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Improvements in imaging techniques have enabled the reconstruction of complex porous media which can be analyzed by
computer simulations. The two most popular methods for numerical analysis of transport in porous media are direct numerical
simulation (DNS) and pore network modeling (PNM). This work aims at assessing the suitability of these techniques to study dry
and wet transport properties of porous transport layers for fuel cells and electrolyzers by comparing numerical predictions to
experimental data for mercury intrusion, and transport properties. The microstructures of different materials are obtained using
micro X-ray computed tomography and characterized by measuring mercury intrusion porosimetry (MIP) curves, dry permeability
and diffusivity. Their results are compared to numerically predicted MIP, and dry and wet permeability and diffusivity. Results
show that DNS is capable of accurately predicting intrusion, and transport properties without using any fitting parameters. Accurate
predictions could be achieved with a PNM when the inscribed diameter method was used for pore size distribution, and the
equivalent diameter was used to estimate pore transport properties. While DNS provides more accurate results without
necessitating any calibration, a properly constructed PNM is shown to provide relatively good estimations of transport properties
at a reduced computational expense.
© 2021 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
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Gas diffusion layers (GDLs) and porous transport layers (PTLs)
have a key role in determining the performance of polymer
electrolyte membrane fuel cells (PEMFC) and polymer electrolyte
water electrolyzers (PEWE). The key functions of GDLs and PTLs
are distributing reactants to the catalyst layer (CL), creating a
pathway for electron and heat transport from CL to the bipolar
plates, and providing structural integrity to the membrane electrode
assembly (MEA). During fuel cell operation, water can be generated
as a reaction by-product at the CL and can intrude into the GDLs,
hindering the transport of the gaseous reactants. It is important for
GDLs to effectively remove the excess water in the electrode. In
electrolyzers, oxygen produced in the anode catalyst layer (ACL)
can replace water entering the PTL from the channel resulting in
mass transport losses at high current densities. Understanding the
transport characteristics of GDLs and PTLs in both dry and saturated
conditions is therefore crucial for optimizing the performance of
PEMFCs and PEWEs.1–3

Micro X-ray computed tomography (μCT) is the most commonly
used tool to investigate GDL and PTL microstructures.4–10 The
advantages of using μCT for microscale visualization include an
appropriate resolution given the material pore sizes, phase differ-
entiation, and the non-destructive nature of the technique. With the
3D images obtained from tomography, pore-scale simulations can be
performed to estimate transport properties from the image directly.

Pore-scale models resolve the heterogeneity of the porous media
by solving the governing equations of a given physical process. The
two most commonly used pore-scale modeling approaches are pore
network modeling (PNM) and direct numerical simulation
(DNS).11,12,13 PNM treats the pores as nodes on a network and
throats as the links, and geometric properties are assigned to each
pore and throat based on the physical space they represent. One can
either generate an artificial pore network or extract the network from
imaging techniques, such as μCT. In PNM, transport inside the
network is solved using a simplified 1D analytical solution of the

relevant transport equations in each pore between pairs of connected
pores.14 DNS, on the other hand, solves the transport equations on
computational meshes generated from the tomography images
instead of extracting idealized networks. In voxel-based mesh
generation, a mesh can be generated by the direct conversion of
the image voxels into mesh elements or the use of triangulation
algorithms.15 DNS does not rely on a simplified geometry, however,
it needs more computational resources than PNM.

Many studies have employed PNM to study the transport
properties of porous media under dry and saturated conditions.
The most common pore and throat shapes used in recent studies are
spherical pores and cylindrical throats. A pore network with
different pore and throat shapes is also possible. Gostick et al.16

employed a cubic network with cubic pores and cuboid throats, and
computed transport properties of Toray and SGL GDL samples
because attaining high porosity (⩾80%) was challenging when using
spherical pores and cylindrical throats in a cubic domain. The cubic
pores, however, are not able to fully represent the entangled fibrous
structure of GDLs. Therefore, 3D irregular pore networks were
developed using Voronoi and Delaunay tessellations.17,18 This
provides a better topological equivalence than cubic networks as it
can account for randomly distributed pores with multiple connec-
tions that can achieve a high porosity of fibrous media. The Voronoi
and Delaunay tessellation are only approximate representations of
fibrous media. It is possible and preferable to extract networks
directly from μCT images. Some studies employed watershed
segmentation in order to extract a pore network from a 3D image
of a microstructure.19–21 The watershed segmentation finds constric-
tions and separates the entire void phase into a set of local pore
regions. These pore regions are then used to extract simplified
spherical pores and cylindrical throats. Gostick21 validated a
watershed-based network extraction algorithm and showed that the
extraction provided acceptable predictions of the transport properties
of fibrous media. Chevalier et al.22 showed good agreements in in-
plane effective diffusivities of several GDLs with experimental data
using the network extraction technique. Lee et al.23,24 employed
PNM to study the impact of the PTL microstructure on the transport
properties using stochastic PTL reconstructions for the first time.zE-mail: secanell@ualberta.ca
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Altaf et al.25 studied the applicability of PNMs for the water
drainage from PTLs.

The most popular DNS methods include computational fluid
dynamics (CFD) and Lattice Boltzmann (LB) methods.13,26 Becker
et al.27 calculated the transport properties, i.e., diffusivity, perme-
ability, and conductivity, of a Toray TGP-H-060 paper using CT
images. Pfrang et al.28 computed thermal conductivity for both
carbon paper and cloth GDLs. Kotaka et al.29 reported numerical
estimations of oxygen diffusivity and electron conductivity of GDL/
MPL structure using CT images in various compression pressures.
Zenyuk et al.30 predicted tortuosity, PSD, and diffusivity from CT
images of various fibrous GDLs using a traditional CFD method.
The results from these studies showed a good agreement with
experimental data, however, transport properties with saturations
were not computed.

Garcia-Salaberri et al.6 studied the effective transport properties
of a Toray TGP-H-120 under dry and wet conditions. GDL
reconstructions at different saturations were obtained from a
synchrotron imaging technique. In-plane (IP) and through-plane
(TP) relative diffusivity were in agreement with Rosén et al.31

Sabharwal et al.10 used the same images and conducted water
intrusion using a full morphology algorithm. They showed good
agreements in relative transport properties between the simulated
and actual wet reconstructions. Moosavi et al.32 employed the same
water injection and image scanning methods to obtain water
distributions in the GDL. Then, they utilized a finite volume method
(FVM) to estimate the transport properties of dry and wet μCT of
fibrous GDLs. Their relative transport properties were in good
agreement with experimental results.33 Cetinbas et al.34 used a water
transport model similar to the previously proposed model of
Sabharwal et al.10 to compute air relative diffusivity for single-
and dual-layer GDLs. They estimated water distributions in the
single- and dual-layer GDLs, however, they did not compare the
simulation-predicted liquid water distributions with the actual water
distribution. These studies have demonstrated the applicability and
accuracy of the DNS methods, however, the material used for their
studies was limited to a fibrous GDL. To study the Ti PTLs using
DNS, Zielke et al.35 proposed a morphological correlation of PTLs
with respect to the transport properties. Schuler et al.36 compared
various fibrous PTLs to a conventional Ti sintered material and
estimated dry transport properties numerically. However, they did
not compare the results to experimental measurements.

