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Summary

In this study, a comprehensive computational model based on a full statistical

approach was developed to investigate the heterogeneous mass transport prop-

erties in the metal foam channels, gas diffusion layers (GDLs), and micropo-

rous layers (MPLs) of polymer electrolyte fuel cells (PEFCs) at the 95%

confidence level. A series of channels, GDLs, and MPLs were, respectively, gen-

erated to reflect the random heterogeneous structures and transport character-

istics. The critical hydrophobic pore radius in the mixed wettability GDLs was

computed by applying a modified Leverett function. Furthermore, the gas

transport phenomenon through a sufficient number of porous transport media

was simulated using a D3Q19 (ie, three‐dimensional, 19 velocities) lattice

Boltzmann method, and the corresponding mass transport characteristics were

mathematically presented as a function of the porosity. The permeabilities in

the channels, GDLs, and MPLs were derived from the pressure gradient and

the simulated velocity distribution. It was found that the effective mass diffu-

sion coefficient in the GDLs is mainly influenced by molecular diffusion. Nev-

ertheless, Knudsen diffusion is the dominant mass transfer mechanism in the

MPLs, because of small pore diameters. In addition, critical hydrophobic pore

radius was derived using a modified Leverett function, which enables to esti-

mate the fraction of pores larger than the critical pore radius in GDLs for effec-

tive water transport. Moreover, the interfacial areal contact ratio between two

adjacent porous media (ie, channel/GDL and GDL/MPL) was calculated. The

calculations indicated that the variation in the local porosity of the porous

media has a significant influence on the interfacial connections. The proposed

model is expected to improve the prediction performance of porous heteroge-

neous transport media in electrochemical energy systems and the optimization

of porous media structures.
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1 | INTRODUCTION

Fuel cells have attracted significant attention over the
past few years as a new energy technology that converts
chemical energy into electrical energy. In polymer elec-
trolyte fuel cell (PEFC) systems, as shown in Figure 1A,
the reactant gases flow through the channels, gas diffu-
sion layers (GDLs), and microporous layers (MPLs) to
the porous catalyst layers. Metal foam channels are
highly porous lightweight structures with flexible perme-
abilities and high specific surface areas,1 thus providing
excellent heat and mass transfer characteristics for fuel
cells. GDLs are located between the neighboring flow
channels and catalyst layers, and they were designed to
provide diverse void spaces for mass transfer including
reactant supply and product removal to and from the cat-
alytic sites, in addition to mechanical strength as an elec-
trode support2 by absorbing the external clamping
pressure. Furthermore, electrons and heat in fuel cells
are mainly transferred through carbon fibers of GDLs.
As seen in Figure 1B, GDLs are random porous media
with intrinsically heterogeneous morphological struc-
tures composed of nonwoven carbon fibers, which show
highly anisotropic microstructures and allow principal
conductive paths for electrons and heat transfer.
Polytetrafluoroethylene (PTFE), which is a highly hydro-
phobic material, was adopted on the surface of GDLs to
prevent water flooding and pore blockage. Microporous
layers (MPLs) are thin (thicknesses of approximately 5‐
20 μm) layers composed of carbon particles, polymeric
binder, and PTFE,2 which are applied between GDLs
and catalyst layers to aid in water management and
FIGURE 1 A, Mass transfer schematic of PEFCs. B, SEM images

of porous transport media structures in fuel cells [Colour figure can

be viewed at wileyonlinelibrary.com]
enhance the electrical contact. Based on the overall roles
of various fuel cell components, the performance of the
mass transport through the channels, GDLs, and MPLs
has significant effects on the neighboring catalyst layers
where electrochemical reactions occur. Hence, it is essen-
tial to simulate the mass transport phenomena within the
composite porous structures, to evaluate the interfacial
properties, and to explicate the structural influences on
the performances of heterogeneous porous media for fuel
cell applications.

Recently, extensive studies have applied numerous
experimental and numerical techniques to investigate
the mass transport characteristics of heterogeneous
porous media in fuel cells. Kumar and Reddy3 developed
a three‐dimensional numerical mass transfer model for
PEMFC with metal foam in the flow fields. They evalu-
ated the performance of fuel cells with various permeabil-
ity levels of metal foam flow fields. They found that a
more uniform distribution of current density was
obtained with metal foams than with traditional
channel‐type flow fields. Therefore, they proposed that
metal foam flow fields with proper permeability would
have a positive effect on the fuel cell performance.
Tsai et al4 compared the various conventional flow‐field
designs of fuel cells. Their experimental results showed
that the metal foam flow fields have higher air utilization
rate and show better power density than the traditional
serpentine flow fields. They revealed that the metal foam
flow fields improved the fuel cell performance. Paek
et al5 reported their experimental results on high porosity
metal foams with measured permeability. Feser et al6

developed robust radial permeability experiments to char-
acterize in‐plane permeability of GDLs. Gostick et al7 mea-
sured the gas permeabilities of several commercial GDLs
in three perpendicular directions, which indicated the
anisotropic permeabilities of GDLs. Similarly, Kramer
et al8,9 measured the through‐ and in‐plane diffusion coef-
ficients of commercial GDLs and revealed that the tortuos-
ity of GDLs is highly dependent on their structures. The
diffusion coefficient in carbon paper GDLs was also mea-
sured using various experimental techniques such as a
Loschmidt cell10 and an ex situ electrochemical limiting‐
current method.11,12 The in‐ and through‐plane gas perme-
abilities were measured for different GDL materials by
Ihonen et al.13 They found that the ratios of in‐ and
through‐plane permeability are different in different GDL
materials. In addition, they revealed that the GDLs which
apply MPLs had lower permeabilities than the bare GDLs
because of the small permeability of the MPLs. Instead of
direct measurements, the properties of MPLs are typically
measured by comparing the changes in the characteristics
of the bare carbon paper formed by the application of
MPLs.10,14,15 The through‐plane permeability of

http://wileyonlinelibrary.com
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commercial bare GDLs and GDLs coated with MPLs was,
respectively, measured by Williams et al.14 They concluded
that MPLs significantly decreased the overall through‐
plane permeability caused by their small pores. The
abovementioned experimental studies were effective in
revealing the mass transport properties of porous media.
However, experimental studies are limited with respect
to the direct measurement of MPL properties and the eval-
uation of the representative fluidic transport characteris-
tics of various random porous structures.

