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Abstract

We quantitatively evaluate the capability and accuracy of the lattice Boltzmann equation (LBE) for modeling flow through porous
media. In particular, we conduct a comparative study of the LBE models with the multiple-relaxation-time (MRT) and the Bhatnagar—
Gross—Krook (BGK) single-relaxation-time (SRT) collision operators. We also investigate several fluid—solid boundary conditions
including: (1) the standard bounce-back (SBB) scheme, (2) the linearly interpolated bounce-back (LIBB) scheme, (3) the quadratically
interpolated bounce-back (QIBB) scheme, and (4) the multi-reflection (MR) scheme. Three-dimensional flow through two porous
media—a body-centered cubic (BCC) array of spheres and a random-sized sphere-pack—are examined in this study. For flow past a
BCC array of spheres, we validate the linear LBE model by comparing its results with the nonlinear LBE model. We investigate system-
atically the viscosity-dependence of the computed permeability, the discretization error, and effects due to the choice of relaxation param-
eters with the MRT and BGK schemes. Our results show unequivocally that the MRT-LBE model is superior to the BGK-LBE model,

and interpolation significantly improves the accuracy of the fluid-solid boundary conditions.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Historically, the lattice Boltzmann equation (LBE) for
modeling hydrodynamics [1,2] originated from the lattice-
gas cellular automata (LGCA) [3,4]. Recently, it was
shown that the LBE can be directly derived by discretizing
the Boltzmann equation [5,6]. This not only sets the LBE
method on the solid foundation of kinetic theory, but also
makes the LBE method more amenable to numerical anal-
ysis. The LBE method has been shown to be equivalent to
an explicit, first-order in time, second-order in space finite
difference approximation of the incompressible Navier—
Stokes equations [7-9]. Thus, the LBE method can be
viewed as a discrete approximation of the incompressible
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Navier-Stokes equations, based on kinetic theory rather
than continuum theory [10].

Due to its kinetic origin, the LBE method has some fea-
tures that are significantly different from conventional
computational fluid dynamics methods based on a direct
discretization of the Navier—Stokes equations. Appealing
features of the LBE method include programming simplic-
ity, intrinsic parallelism, and straightforward resolution of
complex solid boundaries and multiple fluid species. Hence,
the LBE method has gained popularity in recent years for
simulating single-fluid and multiple-fluid phase flow
through porous media (cf. [11,12] and references therein).
However, computational limitations remain of concern
for such applications.

The most popular LBE model used in porous medium
simulations is the lattice Bhatnagar—Gross—Krook
(LBGK) model [13,14] with a standard bounce-back
(SBB) scheme for fluid—solid boundaries. However, two
common problems are encountered with this popular
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method. First, the LBGK model, in which the collision
operator is approximated by a single-relaxation-time
(SRT) approximation, has some defects such as numerical
instability and viscosity dependence of boundary locations,
especially in under-relaxed situations [15]. The viscosity
dependent boundary conditions pose a severe problem
for simulating flow through porous media because the per-
meability becomes viscosity dependent, while it should be a
characteristic of the physical properties of porous medium
alone. The problem of the viscosity-dependence of the
boundary conditions is clearly illustrated by Fig. 1, in
which the computed permeability for a typical porous med-
ium GBID (cf. Section 5) varies significantly as the viscosity
changes in the LBGK model. The deficiencies inherent in
the LBGK model can be significantly reduced by using a
multiple-relaxation-time (MRT) approach [16-22], which
separates the relaxation times for different kinetic modes
and allows tuning to improve numerical stability and
accuracy.

Second, in the LBE simulations of flow through a por-
ous medium, curved fluid-solid interfaces are usually
approximated using a zig-zag approach so that the SBB
boundary conditions can be directly applied, which reverse
the momentum of fluid particles colliding with a solid
boundary by mimicking the particle-solid interaction for
no-slip boundary conditions. The SBB boundary condi-
tions are easy to implement; they do, however, introduce
errors in boundary locations, especially when the resolu-
tion is coarse, and using fine enough uniform discretization
of pore geometries to adequately resolve the flow with zig-
zag approximation is often ineffective and unrealistic com-
putationally. Recently, several schemes have been
advanced to more accurately represent such boundaries
using spatial interpolations [12,22,23]. These methods can
be incorporated separately into LBE model to further
improve accuracy and to speed up convergence. However
to the best of our knowledge, no systematic quantitative
comparison of the numerical accuracy and convergence
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Fig. 1. The viscosity dependence of the computed permeability using the
LBGK model. The result is obtained for flow through a sphere-pack
medium.

rate of these methods has been reported in the literature
for complex porous medium systems.

The overall goal of the present work is to examine the
accuracy of LBE models for the solution of flow through
porous medium systems. The specific objectives of this
work are: (1) to implement a standard LBGK and an
MRT-LBE model with a number of fluid-solid boundary
schemes; (2) to compare the numerical accuracy of avail-
able LBE schemes for model problems quantitatively and
systematically; and (3) to investigate the discretization level
necessary to achieve resolution-independent results for sin-
gle-phase flow in porous media using various boundary
schemes.

The remaining parts of this paper are organized as fol-
lows. Section 2 describes briefly the three-dimensional
MRT-LBE model with 19 velocities (D3Q19 model) used
in this paper. Section 3 discusses the set of fluid—solid
boundary conditions to be compared in the work, includ-
ing the standard bounce-back (SBB) scheme, the linearly
interpolated bounce-back (LIBB) scheme, the quadratically
interpolated bounce-back (QIBB) scheme, and the multi-
reflection (MR) scheme. Sections 4 and 5 present the
numerical results for flow through a periodic body-cen-
tered cubic (BCC) array of spheres of equal radius and
the results for flow through a random-sized sphere-pack
porous medium, respectively. Finally, Section 6 concludes
the paper.

