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Reasonable flow channel designs play a significant role in improving the performance of
proton exchange membrane fuel cells (PEMFC). The effect of the zigzag flow channels with
three different numbers of turns on the performance of PEMFC was investigated in this
paper. The polarization curves, molar concentration of oxygen and water, and power
density were analyzed, and the numerical results showed that the overall performance of
the zigzag flow channels was significantly better than that of the conventional parallel flow
channel. With the increase of the number of turns from 3 to 9, the performance of PEMFC
was gradually improved, the diffusion capacity of oxygen to the interface of the
electrochemical reaction was also promoted, and the low oxygen concentration
regions were gradually reduced. When the number of turns was 9, the current density
of PEMFC was 8.85% higher than that of the conventional parallel channel at the operating
voltage of 0.4 V, and the oxygen non-uniformity at the between gas diffusion layer (GDL)
and catalyst layer (CL) interface was the minimum with a value of 0.51. In addition, the
molar concentration of water in the channel also decreased. Due to the relatively large
resistance of the zigzag flow channels, the maximum pressure drop of the zigzag flow
channel was 263.5 Pa, which was also conducive to the improvement of the drainage
effect of the conventional parallel flow channel. With the increase of the number of turns in
the zigzag channel, the pressure drop and parasitic power density gradually increased.
The 9-zigzag flow channel obtained the maximum pressure drop and net power density,
which were 263.5 Pa and 2995.6W/m2, respectively.

Keywords: proton exchange membrane fuel cell, zigzag flow channel, numerical modeling, performance
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1 INTRODUCTION

Since the 1960s, proton exchange membrane fuel cell (PEMFC) has developed rapidly owing to their
advantages of high energy efficiency and zero pollution (Stempien and Chan, 2017). Now it has been
applied to automotive applications, distributed generation systems, and ships (Andújar et al., 2011;
Rivarolo et al., 2020; Gómez et al., 2021; Pahon et al., 2021), and the installed power of PEMFC has
also increased significantly (Rivarolo et al., 2020; (DOE) Department of Energy, 2016). Therefore, it
is considered to be the most promising energy conversion device in the 21st century. However, it is
still a top priority to produce fuel cells with high performance, high reliability, and long-term
durability at a low cost in research and development (Wang, 2015;Wang, 2017). To achieve this goal,
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different investigations have been conducted on various aspects
of PEMFC. For example, researchers are committed to improving
the original catalysts (Samaneh and Jean, 2015; Emine et al.,
2020), developing new exchange membranes (Sadhasivam and
Oh, 2021; Qian et al., 2022), and proposing different flow channel
designs (Seyed Ali and Ebrahim, 2019; Zhang et al., 2022).
Among these, proposing novel flow channel designs is the
most important and economical method to improve the
performance of PEMFC, mainly including adding different
baffles in the flow channel and modifying the conventional
flow channels.

Many researchers have studied the effect of different baffles on
the performance of PEMFC. Wang et al. (2020) designed the flow
channel with staggered trapezoid baffle plates and found that the
staggered trapezoidal baffles could form a stable pressure drop
between adjacent channels, improve the drainage effect, and the
net power was increased by 6.39% compared with the
conventional parallel flow channel. Chen et al. (2021) found
that the PEMFC with an M-like flow channel obtained a better
mass transfer performance compared with the conventional
parallel flow channel, and the current density was 16% higher
than that of the parallel flow channel at 0.4 V. Arasy et al. (2021)
studied the effect of biometric flow channel with beam-shaped
baffles on the performance of PEMFC. The results indicated that
adding baffles increased the current density and power density by
18.29%. The pressure drop with baffles was 39.07% higher than
that without baffles, and the required pump power was only
0.007% of the total power. Shiang-Wuu et al. (2019) investigated
the different numbers of rectangular baffles installing the bottom
of the flow channel, and the results showed that the net power of
the PEMFC with 5 baffles was 8% higher than that without baffles

and the total impedance was also lower than that of without
baffles.

