj; with fq dlstmgulshes the PAB and PLI from their diffusion analogs

and improves their accuracy. The exact steady closure relation for PAB (with J, = 1) and
PLI is:

P (11 +6,mi) () =aPIT. (6.8)
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These relations, and therefore the steady solutions, are equivalent for PAB and PLI for 6;=

1. They satisfy sufficient parametrization conditions (4.7) (multiplying the relation (6.8)

by A,). These schemes do not remove however Errép ) with their coefficients, with the

exception of ; =0 with PLI, where its closure relation reduces to exact condition (6.7).

We usually restrict the application of PLI and PAB to second-type links, where E rrép ) can

be canceled with a help of the approximation (5.26):

p-c.(p)

.C.— o= d
pelr) , gpelp) y ppe= - pper — g g2 6.9)

Since 'y(”) = A, for PAB and 4, A, for PLI (see in Table 10), this correction does not modify
the parametrization properties for Vf (Stokes) and f’ (Navier-Stokes). Finally, alt) = % for
PAB. For PLI, a(¥) € [2,1] and a(*) — 1 when §, — 1 (we suggest then to use &) =1).

6.3 Special links with M_"

For the first-type links, we again replace f, (7, —2¢;,t+1) with f,(%,—C,,t) (see in Sec-
tion 4.2). For the second-type links, we switch five-population schemes to PAB/PLL

7 Mém)-schemes for the mixed (pressure/tangential velocity)
boundary condition

Let {7,771, 72} be a local coordinate system built on the normal vector 7, perpendicular to
the solid wall at iy, with tangential vectors T={7,7> }. The mixed scheme is constructed
to prescribe the pressure P’ = P(7,,t) (as a normal condition) and the tangential velocity

i1l (7,t) (as a tangential condition) at a smooth part I'(P) of the solid boundary. Mixed
condition can be regarded as a particular form of the third kind condition [23]:

— P+2udpthy|p() = — PP (Fu,t), Fw€TW),

R b . (7.1)
_,Bvan”T’r(n) :ul;(rw,t), thr={tg, U},

when free parameter 8 is set equal to zero and the viscous stress component ud,u, is
neglected, e.g., when the normal velocity components are nearly invariant along the nor-
mal at the inlet/outlet, as in straight long channels. A local node based approach [15]
prescribes the stress components for arbitrary shaped free interface. We believe that it
can be adapted for third kind boundary conditions. In this paper, we aim only to show
how the MR approach can be extended to mixed, pressure/tangential velocity Dirich-

let conditions. The main point is that the closure relations of Mg”) and M;P) schemes
represent the Taylor directional expansion for e, () and e; (7w), respectively. They can-

not prescribe both equilibrium components for each link separately. The idea of the M[gm)
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scheme is to equate the total tangential projections to those of Mgu) schemes and the total

normal projection to one of M{gp ) scheme.

Let {cqn,chl,chz} be projections of Eq on the local coordinate vectors. Assuming that
both Mé,p ) (7,) and M;”) (7 ) are built for all links which cut the solid boundary T'(?) at 7,

we look for a local set of corrections {6 f3(7) }:
fiFot+1)=M", M =M +6f;, qeni?), (7.2)
Let us introduce 6 M, as:
sMy=M" —MmiP). (7.3)

The corrections {4 f;(7) } must satisfy the following (equivalent) conditions (the summa-
tion goes over all g€ IT(?))

Lfacan= ZM«(JP)CW

)y quén Cqn = ZMgP)cén Cqn

L fichu =My ey

¥ f1CarCon = LMY Cqn, CqCn
Lfacqm = ZMzgu)an L0 f7Cqm = LOMyCqm,
L facqm :ZM[s“)c,m L0 f7Cqn = Y0MyCqr,.

The third, fourth and last equations concern the three-dimensional models only. The two
last equations restraint the tangential velocity. The other conditions represent the normal
(pressure) constraints. Let us elaborate these relations for the simplest case when I'(P) is
parallel to one coordinate axis.