In some numerical studies, lattice Boltzmann methods
(LBMs) were applied to model the fluid flow in recon-
structed porous structures of fuel cells.16-22 Beugre
et al16 simulated single‐phase incompressible flow in
metallic foam using an LBM. Park et al17 investigated
the single‐phase gas flow in a carbon cloth GDL by
employing a three‐dimensional 15‐speed lattice
Boltzmann (LB) model. Moreover, the permeability was
calculated, and it was found to be highly dependent on
the fiber orientation. Transport properties with pore
interconnections were considered by Wu and Jiang.18

The structural and mass transfer properties were deter-
mined, which include the pore size distribution, gas diffu-
sivity, and tortuosity in a GDL using an LBM. Ostadi
et al19 applied a validated LBM to evaluate the properties
of a GDL‐MPL assembly and then estimated the tortuos-
ity and permeability of the MPL.

In addition, interfacial properties between the compo-
nents of the fuel cells were investigated in several stud-
ies.23-27 You and Liu23 modeled the flow and transport
in the combined gas channel and porous gas diffusion
media in the fuel cell. Lai et al24 applied a finite element
method to predict the contact resistance between the
bipolar plates and GDLs. However, these studies simpli-
fied the pore structures and physical characteristics of
the interfacial region, and the heterogeneous structures
of the transport media could not be accurately reflected.
Moreover, it should be noted that heterogeneous trans-
port porous media exhibit intrinsically complex random
structures. Hence, a sufficient number of samples is
required to summarize the general characteristics of these
media.

This study aims three major objectives: (1) stochastic
modeling of nanoscale/microscale random structures of
porous transport media, (2) statistical prediction and
modification of mass transport characteristics throughout
the porous layers using probability theories, and (3) sta-
tistical analysis of the contact properties at the interfaces
between adjacent porous layers. In contrast to the previ-
ous studies, random structures of heterogeneous porous
transport media, which include metal foam channels,
GDLs, and MPLs, were stochastically modeled. A com-
prehensive full statistical approach was conducted to
investigate the pore interconnections and effective trans-
port characteristics in these porous media at a 95% confi-
dence level. The hydrophobic pore distribution, which is
related to water condensation in the mixed wettability
GDLs, was estimated using a modified Leverett function.
Subsequently, a single‐phase three‐dimensional LBM was
proposed to simulate the microscale mass transport phe-
nomena within a series of porous media with various
porosities. The outlet fluid flow characteristics of the
porous media were applied to the neighboring porous
composites to maintain the continuity of the flow proper-
ties. Furthermore, the effective mass transport properties
(ie, the permeability, tortuosity, and effective mass diffu-
sion coefficient) were then predicted by numerically
tracking the local velocity and pressure of the reactant
flow. Finally, the interfacial areal contact ratio between
adjacent layers was estimated to clarify the effects of the
local porosities of the porous media.
2 | METHODOLOGIES

2.1 | Numerical model assumptions

The following assumptions were included in the statisti-
cal model applied in this study:

• Three‐dimensional porous media domain before
compression.

• Ternary components (carbon fibers, 5 wt% PTFE load-
ing,2,28 and pores) of GDLs and ternary components
(77 wt% carbon particles, 23 wt% PTFE loading,28

and pores) of MPLs with inhomogeneous random
probability distributions.

• The carbon fibers by straight cylinders with a uniform
diameter of 6 μm,29 which extended from boundary to
boundary without overlapping.

• A single‐phase 353 K oxidant incompressible inlet gas
flow at 1 atm simulating a PEFC cathode.

• The produced water in the vapor form.
• Constant temperature throughout the domain.
• Constant pressure at the boundaries of the domain.
• A 95% confidence level.30
2.2 | Porous transport media structure
modeling

In this study, a stochastic computational model, which
was based on the statistical information of porous media,
was adapted to construct sets of metal foam channel,
GDL, and MPL structures. A 95% confidence level was
applied for the statistical analysis with trial numbers of
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20, 15, and 30 for the channels, GDLs, and MPLs, respec-
tively. Porosity is an essential parameter of porous media
which controls the volume ratio of solids and pores, and
it is given by

ε ¼ Vpo

V
¼ 1 −

Vs

V
(1)

where Vpo, V, and Vs denote the pore volume, total vol-
ume of the computational domain, and solid volume,
respectively. In this study, the initially predetermined
bulk volume fraction of the porous media is defined as
superficial porosities. A random number generation pro-
cess was applied to assume the pore and solid lattice
units' distributions and to satisfy the given superficial
pore volume fraction (ie, porosity).31 It should be noted
that the porosities of the reconstructed porous media in
this study may differ from the initially predetermined
average values. However, the final averaged porosities
were approximately equal to the prescribed values. There-
fore, it is advisable to carefully identify each component
of porous media by occupying them with different
clusters.
2.2.1 | Metal foam channel microstruc-
ture modeling

