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Abstract—Proton-exchange membrane (PEM) fuel cells are one of the main candidates for propulsion systems of
modern electric vehicles. However, appropriate water management is crucial to performance. Cell compression can
affect the performance and water management of PEM fuel cells. Although the influence of cell compression on the
transport of continuous water flow through the porous electrodes has been investigated, the influence of cell compres-
sion on the droplet dynamic behavior through these electrodes is not investigated thoroughly. Employing a pore-scale
simulation method such as lattice Boltzmann method (LBM) is an excellent means for such investigation. In this study,
LBM was applied to investigate the influence of compression of gas diffusion layer (GDL) on the removal of a water
droplet from an electrode of a cell with interdigitated flow field. During removal process the droplet dynamic move-
ment through five different GDLs (one without compression and the other four with four different levels of compres-
sion) was depicted and analyzed. The results reveal that the droplet experiences a faster removal process when the GDL
is compressed. However, more increasing of compression does not result in a faster removal process, which indicates
the existence of an optimum compression level for which the fastest removal process occurs.

Keywords: Compression, Multiphase Flow, Water Droplet, Proton-exchange Membrane (PEM) Fuel Cell, Gas Diftu-
sion Layer (GDL), Lattice Boltzmann Method (LBM)

INTRODUCTION

Proton exchange membrane (PEM) fuel cells have several advan-
tages in comparison with conventional power sources such as high
efficiency, ease of scalability and zero emission [1-3]. While many
automotive manufacturers such as Mercedes-Benz and Nissan have
decided to sell fuel cell electric vehicles (FCEVs) in the near future,
Hyundai, Toyota and Honda currently sell FCEVs named Hyun-
dai ix35, Toyota Mirai and Honda Clarity [4].

A stack of PEM fuel cells in an FCEV comprises several cells
connected in series, while each cell consists of two electrodes and
a membrane [5,6]. Stacking of cells is accompanied by compres-
sion and deformation of electrodes, especially at the most porous
part of an electrode, which is the gas diffusion layer (GDL) [7-10].
Carbon papers which are usually used as GDLs in PEM fuel cells
have fibrous microstructure [11] with a small Youngs modulus [12].
Therefore, compression of carbon paper GDLs causes a consider-
able changes of their microstructure which can greatly affect the
mass transport properties of them [13]. In fact, the main function
of a GDL is to transfer reactants from channels toward catalyst layer
for implementation of electrochemical reaction which may be
affected by GDL compression and deformation.

The operation of PEM fuel cells usually suffers from accumula-
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tion of liquid water in the GDL (conventionally known as GDL
flooding) which hinder the transferring of reactants toward cata-
lyst layer [14,15]. In this regard, conducting simulations for analyz-
ing the role of effective parameters on the water removal from GDL
will be essentially beneficent for mitigating of GDL flooding [16].
Several studies have been conducted to investigate the water re-
moval from various homogeneously and non-homogeneously com-
pressed GDLs [13,17-21]. However, to the best of the authors’ knowl-
edge, in all of these studies the influence of GDL compression on
the water removal is investigated, while the water is considered as
a continuous liquid flow. Nevertheless, continuous flow of liquid
water through the porous structure of a GDL in a PEM fuel cell is
never in-situ observed and reported and conversely, some discrete
small water droplets located among the fibrous structure of GDL
are usually observed via the environmental scanning electron mi-
croscope [22,23]. In the current study; by inspecting dynamic behav-
ior of a water droplet via pore-scale lattice Boltzmann (LB) simula-
tion, the influence of GDL compression on droplet removal from
the gas diffusion layer of a PEM fuel cell having interdigitated flow
field is examined.

Lattice-Boltzmann method (LBM), which is a powerful numer-
ical method for pore-scale simulation of multiphase flow through
porous media, proposes valuable advantages such as ease of simu-
lating fluid flow through complex structures, ease of parallelizing
solution algorithm, etc. [24,25]. LBM, which is executed by solving
simplified Boltzmann equation in a lattice, is widely used for eluci-
dating dynamic behavior of a droplet through the gas diffusion layer
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of a PEM fuel cell [26-33].
NUMERICAL METHOD