Z‘qucqn =0,
Y0 chéﬁ cgn =0,
Zéch%TZan — 0,

Yo chbm CqryCqn =0,

(7.4)

t et

3

7.1 d2Q9 velocity set

For the d2Q9 velocity set three equations are retained:

Yo 0fscqn=0, Y Ofscrncan=0, Y Sfscqn= Y SMycym. (7.5)

geri») qelip) qeliv) qelip)

For a standard node with two incoming diagonal populations and one normal, the solu-
tion is:

d2Q9: 6fy=—0 Y oMyepn. (7.6)
qu(}”)

As one could expect, the normal link sets the pressure condition:

8fy=0, My"=my’
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when ¢z, =0. Replacing 6 M,; with its definition, the solution, e.g., at inlet, becomes:

d2Q9 f1 = Mgp),
1 1 u u
f5 = —2 (Mép)—l-Mép)) — —(Mé )—Mé )),

1
fom E(Mé”)—i-Mé”)) +§(Mgu> — My, (7.7)

7.2 d3Q15 velocity set

The second and the third relation (7.4) are identical for a non-inclined wall. The solution
for the 5 incoming populations in a standard boundary node is:

d3Q15: 6fy=—"T0 Y SMycyn— 12 Y 6M,cyn. (7.8)
)

4 qen(lﬂ 4 qen(lﬂ)

Again, the normal population (c;¢, = ¢z, =0) performs a pressure condition, J f;=0.

7.3 d3Q19 velocity set

For a non-inclined wall, the linear system (7.4) reduces to two sub-systems: one for
cqnCqr; 7 0 and another one for c;,cqr, # 0 (e.g., when the inlet is perpendicular to the
x—axis, ¢y, = ¢qy and cgr, = ¢4;). The first equation in (7.4) couples the two sub-systems.
The solution for each sub-system has a form (7.6):

C_
d3Q19: 5f,7 =11 Z (SMqurl; CanCqmy #0,

2 qu(V)
Cr
qu(V)
6f1=0, cpu#0, cq=0, cyn=0. 79)

7.4 Special links with Mg(lm)

Computing Mgu) and Mlgp ), one treats the special links along the rules specified for each

of these schemes. Their Mgm) combination is determined however only when the sys-
tem (7.4) is of full rank. This condition is naturally fulfilled in any “standard” boundary
node where all populations which bisect T'(?) are put into IT(P) (7, ).

Let us illustrate now the situation in corners for the d2Q9 velocity set (Fig. 2). The
population f;(7,) goes through the corner and cuts two boundaries, the vertical one I'(*)
and the horizontal one I'"). When g = {3,6,7} are put into I1(7)(7,), the solution (7.7) is
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used for {f1,f5,fs} and {f2,fs} are defined with M,gu). When g =7 is put into T1*) (),
ie., fs= MFE.”), then f3 and fs perform the pressure condition:

=MV, sn=0, f=MP, sfz=0.

A more complicated combination of two (or more) conditions is possible but is not con-
sidered for the sake of simplicity.

7.5 Further simplifications

One needs to approximate u,(7,,) for two terms, wé”) (Fu,t) and wép ) (7w, t) (the last one
when g5 =1). Assuming that the tangential velocity is prescribed, one can approximate
the normal velocity component with relations (6.4). Linear interpolations are sufficient
here for wé“) (7w,t), at least when 92,,u,= (&%) as typically happens for the straight chan-
nel flow at inlet/outlet. Indeed, the contribution from other second derivatives vanish
from the resulting closure relations owing to their projection on c,;. In this way, when

the tangential velocity is approximately constant at the inlet/outlet or equal to zero, the lower

order M,gu) components (e.g. LI(a(") schemes) are sufficient for the mixed conditions.
The parabolic velocity components in mixed schemes gain usually in accuracy for non-
channel flows (see in [22]).

8 MR schemes with MRT

The boundary schemes are derived and analyzed above in the context of the TRT model.
The same solutions can be obtained using the multiple-relaxation-times (MRT) collision
operator, taking all the “symmetric” eigenvalues (associated with the even order poly-
nomial basis vectors) equal to A, and all the “antisymmetric” eigenvalues equal to A,.
However, with the help of distinct symmetric eigenvalues one can assign different val-
ues to the bulk and kinematic viscosities (for any c2) and improve the stability and acous-
tic properties (see [36,37]). In particular a high bulk viscosity can be used to damp the
acoustic waves generated by a time-dependent pressure field.

