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operation of fuel cells, providing a large amount of data that must be analyzed to
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improve cell efficiency. This paper aims to demonstrate that programming can be used
in the post-processing phase, using scripts in Python language to automate data
analysis, based on the results of the simulation of oxygen transport in Polymer
Electrolyte Membrane Fuel Cell (PEMFC). The OpenFOAM open-source CFD tool solved

Keywords: the fluid governing equations through the SIMPLE algorithm of three proposed Gas
Fuel Cell; CFD; GDL; Post-process; Diffusion Layer (GDL) case studies. In this work, an algorithm is presented to extract,
Python; ParaView compute and visualize the post-process results, supporting the GDL selection.

1. Introduction

A Polymer Electrolyte Membrane Fuel Cell (PEMFC) is an alternative to the issue of power
generation. The main advantage of PEMFCs, during the energy conversion process, is that they do
not release carbon dioxide when using hydrogen as fuel, unlike other sources based on fossil products
[1-3]. However, the operating conditions of fuel cells must be regulated to achieve acceptable
efficiency and avoid component degradation.

In situ data such as temperature, pressure, species flow and saturation are not easy to obtain
during operation due to the highly reactive and confined environment of the cells. This causes a
paucity of experimental data, which does not allow adequate understanding of these processes [4,
5].

Computer model simulation generates a large amount of data on the fluid transport behavior,
providing support to reduce cycle times in design and to optimize fuel cells [6, 7].

* Corresponding author.
E-mail address: julio.ca@chetumal.tecnm.mx (Julio César Cruz Argiiello)

https://doi.org/10.37934/cfdl.16.1.5567

55



CFD Letters
Volume 186, Issue 1 (2024) 55-67

CFD (Computational Fluid Dynamics) is widely used in research because it reduces experimental
and manufacturing costs to improve fuel cell efficiency. In recent years, Commercial CFD as ANSYS
FLUENT, COMSOL and STAR-CD have been used to simulate the PEMFC behavior [8—-20], they include
tools to solve numerical models through intuitive and configurable user interfaces. On the other
hand, open-source CFD tools have remained in a second place because users require solid
programming knowledge to modify the source code and to understand fluid dynamics and numerical
solution methods to set correct values in the configuration files et al., [21-23]. Despite these
disadvantages, open-source CFD tools are an excellent option that provides advantages such as
collaboration between members of the users’ community, access to source codes, possibility of
customizing the software, and decreasing acquisition costs in research projects. One of the most
popular open-source CFD tool for the modeling of fuel cells is OpenFOAM, as evidenced by the works
by Lozano et al., [24], Novaresio et al., [22], Beale et al., [25], Imbrioscia et al., [26], Wang et al., [27],
Kim et al., [28], and Kone et al., [29].

The need for more realistic computational models of the phenomena in fuel cells allowed the
development of simulations fitted to the three-dimensional geometry of PEMFCs [30]. Dutta et al.,
[31] proposed a 3D numerical model using the finite volume method to solve the Navier Stokes
equations for the flow channel in fuel cells. The model was implemented in the commercial FLUENT
software modifying the available code through user-defined functions. Herlambang et al., [32]
conducted a numerical simulation of single PEMFC using COMSOL 5.1 under different conditions,
obtained voltage-current density and power current density, as indicators of cell efficiency, and
determined that the higher the humidity in the cathode layer, the limitation of mass transportation
decreased.

Likewise, three dimensional (3-D) PEMFC models implemented with the open source CFD tool
OpenFOAM were performed by authors like Valifio et al., [24] who studied the influence of the
relative entry positions of hydrogen and oxygen on the distribution of gases. Several 3D
configurations, under simplified working conditions, were considered. As their main result, they
showed that the flow of the stoichiometric default gas (usually hydrogen) forces the pattern of the
other reactive gas (oxygen). Imbrioscia and Fasoli [26] proposed different flow field designs of bipolar
plates to predict flow behavior when changing width, depth, and shape of the distributing channels,
they found that a greater volume impacted positively on flow. Kim et al., [28] performed VOF
simulations to study the effects of channel cross section (rectangular and trapezoidal) on water
removal in a straight gas channel. Kone et al., [29] developed an open-source toolbox for predicting
the distribution of physical quantities in a complete proton exchange membrane fuel cell using
OpenFOAM. They adapted the model of a solid oxide fuel cell (SOFC), presented by Beale [25], to a
PEM fuel cell. Although these papers highlighted the importance of CFD to modeling and simulation
of fuel cells, they did not address the potential of programming in the post-process phase to exploit
the data generated by the solver.

