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Highlights:
What are the main findings?

e  Stochastic numerical method is carried out to reconstruct the realistic microstructure of microp-
orous layer (MPL) in a PEMFC.

e  Computation of effective transport properties by Pore Scale Model and lattice Boltzmann
Method is carried out.

What is the implication of the main finding?

e  Therelationships between effective transport properties and compression strain are summarized.
. Correlations between effective transport properties and compression strain are obtained and
used to predict PEMFC performance.

Abstract: A microporous layer (MPL) is a transition layer with a porous material structure, located
between the gas diffusion layer (GDL) and catalyst layer (CL) in a proton exchange membrane fuel
cell (PEMEFC). It not only significantly improves electron transfer and heat conduction in membrane
electrode assembly, but also effectively manages liquid water transport to enhance the fuel cell
performance. The MPL is usually coated on one side of the GDL. The fragile nature of MPL makes it
challenging to characterize the effective transport properties using experimental methods. In this
study, a stochastic numerical method is implemented to reconstruct the three-dimensional microstruc-
ture of an MPL consisting of carbon particles and PTFE. The reliability of the MPL reconstructed
model is validated using experimental data. The relationship between the effective transport proper-
ties and the compression strain is obtained using the Pore Scale Model (PSM), while the relationship
between the liquid water saturation and capillary pressure is solved by Lattice Boltzmann Method
(LBM). The effective transport properties in the MPL are then imported into the two-phase flow
fuel cell model. It is found that the effective transport parameters in MPL obtained by PSM and
LBM can improve the accuracy of the model calculation. This study provides an effective method
to reconstruct the microstructure of MPL that can generate precise MPL transport parameters for
utilization in various PEMFC performance prediction models.

Keywords: microporous layer (MPL); stochastic numerical method; transport properties; pore scale
model; Lattice Boltzmann method; compression strain
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1. Introduction

With the increasing shortage of fossil fuels and environmental factors associated with
burning them, it is really important to develop a new and alternative energy device that
offers environmental protection by offering low or zero emission [1]. In recent decades,
proton exchange membrane fuel cell (PEMFC) has gained great attention as a new type
of energy device. It can be regarded as one of the most promising energy conversion
devices due to its fast start-up, high power density, high energy conversion efficiency, it is
environment-friendly, and pollution-free features [2,3].

A PEMFC comprises a membrane electrode assembly (MEA), a gas diffusion layer
(GDL), and bipolar plates (BPP). The MEA is the key part of a PEMFC, which traditionally
consists of catalyst layers (CL) and a proton exchange membrane (PEM) [4,5]. To effec-
tively enhance the water-thermal management capability in the PEMFC, GDL is often
incorporated with an additional layer known as the microporous layer (MPL), which is
located between GDL and CL [2]. MPL is made of a carbon black, hydrophobic agent
e.g., Polytetrafluoroethylene (PTFE), solvent, and pore-forming agent [6]. MPL provides
a path for mass (e.g., gas-liquid) transport, heat transfer, and electron conduction. In
addition, it can effectively reduce the contact electrical and thermal resistance between
GDL and CL due to its compliant and compact structure.

The incorporation of the MPL can increase the capillary pressure due to its relatively
low porosity, small pore size, and large average contact angle. In addition, the PTFE
particles in the MPL can provide sufficient hydrophobicity so that the pores remain open as
stable gas and liquid water paths. In sum, MPL not only ensures consistent reactant flow to
the CL for electrochemical reactions to happen but also effectively prevents CL from being
flooded by liquid water. Moreover, MPL provides mechanical support to the CL and the
membrane, prevents catalyst particle penetration into the GDL, and protects the membrane
from damage by the GDL carbon fibers [7]. The MEA is compressed and deformed during
the fuel cell assembly [8], and the extent of deformation of the MPL is less than that of the
GDL due to MPL'’s greater Young’s modulus and lower thickness. Nevertheless, the change
in physical properties of the MPL due to compression may lead to variation in transport
properties, and this variation has a non-negligible effect on the mass and heat transfer
during fuel cell operation [9]. As previously studied by Zhang et al. [10], at an operating
current density of 1.14 A/cm?, the oxygen molar concentration changes by 2.2 mol/m?,
and the temperature changes by 0.3°C in the GDL, while the oxygen molar concentration
changes by 3.8 mol/m? and the temperature changes by around 1°C in the MPL. The
higher the current density, the more pronounced the effect of MPL on the distribution
of reactant oxygen, liquid water, and temperature. Therefore, developing an in-depth
and comprehensive understanding of the MPL microstructure and transport properties is
crucial to help with enhancing PEMFC performance and durability.

A handful amount of experimental and numerical studies have been conducted to
study the transport properties in MPL. X-ray tomographic microscopy has been used by
Chen et al. to experimentally characterize the MPL for obtaining their morphological
parameters [11]. A newly advanced experimental method has been proposed to investigate
the structural evolution and design optimization of the MPL [6]. Li et al. [12] experimen-
tally studied the effect of six different types of carbon black as cathode MPL and the use
of polyvinylidene fluoride hexafluoropropylene copolymer P(VDF-HFP) instead of the
traditional PTFE as the hydrophobic agent on the cell performance. Simon et al. [13] ex-
perimentally investigated the impact of MPL pore sizes on liquid water transport. They
concluded that the liquid water in MPL tends to be transported through the larger pores,
whereas the smaller pores are used for transporting the oxygen molecules. Tabe et al. [14],
Prass et al. [15], Nagai et al. [16], Lee et al. [17], and Spernjak et al. [18] experimentally stud-
ied the transport of oxygen and liquid water in the MPL and its effect on cell performance,
as well as adjusting the content and distribution of carbon particles and hydrophobic agents
to optimize the PEMFC performance. In addition to experimental methods, the simulation
tool is also used by many researchers for understanding the MPL transport properties.
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Xu et al. [19] developed a 1-D, non-isothermal, two-phase model to investigate the liquid
water transport in cathode GDL and MPL. Lattice Boltzmann Method (LBM) was applied
to analyze the effects of mechanical stress and wettability heterogeneity of GDL coated
with MPL on liquid water transport by Ira et al. [20]. Hou et al. [21] created a 3D LBM
model to study the effect of MPL on liquid water transport by taking hydrophobicity, pore
size distribution, and MPL structure into consideration. They found that smaller pore
size and the presence of more hydrophobic material induce greater capillary pressure.
Zhou et al. [9] implemented a multi-dimensional, non-isothermal, two-phase model to un-
derstand the function of MPL in improving the performance of PEMFC. Hannach et al. [22]
developed a 3D stochastic reconstructed microstructure of MPL to compute the effective
transport properties and thermal conductivity. Tadbir et al. [23], Zhang et al. [24], and
Sadeghifar et al. [25] numerically investigated the role of MPL in PEMFC and analyzed the
mechanism of transport in MPL.