Every numerical approach has strengths and drawbacks. The
main drawback of DNS is the high computational cost and time.
However, since it directly solves the governing transport equations
at each mesh element, there is no need for assumptions or
simplifications. On the other hand, PNM utilizes simplified geometry
and governing equations, which leads to a much faster simulation
time and cheaper computational cost. Due to its simplifications, it
cannot avoid sacrificing geometrical accuracy. Even though several
studies are using either DNS or PNM to predict transport properties
of diffusion media, most of these focused on using one method. A
comparison of numerical results of dry and wet samples between the

two approaches and to experimental data for both fuel cell and
electrolyzer diffusion media is still missing. Agaesse et al.20 studied
numerically computed liquid water distributions using a pore
network model and a full morphology (FM) approach. However,
their work did not compute gas and liquid transport properties within
the dry and saturated domains.

In this work, μCT was used to obtain 3D reconstructions of the
two fibrous GDLs and one Ti PTL. Two open-source simulation
packages, i.e., OpenPNM14 and OpenFCST,37 were used to compute
mercury and water intrusion, and the transport properties of the
porous media based on PNM and DNS (with a FM-based intrusion
algorithm), respectively. The FM model employed for the GDL
analysis by Schulz et al.,38 and further modified and improved by
Sabharwal et al.10 was used to obtain the partially saturated images
for this study. Dry diffusivity and permeability are compared to
experimental data. Wet transport properties are estimated and, when
possible, compared to data in the literature. The difference between
the two numerical approaches for the PEMFC and PEWE porous
media microstructure modeling is then discussed.

Materials and Experiments

Materials.—Two fibrous GDLs, a Toray TGP-H-120C (Toray
International) with 10% PTFE content and a SGL 39BA
(SIGRACET, SGL Carbon Inc.) with 5% PTFE content, and a
sintered titanium (Ti) granular PTL are used in this work.

μCT image acquisition.—μCT imaging of SGL 39BA and
sintered titanium (Ti) was performed using a Bruker SkyScan1172
μCT located at the University of Alberta. The Toray 120C images
used were from a previous study.6,10,39,40

The parameters used for each scan are shown in Table I. A 29 kV
source voltage was used for the fibrous GDL because of the low
density of carbon and sample thickness. A source voltage of 90 kV
was used for imaging the Ti because of the higher attenuation of
titanium.41 The tube current was determined by the software to
maximize the available energy. An aluminum filter was used for Ti
to reduce the low energy X-ray noise. The rotation step, random
movement, and averaging factor were set to 0.2, 10, and 3,
respectively, in order to obtain more precise image pixels by taking
sufficient time to scan. The exposure time was determined auto-
matically by the software based on selected X-ray energy, voxel size,
and the parameters mentioned in Table I.

Mercury intrusion porosimetry.—Mercury intrusion porosi-
metry (MIP) tests were performed using a PoreMaster 33 mercury
porosimeter (Quantachrome Instruments). To perform the tests, three
material samples of size 30 mm× 9 mm for the SGL 39BA and size
20 mm× 7 mm for the Ti were first placed inside the bulb of a glass
penetrometer cell with 0.5 cm3 stem volume. The penetrometer cell
was then inserted into one of the low-pressure stations and evacuated
to an absolute pressure of 0.004 psi and then evacuated for another
15 minutes. After the evacuation, the penetrometer was filled with
mercury and pressurized to 227 MPa (33,000 psi). The change in the
volume of mercury in the stem of the penetrometer was recorded as a
function of applied pressure. The cumulative intruded volume was
used to compute the porosity and the cumulative intruded volume as
a function of pressure was used to compute the pore size distribution.
More details about the MIP tests can be found in Ref. 42.

Effective diffusivity and permeability.—The through-plane (TP)
and in-plane (IP) effective diffusivity and permeability of the porous
media were measured experimentally using the diffusion bridges
described in references.43–45 Before conducting through-plane per-
meability and diffusivity measurements, three pieces of SGL 39BA
with the size of 1.1 cm by 2 cm were sandwiched together. The
sandwiched sample was laminated with two 3 mil lamination sheets
using HeatSeal H220 laminator with a hole of 8 mm diameter

Table I. μCT imaging parameters.

Parameter Ti SGL 39BA

Source voltage (kV) 90 29
Current (μA) 112 175
Rotation step(°) 0.2 0.2
Random movement 10 10
Averaging 3 3
Number of projections 993 993
Resolution (μm) 1.79 1.79
Duration 6 h 5 h
Exposure (ms) 5301 3534
Beam filter Al 0.5 mm —-
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punched in the center to allow the gas to flow in the through-plane
direction. In the case of Ti, due to the limited materials, the Ti
sample was cut into two pieces with the size of 1 cm× 1.8 cm and
they were sandwiched together. The sandwiched sample was then
placed between the two acrylic plates.

For the IP test, three pieces of SGL 39BA with the size of 1 cm
by 5 cm were stacked together and placed between the top and
bottom plates of the diffusion bridge. For Ti, one piece of Ti sample
with a size of 1 cm× 1.8 cm was used due to limited Ti material.
The two plates were then aligned and assembled.

Each test sample was used for multiple measurements to obtain
the mean and standard deviation of the transport properties. For both
TP and IP diffusion bridges, helium was used for the permeability
measurements. The gas volumetric flow rate was varied from
0–1 standard liter per minute (slpm) in 10 even intervals. Helium
and oxygen gases were used for the diffusivity measurements. The
volumetric flow rate for helium and oxygen was kept at 1 slpm. The
backpressure of the helium channel was maintained at 10 psi
(gauge). When conducting TP diffusivity measurements, the pres-
sure difference between the oxygen and helium channel was varied
from 8–40 Pa for the Ti and 4–20 Pa for the 39BA in 5 even
intervals. When conducting IP diffusivity measurements, the pres-
sure difference between the two channels was varied from 3–24 Pa
for the 39BA in 8 even intervals, while for the Ti, the back pressure
and differential pressure were not applied.

Mathematical Modeling

Image analysis.—The stack of μCT radiographs was recon-
structed using the back-projection algorithm implemented in the
NRecon software (Bruker Inc.).46 Ring artifact reduction and beam
hardening correction steps were performed to remove the artifacts in
the CT scans.