1. LBM Framework

LBM is implemented via two main procedures: collision of par-
ticles and streaming of particles. Besides, these two procedures are
performed in a lattice. In the present numerical investigation, in
the collision procedure single relaxation time (SRT) operator (the
well-known BGK operator [34]) is applied for modeling of parti-
cles collision and D2Q9 and D3Q19 lattice schemes are applied for
2D and 3D simulations. Furthermore, in order to model multi-
phase flow; the pseudo-potential Shan and Chen (SC) model [35]
is employed. Amid the proposed multi-phase LB models such as
color model [36], pseudo-potential model [35] and free energy
model [37], the effortless implementation and high adaptability of
pseudo-potential SC model have made it an extensively attractive
model for numerical specialists. In this model, a set of coupled LB
equations with the following form [38],
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is solved. In the above equations, f* denotes the density distribu-
tion function (DDF) of kth component (species) in the zth direc-
tion of lattice, £°* refers to the equ]hbrlum value of £, T is the
position vector in 2D or 3D space, t is time, & denotes the vector
of velocity in the ith direction, 7" is relaxation time of kth compo-
nent, and N is the number of components. Equilibrium DDF is
defined as:
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In the above definition, 1_3»;0;1 and fzdh refer to the forces acted on
the kth component due to the interaction with the fluid and solid
particles at the neighboring nodes, respectively. These forces are
determined by [39]:
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where " 1s a potential function for considering interaction of

particles, G mh is the parameter tuning the cohesion between kth
and jth components, G a,,,h is the parameter tuning the adhesion of

Table 1. Values of Gjmh adopted for 2D and 3D droplet tests in this
study (1: water, 2: air)
11 12 21 22

Gcoh Gcoh Gcoh Gcoh
-1.85 1.27 1.27 0.0

kth component to a solid wall, and s is the solid function (a binary
value function with 0 for fluid nodes of lattice and 1 for solid
nodes of lattice). To perform successful LB simulations, the values
of GJZ;h s must be selected properly. Mostly the value of G, is con-
sidered positive for k;t) and negative for k=j. Presented i in Table 1
are the values of Gjmh s adopted in this study. Value of Gudh deter-
mines the wettability of the solid surface by kth component.

Several proposed relations can be found for * in the literature
[35,39,40]. The original proposed relation by Shan and Chen [35]
is employed in this study which states:

k
yh= pg[l - exp(— %JJ ©)
2

where g is the reference density of kth component and it is set
equal to 2 in the current i for all components.

Once £ is calculated by Eq. (2), Eq. (1) is solved by imple-
menting collision and streaming procedures shown in Eq. (7) and
Eq. (8), respectively:
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To perform collision and streaming procedures at the boundary
nodes of computational lattice, DDFs which are aligned toward
the interior of lattice must be known concerning the boundary con-
dition type. For the boundary condition type of no-slip wall, bounce-
back technique is often used for determining required DDFs.
Bounce-back technique is a simple and powerful LB technique
originally developed from the idea that if a particle hits a solid wall
in a direction, it will be bounced back in the opposite direction. It
incredibly empowers LBM for handling complicated geometries
such as the pore structure of a porous medium with a simple struc-
tured lattice (i.e., complicated unstructured mesh is not required).
Several forms of bounce-back technique have been presented [39].
In the current research, the famous mid-way form is used [39].
After calculating DDFs at every nodes of lattice in a time step, the
following relations are applied for calculating the macroscopic veloc-
ity and pressure:
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The overall implementation procedure of LBM is presented in Fig.
L
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Fig. 1. Fowchart of LBM implementation procedure.

2. Validation and Calibration of the Model
2-1. Validation Via Droplet Test

Well known Laplace law is used for validation of the numerical
LB method. The law expresses the difference between the inside pres-
sure and the outside pressure of a droplet is inversely proportional
to the radius of droplet and proportional to the interfacial tension

(0):
ap=EZ (11)

where p=1 for a 2D droplet and p=2 for a 3D droplet. To perform
validation via Laplace law a test known as droplet test is imple-
mented by placing various droplets with various initial radiuses in
the middle of a lattice. For all lateral boundaries, periodic bound-
ary condition is used. In the current investigation, for validation of
2D and 3D simulations both 2D and 3D droplet tests were per-
formed. In both tests, the initial densities of air and water inside

January, 2019

(a) 0.045
0.04 y =0.54x + 3E-05
0.035
0.03
0.025

&
0.02
0.015 4 LBM results
0.01 —Linear fitting

0.005

0

0 0.02 0.04 0.06 0.08 0.1
I/R
(b) 0.1

0.09 y = 1.04x+ 0.0015
0.08

0.07
0.06
< 0.05

0.04
e LBM results

—Linear fitting

0.03
0.02
0.01

0

0 0.02 0.04 0.06 0.08 0.1
1/R

Fig. 2. Agreement of LBM results with Laplace law (linear relation
of AP with 1/R): (a) 2D validation, (b) 3D validation.

