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Abstract

Under the existence of an external force, a lat-
tice Boltzmann method (LBM) is derived by dis-
cretizing the Boltzmann equation with respect to
velocity, space and time. The LBM is applied to
simulations of flow through three-dimensional po-
rous structures of Nafion polymer membranes.
Geometry data of Nafion are constructed based
on the result of a dissipative particle dynamics
simulation for three values of water content,

10%, 20%, and 30%, and are used as the geome-
try input for the LBM. Using Darcy's law, the
permeability of the porous structure is extracted
from the results obtained by two kinds of LBM,
the LBM under an external force and the LBM un-
der a pressure gradient. The two types of LBM
are found to produce permeabilities that are in
good agreement with each other.

Computer simulation, Fluid dynamics, Porous media, Lattice Boltzmann method
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1. Introduction

The Lattice Boltzmann method (LBM) »?2) has
recently attracted considerable attention in the an-
ticipation of simulating fluid flows in porous media
and in multiphase states, which are difficult prob-
lems to solve by conventional computational fluid
dynamics techniques.

This method and its predecessor, the Lattice-
Gas method (LGM), were found to be easily ap-
plied to fluid flows in porous media immediately
after their discovery. 3) Buckles et al. ¥ and
Auzerais et al. ®) investigated flow through porous
rocks using the LBM and calculated the permeabil-
ity of these rocks 9 | i.e. the fundamental physical
quantity of porous media. They found the calcu-
lated value of permeability to be in good agreement
with that obtained experimentally.

In the present study, we apply the LBM to flow
analysis of Nafion polymer membranes, the best-
known proton conducting electrolyte of fuel cells.
The greatest problem in applying the LBM is de-
termination of the structure of the porous media.
Two possible approaches to this problem are: (i)
constructing a three-dimensional digital image of
the pore space using X-ray computer tomography
(CT); (ii) mimicking by simulation the manufac-
turing process used to create the actual porous
material. We cannot apply the first approach to
Nafion polymer membranes, because the resolu-
tion of X-ray CT, a few pum at best, is insufficient
to resolve the nanoscale pore structure of Nafion.
Hence, we adopt the second approach, and fabri-
cate the morphology of Nafion polymer membranes
using a dissipative particle dynamics (DPD) tech-

nique. * 8)

2. Lattice Boltzmann method

Historically, the Lattice Boltzmann method de-
veloped from the Lattice-Gas method. ) Re-
cently, the LBM is proved to be a special dis-
cretized form of the continuous Boltzmann equa-
tion (CBE). 101)  We derive an LBM with an
external force from the CBE in Sec. 2.1. We for-
mulate the method of applying the LBM to porous
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media in Sec. 2.2.

2.1 From Boltzmann equation to LBM

For the case in which an external force f exists,
the continuous Boltzmann equation with the BGK

12)

approximation for the collision term is written

as

of 9 o, 1 e
E_‘_e.af—i_f.%f__;(f_fq)? (1)

where f is the distribution function of a spatial co-
ordinate r and a velocity e, and 7 is the relaxation
time. The local equilibrium distribution function
f€4 is described by the Maxwell distribution:

(e — w)?
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/ 2RT
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Here, R is the gas constant; 7" is the temperature;
D is the spatial dimension. The local density p and
the local velocity u are calculated as the moments
of the distribution function:

) = / fde, (3)
P / of de. (4)

Since in this study we are considering the case in
which deviation from the local equilibrium is small,
the derivative of the distribution function with re-

spect to the velocity in Eq.(1) can be approximated
as 13, 14)
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2 eq _ eq.
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Consequently, we obtain the following equation as
the starting point for deriving the LBM:
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The LBM with an external force is derived
through the discretization of Eq.(6) with re-

spect to the velocity, spatial and time coordi-

10, 11, 15-17)

nates. We first execute the discretiza-

tion in the velocity space:
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where e; is the discrete velocities, the distribution
function f; and the local equilibrium distribution
function f{? are defined as
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and w; are the weight coefficients.