The initial size of each image stack was 1500× 1500× δt voxels
(where δt is the number of voxels in the z-direction). In order to
remove noise from the reconstructed stack, the bilateral filter
implemented in the FIJI/ImageJ software was applied (see
Fig. 1b). The filter smooths the images while preserving edges.47

The solid and void regions in the reconstructed stack were then
segmented. The changes in the intensity histogram due to the effect

of the bilateral filter can be found in the supplementary data. For the
fibrous GDL samples, the Otsu global thresholding algorithm
implemented in ImageJ was applied.48 SGL carbon papers contain
a porous carbon filler inside the fibrous material. This material had a
relatively low grayscale intensity and, as a result, some portions of
the carbon filler were selected as pore. In this study, it was assumed
that, due to the small pore size of the carbon filler, it would not
contribute significantly to macroscopic transport and therefore, it
was assigned to the solid phase. To re-fill the sections that contain
the carbon matrix and achieve the appropriate porosity of macro-
pores, the 3D morphological closing algorithm implemented in
ImageJ49 was applied to the 39BA samples with a spherical
structural element of 3 voxels.

For the Ti samples, the Sauvola algorithm implemented in
OpenFCST50 was applied for segmenting filtered images. The
Sauvola algorithm computes a local threshold, t(x, y, z), computed
using the mean, m(x, y, z), and standard deviation, s(x, y, z), of the
pixel intensities in a selected window:

t x y z m x y z k
s x y z

R
, , , , 1

, ,
1 1⎜ ⎟

⎡
⎣⎢

⎛
⎝

⎞
⎠

⎤
⎦⎥( ) ( ) ( ) [ ]= + -

where R is the maximum value of the standard deviation (R= 128
for a greyscale image), and k is a parameter that takes positive values
in the range [0, 1]. In this work, the window size and k value were
set to 20 and 0.5, respectively (see Fig. 1c).

The initial stacks were divided into three subsamples after the
segmentation with dimensions of 600× 600× δt voxels; i.e.,
798× 798× 279 μm3 for Toray 120C, 1074× 1074× 310 μm3

for SGL 39BA, and 1074× 1074× 292 μm3 for Ti.

Pore network modeling.—Network extraction.—The SNOW
algorithm in PoreSpy (open source porous media image analysis
toolkit,51) which uses a watershed segmentation algorithm to
determine the pore and throat regions based on the distance from
the solid region, was used to extract the pore network from the
segmented μCT images. To determine markers for the watershed
segmentation, the algorithm first applies a Gaussian filter with a
sigma of 0.4 to remove spurious peaks from the distance transform.

Figure 1. Cross-sectional view of Ti at each segmentation step: (a) original raw image; (b) noise-reduced image by applying bilateral filter; (c) Segmented image
using the Sauvola method; (d) Overlaying the edges of the segmented image onto the filtered image.
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A maximum filter with a structuring element with a radius of 4 was
then applied to determine the markers which were used as the
centers of the pores. In this article, the same parameters are used for
all materials as recommended by Gostick21 to extract spherical pores
and cylindrical throats from input images. More details about the
algorithm and illustrations of the pore network extraction can be
found in the reference.

The network extraction is one of the most critical steps in the
PNM simulation. According to Gostick,21 selecting inappropriate
parameters for the two filters can result in under- or over-segmenta-
tion of the domain. When the structural element is small, many
spurious peaks appear making identification of throats challenging.
On the other hand, when the structural element is too large, some
maxima would be missed. The SNOW algorithm and watersheds, in
general, are therefore dependent on image resolution to ensure small
voids that are represented by enough pixels to be detected. This
problem could be avoided by zooming the image by a factor 2,
however, it was not applied in this work to keep the same input
conditions.

Intrusion.—To study multiphase flow in porous media using
PNM, an invasion percolation algorithm in the open source software
OpenPNM14 was used. The invasion percolation algorithm follows
the definition explained by Wilkinson and Willemsen52 and the
details of the algorithm were outlined by Gostick et al.53 Invasion of
a non-wetting phase through the domain starts from the boundary
pores by intruding accessible throats of the least capillary entry
pressure. The algorithm continues until the entire domain is
saturated by the non-wetting phase.

For mercury intrusion porosimetry (MIP), the intrusion was
assumed to occur from all six boundaries. This was done with a
mercury surface tension of 0.46 N m−1 and a contact angle of 140°.
For the water intrusion through the porous media, the bottom face of
the porous media was selected as a boundary. The water intrusion
simulations for the fibrous GDLs were done with a water-air surface
tension of 0.072 N m−1 and a contact angle of 110°.10 The intrusion
for the Ti samples was done by injecting air into a water-filled
sample, the air contact angle used for the Ti samples was 130° as Ti
is hydrophilic.54

Transport algorithms.—One of the strengths of PNMs is the
simplicity of the model with which they can simulate the multiphase
transport characteristics of porous media with a low computational
cost. Transport models in OpenPNM treat the transport between two
neighboring pores as 1D linear transport through three elements in
series, i.e., half of each pore and the connecting throat. The
conductance between two pores is determined by the geometric
properties, i.e., radii, lengths, and shapes, of the elements and the
fluid properties. A single value of conductance is determined for
the conduit, and this determines the transport of a phase between the
pores via analogy to Kirchhoff’s law. At steady state and in the
absence of reaction, the algebraic sum of transporting species
entering and exiting each pore is zero, so a set of linear equations
can be solved to find the quantity of interest in each pore, i.e.,
concentration, and the flow through each throat. A detailed descrip-
tion of the transport models used in OpenPNM can be found in the
work by Gostick.16

The governing equations used for the diffusion and permeation
are summarized in Table II. The relative transport properties
were computed by solving the governing equations in each phase
separately. The conductance values, i.e., hydraulic or diffusive
conductance, of pores and throats occupied by the intruding phase
were severely reduced to prevent the flow of the defending
phase from being calculated on the saturated pores. This was done
by replacing the original conductance values by a value of nearly
zero (10−20). The defending phase cannot pass through the pores and
throats that are saturated by the intruding phase. The transport of the
defending phase occurs through the non-saturated pores only.
Likewise, transport properties for the intruding phase can be

determined based on the invasion steps made by the percolation
algorithm. When computing transport properties, if either pore was
intruded by the intruding phase, the connecting throats were
restricted. More details of the relative transport in OpenPNM can
also be found in Ref. 16.