In addition, modifying the flow channel also have been
conducted to improve the performance of PEMFC. Huang
et al. (2022) proposed and researched a new tapered-slope
serpentine flow channel and observed that compared with the
conventional serpentine flow channel, the pressure drop of the
tapered-slope serpentine flow channel decreased by 58.4%, the

FIGURE 1 | (A) Three-dimensional physical model of PEMFC; (B) Four different flow channel designs.

TABLE 1 | Physical parameters and operating conditions.

Parameters Value Unit

Channel width 0.8 mm
Channel height 1 mm
Rib width 0.8 mm
Gas diffusion layer thickness 0.3 mm
Gas diffusion layer length 32 mm
Gas diffusion layer width 32 mm
Catalyst layer thickness 0.03 mm
Membrane thickness 0.2 mm
Gas diffusion layer porosity 0.4 —

Gas diffusion layer permeability 1.18 × 10–11 m2

Gas diffusion layer conductivity 222 S/m
Catalyst layer permeability 2.36 × 10–12 m2

Catalyst layer conductivity 1000 S/m
Membrane permeability 1.8e−11 m2

Membrane conductivity 9.825 S/m
Anode inlet stoichiometry 2 —

Cathode inlet stoichiometry 1.2 —

Anode viscosity 1.19e−05 Pa·s
Cathode viscosity 2.46e−05 Pa·s
Operating temperature 353.15 K
Cell voltage 0.9 V

Frontiers in Thermal Engineering | www.frontiersin.org May 2022 | Volume 2 | Article 9078732

Zhang et al. Performance of PEMFC With Zigzag Channels

https://www.frontiersin.org/journals/thermal-engineering
www.frontiersin.org
https://www.frontiersin.org/journals/thermal-engineering#articles


maximum power density increased by 3.75%, and the drainage
treatment time was also shortened by 62.3%. Seyhan et al. (2017)
studied three wavy serpentine flow channels with amplitudes of
0.25, 0.5, and 0.75 mm and illustrated that the wavy flow channel
with an amplitude of 0.25 mm had the best performance under
the conditions of 0.7 SLPM H2 and 1.5 SLPM air, and the
maximum output power was 20.15% higher than that of the
conventional serpentine flow channel. Chowdhury and Akansu
(2017) developed a novel design of convergent and divergent flow
channels and showed that the performance of convergent and
divergent flow channels outperformed the conventional
serpentine flow channel, which was 19%–27% higher than the
two conventional serpentine flow channels. Selvaraj and
Rajagopal Thundil Karuppa (2019) compared the parallel, 2-
serpentine, 3-serpentine, serpentine zigzag, and straight zigzag
flow channels and found that the power density of the straight
zigzag flow was 55.4% and 11.74% higher than that of the parallel
and serpentine zigzag flow channels. Liao et al. (2021a) and Liao
et al. (2021b) analyzed zigzag parallel and conventional parallel
flow channels and revealed that the zigzag flow channel could
enhance mass transport along the flow direction in-between the
underneath-land and underneath-channel. However, the heat

generated by PEMFC with zigzag flow channels during the
cold start process was slightly less, which is not conducive to
cold start.

According to the above investigations, it can be seen that the
optimization of the flow channel plays a significant role in
improving the performance of PEMFC. However, the design
of the zigzag flow channel needs to be further explored and
investigated. In this paper, the physical and numerical models of
the zigzag flow channel are first established and the governing
equations are also stated. After that, the model validation and grid
independence are analyzed for the accuracy of subsequent
simulations. Further, the effects of the different number of
turns on the performance are systematically investigated from
the polarization curves, the molar concentration of oxygen and
water, and output power density. This study further enriches the
idea of flow channel optimization in PEMFCs.

2 NUMERICAL MODEL

2.1 Physical Model
A three-dimensional physical model of PEMFC is established as
shown in Figure 1A. The three different zigzag flow channels are
proposed, and the conventional parallel flow channel is used as
the reference flow channel, and each kind of flow channel has 20
branches, as shown in Figure 1B. In the figures, the area of the red
frame represents one turn, and each turn can change the direction
of reactant gas flow. Therefore, the number of turns of 3-zigzag, 6-
zigzag, and 9-zigzag are 3, 6, and 9, respectively. The detailed
physical configuration parameters and operating conditions are
summarized in Table 1.

