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Abstract: High-power proton exchange membrane (PEM) fuel cell vehicles are important for the
realization of carbon neutrality in transportation. However, it is difficult to maintain enough fuel
supply and quick water removal capacity at a high current density where reactant gas transportation
and water concentration are directly affected by flow channel configurations. This study aims to
investigate the tapered slope effects of a flow channel on fuel cell performance using a 3-D CFD
model. The positive, negative, zero and hybrid tapered slopes are proposed to illustrate the fuel cell
voltage, reactant gas and water vapor concentration in the flow channels. Among them, the flow
channel with a positive tapered slope performs better, especially at a high current density. Then,
the positive tapered slope effects are discussed, including different tapered slopes, inlet depths and
widths of flow channels. The results show that the larger the tapered slope, the smaller the depth and
width, and the better the fuel cell performs; the corresponding current densities are increased by a
maximum of 6.53%, 12.72% and 61.13%. The outcomes stated above provide a key direction for flow
channel design that can particularly achieve higher fuel cell power density at high current densities.

Keywords: PEM fuel cell; high current density; 3-D CFD model; tapered slope; gas transportation;
water removal

1. Introduction

With the increasing concern for the environment and energy for a sustainable world,
PEM fuel cells are not only important for vehicular power generation but can also be
used as electrochemical generators to solve the current energy crisis [1,2]. Due to the
current background of global decarbonization, renewable energies are being considered
and developed. However, renewable energy sources such as solar energy and wind energy
are unstable and intermittent during generation [3]. Hence, the employment of certain
energy storage and generating systems can greatly improve the utilization rate and stability
of renewable energy [4]. Electrolyzer and PEM fuel cells can be combined to tackle this
issue, owing to their advantages of high energy efficiency, low operating temperature,
quick start-up, zero pollution emissions [5-7], and also the abundant hydrogen and oxygen
in nature. However, at present, the high power density of fuel cells is still a major issue,
hindering the further large-scale commercialization development of fuel cell vehicles [8],
which is mainly restricted due to the concentration polarization loss at the high current
density required for the automotive application of fuel cells [9] and due to difficulties
in maintaining enough fuel supply and quick water removal capacity in fuel cell flow
channels [10,11].

In the automotive application of fuel cells, there is a increasingly clear requirement
for a high current density to achieve high power density, especially in thin metal bipolar
plates (BPPs) [12]. However, the field of high current density augmentation is quite broad,
including material properties [13], operating parameters [14], energy management and
strategy [15,16] and flow channel geometrical configurations [17,18], etc. Fuel cell flow
channels must be particularly well designed since they play two transportation roles with
reactant gas supply and exhaust water removal [19,20].
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The insufficient transportation of a reactant gas supply may cause a deficient reactant
gas concentration to be provided to the electrode surface, increasing the concentration
polarization loss at the high current density [21,22]. Otherwise, if the reactant water vapor
concentration produced by the electrode surface at a high current density is too much, it can
easily lead to water accumulation and critical flooding problems in the flow channel and
especially in the GDL hole [23], further hindering the continuous reactant fuel supply and
enlarging the fuel cell concentration polarization loss [24,25]. In addition, the flow channels
should also maintain enough pressure drop to push the reactant water from the electrode
surface in a timely manner through the flow channel to the exit of the fuel cell stack [26];
meanwhile, this does not indicate excessive drying of the membrane in order to maintain
the proper proton conductivity of membrane. This is because if all the reactant water is
pushed out completely, the proton conductivity of the membrane will reduce sharply, and
it will be difficult to realize high current density applications. When hydrated, the Nafion
membrane undergoes microphase separation due to the hydrophobic and hydrophilic
domains and thus provides transportation channels for the protons [27]. Thereby, a flow
channel’s configuration is a potential way to improve the fuel cell output characteristics
at high current density, which facilitates the reactant gas and water concentration flowing
and diffusing to the catalyst layers (CLs) for the electrochemical reaction.

In the past two decades, numerical simulations via computational fluid dynamics
(CFD) have often been implemented in fuel cell flow channel design to improve trans-
portation to the electrode surface [28-34]. Many research works have concentrated on the
fuel cell flow channel configuration to promote excellent reactant gas flow to the electrode
surface and water removal capacity [35-38], and they have mainly been based on flow
channel patterns and flow channel configuration [39-41].