Metal foams consist of solid metals with gas‐filled pores,
made by injecting gas bubbles into liquid metals to form
pore spaces that occupy a large portion of the volume32

in the molten metals. Accordingly, in this study, metal
foam channels were generated by randomly creating
spheres with uniform radii in the three‐dimensional solid
domain. This generation procedure was implemented
until the desired porosity was achieved. Figure 2A pre-
sents a three‐dimensional constructed highly porous
metal foam channel with a porosity of 0.9 and side length
of 0.45 mm.
FIGURE 2 Three‐dimensional structures of A, MPL, B, GDL,

and C, fine mesh flow fields [Colour figure can be viewed at

wileyonlinelibrary.com]
2.2.2 | Carbon paper GDL

For the GDL microstructure model, the two end points of
each fiber were randomly selected on the boundaries in
the GDL domain with a thickness of 200 μm. Further-
more, straight‐cylindrical carbon fibers with uniform
diameters of 6 μm that extended from boundary to
boundary were randomly placed layer by layer in the
domain. Moreover, the bulk densities of the carbon fiber
and PTFE (ρcarbon = 1.9 g cm−3and ρPTFE = 2.16 g cm
−3)33 were used to convert the mass‐based parameters of
the GDLs into the equivalent volume‐based composi-
tions, to match the predetermined average porosities

http://wileyonlinelibrary.com
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according to the following equations:

ϕcarbon ¼ mcarbon
1

ρcarbon
¼ mPTFE

1 − ωPTFE

ωPTFE

� �
1

ρcarbon
(2)

ϕPTFE ¼ mPTFE
1

ρPTFE
(3)

ϕPTFE þ ϕcarbon þ ε ¼ 1 (4)

where ϕPTFE and ϕcarbon are the volume fractions of the
PTFE and carbon, respectively. mPTFE and mcarbon repre-
sent the masses of PTFE and carbon in a unit volume of
the porous domain. ωPTFE denotes the weight loading,
which was 5 wt% in this study. Figure 2B illustrates the
generated random heterogeneous structure of GDLs with
a porosity of 0.8. The carbon fibers were oriented layer by
layer without overlapping, which led to anisotropic
microstructures. The pore volume near fiber surfaces
and the corner of two fibers in contact were filled with
PTFE, which was clustered with a dark blue color, as
shown in Figure 2B. Considering the properties of com-
mercially available carbon fiber GDLs,34,35 GDLs with
the porosities ranging from 0.6 to 0.9 were generated for
the current study.
FIGURE 3 Lattice velocity directions of the D3Q19 LBM
2.2.3 | MPL modeling

The generation process of the MPL structure was divided
into two main steps, namely, the generation of carbon
particles and the addition of PTFE. The volume fractions
of the carbon particles and PTFE were both determined
according to Equations 2 to 4. In this study, all the carbon
particles were presumed to be spheres with uniform
diameters of 50 nm. In the first step, a small number of
carbon spheres were randomly selected as seed particles
in the MPL domain with a thickness of 5 μm. Next, the
remaining spheres were added, which were adjacent to
and connected with a minimum of one existing sphere,
until the prescribed number of carbon particles was
achieved. In the final step, the PTFEs were generated by
filling the small pores between carbon particles until the
required number was reached. MPLs were generated with
porosity range from 0.3 to 0.6 in this work.36 The three‐
dimensional structure of an MPL with a porosity of 0.6
is presented in Figure 2C. Carbon spheres were randomly
distributed and attached to the PTFEs, as indicated by the
dark blue color in the figure.
2.3 | Lattice Boltzmann method

The lattice Bhatnagar‐Gross‐Krook (LBGK) model37 was
employed to simulate the reactant flow transport phe-
nomena within the porous media. In the LBM, transport
characteristics, including the microscopic velocity, pres-
sure, and density, are calculated by tracking the evolution
of the particle distribution function, which is defined as
the probability of a molecule at spatial position x at time
t with momentum p.38 In this study, a single‐phase LBM
with a single relaxation time parameter Tr was used. The
D3Q19 (ie, 3D 19‐velocity) scheme is illustrated in
Figure 3. The LBM consists of two main steps: collision
and streaming. The evolution of the distribution function
f a(x, t) is as follows

39:

f a x þ eaΔt; t þ Δtð Þ − f a x; tð Þ
¼ −

Δt
Tr

f a x; tð Þ − f eqa x; tð Þ� �
(5)

where a is the lattice velocity index; ea and Δt are the
lattice velocities in the ath direction and unit time scale,
respectively. Tr represents the relaxation time required
to achieve the equilibrium distribution f eqa . A collision
operator denotes the collision as a relaxation of the den-
sity distribution function toward the Maxwell‐Boltzmann
equilibrium distribution function.39 In the D3Q19
scheme, the collision operator f eqa is the Maxwellian dis-
tribution function, which is expressed as37

f eqa x; tð Þ ¼ ωaρ x; tð Þ 1þ eaueq

cs2
þ eaueq

2cs4
−

ueqð Þ2
2cs2

" #
(6)

where ωa is the weighting associated with the velocity ea,
and it is defined for 19 components as follows:
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ωa ¼
1=3 a ¼ 0

1=18 a ¼ 1; 2; …; 6

1=36 a ¼ 7; 8; …; 18

8><
>: (7)

where cs is the lattice sound velocity, which is equal to

1=
ffiffiffi
3

p
for the D3Q19 model. The relationship between

the kinematic viscosity ν and relaxation time is given
by37,40

ν ¼ cs
2 Tr

Δt
−
1
2

� �
Δt (8)

ν ¼ 2Tr − Δt
6

(9)

For the D3Q19 lattice model, ea is expressed as

ea ¼ c ×

0; 0; 0ð Þ a ¼ 0

±1; 0; 0ð Þ; 0; ±1; 0ð Þ; 0; 0; ±1ð Þ a ¼ 1; 2; …; 6

±1; ±1; 0ð Þ; ±1; 0; ±1ð Þ; 0;±1;±1ð Þ a ¼ 7; 8; …; 18

8><
>:

(10)

where c represents the lattice speed c = Δx/Δt, which is
set as unity (ie, Δx = 1, Δt = 1, and c = 1). The terms
ueq and ρ represent the macroscopic equilibrium velocity
and the fluid density, respectively. The fluid density is
calculated based on the conservation of the mass and
momentum of the distribution function,

ρ ¼ ∑18
a¼0f a (11)

ρueq ¼ ∑18
a¼0eaf a (12)

Hence, the fluid velocity is expressed as

ueq ¼ 1
ρ
∑18

a¼0eaf a (13)

In this study, the physical unit properties were con-
verted into lattice unit properties by matching the dimen-
sionless characteristic parameters (ie, the Reynolds
number). The Reynolds numbers in the lattice unit and
physical unit were identical, and they were calculated as
follows:

Re ¼ LU
ν

����
Phys:

¼ LU
ν

����
Lattice

(14)

where L and U are the characteristic length and fluid
velocity, respectively.