2.2 Mathematical Model
To simplify the simulation processes, some assumptions are used
(Kahraman and Orhan, 2017; Yin et al., 2018):

(1) PEMFC operates under steady-state and constant
temperature conditions.

(2) The mixed gas is considered an incompressible ideal gas, and
the gas flow is laminar in the channel.

FIGURE 2 | (A) Model validation; (B) grid independence test.

FIGURE 3 | Polarization curves of four flow channels.
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(3) The GDL and CL are regarded as isotropic homogeneous
porous materials.

(4) The contact resistance and the gravity effect are ignored.
(5) The products are assumed to be gas phase.

Based on the above-mentioned assumptions, the governing
equations of continuity, momentum, components, and charge are
stated as (Huang et al., 2021):

Continuity equation:

∇ · (ρu) � 0 (1)
where ρ is the density of mixture and u is the velocity vector.

Momentum equation:

∇ · (ερuu) � −ε∇P + ∇ · (εμ∇u) + Su (2)
where ε is the porosity, p is the pressure, μ is the average viscosity
of mixture, and Su is the source term.

Component equation:

∇ · (ερcku) � ∇ · (ρDk eff∇ck) + Sk (3)
where ck is the concentration of k, Sk is the component source, and
Dk_eff is the effective diffusion coefficient. It can be calculated by
Bruggeman’s formula (Wu, 2016) as follows:

Dk eff � ε1.5Dk (4)

FIGURE 4 | Molar concentration distribution of oxygen for different flow channels. (A) Parallel; (B) 3-zigzag; (C) 6-zigzag; (D) 9-zigzag.

TABLE 2 | Oxygen non-uniformity of different flow channels.

Flow channel Non-uniformity E

Parallel 0.64
3-zigzag 0.62
6-zigzag 0.58
9-zigzag 0.51
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Dk � Dk ref(T

T0
)1.5(P0

P
) (5)

Where Dk is the binary diffusivity, Dk_eff is the reference binary
diffusivity, T is the operating temperature, T0 is the reference
temperature.

Conservation of charge:

∇ · (σs eff∇φs) � −Ss (6)
∇ · (σm eff∇φm) � −Sm (7)

where σeff is the conductivity, the subscripts “s” and “m” are the
solid phase and ionic phase, φ is the potential, S is the source term
of the volume transfer current.

CL in anode: Ss � −ja Sm � ja
CL in cathode: Ss � jc Sm � −jc
In other regions, S = 0, where the subscripts “a” and “c” are the

anode and cathode. j is the exchange current density, which can

be obtained from the Butler-Volmer equation (Ozdemira and
Taymaz, 2021):

ja � airef0,a ( CH2

CH2,ref

)0.5[exp( αa

RT
Fηa) − exp( − αc

RT
Fηa)] (8)

jc � airef0,c ( CO2

CO2,ref

)0.5[exp( − αc
RT

Fηc) − exp( αa

RT
Fηc)] (9)

where a is the electrocatalytic surface area, i0 is the exchange
current density, α is the transfer coefficient, F is Faraday’s
constant, R is the universal gas constant, and η is the
activation overvoltage.

2.3 Boundary Condition
The working temperature and pressure of PEMFC were 453.15 K
and 101 325 Pa, respectively. The walls adopted no-slip and
adiabatic boundary conditions. The voltage of the anode
current collector was set to 0 V and the voltage of the cathode

FIGURE 5 | Molar concentration distribution of water for different flow channels. (A) Parallel; (B) 3-zigzag; (C) 6-zigzag; (D) 9-zigzag.
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current collector was set to the operating voltages, During the
simulation process, the value of the operating voltage decreased
from 0.9 to 0.4 V in 0.05 V steps. The cathode and anode inlets
adopted velocity inlets, which could be calculated from Ref. (Zeng
et al., 2017).