CFDs manage large amounts of data about velocity and pressure distribution due to the number
of elements generated during the geometry meshing process, thus, the simulation process requires
computational power [33]. In addition, the solution results need to be analyzed through post-
processing to present them appropriately to the end user [34-37].

At present, robust tools have been developed for data visualization, which display data in multiple
forms such as charts, tables, graphs, filters, and comparisons. The integration of visualization
software in CFDs has allowed an increase in their popularity due to the ease of generating graphs of
the simulation results [6]. Also, post-processing requires a significant amount of time to exploit the
data generated by the solution [7,38].
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The main objective of this work is to automate the analysis of simulation results of oxygen flow
in a fuel cell generated in OpenFOAM. Automation was achieved by creating python scripts for the
ParaView visualization tool.

2. Methodology

In general, CFDs establish three phases to solve fluid problems: a) Pre-processing, b) Solving, and
c) Post-processing [34]. All these stages were adopted as part of the methodology used in the
simulation process in this work, the procedure is described in the following section.

The focus of this research is the integration of programming techniques for the post-processing
phase to enhance data analysis in the ParaView visualization tool. The generated results by the solver
were accessed and processed using Python scripts, which managed the data to obtain images,
graphics, comparisons, statistics that help understanding the behavior of oxygen flow in three
different test cases of GDLs in fuel cells.

2.1 Pre-processing, Solving and Model Description

The analyzed data came from the simulation of oxygen transport through the cathode in fuel cells
with Titanium GDL. In these simulations, three proposals were developed for the gas diffusion layer
by modifying the contact geometry with the adjacent elements (serpentine, catalyst). One activity of
the pre-processing phase is the definition of a computational domain and discretize it through the
meshing process.

Figure 1 shows the geometric space used in fluid transport simulation through the oxygen
electrode. It is composed of three main elements: 1) the serpentine, 2) the gas diffusion layer
(composed of three Titanium meshes), and 3) the catalyst.

Flow channel
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Flow channel

Gas Diffusion
L

avor Catalyst

Oxygen

Electrode Inlet

V=005mis

Hydrogen
Electrode
Membrane

2 Catalyst

(a) Fuel cell model area (b) Computational domain
Fig. 1. Fuel cell components considered in the model

Superimposed Titanium meshes in different orientations were modeled to determine how the
flow of oxygen presented a better behavior. Three test cases were made for the GDL: case A, three
meshes placed at 0°-0°-0° positions (Figure 2a), case B, three meshes placed at 0°-45°-0° (Figure 2b),
and case C, three meshes placed at 0°-90°-0° (Figure 2c). Table 1 presents the conditions used to
develop the single-phase, isothermal, and steady state 3D model.
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(a)

(b)
Fig. 2. Three test cases of GDL. (a) case A: 0°-0°-0°, (b) case B: 0°-45°-0°, (c) case C: 0°-90°-0°
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Table 1
Conditions of the model context
Parameter Value Unit
Channel serpentine height 0.5 mm
Channel serpentine width 0.5 mm
Land area width 0.5 mm
GDL thickness 0.15 mm
Catalyst thickness 0.03 mm
GDL area 25 mm?
Input velocity 0.05 m/s
Output relative pressure 0 Pa
Temperature 298.15 °K
Kind of fluid Laminar