2. Multiple-relaxation-time LBE model

There are three components in any LBE model. The first
component is a discrete phase space consisting of a regular
lattice space 0,7, with a lattice constant J, in d dimensions
together with a finite set of highly symmetric discrete veloc-
ities {e]i=0,1,...,N} connecting each lattice node
X, € 0,Z, to its neighbors, and the corresponding set of
velocity distribution functions {fj|i=0,1,...,N} defined
on each node of the lattice. The second component is a col-
lision matrix S and (N + 1) equilibrium distribution func-
tions {£°Y | i=0,1,...,N}. The equilibrium distribution
functions are functions of the local conserved quantities
and are a crucial component of the LBE method, which
can be related to kinetic theory. The third component is
an evolution equation in discrete time ¢, € 6,Nj:

f(x; + e€d,,t, + 9,) — (x4, 2,)
= S[f Y (xy, 1) — f(xz,1,)] +F, (1)

or equivalently

f(x; +edy,t, + 0,) — f(xy,t,)
= M'Sm (x;,4,) — m(x;,,)] + F, )
where the bold-face symbols, f, m, m“?, and F are B-

dimensional (column) vectors (B= N+ 1 or N for models
with or without zero velocity, respectively), i.e.,
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f(x; + ed,,t, +9,)
= (fo(Xus ta + 00, Sk + eyt +6,))T
£, 1) = (ol 1), /1 (s 1) fov (e 1))
m(xy, t,) := (mo(xx, 2,), my (X5, 2,), - . . 7mN(xk,t,,))T7
F:= (Fo,Fy,...,Fy)".

Here superscript T denotes the transpose operator, and F
represents the external forcing, of which the components are:

e -a
F;= 3Wi/)07» (3)

where ¢ := 6,/8,, py is the (constant) mean density in the
system (usually set to 1), a is the acceleration due to exter-
nal forces, and the weight coefficients for the D3Q19 model
are usually chosen as wo = 1/3, w; = 1/18 for i = 1-6, and

= 1/36 for i =7-18. In lattice units, the time step &, is
set equal to 1, as is the lattice spacing (5 =0,=1).

The relaxation matrix S=M-S-M'isa Bx B diago-
nal matrix. The transformation matrix M relates the distri-
bution functions represented by fe V =R? to their
moments represented by m € M = R?, as in the following:

m=M-f, f=M"'-m (4)

The transformation matrix M is constructed from the
monomials of the discrete velocity components
enels e,’w (a, p and 7y € {x,y,z}) via the Gram-Schmidt
orthogonalization procedure [16,19-21]. The row vectors
of M are mutually orthogonal, i.e., M- MT is a diagonal
matrix, but not normalized so all the matrix elements of
M are integers [16,19-21]. For the 19-velocity model in
three dimensions, i.e., the D3Q19 model (here DdQq
denotes the model with ¢ velocities in d dimensions), the
matrix M is given in [20,24].
For the D3Q19 model, the 19 moments are:

m = (p7 e7 87]);7 qx?]y? Qy7]z7 qZ7 3pxx7 3nxxapwwa
T
nww‘7pxyap)zapxz7 mX? my7 mz)

= (m07m17 o 7m18)T7

among which, only the density p =) .f; and momentum
J =/, J.) =D .fie; are conserved quantities for ather-
mal fluids, and the rest are non-conserved quantities [20].
The equilibria m“?(p,j) for the non-conserved moments
are [20]:

19
e ——11p+p—1 1——11p+ (12+JV+JZ) (5a)
11
g =3p — 2% ~—JJ (5b)
0
2 . 2
¢ =i 4 =-3i ¢V =-3/ (5¢)
1 1
(eq) _ 2 2 -2 (eq) __ 2 )
D —*[%— +)|, P —*[J,—Jz}, 5d
31/00 Ui 1) Po 1} (5d)
(eq) _ .. (eq) o .. (eq) _ ..
Py =iy Pt =i Pl = —Jue Se
7 po > po”” Po (5¢)
RS = — S0, S = — 2,
m)(ceq) — qu) — mieq) =0. (5f)

Corresponding the particular order of moments used here,
the diagonal relaxation matrix S is given by

S =diag(0,s1,52,0,54,0,54,0,54,59,510,59,510, 513,513,513, 516,516,516
=diag(0,5,5:,0,54,0,57,0,54, 80,87, 87,Sv, S0, Svs Sy Sy S ) -

(6)

The speed of sound of the model is ¢, = 1/v/3 and the
viscosity is

)

With the above equilibria of Egs. (5a), if all of the relaxa-
tion rates, {s;]i =0,...,18}, are set to be a single value 1/,
i.e., S=1"'1, where | is Bx B identity matrix, then the
model is equivalent to an LBGK model with the following
equilibria [5]:

fz(eq)(Pau) =w; {P+Po<3ei'”+g(9i'")2 _%”'”)} (8)

where the fluid velocity u := j/po. When external forcing F
is considered in the LBE simulations, j' =j + poad,/2 (or
u' = u+ ad,/2), instead of j (or u), is used as the measured
velocity field for output, and in the calculation of nonlinear
velocity terms of the equilibria of Eq. (5a) for the moments
(or equilibria of Eq. (8) for the distributions). The reason
of replacing j by j' for output and in nonlinear term calcu-
lations is to account for the momentum change due to F
and to satisfy the mass conservation equation up to the
second-order in the Chapman-Enskog analysis [22,21].
For more detailed discussions of the discrete lattice effects
on the external forcing term and MRT-LBE method in
general, we refer readers to the literature [16-22].