Diffuse reflection potentially occurs when gas mole-
cules collide with a solid wall, which implies that the
gas molecules are reflected at random angles uncorre-
lated with the entry angles.41 Therefore, a finite slip
velocity uw of the reactant gas, which is relative to the
solid surfaces, may be used to balance the insufficiently
low reflected tangential momentum. At a low Reynolds
number, the slip velocity is expressed as follows41:

uw
U

≈ 0:4Kn
ffiffiffiffiffiffiffiffiffi
Rex

p
(15)

where Rex = Ux/ν and x is the distance from the leading
edge of the solid surface.

In this study, the inlet gas velocity (ie, intrinsic velocity
through void space) of the composite porous media was
set as 0.1 m/s. The viscosity of the reactant gas was
2.34 × 10−5kg/m s, and the slip velocity at x = 80 μm
(ie, the average pore radius in the channel) was calcu-
lated as

uw
U

≈ 0:4Kn
ffiffiffiffiffiffiffiffiffi
Rex

p ¼ 4:79 × 10−4 (16)

This implies that the slip velocity of gas molecules at
the gas‐solid surface in this study was negligible and that
a no‐slip condition could be used to accurately determine
the actual physical behavior of the fluid molecules. Con-
sequently, the velocities at the inlet and outlet were
solved using the standard deflection rule,42 which
assumes that any molecule that collides with a solid wall
is deflected in its original direction with the same
velocity.
2.4 | Determination of the trial number

For the statistical analysis in random structures, a suffi-
cient number of sampling structures is needed to deter-
mine the statistical properties of the porous media. In
this study, the sample size (ie, trial number) is chosen
by using the confidence level. In probability theory,
the confidence level refers to the percentage of all possi-
ble samples that are expected to include the actual pop-
ulation parameter (eg, initially predetermined
porosity).43,44 If the population approaches infinity, a
cumulative normal distribution P(φ) exists for φ
based on the central limit theorem,45 which is defined
as follows:

P φð Þ ¼ 1ffiffiffiffiffiffi
2π

p
σφ

∫
φ

−∞
e
−

φ−mð Þ2
2σφ2 dφ (17)

where m presents the true mean of the random variable
(eg, average volume fraction) and σφ is the standard
deviation of φ. For a sufficiently large sample, a modi-
fied form of the de Moivre‐Laplace limit theorem is



FIGURE 4 Normal distribution curve for structured superficial

pore volume with a 95% confidence level [Colour figure can be

viewed at wileyonlinelibrary.com]
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applied to describe a symmetric range centered on the
mean46:

αk ¼ Pr φk − φk
�� �� ≥ ϵ
� 	

≅2 k − 1ð Þ 1 − P ϵ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n
φk 1 − φkð Þ

r� �
 �
(18)

where k is the number of components. Inmetal foam chan-
nels, k is equal to 2; αk is the rejection rate for the kth com-
ponent; the error, ϵ, is accepted as 2 × 10−4 for this study;

and n is the sample number.46 φk and φk are the estimated
and expected mean volume fractions, respectively. To
achieve a 95% confidence level, which is the most com-
monly used in the statistical analysis,30 the sum of the
rejection rates for the kth component should correspond
to 0.05. Here, if we take metal foam channels as an exam-
ple, the related expressions are

∑αk ¼ αpore þ αmetal ¼ 0:05 (19)

∑αk ¼ 2 k − 1ð Þ 2 − P ϵ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n
φpore 1 − φporeð Þ

r� ��


þ P ϵ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n
φmetal 1 − φmetalð Þ

r� ��
(20)

For the worst‐case scenario, the superficial volume
fractions of the two components over the entire popula-
tion domain are assumed as identical, and this leads to
the following expressions:

∑αk ¼ 4 k − 1ð Þ 1 − P ϵ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n
φ 1 − φð Þ

r� �
 �� 
¼ 0:05 (21)

P ϵ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n
φ 1 − φð Þ

r� �
≅0:9875 (22)

Consequently,

ϵ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n
φ 1 − φð Þ

r
¼ 2:24 (23)

If we reconstruct the channels with a lattice grid of
size 125 × 125 × 125, the smallest number of required tri-
als for each specified porosity for the statistical analysis is
determined as follows:

N ¼
2:24
0:0002

� �2
× 0:5 × 1 − 0:5ð Þ

125 × 125 × 125
≈ 16 (24)

Based on the uncertainty of the random distributions
of all the components in the domain, the number of trials
required for each specific porosity is determined as 20 to
increase the reliability. In the same way, the number of
trials for each specific porosity of GDLs and MPLs is set
as 15 and 30, respectively.
3 | RESULTS AND DISCUSSION

3.1 | Morphological structures of porous
transport media

Figure 4 presents the superficial pore volume fractions for
the metal‐foam channels, porous GDLs, and MPLs with
initial superficial porosities of 0.90, 0.80, and 0.30, which
were used as a reference case in this study. As shown in
Figure 4, the average pore volume fractions of the chan-
nel, GDL, and MPL were identical to the predetermined
superficial pore volume fractions. It should be noted that
the superficial pore volume fractions of three different
trial sets of the reference channels, GDLs, and MPLs were
approximately in accordance with the normal distribu-
tions, with standard deviations of 0.07%, 0.30%, and
0.10%, respectively. This demonstrates that 20, 15, and
30 trials were sufficient for the statistical analyses at a
95% confidence level, respectively.