Let us denote the kinematic viscosity eigenvalue as A,. We suggest, based on the
form of the first order expansion for MRT models (see, e.g., [15,29]), that under the
incompressibility assumption all the derived boundary schemes will keep their accuracy.
Indeed, a projection on the second and fourth order polynomial basis vectors (which
may have eigenvalues distinct from A,) is proportional to V-j. For incompressible flows,
V-j=0O(%), then

V=T 0(@)
and the subsequent space approximation keeps its TRT form. For transient flows, 0,11}
(also projected on the symmetric basis vectors) vanishes from the velocity closure rela-
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tions owing to the selection of the coefficients. Let us consider now the antisymmetric
solution component in more detail.

Working with the mass/momentum conserving equilibrium (first setup in rela-
tions (2.15) and (2.18)), the values assigned to the relaxation parameters of the conserved
basis vectors are irrelevant for MRT. We assume therefore

F=F, S;=t;(F)

for MRT. For cubic velocity sets, it is natural to prescribe equal antisymmetric eigenval-
ues, because of the symmetry. The MRT retains then, like TRT, only one anti-symmetric
eigenvalue function A,. It follows that if the coefficients of the selected scheme and their
fF< correction do not depend of the “symmetric” eigenvalues, one can apply them di-
rectly with MRT. This is the case of all the principal velocity schemes developed here.
Their explicit corrections are related to m,, equal to the sum of post-collision projections
on the antisymmetric MRT basis vectors (see also in [16]). However, the approxima-
tion (5.26) which we suggest for third-order accuracy in corners keeps its form for incom-
pressible flows only.

The principal f; <) correction of the pressure schemes in relations (6.2) equals to
— ‘B(“)pq(?b,t). The coefficient ,B(”) =B~ +DT™ (see relations (4.9)) depends formally on

A via DT. However, this correction can be computed in its original form, also valid for
MRT:

lf.c.(;ﬂ) —— (B + (,X(P) +1)) pg(Fo,t) _a(P)n;‘ (Pp,t). (8.1)

All other coefficients of PAB and PLI are independent of A.. It is not the case for the PMR
family and we suggest to compute its coefficients with the kinematic viscosity eigen-
value, under the incompressibility assumption. We emphasize that the estimation of the
coefficient a(!) for time dependent pressure conditions will change its form when the
symmetric eigenvalues are distinct, but, most likely, the limit for small viscosity values
will not be altered.

One should keep in mind that unlike the TRT where the A,, combination is unique,
the degrees of freedom of the MRT operator are formed with all the possible A,, combina-
tions of the symmetric/antisymmetric eigenvalues. In general, all of them may come as
higher-order coefficients in the expansion and influence the solution. Although at steady
state this contribution is shifted to the second-order, it spoils the exact parametrization
via Ag. One should fix all “symmetric/antisymmetric” combinations, via “free” sym-
metric eigenvalues, when A, and A, vary with the viscosity and their combination A,, is
fixed. The interplay between the values assigned to distinct magic combinations is not
yet fully understood for stability, higher-order accuracy and parametrization.

9 Conclusion

We presented the steady state recurrence equations for the TRT evolution operator and
derived the parametrization properties of their solutions in the bulk. One of our objec-
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tives was to show that there is a proper parametrization of the free “kinetic” collision
component which yields equal non-dimensional macroscopic solutions on a fixed grid.
This property is not available for the BGK model, where the second-order boundary er-
rors and all higher order bulk errors are related to powers of the kinematic viscosity.
Equivalent equilibrium functions enable the TRT model to operate easily with different
formulations for external source terms. In this context, an infinite expansion of the pop-
ulation solution is extended for variable mass and force sources.