2.4 Program Validation
COMSOL Multiphysics commercial software was adopted to
simulate the effect of different flow channel designs on the
performance of PEMFC. In order to verify the accuracy of the
numerical model in this paper, a comparison was carried out with
the results in Ref. (Berna et al., 2016). in this paper. The geometric
parameters of the PEMFC model were consistent with the
reference. The operating temperature and pressure were 433 K
and 120 × 103 Pa. As shown in Figure 2A, the results revealed that
the numerical results were in good agreement with the
experimental data, so the numerical results were considered
reliable.

In addition, the quality of the grid also had a significant
influence on the numerical results, so the grid independence
analysis was carried out. The grid sizes of 742 568, 1 073 461,
2 423 520, 3 855 264, and 5 128 421 were compared, and the
current density at 0.4 V was used as the monitoring object. As
shown in Figure 2B, the relative deviation of the current density
between 3 855 264 and 5 128 421 grids was within 0.12%.
Therefore, the grid size of 3 855 264 was selected for
subsequent simulation.

3 RESULTS AND DISCUSSION

3.1 Polarization Curves
The effect of the zigzag flow channels on the performance was
investigated in this section. As shown in Figure 3. The results
revealed that there was almost no significant difference in
current density for four flow channels at high voltages. This
is because the activation polarization was the dominant factor at

high voltages, which was mainly related to the characteristics of
the membrane, and the parameters of the membrane defaulted
to constants in the simulation process. As the operating voltage
decreased, the current density difference among four different
flow channels gradually increased. The reason is that at low
operating voltages, the concentration polarization of the
PEMFC was serious, and the concentration of the reactant
gas had a greater influence on the performance of PEMFC.
In general, the output performance of PEMFC with the zigzag
flow channels was higher than that of the conventional parallel
flow channel. At the operating voltage of 0.4 V, the current
density of parallel, 3-zigzag, 6-zigzag, and 9-zigzag flow
channels were 6885.7, 6959.7, 7165, and 7495.2 A/m2,
respectively. Compared with the parallel flow channel, the
current density increased by 1.07%, 4.06%, and 8.85%,
indicating that a more number of turns can promote the
performance of PEMFC.

3.2 Molar Concentration Distribution of
Oxygen and Water
The molar concentration distribution of oxygen for different flow
channels is presented in Figure 4. It can be seen that with the
progress of the electrochemical reaction, the molar concentration
of oxygen gradually decreased along the flow direction. In
addition, the oxygen concentration in the middle channel was
significantly higher than that on both sides of the flow channels,
especially there were low oxygen regions at the top corner of the
flow channel. It can be seen from Figures 4B–D that with the
increase in the number of turns, the low oxygen concentration
regions gradually decreased, which showed that the zigzag flow
channels could promote the diffusion of oxygen to the interface of
electrochemical reaction.

The electrochemical reaction of PEMFCmainly takes place on the
surface of CL, and the concentration distribution of oxygen on the CL
directly affects the performance and stability of PEMFC. Therefore,
the non-uniformity E (Liu et al., 2018) was proposed to evaluate the
molar concentration distribution of oxygen on the interface between
the GDL and CL at the cathode, which was defined as follows:

E �

����������∫(x − �x)2dS
�x2∫dS

√√
(10)

where x is the local concentration (mol/m3) and �x is the weighted
surface average concentration (mol/m3).

Table 2 shows the oxygen non-uniformity of different flow
channels. It revealed that the non-uniformity of parallel flow

FIGURE 6 | Molar concentration distribution of oxygen and water at
GDL/CL along the channel length.

TABLE 3 | Power density analysis of different flow channels.