the droplet were set to 0.025 and 5.25, respectively, while the ini-
tial densities of air and water outside the droplet were set to 2.0
and 0.0, respectively. The selected values for GJZ;h factors for both
2D and 3D droplet tests are presented in Table 1. The pressure dif-
ference and the droplet radius are calculated till the steady state
condition is achieved. The results are illustrated in Fig. 2 for both
tests. As it is evidently depicted in this figure, the LBM results are
in satisfactory agreement with the Laplace law for both 2D and 3D
validation. The slope of fitted lines in Fig. 2 can be used for determin-
ing the interfacial tension in LB units. The results reveal that o=
0.54Im ts™* for the 2D droplets and ¢=0.521m ts™* for the 3D
droplets.
2-2. Calibration Via Static Contact Angle Test

The wettability of a surface is conventionally represented by its
contact angle. More specifically; if the surface contact angle is smaller
than 90° it is known as a wetting or hydrophilic surface on which
the liquid fluid tends to spread as a wetting layer. Conversely; if the
surface contact angle is larger than 90° it is known as a non-wet-
ting or hydrophobic surface on which the liquid phase tends to
shrink and appears as discrete droplets on the surface.

In the pseudo-potential SC LB model contact angle is governed
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Fig. 3. The results of wettability calibration: (a) 2D calibration, (b)
3D calibration.

by G’;dh factors, as stated before. The static contact angle test is
implemented for determining the relation of G’;dh factors and the
contact angles; ie., the static contact angle test is unplemented to
calibrate the wettability of the model. Noting that ba51cally Gudh
and G, can be changed independently; the relation Glu=—Gl4,
has been adopted in the current investigation. To calibrate the wet-
tability, several 2D and 3D simulations with various G.,, factors
were conducted and the results are presented in Fig. 3. For a par-
ticular simulation with a specific G., factor two semicircular (for
2D calibration) or semispherical (for 3D calibration) static drop-
lets initially are placed on the bottom and top horizontal solid walls
of the computational domain. Periodic boundary conditions are
employed for all lateral surfaces. After steady state condition achieved
the radius of droplet is calculated by:

2 2
R (L2 +H

0 (12)

where H is the height of droplet and L is the length (for 2D drop-
lets) or the diameter (for 3D droplets) of its contact region with the

solid wall. After the droplet radius is determined, contact angle (6)
can be calculated by:

o L/2
180~ tan (%) H>
80 —tan T R

0= (13)
tan (RL/Z) H<R

MICROSTRUCTURE RECONSTRUCTION OF GDL

1. Generation of 3D GDL

To obtain the pore geometry of GDL (ie., microstructure recon-
struction of GDL) there are two general ways: combination of 2D
sequential images and stochastic generation. Stochastic generation
is a more convenient choice due to the low cost and ease of imple-
mentation [41]. In most LB simulations the stochastic reconstruc-
tion is used for microstructure reconstruction of GDL [11]. To
reconstruct the fibrous structure of carbon paper GDL, the sto-
chastic generation method proposed by Schladitz et al. [42] was
applied in the current investigation. This method has also been
applied in several other LB simulations [11]. In this method, the
carbon fibers are stochastically generated and sequentially placed in
the computational domain until the prescribed porosity is achieved.
To stochastically generate carbon fibers, the following three assump-
tions are used:

(a) Fibers are considered as thin cylinders with uniform radius.

(b) Fibers have infinite length without any curvature.

(c) Overlapping of fibers is allowed.

The stochastic generation of fibers proceeds by stochastic gen-
eration of sequential lines. To specify the directional distribution of
generated lines, a directional density function (p) is used. For con-
ventional carbon papers this function is defined as:

