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Abstract: A low-performance fuel cell significantly hinders the application and commercialization
of fuel cell technology. Computational fluid dynamics modeling could predict and evaluate the
performance of a proton exchange membrane fuel cell (PEMFC) with less time consumption and
cost-effectiveness. PEMFC performance is influenced by the distribution of reactants, water, heat, and
current density. An uneven distribution of reactants leads to the localization of current density that
produces heat and water, which are the by-products of the reaction to be concentrated at the location.
The simplification of model geometry can affect performance prediction. Numerical investigations
are commonly validated with experimental results to validate the method’s accuracy. Poor prediction
of PEMFC results has not been discussed. Thus, this study aims to predict the effect of geometry
modeling on fuel cell performance. Two contrasting 3D model dimensions, particularly single-
channel and small-scale seven-channel models were employed. Both 3D models are correlated with a
multi-channel model to assess the effect of modeling dimension on the PEMFC performance. Similar
stoichiometry and channel dimensions were imposed on each model, where theoretically, the PEMFC
performance should be identical. The simulation findings showed that the single-channel model
produced a higher current density per cm?. From the contours of water and current density, the
single-channel model does not show flow distribution. Thus, this leads to a higher current density
generation than the small-scale model. The prediction of PEMFC performance is not thorough for the
single-channel model. Therefore, the prediction of PEMFC performance is adaptable in a small-scale
or comprehensive flow field.

Keywords: PEMFC; modelling geometry; channels; performance

1. Introduction

Global energy demand is increasing exponentially due to the growing population
around the world along with economic growth, particularly in emerging market economies.
The worldwide attention has been shifted to renewable energy applications to enhance
energy security and reduce environmental impact [1]. Among different types of fuel cells, a
proton exchange membrane fuel cell (PEMFC) is one of the promising renewable energy
applications [2]. The fuel cell is typically utilized in portable automotive applications
due to the advantage of quick-starting, low-temperature operation, high density, and
zero pollution [3]. Continuous improvement of PEMFEC efficiency to attain the desired
power output for automotive applications has been carried out in the past decade. The
fuel cell possesses minimal weight and cost. A low-performance PEMFC significantly
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hinders the application and commercialization of fuel cell technology. The computational
fluid dynamics modeling approach could predict and evaluate the performance of PEMFC
with minimal time and cost-effectiveness. Over the years, researchers have continuously
employed numerical methods to attain comparable predicted results with the experimental
values for PEMFCs [4-6]. Numerical studies on the effect of the PEMFC flow field and
manifold patterns on fluid transport [5,7-9], mass and ionic transport in the membrane
electrode assembly (MEA) [10-12], and PEMFC operating parameters [13,14] affecting
its performance have been widely reported to understand the phenomena in PEMFCs,
which are difficult to capture and expensive to build experimentally. From the literature,
two geometry modeling approaches have been applied in predicting the performance of
PEMEFCs. The simplest model is introduced by simplifying the model geometry, where a
straight or U-shaped single channel is modeled by neglecting the flow field pattern or the
overall active area of the PEMFC. This model reduces the computational time and load as a
single channel and eliminates the study of flow distribution. Thus, this model is commonly
adopted by researchers to investigate the fluid and ionic transport in channels and toward
the MEA layer [15,16]. Researchers also used this model to study the effect of channel
walls on cell performance. Zhang et al. and Perng et al. used this model to study the
effect of wedge-shaped fins and baffles in a channel on PEMFC performance [17,18]. The
second numerical approach for PEMFC is by adopting a complete model. This includes
the overall active area and complete flow field design for PEMFC performance modeling,
and the model is often seen in recent literature [19,20]. Xu et al. adopted a complete model,
including a full flow field on the anode and cathode, and also MEA layers for optimizing
the cathode flow field [21].