When simulating flow through porous media, we are
often interested in Stokes flow, for which Darcy’s law
holds. The Stokes flow can be simulated by the linear
LBE scheme, in which all the nonlinear velocity terms are
omitted in the equilibria given by Eq. (5a) for the moments,
or equivalently in the the equilibria of Eq. (8) for the distri-
bution functions, i.e.,

eV = _11p, £V =3p, (9a)
2 2 2

(d) — _ =5 (a) — _ =5 ea) — _Z5 9b

q, e 4 3 4 3/ (9b)

Py = pil) = pi? = p? = pi? =0, (%)

nf;q) = ngffj =0, m<eq) =m (eq) 5 D) =0, (9d)

With the above equilibria, the resulting momentum equa-
tion is the Stokes equation without the nonlinear advection
term u - Vu. Note that Darcy’s law is only valid for the flow
in the limit of zero Reynolds number [25], i.e., the Stokes
flow. We will validate the linear LBE scheme in simulations
of flow through a simple porous geometry.
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3. Solid boundary conditions

The LBE method deals with the single particle distribu-
tion function f'in phase space I := (x, &), as opposed to the
hydrodynamic variables, such as fluid density p, flow
velocity u, and temperature 7, in physical space x. Conse-
quently, the boundary conditions in the LBE method are
also expressed in terms of the distribution function frather
than the flow variables commonly controlled in conven-
tional computational fluid dynamics methods. In the
LBE method, the objective is to construct the unknown
incoming distribution functions based on the known
outgoing distribution functions at the boundary nodes so
that the physical boundary conditions of interest are
satisfied.

The lattice Boltzmann scheme consists of two steps, i.e.,

./;i(xkvtn) _fi(xka tn) = Qia

.fi(xk + eiéfﬂ tn + 5?‘) = fi(xka tn)a

collision : (10a)

streaming : (10b)
where Q; denotes the collision operator, and f, and f; de-
note the post- and pre-collision states of the particle distri-
bution functions, respectively. During the streaming step,
the no-slip velocity boundary conditions at the fluid-solid
interface are usually approximated using the standard
bounce-back (SBB) boundary conditions, which mimic
the phenomenon that a particle reflects its momentum
when colliding with a solid surface.

It is important to stress that the SBB boundary
condition does not always place the wall at the one-half
grid spacing beyond the last fluid node. In the LBGK
model, the actual position of the boundary is viscosity
dependent when the SBB is applied. This can be easily seen
from the analytic solutions for the Poiseuille flow [15],
especially in under-relaxed situations, i.e., when t > 1. This
problem can be solved with the MRT-LBE model when
using the linear LBE scheme, by combining the bounce-
back rule with a carefully constructed collision operator.
Because the boundary location depends on a polynomial
of relaxation rates {s;} [17,22], one can choose the relaxa-
tion rate s, for the “energy flux” mode ¢ :=(¢y.q,,¢9-) as
the following:

e an

Sq:

such that the position where # = 0 is fixed at exactly one
half lattice spacing beyond the last fluid node for Poiseuille
flow when the solid walls are parallel to the underlying
lattice lines [17,18,22,23].

3.1. Interpolated bounce-back schemes
Fig. 2 illustrates the typical scenario in bounce-back

boundary conditions in a one-dimensional setting. If the
boundary location xw is situated half-way between xa

(a) _ Iwall
g=12 5 b./2+
—@ ® \ m
T Tp -753\"_/} Ly Ty
|
|
(b) - | wall
g<l1/2 5, g6,
|
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|

Fig. 2. Illustration of the interpolated boundary conditions in one
dimension. Symbols @, ®, O and [J denote interior fluid node, boundary
fluid node, the off-lattice location involved in interpolations, and solid
node, respectively. (a) the perfect bounce-back situation, g =1/2; (b)
interpolation before the bounce-back collision, ¢ < 1/2; and (c) interpo-
lation after the bounce-back collision, ¢ > 1/2.

and xp, i.e., ¢ := |xp — xw|/|xa — x| = 1/2, the incoming
distribution function is simply equal to the corresponding
outgoing one with the opposite momentum, hence the
name “bounce-back” boundary conditions.

Intuitively in the perfect bounce-back situation, in a
complete streaming-collision cycle the particle travels
half-way between two nodes x, and xp, collides with the
wall at xy, and reverses its momentum (the collision pro-
cess is assumed not to consume any time), then travels back
to x4, as illustrated by Fig. 2(a). When ¢ < 1/2, the particle
at x5 would end up at xc after the streaming-collision
cycle, as illustrated by the thin arrow in Fig. 2(b). However,
if the particle starts from xc, then it will end up at x4 after
the streaming-collision cycle, as illustrated by the thick
arrow in Fig. 2(b). This can be accomplished if we can con-
struct the distribution function at xc by using an interpola-
tion before the streaming-collision process with the wall
takes place. Similarly, when ¢ > 1/2, the incoming distribu-
tion function can be constructed by using the outgoing one
located at xc after the streaming-collision interaction with
the wall takes place, as illustrated by the thick arrow in
Fig. 2(c), and the distribution function values at nearby
nodes xp and xg.

