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Abstract:

Fuel cells have proved to be promising alternatives for Internal Combustion Engines (ICEs) with higher effi-
ciency and lower harmful environmental impact. Among different types, Proton Exchange Membrane Fuel Cell
(PEMFC) has proved to be the best option to reach zero adverse emissions at low temperatures, which enables
the operation of the PEMFC for mobility applications. However, cost, durability, and thermal/water management
should be further considered to better commercialize PEMFCs. Durability and water/thermal management of
the PEMFC can be improved by increasing the liquid removal from the gas diffusion layers (GDL) inside each
stack of the PEMFC. However, there are no efficient simulation methods to analyze water removal based on
experimental efforts. The goal of this study is to use the Lattice Boltzmann Method (LBM) to precisely capture
the characterization of the GDLs that have been scanned by the Computed Tomography (CT) scans. Once
the three-dimensional CT scans of the GDL are performed, the segmentation and reconstruction will be made
to provide the needed geometry for fluid flow simulation. The geometry will be then used to characterize the
effective parameters of the thermal/water management of the PEMFC. This study can also be a valid reference
for future computational fluid dynamic analyses in the GDL using the numerical modeling with the conservative
equations or the Lattice Boltzmann modeling (LBM) with the kinetic and particle distribution equations.
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1. Introduction

The harmful environmental impacts of fossil fuels and the low efficiency of combustion engines have motivated
the decision-makers to find alternative fuels [1]. In this regard, methanol, ethanol, bio-fuels, ammonia, hydro-
gen, etc. have been suggested as possible candidates having advantages/disadvantages for each of them [2].
Among the mentioned alternative fuels, hydrogen has been suggested as the most promising option for a wider
spectrum of usages [3]. This means that hydrogen production methodologies should be developed to provide
the required demand of fuel for different industries [4].

As a promising technology to facilitate the transition from fossil fuels to hydrogen, fuel cells are proposed [5].
Among the introduced fuel cell variants, the Proton Exchange Membrane Fuel Cell (PEMFC) is considered the
most commercialized and efficient type in low-temperature operations [6]. The basis of PEMFC’s operation is to
use hydrogen as fuel and produce water and electricity as outputs [7]. Although significant developments have
been achieved to improve the performance of the PEMFCs, the main barriers toward further commercialization
of the PEMFCs are water/thermal management, cost, and durability [8].
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Considering the low-temperature operation of the PEMFCs, a concentrated effort should be made to keep the
operating conditions such as humidity and temperature in the desired range to manage the highest lifetime [9].
The PEMFC is a composition of different layers, namely, membrane, Catalyst Layer (CL), Gas Diffusion Layer
(GDL), Micro-Porous Layer (MPL), and Bipolar Plate (BP) [10]. The desired operating temperature range of
the membrane should be around 65 to 85 degrees Celsius to prevent drying or flooding the cell in addition
to a humid condition to prevent drying the membrane [11]. However, high humidity results in the formation of
water droplets/columns in the GDL, which acts as a diffusing medium to split the hydrogen and a backing layer
to support the CL [12]. To improve water management and reduce the water columns (breakthroughs) inside
the GDL, the MPL is being used [13]. The remaining water droplets in the GDL and MPL result in filling the
pores and difficulties in cold start, that is starting the PEMFC from sub-zero temperatures [14]. In addition to
the usage of MPL, controlling the capillary pressure in those regions are proven efficient method to prevent the
formation of breakthroughs [15]. To control the capillary pressure, the microstructure and the wettability of the
porous regions can be modified [16]. In other words, water management and the formation of breakthroughs
in the GDL can be improved by the changes in the microstructure of the GDL [17]. Although these concepts
are supported by the |-V characteristic curves and the experimental setups, novel simulation methods based
on experiments should be developed to facilitate the quantitative measurements of each GDLs breakthroughs.

Although experimental methods are unable to calculate the number of each GDLs breakthroughs, the computa-
tional fluid dynamic (CFD) is able to present quantitative amounts in different applications [18]. The significant
developments of the CFD commercial softwares such as ANSYS, and COMSOL have enabled the researchers
to have a better vision of the fluid flow inside the porous media [19]. However, these softwares are developed
based on conservation equations such as mass, energy, and momentum. This means that this commercial
softwares cannot be used to simulate the fluid flow inside the GDL/MPL since the dominating driving force
in those regions is the capillary pressure [20]. In this regard, CFD models that are based on the kinetics of
the particles, such as the Lattice Boltzmann Method (LBM), rather than the conservation equations should
be used to characterize the fluid flow inside the GDL/MPL and to quantitatively measure the formation of
the breakthroughs in these regions [21]. Although the structure of the GDL and MPL can be obtained using
different prediction methods, the exact structure can be observed using novel microscopy and tomography
techniques [22].