When the coefficients of the link-wise boundary scheme satisfy some specific but
quite natural conditions, steady numerical solutions are parameterized exactly on a fixed
grid and depend, in addition to the hydrodynamic non-dimensional numbers, only on
the value assigned to the free collision parameter A,,. This property conditions the nu-
merical efficiency of the method. Already known and new, velocity and pressure multi-
reflection type boundary schemes are analyzed with respect to this property. Bounce-
back, CLI from the LI(a(*)) family, MR1 and the sub-family MGMR(C) from the MR (k)
family are parameterized exactly as the bulk solution owing to a special form of their co-
efficients. New “parabolic” schemes: the velocity family MLI(#(*)) and the pressure fam-
ily PMR(k), also obey the parametrization conditions. We propose a special local correc-
tion which gets the parametrization property for “linear” velocity schemes based on two
or three populations. They form the MGLI(a(*)) sub-family and include MGULI/MGDLI
and MGYLI schemes which are based on the coefficients of references [5,46].

The selection of the multi-reflection schemes among the infinite number of three-
or five-population combinations is currently based on the parametrization properties
and/or a heuristic stability argument which assumes that the coefficients of the MR
schemes stay inside the interval [—1,1] (see also [14,16]). We find that MGULI/MGDLI
do not support staggered solutions and are robust. Their “parabolic” counter-parts
MDLI/MULLI, as well as MCLI and the sub-family MGMR(C), are often more stable than
the MR1 scheme, but the latter is in general more accurate. In the future, we hope to
deepen our understanding of the relation between the selection of the boundary scheme
and the stability /convergence of the whole algorithm.

Once a generic closure relation for a given family of boundary schemes (e.g., linear,
parabolic or diffusive) has been chosen, a Taylor expansion, either along a link or the
normal to a wall, allows one to express the difference between the actual boundary con-
dition and the prescribed one. This difference can be interpreted along different lines.
Since A, is proportional to the square of the kinematic viscosity for the BGK operator,
one possibility is to express the difference in terms of powers of the Knudsen number,
e.g., in [4,43,45], and hope this can be suitable to model rarefied gas flows. As one ex-
ample, the Taylor-type closure relation [43] for a mixture of bounce-back and specular
reflection is fitted to boundary layer analytical solution [7], with the help of specific force
weights distribution (assuming a Poiseuille flow). However A,, is a free parameter of
the TRT/MRT models, making questionable the “kinetic” interpretation of Lattice Boltz-
mann closure relations. Whatever, we emphasize that the generic closure relation (5.3)
allows to match the coefficients of the first and second gradients in boundary layer so-
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lutions via the coefficients of the multi-reflections, with or without the help of A,,. The
developed methodology is not restricted to link-wise boundary schemes and can be eas-
ily extended for node based approaches or diffusive type schemes, some examples being
found in [9,12,14].

The multi-reflection approach guarantees neither local nor global mass conservations.
It only tries to minimize the discrepancy with the bulk solution, and mass fluctuations
for transient flow, with the help of advanced accuracy for incoming populations. The
question of the sufficiency of the effective closure conditions, realized via the micro-
scopic rules, should probably be asked for any kinetic boundary scheme but it is not
yet raised in the LB literature, to the best of our knowledge. We have first met the loss
of uniqueness of steady solutions in sharp corner geometries for local (node based) exact
schemes [14]. For multi-reflections the system may degenerate in closed geometries, e.g.,
because of the location of flat walls on grid nodes. We find that the parabolic schemes en-
force then the exact equilibrium boundary values but do not have a sufficient number of
the non-equilibrium constraints. Linear schemes may meet this difficulty in grid corners.
Third-order accurate pressure and velocity boundary conditions have been extended for
corners but there they compromise link-wise implementation for particular links with no
neighbors.

Further numerical tests are presented in a separate paper [22]. They validate the pre-
sented analysis with respect to the form of the expansion, the parametrization properties
and accuracy of the boundary schemes, their extension to corners as well as for an accu-
rate fitting of time dependent boundary conditions.

