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Abstract

This study numerically investigates the effect of different inlet gas flow directions on the thermal and electrochemical
behavior of two adjacent polymer electrolyte membrane fuel cells (PEMFCs). The governing equations are solved under
steady-state, three-dimensional conditions using the finite volume method in ANSYS Fluent. The results reveal a distinct
trade-off between thermal uniformity and electrochemical performance, where an improvement in one aspect is
accompanied by a decline in the other. A comparative analysis of five inlet flow configurations shows that the most
uniform temperature distribution, corresponding to the lowest thermal gradient, occurs when the flow directions in both
cells and rows are aligned (Case 1). In this case, the maximum difference in temperature gradient relative to other
configurations is 4.4 K/cm. Conversely, the highest current density is achieved when the flow directions in both cells and
rows are opposite (Case 5), with a maximum difference of 0.29 A/cm? (30.21%) at an operating voltage of 0.75 V. These
findings provide valuable guidance for designing flow configurations that balance thermal management and
electrochemical performance in PEMFCs.
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1. Introduction

The rapid growth of population and industrial activities
has led to a substantial increase in global energy
demand, which is still largely dependent on fossil fuels.
However, the non-renewable nature of these resources,
together with their limited efficiency and considerable
greenhouse gas emissions, highlights the urgent need
for cleaner and more efficient energy conversion
technologies [1,2].

Fuel cells, as electrochemical devices that directly
convert chemical energy into electricity, offer several
advantages including high efficiency, low emissions,
silent operation, and long-term durability [3,4]. Among
them, proton exchange membrane fuel cells (PEMFCs)
have gained significant attention due to their high
power density, low operating temperature, and rapid
start-up capability, making them a promising candidate
for sustainable energy systems [5-7].

Nevertheless, the operation of PEMFCs at high
current densities is often associated with non-uniform
temperature distributions and steep temperature
gradients, which can negatively impact their
performance and reduce lifespan. Therefore, achieving
a balance between current density and temperature
uniformity is crucial to ensure stable and reliable

operation [8].

In this context, direction of inlet flows play a critical
role, as they influence reactant distribution and
temperature homogeneity. Appropriate flow direction
can mitigate localized heating, thereby improving both
durability and performance [9].

In recent years, several experimental and numerical
studies have been dedicated to enhancing PEMFC
performance through modifications to flow-field
geometry and flow management. Bilgili et al. [10]
demonstrated that incorporating obstacles into flow
channels improves gas concentration distribution and
reactant transport to active regions, leading to higher
current density. Rezazadeh et al. [11] investigated the
influence of gas channel geometry on PEMFC
performance through both numerical simulations and
experimental tests. They observed that sinusoidal walls
increase the reactant pathway, which in turn enhances
diffusion to the catalyst layers and ultimately improves
overall cell performance. Pashaki and Mahmoudimehr
[12] numerically compared curved and straight PEMFC
configurations and found that bending with a 20° angle
resulted in an 8.33% improvement in performance. Fu
et al. [13] showed that parallel sinusoidal wavy
channels enhance mass transfer relative to straight
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channels, yielding a 6.16% increase in net power
density. Yang et al. [14] reported that a chain-shape
flow field configuration facilitates superior oxygen
transport and current density distribution compared to a
parallel design, resulting in an 18.9% increase in power
density.

Based on the literature review, previous studies
have primarily focused on the electrochemical
performance of PEMFCs, while their thermal behavior
has received comparatively little attention. However,
increasing the current density can cause excessive
temperature gradients within the cell structure.
Furthermore, to the best of the authors’ knowledge, the
impact of opposite inlet flow directions in adjacent cells
has not yet been explored. To address this research gap,
the present study conducts a three-dimensional
numerical simulation of two PEMFCs to investigate the
influence of inlet flow direction on both thermal and
electrochemical performance. The analysis seeks to
identify the optimal flow configuration with respect to
current density distribution and temperature gradients.

2. Problem definition

Figure 1(a) presents a three-dimensional schematic of
two adjacent PEMFCs. Each cell is composed of a
membrane, an anode electrode, a cathode electrode, and
corresponding anode and cathode flow channels. The
electrodes consist of a gas diffusion layer and a catalyst
layer [15]. In this configuration, the anode channels are
arranged in the upper row, while the cathode channels
are located in the lower row.

Based on the direction of the reactant gas entering
the flow channels, five distinct flow configurations can
be defined. Figure 1(b) illustrates a three-dimensional
representation of these five possible inlet flow
orientations for the adjacent cells.