The discrete velocities e; and the weight coef-
ficients w; are determined so as to recover the
Navier-Stokes equation from the LBM in the long-
wage-length and low-frequency limit. Therefore,
the necessary conditions imposed on e; and w; are

as follows: 18)
i
Zwieiaeiﬁ X 5a,ﬁa (13)
i
Z W;i€inCiBCiy€is (14)
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For the two-dimensional problem, the nine-
velocity model (D2Q9):

(0,0), (1=0)

e = ¢ (£1,0)c,(0,+1)c, (i =1,...,4)(15)
(£1,£1)c, (i=5,..,8)
4/9, (1=0)

wi = { 1/9, (i=1,..,4) (16)
1/36, (i=5,...,8)

is frequently used.

For the three-dimensional problem, several ve-
locity models have been proposed, including the
fifteen-velocity model (D3Q15), the nineteen-
velocity model (D3Q19), and the twenty-seven-
velocity model (D3Q27). 9 We will use the

19

D3Q15 model in a latter section, where e; and w;
are given by

(0,0,0), (i = 0)

) (#1,0,0)¢, (0, +1,0)c,

¢z 0,0+, (i=1,.6""
(£1,41,+1)e,  (i=7,...,14)
2/9, (i =0)

wi = 4 1/9, (i=1,..6) (18)
172, (i="1,..,14).

In Egs. (15,17), ¢ is defined by
3RT. (19)

We can easily prove that the following rela-
tions are satisfied for every pair of e; and w; in
Eqgs.(15,16) and Eqs.(17,18):

Swi=1, (20)

1
Zwieiaeiﬂ = gcz%,ﬂ, (21)
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Thus, we have confirmed that these pairs of e; and
w; obey the condition of Eqgs.(12,13,14).

We require that the Boltzmann equation dis-
cretized with respect to the velocity coordinate,
Eq.(7), satisfies conservation of mass and momen-
tum at each spatial point:

LI Sy 2
Zeifi = Ze,-ffq:pu. (24)

We have used Egs.(11,20,21) to derive the sum
rules for f{? in Eqgs.(23,24). Recently, the Boltz-
mann equation discretized with respect to the ve-
locity coordinate has been solved directly by a fi-
nite difference method. 20)

In the next step, we perform the discretization
of Eq.(7) with respect to the spatial and time co-
ordinates. Let us rewrite Eq.(7) as follows:

of; 0 1

—r teie o fi=——(fi—f) —F, (25)
~ fe(e;—u) .
E:_Tfiq' (26)
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Integrating both side of Eq.(25) from ¢ to t + &,
the left-hand side is reduced to

t+d¢ 8f
t/ < o " °° _f’> (27)
= fz (X + eiét,t -+ (5,5) — fl (X7t) ,

and the right-hand side becomes
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in the second order approximation with respect to
d¢+. We have used the trapezoidal rule to derive
Eq.(28) and then obtain
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To translate Eq.(29) into the explicit form, we
introduce f; defined by

0. 0
fi=fit o (= [+ 5 (30)
Using fi, Eq.(29) is expressed as
fi (X + eiét,t + 515) — ﬁ (X,t)
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Introducing the dimensionless relaxation time 7

through

:5—t+05 (33)

Eq.(32) becomes
fi (x+eidp,t +6¢) — fi (x,1)
1 r e
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Through the use of Egs.(20,21,23,24,26,34), we
confirm that f; satisfies the following relations:

D Ii=dfi=3 1" =0 (35)
Zeifi = Zeif+%zeiﬂ
= Zeifieq+ Zez )

o
pu — —pf (36)

The lattice Boltzmann method with an external
force f is composed of Egs.(34,35,36) and Eq.(11).
From the definition of 7, Eq.(33), we find that 7
must satisfy the constraint 7 > 0.5.

Prior to the works of He et al.1%: 11 13)  the LBM
with an external force had been proposed based on
empirical studies, and recently a few papers on this
subject have been published. 21> 22) However, as we
have examined in this section, the LBM with an
external force can be derived consistently from the
continuous Boltzmann equation in the deductive

method.