Pore interconnections have a significant influence on
the mass transport characteristics within porous media.
At every point in the pore structures, a circle was
inscribed with a radius equal to the minimum distance
to the nearest wall. In this study, the pore size distribu-
tions of the three different porous media were predicted
based on the microstructures and then determined with
spheres of expanding radii. The pore size is defined as
the largest spherical distance of a pore center to the solid
phase.47 Every nodal point of a pore corresponds to the
center of a sphere, in which the radius extends to the
edges of the solid sphere. The maximum radius of the

http://wileyonlinelibrary.com
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sphere is considered as the pore radius at the grid point.
Figure 5 presents three‐dimensional cross‐sectional views
of the computed pore radii at local different sections for
FIGURE 5 In‐plane slices of pore size distribution contours of A,

metal foam channel, B, GDL, and C, MPL [Colour figure can be

viewed at wileyonlinelibrary.com]
the reference case, which exhibited heterogeneous struc-
tures with random pore interconnections. As shown in
Figure 5A, the maximum pore radius at the three differ-
ence sections of the metal foam channel was calculated
as 70 μm. The rectangular shapes of the void spaces pre-
sented in Figure 5B were generated by combining two
adjacent carbon fiber layers. The maximum pore radius
at the cross sections was calculated as 36 μm. In the refer-
ence MPL, as presented in Figure 5C, the generated car-
bon particles were randomly distributed and connected,
where the maximum radius was 60 nm.

The pore diameter histogram from the numerical esti-
mation was plotted, as shown in Figure 6. The estimated
pore diameter curves were approximately in accordance
with normal distributions. The highest frequencies of
the MPLs, GDLs, and channels were 47%, 38%, and
29%, respectively, where the corresponding pore diame-
ters were 0.40, 15, and 200 μm. The average, minimum,
and maximum pore diameters of the reference MPL with
a porosity of 0.30 were calculated as 0.042, 0.010, and
0.150 μm, respectively.

The condensation of water vapor may cause the forma-
tion of liquid water within GDLs. It is widely recognized
that water transport in GDLs is highly dependent on the
capillary pressure Pc and the pressure difference at the
interface between wetting and nonwetting phases, which
can be expressed as2

Pc ¼ Pnw − Pw ¼ 2γ cosθ
rpore

(25)

where rpore is the pore radius. γ and cosθ are the surface
tension and a representative contact angle, respectively.
Moreover, GDLs are typically treated with hydrophobic
PTFEs and therefore require combined (ie, hydrophobic
and hydrophilic) pore‐size distribution analyses. Some
pores may attract water, whereas other pores may repel
water because of the heterogeneous structures in the
FIGURE 6 Histograms of the computed pore size distribution in

channels, GDLs, and MPLs [Colour figure can be viewed at

wileyonlinelibrary.com]

http://wileyonlinelibrary.com
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FIGURE 7 Relationship between hydrophobic pore fraction and

nonwetting phase saturation in mixed wettability GDLs [Colour

figure can be viewed at wileyonlinelibrary.com]

2998 LIU ET AL.
GDLs. Hence, water may be in either the wetting or
nonwetting phase. Kumbur et al established a modified
Leverett function, in addition to several parallel func-
tions, to describe the capillary pressure for GDLs with
various PTFE contents ranging from 0 to 20 wt%,48-50 in
which the Pc for the hydrophobic pores is defined as

Pc ¼ γ cosθ
ε
κ

� �1=2
M snwð Þ (26)

where κ represents the permeability of the nonwetting
phase.M(snw) represents the empirical Leverett function51

related to the PTFE content wt% and liquid saturation snw.
The critical radius for the hydrophobic pores rHO can be
derived by combining Equations 25 and 26 as follows:

rHO ¼ 2
M snwð Þ

κ
ε

� �1
2

(27)

where κ = 1 × 10−12m2 for liquid water.52 In this study,
f rpore>rHO

was used to represent the fraction of pores with

sizes larger than rHO in GDLs, and it is defined as

f rpore>rHO
¼ number of pores with rpore > rHO

total pore number
(28)

Figure 7 presents the relationship between f r>rHO
and

the nonwetting phase saturation snw in the GDLs. It
should be noted that water is the nonwetting phase in
hydrophobic pores. The overall nonwetting saturation
domain is divided into three regions: 0 < snw < 0.5 (low
hydrophobic region), 0.5 ≤ snw ≤ 0.65 (transition region),
and 0.65 < snw < 1 (high capillary region) with three par-
allel functions of M(snw), as shown in Figure 7.51
M snwð Þ ¼
%wt 0:0469 − 0:00152 ×%wt − 0:0406s2nw þ 0:143s3nw

� �þ 0:051 lnsnw 0 < snw < 0:5

%wt 1:534 − 0:0293 ×%wt − 12:68s2nw þ 18:824s3nw
� �þ 3:416 lnsnw 0:5 ≤ snw ≤ 0:65

%wt 1:7 − 0:0324 ×%wt − 14:1s2nw þ 20:9s3nw
� �þ 3:79 lnsnw; 0:65 < snw < 1

8>><
>>: (29)
Moreover, f r>rHO
decreases in a sinusoidal manner as

the water saturation increases from 0 to 1. Water flooding
may occur in the GDLs with snw close to 1, in which
water accumulates and converts to the wetting phase.
3.2 | Heterogeneous mass transport
properties