Carcadea et al. [42] investigated the effects of the cross-section dimensions of flow
channels on fuel cell performance. Three multi-serpentine flow channels were analyzed by
varying the channel and rib width. Simulation results showed that a decreasing channel
width (thin flow channel design) had a positive effect, especially at a high current density.
Kreesaeng et al. [43] studied the effects of the channel to rib ratio of the cathode flow
channel on the fuel cell performance based on a 3-D CFD model. The results showed that
the optimal channel to rib ratio will lead to an increase in the oxygen molar concentration at
the electrode surface and an increase in fuel cell performance. Similarly, Kerkoub et al. [44]
studied the channel to rib width ratio of three flow channel types, including serpentine,
interdigitated and parallel, on the PEM fuel cell performance via 3-D CFD models. The
results indicated that the channel to rib width ratio has little effect on the fuel cell perfor-
mance at a low current density, while having a significant effect at low operating voltages
(i.e., high current density). Choi et al. [45] investigated the effects of channel depth and
width on fuel cell performance. They found that the pressure drop increases with the
channel depth. Moreover, the channel width is also important to the voltage compared to
the channel depth.

In addition to conventional channel flow configurations, some researchers have inves-
tigated novel flow channels. Yan et al. [46] proposed two flow channels: one with a wavy
channel bottom and the other with a deceasing channel depth. The results showed that
the latter design can increase the gas flow velocity along the flow channel direction, thus
improving the water removal or avoiding water accumulation that may lead to flooding;
the experiment results validated that this tapered flow channel significantly improved the
fuel cell performance at a high current density.

Mancusi et al. [9] established a 3-D two-phase model and analyzed the tapered flow
channel. The effect of tapered slopes was shown to be more significant at high current
densities, which means increasing the tapered slope is helpful for high water removal
capacity due to an obvious increase in pressure drop. In the study of Chowdhury et al. [47],
four different flow fields were designed by varying the channel depth from inlet to outlet.
The results showed that the decreasing channel depth caused a better diffusion of species.
In addition, the water removal and current density were found to be better compared to
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the conventional flow fields. Wang et al. [48] also built two fuel cell tapered flow fields by
varying channel height and width, and an experiment and simulation were both performed.
The results proved that tapered flow fields with higher flow velocities can significantly
enhance water removal capacity, which can avoid the mass transport limitation and improve
the fuel cell performance at a higher current density. Kumar et al. [49] compared the
performance of the serpentine flow field and the tapered channels. The results showed
that the tapered flow channels showed an improvement of 15% in the current density
due to better reactant gas transport to catalyst layers. Further, the Nyquist results also
revealed a better diffusion of reactant gases to CLs and the better removal of water in
the flow channels. Han et al. [50] investigated the effects of a more detailed structure
design in tapered flow channels, and the liquid water was numerically studied. The results
indicated that a tapered flow channel configuration could improve the removal efficiency
that existed in the flow channels and the maximum removal time could be reduced by
24.4% compared to the standard conventional flow channels. Similarly, the mass transfer
and average current density were also improved due to the enhanced concentration of
reactant gas near the CLs.

The researchers above investigated the effects of typical flow channel types (straight,
serpent, interdigitated, etc.) and dimensions (length, height, width, novel cross-section,
etc.) on reactant species transportation and the PEM fuel cell performance in a relatively
systematic and comprehensive way, which is based on a similar method that is the combi-
nation of CFD and the fuel cell electrochemistry theory. However, most studies focused on
the conventional flow channel configuration, which is non-gradient; meanwhile, it became
possible to adopt the tapered slope effect of flow channel configuration on the design of
thin metal BPPs. Moreover, few studies have combined electrochemical simulation and
dynamic fluids simulation to provide a more detailed and comprehensive analysis of the
more advantageous tapered flow channels.

Therefore, the purpose of this study is to investigate the tapered slope effects of
flow channels using a 3-D CFD model to evaluate the fuel cell performance. The positive,
negative, zero and hybrid tapered slopes are proposed to illustrate the fuel cell performance,
and species transport and water removal at a high current density are also particularly
studied, i.e., the concentration polarization. Then, for the PEM fuel cell CFD model with the
positive tapered slope flow channel, the effects of the tapered slope and the inlet depth and
width of the flow channel on fuel cell performance are systematically investigated. This
work can provide a novel direction for flow channel design that can particularly improve
the fuel cell high power density at a high current density.

2. Model Description
2.1. Mathematical Model

A PEM fuel cell is a multi-physics and multi-disciplinary complex energy conversation
system, which contains complicated coupled phenomena. The numerical modeling of these
phenomena involves differential conservation equations which are expressed in Table 1,
and the involved parameters are shown in detail in Table 2.