To obtain the exact structure of a porous region, it is common to either use Focused lon Beam-Scanning Elec-
tron Microscopy (FIB-SEM) or Computational Tomography (CT) scans [23]. Although FIB-SEM is an efficient
method to characterize the structure of the GDL/MPL, it is a destructive method and demands special pro-
cedures to embed the samples to minimize the destruction of the samples through microscope imaging [24].
Additionally, FIB-SEM imaging demands more operation time to detect the structure of the same porous re-
gions in comparison to the CT scan. CT scans [25] are also non-destructive and they are the best options
considering the thickness of the GDL which is approximately around 200 um. FIB-SEM is capable of mea-
suring up to the resolution of 3 nm while CT scans reach 1 um. Concerning the mentioned information, the
combination of CT scans, which produce the exact geometry of the GDL, accompanied by the LBM CFD
simulation will enable the quantitative measurement of the amount of water breakthroughs inside the GDL.

This study aims to provide a methodology to calculate the amount of water breakthroughs in an arbitrary
GDL. The suggested methodology is based on using CT scan imaging to segment and reconstruct the exact
geometry of the GDL in the PEMFCs. The reconstruction of the GDL provides the exact geometry of the GDL
to be used for CFD simulations. This study benefits from LBM concepts, which are based on the kinetics of
the particles rather than conservation principles in the CFD commercial softwares. The novelty of this study
is to perform the quantitative measurement and characterization of the breakthroughs inside an arbitrary GDL
using the LBM and CT scans. The results of this study can be used as a reference methodology to analyze
the characteristics of the GDL considering the water/thermal management.

2. Problem description

This study aims at providing a reference method to characterize the water management of GDLs in PEMFC
applications. In this regard, an arbitrary GDL sample has been used followed by the required CT scan to obtain
the precise geometry of the carbon fibers for simulation purposes.

Figure 1 (a) shows the whole domain of the considered GDL sample while Figure 1 (b) illustrates the carbon
fibers with more details. The mentioned geometry in Figure 1 has been obtained using ¢ — CT scan imaging
with the operating conditions indicated in Table 1. The size of the sample is 1.685 x 1.464 x 0.225 (mm?®)
and the image resolution is 1 ym. The segmentation and reconstruction of the images have been done using
Dragonfly software, Version 2020.2 developed by Object Research Systems (ORS) Inc in Montreal (Canada).

Once the segmentation and reconstruction of the GDL images are done, the reconstructed model was used
to perform the Lattice Boltzmann Method (LBM) simulation to analyze the water flow in the GDL. The required
governing equations to develop the LBM simulation model are presented in Section 3.. The results of the LBM
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Figure 1: The schematic of the scanned, segmented, and reconstructed GDL to be analyzed using the LBM:
(a) the whole considered region, (b) the clipped image to show the GDL inside the boundary condition.

simulation provide the three-dimensional flow distribution of the flow inside the GDL, hence the existence of
breakthroughs (water columns) in the GDL can be predicted. It is believed that the formation of the water
columns in the GDL is a form of degradation that fills the GDL pores and increases the possibility of remaining
the water at sub-zero temperatures, leading to difficulties for the cold-start.

3. Governing equations

To implement the Multiple Relaxation-Time (MRT) model of the Lattice Boltzmann Method (LBM), the LBM can
be developed based on the MRT collosion equation considering the force term as of Eq. 1 [26]:
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Table 1: The operating conditions to perform the CT scans and the characteristics of the analyzed GDL sample

Parameter Value Parameter Value
Acceleration voltage 40 kV Averaging frames 10
Current 120 pA Exposure time 500 ms
Image resolution 1 um Rotation step 0.22 degrees

Sample size (X-direction) 1.685 mm Sample size (Y-direction) 1.464 mm
Sample size (Z-direction) 0.225 mm Stage temperature 21 Celsius degrees

Voxel size (X-direction) 1685 Voxel size (Y-direction) 1464

Voxel size (Z-direction) 225

f(x + eAt, t+ At) = f(x, 1) — MTT[SM(f9(x, t) — f(x, 1)) + (I — %S)MF] (1)

here, the density distribution function is shown with f (see Eq. 2 while At is the time step. M indicates the
orthogonal matrix [27], which transfers the distribution functions and S is the diagonal matrix designed for
D3Q19 as S = w/ [28]. As required in LBM, the discretized velocity is obtained using a D3Q19 lattice model,
which is shown by e [29].
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where, F represents the body forces based on the Guo’s model [30, 31]:

e —u (e;.u)e/
cs cs

Fi = wi( ).F 3)
The indicated sound speed, cs in 3 is considered to be % Each velocity direction is attributed with a weighting

factor of w; based on ref. [26]. The respective values of the density and velocity can be obtained in Egs. 4 and
5:

p=2xif; (4)
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3.1. The magic parameter