1 Psing
AT(14(B ~1)cos’ )’

Due to the isotropy of conventional carbon papers in the material
plane, this directional density function is independent of longi-
tude () for conventional carbon papers. Parameter £in the above
equation is the anisotropy parameter which is used for anisotropy
calibration in the direction normal to the material plane. After gener-
ation of a line, the nodes of the lattice whose vertical distances from
the line are closer than the fiber radius are recognized as solid nodes.
This procedure is repeated till the required porosity is attained.
The resulting stochastically generated microstructure is isotro-
pic in the x-y plane and anisotropic in the z direction (the direc-
tion which is normal to the material plane). The degree of this
anisotropy is characterized by anisotropy parameter, 4 which is
0<f<o [42]. For 0<f<1 carbon fibers have a higher probability for
orienting normal to the x-y plane, whereas for £>1 carbon fibers
have a higher probability for orienting parallel to the x-y plane. For
the special case of /=1 carbon fibers distribute absolutely isotropi-
cally. In practical GDLs, Sis has a large value, which denotes that
carbon fibers are mostly oriented parallel to the x-y plane. Schulz
et al. [41] analyzed SGL 10BA carbon paper and expressed its
anisotropy parameter, fiber diameter and porosity values equal

p(e, 0)= o ¢<€l[0,7), 6€[0,27) (14
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100, 7 um and 88%, respectively. In this investigation, the pre-
sented values by Schulz et al. [41] have been used for stochastic
reconstruction of carbon paper GDL microstructure.
2. Attaining 2D GDL from the Generated 3D GDL

Since the computational cost for 3D pore-scale LB simulation
of water droplet dynamic behavior through the GDL of a practi-
cal electrode is extensively high, 2D pore-scale simulations were
conducted to investigate the role of GDL compression on the
water droplet dynamic behavior. However, obtaining a realistic 2D
microstructure of carbon paper is not a simple task. In the cur-
rent investigation, a 3D 100x120x200 um’ GDL is generated at
first (Fig. 4) and then the GDL in-plane permeability is calculated
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Fig. 5. The ratio between the permeabilities of 2D sections (k,;) and
the 3D GDL permeability (ksp).
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by LB simulation of the air flow through the GDL. After that, sev-
eral in-plane sections of the 3D GDL are selected and their per-
meabilities are calculated via LB simulation of 2D air flow through
them. The ratio between the permeabilities of 2D sections and the
3D GDL permeability is presented for 17 selected sections in Fig.
5. As this figure shows, the highest resemblance in terms of per-
meability exists for the section in y=104 pm. By repeating of this
100x200 um’ 2D section, the 1,000x200 pum” 2D GDL which is to
be used for investigating the effect of GDL compression on the water
droplet movement is generated.

COMPUTATIONAL DOMAIN

The interdigitated flow field is designed to effectively remove water
from GDL in PEM fuel cells. In this flow field, the air is distrib-
uted in a network of dead-end gas channels and consequently; it
intrudes into the GDL material and passes the way under the lands
until it reaches the network of outlet low-pressure gas channels
(Fig. 6(a)). Shown in Fig. 6(b) is a section part of Fig. 6(a) which
also represents the 2D computational domain in this study. It com-
prises the 2D GDL attained in the previous subsection at the bot-
tom part accompanied by half of an inlet gas channel, land and
half of an outlet gas channel at the top part. The horizontal line at
the bottom of the computational domain indicates the interface of
GDL and micro-porous layer (MPL). The blue circle with 50 pm

(a) Inlet network

QOutlet network

Z (micrometer)

R, . b T Tty IR
0 200 400 600 800 1000
X (micrometer)

Fig. 6. A typical interdigitated flow field of a PEM fuel cell: (a) Top

view, (b) a segment of side view which is also the computa-
tional domain.
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radius represents the water droplet at the initial time.

Air is considered as an isothermal ideal gas. Dry air enters the
computational domain with 0.1 m s~ uniform velocity and exits
the computational domain at 1.5 atm uniform pressure. To imple-
ment the mentioned boundary conditions at inlet and outlet, the
Zou and He technique [43] is employed. Symmetry boundary con-
dition is applied on the right and left vertical edges of the compu-
tational domain. No-slip boundary condition is employed on all
solid walls. It is assumed that the contact angles of the MPL and
the land are 150° and 85° [44], respectively, and the contact angle
of carbon fibers equals 105°, same as the contact angle of polytet-
rafluoroethylene (PTFE); ie, it is assumed that the carbon fibers
are entirely treated by PTFE hydrophobic material. Once grid inde-
pendency study is performed, a lattice with 1,000x455 grids is cho-
sen in which the length of each lattice unit equals 1 um.