Direct numerical simulation.—Pore size distribution.—The
pore size distribution (PSD) of the porous medium is required to
obtain an enhanced computational mesh containing local pore sizes
and to run intrusion simulations. A computational mesh with
embedded pore size information in each finite element was obtained
using a mesh generator implemented in OpenFCST that uses a
sphere fitting algorithm to compute local pore sizes.50 The algorithm
calculates the largest sphere that can fit within the pore space. Then,
each voxel possesses the pore radius of the inscribed sphere where it
belongs to. The algorithm to estimate pore sizes is similar to the
local thickness algorithm implemented in ImageJ and PoreSpy.21

Meshing.—The stack of binarized μCT images was used to
generate a 3D mesh for the finite element method. To reduce
unwanted isolated regions in the void area, the percolating void
phase was first identified using the percolating network extraction
algorithm proposed by Pant.55 The extracted percolating phase was
then used for the mesh generation by transforming each voxel in the
image into a hexagonal element. In instances where the number of
voxels/elements was unreasonably large for simulations, image
coarsening was first performed before meshing as discussed below.
An adaptive refinement algorithm from deal.II was used to refine the
parts of the domain with the largest errors (obtained a posteriori
using a Kelly error estimate56). It was previously found however that
for diffusion simulations the original mesh results were already mesh
independent.50 Furthermore, for fluid flow simulations in Ti do-
mains, a comparison of the results obtained on the original mesh and
an adaptively refined mesh with double the number of degrees of
freedom (10% refinement) showed differences of less than 2% in the
permeability value. Therefore, diffusion and fluid flow results with
the original mesh are considered to be insensitive to additional grid
refinements, and adaptive refinement was not deemed necessary in
this case. To convert the binary image to a 3D unstructured mesh a
python based module in OpenFCST, developed by Sabharwal et al.50

was used.
Given the size of the original image stacks, which are

600× 600× δt voxels (where δt is the number of voxels in the
through-plane direction given by the thickness over voxel size), it is
computationally expensive to run Stokes flow simulations. This is
because velocities in all three dimensions, as well as the pressure,
must be resolved. To circumvent this issue, the original domain was
cropped and coarsened using a nearest-neighbor interpolation
method.55 Each subsample was firstly cropped to 400× 400× δt
voxels and the cropped stack was then coarsened to 100× 100×
δt/2 voxels. The in-plane length, 400 voxels which correspond to
716 μm, was selected to adequately account for the pore sizes, which
range from 10 to 30 μm as shown in Fig. 2, while coarsening the
stack was done to reduce the computational cost required for the
simulation. Simulations were performed in three different sub-
samples, and average and standard deviation are reported. Given
the relative size of standard deviation, the domain is considered to be
representative for all cases.

Intrusion.—The cluster based full morphology (FM) method
implemented in OpenFCST10 was used for intrusion simulations.
The algorithm was used for water, air, and mercury intrusion. Water
and air were injected from the bottom boundary face and mercury
was intruded from all external 6 faces.

Running intrusion simulations requires several inputs to specify
the characteristics of the material and the liquid. The input
parameters are the contact angle, the intrusion mode, and the number
of steps for computing the pore size distribution. Based on the
inputs, the FM algorithm proceeds with the following steps:
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1. Calculate the pore sizes of all voxels in the sample based on a
sphere fitting algorithm.

2. Calculate the critical pressure of each voxel using the Young-
Laplace equation based on the voxel assigned pore radius, fluid
surface tension, and contact angle.

3. Select a pressure to start the intrusion algorithm.
4. At the given capillary pressure, identify all voxels that have

critical pressures lower than the selected pressure value.
5. If the identified pore clusters are connected to the existing liquid

filled pores, the clusters are intruded, and stored as an array of
liquid filled (intruded) pores.

6. A saturated domain image stack is returned which will later be
used to generate the mesh for DNS multiphase fluid simulations
at the given saturation level.

7. Move to the next pressure step and repeat the algorithm steps 4
to 6.

These steps are continued until all pores in the microstructure are
intruded. More details about the algorithm can be found in Ref. 10.

In order to compute partially saturated transport properties at
each level of saturation, the cluster-based FM method returns an

image stack with pore, liquid, and solid phases. Stacks at each
saturation level are used to generate the DNS meshes.

The cluster-based FM method and OpenPNM predict different
water distributions. In order to assess if the difference between DNS
and PNM results is due to either the water distribution or the solved
governing equations,, partially-saturated image stacks are also
generated from OpenPNM results using an approach similar to
that described by Tranter et al.18 and used to generate meshes for
DNS using the OpenPNM predicted water distribution.

Diffusion.—To compute the effective diffusivity of the porous media,
gas diffusion is simulated using Fick’s second law. In the absence of a
chemical reaction, the mass conservation for oxygen can be written as:

c D x 0 2t a a· ( ) [ ]  =

where Da is the diffusion coefficient, ct is the total gas concentration,
and xa is the molar fraction of species a. Knudsen effects are
neglected in this study and, therefore, the diffusion coefficient Da is
equal to the molecular diffusion coefficient for species a D, a

bulk.50

The boundary conditions are specified as follows:

Table II. Governing transport equations in PNM.
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Note. i represents a pore of interest, j is the index of neighboring pores and t is the connecting throat.

Figure 2. Comparison of PSDs obtained from the two methods for: (a) Toray 120C, (b) SGL 39BA, (c) Ti. The PSDs obtained from the inscribed (PNM_In) and
the equivalent diameter (PNM_Eq) cases in PNM are compared to the PSDs from the sphere fitting results (FM_PSD).

Journal of The Electrochemical Society, 2021 168 064501



n

x x

x x
D c x

on ,

on ,
0 everywhere else, 3

a a
in

a a
out

a t a

1

2

( ) · [ ]

= G

= G
 =

where Γ1 is the inlet plane and Γ2 is the outlet plane opposite to the
inlet plane, xa

in and xa
out are Dirichlet boundary conditions at the inlet

and outlet faces, and n is the outward normal vector to the boundary.
The partial differential equation 2 is discretized using the

Bubnov-Galerkin finite element method. Lagrange linear elements
are used to approximate the solution in the weak form, and the
resulting linear system of algebraic equations is solved using the
conjugate gradient (CG) iterative solver. The discrete weak for-
mulation of the governing equation 2 along with appropriate
boundary conditions are implemented in OpenFCST37).

Once the solution has been obtained, the flux of the species is
calculated at post-processing at the boundary of the domain using
Fick’s first law. By integrating the flux over the outlet surface, the
net flow rate of species can be obtained. The effective diffusion
coefficient can then be calculated using Eq. 4.
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where Na
out is the flow rate of species at the outlet surface, L is the

length of the porous media, and A is the total cross-sectional area. In
this work, the simulations were performed at a constant temperature
of 353 K and a constant pressure of 1 atm.

Permeation.—Fluid flow in GDLs and PTLs can be characterized
by the steady-state, incompressible, and isothermal Stokes flow
equations:

v 0, 5· [ ] =
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where v is the fluid velocity, p is the fluid pressure, μ is the dynamic
viscosity of the fluid, f is the vector of external forces, which is

considered to be zero, and s
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gradient operator. Boundary conditions are given as:
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where pin is the assigned pressure on the inlet face. The governing
Eqs. 5–6 are discretized using a Petrov-Galerkin finite element
method. Second order Lagrangian elements are used for velocity,
and linear Lagrangian elements are used for pressure. This element
pair, known as Taylor-Hood element, satisfies the inf-sup condition
(57,58), and therefore provides a stable discretization for this
problem. The resulting linear system of equations is solved using
a Schur complement solver59 in OpenFCST. The effective perme-
ability can be then calculated using equation 8 with the net mass
flow rate, Q, at the outlet face.
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where keff is the effective absolute permeability, and pin and pout are
inlet and outlet boundary pressures.