2.2 Application of LBM to porous media

The LBM derived in Sec.2.1 takes the density
and the velocity as independent variables. To sim-
ulate fluid flow in porous media, we utilize an LBM
for incompressible fluid,??) in which pressure and
velocity are independent variables. This LBM is
convenient for confirming the conservation of flow
late, which, for an incompressible fluid, must be
constant over a porous media. The LBM taking
the velocity u and the pressure p as independent
variables is:

fi (X + eiét, t+ 5,5) — fl (X7 t)

(37)
= (- - T

U 5tE7
T

where we have expressed the dimensionless relax-
ation time introduced in Eq.(33) by 7. The local
equilibrium distribution function f;? and the ex-



ternal force term F; are:
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where p is the pressure, p is the dimensionless pres-
sure, ¢, is the sound velocity, and pg is the density
of the incompressible fluid.

Using the Chapman-Enskog expansion, 24)

we

can derive the macroscopic hydrodynamic equa-

tions from the LBM for an incompressible fluid in

the region of low Knudsen number and low Mach
number:23)

1 8p

2py Ot

ou

E—i—rou_—p—l()Vzﬂ—VVQu—i-f. (43)

In all of the velocity models (D2Q9, D3Q15,
D3Q19, D3Q27) mentioned in Sec.2.1, the kine-
matic viscosity v and the sound velocity cs are

+Veu=0, (42)

given by

2r -1, c
0t €s=—=. 44

For the case in which the external force f is con-

V=

servative, the external force is given using the po-
tential €2:

f=-VQ. (45)

Then, Eq.(43) becomes

88_15 +ueVu= —p—V (p + pof?) +vV2u. (46)

Equations (43,46) indicate that for the fluid flow
generated by a constant pressure gradient Vp, such
as the Poiseuille flow, the fluid velocity u is the
same as that driven by the following constant ex-
ternal force f:

1
f=——Vp=—-c*Vp=——Vp. (47)
J2 3
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Permeability, the fundamental physical quantity
of porous media, is defined using Darcy’s law:®)

(u) = —% (Vp — pof), (48)

where u is the fluid velocity, (---) is the average
over the porous media, Vp is the pressure gradi-
ent, pof is the external force operating on the unit
volume of the fluid, and p is the viscosity related
to the kinematic viscosity v through v = u/pp.

As we will see in the next section, the pressure
in porous media shows a complex position depen-
dence and its gradient is not constant. Neverthe-
less, Darcy’s law as given in Eq.(48) indicates that
the averaged fluid velocity generated by the av-
eraged pressure gradient Vp is the same as that
derived using the constant external force f defined
in Eq.(47). We will verify the identity between
the effect of the pressure gradient and that of the
external force stated in the Darcy’s law through
calculations of permeability in Sec.3.

For the purpose of numerical calculations in the
next section, it is convenient to introduce the di-
mensionless permeability Ky, which is related to
the permeability K for porous media having the
shape of a cube with side length L.:

30

1
K= 75K = iz (49)

C

where the dimensionless velocity @, the Reynolds
number Re, and the dimensionless pressure differ-
ence Ap are defined by

L. ~ ~
ﬂ:%’ Re:ul/ , Ap:LcX|vP|(5O)

Hereafter, we use the lattice unit defined through
Cc = (St =1.

3. Flow analysis in porous media

In this section, we apply the LBM developed
in Sec. 2 to three-dimensional porous structures
of Nafion polymer membranes. The structures of
Nafion constructed as a result of a dissipative par-

ticle dynamics simulation )

are shown in Fig. 1
for three values of water content, 10%, 20%, and

30%. Polymer molecules of Nafion 117 occupy gray
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regions in Fig. 1. A cube surrounding the gray re-
gion, whose edge length is 15nm, is divided into a
40 x 40 x 40 voxel lattice, and the vertices of the
voxels are used as the lattice points of the LBM.

(b)

Fig. 1 Structure of Nafion obtained by the DPD
simulation for three values of water content,
10 vol % (a), 20 vol % (b), and 30 vol % (c).