For stability considerations, we limit ourselves to inter-
polations, including linear and quadratic interpolations
proposed in [23,26]. The linear interpolation bounce-back
(LIBB) formulae for fi(xa, 1) :fR(xC, t,) are:
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Sr(xa,tasn)
(1 2q) R(xDa )+2qu(xA7 )a q<1/27
= (12a)
(1 —21—,, SL(xp,tu +2qu(xc, th1), q=1/2,
(1=29)fr (xa,tue1) +20f w (xa,1n), g <1/2,
= (12b)

(1 2!])fL XAl )+2_quR(xA7tn)a q = 1/2

In the above formulae, subscripts L and R indicate left-
bound or right-bound directions, respectively, as depicted
in Fig. 2. The interpolation formulae involve either the
post-collision information at time ¢, or or pre-collision
information at time ¢, := ¢, + J,. Hence, Eq. (12b) indi-
cates that the LIBB requires only local information to per-
form interpolation. Similarly, the quadratic interpolation
bounce-back (QIBB) formulae are:

Sr(xa,tur1)

q(1+29)f r(*as1a) + (1 = 4> fr (*p, 1)
—q(1-2¢)fr (*e, 1), q<1/2,

B 2L £ (% bs1) + s (X tai) (132)
+Ei;§3;fL(-antn+l)v q=1/2,
g(1429)f r (*as1a) + (1 = 4¢°) fr (xa, 1)
—q(1=2g)fr (XD, tu11), g<1/2,

= B (oas ) b Genot) (13b)
+EEL L (XD, 1), q>1/2.

Note that both linear and quadratic interpolations are up-
wind with respect to the particle velocity (e, in this case)
when ¢ < 1/2 and downwind when ¢ > 1/2, and they reduce
to the SBB boundary conditions when g = 1/2.

3.2. Multi-reflection boundary conditions

The multi-reflection (MR) boundary conditions [22] for
solving the moving solid boundary problems, on the other
hand, utilize a more general closure relation that deter-
mines the unknown distributions from five neighboring
values. The closure relation is theoretically obtained from
the Chapman-Enskog expansion at the boundary nodes.
The MR closure relation is accurate up to third-order in
the Chapman—Enskog expansion by considering a correc-
tion term E ~ f

So(xastun) =kifL(xc,ty) Fhofr(Xa, tur) k3 fr (XD, ths1)

+kafL (XD, tug1) FhsfL(Xe,ta1) FEL(xa,ty)
(14a)

:kU}R(antn) +hofr(Xa,ths1) +k3fR(xD, tyt1)

+k‘U;L(xAvtn)‘i»kS]‘L(xDv )+ fL (xAv )
(14b)

where v is the viscosity given by Eq. (7). The coefficients k;,
i€{l,2,...,6} are functions of ¢ and are chosen as follows
when the relation between the relaxation parameters of
Eq. (11) is used (see detailed formulation in [22]):

_ _ 2
k=1, k2:7k4:(12q73q)
(1+4q)
2
q 1
ky = ks = . kg=—— 15
TV T (1497 T 41 49) .

The third-order nonequilibrium terms f;-(z) only relate to the
third-order moments (¢, q,,q-) and (m.,m,,m.), and can
be explicitly computed as the following:

) = M. S [t — tea)],
(O? O? O? O’ qx? 07 qy7 O? qz? 07

(16a)
- 0,my,my,m.).

(16b)

where t :=

The multi-reflection boundary conditions involve five dis-
tribution functions at two neighboring nodes of a bound-
ary node, whereas the linear and quadratic interpolations
involve two and three distribution functions at one or
two neighboring nodes, respectively. The linear and qua-
dratic interpolated boundary conditions are special cases
of the multi-reflection boundary conditions with appropri-
ate choices of coefficients {k;} [22].

In cases where there are insufficient fluid nodes to apply
the interpolations, we reduce the LIBB to SBB boundary
conditions (i.e., ¢ = 1/2) if there exists only one fluid node
between two solid nodes. When only two fluid nodes exist,
we reduce the QIBB and MR to LIBB. One can also mod-
ify the MR relation of Eq. (14a) by, for example, replacing
fr(xp, t,,+1) with fr(xp,?,), as indicated in [22,27].

Furthermore, regarding parallel implementations, while
the LIBB requires only local information, both the QIBB
and MR schemes require neighboring information from
the boundary nodes. However, the communications are
restricted to only the nearest neighbors of the boundary
nodes by using the post-collision distributions at time ¢,
as demonstrated in Egs. (13b) and (14b).

A drawback of the interpolation and multi-reflection
boundary conditions is that local mass is no longer con-
served. However, for incompressible flow with a small den-
sity gradient of fluids, a slight violation of the local mass
conservation has an insignificant effect on the flow simula-
tions, which will be numerically demonstrated later. It is
important to emphasize that an accurate and efficient
implementation of the fluid—solid boundary conditions is
crucial in porous medium flow simulations with a limited
spatial resolution, because applying fine enough discretiza-
tion of pore geometries to adequately resolve the solid
boundaries is often computationally prohibitive. In the fol-
lowing section, we will quantitatively investigate the benefit
of the alternative boundary approximations that were dis-
cussed above compared to the SBB scheme for porous
media simulations.
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4. Flow through a body-centered cubic array of spheres

We first considered the case of flow through an idealized
porous medium, i.e., a periodic body-centered cubic (BCC)
array of spheres of equal radius «, as depicted in Fig. 3. The
permeability for this porous medium can be derived analyt-
ically [28,29]:

1

. . bmapvuy
K'=— - °
6mad*’ Fp '’

where 14 is the Darcy velocity along the flow direction, and
Fp is the drag force for each sphere. The inverse of the
dimensionless drag, d*, is purely determined by the geomet-
ric characteristics of the sphere array, and can be given by
a function of the solid volume fraction ¢ as a series
expansion:

30 ANVE
d = Z%Xny 1= ( > )

n=0 Cmax

8na’ V3n
C:T; cmax:Tv (18)

where L is the length of the cube, as shown in Fig. 3(b), and
the coefficients o, are given in [29]. Various resolutions N°
are used in our simulations. Obviously, in lattice units, the
sphere radius is { = v/3Ny/4, and the pore throat (i.e., the
minimum space between solid spheres) is # = /3N (1 — 3)/2.
We measure the fluid permeability x according to
Darcy’s law:
“(V.p+ pg), (19)

pv

(17)

Ug = —

where the Darcy velocity w4 is obtained as the volume aver-
aged fluid velocity (u)) over the system [30], pg is the
strength of the forcing, and z is the vertical coordinate
parallel to the forcing direction.