Although in the Single Relaxation Time (SRT) LBM, the impacts of magic parameter is negligible on the results
due to not being a parameter of viscosity, the MRT-LBM model demands the determination of magic parameter.
For instance, the magic parameter can be calculated using Eq. 6 for Two Relaxation Time (TRT) LBM model:

N=NN =(—r = 5)—=r75) (6)

where, w™ can be selected arbitrary while w* should be computed through Eq. 7:

1 1
2

In the MRT model, multiple frequencies correspond to the relaxation times and can be divided into symmetric,
Af, and anti-symmetric, A, groups. The combination of the mentioned two groups creates a single magic

parameter that modifies the simulation error as follows [32]:

Nk =NNj=emedk=qgm @)
ik = INSAG RSN AN NG s N A, Ao, A A, A A o

Considering the 9, there are eight different magic parameters for the D3Q19 model. As all the magic pa-
rameters are considered identical, the presented MRT can be assumed as TRT model. Thus, the existing
frequencies of the symmetric group w® can be considered equal to the calculated frequency from the viscosity
as of Eq. 10:

w® = ; (10)
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where, the superscript ”s” indicates the existing frequencies of the symmetric part. the related superscript for
the anti-symmetric part is "as” and the corresponding frequency can be calculated using Eq. 11:

4 — 208
as _
T @A —1)wS +2 (11)

3.2. Mean velocity computation
Considering the Darcy model, the permeability tensor is defined as follows:

By

Kj:ﬁui’l’j=1’2’3 (12)
here, AP; is the pressure gradient in j-direction while U; is the mean volumetric velocity in the i-direction as
follows [33]:

- 1

Ui = Vt/Q uidQ (13)

where, V; is the total volume of the sample while d is the volumetric element in the pore domain. Using the
trapezoidal discrete form, Eq. 14 can be solved as follows:

U lezlkzll’vjzll'vjuxv'k
"= NNN 9
Accounting the form of Eq. 14, error will be produced, which can be controlled using the magic parameter,
and by using high-order interpolations to solve the Eq. 13. The effective permeability can be presented as
follows [34]:
1

2
Ketr = Kideal + 5/\ 1 (15)

where, Kigear is the exact value of the permeability in the ideal boundary condition.

4. Results and discussion

In the first step, the GDL sample, shown in Figure 1, is scanned with ;,— CT imaging to enable the segmentation
and reconstruction of the sample for CFD analysis. Furthermore, the i — CT imaging enables the calculation
of the porosity and the mean pore diameter that can be needed for the LBM simulation. Using the Dragonfly
software and after the reconstruction of the images, the respective values of the porosity and the mean pore
diameter were calculated to be 0.8516 and 2.894 .m, respectively.

As mentioned in Section 3., there are three methods to use the LBM, Single-Relaxation Times (SRT), Two-
Relaxation Times (TRT), or Multi-Relaxation Time (MRT). Among these methods, the MRT-LBM benefits from
the highest accuracy and precision, hence this study has utilized this model to simulate the scanned GDL
sample by the © — CT imaging. Each of the Lattice vectors is located in the position of x and the time of t,
which enables the transient simulation of the fluid flow inside the GDL. In this study, the D3Q19 discretization
model has been used, that means each of the lattice vectors has 19 different components in the momentum
space.

Accounting for the boundary conditions, the fluid flow is at low speeds (laminar flow) and Darcy conditions and
the aim is to consider the capillary pressure as well. The implemented pressure gradient as the driving force
for the fluid flow in the Z-direction, shown in Figure 1, is 0.1 %. The four surfaces of the GDL sample shown in
Figure 1 parallel to the ZY and XZ planes are considered walls with no-slip boundary conditions.

A simplification has been made and pure water has been selected for the working fluid. In this regard, the kine-
matic viscosity of the fluid is 0.802 mez while the fluid density is 995.7 %. The maximum number of iterations
for flow simulation is 80,000,000 while the Navier-Stokes relaxation time is 1. Additionally, the frequency that
the convergence being checked is 0.5 s while the convergence criteria for the flow field is 10~4. The inflation
parameter regarding the LBM simulation, which considers the surface mesh before the visualization is 0.1.