Relative transport properties.—Transport simulations can be
used to analyze gas transport under partially-saturated conditions.
The transport properties obtained in partially-saturated samples are
termed wet transport properties, and relative transport properties are
defined as the wet transport property divided by the dry transport
property.

For the intrusion simulations, image stacks at various saturation
levels are used to generate the computational meshes for DNS.
Water and pore phases are isolated and separate mesh is used to
solve for transport in each phase.

Results and Discussion

In the following sections, μCT images are analyzed using the
above algorithms, i.e., DNS and PNM, in order to estimate pore size
distribution, mercury intrusion curves, water intrusion and distribu-
tion, and dry and partially-saturated diffusivity and permeability.

Porous media reconstruction.—Figure 1 shows the recon-
structed image of each step of the segmentation process for the Ti
μCT sample. Figure 1a shows a raw sectional image which shows
divided solid and void phases. Figure 1b shows the image after the
application of the bilateral filter. Applying the bilateral filter on the
raw images removed the noise in both void and solid regions and
made the grayscale intensities of the solid region more uniform.
Figure 1c shows the image after binarization. The Sauvola algorithm
was applied to segment the stack shown in Fig. 1b. The segmenta-
tion quality was evaluated by overlaying the edges of the segmented
images onto the filtered images. The edge overlaid image is shown in
Fig. 1d. The thickness and porosity of each sample are shown in
Table III. The porosity values of the μCT reconstructions were
determined based on:
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where Vvoid and Vbulk are the volumes of the void region and the
entire domain, respectively, and Nvoid and Nbulk are the numbers of
voxels in the void region and the entire domain of the binarized
image. The thickness of the stack was determined by the number of
pixels in the z-direction. The thickness and the porosity of Toray
120C are smaller than the measured values. This is because the
surface region of the image was cropped. The core region was used
in this study as the same thickness samples were employed in the
literature.10 Since there is no literature about the Ti sample used in
this study, the thickness was computed from the μCT images and
measured using a micrometer. The porosity for Ti obtained from
μCT and measured porosity are nearly identical, which means the
voxel resolution, 1.79 μm, was sufficient for capturing the smallest
pore size of the Ti. On the other hand, the measured porosity of the
39BA is higher than the CT porosity due to the nanoscale pores in

Table III. Comparison of the thickness and porosity of the PTLs.

PTL CT thickness, δt [μ m] Measured δt [μ m] CT porosity, ε Measured ε Resolution [μ m]

Toray 120C 280 362 ± 5.960 0.66 0.7360 1.33
SGL 39 BA 310 277.8 ± 7.9,42 280 ± 30c) 0.80 0.89 ± 0.03a) 1.79
Ti sinter 292 288a), 305b) 0.46 0.46 ± 0.02a) 1.79

a) Measured by mercury intrusion porosimetry. b) Measured by a micrometer. c) Based on manufacturer’s datasheet.
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the carbon matrix. The voxel resolution needs to be less than 1 μm to
capture those small pores. However, the applicable smallest resolu-
tion of the μCT equipment is larger than 1 μm. Hence, fibers, carbon
matrix and PTFE were treated as a single solid phase and the pores
smaller than the voxel resolution were neglected.

Pore size distribution.—Figure 2 shows a comparison of PSDs
for each sample obtained from the sphere fitting algorithm and from
the SNOW network extraction algorithm. There are many ways to
define pore sizes for use in PNM, with inscribed diameter and
equivalent diameter being common options, so both are shown. The
equivalent diameter represents the diameter of a sphere with a
volume that of a segmented region, whereas the inscribed diameter is
the diameter of a sphere fitted within the segmented region. As
expected, PSDs based on equivalent diameter give larger sphere
sizes than the other method, which are both based on diameters of
inscribed spheres.

For the fibrous materials, i.e., Toray 120C and SGL 39BA,
Figs. 2a and 2b show that the PSDs obtained by the sphere fitting
and the inscribed diameter methods are in close agreement. On the
other hand, Fig. 2c shows that some discrepancies exist between the
two methods for the sintered Ti material. The PSD from the network
extraction is skewed toward larger pores, but not shifted. It seems
that the network extraction failed to identify smaller pores, possibly
due to the limited resolution of the image.

Mercury intrusion porosimetry.—To validate the pore sizes
determined from the two approaches, mercury intrusion results
were obtained numerically and compared to experimental results.
Figure 3a shows the experimental and numerical cumulative
mercury intrusion curves for Toray 120C. Since experimental MIP
data for Toray 120C is not available, the experimental data for Toray
090C with 10% PTFE content is shown in Fig. 3a for reference.

Looking at the cumulative intrusion curves for Toray 120C, the
experimental curve shows faster mercury intrusion than the simu-
lated cases. As previosly mentioned, the surface region of the Toray
120C sample is cropped. Since the surface region, which usually
contains large pores, has been removed from the image used in the
simulations, mercury can only start to intrude the sample at the
higher pressure required to invade the smaller pores in the image.
Therefore, it is likely that if the full domain (surface region + core
region) was used for the simulations, the virtual MIP would show
more portions in the low pressure range. When comparing FM and
PNM, the results are similar up to a saturation of 0.7, then the
discrepancy increases. The FM curve shows a slower intrusion than
the PNM curve. This is because PNM separates the entire void
region into multiple separated pore regions and assigns one pore size
for each separated region. FM, on the other hand, assigns a pore
size to each voxel based on a sphere fitting algorithm and, as a result,
the small regions between fibers/particles are assigned a very small
pore size. These regions, named crevices, have higher critical pressures
and allow FM to intrude a pore region progressively. Whereas PNM
invades the large pores and does not include the crevices. To account
for this, PNMs can employ a late pore filling model, as employed by
Gostick,16 however, this was not used in this work.

For the 39BA sample, shown in Fig. 3b, neither simulation
method could adequately capture the small pores in the carbon
matrix (below CT resolution). As a result, the simulated intrusion
curves show excellent agreement up to 0.8 (where all pores are
captured), but a faster saturation compared to the experimental MIP
data at the respective pressures which are required to intrude the
pores below the voxel size. PNM and FM show similar results at low
saturations whereas at high saturations, FM shows a slower intrusion
trend than PNM despite the missing carbon matrix pores.