For the D3Q19 model, in addition to the relaxation rate
s,, which determines the viscosity v, there are five other
relaxation rates that are adjustable parameters: s,, s, s,
s, and s,,. To evaluate the effect of the adjustable relaxa-
tion parameters s; of the MRT scheme to the flow simula-

tions, two sets of relaxation parameters are studied here:

Fig. 3. A BCC array of spheres with equal radii. (a) 3D view (black and
gray area depict fluid and solid regions, respectively); and (b) a 2D
projection.

2 2—s,
Ty === =8

1
SetA:s,=—=
T

1 2—s,
SetB:se:s‘g:sﬂ:S‘,Z;7 sm:sq:8( S).

Set A of Eq. (20) follows our previous work based on
empirical observations [31], and Set B of Eq. (21) follows
the two-relaxation-time (TRT) model proposed in
[22,32,33] based on the Chapman-Enskog analysis, in
which the even-order modes are relaxed with the relaxation
rate s, determined by the viscosity, while the odd-order
ones with the relaxation rate s, given by Eq. (11) so that
the actual locations of walls are viscosity independent when
the standard bounce-back boundary conditions are used.

In this section, we tested the validity of the /inear lattice
Boltzmann equation as we compared the LBE simulations
to the analytical solution of Stokes flow through the BCC
array of spheres. Hereafter, the linear LBE was used unless
otherwise stated, and acronyms MRT-MR, MRT-QIBB,
MRT-LIBB, MRT-SBB are used to denote the MRT
scheme with multi-reflection, quadratic interpolations, lin-
ear interpolations, and the standard bounce-back bound-
ary conditions, respectively, and BGK-SBB denotes the
LBGK scheme with the standard bounce-back boundary
conditions.

4.1. Viscosity effect on permeability

We first evaluated the viscosity dependence of the com-
puted permeability by using different LBE schemes.
Fig. 4(a) and (b) show the normalized permeability r/k"
for the BCC array of spheres with y = 0.85, where k" is
given by Eq. (17), at t=1/5s,=0.6, 0.8, 1.0, 1.5, and 2.0
and with, respectively, the relaxation parameters of Set A
and Set B. The resolution used was 32°, corresponding to
the sphere radius { ~ 11.8 and the pore throat  ~ 2.8 in
lattice units, which are sufficient to apply LIBB, QIBB,
and MR schemes. The results clearly show that the values
of x/ik* obtained by the MRT-SBB scheme are much less
dependent on viscosity than those obtained by the BGK-
SBB scheme, and when using the relaxation rates of Set
B, x is independent of v. In all cases, the results obtained
with the MRT-SBB scheme are consistently better than
those obtained with the BGK-SBB.

For the MRT-LBE with different boundary conditions,
we observed the following. First, it is clear that, as shown
in Fig. 4, the MR boundary conditions significantly
improve the results of k when compared to QIBB, LIBB,
and SBB boundary conditions, and yield virtually viscos-
ity-independent results with either set of relaxation values.
Second, with a fixed viscosity, the permeability monotoni-
cally increases when using the SBB, LIBB, and QIBB
boundary conditions. The SBB consistently under-predicts
the permeability because its inaccuracy in geometry rep-
resentation, whereas the LIBB and QIBB boundary
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Fig. 4. The normalized permeability «/x* for the BCC array of spheres vs. the viscosity v. The porosity is y = 0.85 and the resolution is 323, The relaxation

rates used are: (a) Set A given by Eq. (20) and (b) Set B given by Eq. (21).

conditions also over-predict in most cases, and more so the
QIBB than the LIBB. Third, the LIBB and QIBB boundary
conditions seem to work better than the SBB only in the
over-relaxed cases (t = 1/s, < 1), which require more itera-
tions to reach the steady state than for the under-relaxed
cases (7 > 1). Later this point will be further studied quan-
titatively. And fourth, unlike the nonlinear LBE simula-
tions for the Navier—Stokes flows, in which the QIBB
leads to more accurate velocity fields than the LIBB [23],
we found that, with the /inear LBE, the QIBB does not
seem to significantly improve the accuracy compared to
the LIBB counterpart, although the QIBB boundary condi-
tions appear to be more accurate for over-relaxed cases
(e.g., T =0.6). One reason for this is because the resolution
used in this test is sufficiently refined so that the computed
permeabilities are relatively insensitive to the boundary
conditions. This issue will be further addressed in the
following section.

4.2. Sphere size effect

To quantify the discretization error related to the
boundary conditions, we performed MRT-LBE simula-
tions for the periodic BCC arrays of spheres by varying
the sphere radius (porosity ¢ between 0.42 and 0.92) at
the fixed resolution 32°. With decreasing porosity ¢ at a
fixed resolutions N°, the pore throat # shrinks, effectively
reducing the resolution of the pore structure. Table 1 shows
the relative error ox = (k/k* — 1) for the normalized per-
meability x/x", and the number of iteration T required to
reach a steady state, using MRT-MR, MRT-QIBB,
MRT-LIBB, and MRT-SBB schemes. For the MR
scheme, we compared two cases, T = 2.0 and t = 0.6, while
only 1 =0.6 was applied to the QIBB, LIBB, and SBB
boundary conditions. We also compared the permeabilities
obtained by the linear LBE to those obtained by the non-
linear LBE for a medium with the least resolved pore space,
i.e., the medium with y = 0.95. The force magnitude was
set to be g = 10~* and 10> for the nonlinear LBE simula-
tions, corresponding to Reynolds number Re=1.9 and
0.19, respectively.

