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Abstract

The scalar field and the non-equilibrium solutions of the linear advection-diffusion d2Q9 Lattice Boltzmann
(LBM) two-relaxation-times (TRT) scheme are constructed analytically. The scheme copes with an infinite
number of suitable, second-order accurate, equilibrium weights. Here, the simplest, translation-invariant ge-
ometry with an implicitly located, straight or diagonal, grid-aligned interface (boundary) is addressed. We
show that these two interface (boundary) orientations are accommodated with the help of two distinctive,
anisotropic, discrete-exponential algebraic solution components, referred to as the A-layer and the B-layer.
Being unpredicted by the perturbative analysis, such as the Chapman-Enskog, asymptotic or truncation,
their solution is derived symbolically from the TRT recurrence equations, subject to the local mass conser-
vation solvability and effective closure conditions. When the interface (boundary) is “diagonal”, the A-layer
perturbs the simplest physical solutions, like the piece-wise linear, polynomial or exponential scalar field,
rendering the macroscopic solution weight-dependent and delaying its convergence to the first order; the
A-layer base depends upon the weights, free relaxation parameter A and physical numbers. In contrast, the
B-layer, invisible to the scalar field, typically accommodates the non-equilibrium discrepancy between the
normal and diagonal directions on the “straight” interface (boundary); the B-layer base is fixed by A alone.
The A-layer and B-layer may coexist and degrade the physical solution gradient and its convergence. Only
the D2Q5 model is free from all these effects in the straight and diagonal orientations, while the diagonally-
rotated D2Q5 model is unsuitable because of the “checkerboard” effect. These spurious corrections are not
the Knudsen layers, but they present the LBM response for any-order bulk mismatch with the implicit or
explicit interface (boundary) treatment; the A-layer and B-layer bring them in evidence and provide excel-
lent benchmarks for their attenuation through interface-conjugate or adaptive refinement techniques. Our
approach extends to any lattice, linear collision, source term, heterogeneity and LBM problem class.

Keywords: analytical LBM solution; exponential accommodation; equilibrium weights; implicit interface;
bounce-back; local gradient estimate.

1. Introduction

Exact solutions of numerical schemes are interesting for numerous reasons, - they enhance our under-
standing of them, delineate their degrees of freedom and provide us the best benchmarks for implementation
and improvement. In this work, we construct the exact steady-state equilibrium and non-equilibrium so-
lutions of the Lattice Boltzmann method (LBM) for the linear advection-diffusion equation (ADE), in
the presence of an implicit interface between heterogeneous domains, characterized by piece-wise continu-
ous diffusion coefficients and mass-sources. Brought into the world about 30 years ago in the pioneering
works [52, 39, 40], the LBM has proven its reliability and efficiency in a very disparate panel of physi-
cal systems and industrial applications with respect to the heterogeneous physical parameters, boundaries
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and interfaces (see [46] and reference herein). Yet, the fundamental principle of the LBM analysis is the
Chapman-Enskog expansion [7, 19], ingeniously adapted by the Lattice-gas automata [20] and further gen-
eralized [41] for the multiple-relaxation-time (MRT) linear collision. Since the Chapman-Enskog analysis
unfolds the non-equilibrium in the form of a perturbative series around the local equilibrium, a smooth
behaviour of the macroscopic variables (population moments) and the relaxation rates must be postulated.
It follows that neither the Chapman-Enskog analysis nor the Fourier analysis [47, 3], truncation analy-
sis [568, 29, 60] or other alternative perturbative approaches, - asymptotic [43], Hilbert [13] or Taylor [17],
to mention a few examples, are valid across an interface. Furthermore, they are not able to provide exact
closed-form LBM solutions, except for some particular cases when the non-equilibrium fits into a finite series.

In this context, a very early seminal work [11] solved the Kramers problem [5], examined the exact steady-
state modes of the linearized Boltzmann approximation and demonstrated that the solvability conditions of
the scheme support the development of anisotropic exponential modes, referred to as the Knudsen layers.
It was found [11, 12] that the mass-conserving hydrodynamic wall condition, - a linear combination of
the bounce-back and the specular reflection, is “suitable”, in the sense that it suppresses those “spurious”
modes, either for a parallel or a perpendicular wall orientation with respect to the FHP lattice. Moreover,
it was suggested that (i) the solid body location is impacted by the kinetic degrees of freedom and (ii), the
effective location is anisotropic with respect to the lattice. These two suggestions were confirmed [22] for
the Maxwell reflections in the straight and diagonal Poiseuille Stokes flow via the exact Taylor boundary
analysis combined with the exact, third-order-accurate, Chapman-Enskog non-equilibrium expansion. This
combination becomes a key point in the construction of high-order accurate, wall-shaped boundary rules for
both flow and ADE problems, either with in-node based (LSOB) or directional (multi-reflection) techniques
(see [23, 24, 27, 48, 18, 61, 62, 63]).

Another analysis approach consists in the exact solution of the whole steady-state population update in
the discrete-velocity, single-relaxation-rate (BGK) basis [55], where the polynomial population distribution
is a priori prescribed [73, 66]. More generally, the solvability condition is reorganized [38] in the form
of the central finite-difference momentum equation, where its discrete solutions, either in polynomial or
exponential form, are recognized, and their free parameters are tuned to fit the boundary rule. Notably,
the bounce-back “slip” is observed [73, 38], but it is not linked with the kinetic effect. Nevertheless, the
solution procedure [38], although limited to the grid-aligned channel flow, gains popularity in establishing
the effective wall location [see [9] and reference herein]. However, a similar inconsistency is also observed for
effective bulk transport coefficients, e.g., the anisotropic modification of the Brinkman viscosity, either due
to linear velocity dependency of the resistance [54] or because of the “partial-bounce-back” BGK update [8,
70, 72] is recognized, but not connected with the Chapman-Enskog expansion. This happens because the
methodology [38] does not build any non-equilibrium solution ezplicitly.

The exact solvability condition and the exact non-equilibrium construct are handled together by the
recurrence equations [42]. Either transient or steady-state, the recurrence equations linearly inter-relate the
central-difference, equilibrium and non-equilibrium, operators to non-equilibrium solution. The recurrence
equations are especially attractive for being intuitive, dimension- and lattice-transparent with the directional
collisions, like the anisotropic-ADE L-basis [25] or its particular sub-class, the two-relaxation-time TRT
collision [24, 71, 53, 36]; the TRT is suitable for both hydrodynamic and advection-diffusion problems, [26].
The form of the recurrence solutions proves [42] that any steady-state TRT bulk solution is controlled by the
free-tunable product of its two relaxation eigenfunctions, A = A~ A™. If the boundary scheme maintains this
parametrization, the error-estimate becomes transport-coefficient independent; the MRT shares this feature
provided that a specific scaling [14, 45] of its additional collision rates is accounted for. It is demonstrated [28]
that a perturbative expansion of the recurrence steady-state non-equilibrium solution into an infinite series
around an equilibrium coincides with the Chapman-Enskog expansion; the discrete solvability conditions
(mass-conservation equations) are then expressed through the moments of the recurrence relations exactly;
their Taylor expansion delivers the truncation corrections [29, 30].

However, the recurrence non-equilibrium solution can be perturbed [42] for zero-equilibrium by an ad-
ditive, directional correction of the type a, K" + by K ~", which we are refer to as the B-layer. The B-layer
develops along the boundary-cut segment ncy, its base K is determined by A and the constants are fixed
through the boundary rules. A very particular choice A = i expresses the non-equilibrium through the
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equilibrium variables exactly, and it constrains the B-layer correction to the boundary nodes. The simplest
example [27] has been given for the bounce-back straight Poiseuille flow profile, which is identical with the
parabolic (Stokes) and the quartic (Navier-Stokes) equilibrium thanks to the B-layer assistance. The B-layer
is typically overlooked when it accommodates the high-order mismatch with the boundary rule, where it
remains “invisible” to the macroscopic solution, e.g. [73, 38]. Yet, the boundary or interface closure rela-
tions are not necessarily illegitimate for their tangential component, even at the first order, [26, 25, 2, 50].
The bounce-back weight-dependent restriction of the tangential advection-diffusion flux gives an outstanding
example [24, 21, 48, 51]. Recall, there is an infinite number of suitable, advection and diffusion, equilibrium
weight families, ranging from the coordinate (d2Q5, d3Q7) to the diagonally-rotated (d2Q5™, d3Q7(™)
stencil. Typically, the A impact on the accuracy largely exceeds the discretization [45] or weight-stencil
effects [15]. However, only the d2Q5 and d3Q7 moments do not suffer from the bounce-back tangential
spurious effect in the transient ADE solutions, as shown for the straight channel and the cylindrical capil-
lary, respectively, [32]. Otherwise, the B-layer accommodation explains (i) the retardation of the average
advection velocity (first moment), - evident in plug flow [24], and (ii), the decrease of the diffusion coefficient
(second moment), - revealed by the early work [16]. These two macroscopic corrections are proportional,
respectively, to the diagonal advection and diffusion weight, and they decay only when A reduces to zero; a
low-cost remedy [32] attenuates them by adapting distinctive A values in bulk and boundary nodes.

Curiously, the very similar but steady-state scalar solution of the bounce-back and implicit-interface
ADE reveals to be weight-independent in the straight geometry for a large variety of the mass sources and
velocity fields, [34]. This work extends the B-layer construct [32] to the implicit interface between two
heterogeneous domains, explains this apparent contradiction and reveals the B-layer importance for local
macroscopic gradient in steady-state straight solutions. On top of that, it is discovered that the scalar-field
itself becomes perturbed by the discrete-exponential accommodation on the diagonal interface/boundary.
This quite unexpected solution element is referred to as the A-layer; on top of A, the A-layer base depends
upon the equilibrium weights and physical governing parameters. For comparison, the bounce-back Stokes
pipe flow [23, 57] excites the spurious velocity modifications only in the lattice-rotated geometry, because
the parallel flow does not evolve along the boundary-normal link in the diagonal channel [22, 26], to be
contrasted with the d2Q9 equilibrium diffusion weight-stencil.

The two distinctive, weight-dependent accommodation mechanisms, the A-layer and B-layer, are not
predicted by the Chapman-Enskog analysis. In the previous symbolic “straight” constructs, the symmetric
non-equilibrium component in the ADE schemes [34], or the anti-symmetric non-equilibrium component in
the flow models [28, 31, 61], is uniquely identified through the symmetry conditions. Now we confront this
principal limitation and solve the complete set of the recurrence non-equilibrium equations. The obtained
solutions describe exactly how the A-layer and B-layer interplay with the canonical scalar profiles: (i) the
piece-wise linear in the pure diffusion; (ii) the discrete-exponential in the interface-perpendicular constant
velocity and (iii), the polynomial in the interface-parallel flow.

The modelled ADE with velocity-dependent sources allow us to predict the effective diffusivity and
the longitudinal Taylor-Aris dispersion [65, 1]; they are respectively, produced by the averaged scalar-field
solution gradient and the averaged scalar-field product with the longitudinal-velocity following [4, 56, 68, 67].
In that respect, we also examine the truncation corrections of the commonly used, local, non-equilibrium
gradient estimate, e.g. [6]. Perhaps surprisingly, it is shown that the truncation produces (i) a non-zero
solution gradient along the invariant direction, and (ii), a gradient dependency upon an additive solution
constant, e.g., in the parabolic and the higher-order polynomial velocity profiles. Finally, the individual role
of the rotation, truncation, the A-layer and B-layer accommodations in the scalar field and its gradient is
examined with respect to the reference solutions [33].

The paper is organized as follows. Sec. 2 recalls the TRT scheme and its recurrence equations, formulates
the effective ADE and its interface/boundary closure, introduces the A-layer and B-layer. Sec. 3 develops
solution procedure in the straight and diagonal heterogeneous layers. Secs. 4 applies it within the interface-
perpendicular, fully periodic evolution process. Sec. 5 addresses the interface-parallel, stratified, bounded
and unbounded systems. Sec. 6 concludes the paper, where the principal accommodation scenarios are
summarized in Table 1. Appendix A and Appendix B construct the A-layer and B-layer, respectively.