The accuracy of numerical modeling is often validated with experimental values.
This is usually carried out before a researcher proceeds with the numerical investigation.
Numerical model validation is reported in the early part of the results and discussion to
prove the reliability of numerical works. For PEMFC modeling, an I-V curve is often used
to show the average difference in percentage between numerical and experimental results.
The average difference is commonly known to be low or show a coinciding and similar
graph trend. Zhang et al. employed a complete model to study the effect of a rib-like flow
channel on PEMFC performance [22]. Validation was carried out by establishing a complete
geometrical model with dimensions according to the experiment. A 2.5% difference was
reported from the validation study. Another complete geometry model validation carried
out by Liao et al. showed a coinciding I-V curve of numerical and experimental results [23].
Sezgin et al. validated a numerical model using a single-channel model with a 25 cm?
active area experimental prototype and reported a similar I-V curve trend but with a higher
difference at lower cell voltages [24]. Liu et al. validated a U-shaped model with the
experimental result of a full 71 mm x 71 mm active area [25]. It was reported that the
numerical models at a current density higher than 1.2 A /cm? were not accurate enough,
where an average of 24% percentage difference was significant for this validation.

Literature has shown that the geometry modeling approach affects the validation
results. The average percentage differences are higher for the study adopting a single-
channel model and low percentage differences are shown in the literature applying a
complete geometry. To date, there is scarce literature discussing the effect of the PEMFC
geometry model on the distribution of reactants, temperature, water, and performance.
Thus, this paper aims to present the influence of different modeling geometries based
on two contrasting 3D models, particularly single-channel and small-scale seven-channel
models, by focusing on 0.6 V predicted PEMFC performance. Both 3D models are correlated
with a multi-channel model [26] from a previous study evaluating the effect of modeling
scale on fuel cell performance. Comparisons between the models are made in terms of
reactants, water, and current density distribution.
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2. Modeling and Simulation
2.1. Model Geometry

Figure 1 displays the 3D single-channel and small-scale seven-channel models devel-
oped for this study. The active areas for the single-channel and small-scale seven-channel
models are 7.17 cm? and 1.69 cm?. Both 3D models have similar channel dimensions to
the multi-channel model from a previous study which is 0.8 mm x 1 mm (depth x width).
All the models in this study used a parallel flow field pattern. The active area of the mult-
channel model is 393.45 cm? with multiple parallel channels. Table 1 shows the parameters
of the models. These models have different active area geometries, and this study aims to
consider the effect of different model geometries considering 3D PEMFC model geometry
on the predicted performance. The single-channel model represents the simplest simulation
model that only consists of a single inlet-outlet channel for the anode and cathode. It has a
long channel flow with no flow distribution in the model. The second 3D model developed
for this study is a small-scale seven-channel model. It has seven parallel channels for both
the anode and cathode. The anode flow field has a conventional parallel flow field with
a single inlet and outlet. On the cathode, it has a bend C-shaped parallel flow field with
two inlets and two outlets. The model has a small active area with flow distribution being
considered in the model. The multi-channel model has the largest active area with multiple
flow fields, as reported in the previous literature. The model has a similar configuration as
the small-scale seven-channel model. The difference between both models is the size of the
active area and the channel length.
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Figure 1. The 3D models: (a) single-channel model and (b) small-scale 7-channel model.
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Table 1. Model Parameters.

Parameters Value
Active area (cm?) 7.17/1.69/393.45

Channel/Rib width (mm) 1.0
Channel Depth (mm) 0.8
Gas diffusion layer thickness (mm) 0.5

Catalyst layer thickness (mm) 0.005
Membrane thickness (mm) 0.06
Operating temperature (K) 353
Operating pressure (atm) 1.0

Hydrogen & Oxygen Stoichiometry 2

The 3D model embodies nine layers and among which five layers are the MEA with
a center layer membrane. The layers are symmetrical on the anode and cathode of gas
diffusion and catalyst layers. On the solid section, bipolar plates and channels create
the anode and cathode compartments on the opposing sides of the bipolar plate. The
PEMEFC dimensions vary by no less than 5 decimal places. As a result, building a consistent
mesh for the entire model is difficult. This study independently meshes each PEMFC
component making it easier to capture the fluid flow and electrochemical reactions. The grid
independence test (GIT) from previous work [26] was carried out to obtain the optimum
grid requirement that generated approximately 3 million elements as reported In this
simulation study, the same edge sizing on all components was implemented. The single-
channel and small-scale models generated 616,620 and 628,407 elements, respectively, as
shown in Figure 2.