Based on the results in Table 1, we made the following
observations:

e When over-relaxed, all of the interpolated schemes lead
to significant improvement in the estimation of k¥ when
compared to the SBB boundary conditions for a wide
range of y.

e When comparing the QIBB and LIBB schemes, the
errors in x obtained by the QIBB are considerably smal-
ler than those by the LIBB, particularly when y
approaches 1, the cases in which the pore spaces
are insufficiently resolved, as indicated by small pore
throat 7.

e The MR boundary condition in general leads to signifi-
cantly more accurate permeability predictions than any
other schemes.

e When pore space is sufficiently resolved, the MR scheme
with 7> 1 is recommended because it yields accurate
results with relatively few iterations. However, the MR
scheme is prone to numerical instability when 7=
1/s,< 0.8 because the term E~ f@/v in Eq. (14a)
may become too large with a small v.

e For a single-phase simulation of a BCC array of spheres
at resolution level { =13.2 and 5 = 1.4, the difference
between the linear and nonlinear LBE permeabilities is
within 0.3% at Re ~2, and within 0.001% at Re~
0.2.

4.3. Discretization effect

We next investigated the discretization effect for Stokes
flow through a BCC array of spheres. We fixed the porosity
at y = 0.85 and varied the resolution N°, for N =8, 16, 24,
32, 48, 64, and 96, which correspond to a sphere radius
(=29,58, 8.8, 11.8, 17.6, 23.6, and 35.3 lattice spacings.
We show the normalized permeability obtained with a dis-
cretization N, xn/x", using the relaxation parameters in Set
A and Set B in Fig. 5(a) and (b), respectively. The results
confirm that interpolation improves the accuracy of the
SBB boundary conditions.
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Table 1
The relative errors of the permeability dx (%) and number of iteration time steps 7 for a set of periodic BCC arrays of spheres with varying y using various
schemes

x ¢ n S MRT-MR MRT-MR MRT-QIBB MRT-LIBB MRT-SBB
=20 t=0.6 1=0.6 1=0.6 t=0.6
ox(%o) Tgo o1(%) % IK(%) % ox(%o) 1%0 orc(%) %
0.5 0.92 13.8 A 0.01 12 —0.35 159 0.58 148 0.09 125 —2.18 123
B —0.13 12 —0.13 148 1.24 148 0.76 149 —0.68 148
0.6 0.85 11.1 A 0.08 9 —0.02 36 0.84 84 —0.24 83 —5.21 80
B 0.02 9 0.02 98 1.45 98 0.58 95 —3.65 95
0.7 0.76 8.3 A 0.02 6 —0.45 54 0.43 54 —0.83 54 —6.05 52
B —0.11 6 —0.11 63 1.29 63 0.26 63 —3.98 62
0.8 0.64 5.5 A 0.20 4 —0.02 40 0.60 40 —1.62 39 —9.38 36
B 0.09 4 0.09 40 1.79 40 0.11 39 —8.31 37
0.85 0.59 4.2 A 0.03 3 —0.16 36 0.27 30 -1.17 30 —4.84 30
B —0.08 11 —0.08 30 1.82 30 0.69 30 —1.58 30
0.9 0.50 2.8 A 0.34 2 *0.02 *8 0.72 25 —1.66 23 -8.21 22
B 0.24 2 0.04 23 2.61 23 0.51 23 —4.34 22
0.95 0.42 1.4 A 1.63 2 —2.06 18 —0.55 17 -3.07 17 -10.1 16
B 0.83 2 0.02 17 2.35 17 0.23 17 —-5.27 16
10.95 Re=1.9 A 1.63 2 —-2.32 15 0.81 17 —-3.32 17 -10.3 16
10.95 Re=0.19 A 1.63 2 —2.06 17 0.55 17 -3.07 17 -10.1 16

¢ is the porosity and 7 is the lattice size of pore throat. The grid resolution is 32 and the forcing magnitude g = 10™*. The relaxation parameters s; in Set A
and Set B are used in the comparison. Values with * were obtained at T = 0.8 as MR boundary conditions could become numerically unstable at t <0.8.
To test the validity of the linear LBE, the last two lines with Re show the results using the nonlinear LBE terms for a medium with y = 0.95.
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Fig. 5. The normalized permeability x/x* as a function of grid resolution N in each dimension for the BCC array of spheres with y = 0.85. The relaxation
parameters used are: (a) Set A given by Eq. (20) and (b) Set B given by Eq. (21).
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Fig. 6. Relative error of permeability |kx/k* — 1| as a function of grid resolution N in each dimension for the BCC array of spheres with y = 0.85, using
relaxation parameters of (a) Set A and (b) Set B.
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To clearly show the discretization effects, Fig. 6(a) and
(b) illustrate, respectively, the absolute relative error
|0k ] = |ka/i™ — 1] of Ky as a function of grid resolution
N for the relaxation parameters of the Set A and Set B.
We consider ky is discretization independent if |0y, < 1%
for any M > N. Hence, Fig. 6(a) indicates that for the
BCC array of spheres, with relaxation parameters of Set
A, xy becomes grid independent if N > 16 when using
the QIBB boundary conditions, N > 24 when using MR,
and N > 48 when using LIBB, while with the SBB bound-
ary conditions, k likely converges to a constant value at a
discretization level N > 96. Fig. 6(b), on the other hand,
indicates that with the relaxation parameters given by Set
B, x becomes discretization independent if N > 16 for
MR, N > 24 for LIBB, and N > 48 for QIBB.