In this study, it was assumed that the inlet velocity at the
entrance of the channels was set as 0.1 m/s. Figure 8A
presents the computed velocity vectors throughout the
reference 0.4‐mm‐thick channel and 200‐μm‐thick GDL
with a maximum local velocity of 0.5 m/s. As can be seen,
it is more favorable for fluid flow to pass through large
pores rather than small pores, because of the lower flow
resistance of larger pores. The tortuous streaklines in
the composite porous media correspond to the velocity
vectors were obtained from the positions of all the fluid
particles that continuously pass through the channel
entrance. The shape of the streaklines, which were paral-
lel to the local velocity vector, was used to calculate the
tortuosity τ of the porous media as follows53,54:
τ ¼ lreal
l

� �2

¼ ∑u rð Þ
∑ux

� �2

(30)

where lreal is the average real path length of the fluid
flow through interconnected pores and l is the minimum
available length (ie, the physical thickness of the porous
media). u(r) represents the tangential velocity of the
streakline starting at point r, and ux is its component in
the x‐direction. The relationships between the porosity
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FIGURE 8 A, Computed 3D velocity vector and streakline distribution in the reference GDL and channel. B, Relationship between

porosity and tortuosity in the principal direction and the variation in the effective diffusivity as a function of porosity in the GDLs. C,

Variation of Knudsen diffusion coefficient in MPLs as a function of porosity. D, Relationship between porosity and tortuosity in the principal

direction and statistical comparison of the effective diffusivity obtained in this study and other group [Colour figure can be viewed at

wileyonlinelibrary.com]
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and the statistically estimated average through‐plane (ie,
principle flow direction) tortuosities of the GDLs and
MPLs in the porosity ranges of 0.6 to 0.9 and 0.3 to 0.6,
respectively, were compared with the classic Bruggeman
correlation53,54

τ ¼ εα ¼ ε−0:5 (31)

The exponent α for the GDLs and MPLs was fitted
with −1.520 and −0.629, respectively. The numerical pre-
dictions reveal that the Bruggeman equation
underestimated the tortuosities of the GDLs and MPLs,
as depicted in Figure 8B and 8C, respectively, and should
be modified with a lower exponent α for PEFC
applications.

In random porous media, intergas collisions and the
collisions between gas molecules and the pore wall occur
frequently because of the heterogeneous structures. The
Knudsen number was employed to approximately deter-
mine the mass diffusion mechanism, which is defined
as the ratio of the mean free path of gas molecules λ to
the pore diameter. The molecular mean free path was
estimated as follows55-57:
λ ¼ kBTffiffiffi
2

p
πd2mP

(32)

where kB is the Boltzmann constant (1.381 × 10−23 J/K), T
is the gas temperature (K), dm is the molecular diameter
of the fluid, and P denotes the pressure (Pa). According

to Equation 32, for a particle diameter of 3A
∘
at 353 K

and 1 atm, the mean free path of the fluid was approxi-
mately 120 nm. It is suggested that when the pore diam-
eter of porous media is comparable with or smaller than
the mean free path, fluid molecules collide more fre-
quently with solid surfaces, and the Knudsen effect
should be considered. On the contrary, for pore diameters
that are significantly larger than the mean free path,
Knudsen diffusion is negligible, and the collisions and
interactions between gas molecules are dominant.58 The
estimated results from the previous section, as shown in
Figure 6, imply that the average pore diameter of the
GDLs exceeds the mean free path length of the reactant
gas (λ ≈ 120 nm). Hence, the collisions between the reac-
tant gas molecules and the solid surfaces are negligible.
The mass diffusion phenomena within the GDLs are
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associated with the heterogeneous morphological pore
structures, in which pores with various diameters are ran-
domly distributed and tortuous interconnections are
formed. Consequently, the mass diffusion coefficient D
of the GDLs was modified by the porosity and tortuosity
as follows53,54:

Deff ¼ ε
τ
D (33)

Figure 8B presents the variation in the average effec-
tive mass diffusion coefficient as a function of the poros-
ity and the tortuosity in the GDLs as follows:

Deff ¼ ε
ε−1:520

D ¼ ε2:520D (34)

with R2 = 0.98, where Deff is the effective mass diffusion
coefficient. The molecular diffusion of the fluid was
assumed to be 3.2 × 10−5 m2/s. The evaluated effective
diffusivity of the reactant gas in the cathode continuously
increased from 9.12 × 10−6 to 2.13 × 10−5 m2/s as the
porosity was varied from 0.6 to 0.9. A set of experimental
data13 was marked in Figure 8B, which indicates that
Equation (34) derived in this study was significantly
closer to the experimental data than the typical
Bruggeman correlation,59 which overestimated the effec-
tive diffusivity resulting from the lower prediction of the
tortuosity, as previously discussed.

According to the estimated pore diameters, the average
pore diameter in the MPLs was 92.7 nm, which was
smaller than the mean free path length of 120 nm. Conse-
quently, the Knudsen effect on the effective transport
mechanism should be considered. The Knudsen diffusion
coefficient of the fluid can be evaluated as follows60:

Dkn ¼ dp
3

8RT
πM

� �1
2

(35)

where dP represents the average pore diameter. R is the
gas constant (8.314 J/mol K), and M is the molecular
mass of the reactant gas. Figure 8C presents the estimated
Knudsen diffusion coefficient calculated from the corre-
sponding average pore diameter of 30 reference MPLs.
The Knudsen diffusion coefficient increased from
6.33 × 10−6 to 1.49 × 10−5 m2/s as the average pore diam-
eter extended from 39.3 to 92.7 nm in the porosity range
of 0.3 to 0.6.