Figure 2. The Grid Elements of single channel model.

The boundary condition imposed on the model at the inlet was the mass flow rate.
The inlet mass flow rate for both 3D models was determined using the active area with
a stoichiometric value of 2. For the outlet, the outlet pressure boundary condition was
imposed. The channel wall boundary condition was set as a no-slip condition. The
operating pressure and temperature were set at 1 atm and 353 K, respectively.

Figure 3 shows the model validation by comparing the simulation results of the small-
scale seven-channel model with the experimental results from the literature [27] using
the same boundary conditions and model dimensions. The polarization curves showed a
similar trend to the reference paper, indicating a reliable modeling method.
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Figure 3. Polarization curve of current simulation and reference paper [27].

2.2. Numerical Method

The simulation was carried out to solve the governing equation using a commercial
CFD software ANSYS Fluent with the add-on PEMFC module. The governing equations to
solve the model in this study are presented in the equations below. The continuity equation
is given in Equation (1).

V(epu) = Sm )

where ¢ represents the porosity, p is the density and u is the fluid velocity vector. S, in
Equation (1) has a zero in all parts of the PEMFC model except the anode and cathode
catalyst layer. Equation (2) shows the momentum conservation equation where p is the
pressure, i is the viscosity, and S, is the momentum source term.

V.(eppu) = —eVp + (syeffVu> +Su ()
The energy source is represented by the changes of entalphy, S;, in Equation (3).
Sp = hreaction - Ra,c’?u,c + IzRohm + hphuse (3)

where, Nypction is the water heat formation, R, - denotes the exchange current density of
anode and cathode, I is the local current density, /.5 represents the enthalpy change, Ry
is the ohmic resistivity of the conducting media, and 7, . denotes the overpotential in the
anode or the cathode.

The transportation and formation of liquid water in cell is given in Equation (4).

rw = crmax ([(1 —s) (Peo=Pst [op) My m,0], [—sp1)) 4

where, 1, is the condensation rate, ¢, denotes the condensation rate constant, I denotes
liquid water and s is the saturation liquid water.

The electrochemical reaction which comprises the anodic and cathodic reactions is
governed by a Butler-Volmer equation as described in Equation (5) for the anode and
Equation (6) for the cathode.

Ry = (@a];ef) ([A}/[A]mf)% (eaaFW/RT — eiacFW/RT) @)

e () () ()

where, ¢ denotes the specific active surface area, « for the transfer coefficient, y is the
concentration dependence, F for the Faraday constant, and R represents the universal gas
constant.
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The species transport is governed by Equation (7).
V.(eouY;) = V.(pD,;effVYl) +5; @)

where Y; denotes the volume fraction species, i is the species mass fraction and D; .
represent the effective species diffusivity. S; denotes the source term of the chemical
species 1.