2.2. Simulation Model

The 3-D single flow channel PEM fuel cell model is shown in Figure 1, which includes
gas diffusion layers (GDLs), CLs, a PEM and BPPs with flow channels. The dimensional
parameters are shown in Table 3.

Table 4 shows the main material properties involved in the numerical model. In addi-
tion, the necessary hypotheses are also considered, e.g., the gases are ideally incompressible,
the flow state is laminar and the effect of gravity is not considered.

As for boundary conditions, at the anode inlet, the hydrogen mass fraction is set to 0.8
and the water vapor mass fraction is 0.2. At the cathode inlet, the oxygen mass fraction is
set to 0.196 and the water vapor mass fraction is 0.18. The fuel cell operating temperature is
set to 353 K, and the gas pressure at the outlet is 0 Pa, with back pressure for simplification.
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Table 1. Conservation equations of PEM fuel cells.

Equation

Description *

mass conservation equation [44]

momentum conservation equation [44]

energy conservation equation [44]

the Butler-Volmer equation [42]

current conservation equation [42]
diffusion equation in the porous zone [10]

a —
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* The subscript a, ¢ represents the anode and cathode; k represents one of O,, Ny, Hy and H,O; s, m represents the

solid phase and membrane phase.

Table 2. Description of the parameters in conservation equations.

Parameters Units Description
€ porosity
p kgm™3 gas density
a m-s~! gas velocity
Sm kmol-m~3 mass source term
M kg-kmol ! molar mass
F C-mol~! Faraday constant
iV A-m~3 volumetric current density
P Pa pressure
Su 1<g~m*2-s*1 momentum source term
us Pa-s viscosity
c Jkg 1K1 specific heat at constant pressure
T K temperature
keff W-m 1.K! effective thermal conductivity
Sq W-m—3 energy source term
n \% overpotential
Jref A-m~2 reference exchange current density
C kmol-m—3 molar concentration
Cref kmol-m—3 reference molar concentration
2% concentration index
o charge transfer coefficient
o sm~! charge or electron conductivity
¢ Vv phase potential
S A-m3 current source term
s liquid water saturation
b liquid water saturation index
D m?.s~1 diffusion coefficient
Do m?2.s~1 diffusion coefficient at Tp and Py
Y pressure index
Ty K reference temperature
Py Pa reference pressure
K m~2 viscous resistance in the porous zone
Mpem 1<g~l<mol*1 molar mass of proton exchange membrane

ICL m

specific surface area of the catalyst layer
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Anode flow channel
BPP
Anode GDL i
Cathode GDL
BPP Cathode flow channel
Figure 1. Single flow channel model of PEM fuel cell.
Table 3. Dimensions of the single flow channel model.
Component Height/mm Width/mm Length/mm
BPP 15 1.8 50
GDL 0.2 1.8 50
CL 0.01 1.8 50
PEM 0.03 1.8 50
Table 4. Material properties.
Parameter Value
Jret, a [42] 10,000
jref, c [42] 20
egor [29] 0.5
ECL [29] 0.5
KGpL [29] 1.76 x 10711
ke [29] 1.76 x 10~ 1
xa [43] 1
e [43] 1
Ya [10] 0.5
e [10] 0.5
Mpgwm [42] 1100
Cer [33] 45 x 107

3. Results and Discussion
3.1. Effects of Flow Channel Type

Four PEM fuel cell models with tapered flow channels with positive, negative, zero
and hybrid types are proposed, and cross-sections of the flow channels at the centerline, as
shown in the dashed box in Figure 1 (z-direction, z = 0 at the hydrogen inlet and z = 0.05 at
the air inlet) are illustrated in Figure 2, including positive, negative, zero and hybrid.

Figure 3 shows the polarization curves of four different PEM fuel cells and the pressure
drop inside the flow channel along the gas flow direction (z-direction). It can be found that
the fuel cell voltages of four different tapered types of flow channels are nearly the same at
a low current density, while at a high current density, the positive tapered flow channel
performs significantly better than the others, since the fuel cell electrochemical reaction can
produce more water at a higher current density, which will hinder the reactant gas diffusion
and decrease the electrochemical reaction. Figure 3b shows that the gas pressure drop from
the inlet to the outlet of the tapered flow channel is higher than the others, which means it
is more beneficial to remove water, and that is why the corresponding model outperforms,
especially at a high current density. To validate this statement, the voltage cases of 0.55 V
are chosen for further analysis, as shown in Figure 4.
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Figure 2. Schematic cross-sections of the different tapered flow channels.
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Figure 3. Fuel cell polarization characteristics and pressure distribution of four fuel cells with different
flow channels: (a) polarization curves; (b) pressure at the anode flow channel along the z-direction.
;,E\ 0.0605 0.008 ]
= a 1
g 006 ¢ —e— positive & 0.007 ;’
< 0.0595 | S o
= —&—negative E 0.006
g 0059 <
o
S 00585 orero % 0.005
= i X o%°
% 0058 o~ hybrid S 0.004 e
g ° - uo- —e—positive
& 00575 £ qoms L e
% 0.057 E —®— negative
£ 0.002
g 0.0565 E —0— zero
=}
5 0056 g o001 o hybrid
S 0055 E o
0.00 0.01 0.02 0.03 0.04 0.05 0.00 0.01 0.02 0.03 0.04 0.05