2. Background

2.1. The two-relaxation-time TRT

The LBM is operated on the cuboid computational grid within the penetrable d-dimensional domain
7 € V; an equidistant mesh-size is set equal to one lattice unit. The neighboring nodes are interconnected
by the d—dimensional discrete velocity set dDgQ; it consists of a zero-amplitude vector ¢y and Q,, = Q — 1
vectors ;. The local variable of the scheme is the set of @) real numbers called “populations”: {f,(7,t), ¢ =
0,..,Qm}. The populations {f,(7,t)} enter into the local collision, sums with their post-collision values
{7q¢(7,t)}, and then propagate to the neighboring sites along their discrete velocities. Any two populations
with the opposite velocities ¢; = —¢,; are decomposed into their symmetric and anti-symmetric components:
{fF =35(fe% f7)} and {AF = 1(fq = 7g)}. In the presence of the time-independent mass-source M (7), the
TRT collision-stream algorithm reads:

Jo(FHigt+1) = [fo(Ft)+0f (Ft) +a, (Ft), ¢= 1,...,%" ,
fq'(F'i' _’¢77t+1) = fﬁ(Fat)+ﬁ;(F7t) _ﬁz;(f'at) y 4 = 17”'7Q7m )
Q’NL/2
fo(Ft+1) = fo(Ft) + M(7 —2Zﬁq+
ith A+ ¢ f(;t(Fﬂt)*eq (T5t) -1 Qm PV 1
with 7z (7, t) - =@ v qg=1..., 05, TEV. (1)

The equilibrium distribution e4(7,t) is prescribed as the sum of its two counterparts, {e, = e;]" +eg}

e;'(F’ t) = Ce(tgm)c(eq ( )+t(M) +(7:*)M( ))
=t e (C(P) + AT (AM () + ot = ti™)rH (7 M(7) | (2a)
7 (1.0) = (000l - & — 1§ T & g =1, D (2b)
p(r.1) S
C(7t) = CCD(F ) + M(r") cle) = B, ¢(;,) L Be =1, p(Ft) = fo(Ft) (2¢)
q=0
Q’V?’L
D tgCqates = 0ap , Ya VB, tg = (i (M 0} |ty = {te,ta} > 0. (2d)
q=1
5 5 (m) (m) (m) (a) (a) (a) (M) (M) (M)
c| Cy @l ta c ta lq te ta ta te b
Golé ’E, t N e M £

gn 637 = t((im) tgm) tfim) t(a) t(a) t a) t(M) (M) t((iM)

Figure 1: The d2Q9 discrete-velocity set, the diffusion-weight t<m) {t(m) t m>} the veloc1ty weight t(a) {tﬁ”,t&“’} and
the mass-source weight t<M) {t<M) t M)} Eq. (2). The d2Q5 [¢q = {Cz,Cy}] is {tc = 5 , tg = 0}. The “rotated” d2Q5(")
(@ ={e,EL}is {te =0, ta= 1}

We prescribe: (i) continuous steady-state velocity field @(7); (ii) molecular diffusion coefficient Dy; (iii)
diffusion-scale ¢, €]0, c***( &m))]; and (iv), block-wise heterogeneous porosity distribution ¢(7) = {¢x},
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together with the associated diffusive-flux jump-term JH;C(F'), hereafter, k specifies a sub-domain Vj € V.
The two relaxation parameters 75 = {77} are computed from the positive distribution A*(7) = {A{}
giving their free-tamable product A = {Ax}:

1 1 _ _ _
T];t(f)::Aki(f)+§,T,;t>§,Ak = A ,AZ‘:://\\—S,A = Do (3)

Based either on the Chapman-Enskog expansion or the TRT recurrence-equations, the steady-state second-
order approximate of Egs. (1)-(3) matches the linear advection-diffusion equation in the form:

V- (@(M)O(F) —Ji(7) = My(7) = DyA?C(7) , O(F) = {Ck(™)}, D = {$xDo} , 7€ Vi, V = {Vi}. (4)

It is assumed that ¢(7) and @(7) are periodic along mean seepage-velocity direction U.s = U1/, and the
mass source My (7) is set velocity-dependent:

< Uy >

Mk(F) = (kaz’ _uz’(F) , U = < ¢>

L M(7) = {M(#)} , < M >=0. (5)
Hereafter, < - > denotes an averaging over the penetrable part of a single periodic cell V; < M >= 0
assures the solvability condition of Eq. (4) in fully periodic or impermeable domain. Eq. (4) is subject to
periodic, interface and boundary conditions, respectively:

C(F+ L.1.)=C(), (6a)

IClla, =0, || = Dyii - VClla, = ||7i - Ji|la, , (6b)

—Dyit-VC|a, =it - Jila. , Jn =Dl , (6¢)

7 is an inward or outward, normal vector on the boundary As or interface Ay, and || - || denote the jump

of a scalar variable along 7i. The boundary value problem (4)- (6) allows to predict [68, 33] the effective
diffusivity Desy of the porous structure and its Taylor dispersion coefficient Dr in given velocity field.
Without loss of generality, we employ these two a posteriori functionals in the error-estimates of the local
gradient 0,,C(¥) and the scalar-field C(7), respectively. The EMM extends the model equation over the
higher-order moments (skewness, kurtosis, ...) produced with the recursively re-constructed polynomial and
exponential mass source, [68, 33]. In this work we construct the effective steady-state solutions of the TRT
scheme when it runs without any modification across the interface. The interface is set aligned with one
of the discrete d2Q9 velocities, either the coordinate (“straight”) or the “diagonal”. In this context, the

full-stencil d2Q9 scheme prescribes freely the three non-negative weight families ¢, = {tf[”), t((f)7 t,(zM) }, where
we denote t. for the coordinate links and ¢4 for the diagonal links; the two values are only constrained to
Eq. (2d). We will operate the d2Q9 scheme assigned on the half velocity set ¢, = {Cy,¢,,¢),¢1} (see Fig. 1):

¢ ={1,0}, ¢, ={0,1}, ¢ ={1,1} , cL = {-1,1}. (7)
The d2Q9 reduces to “grid-aligned” models: (i) d2Q5 [¢; = {Cy, G, }] with {t. = 3, t4 = 0}, and (ii), “ro-
tated” d2Q5" (¢, = {¢,c.}] with {t. =0, tq = 1}. Identical weight t((]a) = tt(zm) = t((ZM) = t, is a suitable
choice, including ¢{* = t{™ = 1 in combination with A = % for advanced stability (see [29, 30] and reference
herein). The necessary stability conditions relate ¢, with the velocity amplitude ||||™** in homogeneous

domain; on top of stability, the numerical [10] and truncation [29, 30] role of ¢, has been investigated.

Qm/2, 2 2 1
q:l/ lgCqaCyp = 3> O #

[then {tc,tq} = {3, 15} in d2Q9]; the hydrodynamic weights assure the rotational invariance of the trun-
cation corrections [29]. Further details can be found on the TRT truncation and non-negativity [58, 59],
anisotropy [25, 29], weights- and A— joined effects [71, 15, 32], heterogeneity and acceleration parameter [,
to steady-state [68, 34]. It is noted that the steady-state solutions are independent of f,.

The commonly used “hydrodynamic” weights obey one additional constraint: 2>



2.2. Boundary/interface equations

Any interface-cut link ¢; connecting the node r_(]\}) in phase k£ = 1 to node r((f) = 'Ff\}) + ¢y in phase k = 2

implicitly introduces two interface closure conditions [26]:

1. . 1, _ .
leg + 57q = ATl = leg — 50 = ATAGNL@ o4, s (%)
1 1
_ A — = — [~ ht N,
[eq + §nq —A g ”7"(1\}> - [eq o an —A L “T((]z):_‘g\}bral ' (Sb)

These conditions present the linear combinations (the half-sum and half-difference, respectively) of the
steady-state TRT update from Eq. (1) using Eq. (3) to express the non-equilibrium component fqﬂE — efzt =

*Tini When the anti-bounce-back (ABB) rule [24, 9, 32] applies as the Dirichlet boundary condition at
Ts = TN + %Eq, or the bounce-back (BB) applies as the flux boundary condition, their steady-state closure
relations read:

ABB : f3(Fn) = —[fq +0f +07](Fn) + 2ef (7) , then
1 A — ~ —
e;' + Jhg — A"'n;' Ny = e;r(rs) , (9a)
BB fq( ) = [fq—i_ﬁ;—’_ﬁ(;](rN)_Qeq (Ts) ) then
1. . . S L 1,
e;+§q+—A nq\aN:eq(rS%rS:rN—f—icq. (9b)

The linear combinations (9a) and (9b) of the collision and post-collision components are the same as the
implicit interface relations in Egs. (8a) and (8b), respectively. It follows that the present analysis of the
implicit interface comprises both the ABB and BB closure conditions.

2.3. Recurrence equations, solvability condition and the A-layer

On top of Eq. (8), the steady-state evolution update from Eq. (1) is reformulated [42, 28] through the
equivalent central-difference recurrence equations, which present the three-point linear directional combina-
tions of Eq. (1). In the present context, they are valid inside the homogeneous domain 7 € Vj. The two
pairs of the steady state recurrence equations read as follows [phase index k is dropped]:

_ _ 1.-
AE () = [Agef — ATAZeX + (A — f)Aiﬁj](F) ,q=1,....Qm, nf =0, (10a)
[Aler — A=AZE — Agaf](M) =0, ¢=1,...,Qm . (10b)
The central-difference operators apply link wisely: Ay (F) = L(W(F+ &) — (7 — &) and AZy(7) =
Y(r+¢q) — 20(F) + (7 — &), Vo = {e } The steady-state solvablhty condition of Eq. (1) reads:
Qm /2
M(F) =2 Y af(m). (11)
g=1

Plugging Eq. (10a) for 72} into Eq. (11), the steady-state mass conservation equation reads with Eq. (2):

_ =

V.- (iC—J)—M—E=c.A"A%C . (12)
The error-term E(7) denotes the discrepancy with the central-difference approzimation of Eq. (4):
E(7) = AceA2M(F) — 2(A — 1) 9/ A2 (7) + 2 A (7)r+ (7)) Lo/ (1™ — tf™)A2M . (13)

Egs. (12)-(13) are expressed through the weighted central-difference operators V - ¢ := ZQ’"’ t,A 1/7 - Cy
and A%y = Z 1t A21/1 These discrete operators are weight-independent and rotational-invariant at the
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second-order due to Eq. (2d); however, at the higher orders, they are both weight-stencil and angle-dependent
in the rotated coordinate system (z’,3'):

2’ = cosltle +sinffly , y' = —sinfdla + cosldly , 0 € [0, 7). (14)

The heterogeneous layers ¢ = {¢j.} are set parallel with the translation-invariant axis T,.; Eqs. (4) and (5) are
prescribed with @(y’), and then M (y"). Exact solutions [68, 33] to Egs. (4)- (6) combine the polynomial and
exponential functions in the two basic cases: (i), in “series”, when the constant velocity is perpendicular with
the interface, @ = u | Ty/; and (b), in “stratified layers”, when the interface-parallel velocity @ = u(y’ M, is
polynomial or exponential. We assume that there exists the translation-invariant discrete solution C(y’) to
Egs. (1)- (2) with the implicit interface conditions in Eq. (8). The scalar field is then decomposed on the
polynomial “(p)-"component P(y’) and the discrete-exponential “(a)-”component A(y'):

W) =Pl)+AW), PG) = pmy™ , Aly) =Y a;(y)r;” . (15)
m=0 j=1

The unknowns are coefficients {p,,} and polynomials {a;(y')}; the base {r;} is to be derived from the
solvability condition given by Eq. (12). The “a-” component sums the physical and accommodation branches.

Definition: The accommodation component of A(y’) is referred to as the A-layer. The A-layer modifies
directly the macroscopic scalar solution and hence, an equilibrium; its directional evolution modifies the
physical nonequilibrium solution.

In general, £(7) from Eq. (13) vanishes if only M (7) is piece-wise linear and A = ; hence, the symbolic
solving of Egs. (12)-(13) needs us to derive the set {2} (7)} exactly. Its solution is known a-priori only in a
“straight” translation-invariant d2Q5 configuration y’ = y, e.g. [34]:

1 .
d2Q5, 0 =0, t, = 3 Ay (y) = teM(y')c? (16)

y/.

In this work, we exactly construct the effective solutions P(y’), A(y’) and {ﬁ;t (y")} in the straight and the

diagonal d2Q9 systems. We operate them with the three distinctive weight-stencils but tl(lm) = th) vanishes

the last terms in Egs. (2a), (13) and allows for their physical parametrization.

2.4. Non-equilibrium accommodation: the B-layer

+

o () is summed with

Due to linearity, the recurrence equations in Eq. (10) all remain satisfied when 7
the directional additive correction E(f (), which solves Eq. (10) with ef =

3B3:(F)>q:17anvBéEEOa (17&)
]

(F):qu:1a~'~an~ (17b)

The B-layer concept is introduced [42] as a way to adjust the closure relations of the directional boundary
schemes. In this work, the B-layer is constructed along the interface-cut directional segment 7, between two
interface nodes 7y € Vi, and 75 € Vi inside the same phase “k” [A = Ay, phase index k is dropped]:

1 .
A# D By (7o) = by Koy +dg Ky, T =T+ 0y, n=0,...,N, (18a)
2WA—-0 VA _ VA
(U):m,bq :UFb;,dq :—OFd;, oc==l1. (18b)
1. BE(Ry) BE(in) 1
— _ . F(= q F(= _ _4q F _
A= Bi(o) = =it B (i) = - =L 20T = (18¢)



The B-layer obeys the symmetry argument: Bg = B;‘ and Bg = —Bq_ . When A # i the system has two
(equivalent) roots: K(y1) = K - 11); the unknown coefficients b;t and df]t are inter-related in Eq. (18b) [these
relations are obtained with the help of Eq. (17b)]. When A = i the B-layer is set exclusively with the
interface (boundary) node values {B;‘ (FO),B;‘(FN)}; their counterparts {E; (F0)7Bq_ (Fn)} are expressed
from them through Eq. (18c). The unknown directional coefficients {b;,d/}, or the accommodation node-
values {B;‘ (7o), B;‘ (Fn)}, are derived from the interface (boundary) closure relations.

Definition: Solution {B;t} to Eq. (17) in the form of Eq. (18) is referred to as the B-layer. The B-layer

does not modify the scalar field directly; its base K (1) is determined by A alone.
Appendix B specifies the B-layer construct in straight and diagonal interface geometry.

3. The straight and the diagonal heterogeneous layers

We solve the recurrence equations, subject to the local mass conservation solvability and the effective
closure conditions, in straight and diagonal heterogeneous layers described with an implicit interface. Sec. 3.1
specifies our geometrical set-up and the interface conditions. Sec. 3.2 formulates the symbolic solution
algorithm. Sec. 3.3 presents the numerical validation and the error-estimates.

3.1. Geometry, interface and boundary conditions

Our numerical and symbolic solutions in the straight and the diagonal layers are computed in a single
vertical column as sketched in Fig. 2; phase k = 1 is bellow the interface n = 0: ¢ = ¢y, y €] — Hy, 0], and
phase k = 2 is above it: ¢ = ¢, y €]0, Hz[, using convention:

1

6=0 :y’(n):n(’“)—i—i; (19a)
2 1

9=£ iy/(n)zg(n(k)—f—?,n(l):—Hl,...,—l; n®=0,...,Hy—1. (19Db)

The “internal” numbering nj is convenient with the B-layer description in Eq. (18), and it is adopted
hereafter:

phasek=1: ny=n" + H, =0,1,...,H, — 1 (20a)
phase k=2: ny=n® =0,1,...,Hy — 1. (20Db)

The interface-perpendicular velocity (“series”) is vertical in the straight system, @ = u Ty, and complanar
with the ¢ in the diagonal system: © = u Ty/ —wu,1,. The interface-parallel velocity (“stratified layers”) is
horizontal in the straight system, @ = | ng, and complanar with the ¢ in the diagonal system, u = | I, =
u| TH according to Eq. (7). The two exact closure relations per interface-cut link are set by Eq. (8); they
apply on the “internal” and “periodic” (bounding) interfaces sketched in Fig. 2. Eq. (9b) with e (7s) =0
replaces the bounding interface in impermeable system. The closure relations are all expressed through the
three evolution velocity vectors: ¢q[0 = 0] = {¢,,¢|, 1L} and &[0 = §] = {C:, Gy, L}, with the help of the
symmetry argument: ¢ = ¢ and ¢; = —¢_ applied to all solution components, with )" = {ef, .}
and ¥~ = {e,,n; }.