3. Results and Discussion

Three-dimensional single-channel and small-scale seven-channel models were utilized
to determine the effect of geometry on the prediction of PEMFC performance. The fuel cell
performance of the largest scale simulated in a previous study [26] using a multi-channel
model was utilized for comparison purposes. A polarization curve was employed to
determine the effect of different geometry modeling methods on PEMFC performance.
Both single-channel and small-scale seven-channel models were analyzed at different cell
voltages from 0.9 V to 0.4 V to predict the current density. Figure 4 shows the comparison
of the polarization curves for the models developed in this study (single-channel and
small-scale seven-channel models) and the multi-channel model from the previous study.
The single-channel model achieved the highest performance, followed by the small-scale
seven-channel model. The multi-channel model showed low performance. As reported
in the previous study, the multi-channel model had the largest active area with numerous
channels. The cell performance was greatly affected by the large area and a high number of
channels. At a cell capacity of 0.6 V, the current density generated by the single-channel
model was 0.9 A/cm?, followed by the small-scale seven-channel model (0.76 A/ cm?) and
the multi-channel model (0.71 A/cm?).

Activation Loss
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Figure 4. Polarization curves of single-channel, small-scale seven-channel, and multi-channel [26]
models.

Typically, the PEMFC polarization curve is divided into three parts: activation, ohmic,
and concentration losses [28]. During activation loss, the cell goes through an irreversible
voltage drop in the electrochemical reaction when oxidation and reduction occur. For the
single-channel model, the activation loss occurred from the open-circuit voltage (OCV)
to 0.8 V. A similar activation loss from OCV to 0.9 V was observed for the small-scale
seven-channel and multi-channel models because both models had a similar flow field
design in which reactant distribution occurred in the models. In terms of the single-channel
model, no flow distribution occurred in the simulation results. For this reason, the current
density generated by the single-channel model was greater than those by the seven-channel
and multi-channel models.
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Ohmic losses are the center phase of a polarization curve, as depicted in Figure 4.
The ohmic losses occur as a consequence of proton and electron transfer throughout the
electrochemical reaction on the solid material in a particular bipolar plate, diffusion layers,
and MEA. In this phase, the gradient of the graph represents the ohmic losses. The graph
gradient was parallel with the ohmic loss. All three models exhibited comparable ohmic
loss voltages in the range of 0.8 V-V. The multi-channel model revealed the highest ohmic
loss in comparison to other models.

The final phase of the polarization curve, as illustrated in Figure 4, portrays the density
loss of the material. All the models showed the occurrence of density loss after 0.6 V cell
capacity. At this phase, the cell experienced reactant starvation as a result of the high
current density generation. Consequently, all the models displayed a decrease in current
density generation during this phase.

The single-channel model showed greater performance as a consequence of model
simplification coupled with the absence of reactant distribution (Figure 4). The results
from the seven-channel and multi-channel models indicated that the flow was distributed
along the available channels. Figure 5a demonstrates the pressure drop between the gas
diffusion layer and the channel. The comparison of the pressure drop between the anode
(contour on the left) and the cathode (contour on the right) revealed that the cathode
exhibited a higher pressure drop. This might be due to the entire air component (reactant)
in the cathode compartment. In fact, the oxygen content in the air is only approximately
20%. Consequently, an elevated mass flow rate was dispensed to the cathode to enable
the electrochemical reaction. The reactant distribution contours of hydrogen in the anode
channel (contour on the left) and oxygen in the cathode channel (contour on the right) are
illustrated in Figure 5b. A declining trend in reactant concentration was observed from the
inlet to the outlet due to the occurrence of electrochemical reactions, where the reactants
were gradually consumed along the channels [29].

Figure 5c presents the water content contour for the single-channel model in the gas
diffusion layer of the anode (contour on the left) and the cathode (contour on the right).
The water substance was generated during oxygen reduction. As a result, the cathode
showed increasing water density on the gas diffusion layer along the flow channel. A high
density of water content was evident near the inlet of the cathode. The occurrence of this
phenomenon can be attributed to the higher electrochemical reaction rate near the inlet
containing a high reactant concentration. The anode water distribution contour in Figure 5c
indicates the presence of back diffusion in the single-channel model. Higher water content
was captured near the outlet of the anode, where water permeated from the cathode to the
anode due to the difference in water content [19].