Once the required parameters for the LBM simulation are provided, the fluid flow analysis is done. Figure 2
presents the results of the LBM simulation for the GDL sample shown in Figure 1. As can be seen, there are
regions with higher velocities in the three-dimensional domain with red, yellow, and green colors. These regions
are indicators of the possibilities for the formation of breakthroughs inside the GDL. Notably, the analyzed GDL
by the 1 — CT scan has not gone through aging and is a pristine sample. To have a better visualization of the
breakthroughs inside the GDL, Figure 3 is provided, which illustrates the fluid flow inside the GDL considering
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Figure 2: The three-dimensional results of the performed CFD analysis using the LBM method on the pre-
sented sample in Figure 1: (a) The three-dimensional changes in the velocity in the considered domain, (b)
The changes in the velocity considering three different slices in the X-, Y-, and Z- directions.

the Xi, Xz, X3, X4, and Xs slices shown in Figure 1. Specifically, in Figure 3(c) and 3(e), the breakthroughs can
be seen, as the green regions (indicating the breakthrough) pass through the GDL carbon fibers. The GDL
carbon fibers in Figure 3 are shown with while values since the velocity vectors are zero if there exist solid
materials.

As Figure 2 illustrates, the visualization of the breakthroughs inside the GDL is not a straightforward procedure
and better quantification measurements are required. In this regard, each voxel that has velocity values of
more than 2 x 10~° in the domain given by Figure 2 (a) is considered as a region of breakthrough. In this
regard, 9.13% of the GDL porous region, which is illustrated in Figure 2(a), is consisted of the breakthroughs.
This means that 50,675,060 voxels are labeled as breakthroughs inside the whole domain with 555,039,000
voxels. In other words, 0.051 mm?® of the illustrated domain in Figure 1 is prone to create breakthroughs in the
whole domain of 0.555 mm?.
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Figure 3: The two-dimensional velocity contours in the X-direction after performing the LBM simulations on
the analyzed samples shown in Figure 1: (a) Slice X; depicted in Figure 1, (b) Slice X, depicted in Figure 1,
(c) Slice X3 depicted in Figure 1, (d) Slice X, depicted in Figure 1, (e) Slice X5 depicted in Figure 1

5. Conclusion

This study could analyze the formation of the water columns inside the GDL of the PEMFC. The formation of
water columns, which is also famous as breakthroughs, is known as a degradation phenomenon that fills the
pores and leads to difficulties in starting the cell from sub-zero temperatures. As the driving force of the fluid
flow in the GDL is the capillary pressure, the conventional conservation principles such as momentum, energy,
and mass are not the governing equations, and methods based on the kinetics of the particles should be used.
In this regard, LBM formulation, which is considered a powerful CFD methodology based on the kinetics of the
particles to simulate the fluid flow at the interfaces between the gas/solid/liquid and at low-velocity conditions,
has been used using the obtained 1. — CT images of the GDL. . — CT images could provide the exact geometry
of the GDL followed by the porosity and the mean pore diameter that is required for the LBM simulation.

The results of the LBM simulation could provide the velocities of the water passing through the GDL. The illus-
trated contours visualized the locations of the breakthroughs followed by the corresponding voxels. To enable
the quantitative measurement of the breakthroughs, the voxels with higher velocity values of 2 x 102 were
considered to be a part of the breakthroughs in the domain. In this regard, it was calculated that 50,675,060
voxels are labeled as breakthroughs among the whole 555,039,000 voxels. In other words, considering the
whole size of the domain, which is 0.555 mm?®, the created breakthrough is equal to 0.051 mm®. The LBM
simulation could also provide a quantitative percentage of 9.13% as the share of the breakthrough in the whole
domain.

The output results of this study proved that the performance of the GDLs can be characterized without exper-

imental testing and novel GDLs can be analyzed before assembly to reduce the costs and time. The current
novelty of this study can be used in future studies to facilitate GDL characterization. Additionally, the following
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topics can be accounted for future studies:

» This study only analyzed an arbitrary pristine GDL to analyze the possibility of the GDL characterization
using the LBM simulation and CT scan imaging. It is suggested to consider aged or degraded samples
of GDL and evaluate the impacts of different types of degradation phenomena on the amount of created
breakthroughs.

+ To facilitate the LBM simulations, simplifications were made and only pure water was considered as the
fluid flow in the GDL. However, in reality, the fluid is either hydrogen or oxygen in a humid environment
with the possibility of water formation.

+ LBM simulation is also a powerful tool to analyze the droplet formation and movement in porous media,
which is the exact electrochemical phenomenon inside the GDL. In this regard, further details can be
added to this model to obtain the highest precision in the simulation results.
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