The computational domain (Figure 2b) was segmented into a set of control volumes by the finite
volume method to obtain a grid. In order to guarantee that the solution was independent from the
grid size, a sensitivity analysis was conducted using a refinement technique. The fuel cell grid models
were developed at different number of hexahedral and tetrahedral elements. Simulations for each
case (A, B, C) were performed with three different domain sizes, shown in Table 2. In all cases, the
same boundary conditions were established to calculate the velocity field. Numerical results (Table
2) showed that the maximum difference of case A for the solution of the velocity was less than 2%.
In the same way, case B presented the greatest change for the average grid with a value of 0.68%.
On the other hand, the smallest and medium grid belonging to case C, presented percentage
differences of 0.87% and 1.08% respectively. These results are evidence of grid independence, since
they presented differences of less than 3%, for which, they were considered acceptable [39].

Table 2
Results of the mesh sensitivity study
Mesh 1 Mesh 2 Mesh 3 I\{Iammum
difference
Number of cells 837,564 1,159,792 2355,694
Case A Velocit
(GDL 0°-0°-0°) y 0.048918281 0.048836161 0.049787091 1.91%
average
Number of cells 1,355,716 1,684,409 3,206,470
Case B Velocit
(GDL 0°-45°-0°) averagZ 0.045604228 0.045583106 0.04589628 0.68%
Number of cells 1,016954 1,655,296 2,545,741
Case C Velocit
(GDL 0°-90°-0°) averagZ 0.043921236 0.043824086 0.044304686 1.08%
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Once the pre-processing stage is carried out, it is necessary to run the solver for the solution of
the equations governing the model. Each one of the three proposed cases (Figure 2b) in this article
were solved using the simpleFoam solver integrated into the CFD OpenFOAM solution libraries. The
SIMPLE (Semi-implicit Method for Pressure Linked Equations) algorithm is used by simpleFoam, a
steady-state solver for incompressible or turbulent flow to solve the continuity equation Eq. (1) and
momentum equation Eq. (2):

Vu=0 (1)
V.(u ®u)—V.R = Vp+Su )
where,

u = Velocity

p = Kinematic pressure

R = Stresstensor

Su = Momentum source

2.2 Post-process

OpenFOAM stores the obtained results in text files during the solution phase (solving stage). The
post-processing tools present these simulation results through visualizations or summaries
supporting end-user decisions during the new product design. So, the use of third-part applications
as ParaView, EnSight and, Fieldview are required [40], which provide a graphical user interface to
process the dataset, generating graphs, animations, and statistics. However, if the analysis of
datasets requires multiple cases and large study zones, the post-processing can be a tiresome and
time-consuming activity. The use of an Application Programming Interface (API) integrated into the
visualization software improves post-processing. Languages such as C ++, Python, or Matlab can be
utilized to program scripts and automate repetitive tasks.

The comparative study of the three test cases required an analysis of the average volumetric flow,
velocity, kinematic pressure, and total pressure in multiple fuel cell regions throughout y-axis. Figure
3 shows the pseudocode to compute average values from surface slices, which are in-flow direction
of the oxygen in the cell. The module libraries "Paraview.simple" were imported in Python scripts for
the ParaView API to give functionality to the programming language and access the features of the
visualization tool.
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Import libraries
{ sliceNumber = 0
Define variables False
avgVelocity, avgPressure, TotalPressure, gliceNumber < lengthslices) open csv file to write slice
volumetricFlow, slices: type array; data open(myFile.csv, 'w)
oxigenRhe = 1.2899 type float
Apply slice filter sliceNumber = 0
origin = [coordX, siices{sliceNumber], coordZ]
slice( ReaderFile, origin, normal)
Read OpenFOAM case files
ReaderFile = open ( ‘case1’)
Calculate variable values
voumetricFlow[sliceNumber] = mag(U') False
avgVelocity[sliceNumber] = volumetricFlow
Set Reader properties: [SlceNumberjArea
MeshRegions = [RegionName] avgPressure[sliceNumber] = p/Area
CellAnays =[U'p] TotalPressure [sliceNumber] = avgPressure
\l/ [sliceNumber] * oxigenRho
J
Render case view write data in csv file
show(ReaderFile, view1) wiite(voumetricFlow[sliceNumber],
Y - - avgVelocity[siceNumber),
J, sliceNumber = sliceNumber + 1 avgPressurelsiceNumber],
TotalPressure [sliceNumber] )
Set coordY values of slices and nomal
slices = [y1.y2,y3y4....yn|
normal = [0, 1, 0]
vy
‘ sliceNumber = sliceNumber + 1 J

close csv file
close(myFile.csv')