Although there are many studies on the transport properties of MPL in recent years,
the effect of mechanical stress on the MPL transport properties has not been investigated
experimentally likely due to the mechanical instability of the MPL [22]. The numerical
simulation could be a reliable method for analyzing the effect of mechanical stress on the
MPL transport properties. MPL reconstruction to obtain a realistic microstructure is the
basis for performing such studies. Becker et al. [26] and Zamel et al. [27] reconstructed the
microstructure of MPL by stochastic numerical method. However, PTFE was neglected
and not fully reconstructed in their work. Hannach et al. [22] obtained a realistic 3D MPL
microstructure, Lee et al. [17], Deng et al. [28], Bock et al. [8], Aoyama et al. [29], and
Nozaki et al. [30] studied the transport of gas-water-heat-electricity in MPL. However, only
a few of the published works considered the effect of mechanical compression on the MPL
transport properties.

To address the knowledge gap, a stochastic method is used to reconstruct the MPL
microstructure, and the reconstruction results are validated by the distribution of porosity
and pore size obtained experimentally. The relationship between the effective gas dif-
fusivity, thermal and electrical conductivity, and compression strain in the in-plane and
through-plane directions are obtained by the pore scale model (PSM). In addition, the LBM
model is applied for solving the relationship between effective liquid water permeability
and compression stain as well as the liquid water saturation as a function of capillary
pressure for both in-plane and through-plane directions. All of these relations are fitted into
mathematical expressions that can provide accurate input parameters for PEMFC simula-
tion analysis. The results of this study can provide both a robust approach to reconstructing
the MPL microstructure and insights into an accurate prediction of transport properties in
the MPL.

2. Numerical Analysis Procedure
2.1. 3D Reconstruction of the MPL

To obtain a realistic MPL microstructure, a field emission scanning electron microscope
(SEM) and X-MAX N80 energy spectrometer JSM-7500F are used. SEM images of MPL
microstructure with resolutions of 1 pm and 100 nm and magnifications of 20,000 and
50,000 are utilized for evaluating the morphology of the composition and the distribution
of pores as shown in Figure 1. The analyzed microstructure shows a porous structure and
consists of carbon particles and PTFE agglomerates, which are spherical-like.

For the stochastic numerical reconstruction method, the carbon particles are simulated
using a tailor-made reconstruction code. The input parameters of the reconstruction code
include domain size, porosity, carbon particle diameter, seed particle fractions, and the
degree of overlap in contact. The detailed numerical reconstruction processes in this study
are shown as a flowchart in Figure 2. First, a number of seed particles separated from
each other without contacting and overlapping are generated and randomly distributed
in the predefined computational domain. Then, the remaining carbon particles are added
to the computational domain with these seed particles as the center and starting point
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of randomly generated carbon particle agglomerates. It needs to be ensured that there
is a certain part of physical contact between these newly generated carbon particles and
the preexisting carbon particles. The number and placement of the carbon particles are
iterated in the reconstruction code until the final porosity reaches the preset target porosity.
To ensure the feasibility of MPL reconstruction, it is assumed that all carbon particles are
spheres with the same diameter, and the degree of overlap between carbon spheres also
remains the same. Subsequently, PTFE can be added to the carbon particles using the
morphological software AVIZO for generating the final MPL microstructure [22,31].

¥ W
L]

100nm JEOL
X 20,000 5.0kV _SEI 8 5.0kV SEI SEM WD 7.6mm

Figure 1. SEM images of the MPL at the resolutions of (a) 1 um and (b) 100 nm.
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Figure 2. The flowchart of stochastic numerical reconstruction of 3D MPL microstructure.
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In this study, an MPL microstructure is iteratively generated with a computational
domain of 200 x 200 x 200 pixels (1 pixel = 10 nm), which is initially filled with empty
space, carbon particles, and PTFE. The final MPL structure has a porosity of 51.8% with
a weight fraction of PTFE of 40 wt.% [6]. In the reconstruction process, there are a few
morphological parameters that need to be determined to obtain a distribution of carbon
particles close to the actual MPL materials. Deriving from realistic MPL experimental data,
these parameters include the fraction of seeded particles to be 0.1, and the degree of overlap
between particles to be 0.25 [22,31].

2.2. Governing Equations of PSM

The pore phase in the MPL provides a transport channel for gas species, whereas
electrons and heat are conducted through the entire solid phase consisting of carbon and
PTFE particles, and the thermal conduction occurs in the entire computational domain
including the solid and pore phases. The governing equations for solving the effective
transport of gas-electricity-heat in the MPL are employed via the PSM. There are three
assumptions in this model: (1) the convection effect is ignored, meaning binary diffusion
is the only mechanism for gas transport, (2) air pressure is set to be 200 kPa for the
computational domain, and (3) no condensation as liquid water transport will be considered
in the LBM simulation later [32,33].

Knudsen diffusion is considered in the MPL since the average pore size may be smaller
than the mean-free path of gas particles. The effective gas transport parameters are solved
using the following equations [34,35]:

__ RT (X0,JHy0=XH,0j0, | X0,iN, =*Nyjo, Jo, ) . 1
Vo, = P ( Do, -n,0 Do, -n, Do, xn )’ Vio, =0 @
_ RT { XHy0j0, =%0,JH,0 | XHyOINy =*NpJH0  JH0 . o -
VXH,0 = 7( Do,-n,0 + Dh,0-n, DH,0,kn )7 Vin,0 =0 )
__ RT (*NJo, =X0,)Ny | XNpJH,0=¥Hp0iN, Ny > .
Van, = P ( Do, -n, T Dh,o-n, DNy xn )’ Vin, =0 ®)

where x; is the mole fraction of species i, j; is the flux of species i, D;_; is the binary
diffusivity, and D, g, is the Knudsen diffusivity of species i. The binary diffusivities are
functions of temperature and pressure and are summarized in our previous study [33]. The
Knudsen diffusivity is computed by Equations (4)—(6) [36]:

T
Do,, kn = 4850d,, 5 (4)
2
T
Dy, kn = 4850d,, . @)
2
T
Dy,0, kn = 4850d,, — (6)
2

where d, represents the pore diameter of MPL, Mo,, Mp,, and My, 0 is the molecular mass
of oxygen, nitrogen, and water vapor, respectively.