Figure 6 shows the contour of current density generation with respect to the single-
channel model. The current density distribution decreased from the inlet to the outlet. A
similar trend was discovered in the water content distribution and reactant concentration.
This phenomenon occurred because the reactants were consumed during an electrochemical
reaction as water and heat were produced. A significant finding is that all three contours
are interrelated. A high concentration of reactants increased the electrochemical reaction,
thereby producing higher water content and current density. The single-channel model
showed an even distribution of reactants from the inlet to the outlet with no flooding and a
stable current density generation in the overall active area of the cell. This indicates the
ideal theoretically predicted results for PEMFC generation, which shows even reactant
supply and current density generation.
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Figure 5. Contour of the single-channel model in terms of: (a) pressure distribution (Pa); (b) reactant
distribution (kg/ m3s); and (c) water content (9).
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Figure 6. Current density (A/m?) distribution contour of single-channel model.

The polarization curve in Figure 2 shows that the small-scale seven-channel model
indicated lower cell performance due to the flow distribution phenomenon as compared
with the single-channel model. A comparison between the small-scale seven-channel and
the multi-channel model’s polarization curves revealed that the former has higher cell
performance. Its higher cell performance is correlated with the channel length and water
flooding in the cell. A shorter channel length indicates a higher pressure drop, which
affects water removal. The channel length could affect water and reactant distribution
but has a low effect on current density generation [10]. Moreover, the large number of
channels reduced the pressure drop and consequently reduced cell performance. Figure 7a
illustrates the contour pressure distribution of the anode and cathode for the small-scale
seven-channel model. A parallel flow field was used at the cathode, whereas a bend
parallel flow field with a side inlet was used for the anode. A comparison between the
different flow fields of the anode and cathode showed that the anode had a uniform
pressure distribution with a gradually decreasing pressure from the inlet to the outlet.
In contrast, the cathode had an uneven pressure distribution among the channels. The
highest pressure was observed on the channels near the inlet whereas the lowest pressure
occurred on the channel near the outlet. For the reactant distribution, a similar trend
of distribution is displayed in Figure 7b. The result from the anode indicated a uniform
distribution of reactants among the channels, whilst the cathode had an uneven distribution
of reactants. The gas diffusion layer near the middle of the cathode active area had a low
reactant concentration. This phenomenon can be related to the pressure distribution
in which almost no pressure change occurred along the middle channels. A uniform
pressure distribution in the flow channel could improve the diffusion of reactants into
the gas diffusion and catalyst layers for the electrochemical reaction [30]. The hydrogen
concentration on the anode gas diffusion layer decreased gradually from the inlet to
the outlet. This finding proved the occurrence of an electrochemical reaction in the fuel
cell. The lowest hydrogen concentration was found near the outlet on the left side of
the anode. This phenomenon emerged owing to the highest oxygen concentration that
existed on the cathode gas diffusion layer. Hydrogen consumption in the area was high
and reached a starvation level due to insufficient hydrogen (limiting reactant) for the
electrochemical reaction. On the right side of the anode, this phenomenon did not occur
due to the lower oxygen concentration on the cathode gas diffusion layer. Meanwhile, on
the right side of the cathode, the channel far from the inlet showed a reduction in oxygen
concentration, resulting in a lower electrochemical reaction and, consequently, a lower
hydrogen consumption.
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Water distribution along the anode and cathode gas diffusion layers for the small-scale
seven-channel model is shown in Figure 7c. As mentioned earlier, the left area of the cell
had a high concentration of oxygen and hydrogen. Thus, higher electrochemical activity
was expected to occur in that area, and the waste product of the reaction was a water
compound. The anode gas diffusion layer showed a high water concentration near the
outlet, especially on the left side, due to the occurrence of high electrochemical activity.
Water accumulated on the rib area of the cathode gas diffusion layer. This result occurred
due to the low-pressure drop and distribution along the channel, as well as the reduction
of the purging of water from the gas diffusion layer. The contour shows the presence of
liquid water in the gas diffusion layer. The theory states that a water concentration contour
with a value higher than 1 indicates the presence of liquid water. In contrast, if the water
concentration value is less than 1, then the water in the gas diffusion layer remains as water
vapor. Figure 7c reveals that the water content with a value higher than 1 was present in
the rib area, near the outlet on the anode, and the cathode gas diffusion layer. The high
liquid water content in the gas diffusion layer would reduce the diffusion of reactants for
electrochemical reactions in the catalyst layer [31].
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Figure 7. Contour of small-scale 7-channel model: (a) pressure distribution (Pa); (b) reactant distribu-
tion (kg/ m?3s); and (c) water content distribution (6).