Fig. 3. Flowchart to develop the post-processing analysis

The algorithm starts importing the Paraview.simple library, defines the array variables for average
velocity, average pressure, volumetric flow, total pressure, slice array, and oxygen density; then an
openFoam file reader is created to access the data provided by the solver. After this, the 'segments’
of the matrix are initialized with the values of the 'Y' coordinates to extract the slices from the cell
surface and calculate the average values of volumetric flow, velocity, kinematic pressure and storage.
of the total pressure in a "CSV" file for later use.

Figure 4 shows the graphical results of the script execution for case A. The transversal slices were
generated every 5x10° mm across the cell. The developed Python script can be executed N-times
and change the slice number parameter to analyze the interior of the fuel cell under different
conditions. The digital repository urfcRepo/scriptingPython (github.com) contains the Python scripts
and all experimental data for free access.
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Fig. 4. Visual analysis of slices generation using Python scripting

3. Results

Velocity (U) and pressure (p) average values variables stored in Comma Separated Values (CSV)
files were processed in Python using Pandas and Matplotlib libraries to access data structures and
plot the results graphics of the average velocity behavior through the diffusion layer and the catalyst,
as shown in Figure 5. Velocity decreases abruptly to position 0.5 mm due to the interface between
the serpentine and the first mesh of the GDL. From this point, velocity has a gradual decrease until
the second mesh edge at point 0.55 mm. So, in the cases B (0°-45°-0°) and C (0°-90°-0°), the velocity
increases due to the change of the geometry produced by the mesh rotation. The last change is
displayed at position 0.65 mm, where the GDL is in contact with the catalyzer.
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Fig. 5. In-flow Average velocity plot through fuel cell generated using Python script
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In the same way, post-processing was applied using Python scripts to obtain stagnant zones
where flow and pressure loss affect the fuel cell operation due to zero velocities. Figure 6 shows the
stagnant areas for each proposed GDL, where values of less than 0.0001 m/s contribute to the flow
stagnation. The gas diffusion layer of case B (0°-45°-0°) is the one that presented the lowest total
stagnation area 0.0302630 mm?3 in contrast to the case A (0°-0°-0°) with a total of 0.0520527 mm?3
and case C (0°-90°-0°), which presented 0.0498623 mm3. This may suggest that the distribution (0°-
45°-0°) will present the highest efficiency in electricity production by improving the reactive
phenomena inside the PEMFC.
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Fig. 6. GDL stagnant zones (marked with blue) found by means of Python script. A) GDL 0°-0°-0°.
B) GDL 0°-45°-0°. C) GDL 0°-90°-0°

The average velocity magnitude was calculated considering the velocities of cases A, B, C to
extract areas where the values are greater or equal than the mean and then compute the selected
volume. These provide a metric to compare the flow of oxygen during its route to the catalyst. Figure
7 (left side) shows that the diffusion layer areas comply the condition "magnitude (velocity)>=0.0061
m/s". Case B (0°-45°-0°) presented the largest coverage volume with a value of 0.7838283 mm?3 (see
Table 2).