The intrusion curves for Ti, shown in Fig. 3c, again show better
predictions with FM than with PNM at high capillary pressure (small

Figure 3. Comparison of computed mercury intrusion curves to experimental porosimetry data. (a) Toray 120C (b) SGL 39BA (c) Ti. The experimental
intrusion curve for the Toray 120C case is capillary pressure curve for Toray 090C.
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pore sizes). It can be seen that the FM intrusion curve follows the
experimental results closely above a capillary pressure of 50 kPa.
The discrepancy below 50 kPa might be due to surface effects as
discussed below. The PNM curve has a similar trend, but the
intrusion occurred slightly faster than the experimental and FM
results.

Despite the similarities between experimental and numerical
results, the experimental results for 39BA and Ti porous media
show larger mercury intrusion at low pressures than the model
predictions. It is hypothesized this discrepancy is due to surface
effects since surfaces with large-scale roughness are easily invaded
at low pressures.17

FM and DNS results show that even though the two methods use
analogous intrusion procedures, different intrusion trends are ob-
served due to the methodology used to assign pore sizes in the
material. FM results show smoother changes when the intrusion
curves approach full saturation (s= 1) due to the crevices, i.e., small
inter-fiber pores, included in the FM image analysis.

MIP-PSD.—Mercury intrusion porosimetry (MIP) is the most
widely used experimental technique for estimating pore size
distributions (PSDs) of porous media;1,2,45 however, the conversion
of MIP data to pore size distributions is known to have limitations
due to the simplicity of the bundle-of-tubes model used to interpret
the data. For example, when mercury intrudes the porous media,
pores that are connected to the intruding phase by a smaller throat
can only be intruded once the throat breakthrough pressure is
reached, resulting in an over-prediction of smaller pores. This
well-known effect is called pore shielding effects.61 In order to
assess the accuracy of MIP to estimate PSDs, the PSD obtained from
image analysis and from virtual MIP are compared in this study.

Figure 4 shows the PSDs obtained from sphere fitting, i.e.,
FM_PSD, and by taking derivatives of the experimental and
numerical cumulative intrusion curves in Fig. 3, i.e., Exp. and

FM_MIP. Pore sizes were computed by inverting the pressures to
pore radii with the Young-Laplace equation. The MIP-PSDs are
slightly shifted to the left compared to the image basedPSDs,
however, the displacement is small in all cases demonstrating that
MIP can provide reasonable estimates of PSDs for materials that
have high porosity with open structures that possess similar pore and
throat sizes.

Dry effective diffusivity.—The normalized effective diffusivity
for through-plane (z) and in-plane (x/y) gas diffusivity of the three
materials are shown in Table IV. The normalized effective diffu-
sivity is defined as the ratio of the effective diffusivity by the bulk
gas diffusivity. All the simulations in both DNS and PNM were
performed using full size subsamples (600× 600× δt voxels). The
transport simulations in PNM were performed using both the
equivalent diameter and the inscribed diameter but the results from
the equivalent diameter are only included in the table as they appear
to be more realistic. Experimental results for the Toray 120C are
obtained from literature10,39,45,62–64 and those for the other materials
were measured experimentally in our laboratory. The average
simulation time for the dry samples, with around 50 million
DOFs, was about 5 hours per direction on a single core of Intel(R)
Xeon(R) CPU E5-2690 v2 with a clock speed of 3.00 GHz. For the
PNM simulations using the same images, the entire simulations in all
directions for one image stack took around 5 min.

Each simulation case was compared to each experimental result
using Welch’s t-test. p-value results obtained by Welch’s t-test
statistics for the null hypothesis, i.e., 0,exp numm m- = are shown in
Table IV. The mean and standard deviations in Table IV were used
for the t-test. A low p-value indicates high confidence that numerical
and experimental results are significantly different. In typical
statistical analysis, the standard cutoff of 0.05, i.e., 95% confidence
level, is used. Results are not considered to be the same when
p< 0.05.

Figure 4. Comparison of pore size distributions between MIP-PSDs and PSDs from the sphere fitting algorithm.

Journal of The Electrochemical Society, 2021 168 064501



Table IV. The dry effective diffusivity and permeability of the GDL and PTL reconstructions compared to the experimental results.

Direction DNS p-value PNM p-value Experimental
Equivalent

Toray 120C Deff/Dbulk Z 0.223 ± 0.017 0.032 0.144 ± 0.017 0.0004 0.14–0.3345,62–64

X/Y 0.431 ± 0.032/0.452 ± 0.014 0.046/0.066 0.387 ± 0.017/0.384 ± 0.018 0.001/0.001 0.31–0.5464,65

keff [m2]( × 1011) Z 0.416 ± 0.091 0.0005 0.366 ± 0.044 0.0008 0.5–1.1344,45,62,66

X/Y 1.070 ± 0.171/0.940 ± 0.109 0.289/0.042 0.952 ± 0.047/0.922 ± 0.049 0.033/0.021 0.90–1.845,67–69

SGL 39BA Deff/Dbulk Z 0.415 ± 0.016 0.985 0.273 ± 0.011 0.020 0.414 ± 0.04
X/Y 0.602 ± 0.01/0.619 ± 0.01 0.955/0.446 0.545 ± 0.012/0.594 ± 0.012 0.007/0.395 0.602 ± 0.005

keff [m2] ( × 1011) Z 5.054 ± 2.073 0.709 4.278 ± 0.419 0.395 4.539 ± 0.12
X/Y 7.389 ± 1.706/8.861 ± 2.389 0.246/0.156 6.710 ± 0.739/8.385 ± 0.803 0.163/0.030 5.789 ± 0.038

Ti Deff/Dbulk Z 0.259 ± 0.005 0.001 0.191 ± 0.005 0.003 0.218 ± 0.004
X/Y 0.188 ± 0.002/0.166 ± 0.007 — 0.188 ± 0.002/0.150 ± 0.002 —

keff [m2] ( × 1011) Z 0.395 ± 0.036 0.163 0.489 ± 0.042 0.021 0.352 ± 0.014
X/Y 0.275 ± 0.024/0.192 ± 0.028 — 0.414 ± 0.026/0.303 ± 0.015 —
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Both DNS and PNM results for Toray 120C are within the
experimental range. Computed p-values from DNS are larger than
those from PNM, which indicates that this method predicted better

results in general. As the reference data of the Toray case show the
minimum and maximum ranges, the t-test was performed with all the
reference data.

Figure 5. Pressure distributions (Pa) and streamlines of the flow inside the domain (m/s) for each material calculated by DNS.

Figure 6. Images showing the liquid water distribution at 45% saturation from experimental reconstruction, FM, and PNM simulations at 50% and 80% through-
plane depth. Black indicates the empty pores, white indicates the GDL fibers, and gray indicates liquid water.
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The results for 39BA show that the numerical means from DNS
are closer to the reference data. The p-values from PNM are smaller
than 0.05 in the x- and z-directions which indicates there is a
statistically significant difference.

For Ti, the through-plane results show that PNM results are
slightly closer to the experiment than DNS but the t-test results show
that both cases are statistically significant to reject the null
hypothesis. Experimental in-plane normalized effective diffusivities
are not included as the experiment could not be performed properly
due to limited material availability.