Figure 8 displays the current density distribution on the membrane layer. The highest
current density occurred along the channel area. Under the rib area, a lower current density
generation occurred due to the lower diffusion of reactants, as the gas diffusion layer was
occupied by liquid water. An uneven distribution of current density generation occurred
due to the uneven pressure and reactant distribution. Consequently, the current density
generation of the cell was lower than in the single-channel model.
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Figure 8. Current density (A/m?) distribution contour of small-scale 7-channel Model.

The geometry model has proven to affect the PEMFC performance, as seen in Figures 6
and 8. An identical inlet stoichiometry and channel dimensions were adopted for both
small-scale and single-channel models. From Figure 4, it can be seen that the current density
generated per cm? of the active area for both models is different. As mentioned earlier,
the single-channel model generated a higher current density per cm? than the small-scale
model. Thus, the numerical model used to predict the performance of the PEMFC adapts
well to the small scale or a complete flow field as compared to a simple single-channel
model. This shows that a better understanding of reactants, temperature, water, and current
density distribution can be obtained.
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4. Conclusions

Three-dimensional single-channel and small-scale seven-channel models were devel-
oped and compared with that of a multi-channel model from a previous study to determine
the effect of modeling scale on fuel cell performance. The simulation work was conducted
on both 3D models. The comparison of the operating parameters (i.e., current density
generation, pressure distribution, reactant distribution, and water content distribution)
showed that the single-channel model had even pressure, reactant, and water content dis-
tribution from the inlet to the outlet compared with small-scale and multi-channel models.
Further comparison of the performance and current density distribution showed that the
multi-channel model had the lowest performance, and the distribution of current density
was even throughout the active area (as reported previously) compared to the small-scale
seven-channel model. This occurrence was due to the different channel lengths used. The
pressure distribution in channels showed that for the small-scale seven-channel model, the
cathode had a more severe reactant distribution, and flooding occurred under the rib on
the gas diffusion layer. The major difference between the single-channel and small-scale
seven-channel models is the flow distribution. The single-channel model does not include
the flow distribution. In contrast, the small-scale seven-channel model includes the effect of
flow distribution effecting the model. Both small-scale and single-channel models have the
same inlet stoichiometry and channel dimensions. As indicated previously, compared to
the small-scale model, the single-channel model produced a higher current density per cm?.
In contrast to using a straightforward single-channel model, the numerical model used to
estimate the performance of the PEMFC is thus found to be well adaptable to the small
scale or a comprehensive flow field. Thus, a single-channel model is not encouraged for
fuel cell performance prediction, because no fluid dynamic distribution occurs in the model.
The major effect of fuel cell performance in the cell was the distribution of reactants and
pressure, which directly affected the water and current density distribution. In conclusion,
it is recommended to establish a complete flow field model for numerical prediction results
of PEMFC investigation. This is beneficial to improve the performance prediction by consid-
ering the significant effect of fluid distribution in cells. To further expand the geometrical
effect of numerical investigation of PEMFCs, studies on multiple cells forming a stack of
PEMEFC using a small-scale channel model with an expansion of dual and quad cells can
be carried out in the future. Moreover, experimental work is expected to be carried out in
future works to prove that the reduction in data error of a numerical model is identical to
the experimental work.
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