3.1.1. The straight layers
Consider the interface nodes {n™,n(®} := {f’(]\}), 7‘(()2) = F(A}) + &} when 6 = 0. The “internal” interface
imposes the six relations:

q

3 x Egs. (8a)- (8b) with {n™M,n®}={-1,0}, ¢ ={G,,&,cL} . (21)
The “periodic” interface relates the bounding nodes similarly:
3 x Egs. (8a)- (8b) with {n"), n®} ={-Hy, Hy — 1}, & ={¢,.¢|,¢.} . (22)
8
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Figure 2: The straight (left) and the diagonal (right) two-layered heterogeneous system is modeled as a single vertical column with
the help of the straight or diagonal, respectively, periodic conditions. The velocity field is 4 = {uH ,u }; the implicit midway interface
between the blocks ¢1 and ¢s is parallel with the T,/ [black dashed]. Two blocks in “series”: Eq. (4) applies with T,/ = fy/ =T, in the
pure-diffusion process and the interface-perpendicular Darcy flow 4@ = u fy/. Two stratified layers: Eq. (4) applies with Tz/ = T:C/ = TH
in the parallel flow @ = w (y')1,/. When A = I, the B-layer {qu(k)} is constrained to the interface nodes (”filled circles”), and it

vanishes in the nodes with the single interface-cutted link (“empty circles”).

The impermeable boundary replaces Eq. (22) by Eq. (9b) for 3 x 2 wall-cut links. In total, there are 6 x 2
interface/boundary closure relations in the two-layered straight system. They reduce to the 2 x 2 conditions
along ¢, in d2Q5, and the 4 x 2 conditions along {¢j, ¢} in d2Q5(T). The periodic conditions are imposed
for all outgoing horizontal links.

3.1.2. The diagonal layers
Consider the interface nodes {77(1\}), r(()z) = 7_"(]\}) + &} = {nW,n¥} when § = Z. The “internal” interface

imposes

4 x Egs. (8a)- (8b) with (23a)
{nM n®} ={-1,0}, Gy = —0Cy, and {nM @} ={-1,0}, Cq =20y, (23b)
{n(l)an@)} = {_17 1} ) 611 = EL ) and {n(l)an(2)} = {_an} ) 661 = 8i ' (23C)

The periodic interface prescribes
4 x Egs. (8a)- (8b) with (24a)
{(nW n®Y = (-H, Hy -1}, & =&, and{n®M n®}={-H H, -1}, ¢ =-¢,, (24b)
(nW 0@} = {—H|,Hy -2}, & =—¢, and {nW n®}y={—H, +1,Hy -1}, & =, . (24c)

The 4 bounce-back closure relations (9b) replace Eq. (24) on the impermeable ends. Altogether, there are
8 x 2 interface/boundary closure relations. They reduce to the 4 x 2 conditions, along {¢,, ¢, } and {¢|, 1 },

respectively, in d2Q5 and d2Q5(T). The diagonal periodic conditions are imposed for all outgoing links ¢j.

3.2. Solution procedure



”

The scalar field Cx(n) is decomposed on polynomial “(p)” and accommodation “(a)” components with
Eq. (15); the post-collision nq( )( ) is additionally amended by the B-layer component B;t (k) (n) from

Eq. (18):

Ck(n) = Pk(n) —|— Ak( Z p(k) m Ak ZCL k) ) (253“)
m=0
20 (n) = PEO) () + Aﬂk)(n) FBEOm), q=1...., Q; n——HilHi-1,  (25h)
« . m k n
BFO ) = 3 k) Zaf”) " npg=0,1,....Hy—1, k=1,2. (25¢)
m=0
The unknowns are: the base {rj( )}; the coefficients {pm ,a } and the directional coefficients {pl(llj:r)r“ Agk]) }.

On top of them, the B-layer directional coefficients {b[;(k),d;(k)} from Eq. (18b) or, when A = 4, the

interface-node values {é; (70), B; (Fn)} from Eq. (18c), are unknowns. In our examples, {r;}, {pg,’f)} and
{ka) de)} are piece-wise constant; {a (k) (n), dék (n)} are either piece-wise constant or polynomial. The

symmetric post-collision components n+(p’ ) = P;_(k)( ) and n+(a ®) A;(k)( ) solve Eq. (10a):

AftR(n) = [AgegF) — ATAZef M) 4 (A - Z)Agﬁ;(l’k)](n) Jl={pa}, k=12.  (26)
Their counterpart ﬁq_(l’k) = {pq_(k), /Alq_(k)} is expressed from them by combining Eqgs. (10a) and (10b):
o —x _ N
Apig P = (AL Agef R — A2 8 — (A = ARV, 1= {p,a} . (27)
Eq. (11) implies the solvability conditions in the form:
Qm/2 1
> g m) = M), 1= {p.a}, (28a)
q=1
Qm/2
> BfMm)=0,k=12. (28b)

The solution procedure consists of the following steps.

1. Eq. (25a) is plugged into eqﬂl’k); Eq. (25¢) expresses ﬁ;r( k) , L = {p,a}; Eq. (26) is discretized with
Egs. (A.1)-(A.2) by substituting all these relations;

2. The directional relations {pqm(pgi))} and {dl(f; (a§k))} are derived from Eq. (26) by vanishing its
polynomial coefficients;

3. The obtained relations are substituted into Eq. (25¢); the {P," (k)(n)} and {/Al;(k) (n)} are then plugged

into solvability condition given in Eq. (28a);

Eq. (28a) is solved for {r (k) } the second- and the higher-order coefficients {pgﬁ) , m > 2}

Eq. (27) expresses P, ( ) and Ay k),

The B-layer Bq £k )( ) is expressed through its unknown coefficients {b;_(k)7 d;(k)}, Appendix B;

Egs. (8)-(9) substitute e and nflt( )( ) from Eq. (25b) with all derived relations, and close the system;

The closure equations are solved for the remaining coefficients; they determine solution in Eq. (25).

© N o ot

Typically, the closure relations fix the lower-order polynomial coefficients {po D1 )} to an additive

constant; they also determine the A-layer coefficients {a§- )} and the B-layer coefficients {b, (k) Ly (k) H

or,
when A = %, the B-layer in-node values, see Eq. (B.6)]; the Ag(n) can be based on the physical and
accommodation roots to solvability condition. Beyond the parabolic profile, Py(n) deviates from the exact
solution due to the truncation corrections. The A-layer and/or B-layer accommodation is excited by the set of
the directional closure relations when the discrete, physical solution cannot satisfy them; the accommodation

may then modify the physical solution, its gradient and the next-order terms.
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3.3. Numerical validation

The symbolic, straight and diagonal, configurations are exemplified in the two next sections. The re-
sulting linear system includes up to 8 x 2 closure equations, e.g. Egs. (23)- (24); the whole system is solved
either symbolically or by substituting the numerical data. The symbolical procedure basically simplifies
when A = 1. All constructed solutions are first verified on the numerical profile C'(n) and the steady-state
post-collision output ﬁflt (n) from Eq. (1). For that, we compare the normalized (constant-independent)
distributions C(n):

<Co¢ >
<¢>

<Cop>

th
en o>

CM=C(-C,C= (29)

One can also determine a particular constant value by fitting the predicted solution C'(n) to the numerical
profile when the post-collision depends on an additive constant. The same value Ay = A is applied in both

phases but the solution procedure remains valid when Ay is piece-wise constant. Typically, we performed
the first verification using Hy = 8, Hy = 11, ¢y = %, ¢ = 1, [|@]| = 1072, ¢, = 0.1, A~ = 1, and the

arbitrary prescribed weight families, e.g., téa) = %, Em) = %, th) = %, with A = %, %, 2}. The numerical
convergence study is performed with ¢, = % and t, = i, when A = i and A = % [these two values enhance

the stability and the fourth-order spatial accuracy, respectively, see [29, 30]]. Numerical computations
confirm the superior stability of the combination {A = i,tc = i}, e.g., when approaching the diffusion
stability limit on the fine grid [c. — ™% = zuf;'i?)ﬁp using ¢, = 1/16, ¢ = 1, 74 = ¢1/d2 = {3, %}, and
Be € [1,4]]. A nearly linear acceleration to steady state is achieved using 3. > 1. Once solution is validated,
the symbolic error estimate is examined in the full parameter range.

The boundary-value problem in Egs. (4)-(6) allows to predict [68, 33] the effective diffusivity D.s; and
the longitudinal Taylor dispersion coefficient kr:

D =Dess+Dr, where (30&)
0..C
Deys = Do(14 < 0C(n) >) , < 0C(n) >= 20 9()0C(n) , < O>= ¢pHy, (30b)
: <¢> -
2 Uz (n)C(1) I
Dy = kyDepy, by = =2 =200y, = T,
T TDesf , KT <> Doy U i(n) (30c)
with 1, =1, if ¥=u11,, and L. =1, if @ =yl . (30d)
The solution gradient 9,,C(n) = 3, 9,,CW(n) is approximated locally:
9 Qm/2 X X .
0,00 (n) == 3 iy Dn)eger s g W =Py ™ AW, B0}y 1={pab}, k=12. (1)
e a=1

The respective truncation “(p)”, A-layer “(a)” and B-layer “(b)” contributions are quantified as:

E(Deff) _ E(p) + E(a) + E(b) ’ E(p) _ D0(1+;?;;C(P)>) 1, {E(a)7E(b)} _ D0<gi/ff(l)> ) (32)

In the presence of advection, the physical “(p)” and the A-layer “(a)” contributions to E(kr) are quantified:

() (a) 0
o k o k >,z (n)CW (0
E(kr) = EGP) + EEY) , BEEP) = 22— —1, B(El) = 22 k) = - (n)CT (n) ,1={p,a}.(33)
kT kT <¢>Deff

4. Heterogeneous layers in “series”

We consider (i) the pure diffusion in Sec. 4.1 and (i) the interface-perpendicular Darcy flow @ = uj 1,/
in Sec. 4.2. The one-dimensional advection-diffusion process is conducted through the periodic series of two

11
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Figure 3: The pure-diffusion process through the diagonal layers (a); (b) and (c), the A-layer with A = %, the four roots to Eq. (42)
are real when t(cm) < 45, Eq. (A.7); (d): the A-layer with A = 2, the four roots to Eq. (42) are real Vtgm) when A > 1; (e): the A-layer
with t(cm) = 1, the four roots obey Eq. (A.8b); (f) the A-layer with A = 1, the two roots from Eq. (43) are negative.

heterogeneous layers parallel with the axis 1,.: ¢ = ¢, when 3/ € [—h/,0] and ¢ = ¢ when 3/ € [0, k)] (see
Fig. 3). Egs. (4)-(6) read:

ulﬁy/C’k(y’) — M = 8y/Dk6y/Ck(y’) s My, = ¢kUy/ —uy, k= 1,2 s (34&)
<uj > uLh/ (k) u| Uy’hl / / ’
U, = = , P = —, Pe:= , h" =hy+hsy, 34b
Y < ¢ > ¢1h] + ¢2h/2 t o Dy 1 2 ( )
Cily=(0,-ny = Caly=(o.n} » (34c)
—J1 = D18y Cily—(o.—nyy = —J2 — D20y Coly—jonsy » Jo = July , Ji =Dy . (34d)

The mass-source M}, is piece-wise constant; the diffusion-flux jump is prescribed with Eq. (34d). We con-
struct the effective solutions C(y') and 7 (y'); they extend the d2Q5 results [34] to d2Q9 in the two
grid-aligned considered orientations.

4.1. Pure diffusion

The pure diffusion process @ = 0 develops in the interface-perpendicular direction Ty/. The coefficients of
the effective diffusivity, skewness and kurtosis are derived [33] (Eq. (52) there) and applied [34] to validate
the d2Q5 TRT scheme. In this work we limit ourselves to D¢y [M = 0 in Eq. (34)], because the focus is
put on the accommodation effect in this characteristic measurement.

12



4.1.1. Ezact solution
The piece-wise linear solution Ci(y’) = Pr(y’) to Eq. (34) is defined to an additive constant py:

Pi(y) = po+p§1’e’”)y’,P§1’ew_¢m’ylg[—h’uo],
PZ(yl) = Do +pg2,ea:)y/ 7 ng,ew) _ q}m , y/ c [O,hIQ] ) (35)
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Figure 4: The pure-diffusion process through the diagonal layers. The normalized, theory (lines) and numerical (symbols) solution
C(n). (a) d2Q5: C(n) = P(n) = P (n), Eq. (35) with Eq. (19). The d2Q9: (b) the A-layer A(n) is built on the roots (42); (c)
P(n) — P®)(n) ; (d), (e), (f): the whole deviation P + A — P(®®) when A = {1, 1,2} [dashed, dotted, dash-dotted]. Data: the d2Q9

x(;:ii;;h(f{)tg’m =140m =1y ¢ =1 ¢y =1, H =8 Hy =11, c. = 107}, A~ = 1. E(D.ss) ~ {1.05 x 1072,8.8 x 1073,2.9 x 1073},

The normalized solution C(y’) obeys Eq. (29) and it is illustrated in Fig. 4. Eq. (30b) gives Dey:

0 0,
Deps = Do(1+ < 6 > (¢ / 8, Crdy’ + o / 8, Cody)) , < & >= bl + dohl | (36a)
“n 0

Conpr e
(rn+re)(Ltrrg) % 6o hy

Dess =D, Dy, Dy = (36D)

Thus, Deyy is equal to the length-weighted harmonic mean of the two phase values, ¢1Dg and ¢2Dy, divided
by mean porosity value ¢ =< ¢ > /h’; Desy is rotational-invariant and it is fixed by the porosity contrast
r4 and the aspect ratio ry,.