Figure 8D presents the effective diffusion coefficient of
the MPLs, which was investigated in the porosity range of
0.3 to 0.6. Moreover, the molecular diffusion and Knud-
sen diffusion were considered as the diffusion mecha-
nism. Numerical estimations from another research
group61 were plotted, as shown in Figure 8D, for compar-
ison. A significant discrepancy between the two
numerical estimations of the effective diffusion coeffi-
cients was observed when considering molecular diffu-
sion as the dominant diffusion mechanism within
MPLs, which indicates that molecular diffusion is not
the dominant mass diffusion mechanism. Conversely,
the average effective diffusion coefficient was in good
agreement with the numerical predictions from the other
research group when considering Knudsen diffusion as
the dominant diffusion mechanism. The average effective
diffusion coefficient increased from 8.92 × 10−7 to
6.5 × 10−6 m2/s as the porosity increased from 0.3 to 0.6.

The permeability κ is a critical physical property that
affects the mass transportation performance in the het-
erogeneous porous media. The permeability κ of a porous
medium under the low Reynolds number condition is
defined by Darcy's law62 as

u ¼ −
κ
μ
∇p (36)

where u represents the volume‐averaged velocity through
the porous medium, μ is the viscosity of the fluid flow,
and ∇p is the pressure gradient vector. In the porous
media, the pressure gradient is related to the through‐
and in‐plane lengths of the fluid flow and the difference
between the inlet and outlet pressures. Permeability of
porous media is usually described as a function of physi-
cal properties (eg, porosity).63 In this study, the in‐plane
and through‐plane permeabilities were calculated from
the flow field properties obtained from the LBM simula-
tion. Figure 9 presents the estimated correlations between
the permeabilities of the reactant gases and porosities of
the channels, GDLs, and MPLs, respectively. The average
permeabilities of three porous media were predicted from
sets of trials for each case, for the statistical analysis. As
seen in Figure 9A, the average through‐ and in‐plane per-
meabilities in the porosity range of 0.80 to 0.95 of the
metal foam channels successively increased from
8.17 × 10−8 to 1.32 × 10−7 m2/s and from 8.22 × 10−8

to 1.31 × 10−7 m2/s, respectively. The calculated perme-
abilities were mathematically approximated in polyno-
mial forms as follows:

κTP channel ¼ 5:707 × 10−7ε2 − 6:683 × 10−7ε
þ 2:515 × 10−7 (37)

κIP channel ¼ 3:022 × 10−7ε2 − 2:071 × 10−7ε
þ 5:479 × 10−8 (38)

where R2 = 0.99. The simulation results reveal that the
through‐ and in‐plane permeabilities of the channels
approximately coincided because of the isotropic porous



FIGURE 9 Statistically estimated relationship between porosity

and through‐ and in‐plane permeabilities in the A, channels, B,

GDLs, and C, MPLs [Colour figure can be viewed at

wileyonlinelibrary.com]

LIU ET AL. 3001
structures of the metal foam channels. Paek et al5 mea-
sured the permeability of aluminum metal foam with a
porosity of 0.92 and reported a permeability range from
0.75 × 10−7 to 2.4 × 10−7m2. In this study, the estimated
metal foam permeability for ε = 0.92 is 1.19 × 10−7 and
1.42 × 10−7m2 in through‐ and in‐plane directions,
respectively, demonstrating a good agreement with the
experimental results reported by Paek et al.5

The average through‐ and in‐plane permeabilities of
the GDLs were estimated from a set of 15 references for
each case, as established in Figure 9B. The calculated
average through‐plane permeability continuously
extended from 3.17 × 10−11 to 1.78 × 10−10 m2, whereas
the in‐plane permeability steadily increased from
5.36 × 10−11 to 2.00 × 10−10 m2. The predicted permeabil-
ities were fit as follows:

κTP GDL ¼ 6:473 × 10−11ε2 − 4:887 × 10−11ε
þ 1:150 × 10−11 (39)

κIP GDL ¼ 1:427 × 10−10ε2 − 1:665 × 10−10ε
þ 5:189 × 10−11 (40)

where R2 = 0.99 . The Kozeny‐Carman equation6 is com-
monly used to predict the permeabilities of porous media.
However, it was originally intended for the packed bed
geometry with spherical particles, and it is only applica-
ble to materials with low porosities, which may not pre-
dict the permeability accurately. Thus, it is not
presented in this paper. Moreover, a general empirical
expression was used for GDL structures with PTFE15,64:

κ ¼ Cεα (41)

where C is a constant. As seen in Figure 9B,
C = 2.848 × 10−10 and α = 4.592 were fit for the through‐
plane permeability, whereas C = 2.792 × 10−10 and
α = 3.174 were fit for the simulated in‐plane permeability.
It was found that the in‐plane permeability always exceeds
the through‐plane permeability because of the anisotropic
structures of the GDLs. This indicates that the alignment of
fibers in the in‐plane results in a lesser flow resistance
along the fibers than to that normal to the fibers. The
through‐ and in‐plane permeabilities of SGL 24BA GDL,
which has a thickness approximately 200 μmwith a poros-
ity of 0.84,65 was measured as 1.45 × 10−11 and
1.56 × 10−11m2, respectively, by Gostick et al.7 According
to the results of this study, when the porosity is 0.84, the
predicted though‐ and in‐plane permeabilities are
1.27 × 10−11 and 1.60 × 10−11m2, respectively, which are
comparable with the experiment results.7

The average through‐ and in‐plane permeabilities of 30
reference MPLs are presented in Figure 9B, which were
approximated as follows:

κTP MPL ¼ 2:263 × 10−12ε2 − 1:036 × 10−12ε
þ 1:978 × 10−13 (42)

κIP MPL ¼ 2:256 × 10−12ε2 − 0:980 × 10−12ε
þ 1:841 × 10−13 (43)
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where R2 = 0.99. The two permeabilities were found to
coincide in the porosity range of 0.3 to 0.6, which indi-
cates that the MPLs contain isotropic porous structures.
The MPL permeability increased from 0.90 × 10−13 to
3.90 × 10−13m2 when the porosity increased from 0.3 to
0.6. The predicted MPL permeability values are found
with two orders of magnitude less than the GDL perme-
ability and have a good agreement with the experimental
results reported by Pant et al.66 They measured two SGL
34BC GDL‐MPL assemblies and calculated the MPL per-
meability with values 1.31 × 10−13 and 1.39 × 10−13m2.
Additionally, compared with the metal foam channels
and GDLs, the MPLs exhibited the smallest permeability
among the three porous transport media. This may be
because of the low porosities and small pore sizes, which
resulted in a high fluid flow resistance.
3.3 | Interfacial contact properties