Obtaining the mean pore size in the MPL is key to solving Knudsen diffusivity. Some
studies used the average pore diameter size to solve the Knudsen diffusivity in the whole
domain, and some determined the pore size based on the distribution of porosity and pore
diameter. However, none of these methods accurately calculated the Knudsen diffusivity
since the smaller sized pores have a more pronounced Knudsen effect as compared to the
larger pores. The PSM, as well as the LBM introduced in the next section, are based on an
extension in three dimensions, x-y-z, which is used to study the Knudsen diffusion in the
MPL. It allows the calculation of the pore size in each pore cell. A detailed description can
be found in the literature [34,35].
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The electron and heat flux in the MPL are computed by ohm’s law and Fourier’s law
as presented in Equations (7) and (8), respectively. The source term of electron flux is 0,
and the ohmic heat generated due to the conduction of charged particles in the solid phase
is considered.

je = _UEV(PE; Vje =0 (7)
2
jr = -AVT; Vjr = V49 ®
e

where j is the flux, subscripts e, and T denotes electrons and heat, respectively; o is
the conductivity, ¢ is potential, A is thermal conductivity, A4,z denotes solid phases
thermal conductivity, and A,;, denotes air thermal conductivity. The A, is computed
by Equation (9):

Air [w m! K*l] = (—0.099489a + 2.0)(0.022423(T — 273.15) + 13.27) x 1073 (9)

Relative humidity, «, is defined as the ratio of water vapor pressure to saturation
pressure, and calculated using the following expression:

CHZORT
=1
Psat

(10)

where cp,0 is the molar concentration of water vapor, R is the universal gas constant, T is
the temperature, ps4 is the saturation pressure. pg,; is computed by the following formula:

psat[Pa] = a1 + ay(T — 273.15) + a3(T — 273.15)% + a4 (T — 273.15)° an

where the coefficients a1, a5, a3, and a4 are constants obtained by curve fitting: a; = —2846.4,
a, = 411.24, a3 = —10.554, and a4 = 0.16636.

The thermal conductivities of the solid phase, including carbon particles and PTFE,
are set to be a constant in the PSM. For carbon particles: the thermal conductivity is
100 W m~! K=, and the electrical conductivity is 15,000 S m~L; for PTFE: the thermal
conductivity is 0.2 W m~1 K1 and the electrical conductivity is close to zero [8,17,33].

In the final 3D MPL obtained by numerical reconstruction, the two opposite faces in
the in-plane direction are set as Dirichlet boundary conditions when solving for the in-plane
transport properties, and the other four sides are set to be periodic boundary conditions.
Similarly, the Dirichlet boundary conditions are applied to the two opposite faces in the
through-plane direction when the through-plane transport properties are solved, and the
other four faces are also set to be as periodic boundary conditions. Heat conduction,
electron transport, and gas diffusion are driven by the difference in temperature, potential,
and molar concentration in the PSM. Therefore, the difference between the two opposite
faces of temperature, potential, and gas concentration are applied to be 0.1 K, 0.01 V,
and 0.1 mol m~3 to obtain effective thermal conductivity, electrical conductivity, and gas
diffusivity, respectively. The values of the boundary conditions on these two sides are listed
in Table 1 [4].

Table 1. Boundary conditions in the PSM.

Parameters Side Near GDL b, Side Near CL b,
co,/mol m~3 8 79
cp,0/mol m—3 9.9 10
¢s/V 0.75 0.76

T/K 355.9 356
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The effective thermal conductivity, electrical conductivity, and gas diffusivity can be
obtained by the following equation:

F-L
Vetf = — st (12)

where V,¢; represents the effective transport parameter including thermal conductivity,
electrical conductivity, and gas diffusivity, Fy is the total flux of heat, electron, and gas
of the computational domain which can be obtained by PSM simulation program code,
L is the domain length, and b; and b, represent the prescribed boundary conditions of
two opposite sides as shown in Table 1.

2.3. Governing Equations of LBM

The transport of liquid water in the entire MPL reconstructed computational domain
is solved by LBM [37]. The contact angle of the carbon particles and PTFE are set to be
80° and 130°, respectively [38]. A pressure gradient is applied on two opposing faces in
the computational domain to drive the transport of liquid water in the MPL. Liquid water
permeates dynamically into the MPL until the LBM simulation converges and the liquid
water transport reaches a stable equilibrium state.

The Navier-Stokes and the Cahn-Hilliard equations are used to compute the transport
of multi-phase and are expressed in the following equations [39]:

ag—:—l-v-puu: ~V-p+yV2u+F (13)
%—f + V-pu = MV?u (14)

In the LBM simulation program code used in this study, a specified amount of liquid
water is placed on the higher-pressure boundary side of the MPL reconstructed domain,
and the pressure of the opposite side is lower. Therefore, there is a pressure gradient that
can drive the transport of liquid water. The periodic velocity field is the boundary condition
for the other four sides of the domain. More detailed descriptions of LBM simulations can
be found in the literature [33,37,40].

3. Results and Discussions
3.1. Reconstructed MPL Microstructure

The process of the 3D microstructure reconstruction of MPL is shown as a flowchart in
Figure 2. The first step of reconstructing MPL is to reconstruct the carbon particles followed
by adding PTFE to the carbon particles. As shown in Figure 3a, the carbon particles
are reconstructed by a customized numerical program code. Subsequently, 40 wt.% of
spherical-like PTFE [6,18] is added to the carbon particles using AVIZO, as presented in
Figure 3b. The final 3D MPL structure containing carbon particles and PTFE is obtained by
the numerical stochastic method. The computational domain size of the MPL reconstruction
microstructure is 2 X 2 x 2 um? and is shown in Figure 3c.