13



4.1.2. The polynomial component

Assume the piece-wise linear solution P, = (k) + p(k y' and Mj = 0, then
e;(p’k)(y') = t(gm)cePk(y’) , e;(k)(y') = —tflm)chq’y/ , (37a)
o k k
Pq (k)(y/) = t(m)cepg )Cq,y’ ) pg )= 0 ’Pk( ), (37b)
P (y) = —Dyti™pe,  , Dy = Ajce, ps) =82P, =0. (37c)

—

When 8, Py, is derived with Eq. (31) [I., = 1,/], Eq. (30b) gives:

th

Desi(Py) =Do(14+ < ¢ > Y oV Hy), < >=3, onHy . (38)
Eq. (38) is equivalent to Eq. (36a) provided that the discrete aspect ratio is equal to r, and p(k) pgk’ex).
We examine whether this exact solution may satisfy the implicit interface.

4.1.8. The straight system with the d2Q9: no A-layer, no B-layer
Egs. (21)-(22) factorize t(m) # 0:

tt(l )(Cl + §8y/010q’y/)|rq(l\}) = tl(l )(CQ - gay/CQCq’y/”r(()Q):_.}(\})_i_aq s (39&)
tém) (_Dl + Dlay/Cl)|F(N1> = tgm)(—DQ —+ D28y/02)| (2)*_'(1>+c (39b)

Egs. (39) with Eq. (37) satisfy the system with the mid-grid interface for all straight-interface cut links;
then 0, P, = p(k) = (k ) and Eq. (38) is exact for any diffusion-weight tgm) in Eq. (2) and any {A;} in
Eq. (3)

4.1.4. The diagonal system with the d2Q5: no A-layer, no B-layer

The d2Q5 keeps the piece-wise linear solution (37) because it satisfies Eq. (39) on the vertical and
horizontal diagonal-interface cut links [see Fig. 2]. Their four interface equations are equivalent for —z and
y axes; the solution reads: p(()l) = p((f), pgl) = %, pf) = %m Since hy/Hy = hy/Hy, the
d2Q5 solution coincides with Eq. (35) and Eq. (38) is kept exact.

Further, although one might suggest that the (diagonally-rotated) d2Q5) model replaces the d2Q5
in the diagonal orientation, this is only partially true. Indeed, thanks to symmetry, there is no either
A-layer or B-layer in d2Q5(T') because only one diagonal link is cut and its “mass” should be equal to zero
[Bgs. (11), (A.5b)]. However, the d2Q5(") handles Eq. (1) through the two separate sub-diagonals: nj = 2m
and ny =2m+1, m =0,1,2,...; the two sub-diagonals are inter-connected only providing that H; and Hy
are of the different parity. This known d2Q5(T) “checkerboard” effect persists in all heterogeneous periodic
configurations considered below, and it makes the d2Q5(T) unsuitable for practical purpose. Although
the d2Q5(T) effective solutions have been constructed for validation purpose, they will not be considered
hereafter.

4.1.5. The diagonal system with the d2Q9: the A-layer + the B-layer
If we assume that the d2Q9 maintains the linear proﬁle Cy = (k) + pgk)y’ q. (39) locates the interface

midway the cut links; its location is hence shifted by x 2 for {c,, cm} on the one 51de and ¢ , on the other
side [see Fig. 2, dashed (black) and dotted (red), respectively]. The accommodation is introduced to cure
of this mismatch. Solution to Eq. (26) is then looked for in the form of Eq. (25) and it reads with the help
of Egs. (19) and (20):

(k) 1 7 V2 1

Cr(n) = Pr(n) + Ag(n) , Pp(n) = (k) +p1 Yy, Y (n) = T(n—i- 5) , (40a)

=2 b AT = 3 a0 k=, (400)
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Thanks to the symmetry between the y and —x axes, the system obeys (see also Eq. (B.4)):

REOD — 1500 |~ (p ), and BE® — £BE® | FEO) _ o) (41)
The solvability equation is quartic and r = 1{7“ (t,gm) A)} obeys ( Appendix A.1):

art + b4 e?4dr+e=0, with a=e=(—144A)(1+6t"),
b = d=—4(1-2t), c=—-2(3+ 2" +4A(1 4 6t(™)) . (42)

The four roots of Eq. (42) are fixed by A and t(m) they are real for any weight-value t( ™) only when A > 2
[ see Eq. (A.7) and Fig. 3]. Egs. (23) and (24) reduce to the 6 x 2 closure conditions thanks to symmetry

Solution is fixed with six unknowns per phase k: {po ), P k)} and the four coefficients {a } The system is
hence satisfied without any help of B-layer. Fig. 4 displays the constructed solution: the A layer component
A(n), the difference of the effective piece-wise linear profile with its exact solution, P(n) — P(®)(n), and
the difference of the whole solution with the exact profile, C'(n) — P(°®)(n). This total difference is exactly
validated on the normalized numerical solution, together with the predicted solution for D.s; and the post-
collision distribution. Thereby, we stress that the A-layer modifies the gradient of the piece-wise linear

profile: p(k) # Dy (ko).
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Figure 5: The pure diffusion process through the diagonal layers [ry = %, rp = 2, cc = 14/4, H = 24, A = 1]. The non-equilibrium
contribution to the local gradient 8, C(n) [T,/ = T ; = T,] in Eq. (31) from the A-layer (a) on the coordinate links = and v,
2><2A ®ey 4, with A7 (R = A (%) and (b), on the diagonal link: 2 A ®ey ,1; (c) the whole contribution from the B-layer. legend
(a) (c) t(m) ={& %% 3} [sohd(red) dot-dashed(blue), dotted (black) dashed (magenta)]. (d) the contribution to Dy from the
A-layer (E(”)) and the B-layer (E(®) versus t<’”> when H = 6 and H = 12.

When A = 1, Eq. (42) reduces to the quadratic equation with a = e = 0:

2t 4 1 4 24/2t0™) 1

—(1+7r)? +2(-1+7)%™ =0, r* = : crtrm =1, 7t <0, ¢ €0, 2[. (43)
2t — 1 2

Eq. (43) degenerates when M = [d2Q5] or t{™ =0 [d2Q5(™]. The two roots to Eq. (43) are displayed

in Fig. 3. The number of unknownb {p0 ,pgk), (k) aék)} reduces to the 4 x 2. The 6 x 2 closure equations
are then satisfied thanks to the 2 x 2 B-layer interface values B ¥) = B (k) [ Eq. (41)]. Further inspection
confirms that the A-layer and B-layer maintain the diffusion scaling: {15(; 7121;,3,; } o ¢e, and they are
independent of A, . It follows that when D,y is derived with Eqgs. (30b), (31), the relative coefficient D,
in Eq. (36b) and E(Dcsy¢) from Eq. (32) remain independent of Dy. Fig. 5 displays the accommodation
contributions to 9, Cy(n) [ Eq. (31) with 1., = T,/] and to E(D.ss) [E®, E® from Eq. (32)]. The two

corrections E(* and E®) non-linearly depend on the diffusion-weight t&m), and they vanish in the d2Q5 and

d2Q5(T). In our example, |E(a)| exceeds E®) by a factor of two and the two contributions have opposite
signs. This tells us that the two contributions are quite comparable. Fig. 6 demonstrates that E@ and
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E® decay linearly with the space resolution. The first-order convergence is also observed in the piece-wise
linear gradient: E(d, P) = [p\* /p{****) —1|. The E(Dess) sums the three contributions in Eq. (32) and also
converges only with first-order rate.

6 12 24 48 % 1% 124 48 % 19 6 122448 96192

T . Y - tM=1/16 B, - t™M=1/16
0080 0000 & Y, - {mﬂZi 002% L
£ 0010k - 0010 g 5 -
< 0005 7 0005 L 0002
T ' 0002 st

10" S Ry 000 all
5 1 2 4 % 1% 6 12 24 48 9 192 6 12 24 48 9 192 6 12 24 48 96192
" H H H

Figure 6: The pure diffusion process through the diagonal layers [ry = %, rn = 2, ce = 7¢/4, A = 1]. The contributions to error-

estimate err(Deysy) in Eq. (32) versus H = 6 x 2", n € [0,7]. (a) from the linear profile: |E(9,, P)| = \p(lk)/pgk’ez) — 1| with Eq. (35) in

two phases k = 1,2; (b) from the A-layer: E(%); (¢) from the B-layer: E(*); (d) the total error E(D.j¢); (a)-(d): t{™ = {5,533}
[solid(red), dot-dashed(blue), dotted (black), dashed (magenta)]. The d2Q5 is exact.

4.1.6. Resume
The piece-wise linear scalar-profile and the effective-diffusivity Dess are exact with any diffusion-weight
{tf{”)} in the straight heterogeneous layers. However, only the d2Q5 is exact in the diagonal system. The

d2Q5(T') piece-wise linear profile is sub-divided on the two sub-diagonals, depending on the system parity.
With the exception of these two models, the A-layer [Eq. (40b)] is excited in the diagonal pure-diffusion

system without B-layer, unless when A = 1. The A-layer is built on the four roots {r; (tém), A} to Eq. (42).
When A = 1, the A-layer is built with the two roots (43) and complemented by the B-layer from Eq. (18c)
in the interface nodes. A key point is that the A-layer and B-layer modify the gradient of the piece-wise
linear profile 0,/ P;. On top of that, the A-layer and the B-layer impact the local gradient 9,,C(y’) directly

in Eq. (31). The Dg};m) then converges to its exact (harmonic mean) value only with first-order rate; its

dependency upon {t((]m)} and A is non-trivial. The mass-source weight {téM)} is irrelevant in the constructed
solution because M = 0.

4.2. The Darcy flow through the heterogeneous layers
We consider Eq. (34) with the interface-perpendicular Darcy flow 4 = u Lfy/, My, is then piece-wise
constant. The D,y is complemented with the Péclet dependent Taylor dispersion coefficient Dy = k7D, ¢ in

Eq. (30c). Th/e solution for Dy, skewness and kurtosis is derived [33] with exact solution Cy(y') = P{¥ (i) +

Pék,)l(y' )egéi‘fk, where P{" are the n—order polynomials, n = {1,2, 3} respectively. The d2Q5 “straight”

solution [34] then becomes expressed through the discrete-exponential branches, as Ci(y') = P,(Lk)(y’ ) +

P,(L’i)l(y')rp et )y/, where r solves Egs. (12)-(13) and the polynomials are fixed by the solvability and interface

conditions. We construct the d2Q9 solution in the form of Eqgs. (40)-(41) in the full weight-parameter space

{tf]"), tém),th)} for two configurations depicted in Fig. 2. The piece-wise linear isotropic term Py(n) =
(k) _

pék) + p(lk)y’ satisfies the scheme with p;’ = ﬁ/[—f; the anisotropic discrete-exponential component is built

in Appendix A.2 with the straight and diagonal configurations.

4.2.1. The straight system with the d2Q9: the B-layer
The “(a)” component of Eq. (28a) is weight-independent and it reduces to the quadratic equation:

=0 :2-147r)2—(=1+r2)Pel) =0, r={1,r}. (44)
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Hence, Eq. (40) reads with the non-trivial root 7 to Eq. (44):

()
Cu(n) =pi" +pn o, pl = 4 = RS2 (45)
41
Eq. (45) solves Eq. (34a) in the discrete form [with ¢’ = y]:
ut Ay Cr(y') = My, = DAL Cr(y) - (46)

Eq. (46) reads with: A,y = 22?;“1/2 tgAg(y') - cqy and A2 = 2222;”1/2 tyA29(y')eZ ,,, and it fits
Eq. (12) with £ = 0. Eqgs. (45)-(46) are valid for any weights. Hence, in the straight geometry, Ay = agk)rg
expresses the physical solution. Further, when the weights are all the same, tz(lm) = tga) = t((IM), Egs. (21)-
(22) factorize them for all links. Otherwise, the system is accommodated by the B-layer from Eq. (B.2); it
complements Eq. (16) in the d2Q9 scheme. Due to symmetry: Bﬁr(k) = Bi(k) = f%B;(k), the B-layer is

fixed with the two coefficients of BJ (k) per phase. Together with {p(()k), a(lk)}, they are derived from the set

of the 4 x 2 interface conditions. The B-layer does not affect 9,C in Eq. (31) [here, 1 = fy] The obtained
scalar-field solution in Eq. (45) and Dr are weight-independent and the same as in d2Q5, [34].

4.2.2. The diagonal system with the d2Q5 and d2Q5(T) : no A-layer, no B-layer
The solvability condition from Eq. (A.13) reads:

42Q5 : (4 —4r + V2P (1 4+ 1) AN (-1 + 72 — (1 +12)?) =0, (47a)
d2Q5) ¢ (2 - 2r% + V2P (1 + 1) AA (1 + )2 — 1+ 7)) (1 +7) =0. (47b)

The five roots to Eq. (47) are:

k
(u=0) ) _ 4+ v2Pel

d2Q5: U r; = iU 7| , with r i (48a)
=177 1 d2Q5 1 1 \/§Pe(f)
_ 2 +v2Pe)
a2Q57 Uy = e U U1y, ) = | T (48b)
d2Q5 92 _ \/ipe(J_)

The r; = rgk) and r; = {r%kg} are the physical roots and they vanish the term of (A— 1) in Eq. (13); Eq. (12)
is then solved with & = 0 because the mass-source is piece-wise constant. The pure-diffusion roots 7‘|$2:(3)5

and r|“=° , solve Egs. (A.8a) and (A.9a); they are given in Eqs. (A.8b) and (A.9b), respectively. The

(u=0)

d2Q5"
two models do not need any accommodation. The d2Q5 maintains ﬁj{(y’) in the form of Eq. (16), and it
extracts {pék),agk)} from the 2 x 2 Egs. (23b) and (24b) to an additive constant. The d2Q5(") produces

their individual solutions on the two sub-diagonals and remains unsuitable.