Also, the above process was applied to the catalyzer zone to filter the cells with “magnitude
(velocity) >= 0.0028 m/s” condition. Figure 7 (right side) shows that case C presented the highest
volume of 0.159214 mm?3 representing 32.04% of the catalyzer total volume (Table 3).
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Fig. 7. Fuel Cell velocity zones greater than mean velocity. Left GDL, right Catalyst. (a) GDL 0°-0°-
0°. (b) GDL 0°-45°-0°. (c) GDL 0°-90°-0°

Table 3
Volume zone velocities greater than average velocity (mm3)
CASE GDL Catalyst GDL cells Catalyst cells
total volume total volume volume>=0.0061 volume >=0.0028
Case A. 2.31654 0.497 0.670008 0.123213
GDL 0°-0°-0°
Case B. 2.29974 0.497 0.7838283 0.152865
GDL 0°-45°-0°
Case C. 2.30904 0.497 0.749299 0.159214

GDL 0°-90°-0°

The script executions provided information to analyze the behavior of the fuel cell, concluding
that case B (0°- 45°- 0°) presented characteristics that improve performance due to lower velocity
loss from the input, which benefits the chemical processes of the reactants. The average velocity in
the gas diffusion layer for case B is 3.70% higher than the lowest velocity in case A.

The computing of the stagnant areas using Python scripts in the post-processing step provides
fundamental support in cell fuel research at the pore level by enabling the highlighting of conflict
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zones in cell operation. This research found that the GDL with lower volume was case B having 0.93%
percentual points of less space than case A with a major stagnant zone.

Table 4 shows the criteria values to determine which one of the three diffusion layers presents
operation advantages that impact fuel cell efficiency. Case B presents the best performance
conditions: the lowest percentage of stagnation zones (1.32%), the highest mean velocity in the GDL
(0.0034029 m/s), the percentage of zones volume greater than mean velocity in the GDL (34.08%)
and the average velocity in the catalyst (0.00634029 m/s). The only criterion for which it is the second
place is the percentage of zones with higher velocities in the catalyst (30.76%), being 1.28 percentage
points below case C (32.04%).

Likewise, cases B and C presented better performances than case A, so it can be concluded that,
concerning the velocity, the GDLs with rotation have better efficiency than those with meshes in only
one direction.

Table 4
Evaluation criteria of the proposed GDLs

% GDL stagnant % GDL volume % Catalyst volume GDL mean Catalyst mean
CASE volume greater zone greater zone velocity m/s velocity m/s

velocities velocities

Case A. 2.25% 28.92% 24.79% 0.006105 0.002855
GDL 0°-0°-0°
Case B. 1.32% 34.08% 30.76% 0.006340 0.002888
GDL 0°-45°-0°
Case C. 2.16% 32.45% 32.04% 0.006117 0.002744

GDL 0°-90°-0°

4. Conclusions

The oxygen transport simulation through the cathode using CFD OpenFoam tool allowed to
resolve fluid dynamic equations, generating a large amount of information that would have been
difficult to obtain experimentally. The research aimed to demonstrate how to use Python script to
facilitate the data's post-processing, helping to analyze and determine the best option from
simulations carried out in a research process.

Post-processing tools use graphical interfaces to analyze data; however, when the processing
requires more than one time, or multiple simulation cases, handwork becomes laborious, tiring, time-
consuming, and there are high chances of making mistakes. The time to carry out a manual process
can be reoriented to critical analysis of the visualization of results and calculated statistics through
Python script to help support decisions on better products.

The use of Python scripting in the data exploitation is a key factor in saving the required time for
the generation of results, graphics, and extraction of information from the simulations due to the
provided flexibility and potentiality to the visualization tools allowing the process automation to
obtain information on selected variables in the analysis of oxygen flow through GDL with different
geometries, thus reducing the time required for the plotting results, selection, slices, and
calculations.

In this work, the simulations are limited to the resolution of the velocity and pressure values,
since the main purpose was to highlight the use of programming techniques to obtain insight for the
future development of alternative optimization methods such as the non-dominated sorted genetic
algorithm-1l (NSGA-II) applied in the research work conducted by Xu et al., [41].

The activities developed in this work are part of a wide field of research on the application of the
fuel cells. Also, the possibilities to give continuity to the results obtained are highly feasible. In this
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way, the use of information technologies supports the development of new simulations with
different characteristics, as well as the implementation of programming knowledge in the post-
processing phase, which is very useful.
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