To better illustrate the distribution of the solid phase in the MPL, three different in-
plane (x-y) sections are selected for comparison. It can be observed from Figure 4 that the
shape of carbon particles is spherical-like, the PTFE is located at the junction of the carbon
particles and adheres to the existence on the surface of carbon particles, which is consistent
with the reference [22]. These reconstructed distributions show good agreement with
those in the SEM images of the MPL, which validates the credibility of the reconstructed
MPL morphology.



Membranes 2023, 13,219 8 of 15

() ©

Figure 3. 3D stochastic reconstruction rendering of MPL microstructure: (a) carbon particles, (b) PTFE,
(c) final MPL.
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Figure 4. Distribution of (a—c) carbon particles, (d—-f) PTFE, and (g-i) MPL on three different sections
of (a,d,g) slice 25, (b,e,h) slice 100, and (c,£,i) slice 175.
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Porosity

After the stochastic reconstruction, the final distribution of average porosity (51.8%)
and the local in-plane slice porosity along the through-plane direction are shown in
Figure 5a. The porosity of each slice is the ratio of the pore phase to the overall volume; it
is inversely related to the presence of solid phases including carbon particles and PTFE on
each slice. It can be found that the local porosity in the through-plane direction ranges from
45% to 65%. The porosity tends to be higher on both sides of the computational domain.
This is because the near-surface is an open space for the computational domain. Moreover,
PTFE will be more distributed in the area with more carbon particles, which can further
lead to less porosity in the central area of the computational domain.

1.0 1.0 . *
........... Mean porosity Reconstruction results Z
09} «  Slice porosity = ¢ Experimental results °
: =]

S08F

0.8F &
£
206}
o
>
[
2
504r
2
=
E
£ 0.2F

03F O

0.2 1 1 0.0 1 1 1 1 1

0 100 150 200 0 50 100 150 200 250
Slice number along TP direction Pore diameter (nm)
(a) (b)

Figure 5. (a) The distribution of mean porosity and slice porosity along the z-axis direction;
(b) Comparison of pore size distributions from simulation studies and experimental data.

In addition to the porosity distribution, another index to measure the reliability of
MPL reconstruction is the pore size distribution, which can be obtained by simulated
reconstruction and validated by experimental characterization as represented in Figure 5b.
Comparing the simulated data with experimental characterization shows a good agreement
with the realistic MPL pore size distribution [22]. The mean pore size of reconstructed
MPL is around 100 nm and ranges from 10 nm to 250 nm. The results of the distribution of
porosity and pore distribution in the MPL obtained by numerical simulations in this study
show good agreement with the results in the literature [21,22], proving the correctness and
reliability of the reconstructed MPL.

3.2. Effective Gas Diffusivity, Thermal and Electrical Conductivity

After we obtain the final 3D MPL microstructure by stochastic numerical reconstruc-
tion method, PSM is then used to solve the effective gas diffusivity, thermal conductivity,
and electrical conductivity. The assembly forces are generated during the assembly of
the fuel cell stack, and it not only causes deformation in GDL, which has a low Young’s
modulus but also generates mechanical deformation in the MPL [8]. The deformation can
cause changes in the porosity of the MPL, ultimately affecting the transport properties
including tortuosity, effective gas diffusivity, and thermal and electrical conductivities in
the MPL.

The effect of compression strain, ranging from 0 to 0.35, on the D/Deg and tortuosity in
MPL are investigated, with results represented in Figure 6a,b, respectively. The mechanical
compression effect in the MPL can be represented by the change of porosity in this study
and the relationship between the porosity after compression [33]. The compression strain
can be solved using the following equation [41]:

8 R
Ecomp = 710_; (15)
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where ¢ represents compression strain, €9 and €qomp represent the porosity without com-
pression and with compression, respectively.

Porosity Porosity
sol32 049 046 043 040 036 031 026 052 049 046 043 040 036 031 026
= IPdata ' ' ' " e PPdaa '
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(=2}

Tortuosity
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] . . . . . . oL . . . . . .
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35 052 049 046 043 040 036 031 0.26 06 052 049 046 043 040 036 031 0.26
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§3.0 | e TP daFa R e TP da'ta
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0.00  0.05 0.10  0.15 020 025 030 035
Compression strain

(c) (d)

Compression strain

Figure 6. The relationship between in-plane and through-plane (a) effective gas diffusivity,
(b) tortuosity, (c) electrical conductivity, and (d) thermal conductivity as functions of compression
stain or porosity in the MPL.

The tortuosity T in the MPL can be obtained using the following equation:

b _T (16)
Deff €

where D and D,f is nominal and effective diffusivity, respectively.

According to the post-processing of Equation (16), the relationship between tortuosity
and compression strain in MPL can be found and is shown in Figure 6b. Since both
carbon particles and PTFE are spherical-like, MPL exhibits obvious isotropic behavior. As
observed, the effective gas diffusivity decreases with the increase in compression strain,
while tortuosity increases with increasing strain. This is because as the compression strain
increases, the porosity of MPL decreases, and the gas transport resistance increases. When
the compression strain is increased from 0 to 0.35, the tortuosity in the MPL increases from
2 to 8. The relationship between D/ D,g, tortuosity, and compression strain or porosity are
fitted into correlations as summarized in Table 2.
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Table 2. Correlation of MPL transport properties with compression strain and porosity.
In-Plane Through-Plane
Equation R2 Equation R2 Equation R2 Equation R2
(Porosity) (Strain) (Porosity) (Strain)

Do 0.562¢ 316 97.5% 3500457 98.8% 0.62¢ 301 96.8% 3.64¢539T  98.4%
T 0.562¢ 216 96.5% 2.05¢39° 98.6% 0.62¢ 207 95.4% 21363867 98.2%

k —2.7¢ 0 1.957 0 —2.68¢ 0 1.937 o
Wm-1 K1) 1.06¢e 99.8% 0.25¢ 99.5% 1.06e 99.7% 0.26e 99.3%
o (Sm1) 15,172¢7551¢ 98.97% 810397 99.8% 14, 678¢~54¢ 99.2% 831397 99.8%
K (um?) 6 x 10~ 4el44% 99.8% 1.18¢~ 1037 97.3% 4 x 10741532 97.5% 1.185¢109T  97.8%
S (kpa) 0.486—1.44><10’5PC _ 0.476_5'1 x10~*Pc 98.3% 0.486—1.46><10’5PC _ 0.478—5><10’4Pc 99.1%

Electrical and thermal conductivities of MPL are the measure of its ability to conduct
electrons and heat. It can significantly affect the distribution of current density and tem-
perature, which can ultimately influence the fuel cell performance. The effective electrical
conductivity and thermal conductivity as a function of compression strain in the in-plane
and through-plane directions in MPL are solved by PSM simulation and results are shown
in Figure 6¢,d, respectively. As can be seen, when the compression rate changes from 0 to
0.35, the electrical conductivity in MPL increases from 750 S m~1t03250 S m~1, and the
thermal conductivity increases from 0.25 W m~! K~! to 0.5 W m~! K~1. The relationship
between thermal and electrical conductivities as functions of compression strain or porosity
are also fitted and are summarized in Table 2.