These results indicate that the choice of the relaxation
parameters has a significant effect on the permeability com-
puted with different boundary conditions. The effects on
the QIBB and LIBB boundary conditions appear to be
more severe than those on the MR and SBB boundary con-
ditions. For example, with the relaxation parameters of Set
A, the MRT-QIBB scheme converges to the analytic solu-
tion at a mesh size that is 1/3* of what required with that of
Set B. And, with relaxation parameters of Set B, the MRT-
LIBB scheme appears to perform better compared to the
MRT-QIBB scheme.

It is clear that the computed permeability shown in
Fig. 6 has not reached the asymptotic limit in which the
order of convergence can be demonstrated using Richard-
son’s formula. However, the results based on linear regres-
sion of the data shown in Fig. 6 clearly indicate that the
MRT-LBE with all the boundary conditions, i.e., the
MR, QIBB, LIBB, and SBB, has a second-order or better
rate of convergence, depending on the boundary conditions
and the choice of the relaxation parameters.

4.4. Computational issues

In terms of computational time, we find that the MRT
model generally takes about 10 ~ 20% more CPU time
than the LBGK model due to additional computation in
moment space. It is noteworthy that no more computa-
tional time than the LBGK model is needed when using
the the two-relaxation-time (TRT) model with the form
of the TRT link collision operator [32,33], which uses a
collision operator with two relaxation rates for even and
odd-order moments so that no projection to the moment
space is needed.

Regarding the computational efficiency of the different
boundary schemes, we found that these schemes require
no more run time compared to the SBB method when using
a moderate number of processors (with a fixed resolution
of 64° and up to 32 processors). Even though additional
communication is required for both the MR and QIBB
schemes, we have observed in our previous study [34] that
LBE methods are dominated by the computations required
and the total communication time contributes a small part

of the total execution time. Additionally, using asynchro-
nous communication to overlap the processing of message
transfers and computations further limits the effect of com-
munication on total run time. The only disadvantage asso-
ciated with the interpolation schemes is the overhead due
to the calculation of boundary locations, i.e., the array
for ¢ at boundary nodes. However, the array for ¢ values
only needs to be computed once at the pre-processing for
each LBE simulation with different medium or resolution.

5. Flow through a random-sized sphere pack medium

In this section, we present results for LBE simulations of
flow through a more complex porous medium, which is
intended to mimic an experimental medium GBl1b [35].
The experimental medium GBI1b was represented using a
random sphere pack generated in [36] using the algorithm
developed in [37]. The simulated porous media can be read-
ily generated using this approach with specified porosity ¢
and the probability density function of the grain size distri-
bution, measured from real porous media. This approach
has yielded good agreement between simulated sphere
packs and real porous media in terms of flow measure-
ments [30,37,38].

The porosity of the GB1b medium simulate was 0.36;
the mean grain diameter was 0.1149 (mm) and the relative
standard deviation of the grain size was 4.7%. To achieve
reliable packings, the entire sphere pack included about
10,000 spheres in a cube of size 13 (mm?). For the case of
comparison of different boundary conditions, we used a
small subset of the entire GB1b sphere-pack in this work,
which contained about 23 spheres. The geometry of the
medium is shown in Fig. 7. The sphere-pack algorithm gen-
erated the center locations and radii of the spheres, which
were used to determine the exact boundary locations with
respect to the lattice, i.e., the parameter ¢, the fraction in
fluid region of a grid spacing intersected by a boundary.
For flow simulations through the sphere pack GBIDb, the

Fig. 7. A subset of the GBlb pore geometry used in the simulations.
Colored and transparent areas are for solid and fluid spaces, respectively.



C. Pan et al. | Computers & Fluids 35 (2006) 898-909 907

nonlinear LBE was used to solve for the Navier—Stokes
equation. We kept the volume averaged Reynolds number
Re <0.1 for each simulation, but higher local Reynolds
numbers were expected due to the complex pore geometry.

5.1. Viscosity effect

Similar to Fig. 4, we show in Fig. 8(a) and (b) the viscos-
ity dependence of the permeability obtained by all the
schemes, with a resolution of 64°, corresponding to an
averaged grain radius { = 11.2. This resolution is compara-
ble to the resolution 327 for the BCC array of spheres with
¥ =0.85, as shown in Fig. 4 of Section 4.1, in which
{=11.8. Hence, we can directly compare the viscosity
dependence of the permeabilities in different porous media.
Because of the exact solution of x for the medium domain
is unknown, a computed permeability with a fine resolution
of 200* and the MRT-MR scheme using relaxation param-
eter Set B was considered indicative of the true permeabil-
ity of the medium, which was used as i unless otherwise
stated.

As shown in Figs. 4 and 8, for all the schemes tested
here, the viscosity-dependence of the permeability is similar
in the BCC array of spheres and the GB1b sphere-pack.
While the MRT-SBB and MRT-MR results of x remain

dence k on viscosity is observed using MRT-SBB and
MRT-MR with Set A. For the MRT-QIBB, MRT-LIBB,
and BGK-SBB schemes, the viscosity-dependence of x for
the GB1b porous medium is somewhat larger than that for
the BCC array of spheres, as expected, because of the more
complex solid boundaries in the GBlb porous medium
than those in the BCC array of spheres.

5.2. Discretization effect

We next evaluated the discretization effect for the GB1b
porous medium. The resolutions used to compute the k
were 8%, 16°, 24, 323, 483 and 64°, corresponding to
{(=14,228,42,5.6, 84, and 11.2, respectively. Fig. 9(a)
and (b) show the xp/kwr vs. N using the MRT-MR,
MRT-QIBB, MRT-LIBB, and MRT-SBB schemes at
7 =0.6 with the relaxation parameters of Set A and Set
B, respectively. Correspondingly, Fig. 10(a) and (b) show
the relative error |0k| = |Kn/Keer — 1| vs. N.