Parallel 3-zigzag 6-zigzag 9-zigzag

Pressure drop (Pa) 243.1 243.9 248.9 263.5
Output power density (W/m2) 2754.3 2783.9 2866 2998.1
Parasitic power (W/m2) 2.2 2.3 2.4 2.5
Net power density (W/m2) 2752.1 2781.6 2863.6 2995.6
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channels was the largest, with a value of 0.64. The oxygen non-
uniformity of all zigzag flow channels was generally lower than
that of the parallel flow channel, and the non-uniformity of 9-
zigzag was 25.5% lower than that of parallel flow channels. For the
zigzag flow channels, more number of turns results in a lower
value of non-uniformity, which was beneficial to promote the
output performance of PEMFC.

Figure 5 shows the molar concentration distribution of water
in different flow channels. The results demonstrated that the
molar concentration of water increased with the progress of the
reaction, presenting the low molar concentration of water in the
middle flow channel, and the high molar concentration on both
sides. In addition, there were high water concentration regions in
the corners on both sides of the top. The molar concentration of
the zigzag flow channels was slightly lower than that of the
parallel flow channel as a whole. It can be seen from Figure 6
that the molar concentration distribution of oxygen and water for
four different flow channels was wave-like at the GDL/CL surface.
The concentration distribution of water was a low concentration
in the middle flow channel and a high concentration on both
sides, while the concentration distribution of oxygen was the
opposite. This corresponds to the contours in Figures 4, 5. It can
be also seen that the molar concentration of oxygen was low in
regions with a high molar concentration of water. This is because
the increase in water concentration would increase the diffusion
resistance of oxygen, making it more difficult for oxygen to
diffuse into the CL to participate in the reaction, reducing the
overall performance of PEMFC. As the number of turns
increased, the molar concentration of water in the channel
decreased, which showed that the zigzag flow channels could
enhance the drainage effect of the parallel flow channel and
improve the performance of PEMFC.

3.3 Power Density Analysis
The pressure loss in the flow channels is also one of the key
parameters to measure the performance of PEMFC. A large
voltage drop will produce relatively large parasitic power.
However, a large pressure drop can force more reaction gas to
reach the CL through the GDL for reaction, and can also enhance
the forced convection of water, which is beneficial to the removal
of product water. The power density analysis of different flow
channels is listed in Table 3. The overall pressure drop of the
zigzag flow channels was larger than that of the parallel flow
channel. The pressure drop of the parallel flow channel was the
smallest, with a value of 243.1 Pa. 9-zigzag flow channel was
20.4 Pa higher than the parallel flow channel. It showed that as the
number of turns increased, the pressure drop gradually increased,
and the output power density also increased, indicating that the
zigzag flow channels improved the current density of the PEMFC
at the cost of increasing the pressure drop. In addition, the
parasitic power also increased, but the 9-zigzag flow channel
obtained the maximum net output power density due to its higher
output power density.

4 CONCLUSION

The influence of zigzag flow channels on the performance of
PEMFC was comprehensively quantified by the polarization
curve, molar concentration of oxygen and water, and output
power density. The main conclusions are as follows:

(1) The zigzag flow channels had an influence on the
performance improvement of PEMFC. As the number of
turns increased, the performance of PEMFC improved more
significantly. Compared with the parallel channel, the
maximum current density of the 3-zigzag, 6-zigzag, and 9-
zigzag flow channels increased by 1.07%, 4.06%, and 8.85%,
respectively.

(2) The zigzag flow channels could promote the diffusion of
oxygen to the electrochemical reaction interface and
improve the drainage effect. With the increase in the
number of turns, the low molar concentration regions of
oxygen and high molar concentration regions of water in
the flow channel gradually decreased. In addition, the
oxygen non-uniformity also gradually decreased. The
oxygen non-uniformity in the 9-zigzag flow channel was
the lowest, with a value of 0.51, which was 25.5% lower than
that in the parallel flow channel.

(3) Compared with the zigzag flow channels, the pressure drop of
the parallel flow channel was the lowest, with a value of
243.1 Pa. As the number of turns increased for the zigzag flow
channel, the pressure drops and parasitic power density both
gradually increased. The 9-zigzag flow channel obtained the
maximum net power density, with a value of 2995.6 W/m2.
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