3.3. Effective Liquid Water Permeability and Saturation

Since MPL plays a crucial role for water transport in a PEMFC, it is essential to gain
a deeper understanding of two-phase flow distribution in the MPL. In this study, LBM
is used to simulate the relationship between in-plane and through-plane liquid water
permeability and compression strain, the outcomes of which are shown in Figure 7a. The
Kozeny-Carman equation is used to solve the permeability in the porous media [42], which
accounts for the permeability that is positively related to porosity and pore size, and
negatively related to tortuosity. From Figure 7a, it can be found that the liquid water
permeability decreases significantly with the increase of compression strain due to the
decrease in porosity and pore size. The permeability of liquid water is 1.1 um? when the
MPL is not compressed, and permeability decreases to 0.05 tm? under a compression strain
of 0.35. It indicates that mechanical pressure increases the transport resistance of liquid
water in the MPL, making the porous media under the ribs more likely to accumulate water
as compared to the media under the channel [20,43].

Liquid water saturation in the MPL can also be computed by the LBM. The capillary
pressure increases with the increasing contact angle of the solid phase and is inversely
proportional to the hydrodynamic radius in the porous media [44]. The relationship
between liquid water saturation and capillary pressure is shown in Figure 7b. The trend of
liquid water saturation with capillary pressure is similar along the in-plane and through-
plane directions, which corresponds to the isotropic properties of the MPL. When the
capillary pressure is less than 5 kPa, the liquid water saturation increases almost linearly
to about 0.4 with increasing capillary pressure. However, when the capillary pressure is
greater than 5 kPa, the liquid water saturation remains almost stable at about 0.4. This
indicates that the liquid water in the MPL has reached a dynamic equilibrium due to most
of the hydrophilic carbon interface being fully saturated. This finding shows how the MPL
effectively prevents MEA from being flooded in a PEMFC [7,45]. The relationship between
saturation and capillary pressure in the in-plane and through-plane directions are fitted
and are summarized in Table 2.



Membranes 2023, 13, 219

12 0f 15

o e =
=N = S}

o
w

Liquid water permeability (um?)

0.52
1.5

0' 1
0.00

Porosity 0.5
0.49 0.46 0.43 0.40 0.36 0.31 0.26
' ' ' ' L] I‘P data ' be
e TP data - 04F
- IP fitting curve 8
—— TP fitting curve 8
203}
< = [P data
[ 8 e TP data
} g 02 IP fitting curve
L 2 ' —— TP fitting curve
R=)
3
H 0.1
s
L N N N L n 0.0 L L L L
005 010 0.5 020 025 030 035 0 2 10

4 6
Compression strain Capillary pressure (kPa)

(a) (b)

Figure 7. (a) The relationship between permeability and compression strain or porosity of the MPL,
and (b) the relationship between liquid water saturation and capillary pressure in the in-plane and
through-plane direction of MPL.

3.4. Application of Effective Transport Parameters in an MPL

In our previous study, a two-dimensional, non-isothermal two-phase flow PEMFC
model was developed, considering mechanical stress, electrochemical reactions, heat and
mass transfer, and liquid water transport [10]. Empirical formulas for the effective transport
parameters in porous media were used, which resulted in insufficient accuracy when
compared with experimental data. To obtain more accurate input parameters of transport
properties, a detailed investigation is required to be performed to solve the relationship
between transport properties and compression strain and/or porosity. For GDL, the
PSM and LBM were used to solve for the effective transport parameters in the in-plane
and through-plane directions, as accomplished in our previous study [33], but with the
implementation of improved correction for the transport properties parameters as taken
from the mechanical stress deformation and liquid water saturation in the GDL. Similar to
GDL, this current study is able to obtain the relationship between transport properties and
porosity caused by mechanical compression in the MPL.

To validate the reliability of these input parameters for GDL and MPL for the com-
putational model, the input transport parameters for GDL and MPL are imported to the
two-phase model. In this model, the GDL corrects for transport parameters due to deforma-
tion and liquid water saturation, and the MPL corrects for transport parameters due to the
change in porosity caused by the formation of the liquid water saturation. The simulation
results are compared with fuel cell experimental data as shown in Figure 8. The experiment
was carried out on an automated HEPHAS PEMFC test station with a cell-activated area
of 10 cm? and using a straight-parallel channel design for the flow field. The catalyst-
coated membrane (CCM) consisting of polymer electrolyte Nafion NR211 membrane and
electrode was purchased from WUT Energy Co., Ltd. The CL has a platinum loading of
0.1 mg cm ~2. The GDM consists of Toray TGP-H-060 carbon fiber paper coated with MPL
with a PTFE loading of 40 wt.%. Hydrogen and air were fed at the anode and cathode,
respectively, with the same stoichiometric ratio of 2 on the anode and cathode. The cell
operating conditions were 80 °C, 200 kPa abs., and 60% RH. The cell was operated with
a potentiostatic control from OCV down to 0.30 V. As can be observed from the figure, the
accuracy of the computational model is significantly improved at the high current density
region after the effective transport parameter correction for the change in porosity due to
saturation in the MPL by using the equations in Table 2.
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Figure 8. Comparison of experimental and simulation polarization curves after correction of the
effective transport properties.

The improvement at a high current density of incorporating both GDL and MPL
transport properties is mainly due to increasing liquid water saturation in both GDL and
MPL, which requires accurate MPL transport properties. Therefore, the effective transport
property corrections in MPL obtained in this study can effectively improve the accuracy
of model prediction, especially at high current density operations. In our future work, we
plan to consider the mechanical deformation of MPL in the model, as well as the parameter
correction in CL and PEM, to provide systematic parameter input for theoretical simulation
studies in PEMFC.