4.2.8. The diagonal system with the d2Q9: the A-layer + the B-layer

When A # i the solvability condition is given by the six order (sextic) polynomial equation; when
A= %, the solvability equation is quartic. In the two cases, one root is equal to one, the reduced quintic
(fifth-order) and cubic equations are given by Eqgs. (A.13) and (A.14a), respectively. Eq. (40) reads:

N
Ck(n) = pgk) +p§k)n + Z ag»k)r? , = r§k)(tga), tgm), Ay, Peﬂfc)) , (49)
j=1

0
0=—
4
with N|y,1 =5 and N|y_1 = 3. The set {r;} is composed of the one physical root and the four or two
A-layer roots, respectively. The A-layer has the same number of roots as in pure diffusion [cf. Eqgs. (42)-

(43)], but they depend upon the two weight families, Aj and Pe(f). The set of three roots to Eq. (A.14a)
is illustrated in Fig. 7; the contour plot of Eq. (A.14b) bounds their real domain.
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Figure 7: (a) The interface-perpendicular Darcy flow through the diagonal layers. The three A-layer roots from Eq. (A.14a) when
A = 1 and all weights are identical. Top row: (b) and (c): the three roots {r;} versus Pe; the “physical” root is r|pe, =0 = 1 [solid

(red)].

(b) |Z[r]| when t. = % [ PeT’m(l) =

I 83&] (c) |%[r]| when t. = L [ Pe""(1) ~ 1.65, Pe'7*" (%) ~ 20.57]. Bottom row: (d)

region plot Pe; € {Pe"(t.), PeT**(t.)}, Eq. (A.14b), all three roots are real outside of the shaded area, tg“) € [0, 3] && (PeL <

Pe""(te)), and t. € [}, 3] && (Pey > PeT*"(t.)), with PeT'

‘m|tc_>411 = oo. Inside the shaded area, only one root is real, e.g.: (e)

+3[r] when t{*) = {1, 1} (dot-dashed (blue), dashed (black)); (f) £3[r] when t{®) = L.
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8: The normalized solution components in the interface-perpendicular Darcy flow through the diagonal layers. (a) the piece-

wise linear polynomial component P(n) (dashed-red) and the physical exponent AP (n) (solid-black). (b) the A-layer A(n). (d) their
sum C(n) = P+ A®M 4 A (solid) and the numerical solution (symbols); (a)-(d): phase 1: n € [—8, —1] and phase 2: n € [—3,10].
Data: H=19,r, =8/11,7¢ = %, ¢2 =1, u1 /Do =10"", cc =107, t. = 1, A= 1.
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The coefficients are fixed by the closure conditions as in pure diffusion [see Sec. 4.1.5]. Fig. 8 displays the
normalized components: (a) the linear Py(n) and the physical exponential branch A®") (n); (b) the A-layer
A(n); and (c), their sum C(n) which coincides with the numerical solution. Similar solutions are constructed
and validated when A # %.

4.2.4. The dispersion coefficient in the interface-perpendicular flow
The dispersion coefficient D = Des¢(14+kr) sums Degf(rg, 74) from Eq. (36b) and Dy = Deyskr(re, mh, Pe)

2 2
Th (7'¢ -1)
T¢ (1+rhr¢)2 When

Pe — oo, and kr vanishes when Pe — 0, then D — D.¢s. The three normalized coefficients, Dy 1D€ff,

[kr is derived in [33], Eq.(58) there]. The kp converges to the finite value kp(ry,rp) =

kr and Dy 1D are illustrated in Fig. 9. The symbolic and numerical procedures compute Di’;?m) with

2, T T ; T e 20 - [¢:1/4 P
B | eeeamemmeenee 8 SV rezl8 o
N
A . _
0 /3 >
- X
- >
X W
5 i =
a 2\/i 2 a
i 3 5 =
R "0 02 04 06 08 10 Yii i
. . . . . . 1
0 20 40 60 80 100 128 64 2 16 8 4 2
Pe A A

Figure 9: The interface-perpendicular Darcy flow when 7, = 2, ro = 3 [(a) and (c)]. a) The predicted transport co-
efficients versus Pe: D.;; = Dy 'Desp(rg,mn) = 2 [Eq. (36b), dot-dashed(blue)], kr = D;flfDT(Pe) with its asymptotic
limpeoo ko = 22 [ dotted (black)], and D = Do_lD with its asymptotic [solid (red)]. (b) and (c): identical error-estimate
is produced by the d2Q9 [@ = 0] and the d2Q5 [0 = %] with Eq. (50); (b) |[E(D)| versus A [H = 24, Pe = 100] when
re = {4, % 15+ 35} [solid(red), dot-dashed(blue), dotted (black), dashed (magenta)]. (c) |E(D)| and |E(kr)| versus A at Pe = 10

6
[solid(red), dot-dashed(blue)] and Pe = 100 [dotted (black), dashed (magenta)].

Eq. (30b) using Eq. (31) for 9,/Ck(n), and Dgpnum) = k:gpnum)Deff with Eq. (30c); the two relative errors,
E(D) = D™ /D — 1 and E(kr) = kY™™ /kr — 1, are examined. In the straight system, the kp and
D.ss are weight-independent together with the Cj and 0,C}, respectively; they are weight-dependent in the
diagonal system. The two following dependencies A(c.) parametrize any one-dimensional system through a
free-tunable parameter A, and they produce identical error-estimates in the straight [d2Q9] and the diagonal
[d2Q5] layers:

A
d2Q9 s 0=0 : Ak; = A(O’Qg) = ﬁ s (50&)
™ ™ 1
9 =2 . A, = A(F:@5) — . -
d2Q5, 6 1 k 4 20 ce €]0, 2} , (50b)
then E(D)|g=0 = E(D)|o== , E(kr)|o=0 = E(k7)l¢== , ¥V {ry , m» , Pe} and YA >0. (50c)

Recall, the TRT steady-state bulk solutions are fixed by Pe, the aspect ratios and A on the given grid; they
are hence the same for any u; and A~ = Dy/c. when Pe and ¢, is fixed. Using Eq. (50), the macroscopic
solution C(y') becomes independent of the diffusion-scale parameter c., but it depends on A. Plugging
Egs. (50a) [ = 0,c2,, = 1] and (50b) [0 = T, ¢? 3] with A = } into Eq. (13), the two first terms are

» Cay 1 Yqy T
summed and €(y') vanishes for any mass term M (y') when t{"™ = t{™): otherwise, when M (y/) is piece-wise

linear (constant) [our example alike]. Fig. 9 demonstrates that E(D) and E(kr) scale linearly with A; their
amplitudes grow with the porosity contrast and Pe. Fig. 10 [first diagram] shows that when A and ¢, are
fixed to the same values when 6 = 0 and 6 = 7, their solutions are distinct because Eq. (50) is not satisfied;
the straight solution is slightly more accurate within the examined parameter range; the accuracy degrades
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with A but the error-estimates all converge with second-order rate. Fig. 10 [second diagram] displays the
predicted d2Q9 solutions for E(D) and E(kr) versus t. €]0,1] with A = I and Pe = {10,100}. This
symbolic estimate shows that E(D) and E(kr) increase with Pe for all weight values; the d2Q5 remains
the most accurate. The two last diagrams in Fig. 10 extend these results to A = % and examine the error
convergence at fixed Pe when ¢, = {%, %}, decreasing u with H; the second-order d2Q5 error-estimate
is plotted together. The numerical and symbolic results coincide in the coarse resolution; the asymptotic
behaviour is then established with the help of the numerical simulations. The coarse-grid second-order d2Q9
rate is followed by the asymptotic, first-order convergence. Asymptotically, the d2Q5 with A = % is much
more accurate than d2Q9; otherwise, the d2Q9 with ¢, = % and A = é is slightly more accurate among the

four examined full-stencil parameter combinations.
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Figure 10: The interface-perpendicular Darcy flow. (a) |E(D)| [solid(red), dotted (black)] and E(kr) [dot-dashed(blue),dashed
(magenta) ] versus H are displayed together for § = 0 [d2Q9] and § = T [d2Q5] at Pe = 102, the three groups apply A = {T167 11y
from the bottom to the top: the convergence rate is H 2. (b)-(d): the diagonal layers. (b): E(D) and E(kr) versus t. €lo, &
when A = 1 and H = 24, Pe = 10 (the two bottom lines) and Pe = 102 (the two upper lines); (c) and (d): E(D) and E(kr) when
te ={3, 3,31} with A = X [dotted(orange), solid(red), dashed (magenta)] and A = % [dot-dashed (orange), dot-dashed (blue), dotted
(black)]. The H~? asymptotic rate is only produced by the d2Q5 [t. = 21 (@)-(d): rh =2, rg = %, ce =71¢/4, $2 = 1. (c) and (d):

Pe =24, |u,| = % X 27™ when H = {6 x 2™, m € [0, 7]}, with H™*® =18 x 27, A~ = 1.

4.2.5. Resume

When the series of the heterogeneous blocks is aligned with the coordinate axis and the weight families
are distinct, tgm) #* tSf”, the B-layer accommodates the d2Q9 solution in the interface-perpendicular Darcy
flow. However, the B-layer does not impact the scalar field C(n), the effective-diffusivity or the Taylor
dispersion coefficient; they remain weight-independent and the same as with the d2Q5. In the diagonal
channels, the A-layer complements the physical exponential mode; the whole system is built with the five
roots to Eq. (A.13) [when A # 1]; otherwise, with the three roots to Eq. (A.14a), assisted by the B-layer.

The base roots {r;} depend upon the advection and diffusion weights {té’"),tﬁf)}, Ay, and the local Péclet
number Pe(f). Hence, the physical root is also weight- and rotation-dependent, meaning that it is different
with the d2Q5 and d2Q5(T), Eq. (47). In these two models, the remaining [accommodation] roots are the

same as in the pure diffusion, and they are not excited, unless when the mass-source weight téM) differs from
the two other weights. This methodological configuration is exemplified in Appendix A.2.

The parametrization by the governing numbers, physical Péclet and collision A, is more complicated in
the ADE than in flow models [42, 45]; that is because the kinematic viscosity v = AT is fixed by A* but
Dy = c.A~ depends upon two free-tunable parameters. In any one-dimensional evolution process without
A-layer, the d2Q9 [# = 0] and d2Q5 [# = %] produce c.—independent scalar-field provided that A and c,
are inter-related, as A = A/(1 — ¢.) and A = A\/(1 — 2¢,), respectively. The relative error-estimates, E(D)
and E(kr), then converge with second-order rate; they reduce linearly to zero with A thanks to reduction
of the leading-order corrections in the interface-continuity relations when A — 0. However, the asymptotic
d2Q9 rate reduces to the first-order in the diagonal system thanks to A-layer, even when the three weight
families are all the same. The solution remains parametrized by Pe and A, but it depends upon c. at fixed
value of Dy. Hence, the A-layer delays the solution convergence and discards its parametrization A(ce).
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5. Parallel heterogeneous system

Consider two stratified porous layers ¢ = {¢1, 2}, periodic along the 2’ —axis with @ = u,/ 1,/ given by
uac’(y/) = Uy, y/ € [7h/1a0] ) ¢ = ¢1 )
1
we(y') = = VY —hh) Y € 0.h], 6 =¢s (51)

Solution to Eq. (4) is translation-invariant along the velocity direction T,.. Since the flow is complanar
with the interface [, = 1,/], the advective-diffusive flux is continuous in Eq. (6b) [||7i - Ji|| = 0] and the
effective diffusivity in Eq. (30c) should reduce to Dy on the numerical solution. Eq. (51) is applied in three
configurations: (i) the system is periodic along the y'—axis and u,/(y') = uj (¥ = 0) presents a constant
Darcy flow; the open/porous system is either (ii) bounded [B-OPL] or (iii) periodic [OPL] along the y'—axis,
where pure-diffusive layer (¢ = ¢1, uy = 0, ¥ = 0) is adjacent with the Poiseuille flow (¢2 = 1, u = 0).
The B-OPL reduces to the Poiseuille channel when the porous layer vanishes (b} = 0). The coefficients
of the Taylor dispersion, skewness and kurtosis are predicted for (i) OPL [68], (ii) stratified Darcy flow,
(iii) Poiseuille channel and (iv) B-OPL (Secs. 5.2, 5.3 and C.4 [33], respectively). These exact solutions
are employed [34] to examine the d2Q5 symbolic solutions. We extend them to d2Q9 in the straight and
diagonal channels, and evaluate the transport coefficients D.s¢ and Dy in Eq. (30).

5.1. The truncation effect in polynomial solution component

The mass-source My (y') = Uy dr, — up (y') in Eq. (4) is piece-wise constant with constant Darcy ve-
locity and parabolic in the Poiseuille flow. Accordingly, Pi(n) is either quadratic or quartic [Eq. (25a)],
and e;(p)(y’) = t((]a)Pk (¥ )ug (Y )cqe is either quadratic or sextic [Eq. (2)]. Hence, according to Eq. (26),
}Sq+ (k) (y') is looked for as the first- and fifth-order polynomial, respectively:

2 4
(P, P} ={>_ pWy™ > Py} (52a)
m=0 m=0
5
{PFO, P“z}—{qumy’m,Z P ™Y (52b)
m=0 m=0

The coefficients pg.,(y') are expressed for four links ¢; = {¢,, ¢, ¢|,cL} from Eq. (26). Eq. (52b) is then
substituted into Eq. (28) to derive {pg,f)} for m > 2 (phase-index k is dropped):

1 , M 7T
[ \Ij/ 71 — A 71 / = 0 = — = 1 e
D2 12( 617[} + ( 6 ( + Ce))) ’ 77[} CEA_ ’ ) , M 07 ) (53&)
1 (m) (m) mm
p2:12( 6¢" + U'(—2 + 3t5™ + 6A(2 — 3ty —ce))),O:T,m:1,3,~- (53b)
o' m™m o’ 1\
3= ——,0=— =0,1,... =—— Vo,V = 53
b3 12 ) 4 , M ) 4y , D4 24 5 ) CeAi ( C)
Eq. (53) reduces to the parabolic profile P(y’) with ps = 2;% in constant Darcy flow. Otherwise, when the
mass-source is parabolic, ps depends upon the inclination, the diffusion-weight {tgm),tfim)} and A, thanks
to the fourth-order truncation; ps is the same with ¢ = 0 and 6 = 7 only when the hydrodynamic weight

{t((;m) tdm)} ={i 3 -} is applied in the diagonal system. Addltlonally, po depends on ¢, because the mass-
source is parabolic, unless when A and c. are inter-related via Eq. (50a) [0 = 0] or by Eq. (54) [0 = F]:

d2Q9 y 0= % : Ak = A(%7Q9) = m ) tcm) € [O’ %] ) Ce E}Oﬂcglaw(tgm)ﬂ : (54)
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Egs. (52b)-(53) determine & in Eq. (13), with £P) due to the polynomial component alone when 6 = =

4
d2Q9,0=0: &= a(O’Qg)AiM(y) , al0@9) = i —(1=co)A,
E=0 with A=A jf x = i , (55a)
d2Q9 , 6 = % D EP) = o TRIAZ M(y), o599 = 3(2 —3tim) — A2 -3t —¢,) ,
EP =0 with A=AF9 if \= z_f’f(m) : (55b)

The “optimal” A(A) values differ between the continuous case —M(y') = c.A~97 B(y') and the discrete
case —M (y') = ccA~AZM(y'), both in the straight [cf. Eqs. (53a) and (55a)] and the diagonal cases [cf.