In the current investigation, besides the uncompressed 2D GDL
which is depicted in Fig. 6(b), the droplet dynamic behavior through
four other compressed GDLs with four different levels of compres-
sion (first with 10% maximum relative deformation, second with
20% maximum relative deformation, third with 30% maximum
relative deformation and the fourth with 40% maximum relative
deformation) are also simulated. To attain the microstructure of
the compressed GDL one must note that when the GDL is com-
pressed by the lands of bipolar plates, the portions of GDL which
are in direct contact with the lands experience the highest defor-
mation. On the contrary, the portions of GDL which are more away
from the lands experience less deformation. In the current study, it
is assumed that the portion of 2D GDL shown in Fig. 6(b) which

—

z (micrometer) o

z (micrometer) &

z (micrometer) o
S

s - vy
600 1000
X (micrometer)

is in direct contact with the land (ie,, for 250 um<x<750 pm) experi-
ences the deformation entirely, while other parts of GDL (i.e., for
0 um<x<250 um and 750 um<x<1,000 pm) experience the defor-
mation partially. This partial deformation is assumed to have a lin-
ear distribution with minimum zero value at the two extremes of
computational domain. More specifically, for the case with 10% max-
imum relative deformation the height of each solid node located
on a carbon fiber after compression (z)) is related to its height before
compression (z) via:

0.9z, for 0<x<250
250
z2'=4 0.9z, for 250<x<750 (15)
0.9 (1’020500_"), for 750<x<1,000

For the cases with 20%, 30% and 40% maximum relative deforma-
tion the pre-factor in the above equation must be changed from
0.9 to 0.8, 0.7 and 0.6, respectively.

RESULTS AND DISCUSSION

The dynamic behavior of a water droplet with 50 um initial radius
during removal from an uncompressed GDL is depicted in Fig. 7.
As Figs. 7(a)-(e) show, the air stream entering the GDL from the
inlet and traveling under the land toward the outlet causes the drop-
let to move between hydrophobic carbon fibers toward the outlet.

(b)

oy

o

k]

E

£

2

E

N -
) aif ) A et e
0 200 400 600 800 1000

X (micrometer)

'

z (micrometer) =

A e}
400 600
X (micrometer)

T, | Sy |
b 1000

0 200

Aval
800

Fig. 7. Removal process of water droplet from the uncompressed GDL: (a) 0 ts, (b) 10,000 ts, (c) 20,000 ts, (d) 30,000 ts, (e) 40,000 ts.
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However, on the way toward the outlet, due to its relatively large
size it is broken into a few parts by fronted fibers. The resulting
smaller parts can move more easily among fibers; however, some
of them may be trapped between fibers and can only be evapo-
rated. Therefore, after about 40,000 time steps (each time step equals
7.94x10” s and hence, 40,000 time steps is approximately 0.32 ms)
some water still remains in the domain.

Shown in Fig. 8 is the water droplet dynamic behavior through
the GDL with 10% maximum relative deformation during the re-
moval process. The land has come down 10% and it has compressed
the GDL. Therefore, the distance between the land and MPL in
this figure is less than the similar space in Fig. 7. Besides, the aver-
age pore size in this case is smaller than the average pore size in
the uncompressed case. These facts indicate that the average veloc-
ity of air during its traveling under the land has increased, which
can be regarded as a positive fact for inertial removal of water drop-
let. Therefore, after about 40 time steps no significant amount of
water remains in the GDL.

Fig. 9 shows the dynamic behavior of droplet during ejection
from the GDL with 20% maximum relative deformation. More com-
ing down of land and more compression of GDL in this case leads
to highest average velocity of air stream traveling under the land and
hence, the fastest removal process may be expected. However, one
must note that by reducing the average pore size the viscous force
acting on the droplet by the surrounding fibers is also increased.
This acts as a negative force against the removal of water droplets.
Consequently, the question that whether compression assists or
hinders the removal process of a water droplet from GDL may not
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Fig. 10. The time evolution of normalized mass of water in the GDL.

have a unique answer.

The evolution of normalized mass of water (ie., the ratio be-
tween mass of water in the GDL and the initial water droplet mass)
versus time is presented in Fig. 10 for the five investigated GDLs.
As the slope of the curves in this figure shows, the water droplet
removal from the uncompressed GDL is significantly slower than
the droplet removal from compressed GDLs with 10%, 20% and
30% maximum relative deformation; this represents the consider-
able influence of compression. In fact, in these three compressed
GDLs the droplet is almost completely removed after 45,000 time
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Fig. 11. Removal process of water droplet from the GDL with 30% maximum relative deformation: (a) Ots, (b) 10,000 ts, (c) 20,000 ts, (d)

30,000 ts, (e) 35,000 ts, (f) 38,000 ts.
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steps, while in the uncompressed GDL more than half of droplet
mass remains in the domain after such period of time. In fact,
only a small portion of the initial droplet is ejected at about 40,000
time steps, which causes an increase in water removal rate at about
40,000 time steps for this case.