4. Conclusions

In this study, a stochastic numerical method is implemented to reconstruct the 3D
microstructure of MPL. PSM is used to solve the relationship between effective transport
properties including gas diffusivity, tortuosity, electrical and thermal conductivities, and
compression strain. Additionally, LBM is applied to obtain the relationship between
liquid water permeability and compression strain, and between liquid water saturation
and capillary pressure. In addition, the relationships between the effective transport
properties and compression strain are fitted and summarized as functional correlations.
MPL exhibits isotropic behavior in its transport properties due to spherical-like constituents.
The tortuosity, electrical and thermal conductivities of the MPL increase with increasing
compression strain. However, the liquid water permeability decreases with increasing
compression strain. The saturation in MPL increases with the increase of capillary pressure,
and the transport of liquid water reaches a dynamic steady state with a saturation of
about 0.40 when the capillary pressure is increased to around 5 kPa due to most of the
hydrophilic carbon interface is fully saturated. The corrected formulas of the effective
transport properties parameters in MPL obtained by PSM and LBM can effectively improve
the accuracy of the two-phase PEMFC model, especially in the concentration polarization
or high current density region.

Author Contributions: Conceptualization, H.Z. and Z.Z.; methodology, H.Z.; software, X.S.; validation,
M.S.; formal analysis, H.Z. and M.S.; investigation, H.Z. and Z.Z.; resources, Z.Z.; data curation,
X.S.; writing—original draft preparation, H.Z.; writing—review and editing, P-Y.A.C. and P-C.S;
visualization, P-Y.A.C.; supervision, Z.Z.; project administration, M.P.; funding acquisition, H.Z., Z.Z.
and M.P. All authors have read and agreed to the published version of the manuscript.



Membranes 2023, 13, 219 14 of 15

Funding: This work was supported by the Guangdong Basic and Applied Basic Research Foundation
(grant number 2022A1515110456); National Natural Science Foundation of China (grant numbers
22179103, 21676207); Donghai Laboratory Open-end Fund, Zhoushan, China (grant number DH-
2022KF0305); Foshan Xianhu Laboratory Open-end Fund key project, Foshan, China (grant number
XHD2020-002).

Institutional Review Board Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: We thank the Guangdong Basic and Applied Basic Research Foundation; Na-
tional Natural Science Foundation of China; Donghai Laboratory Open-end Fund, Zhoushan; Foshan
Xianhu Laboratory Open-end Fund key project.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Jiao, K.; Xuan, J.; Du, Q.; Bao, Z.; Xie, B.; Wang, B.; Zhao, Y.; Fan, L.; Wang, H.; Hou, Z,; et al. Designing the next generation of
proton-exchange membrane fuel cells. Nature 2021, 595, 361-369. [CrossRef] [PubMed]

Sarker, M.; Rahman, A.; Mojica, F.; Mehrazi, S.; Kort-Kamp, W.J.; Chuang, P.-Y.A. Experimental and computational study of the
microporous layer and hydrophobic treatment in the gas diffusion layer of a proton exchange membrane fuel cell. J. Power Sources
2021, 509, 230350. [CrossRef]

Mojica, F.; Rahman, A.; Sarker, M.; Hussey, D.S.; Jacobson, D.L.; LaManna, J.M.; Chuang, P-Y.A. Study of converging-
diverging channel induced convective mass transport in a proton exchange membrane fuel cell. Energy Convers. Manag. 2021,
237, 114095. [CrossRef]

Zhang, H.; Xiao, L.; Chuang, P-Y.A ; Djilali, N.; Sui, P-C. Coupled stress—strain and transport in proton exchange membrane fuel
cell with metallic bipolar plates. Appl. Energy 2019, 251, 113316. [CrossRef]

Chuang, P-Y.A.; Rahman, A.; Mojica, F.; Hussey, D.S.; Jacobson, D.L.; LaManna, ].M. The interactive effect of heat and mass
transport on water condensation in the gas diffusion layer of a proton exchange membrane fuel cell. J. Power Sources 2020,
480, 229121. [CrossRef]

Mehrazi, S.; Sarker, M.; Mojica, F,; Rolfe, P.; Chuang, P-Y.A. A rheological approach to studying process-induced structural
evolution of the microporous layer in a proton exchange membrane fuel cell. Electrochimica Acta 2021, 389, 138690. [CrossRef]
Zhang, J.; Wang, B.; Jin, J.; Yang, S.; Li, G. A review of the microporous layer in proton exchange membrane fuel cells: Materials
and structural designs based on water transport mechanism. Renew. Sustain. Energy Rev. 2022, 156, 111998. [CrossRef]

Bock, R.; Shum, A.D.; Xiao, X.; Karoliussen, H.; Seland, F.; Zenyuk, I.V.; Burheim, O.S. Thermal Conductivity and Compaction of
GDL-MPL Interfacial Composite Material. J. Electrochem. Soc. 2018, 165, F514-F525. [CrossRef]

Zhou, J.; Shukla, S.; Putz, A.; Secanell, M. Analysis of the role of the microporous layer in improving polymer electrolyte fuel cell
performance. Electrochimica Acta 2018, 268, 366-382. [CrossRef]

Zhang, H.; Rahman, A.; Mojica, E; Sui, P.; Chuang, P.A. A comprehensive two-phase proton exchange membrane fuel cell
model coupled with anisotropic properties and mechanical deformation of the gas diffusion layer. Electrochimica Acta 2021,
382, 138273. [CrossRef]

Chen, Y.-C.; Karageorgiou, C.; Eller, J.; Schmidt, T.].; Biichi, EN. Determination of the porosity and its heterogeneity of fuel cell
mi-croporous layers by X-ray tomographic microscopy. J. Power Sources 2022, 539, 231612. [CrossRef]

Li, B.; Xie, M.; Ji, H.; Chu, T,; Yang, D.; Ming, P.; Zhang, C. Optimization of cathode microporous layer materials for proton
exchange membrane fuel cell. Int. J. Hydrogen Energy 2021, 46, 14674-14686. [CrossRef]

Simon, C.; Kartouzian, D.; Miiller, D.; Wilhelm, F.; Gasteiger, H.A. Impact of Microporous Layer Pore Properties on Liquid Water
Transport in PEM Fuel Cells: Carbon Black Type and Perforation. J. Electrochem. Soc. 2017, 164, F1697-F1711. [CrossRef]