Anode current collector,

Anode gas diffusion layer
Anode catalyst layer
Membrane 1

Cathode catalyst layer j

{Cathode gas diffusion layer

Cathode current collector
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Figure 1. (a) Schematic of PEMFC components and
(b) different inlet flow configurations for two
adjacent cells

3. Simulation

In this section, the governing equations, and solution
methodology are examined. The mass conservation
equation is presented in Equation (1), where % denotes
the velocity vector and p represents the mixture
density, calculated using Equation (2). Furthermore,

SH,0, S0, Sh,0 are the source terms corresponding to
hydrogen consumption, oxygen consumption, and
water production, respectively, which are determined
from Equations (3) to (5) [16, 17].
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The momentum equation is expressed in Equation
(6), where S, is momentum source term [12]:
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Equation (8) represents the species transport
equation. In this equation, D; denotes the diffusivity of

species, and fof is the effective diffusivity, which is
obtained from Equation (9) [12,18]:
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Equation (10) represents the energy conservation
equation, where Sj, is energy source term [12]:

V- (pCyuT) = =V - (kVT) + S, (10)
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The potential equations are presented in equations
(12) and (13) [19].

V. (Gsol V(psol) + S0 =0 (12)
V. (O'mem V(pmem) + Smem =0 (13)

The fuel and oxidant enter the flow channels at
constant mass flow rates and temperatures, while a
pressure boundary condition is specified at the channel
outlets. A constant temperature condition is applied to
the external walls. Furthermore, the electric potential is
set to zero at the anode side and to the fuel cell voltage
at the cathode side.

The model was implemented using the finite
volume method through the fuel cell module in ANSYS
Fluent. Furthermore, the discretization of the governing
equations was carried out using the second-order
upwind scheme, and the SIMPLE algorithm was
employed to couple velocity and pressure.
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4. Results and Discussion

The current density—voltage curve (polarization curve)
for different flow configurations is presented in Figure
2. As observed, in all cases the current density initially
decreases sharply with a reduction in voltage, then the
rate of decrease slows down, and subsequently
increases again. Figure 2 further illustrates that the
current densities in Cases 4 and 5 (corresponding to
counter-flow configurations) are higher than those of
the other cases. In the counter-flow arrangement, the
outlet of one cell aligns with the inlet of the adjacent
cell, creating a stronger concentration gradient between
the two neighboring cells. This enhanced gradient
facilitates the diffusion of reactant species into the
active regions, thereby intensifying the electrochemical
reactions and resulting in higher current density.
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Figure 2. Current density—voltage curves at an air
stoichiometric ratio of 1.1

Figure 3 illustrates the current density—voltage
curve at an air stoichiometric ratio of 2.2. Figure 3
shows that increasing the air stoichiometric ratio
reduces the voltage drop at high current densities, as a
greater amount of oxygen becomes available at the
cathode electrode.
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Figure 3. Current density—voltage curves at an air
stoichiometric ratio of 2.2

Figure 4 compares the maximum temperature
gradients for different cases in three directions: width
(X), height (), and length (Z). The results indicate that,
in all cases, the temperature gradient is largest in the
vertical direction and smallest in the longitudinal
direction. This difference is attributed to the physical
geometry of the fuel cell. Since the height of the fuel cell
is relatively small, even minor temperature variations in
this direction lead to a comparatively large gradient. In
contrast, the cell length is considerable, and the gas flow
moves along this direction, continuously transporting
heat. Therefore, although the overall temperature
difference along the channel may be significant, the
temperature gradient in the longitudinal direction
remains smaller compared to the other directions due to
the extended path length.

Furthermore, cases 1 and 2, in which both cells
operate under co-flow configuration, exhibit lower
temperature gradients. In contrast, the counter-flow
configurations (cases 4 and 5) experience larger
temperature gradients. Based on the results, the
minimum maximum temperature gradient is 3.84 K/cm,
observed in case 1, while the maximum value of 7.88
K/cm occurs in case 4.
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Figure 4. Comparison of maximum temperature
gradients along the three directions

5. Conclusion

The present study has numerically investigated the
effect of different inlet gas flow directions on the
thermal and electrochemical performance of two
adjacent PEMFC cells. The governing equations have
been solved under steady-state, three-dimensional
conditions using the finite volume method in ANSYS
Fluent. The main findings of this study can be
summarized as follows:

e Counter-flow configurations within PEMFC
enhance electrochemical performance, as
observed in Cases 4 and 5. In contrast, Cases
1 and 2, where both cells operate in co-flow
mode, exhibit similar performance and the
lowest output current densities.

e  The convergence of output current densities at



Zibaei, Mahmoudimehr, Hami

low voltages is attributed to limited reactant
availability at the cathode. increasing the
cathode mass flow rate improves reactant
transport to the catalyst layer, thereby
increasing the output current density.

e Temperature gradient along the vertical
direction is the highest, whereas the
temperature gradient along the longitudinal
direction is the lowest.

e Cases 1 and 2, in which both cells follow co-
flow pattern, experience smaller temperature
gradients. Conversely, cases with counter-
flow in both cells (Cases 4 and 5) exhibit
larger thermal gradients.
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