A Macroscopic equations via the Chapman-Enskog expansion

Keeping in mind relation (2.7) and enclosing first the source terms into the equilibrium
(M =0, F =0), the two times Chapman-Enskog expansion [11,29]

dg=edy, Oy=e0y, O4=¢dy,+€0, (A.1)

is involved to express the non-equilibrium in terms of the gradients of the equilibrium
components:

foFEpt+) = om0 =nf W nt @ ns Wn @ L o),
pgl) =¢(d ey +oye;),
mgl):s(at]e; +0ye.),
P¢(12) _ eZatze; _ 2 [aq//\oatle{; +aq1A08q/eq+] —€2[9,, Aeatleq+ +9y, Aeaqre;]
:szatze; —Bqum,gl) —ay, Aep[sl), (4.2
mgz) :szatzeq_—ez €, AeOt, e;-i—aq/Aeaq/eq_)]—ez [0, AoOr e, +801 Apdyer |
=20y, —an@p[sl) — 0, Aomgl),

(k) (k)
+(k) _pq — (k) _ mq _
ng =5 ng =55, Vk=1,2,---.
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The leading order of relations (2.8) with M =0, F=0are

Q-1 Q-1

1 Do 2
Zpg):M, Emg)cq:F,
7=0 q=1

then
£y, 09+ V- FI=M+O(?), (A.3)
- o Q-1
€0, 9+ V-II-F=0(¢?), M={Pyp}=)_ ey CqaCqps (A4)
q=1
where
! M e = !
pl=p"+AM, p"= Efq—i-?, JFl=j+NAF, j= Efq(?q. (A.5)
q=0 q=1
At second order:
£29;,0°1 =V - Ao (€dy, 24V -T1) +£dy, Ao (€9, 01+ V - J°9), (A.6)

0,7 I=V- (2T + V(22T ) eAdy, V-TI
+€dt, Ao (€dy, P+ V -T1). (A7)

Owing to relations (A.4) and (A.5), the RHS of Eq. (A.6) is equal to V AGF +€0d¢, A M. Tak-
ing the sum of the first- and second-order relations, and writing the obtained equations
with respect to the macroscopic variables p™ and j, one gets:

010" +V - j=—20:, A M+ O(%), (A.8)
af7+v-n—ﬁ=v-(%vﬁ+wv-deﬁﬁah/\ev-n

+err(F) =20, AgE+O(£3),
2A,
3

err(F) :V-%VAOI?—FV V-A,FE. (A.9)

We omit now the terms ezatonf and ezatzA@M, assuming that they will be canceled with
the help of the next-order terms,

ezaton (eatjeq +V.1I), ezater (€9, p*1+V .]_"eq)_

Substituting the equilibrium distribution (2.14) for the momentum flux tensor II, using
then the approximation [11] in the form

Aeedy, V- TI~ A Ved, P2V A(M—V-)),
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and replacing c2V (01— A,M) with c2Vp™, one gets the compressible Navier-Stokes
equations with the variable source terms:

A" +V - j=M+0(),
3i+gsV- (L) = VP EL V-0V +V(V vg])

p B (A.10)

+err(F)+0(2)+0(u?),
A 2
P=c2p", v= ?e, v :Ae(g —c).

Unlike for the MRT, both bulk and kinematic viscosities are defined via one eigenvalue.
The sound velocity c? is restricted then to the interval [0, %], both viscosities coincide when

¢? = 1. Further third-order corrections may appear from the neglected term eA.0;, V-

E. (if), giving rise to even order corrections in the definition of F (e.g., see Eq. (6) in [24]
with T=—1/A,). This and others O(u?) order corrections are omitted in the current work.

When using the “diffusive time scaling” (see review in [33]), then t = €2t,, and drop-
ping 9;, the expansion (A.2) becomes:

P =0gey Py =de) — 0 Aoy =die; ~2yAode]

(A11)
mgl) = aqe;, mgz) =0se; —anepgl) =0se; —d5\edge; .

The macroscopic equations are first given by relations (A.4) to (A.7) where all the dy,
terms are dropped and €29, is replaced by 9;. The Navier-Stokes equations take then
the form (A.9) but the expansion of the next order is needed to match the bulk viscosity
(otherwise, one gets vz = %Ae) and the correction due to the mass source:

Q-1 M
q=0

B Details of the PMR(k) family

The five coefficients x; to _, in (4.1) are linear function of A*, B* and C:

K1=A" —(ko+R_1+K 1+k 2), AT=1+al?), (B.1)
Ry %(B*—Bﬂ, (B2)
k1= —%A’—k_z, (B.3)
KQZ—%(B_+B+)—2K_1, (B.4)