Tabe, Y.; Aoyama, Y.; Kadowaki, K.; Suzuki, K.; Chikahisa, T. Impact of micro-porous layer on liquid water distribution
at the catalyst layer interface and cell performance in a polymer electrolyte membrane fuel cell. J. Power Sources 2015, 287,
422-430. [CrossRef]

Prass, S.; Hasanpour, S.; Sow, PK.; Phillion, A.B.; Mérida, W. Microscale X-ray tomographic investigation of the interfacial
morphology between the catalyst and micro porous layers in proton exchange membrane fuel cells. ]. Power Sources 2016,
319, 82-89. [CrossRef]

Nagai, Y.; Eller, J.; Hatanaka, T.; Yamaguchi, S.; Kato, S.; Kato, A.; Marone, F,; Xu, H.; Biichi, EN. Improving water management in
fuel cells through mi-croporous layer modifications: Fast operando tomographic imaging of liquid water. J. Power Sources 2019,
435, 226809. [CrossRef]

Lee, J.; Liu, H.; George, M.; Banerjee, R.; Ge, N.; Chevalier, S.; Kotaka, T.; Tabuchi, Y.; Bazylak, A. Microporous layer to carbon fibre
substrate interface impact on polymer electrolyte membrane fuel cell performance. J. Power Sources 2019, 422, 113-121. [CrossRef]
Spernjak, D.; Mukundan, R.; Borup, R.L.; Connolly, L.G.; Zackin, B.I.; De Andrade, V.; Wojcik, M.; Parkinson, D.Y.; Jacobson,
D.L.; Hussey, D.S.; et al. Enhanced Water Management of Polymer Electrolyte Fuel Cells with Additive-Containing Microporous
Layers. ACS Appl. Energy Mater. 2018, 1, 6006—6017. [CrossRef]


http://doi.org/10.1038/s41586-021-03482-7
http://www.ncbi.nlm.nih.gov/pubmed/34262215
http://doi.org/10.1016/j.jpowsour.2021.230350
http://doi.org/10.1016/j.enconman.2021.114095
http://doi.org/10.1016/j.apenergy.2019.113316
http://doi.org/10.1016/j.jpowsour.2020.229121
http://doi.org/10.1016/j.electacta.2021.138690
http://doi.org/10.1016/j.rser.2021.111998
http://doi.org/10.1149/2.0751807jes
http://doi.org/10.1016/j.electacta.2018.02.100
http://doi.org/10.1016/j.electacta.2021.138273
http://doi.org/10.1016/j.jpowsour.2022.231612
http://doi.org/10.1016/j.ijhydene.2021.01.169
http://doi.org/10.1149/2.1321714jes
http://doi.org/10.1016/j.jpowsour.2015.04.095
http://doi.org/10.1016/j.jpowsour.2016.04.031
http://doi.org/10.1016/j.jpowsour.2019.226809
http://doi.org/10.1016/j.jpowsour.2019.02.099
http://doi.org/10.1021/acsaem.8b01059

Membranes 2023, 13, 219 15 of 15

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Xu, Y,; Fan, R.; Chang, G.; Xu, S.; Cai, T. Investigating temperature-driven water transport in cathode gas diffusion media of
PEMEFC with a non-isothermal, two-phase model. Energy Convers. Manag. 2021, 248, 114791. [CrossRef]

Ira, Y;; Bakhshan, Y.; Khorshidimalahmadi, J. Effect of wettability heterogeneity and compression on liquid water transport in gas
diffusion layer coated with microporous layer of PEMFC. Int. J. Hydrogen Energy 2021, 46, 17397-17413. [CrossRef]

Hou, Y,; Li, X;; Du, Q,; Jiao, K.; Zamel, N. Pore-Scale Investigation of the Effect of Micro-Porous Layer on Water Transport in
Proton Exchange Membrane Fuel Cell. J. Electrochem. Soc. 2020, 167, 144504. [CrossRef]

El Hannach, M.; Singh, R.; Djilali, N.; Kjeang, E. Micro-porous layer stochastic reconstruction and transport parameter determi-
nation. J. Power Sources 2015, 282, 58—64. [CrossRef]

Andisheh-Tadbir, M.; Kjeang, E.; Bahrami, M. Thermal conductivity of microporous layers: Analytical modeling and experimental
validation. J. Power Sources 2015, 296, 344-351. [CrossRef]

Zhang, X.; Gao, Y.; Ostadi, H.; Jiang, K.; Chen, R. Modelling water intrusion and oxygen diffusion in a reconstructed microporous
layer of PEM fuel cells. Int. ]. Hydrogen Energy 2014, 39, 17222-17230. [CrossRef]

Sadeghifar, H.; Djilali, N.; Bahrami, M. Effect of Polytetrafluoroethylene (PTFE) and micro porous layer (MPL) on thermal
con-ductivity of fuel cell gas diffusion layers: Modeling and experiments. |. Power Sources 2014, 248, 632—641. [CrossRef]
Becker, J.; Wieser, C.; Fell, S.; Steiner, K. A multi-scale approach to material modeling of fuel cell diffusion media. Int. ]. Heat
Mass Transf. 2011, 54, 1360-1368. [CrossRef]

Zamel, N.; Becker, ].; Wiegmann, A. Estimating the thermal conductivity and diffusion coefficient of the microporous layer of
polymer electrolyte membrane fuel cells. . Power Sources 2012, 207, 70-80. [CrossRef]

Deng, H.; Hou, Y.; Jiao, K. Lattice Boltzmann simulation of liquid water transport inside and at interface of gas diffusion and
micro-porous layers of PEM fuel cells. Int. |. Heat Mass Transf. 2019, 140, 1074-1090. [CrossRef]

Aoyama, Y.; Suzuki, K.; Tabe, Y.; Chikahisa, T.; Tanuma, T. Water Transport and PEFC Performance with Different Interface
Structure between Micro-Porous Layer and Catalyst Layer. |. Electrochem. Soc. 2016, 163, F359-F366. [CrossRef]

Nozaki, R.; Tabe, Y.; Chikahisa, T.; Tanuma, T. Analysis of Oxygen Transport Resistance Components and Water Transport
Phe-nomena with Hydrophilic and Hydrophobic MPL in PEFC. ECS Trans. 2017, 80, 335. [CrossRef]