The interface between the different layers of porous
media can have a considerable effect on the
multitransport performance of fuel cells. In order to
investigate interfacial contact properties between porous
media, local porosity was calculated as an index of the
pore size distribution at the interface. The local porosity
of a certain porous surface is defined as67
FIGURE 10 Interfacial areal contact ratio of A, MPL and B, GDL at G

channel interface
εx ¼ 1
Vl
∫Va xð Þ dV ¼ Vpo

l

V l
(44)

where Vl is the smallest differential volume that results in
a statistically significant local porosity. Vpo

l represents the
volume occupied by the void or fluid. a(x) is a void distri-
bution function, and it is determined as follows:

a xð Þ ¼ 1 if x is the void region

0 if x is the solid region:

�
(45)

The interfacial contact areal ratio fM=N;CM
of media M

with adjacent media N is defined as

fM=N;CM
¼ AM=N;C

AM
(46)

in which AM/N, C is the contact solid area of media M and
N at the interface M/N, and AM is the total solid area
occupied by M at the interface. In this study, the interfa-
cial areal contact ratios at the channel/GDL and
GDL/MPL interfaces were estimated for a wide range of
local porosities without compression.

As shown in Figure 10A, at channel/GDL interfaces,
with a fixed channel local porosity of 0.9 (ie, εL, CH), the
average interfacial areal contact ratio of channels steadily
reduced from 0.37 to 0.08 as the local porosity of GDL (ie,
DL/MPL interface and C, GDL and D, metal foam channel at GDL/
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εL, GDL) varied from 0.6 to 0.9. However, for the GDL,
there was a negligible variation in the average interfacial
areal contact ratio for the same numerical case. Con-
versely, when εL, GDLwas set as 0.8, as shown in
Figure 10B, no significant changes were observed in the
interfacial areal contact ratio of the GDLs. By contrast,
the average interfacial areal contact ratio of the channels
decreased from 0.20 to 0.05.

Furthermore, Figure 10C and 10D presents the varia-
tions in the interfacial areal contact ratio at GDL/MPL
interfaces. As shown in Figure 10C, when εL, GDL = 0.8,
the areal contact ratio of the GDLs decreased from 0.45 to
0.3 in the local porosity of the MPL (ie, εL, MPL) range from
0.4 to 0.6, because of a decrease in the number of MPL car-
bon particles at the GDL/MPL interfaces. Similarly, the
average areal contact ratio of the MPLs with a local poros-
ity of 0.6 decreased from 0.3 to 0.07 in the GDL local poros-
ity range of 0.6 to 0.9. However, no significant changes
were observed in the average interfacial areal contact ratio
of the GDLs in the same GDL local porosity range. The
MPL carbon particles were measured in nanometers, and
they were more uniformly distributed than carbon fibers
in GDLs, which were measured in micrometers and
directionally generated at the GDL/MPL interfaces.
Hence, the contact area of the MPLs was significantly
affected by the local porosity of the GDLs. Consequently,
Figure 10 reveals that the variation in the local porosity
of one porous medium has a significant influence on the
interfacial areal contact ratio of its adjacent porous media
with a fixed local porosity. It should be noted that the inter-
facial contact areal ratio is a critical property at the inter-
face of adjacent porous transport media. High contact
areal ratios at the interface can enhance the efficiency of
thermal and electrical conductions. Pore interconnections
related to reactant gas transport can be reduced by low
local porosities at the interface. It is therefore essential to
study the interfacial contact properties associated with
the performance of fuel cells.
4 | CONCLUSIONS

A numerical study of the mass transport characteristics
was conducted on heterogenous porous media at a 95%
confidence level. Series of channels, GDLs, and MPLs
were generated using the stochastic method considering
different porosities and random structures, respectively,
ie, the critical hydrophobic pore radius in the mixed wet-
tability GDLs. The D3Q19 three‐dimensional LBM was
able to simulate the mass transport phenomena within a
series of channels, GDLs, and MPLs, respectively. The
hydrophobic pore distribution related to water condensa-
tion in the mixed wettability GDLs was estimated using a
modified Leverett function. The fraction of pores with
sizes larger than the critical hydrophobic pore radius
decreases in a sinusoidal manner as the water saturation
increases from 0 to 1 in GDLs. Microscale/nanoscale
LBM transport modeling showed that the calculated
through‐ and in‐plane permeabilities approximately coin-
cided in the channels and MPLs, respectively, because of
the isotropic porous structures of the metal foam chan-
nels and MPLs. However, the in‐plane permeability
always exceeds the through‐plane permeability in the
GDLs, because of the anisotropic fiber alignments.
Smaller exponents were applied to the statistically esti-
mated tortuosities of the GDLs and MPLs than those
applied to the classic Bruggeman equation. The average
effective diffusion coefficients of the gas in the GDLs
were estimated with a pre‐estimated tortuosity, thus
yielding a closer prediction to the experimental data from
the literature than that of the typical Bruggeman correla-
tion. The preestimated Knudsen diffusion coefficient and
tortuosity were applied to predict the average effective
diffusion coefficients of gas in the MPLs, which was in
good agreement with the numerical effective diffusion
coefficient data obtained by another research group.
Moreover, the interfacial areal contact ratio between
two adjacent porous media was estimated, and it was
found to be significantly dependent on the local porosity
of every porous medium at the interface. The present
model and results are expected to contribute to the pre-
dictions of heterogeneous transport properties in the
porous media.
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