Again, we considered that the computed x reaches its
resolution-independent value at a resolution N° if
|0k s < 1% for any M > N. Since the SBB scheme does
not converge to k. obtained by the MRT-MR scheme,
as shown in Fig. 9, the relative errors of permeability
obtained by the SBB were plotted in Fig. 10 with respect

virtually viscosity-independent with Set B, small depen- to Koy Uusing the respective scheme, rather than
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Fig. 8. The normalized permeability x/x,r vs. the viscosity v for a portion of the GB1b sphere-pack porous medium. The resolution is 64°. The relaxation

parameters used in the MRT-LBE models are: (a) Set A and (b) Set B.
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Fig. 9. The normalized permeability k/k.¢ as a function of grid resolution N in each dimension. The relaxation parameters used in the MRT-LBE models

are: (a) Set A and (b) Set B.
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Fig. 10. The relative error of permeability |ky/ker — 1| as a function of grid resolution N in each dimension. The relaxation parameters used in the MRT
schemes are: (a) Set A and (b) Set B. Since the SBB and LIBB do not converge to ks obtained by MRT-MR scheme, the errors by the MRT-SBB and
MRT-LIBB were compared with respect to . obtained by respective schemes in order to show clearly the order of convergence.

MRT-MR. We observed that the SBB boundary condition
with relaxation parameter Set A yields a discretization-
independent x for the GBlb medium at N > 32, ie.,
{ = 5.6. This is in good agreement with our previous study
[30], showing that for homogeneous and heterogencous
sphere packings, x becomes discretization independent if
{ = 6 with the SBB boundary condition. It is noteworthy
that when using the SBB scheme significantly smaller dis-
cretization level is needed to yield discretization-indepen-
dent x for the sphere-pack medium, compared to the
BCC array of spheres, as depicted in the earlier section.
When interpolated boundary conditions are applied,
discretization-independent x can be achieved at a coarser
resolution level, i.e., at { > 2.8 when using the QIBB
boundary condition with Set A. However, for MR and
LIBB with Set A, this condition becomes { > 5.6. Once
again, we observed that the convergence behavior of
strongly depends on the relaxation parameters. At coarser
resolutions, the permeability values obtained with Set B
parameters are noticeably higher than the corresponding
values obtained with Set A parameters. For the MRT-
SBB and MRT-LIBB schemes, x converges to a constant
value when { > 11.2, whereas for MRT-MR and MRT-
QIBB schemes, x converges to a constant value when
{ > 16.8. Although second-order convergence is observed
from the results obtained from all schemes with different
sets of parameters and the two-relaxation-time parameters
of Set B lead to a more consistent convergent behavior, Set
A seems to be more advantageous because it leads to more
accurate flow simulations at coarser discretization level.

6. Discussion and summary

In this work, we observe that the MRT models signifi-
cantly reduce the viscosity dependence of permeability in
LBE porous medium simulations. The reason is that in
the MRT models, the location where the exact flow bound-
ary conditions are satisfied can be essentially viscosity inde-
pendent by specifying an appropriately constructed
collision operator, while it is impossible to achieve this
result for an LBGK model. Our results for flow through

both a BCC array of spheres and a random-sized sphere-
pack clearly demonstrate the advantage of the MRT
models over the LBGK models.

To improve numerical accuracy of the geometric repre-
sentation for arbitrary boundaries, we investigated several
boundary schemes, including linear interpolation bounce-
back (LIBB), quadratic interpolation bounce-back (QIBB),
and multi-reflection (MR) schemes. From flow simulations
for a BCC array of spheres, we showed that all of the inter-
polation schemes can significantly improve the accuracy of
simulations when compared to the SBB approaches, pro-
vided that resolution is sufficient to apply the interpola-
tions. In general, the MR scheme yielded the most
accurate and virtually viscosity-independent permeability
results, while the improvement due to the LIBB and QIBB
was significant in over-relaxation cases (t < 1). In addition,
the MR scheme with 7 > 1 significantly reduced the itera-
tions required to reach a steady state. However, the MR
scheme with 7 < 0.8 may be prone to numerical instability
and this issue needs to be further investigated.

We also noticed that the permeability monotonically
increased from the value obtained using the SBB scheme
to that of the MR, LIBB, and QIBB schemes. The SBB
scheme tended to under-predict the permeability, whereas
the LIBB and QIBB over-predicted the permeability. It is
important to note that in the linear LBE simulations, the
quadratic interpolations do not lead to more accurate
results than the linear interpolations, as one would expect
in the Navier-Stokes simulations [23]. We believe that this
is due to a significant nonequilibrium effect, which is explic-
itly dealt with only in the MR boundary conditions.

The results for the flow through the BCC array of
spheres showed that with the relaxation parameter Set A,
the QIBB and MR schemes converged to the analytical
solution of permeability at a mesh size that is at least
1/4° of what is required for SBB scheme to achieve discret-
ization-independent permeability. For flow through a
sphere-pack porous medium, with Set A parameters, the
QIBB scheme converged at 1/2° of the mesh size required
by the corresponding SBB scheme. The observation that
the interpolated boundary schemes yielded more accurate
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flow simulation at coarser discretization and with shorter
iteration time is crucial in porous medium flow simulations,
because computational limitations are commonplace for
standard problems of concern.

We further find that the choice of the relaxation param-
eters has a significant effect on the flow simulations using
different schemes. In particular, the effect of the linear
and quadratic interpolations on the permeability has a
stronger dependence on the relaxation parameters than
the SBB and MR counterparts. The two-relaxation-time
parameters (Set B) can yield exact viscosity-independent
permeability with the SBB and MR boundary conditions.
However, Set A can also be advantageous because it allows
the QIBB and MR schemes to converge to an accurate
solution even at coarser resolutions.
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