2K,1:C7—%<K0—7?_2). (B.5)
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Assuming that

gc(p) _ _‘B(u)pq

removes ,B(“)aq Jq (see relation (6.2)), and keeping k1 as a free parameter, we solve

The solution is
oc(”)+3oc(?’)5q+2a(;)5q
K1=142Kx_1+ > £,
(P)5,)(243A
KOI—1—3K71_ (‘X qg)(\ i 8)/
5 ; \ (B.7)
a(P)(l_W)
k1=1-x_1+ —,
2
(P)g,(24A,)
_ 14 q e
K_Q—K,1+—2Ae .
This solution becomes linear with respect to A, if
aP) =kA,, x_1=c1+CA,,
where k, ¢1, and ¢, do not depend on A,:
1
;cl:1+§(4c1+(4cz+k)/\e+k5q(2+3}\e)),
Koz—1+%(—6c1—25qk—3)\e(2cz+k5q)),
1
Roa=15 (KO — (24 20) 21 +e2A0)), (B.8)
1
K72:C1+62Ae+§k5q(2+)&8),
K_1=cC1+CoA,.
When A, — 0, then
=1+42c¢1+kdb,, =—1-3¢1—ké,,
7f1 +2¢1 +kog Iio c1 q (B.9)
kK_1=1-ké;—c1, K o2=c1+kd; K _1=c1.
When A, — —2, then
K1 :1+261—462—k—2k(5q,
=—1-3¢;+603+2ké,,
Ko C1+6c2+2ko, (B.10)

K_o1=1—k— (Cl —2C2),
K_o=cC1—200=K_1.
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From (B.9), condition k1 =1 implies

Cl=——F7. (Bll)
Then the solution (B.9) becomes

21"
The coefficients (B.12) are found inside the interval [—1,1] when 0 <k <2, 0 < 0; <1
Substituting relation (B.11) into (B.10), the coefficients become:

K1 :1—402—k—35qk,

ko ké, kb6, kb
{x1,K0,K_1,R_p,k_1}= {1,—1+—q 1 1, =1 d }

(B.12)

764k
Ko=14+6c; +——,

2
k (B.13)
K_1:1+2C2+§(5q—2),
K_p=K_1=— Cz—T.
From (B.13), the condition x; = —1 implies
2—k—36,k
p="—— "1 (B.14)
4
Finally, the PMR (k) —family is given by rel. (B.8) with rel. (B.11), (B.14):
K1:1+A€/
3Ae(k—2)+,k(2+3A
Ko=—1+ el )+4q @+ e),
Ogk(Ae—2)4+Ae(3k—2
o 1. SR A (3k=2)
4
_ —kdg(Ae=2)—Ae(k—2) (B.15)
2= 1 ,
kg k—2+3d,k
K_1= T3 e g1
wq:—rx(p)e;, alP) = AT —1=kA,,

P00, )

When k does not depend on A, and J;, then the condition % <k< g keeps all the coefficients
inside [-1,1] when A, — —2. When k=1, §, = %, the solution (B.15) becomes

{x1,x0,%_1,R_2,%_1}

3 3 1 1
= {1+A61_§(2+A€)/§(2+A€)I§<2+/\6)1_§<2+/\6)}' (B16)

When A, — —2, the coefficients reduce to the (pressure anti-bounce back) PAB scheme.
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C Connections to [16]

The notations used in this paper (on the left-hand side) are related to those used in [16]
as follows:

AOI—AQ, /\e:_AW

a1 = A, B = Ay,

aP) =(A,-1), Bt =A),

B_—A]', C__A;/

a) p.c.(it) _ pepp-c (D

5 —1=A4p g tg
a1+ L) -1=A,, m=F?,
A+:Ap, wgu :_th;.

In this paper, the forcing factor in the momentum definition (I in [16]) is set equal to
—% (see first relation (2.15)). It is noted that the expansion in the form (2.22) corresponds
to relations (27) and (28) in [16] if one replaces d;I1; by —c2V -, in agreement with first
order continuity relation, and d;j,;+9, P with

Ae . . JaJ
— (84 +20,V ) —aa%,
using the projection of the momentum conservation on the velocity ¢;.
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