Egs. (53b) and (55b)], where )\(tgm) = 1) = ¢ and X( m) = 3) = %, respectively, with Eq. (54).

5.2. The truncation effect in local gradient

We examine now how the parallel velocity wu,(y’) affects the local gradient in the translation-invariant

direction 1,., where one expects to get d,vP = 0. Let us put aside the truncation term (A — i)Agﬁq in
Eq. (10) and substitute into Eq. (31): Pq_ (y) = qu(f(p)(y’) - A+A?]e;(p)(y’) with t,(lm) = téM), e;(p) (y) =
t((f)uz/ ()P )cqu, A2 = 02,2, Eq. (31) then gives:

y' gy
Qm/2 X
0w P(y) =201 Y By (y)eqw = 0w P(y') + A0 MWD (y) + E®V)(y) (56a)
q=1
Qm/2
ECV)(y) = —2¢, AT 02 (u Py | D0 602 c2, (56b)
q=1

Eq. (56a) reads with 8,/ P(y') = 0 and 8,y M®)(y/) = 0 thanks to translation invariance. However, E®Y)
gives non-zero truncation correction; it is isotropic only with the hydrodynamic advection-weight, and it
vanishes only in d2Q5 [0 = 0] and d2Q5") [ = 7). Hence, when u, (y")P(y’) is the parabolic- or the higher-
order polynomial, the local gradient-estimate 0,/ C(y’) is not equal to zero for solution-invariant direction.
Moreover, when 8§,ux1(y’) # 0, e.g. in the parabolic profile (51), 0, P(y’) depends on an additive constant

[p(()k) in Eq. (25a)]. These two artefacts modify the D, which is expected to be equal to zero according to
Eq. (30b).

5.83. The straight system with the d2Q9

Recall that there is no A-layer in the straight layers, either in the pure diffusion or the interface-
perpendicular flow [ in this last case, the B-layer accommodates the solution when the weight families are
distinct, Sec. 4.2.1]. There is no A-layer also in the interface-parallel flow, but the B-layer from Eq. (B.2) is

exhibited with any weights except the d2Q5. Substituting B;(k) = —(Bﬁr(k) —&—Bi(k)), the B-layer coefficients

{b‘(|+’k), bj(k), dﬁ’hk), di(k)} are derived together with the {pék) , pgk)} from the whole closure system (21)- (22).
When the three weight families are the same, the B-layer vanishes on the vertical link and C(y’) becomes

weight-independent. It follows that Dgwm) from Eq. (30c) is weight-independent, and hence the same as in
d2Q5. This explains the numerical observation [34].

5.4. The diagonal system with the d2Q5

To be contrasted with the pure diffusion and the interface-perpendicular flow, the d2Q5 requires the
B-layer in the parallel flow. To explain this point, consider the constant Darcy flow @ = w1, where
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M (y') is piece-wise constant; Py (y') is parabolic and the polynomial solution to Eq. (10) coincides with the

Chapman-Enskog expansion expressed through cqq = g(cq,z +cqy) and cq .y = g(cq,y —Cgz):
pq_(k) = t,(;")ceay/Pk —tg“)Aiuuaz/Pkcqm/cg’y, s (57&)
}5;'(’“) = té")uHBy,Pkcqz/cq’y/ — tgm)A;ceag,Pkcg’y, . (57Db)

The set { P, p;_(k)} satisfies Eq. (12) with €& = 0, then —M}, = ceA,;E)S/Pk. Making use of this equation in

e;r(p *) the interface-continuity condition (8a) reads [with the weights {t,t4}]:

1
||[tCCe(Pk+ %ay/Pkc%y/ + Ak(l - 206)85/})]60371/) *itcAz_UHay’Pqum’C;y/) Hr(()k) =0. (58)

The last term in Eq. (58) has different signs for interface-cut coordinate links cqer = ¢z = —l and ¢q,y = ¢y =

1[c? 1 in d2Q5]. The B-layer with B ™ (n) = :FB;t(k)(n) is called to compensate for this mismath: its

2. =
@y
coefficients {b, k), dy (k)} are determined together with {pék), pgk)} from the 4 x 2 coordinate closure relations.

It is to note that Eq. (58) then becomes exact on the parabolic profile thanks to A(%:@%) (A = 1) = m [
cf. Eq. (50b)]. Recall, A = {m, M} correspond to A = {-%, 2} in the hydrodynamic solutions [26],

where the kinematic viscosity v = 3 AT formally replaces Dy = c, A~ with ¢, = 3. Finally, if M = ¢l = 1

but M) # 1, the A-layer is additionally built on the four roots (A.8b): it modifies C(y’), and hence Dr in
Eq. (30c). A similar situation has been encountered in the interface-perpendicular flow in Appendix A.2.

5.5. The diagonal system with the d2Q9

The A-layer solves Eq. (42) derived in the pure diffusion problem (see Appendix A.3). However, unlike

in the pure diffusion, the —x and y axes are not interchangeable [then ﬁgf’k) #+ fzz(f’k)}, and the interface

system is closed with the help of the B-layer coefficients {b;(k),d;(k)} [Eq. (B.4) with Bf® = —B;(k),
éi(k) = 0]. The 8 x 2 coefficients, {p(()k),pgk)}, {a;k) , j=1,...,4} and {b;(k),d;(m}, are to be derived
from the whole system of the 8 x 2 Eqs. (23)-(24); Eq. (24) becomes replaced by a couple of the 4 x 2
bounce-back closure relations (9b) in the bounded system. When A = i, the A-layer is built with the two
roots (43) and the B-layer is fixed with the 4 x 2 interface-node corrections. Hence, the A-layer and B-layer
coexist VA thanks to parallel flow.
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Figure 11: (a) The normalized solution in the diagonal periodic parallel system OPL from Eq. (53): th
results (symbols). (b) the polynomial component Pg(n). (c) the A-layer Ax(n). (d) Cix(n) = Pr(n) +
H=19,r, =8/11, 74 = 1, ¥ = 1.67706 x 1072, A” =1, cc = 107}, ¢{® = 1 ¢(m) = 1 (M) — 3 A =

(]

[}

ry (solid) and numerical
k(n), k = {1,2}. Data:

-

Solution components are illustrated in Figs. 11-13 in OPL system when U™ = $and A = §. Fig. 11

displays (i) Py [it is parabolic in the diffusive layer and quartic in the parabolic flow]; (ii) the A-layer Ax(n)
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Figure 12: The OPL from Fig. 11. The post-collision is displayed together for &, (dot-dashed (red)) and &, (dashed (blue)): theory
(solid) and numerical results (symbols); an additive constant fits the numerical data. Top row: the anti-symmetric component (“-”).

Bottom row: the symmetric component (“+7”). (a),(e): the polynomials, Pyi(k) and ﬁ’f(k); (b),(f): the A-layer, Aiw) and Af(k);
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Figure 13: Similar as in Fig. 12 but for ¢, : theory (solid) and numerical results (symbol). Top row: the anti-symmetric component
(“-”). Bottom row: the symmetric component (“+”). (a),(d): the polynomial component Pf(k). (b),(e): the A-layer Af(k). (c),(f):
ﬁf(k) = If’f(k) + Af(k), The B-layer vanishes on the diagonal links, Bf(k) =0.
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[r solves Eq. (42): 7+24r+667r2+247r3 +7r* = 0]; and (iii), their normalized sum Cy,(n) which coincides with

the numerical solution in all grid points. Figs. 12 and 13 display the three post-collision solutions for {é,, &, }

and for @, respectively. In two layers, the piece-wise polynomial {P; (k)} is linear and cubic, {P; (k)} is

constant and parabolic. It is noted that the polynomial (physical) and the A-layer post-collision have quite

comparable magnitude. The B-layer B;f(k) = +B5™ is built with K®|,_1 = -3+ 2V2 [Eq. (18b)]: it

has much smaller amplitude. The sum of these three components coincides with the steady-state output
+

g (n) in all grid points provided that solution is fixed to its numerical value in one point, because of the

post-collision dependency upon an additive constant, Eq. (56b).

5.6. The dispersion coefficients in parallel flow

The truncation and accommodation contributions to dispersion values are examined in Poiseuille flow,
stratified constant Darcy flow and the bounded B-OPL system. In theory, D.s; = Dy, however, we quantify

kéﬂnum)

the truncation effect in the local gradient, and then D.ss. It is confirmed that all contributions scale

as Pe?; the relative error estimates in Eq. (33) are then Pe—independent.

5.6.1. The Poiseuille channel

Consider an open profile ¢ = 1, uy/ (y') = —3Vy/(y — '), v € [0,/], B’ = H cos[b], kr = %, where

Pe = Ugoh/ is defined with U, = h/~! foh/ ug (y)dy' = %2/2; U, becomes replaced by Uy (1 + $H?) in

Eq. (4) because of the summation. Plugging then Eqs. (52a)- (53) into Eq. (30c), ké?) reads:

J(H? = 1)(H? — 4)Pe? 1O _ Pe? (20 — 21H?)Pe?

k(P) — k(o) _ _ -
T = T 5HS BT 910 210H6 (59%)
1
29, 0=0: o' =7~ (1-c)A, k(Tp’|A<O,QQ>:4(¢CC> =k (59b)
3 — 4™
d2Q9, 6 = % pal = S S 2M(2 - 3t — ), t0M £0; (59¢)
s 0
205, 0= 7 : k§?>|A(%,Q5>:4(132%) =k (59d)

Thanks to symmetry, ké? ) is independent of the gradient value p; [Eq. (52a)] ; hence, Eq. (59) is not sensitive

to the effective bounce-back closure [Eq. (9b)]. The kg? ) veplaces kr when the Taylor Ansatz [65], expressed
here by Eqs. (4)-(5), is solved with the discrete Laplacian and integration in Eq. (30c) is performed via
summation; kg,? ) converges to kr as H~* (see [30, 34]). Since there is no A-layer in the straight [d2Q9] and
the diagonal [d2Q5] channels, k(T"“m) = I#D ) and it is parametrized by A with Eq. (50); further, k(T"um) = k:(TO )
with Egs. (55a) and (55b), respectively. Otherwise, the A-layer and B-layer adjust together the bounce-back
diagonal closure relation with the polynomial (quartic) solution C(y’). The unknowns, {po,p1} and the six
accommodation coefficients, are defined by the 4 x 2 bounce-back closure relations to an additive constant
po. Fig. 14 [second diagram] displays E(kgj)) = k;f))/kT — 1 from Eq. (59c); this result is exact only for
d2Q5. The numerical result E(kr) is matched exactly when E(kéfl )) is added in Eq. (33). The last diagram
then displays the numerical convergence study of E(kr) with the three weight families, t. = {3, %, 1}. It is
observed that the A-layer produces the most disparate and weight-dependent behaviour on the coarse grid
[the sign change explains the non-monotonicity of |E(kr)|]. However, despite the A-layer, E(kr) converges
with second-order rate in the diagonal Poiseuille flow due to homogeneity (symmetry). The d2Q5 with
A= i is the most accurate as might be expected from Eq. (59d), because AFQ5) i when c, is small.
In resume, the d2Q9 [0 = 0] and d2Q5 [ = %] produce the expected Taylor result with a fourth-
order accuracy employing A(%@9 and A(F:@Q5) respectively. The d2Q9 is impacted by the accommodation
corrections in the diagonal channel but E(kr) preserves the second-order rate in a homogeneous flow.
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Figure 14: The Taylor dispersion in the diagonal Poiseuille flow is modeled in the single column versus H = 6 X 2™, m € [0,7]. (b) the
predicted polynomial error component E(kéf’)), Eq. (59¢). (c) the total error E(kr) = E(kgf))) + E(k;a)) (the predicted and numerical
results coincide). (b) and (c): te = {3, 3, 1} with A = 1 (dotted(orange), solid(red), dashed(black)) and A = £ (dot-dashed (orange),
dot-dashed (blue), dashed (magenta)). The error-estimate is Pe—independent; cc = %, ¥|g—¢ = 2.37161 X 10~3Eq. (51), ¥ linearly
reduces with H. To be compared with Figs. 16 and 17 in heterogeneous channels.