We impose the bounce back boundary condition
(BBBC) %) at the lattice points occupied by the
polymer molecules. At the inlet and outlet, we pre-
pare a runway having a width of 11 lattice points
along the pressure gradient or the external force.
The inflow and outflow boundary conditions are
constant pressure on the inlet and outlet plane 25)
for the flow generated by the pressure gradient,
and the inlet and the outlet are connected by the
periodic boundary condition for the flow driven by
the external force. In this study, we adopted the
fifteen-velocity model (D3Q15) defined in Sec.2.1.
Hereafter, the flow generated by the pressure gra-
dient and the flow driven by the external force are
designated as FGPG and FDEF, respectively.

The calculated fluid velocity vectors are shown
in Fig. 2. The magnitude of the velocity vector is
represented by color, where the highest velocity is
red and the lowest velocity is blue. Figures 2(a,b,c)
are the results for FGPG, and Figs. 2(a’,b’,c’) are
those for FDEF. In these figures, a quarter of
the region occupied by polymer molecules is re-
moved to display the fluid velocity. In this cal-
culation, the kinematic viscosity v is 0.05; the
pressure difference between the inlet and outlet,
Ap, is 0.5 for FGPG; the magnitude of the exter-
nal force for FDEF is estimated from the relation:
f = 3Lf = Ap, where L(= 62) is the number of
lattice points along the flow direction. From these
figures, we can see that the result for FGPG and
that for FDEF are in good agreement.

Figure 3 shows the calculated pressure distri-
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(b) 20% (©)

Fig. 2 Calculated velocity vectors in Nafion. The
magnitude of the velocity vector is repre-
sented by color, where the largest veloc-
ity is red and the lowest velocity is blue.
Results are compared for the flow gener-
ated by the pressure gradient (a,b,c) and the
flow driven by the external force (a’,b’,c’).

v =0.05,Ap = f = 0.05.

bution in the porous media for FGPG, which is
averaged on the plane perpendicular to the flow di-
rection. The kinematic viscosity v is 0.05 and the
pressure difference between the inlet and outlet,
Ap, is 0.5. From this figure, we find that: (1) al-
most all of the pressure change (the pressure-loss)
occurs inside the porous media; (2) the pressure
can be considered as constant at the runway; (3)
the pressure distribution shows a complex change
along the flow direction inside the porous media.

1.6,

T10%
1.5 20%
14 30%

~ 1.3
p 1.2
1.1

1

0.9
0 10 20 30 40 50 60

Distance from the inlet

Fig. 3 Calculated pressure distribution averaged on
the plane perpendicular to the flow direction
in Nafion for three values of water content.
v = 0.05, Ap = 0.05.

Figure 4 shows the velocity distribution aver-
aged on the plane perpendicular to the flow di-
rection. In this figure, results are compared for
FGPG (a) and FDEF (b). Parameters of the flow



are as follows: v = 0.05 in both Fig. 4(a) and
Fig. 4(b); Ap = 0.5 in Fig. 4(a) where Ap is the
difference in pressure between the inlet and the
outlet; f = 3Lf = Ap in Fig. 4(b). Figure 4 shows
that the result for FGPG is in good agreement
with that for FDEF and the average flow velocity
is constant in the region between the inlet and the
outlet. The constant velocity indicates conserva-
tion of flow rate, and the LBM satisfies one of the

necessary constraints on the incompressible flow.

-3 -3 (b
><106 (a) ><106 (b)

10% —— 10% ——
5 20% 20%
4 30% — 30% —

us
2

el

0

0 10 20 30 40 50 60 0 10 20 30 40 50 60
Distance from the inlet Distance from the inlet

Fig. 4 Calculated velocity distribution averaged on
the plane perpendicular to the flow direc-
tion. Results are compared for the flow
generated by the pressure gradient (a) and
the flow driven by the external force (b).
v=0.05Ap=f=05.

Using the calculated velocity u, we can estimate
the permeability from Eq.(49). Figures 5(a) and
5(b) show the calculation results for the dimen-
sionless permeability Ky,. Figure 5(a) shows the
dependence of Ky, on the pressure difference be-
tween the inlet and the outlet. Figure 5(b) shows
the dependence of Ky, on the magnitude of the
external force. In this figure, the abscissa f is de-
fined through the relation: f = 3Lf(= Ap). In
these figures, the kinematic viscosity is fixed at
v = 0.1. Two results for FGPG and FDEF are
in good agreement. The permeability must be in-
dependent of the pressure gradient or the external
force used in the calculation thereof, because, ac-
cording to Darcy’s law, the permeability is an in-
trinsic quantity of each porous media . As shown
in Fig. 5(a) and Fig. 5(b), the LBM produces the
correct result for this requirement for the calcu-
lated permeability.