Dry permeability.—The dry effective permeability values of the
three materials and p-values for each simulation case are also shown
in Table IV. The PNM permeability obtained from the equivalent
diameter was again more comparable with the experimental results.
The Stokes simulation in OpenFCST was performed with a
coarsened mesh. For each case, 4 coarsened meshes were generated
and used in DNS. Each simulation in DNS took 4–8 h using 15 cores
with about 20 million DOFs.

The t-test results show again that, in general, DNS predictions are
closer to the reference data. For Toray 120C, the t-tests were
performed based on all reference data. In both TP and IP, DNS
shows closer predictions. The simulation results are lower than the
experimental reference in the TP direction. The removed surface
from the top and bottom of the reconstruction lowered the thickness
and porosity. Garcia-Salaberri et al.40 reported that removing the
surface region resulted in a 7.3% reduction in the TP permeability.
Even though the portion of the removed slices is not the same, the
removal of the higher porosity surface area could be the reason for
the discrepancies in the TP permeability.

For 39BA, the p-values from DNS are larger than PNM which
indicates that the DNS predictions are closer to experimental results.
The PNM mean value is, however, closer to the reference. This is
because the p-value is determined based on both mean and standard
deviation. The fact that the deviation is larger in the DNS results
might indicate the domain size used for the DNS simulations is not
large enough; however, increasing the domain size with the same
image coarsening rate would require more computational cost and
time.

For Ti, the TP results from DNS show better predictions again
than PNM. The p-value from PNM is lower than 0.05 which
indicates that the PNM results are not consistent with the reference
data.

Figure 5 shows the pressure profile for each sample obtained
from DNS. The bottom face represents the inlet face with the highest
pressure and the top face represents the outlet boundary. The
streamlines are added to show the flow and velocity magnitude
inside the domain.

Liquid water distribution.—To validate the distribution of liquid
water in the domain, a one-to-one comparison was done between the
experimental and numerical reconstructions. Unlike the FM algo-
rithm, PNM does not use the dry reconstruction directly. Therefore,
in order to generate the images in Fig. 6c, the labels of saturated
pores in PNM simulations from the extracted network and the same
labels in the watershed segmented reconstruction were marked to
obtain saturated reconstructions from PNM. To compare the water
distribution within the domain, the numerical water distributions are
extracted at similar saturation values to the experimental reconstruc-
tion. Figure 6 shows a comparison of the experimental and simulated
liquid water distribution in the x-y plane at 50% and 80% through-
plane depth from the inlet face. The overall saturation value is 45%
for the experiment, FM, and PNM. Experimental water distribution
data for Toray 120C are used for this study as they are the only
available data from previous studies.6,10

As discussed by Sabharwal et al.,10 the liquid water distributions
from the FM algorithm, shown in Fig. 6b and 6e, contain discrete
capillary fingers of liquid water compared to the experimental
images in Fig. 6a and 6d. Since the FM algorithm directly uses
the PSD data obtained from the sphere fitting algorithm, pore voxels
between a large pore and fibers possess smaller pore radii, which
would result in slower saturation. The distributions from PNM in
Fig. 6c and 6f show larger clusters similar to the experimental water
distributions than the FM results. Instead of assigning a pore size to
each voxel, PNM segments the entire void part into discrete pore
regions and each region is fully invaded in a single step. This
resulted in the larger water clusters which are visually closer to the
experimental reconstruction.

In order to assess the accuracy of the simulated intrusion results,
the local saturation profiles in the through-plane direction are shown
in Fig. 7. Local saturation profiles were obtained by the ratio of the
number of pixels assigned to the water phase to the sum of pixels in
the void and water phase at a given distance from the bottom face
(z= 0). At the inlet face, the experimental distribution shows nearly
90% of saturation whereas both numerical results have lower
saturation values. At the outlet face (z= 210), the FM result shows
a higher outlet saturation than the experimental saturation, which
means FM over-predicted the outlet water saturation, whereas PNM
shows a similar decreasing trend and outlet saturation value. The FM
algorithm does not generate an idealized pore network and as a result
it is able to retain fluid pathways that might be eliminated during the
pore-network extraction in PNM. This gives the FM algorithm a
higher probability to intrude neighboring pore sizes as the structure
is more connected, which resulted in a higher amount of fluid
reaching the outlet surface.

Relative diffusivity.—PNM and DNS simulations were per-
formed to obtain the gas flux at varying saturations. Normalized
effective diffusivity at varying saturations was computed using both
PNM and DNS. Figure 8 shows the calculated relative diffusivity of
the three materials. The relative results are obtained by normalizing
wet diffusivity by the dry diffusivity.

Figures 8a and 8b show the relative diffusivity for Toray 120C in
the TP and IP directions, respectively, together with the TP and IP
experimentally obtained values from Hwang and Weber33 for Toray
120C and from Tranter et al.70 for Toray 120B with 5% PTFE
content, respectively. In both directions, the results from DNS show
closer agreement than PNM to experimental data.

The results for 39BA are shown in Figs. 8c and 8d, together with
the IP experimental results for SGL 34BA and SGL 10BA measured
by Tranter et al.70 In the TP direction, both DNS and PNM show
similar results. In the IP case, DNS results are in close agreement
with the experimental data. Note that 39BA as well as both reference
materials have 5% PTFE content, however, all three have a different
thickness, i.e., 10BA and 34BA are 400 μm and 280 μm, respec-
tively.

The relative diffusivity curves for Ti are shown in Figs. 8e
and 8f. In TP, PNM shows a faster-decreasing function that reaches 0

Figure 7. Local saturation profiles in the through-plane direction for the
experimental and numerical liquid water distributions.
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at the saturation level of 0.7. The DNS results show some amount of
mass flux until 0.8 saturation. In the IP direction, the PNM results
show larger discrepancies than the through-plane results. The in-plane
results of PNM decrease fast in the saturation range of 0–0.4. This
implies that the pores intruded by the non-wetting phase more impede
the gas flow than the DNS case. The molar fraction for the Ti sinter
case is shown in Fig. 9.

In general, DNS results are in closer agreement to experimental
data with PNM under-predicting the relative diffusivity compared to
DNS results. The reason for the discrepancy is likely due to the
boundary pores being more easily filled with water, thereby
excessively limiting transport. This may be attributed to the
methodology used in PNM to extract surface pores, which defines
throats between boundary and surface pores as equal in size to the
boundary pore, thus with no constriction.

In the previous section, it was shown that the water distributions
predicted by FM and PNM were slightly different. Therefore,
additional DNS simulations were performed where the liquid water
distribution predicted by PNM was used to generate the partially
water-filled domain for DNS simulations. To do so, after running a
PNM intrusion simulation, the voxels in the image that belong to the
watersheds that correspond to water filled pores are removed from
the pore domain. The relative diffusivity predictions obtained using
these partially filled domains are shown in Fig. 8. The DNS results
using the PNM water distribution follow the DNS fitting curve very
closely, especially for Toray and Ti. This indicates that the relative
diffusivity sensitivity to variations in water distribution is small. The
largest differences are observed at very high saturation likely due to
some residual transport in the small pores that exist in the FM
derived images.