5.6.2. The straight Darcy flow: truncation and B-layer effects in solution gradient

Consider now the Darcy flow @ = u 1, in Eq. (51) where P(y') is parabolic and given by Eq. (53a) with
U’ = 0; this solution is invariant by rotation and £ = 0 in Eq. (13). The D.s reduces to Dy in parallel
system; the kr has exact solution [68, 33]:

2(04rm)re(I4rnrg) > B — Ry Ty = Pa

U =0 . kT _ PeQT}QL(—1+r¢)2(T‘;L+T¢) o= hll _ ¢ (60)

In the straight parabolic profile, the relative discrepancy E(kéf) )) in Eq. (33) is only expected from the
interface continuity condition and the summation effect, [34]. However, when D, is computed with Eq. (31)

at non-zero velocity, the measured dispersion value D("*™) sums E(k(Tp )) with t,E®Y) [thanks to truncation
in Eq. (56)] and with t;E®) [thanks to B-layer] [we factorize here tgk7 in the two last estimates], cf. Eq. (32)]:

d2Q9, =0 : kirm = 5 1= k(1 + EEY) + takr(E@Y) 4 E®) | (61a)
0
1— 12(1 — CE)A (1 + Th)Q(l + ’I"h7“¢)

E(EPY = _ = 61b
(ky") j7e frn,me) s f(ThyTg) i) (61b)
BV —Stauy ¥, o H A 48Aty (610)

E(kP) krEER )e. < ¢ > 1—12(1 —co)A
Since Pq_ is piece-wise linear, tdE(p V) s quantified exactly, it converges with second-order rate and linearly
grows with A; té(Ek(fp)v)) is then H—independent and it grows linearly with ¢4; the two corrections vanish with

T

d2Q5 [tq = 0]. The B-layer correction t4E® also scales linearly with ¢; and vanishes when A = 0. The
two relative contributions, E(k:g? )) and t4(E®Y) + E®)) are found exact with the numerical measurements
of k(T"um) and DE??m), respectively. Fig. 15 illustrates E(k;gfj)), E®Y) and E® versus A when A = A(0:Q9)
[Eq. (50a)]: E(k‘?)) and E®Y) are linear with A [or A], E®) is almost linear with it; the three components
have the same order of magnitude. Fig. 15 shows that E(b)/ E®V) is almost H—independent, and hence,
E® converges with second-order rate. In resume, the truncation and B-layer effects may produce quite
comparable, non-zero local gradient values along the translation-invariant direction in the parabolic profile
C(y). These two deficiencies of the local gradient converge with second-order rate and they may concern
any LBM problem.
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Figure 15: (a) The straight stratified Darcy flow [cc = r¢/4, 7o = %, rn = 2, A = A\/(1 — cc)]. The three contribution to E(kr),
Eq. (61): (b) (polynomial) E(®) (truncation) E(®'Y) and (the B-layer) E® versus A when H = 24; (c) E(b)(rh,r(p,ce,)\,H); and (d);
E(b)/E(kéf’)) versus H when A = {2, %, 1,1} [solid(red), dot-dashed(blue), dotted (black), dashed (magenta)].

5.6.3. The diagonal Darcy flow: the A-layer solution effect

The d2Q5 is A-layer—{ree in the diagonal system, the E(kr) is then only due to the polynomial component
[f(rn,re) is defined in Eq. (61b)]:

m — —2¢e . ud
42Q5, =7 : E(kr) = EP) = 1Z202¢A iy B(kr) =0 0f Ay = AG9D A= 1 . (62)

The E(kr) converges with second-order rate and produces the same accuracy as the d2Q9 in the straight
system with Eq. (50a) and A = 75 [when E(ké?)) =0 in Eq. (61b)]. It is to note that although the mid-grid

interface is located exactly with A = % in Eq. (58), the summation effect shifts this exact result to A = -5

12°
We examine now the A-layer contribution when ¢, €]0, [ and A = 1.
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Figure 16: The diagonal stratified Darcy flow. (a) the polynomial [E(k;f’)) = % — 1] and (b) the A-layer [E(k(Ta>) = %]
contributions versus t.; (c): E(k;a)) versus H, A = 1, tc = {$, 1}; (d): the total error-estimate |E(kr)| = |E(k§f7)) + E(kgﬁl))\ when

te = {3,%, %} with A = % [dotted(orange), solid(red), dashed(magenta)] and A = £ [dot-dashed (orange), dot-dashed(blue), dotted

black)]. The E(kr) converges with H~? rate only with d2Q5 [t. = 1] where the A-layer vanishes and E(kr) = E k(p) . Data (a)-(b):
2 T
A=1% ce=rg/4,r, =L, H=19. Data (c)-(d): 7, =2, ce =1, H=6x2",n€0,7].

Fig. 16 displays E(k:gf’)) and E(kgl)) in Eq. (33). It is observed that E(k%g)) is not monotonous with
te, but E(k:gfl)) increases monotonously when ¢, — 0 from E(k:gfl))hczé = 0; E(kg?)) and E(kéﬁl)) have the
same sign and order of magnitude. Fig. 16 [third diagram] indicates that E(kg,? )) reduces with second-order
rate, on the coarse grid at least. However, the last diagram in Fig. 16 shows that the total deviation
E(kr) = E(ké? )) + E(k(Ta )) asymptotically converges only with first-order rate, as H~!. It is highlighted that
this first-order effect is due to E(k;f’ )), because the A-layer modifies the parabolic profile. Asymptotically,
the d2Q5 is then much more accurate than the d2Q9. As might be expected, and similar to the interface-
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perpendicular Darcy flow, the d2Q9 with the larger weight t. = % and the smaller value A = % is most

6
accurate among the four examined configurations.

5.6.4. The bounded stratified parabolic flow: the A-layer solution effect
The B-OPL system is described by Eq. (51) and it is closed by the solid walls. The transport coeflicients
are weight-independent in the straight layers, their TRT solution for k7, Sk and Ku is displayed in Sec.6.2 [34]

using A(%:Q9) = 4(1;6) . We provide the exact solution kr (74, 7,) and the second-order error-estimate E(k(Tp ))

using parametrization dependency A(%99) from Eq. (50a):

2
kr(re,rn) = 211)(6)618_—‘&:2;2) , X=9+T78+ri,a=1+c,c=rpry, Ry = ’I”;l ; (63a)
0=0,d2Q9 : E(kP)=H2EP? 4+ O(H*) + O(H ),
7(1+ 7r4)*(=3 + 12aA(1 + 6¢) + (=20 + ¢(3 + 20cR3)))
2(1+cX) ’

E®2) (ry,ry, A) = (63b)

a 1
E(k)o—o = E*E) o=z if Alg—o = A®9” and Alpez = ATV | with A= X (63c)

When rj, — 0, the B-OPL reduces to the Poiseuille channel, then E®?)()) = M corresponds to the
second-order term in Eq. (59a) with Eq. (59b). The two systems, d2Q9 [0 = 0] and d2Q5 [0 = ], converge
with second-order rate; they have the same accuracy only when A = ¢ [Eq. (63c)]. Otherwise, the A-layer

impacts solution in the diagonal system. Fig. 17 displays the relative polynomial [E(kg,? ))] and the A-layer
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Figure 17: The diagonal bounded open-porous system B-OPL, following Fig. 16.

[E(kéﬂl ))} contributions to Eq. (33) in the diagonal system when A = 1; both of them grow monotonously
when ¢, — 0; E(k(Ta)) behaves very similar to the Darcy flow in Fig 16, and |E(I<:(Ta))| even exceeds |E(k(Tp))|

It is then shown that |E(k§fl ))| monotonously reduces with second-order rate when ¢, = {1, 1}. Nevertheless,
the last diagram confirms that the total result E(k7) asymptotically converges only with first-order rate due

to the the polynomial component E(ké? )), as with the Darcy flow in Fig. 16. In summary, the interface

accommodation modifies the polynomial solution and slows the kp convergence to first order on a diagonal
mid-grid interface, with the d2Q5 exception.

5.7. Resume

When the stratified layers and interface-parallel flow are aligned with the coordinate axis, the B-layer
accommodates the d2Q9 solution on the interface (boundary), and it vanishes in d2Q5. The B-layer does

not impact the modeled Taylor dispersion coefficient kr in Eq. (30c) and k7 remains weight-independent.
The scalar field and the kp are properly controlled by Pe when A = ﬁ However, when one computes

Desr in Eq. (30b) from the local gradient in interface-parallel velocity ﬁfeld, then the truncation and the
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B-layer affect D.¢s in proportion to the diagonal weight value, Eq. (61). Moreover, although the scalar
solution of the given boundary-value problem is determined to an additive constant, the locally derived
gradient becomes constant-dependent in the parabolic velocity profile. Finally, D.¢s then depends on c. at
fixed Dy. In the diagonal channels, the d2Q5(T) remains unsuitable because of the “checkerboard” effect.

Otherwise, the polynomial solution becomes assisted by the B-layer even in d2Q5, because the interface-
parallel flow breaks the symmetry between the two coordinate axes. The d2Q9 with any weights, except for
d2Q5 and d2Q5(7'), needs both the A-layer and the B-layer; the A-layer is built on the four diffusion roots to
Eq. (40b); the accommodation coefficients solve the whole system of the interface and boundary conditions,
Egs. (23)-(24). The accommodation maintains the k7 scaling with Pe? and the relative error-estimate is then
Pe—independent [at fixed c.]; however, the gradient of the polynomial solution component gets modified.
In the homogeneous (open) diagonal channel, the parabolic mass-source and velocity field activate the two
accommodations but, thanks to symmetry, k7 converges with second-order rate to its famous Taylor value.
The d2Q9 [ = 0] and d2Q5 [0 = F] converge kr with the fourth-order rate using, respectively, A = ﬁ

and A = m, Eq. (59). In the heterogeneous channels, only d2Q5 maintains the second-order rate
relatively the mid-grid interface. The d2Q9 converges kp with first-order asymptotic rate, either on the

parabolic or quartic solutions.

6. Concluding remarks

This work presents a novel piece of the linear algebra behind the exact construction of the steady-
state scalar-field and non-equilibrium solutions of Lattice Boltzmann schemes. The advection-diffusion
d2Q9 TRT model is operated on its full parameter space; it is composed of the two relaxation parameters
AT per phase, the diffusion-coefficient scale ¢, and the three equilibrium weight-families for (i) diffusion,
(ii) advection and (iii) mass-source. All solution components are decomposed into their polynomial and
discrete-exponential counterparts; the equilibrium and non-equilibrium are exactly inter-related with the
TRT recurrence equations, subject to local mass-conservation solvability constraint. The whole solution is
fixed with the exact intrinsic closure relations of the implicit-interface and bounce-back boundary, assumed
to be located mid-grid in the straight and diagonal two-layered configurations. When the advection-diffusion
process is perpendicular to the interface, the constant flux jump produces a non-zero solution in the fully
periodic heterogeneous system.

Straight Diagonal
7._[:0 ﬁ:UJ_Ty/ ﬁ:uH]_:I’ ']__[:0 'L_[::UJ_Iy, ﬁ:u‘lfx,
Q5| Q9 | Q5 Q9 Q5] Q9 | Q5] Q9 [Q5] Q9 | Q5| Q9
A-layer | — — — — — — — i — ¥ _ +
T B R 2l I A P N e T

Table 1: This table summarises the presence (+) or absence (-) of the A-layer in equilibrium [A(y’) from Eq. (15) ], and the
B-layer in post-collision [B;E (n) from Eq. (18b)], with the d2Q5 [“Q5”] and an arbitrary advection-diffusion d2Q9 stencil [“Q9”,
v {tgm),tga)}, t((IM> = t,gm>]. The three corresponding piece-wise scalar-field solutions C(y’) are (a) linear [@ = 0, M = 0J;
(b) discrete-exponential [ = u Ty/, M (y') is piece-wise constant]; and (c), polynomial [4 = uH(y’)TI/, M(y') is piece-wise
polynomial]. The d2Q5(T) does not need either A-layer or B-layer in the diagonal orientation; however, its scalar field solution
is unsuitably shifted on the two sub-diagonals.

Is is demonstrated that these simplest mass-conserving closure conditions may excite an exponential
accommodation of the scalar field, referred to as the A-layer. The A-layer covers for the weight-depending
mismatch between the bulk solution across the interface; its base depends upon the weights, free-tunable
collision parameter A = A~ AT, and the physical governing numbers. The complementary, additive, B-layer
directional post-collision correction solves the recurrence equations for zero equilibrium, and its base is fixed
by A alone. The B-layer is singular when A = i, and it is then constrained to the interface and boundary
nodes. The considered physical problems constitute three groups of increasing complexity, ranging from the
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one dimensional pure diffusion and interface-perpendicular flow to the two-dimensional, constant and piece-
wise parabolic, interface-parallel flow problems. Table 1 summarizes their accommodation counterparts. In
resume, the B-layer does not modify the scalar field and its scalar solution is weight-independent for a straight
d2Q9 system; however, the B-layer may bring the linear weight-dependency into the locally derived solution
gradient. The A-layer renders the macroscopic scalar field depending on the weights and the diffusion-scale
ce in the diagonal d2Q9 system. Furthermore, the A-layer degrades the local gradient of the piece-wise
linear profile, which is the most classical first-order Chapman-Enskog prediction [20, 11].

On top of the accommodation effects, the local gradient-estimate may become inconsistent in the
Qm yla) 2 2
g=1"9 “qx~qy
when @ = u”(y)fx: 0.C(y) differs from zero even on the parabolic C(y) profile in constant flow, and it
depends on an additive constant in the parabolic profile 0§u” (y) # 0. The truncation and accommodation
contributions may reach quite comparable amplitudes. In contrast with the truncation, the accommodation
is beyond the reach of the perturbative analysis, but it explains the first-order solution and its gradient con-
vergence delay in the grid-rotated geometry. In this regard, we note that the A-layer and B-layer are not the
Knudsen layers in the kinetic sense [64], where they should appear only in extension of the hydromechanical
models to account for the “higher-order effects in the Knudsen number”.