However, comparison of the four compressed GDLs is not so
straightforward. In fact, in earlier times the GDL with 20% maxi-
mum relative deformation shows a better removal process, while
in later times the GDL with 10% maximum relative deformation
shows a better removal process. In fact, the changes of the slopes
of the water removal rate along the time for the GDL with 20%
maximum relative deformation is due to the fact that ejecting of
small portions of the droplet from GDL is a discrete phenome-
non (i.e., droplet portions are ejected one by one); and, by ejecting
of each portion, the removal rate accelerates a bit.

For the maximum relative deformation of 30% the figure shows
that in earlier times the slope of water removal is slow because the
degree of compression is high and the pore spaces are downsized,
which makes water movement difficult. However, finally the drop-
let can eject entirely (i.e., without breaking down to portions) from
GDL at about 40,000 time step in this case, which is illustrated in
Fig. 11; this is the cause of the sharp descent of the related curve.
More increasing of compression to 40% makes the situation more
severe, and water droplet removal from GDL cannot happen. As a
whole, no significant improvement can be seen when the com-
pression is increased from 30% to 40%. Therefore, increasing of
compression does not necessarily lead to better water manage-
ment. This is because by increasing of compression the inertial
force of air in the pore space increases, while the viscous force act-
ing on the water by the neighboring fibers is also increased. There
is a trade-off between these two opposite forces, and hence there
might be an optimum level of compression for which the best re-
moval process can be observed. However, the amount of this opti-
mum value can be affected by droplet size and fibers wettability,
which can be the subject of future studies.

CONCLUSIONS

The effect of cell compression on the droplet dynamic behavior
through five GDLs (one without compression and the other four
with four different levels of compression) in a PEM fuel cell GDL
with interdigitated flow filed design was investigated. To simulate
droplet movement through GDL, the famous Shan and Chen multi-
species multi-phase LB model is validated, calibrated and employed.
The removal process of droplet from five different GDLs was pre-
sented and analyzed. Due to the relatively large size of initial drop-
let, it is broken into a few parts by fronted fibers on the way toward
the outlet and the resulted smaller parts move more easily among
the fibers.

By compressing the GDL, the distance between the land and
MPL is reduced and hence, the average pore size will decrease,
which consequently leads to higher air velocity through the pore
space of GDL. Therefore, compressing the GDL enhances the drop-
let removal process. However, by more increasing of compression
a faster removal process was not achieved. This is because apply-
ing compression on the GDL leads to more viscous (capillary) attrac-

January, 2019

tion by the neighboring fibers, and this negative fact can hinder
the droplet removal process. In fact, there is a trade-off between
these two opposite facts, and hence there might be an optimum
level of compression for which the easiest removal process can be
achieved. However, the amount of this optimum value can be influ-
enced by the droplet size and the fibers wettability.

NOMENCLATURE

& :velocity of particle in the ith direction of lattice [lu ts™""]
¢,  :sound speed through the lattice [lu ts™']

Faan :force acting on a particle of kth species from neighboring

solid nodes [Im lu ts ']

Feon :force acting on a particle of kth species from neighboring
fluid nodes [Im lu ts™]

f*  :density distribution function of kth species in the ith direc-
tion of lattice

Gf{;,, : cohesion factor between kth and jth species

G,4 :adhesion factor of kth species to the solid wall

H  :droplet height [lu]

: contact region length [lu]

: pressure of flow [Im lu'ts?

:radius of droplet [lu]

: position vector of particle [lu]

: time [ts]

:velocity of flow [lu ts™']

s equilbrium velocity of kth component [lu ts™']

: weighting factor of ith direction

z : cartesian coordinates [mm]

:height after compressing GDL [mm]

ggc\l)q a3 27=Na-Nel

=

e
=

N

Greek Symbols

:anisotropy parameter

: static contact angle; also longitude in spherical coordinates
: density [Im lu™]

:lattitude in spherical coordinates

: interfacial tension

: relaxation time [ts]

: potential function of kth species

<A/ ™

Abbreviations

DDF : density distribution function
GDL : gas diffusion layer

LB  :Lattice-Boltzmann

LBM : Lattice-Boltzmann method
MPL : microporous layer

PEM : proton-exchange membrane
PTFE: poly tetra fluoro ethylene
SC  :Shan and Chen
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