Nanjundappa, A.; Alavijeh, A.S.; El Hannach, M.; Harvey, D.; Kjeang, E. A customized framework for 3-D morphological
charac-terization of microporous layers. Electrochimica Acta 2013, 110, 349-357. [CrossRef]

Zhu, L.; Yang, W.; Xiao, L.; Zhang, H.; Gao, X.; Sui, P.--C. Stochastically Modeled Gas Diffusion Layers: Effects of Binder and
Polytet-rafluoroethylene on Effective Gas Diffusivity. J. Electrochem. Soc. 2021, 168, 014514. [CrossRef]

Zhang, H.; Zhu, L.; Harandi, H.B.; Duan, K.; Zeis, R.; Sui, P-C.; Chuang, P.A. Microstructure reconstruction of the gas diffusion
layer and analyses of the anisotropic transport properties. Energy Convers. Manag. 2021, 241, 114293. [CrossRef]

Lange, K.J.; Sui, P-C.; Djilali, N. Pore scale modeling of a proton exchange membrane fuel cell catalyst layer: Effects of water
vapor and temperature. . Power Sources 2011, 196, 3195-3203. [CrossRef]

Sui, P.C,; Djilali, N.; Wang, Q. A Pore Scale Model for the Transport Phenomena in the Catalyst Layer of a PEM Fuel
Cell. In Proceedings of the ASME 2008 First International Conference on Micro/Nanoscale Heat Transfer, Tainan, Taiwan,
6-9 June 2008. [CrossRef]

Lange, K.J.; Sui, P-C.; Djilali, N. Pore Scale Simulation of Transport and Electrochemical Reactions in Reconstructed PEMFC
Catalyst Layers. J. Electrochem. Soc. 2010, 157, B1434-B1442. [CrossRef]

Niu, X.-D.; Munekata, T.; Hyodo, S.-A.; Suga, K. An investigation of water-gas transport processes in the gas-diffusion-layer of
a PEM fuel cell by a multiphase multiple-relaxation-time lattice Boltzmann model. J. Power Sources 2007, 172, 542-552. [CrossRef]
Gallagher, K.G.; Darling, R.M.; Patterson, T.W.; Perry, M.L. Capillary Pressure Saturation Relations for PEM Fuel Cell Gas
Diffusion Layers. J. Electrochem. Soc. 2008, 155, B1225-B1231. [CrossRef]

Rahman, A.; Mojica, F,; Sarker, M.; Chuang, P.-Y.A. Development of 1-D multiphysics PEMFC model with dry limiting current
experimental validation. Electrochimica Acta 2019, 320, 134601. [CrossRef]

Zhu, L.; Zhang, H.; Xiao, L.; Bazylak, A.; Gao, X.; Sui, P.-C. Pore-scale modeling of gas diffusion layers: Effects of compression on
transport properties. J. Power Sources 2021, 496, 229822. [CrossRef]

Chi, P; Chan, S.; Weng, E; Su, A ; Sui, P, Djilali, N. On the effects of non-uniform property distribution due to compression in the
gas diffusion layer of a PEMFC. Int. ]. Hydrogen Energy 2010, 35, 2936-2948. [CrossRef]

Nishiyama, N.; Yokoyama, T. Permeability of porous media: Role of the critical pore size. . Geophys. Res. Solid Earth 2017, 122,
6955-6971. [CrossRef]

Bao, Z.; Li, Y.; Zhou, X.; Gao, F,; Du, Q.; Jiao, K. Transport properties of gas diffusion layer of proton exchange membrane fuel
cells: Effects of compression. Int. |. Heat Mass Transf. 2021, 178, 121608. [CrossRef]

Cai, J.; Yu, B. A Discussion of the Effect of Tortuosity on the Capillary Imbibition in Porous Media. Transp. Porous Media 2011, 89,
251-263. [CrossRef]

Lin, R.; Chen, L.; Zheng, T.; Tang, S.; Yu, X.; Dong, M.; Hao, Z. Interfacial water management of gradient microporous layer for
self-humidifying proton exchange membrane fuel cells. Int. |. Heat Mass Transf. 2021, 175, 121340. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.enconman.2021.114791
http://doi.org/10.1016/j.ijhydene.2021.02.160
http://doi.org/10.1149/1945-7111/abc30a
http://doi.org/10.1016/j.jpowsour.2015.02.034
http://doi.org/10.1016/j.jpowsour.2015.07.054
http://doi.org/10.1016/j.ijhydene.2014.08.027
http://doi.org/10.1016/j.jpowsour.2013.09.136
http://doi.org/10.1016/j.ijheatmasstransfer.2010.12.003
http://doi.org/10.1016/j.jpowsour.2012.02.003
http://doi.org/10.1016/j.ijheatmasstransfer.2019.05.097
http://doi.org/10.1149/2.0451605jes
http://doi.org/10.1149/08008.0335ecst
http://doi.org/10.1016/j.electacta.2013.04.103
http://doi.org/10.1149/1945-7111/abdc60
http://doi.org/10.1016/j.enconman.2021.114293
http://doi.org/10.1016/j.jpowsour.2010.11.118
http://doi.org/10.1115/mnht2008-52152
http://doi.org/10.1149/1.3478207
http://doi.org/10.1016/j.jpowsour.2007.05.081
http://doi.org/10.1149/1.2979145
http://doi.org/10.1016/j.electacta.2019.134601
http://doi.org/10.1016/j.jpowsour.2021.229822
http://doi.org/10.1016/j.ijhydene.2009.05.066
http://doi.org/10.1002/2016JB013793
http://doi.org/10.1016/j.ijheatmasstransfer.2021.121608
http://doi.org/10.1007/s11242-011-9767-0
http://doi.org/10.1016/j.ijheatmasstransfer.2021.121340

	Introduction 
	Numerical Analysis Procedure 
	3D Reconstruction of the MPL 
	Governing Equations of PSM 
	Governing Equations of LBM 

	Results and Discussions 
	Reconstructed MPL Microstructure 
	Effective Gas Diffusivity, Thermal and Electrical Conductivity 
	Effective Liquid Water Permeability and Saturation 
	Application of Effective Transport Parameters in an MPL 

	Conclusions 
	References