The explicit interface (boundary) treatment, accurate with respect to the physical continuity relations,
is expected to damp the spurious accommodations in any grid-rotated geometry [23]. The d2Q4 interface-
conjugate, decomposition-flux scheme [48, 49] is found accurate [15] on the diagonal interface. However, the
local gradient rate degrades on the circular (spherical) surface with the full-weight interface-conjugate, from
—1.5 [d2Q5] towards —0.5 [d2Q9], [51]. It might be suggested that the full-weight scheme does not attenuate
sufficiently the accommodation layers due to the nonphysical tangential diffusive-flux constraint. A poor
accuracy because of an implicit, straight interface tangential-coupling has been also encountered with the
discontinuous anisotropic weights, and improved for their leading-order mismatch [25]. Our recent work [35]
confirms that the second-order interface-conjugate extension of this last approach vanishes the exponential
accommodations of the arbitrary-placed rotated interface in the parabolic profiles. It would be interesting to
examine and extend from this perspective the known interface, boundary and grid-refining approaches. All
in all, we hope our approach to become helpful for the understanding of the LBM steady-state and transient
accommodations, and for their distinction from the LBM kinetic behaviour.

translation-invariant direction due to the truncation of the type 0,C(y) = cglc'?; [u(n)C(y)] >

Appendix A. The A-layer accommodation

The solution procedure from Sec. 3.2 is applied in the pure diffusion, interface-perpendicular and interface-
parallel flow. We make use the solution invariance along ¢, [0 = 0] and ¢ [ = 7]; Eqs. (26) and (27) are
then expressed with the exact central-differences:

Bgn) = 3 (b(n +dg) —b(n — 5,) (A.1a)
Ap(n) = (n+8,) = 2(n) +(n —d,) , ¥ = {¢} (A.1b)
A" = %r(”*éq)(—l + r20a) Azr” = ("0 (1 4 0a)2 (A.1lc)
with
0=0:0,={1,1,1} for & ={&,e,cL}, (A.2a)
0= % L0y ={-1,1,2} for & ={Gc,.cL}. (A.2b)

Appendiz A.1. Pure diffusion through the diagonal layers
Solution is looked for in the form of Eqgs. (40)-(41). The A-layer solves Eq. (26) with @ = 0 and hence,
e;(a) = 0 [phase-index k is dropped]:
_ 1 _
Gg g1y = —ATct{Ma; AR+ (A= gAY q=1,..,
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When ™ # 0, Eq. (A. 3) is expressed with Eq. (A.1) and solved for a, ;(a;) [¢; = €z, 0 = —1] and a,, ;(a;)
[Cq =€y, 0g = 1] the diagonal component a, ; is expressed from Eq. (28a):

ajA"cety(—1 +1;)?

1M £ 0 Gy =ay; = a"(a;, ), with 6= (a;,t,) = — , (A4
o F lgj =y =a; (a;,t"), with a7 (a;,tq) = (A= (1t (A.da)
CALLJ = *(dm,j + &y’j) for 5(1 =CL . (A4b)
When t&m) # 0, solution of Eq. (A.3) for ¢; = ¢, reads:
dajtyee A= (=1 +12)?
(m) (u=0), (m)y 1 A (u=0) jtqCe j
ty #0 :a;=a, ; (ajt; ) with a) " (a;,tg) = 5 55 (A.5a)
J J AN(=1+75)2 = (1 +73)?
~ ~ 1, u=0
g =y = —5a"5" (A.5b)

Equating Egs. (A.4a) and (A.5b), or Egs. (A.5a) and (A.4b), one gets the solvability condition in the form

of the quartic equation given by Eq. (42) with the roots r = U?zl{r;k) (tflm)7 A)}. These roots are illustrated
in Fig. 3. The auxiliary functions to Eq. (42) are:

Ag = —3bd + 12ae , Ay = 2¢% — 9bed + 27b%e + 27ad? — T2ace (A.6a)
1

A= —E(Af — 4A3) = 8388608t™ (£ — 2(A — t™) + 6AL(™)2)2 | (A.6D)

P = 8ac — 3b* = 128(4t™ — A(1 + 6t7™) (1 — 2t 4 2A(1 4 6t7™))) (A.6c)

D = 64a®e — 16a*c? + 16ab*c — 16a*bd — 3b*
= —2048(1 — 4t (7 + 3t0™)) + 8A(1 + 2t (1 4 6t7™)) x (=™ + 2(A — ™ + 6At™)?) . (A.6d)

One interesting case is A = §, ™ = -, then A = 0 in Eq. (A.6b), and Eq. (42) reduces to —3(1 +r(4 +

7))? = 0, with the two double roots r1 9 = 134 = —2 + V3. Otherwise, Eq. (A.6) allows to examine the
roots. When A > 0, P < 0, D < 0, the four roots are all real [69]. These conditions are all satisfied when

(A>3, Vi) | (A= gt €0, 12D Il (6 €0, (M), VA £ 5 )
gmas ()] = 1AM = 64A()1 - 6A1)2+ BALLZ6A) -\ pmasy g (A7)

We note that all four roots are real with any weights when A > i. The d2Q5 holds four non-trivial roots:

(=5 A# 15 AN+ = (10 =0, (A3
4 =0 _, [2VA—o

The d2Q5™) has only two non-trivial roots:

tm =0, A# i: AN(-14+7)2 = (1 +7)2=0,7r34=—1, (A.9a)

(u=0) . 1i4\/K+4A . .
{ri,re} = T|d2Q5<” = —A_1 - {K@y, o==%1}. (A.9b)

The two roots r\ , are equivalent to B-layer roots (18b).

d2Q5(’"
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Appendiz A.2. The interface-perpendicular Darcy flow @ = u fy/
The exponential components reads with: eq Ha) tgm)ce ijl a;r;"™, e;(a) = téa)UJ_Cq)yl ijl a;r;"™k

Eq. (26) then reads as [r; = r§ ) ks dropped]:

1 — mo .
aq riy = uj_c%y/t aJA Ty — AT cet(m)aJAQT" + (A - 4)aq7 Ag i, Vag=1,., QT , 7 =1,2,.(A.10)

Eq. (A.10) reduces to Eq. (A.3) when u; = 0. We first solve Eq. (A.10) for the coordinate links:

0=0: a,; =a""" (a, t{™) + %d;u)(aj,tg’l)) : (A.11a)
aij=aj; = _%dy,j s gy =03 (A.11b)

0= % gy =Gy = &(u 0)(aj,t£m)) + géﬁu)(aj,tga)) ) (A.11c)

a1 = —(aa; +ay;), a),; =0; (A.11d)

0= (0.5 ¢ ol oy - R (A1e)

Eq. (A.4) gives &;uzo)(aj, tqy). Eq. (A.10) is now solved for the diagonal links:

u=0 m 1A u a
0=0:a);=a1; =a§ )(ajatgl ))4‘50; )(aj7t((1)) ) (A.12a)
Gy =—(a),; +aL;); (A.12b)
T . ~(u=0 m \/EA u a

6= cany = a7 (et + Al (a5, (A12¢)

. . 1.
Qa,j = Gyj = =501 5 (A.12d)

Ty . A tqajus (=1 +1;")
0={0,7} : ai 7 (aj,tq) = — A12

{ 54} CLJ_’](CL], (1) 4A(_1+7’j2)2—(1+7’]2)2 ( e)

Eq. (A.5a) gives a(f] )(aj,tq). The obtained solution for the coordinate links from Eq. (A.11), and the

diagonal links from Eq. (A.12), is summed and equated to zero in Eq. (28a). In the straight layers, d§u:0)

and dg.”) from Eqs. (A.11a) and (A.12a) scale with tgm) and tt(za), respectively. The solvability condition
ayj+a)j+ay ;= 0is then weight-independent due to Eq. (2d), it is quadratic and given in Eq. (44). In the
diagonal system, the solvability condition a, ; + @y ; + a1 ; = 0 is expressed by the sextic (A # 1) and the
quartic (A = i) equations with one root equal to 1. The reduced quintic and cubic equations, respectively,
are given in Egs. (A.13) and (A.14):

5
1 , ; .
A# L V™ D b =0, with

j=0
bo = 7771(P3 —+ 2<1) bl = 4Ak(P4 —+ 2C1) —+ P5 —+ 6 28t(m 4(P2 + 772{1)
by = —m(Ps—2C1), by =4Mp(Py —2(1) + Ps — 6+ 28t | by = 4(Py — 12(1)
mo= 4hp—1, o =4A,+1, Pz':\[PeL)Q,z:Q,...,(S, Pe(l):Dk
G o= 146t G =1+8Akt" | (3=142t1)
G = 1-6t9, =32t ¢5=—-1+2t0. (A.13)
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When A = 1, Eq. (12) reduces to cubic equation [ in notations of Eq. (A.13)]:

Ak:Z,Vtga),Vtém) car® +brP+er+d=0, with

d=—244t" +Ps, c=-2(,—Ps, b=2{ —P3, a=2—4t"™ + Ps . (A.14a)
2
Q(Pe, te)|yw_yom _, =128 + Peff (24 Pel™? (214 4t.)? + 8to(—11 + 13t,)) . (A.14b)

Eq. (A.14b) is proportional to determinant [44] of Eq. (A.14a) when the two weight families are the same.
In d2Q5 [téa) =™ = 1], Eq. (A.14a) is satisfied with two real roots, r = 0 and rgk) from Eq. (48a). In
d2Q5™ [t&a) =M = 0], Eq. (A.14a) is satisfied with » = —1 and two roots 7" k ) from Eq. (48b); rg 2) are
real when Pe( < /2. In turn, Eq. (A.14a) has three real roots when ) e € [o, ] && (Pe(f) < Pein(t.)),
or when t, € [1,1] && (Pe(f) > Pel**(tc)), with Pe'**|, 1 = oco. In that, {Pemin(t.), PeT(t.)} are
the two positive roots to Eq (A.14Db). Otherwme one root is real and the two others are complex-conjugate.
A singular weight-value is 88 = ™ = 1, where Pe" l(t=2) = 8v/3/9 and Pee®|, 1 = 00. The roots
to Eq. (A.14a) are illustrated in Fig. 7.

Example: Consider the d2Q5| @ = ¢m = 1] and d2Q5") [tﬁ“) =™ = 0] when t,(ZM) # t((]m) in the
diagonal system. These two cases are instructive because the last term in Eq. (2a) becomes piece-wise
constant and non-zero for all links; it excites the A layer in these two models. The d2Q5 constructs the

A-layer with A"‘(k) = AHk) on the four roots 7’| d2Q from Eq. (A.8b), following the general procedure from

Sec. 4.2.3. The d2Q5™ builds the accommodation with the two B-layer roots r| from Eq. (A.9) using

d2Q5<T’

Egs. (A.12¢)-(A.12e) for agkj)( (k )) The A-layer is then inter-connected through the coordinate links, but

the set {p(()k), agk)} remains decoupled on the two sub-diagonals with d2Q5 . When A = Z’ the diffusion
roots vanish and the B-layer accommodates the case téM) # tl(lm) .

Appendiz A.3.  The A-layer in interface-parallel velocity
We address Eq. (51) with u, = u (y')14; Eq. (26) then reads :

Qg g77 = ajtfla)Aquxf(n)cqm/r —a;A"cet (m)AQT"—I— (A - i)dq’j(n)ﬁgr?. (A.15)
The solution can be presented in the form:
aog(n) = a4 t") — " (n), & =3,
ayi(n) = a0yt v A ), 6 =4,
Ly = (g +ay;) = 23" (a;, 1) . (A.16)

When @ = 0, Eq. (A.16) reduces to Ag»u:O) (a;, £’”)) in Eq. (A.4). The two coordinate links, ¢, = ¢, and

cq = Cy, get the coefficients :I:a( )( ) in Eq. (A.16), and they become polynomial together with u,(n). The
G ; remains velocity- mdependent in Eq. (A.16); the roots {r;} then solve Egs. (42) and (43) derived in
pure diffusion.

Appendix B. The B-layer accommodation

The B-layer from Eq. (18) applies along the directional segment {7, = 7o+nc;, n =0,..., N} connecting
the interface nodes 7 and 7'y inside phase k. Eq. (18) is prescribed in this work with K1) = {Ky}:
A #1: 3%; s Kilag—so0=-1, Kila,s00 =1, k=1,2. (B.1)

The B-layer obeys the local mass-conservation with Eq. (28b), and it vanishes on the translation-invariant
direction 1.
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Appendiz B.1. The straight layers

Consider 6 = 0 and construct the B-layer along ¢, = {¢,, ¢, ¢ }:

, . A

0=0: B (n) =B K 4 df® K™ B M (n) = EpFO K - gf® R (B.2a)
k

BE® =0, BE® 4+ B0 4+ BE® =0, ny € [0, Hp — 1] . (B.2b)

Making use of Eq. (B.2b), the B-layer is fixed with the four coefficients per phase k, say {b(+ k) d|\+ k) ka de }.
The B-layer vanishes in d2Q5 due to Eq. (B.2b), and it is fixed with two coefficients in d2Q5(T).

0=0,d2Q5 : BX® =0, Vq; (B.3a)
0=0,d2Q5" : B =—BF® ptH = pi gt = g @) (B.3b)
When A = %, the B-layer is defined with the four (interface-node) values, e.g., {B+(k) Bi(k)an:{o,Hk—l};

the set {B; ( )} is expressed through these coefficients with Eq. (B.2a).

Appendiz B.2. The diagonal layers

Consider 6 = 7 and prescribe the B-layer along ¢, and —¢; in sign convention of Eq. (18):

™ > Nk -n H— Ak n -n
=7 Bf®(n) =P R +df WK™ B ) (n) = E(b;r(’“)Kk’f —df WK™ (B.4a)
Bf® ) =W KM 4 df O K™ B W (n) = _ D e (AN (D (B.4b)
k
Bﬁc(k)( )=0, Bir(k)(n) = —(Bf® +f3;(k)) , then Bl(k) (n) = B;® — By—(k) . (B.4c)

The B-layer is fixed through {b;t(k), b;j(k), d;t(k), d;(k)}; this set reduces to two coefficients in d2Q5 and it
vanishes in d2Q5":
,d2Q5  : BEW = £BE0 pr) — _pFR) g k) — gk (B.5a)

x

, 42Q5") : BE® =0, vq. (B.5b)

When A = 1, the B-layer is set with the four (interface-node) values {B;(k), BJ(IC)HM;‘-):{O’HF”; the set
{Ba:_(k), By_(k)}|n(k)={07Hk_1} is related to them through Eq. (18c):

o k k)
g_f A_E.{Bf(k)}_{_B;()k:I B+()‘ 2B+( ‘kl B+()| v (B.6a)
- 4 ) k= 4 . Yy - 2A— n=—1 IAN— n=0» IA— Hy» 2A— n= H2 1J -0a
. (k) B+( ) B B+( )
(B} = (b2t - e, S 52, 1) (B.6b)
{(BT®} = {—=(Bf® + B )}, then {Bi’“}:{Bm ® — B, Wy} (B.6c)

The B-layer coefficients are fixed by interface (boundary) conditions together with the polynomial and
A-layer remaining unknowns; the B-layer vanishes when there is only one interface-cut link.
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