Changing the magnitude of the kinematic viscos-
ity, we have calculated the dimensionless perme-
ability Ky, and the result is given in Fig. 6. The
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><10'56 (a) xlO'z (b)
10% —— 10% ——
5 20% 5 20%

4 30% —*— 4 30% —*—

Kth3 Ktpl3
2

1

o = N

0.001 0.01 0.1 0 0.001 0.01 0.1

AP H

Fig. 5 Dependence of dimensionless permeability
on the pressure gradient and the external
force. Results are compared for the flow
generated by the pressure gradient (a) and
the flow driven by the external force (b).
v =0.1.

dimensionless pressure difference Ap in Fig. 6(a)
and the magnitude of the external force in Fig. 6(b)
are fixed under the relationship: Ap = f = 0.01.
Here, the results for FGPG in Fig. 6(a) and for
FDEF in Fig. 6(b) are in good agreement, and
the calculated permeability depends strongly on
the kinematic viscosity of the fluid. According to
Darcy’s law, the second item is unphysical, be-
cause the permeability is an intrinsic quality of the
porous media and must be independent of the kine-
matic viscosity of the fluid used in the calculation.

-5 -5
><10]n (a) ><101" (b)
10% —— 10% ——
20% 20%
8 30% —*— 8 30% —*—
K ‘ K ‘
tpl tpl
P 4 P 4
2 / 2 /
0 0
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 04 0.5
\% \%

Fig. 6 Dependence of dimensionless permeability
on the fluid viscosity. Results are compared
for the flow generated by the pressure gradi-
ent (a) and the flow driven by the external

force (b). Ap = f =0.01.

The problem wherein the permeability varies
with the fluid viscosity has been investigated by
Ferréol et al. 26) | and has been interpreted to orig-
inate from insufficient resolution of the underling
lattice of the LBM. In order to confirm this inter-
pretation, we increased the resolution by preparing
a fine grid, in which each gray region in Fig. 1 is
divided into an 80 x 80 x 80 voxel lattice, and cal-
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culated the permeability using the fine grid. The
result is shown in Fig. 7. We understand from
this figure that the viscosity dependence decreases
with the increase in the grid resolution, and the
interpretation mentioned above is confirmed. In
addition, Fig. 7 indicates that the dependence of
the permeability on the grid resolution decreases
as the viscosity decreases.

xl({5 (a) 10%

40x40x40 —
80x80x80 ---

-5 (1)
1!(1({n (b) 20%

40x40x40
8 80x80x80
6
Kipi
Py
2

0
0 01 02 03 04 05
v

-5 30%
x1010 () ()

40x40x40—
8 80x80x80---
6
K
tpl
P 4

0
0 01 02 03 04 05
v

Fig. 7 Dependence of dimensionless permeability
on the fluid viscosity and the grid resolu-
tion. The water content of Nafion is 10% for
(a), 20% for (b), 30% for (c). Ap = 0.01.

4. Conclusions

We have developed the LBM with an external
force for incompressible fluid, in which the inde-
pendent variables are pressure and velocity. Us-
ing this LBM, we can impose the periodic bound-
ary condition on the inlet and outlet of the flow

R&D Review of Toyota CRDL Vol.38 No.1

driven by the external force. This is an advan-
tage of the LBM with an external force, because
we can easily code the periodic boundary condi-
tion to be applicable to any velocity model, while
the fluid mechanical boundary condition must be
prepared for each velocity model. In addition, we
have performed simulations of flow through three-
dimensional porous structures of Nafion polymer
membranes using two kinds of LBM, i.e. LBM
with and without an external force. The two LBMs
produce permeabilities that are in good agreement
with each other, and the LBM is confirmed to re-
produce Darcy’s law.
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