Figure 8. Variation of the relative diffusivity in the through-plane and in-plane directions with saturation: (a) and (b) Toray 120C in through-plane and in-plane
directions compared to previously reported literature data for Toray 120,33,70 (c) and (d) SGL 39BA in through-plane and in-plane directions, and (e) and (f) Ti in
through-plane and in-plane directions. The in-plane results for 39BA are compared to results of SGL 34BA and SGL 10BA from the literature.70
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Results from all subsamples were fitted to the power law used by
Sabharwal et al.,71

f
f

f
s s1 1 10rel

wet

dry
V th( ) ( ( ) ) [ ]e e= = - - -a

where f is the normalized effective diffusivity, s is the saturation, and
α is an empirical coefficient estimated by minimizing the least
square difference. The Heaviside step function is added to make the

effective diffusivity below the percolation threshold, εth, zero.
Table V shows α and R2 values.

Relative permeability.—Pressure and velocity profiles at dif-
ferent saturations are used to estimate the mass flux through the
material. DNS and PNM air and water relative through-plane
permeabilities are shown in Fig. 10 together with experimental
and numerical data from the literature.

Figure 9. Molar fraction of Ti at different saturation levels from DNS and PNM. White represents solid, and orange represents water filled pores.
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Figure 10a shows DNS and PNM results, the experimental data
from Koido et al.72 for Toray 060 with 5% PTFE, and the numerical
data by Moosavi et al.32 for Toray 120A, which has no PTFE content
compared to the 10% loading in Toray 120C. The air relative
permeability results between DNS and PNM are nearly identical.
They agree well with the experimental data by Koido et al.72 and
numerical data by Moosavi et al.32 In terms of the relative water
permeability, both DNS and PNM also show similar results with
DNS values being in closer agreement to those reported by Moosavi
et al.32

Results for 39BA are shown in Fig. 10b. The reference data are
numerical predictions for SGL 34BA from Bednarek et al.73 for air
relative permeability, and Zhou et al.74 for liquid relative perme-
ability. The relative permeability results from PNM are higher than
the DNS results for both air and water. As shown in Table VI, the R2

values for 39BA are relatively lower than the other two cases. For

the 39BA cases, the subsamples did not return consistent trends in
both DNS and PNM.

For the Ti case, the DNS and PNM results show similar curves for
both air and water. The discrepancy between the two results is tiny; thus,
PNM again shows good predictions compared to the DNS results.

As in the previous section, to assess the impact of the differences
in the predicted water distribution between PNM and DNS, the
liquid water distribution predicted by PNM was used to generate the
partially-filled meshes in the DNS simulations. The DNS results
obtained with the PNM predicted water distributions are similar to
those obtained from DNS with FM indicating again that the
sensitivity to variations in water distribution is small.

Based on these results, DNS and PNM are able to provide similar
predictions with values providing similar trends to experimental
data. DNSʼs improved accuracy does not justify the increase in
computational resources, and PNM could be used.

Table V. Fitting parameters used for the curve fitting and R2 values
from the relative diffusivity.

(TP/IP) DNS PNM

Toray 120C α 2.11/1.83 3.53/3.91
R2 0.99/0.99 0.98/0.97

SGL 39BA α 2.51/1.66 3.07/3.39
R2 0.98/0.99 0.98/0.97

Ti α 2.23/2.13 3.42/4.14
R2 0.99/0.99 0.99/0.98

Figure 10. Comparison of relative permeability predictions of the pore network modeling and direct numerical simulations. Reference 72 is experimental data
for Toray 060, but the other reference data used here are numerical predictions.

Table VI. Fitting parameters used for the curve fitting and R2 values
from the relative permeability.

(Air/Water) DNS PNM

Toray 120C β/γ 3.88/3.08 4.21/2.54
R2 0.97/0.98 0.98/0.98

SGL 39BA β/γ 6.23/2.83 3.83/1.82
R2 0.97/0.93 0.97/0.96

Ti β/γ 4.92/2.01 4.00/3.30
R2 0.99/0.99 0.98/0.98
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The best fit for each case was computed using a power law. The
following relations were used to fit the relative permeability:

k s1 11rel a, ( ) [ ]= - b

k s 12rel w, [ ]= g

where β and γ are fitting coefficients. The fitting parameters
returning the least R2 for each case are presented in Table VI.

Conclusions

Numerical simulations on two GDL and one PTL reconstructions
were performed using a direct numerical simulation and pore
network modeling methods. First, one of the GDL reconstructions
(SGL 39BA) and the PTL reconstruction (Ti) were obtained using
μCT, and the reconstruction for Toray 120C presented in previous
studies was used. The void and solid phases of each reconstruction
were segmented using local and global threshold algorithms.

PSD of each reconstruction was obtained numerically from both
DNS and PNM. In PNM, two possible methods can be used to
compute a PSD from the extracted network. Only the inscribed
diameter provides comparable results to experiments and FM. To
validate the PSD predictions, virtual MIP was compared to experi-
mental MIP data. The results from FM showed smoother intrusion
trends, which were closer to experimental intrusion results. From the
predicted MIP curves, MIP-PSDs were computed by taking the
derivative with respect to pore sizes. The MIP-PSDs showed nearly
identical shapes to the FM_PSDs with only small differences in the
curves for all cases, thereby showing that the shielding effect has a
negligible effect in the case of GDLs and PTLs, and MIP is a
suitable experimental technique to extract PSDs.

Diffusion and permeation predictions were obtained in the domain
under dry and wet conditions. DNS provides better predictions in both
diffusion and permeation. In PNM, the diffusivity and permeability
predictions using only the equivalent diameter agree with both DNS
and experimental data. The results from PNM may be able to change if
the extracted network was optimized by modifying the sigma of the
Gaussian filter and the structural element in the maximum filter. DNS
on the other hand does not require any calibration.

The computed relative transport properties of the defending
phase decreased with increasing saturation while the relative
transport properties of the intruding phase increased with saturation.
DNS showed relative diffusivity predictions in agreement with
experimental references. On the other hand, the relative permeability
from PNM and DNS showed similar predictions.

In general, both DNS and PNM are useful techniques for a pore
scale analysis. DNS results are more accurate and reliable than
PNM. However, PNM is faster as it sacrifices some information
from the source images. In PNM, the inscribed diameter method is
recommended for PSD, while the equivalent diameter is recom-
mended for transport properties. DNS provides more accurate results
using the methodology proposed in this article, PNM is shown to
provide relatively good estimations of dry and wet transport
properties at a reduced computational expense.
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