z coordinate/m
(a)

Figure 4. Cont.

z coordinate/m

(b)



Sustainability 2022, 14, 11167

7 of 15

0.0125

0.012

0.0115

0.011

0.0105 —®— positive

0.01
®— negative
0.0095 -5

4 Zero
0.009

0.0085 hybrid

Molar concentration of water vapor/(kmol/m?)

0.008

0.00 0.01 0.02 0.03 0.04 0.05
z coordinate/m

(©)

Figure 4. Species concentration at the electrode interface between the cathode GDL and CL of four
fuel cells with different flow channels: (a) molar concentration of hydrogen; (b) molar concentration
of oxygen; (c) water vapor concentration.

Figure 4 shows the molar concentration distribution of hydrogen, oxygen and water
vapor at the electrode surface between the GDL and CL for four different tapered flow
channels. It can be found that the model with a positive tapered flow channel has higher
hydrogen and oxygen concentration, indicating that it is feasible to provide more reactant
fuel to the electrode surface and promote the fuel cell electrochemical reaction. Moreover, as
also can be found in Figure 4c, the water concentration of the model with a positive tapered
flow channel is the lowest, which corroborates that the positive tapered flow channel is
indeed more beneficial to the removal of reactant water.

From the above analysis of four different tapered flow channels, we can find that the
positive tapered flow channel has both the advantages of enough gas supply and excellent
water removal capacity; in the next section, the positive tapered flow channel is illustrated
to obtain the optimal configurational dimension for the best PEM fuel cell performance at
the high current density.

3.2. Tapered Slope Effects of Flow Channel on PEM Fuel Cell Performance
3.2.1. Different Tapered Slopes with the Same Inlet Depth

Four different flow channels with different tapered slopes are proposed, as shown in
Figure 5. To make the results more distinguishable, the channel inlet depths of the four
models are all set to the same value, 1 mm, and the positive tapered slopes are 0.9, 0.7, 0.5
and 0.3.

Figure 6a shows the polarization curves of four tapered slope flow channels, and
Figure 6b shows the pressure distribution inside the flow channel. The larger the tapered
slope, the better the fuel cell performs, especially at a high current density, which can
also be attributed to the increasing concentration of reactant gas for the electrochemical
reaction and more water removal. Comparing the current densities at 0.55 V (3.1245 and
2.9328 A/cm?, respectively), it can be found that the current density of the cell with the
largest flow channel tapered degree is increased by nearly 6.53%. Cases of 0.55 V are also
chosen for further analysis in Figure 7.

The molar concentration distribution of hydrogen, oxygen and water vapor at the
electrode interface of GDL and CL along the z-direction of four models is illustrated in
Figure 7. Similarly, it can be found that the hydrogen and oxygen concentrations both
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094

0.89
0.84
0.79
0.74
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0.64
0.59

0.54

become higher owing to the high tapered slope, which leads to reactant gas having a
larger velocity component directed towards the electrode surface. Furthermore, the water
vapor concentration becomes lower, which is better for the continuous fuel supply. These
phenomena can explain the fuel cell performance enhancement with the tapered slope.
However, a limitation exists in the tapered slope, because an excessively large tapered
slope may lead to a much higher gas pressure drop when the flow channel length increases,
which should be balanced with an air compressor control strategy for the high net output
power of the fuel cell engine [51].

- | |

1-09
oo | [+ v
inlet 1-0.7 outlet
o | [ — | o
1-0.5
- |
{03mm
1-0.3

Figure 5. Schematic cross-sections of the flow channels with four tapered slopes.
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Figure 6. Fuel cell polarization characteristics and pressure distribution of four fuel cells with different
flow channel tapered slopes: (a) polarization curves; (b) pressure at the anode flow channel along the
z-direction.

3.2.2. Different Inlet Depths with the Same Tapered Slope

To investigate the effects of flow channel depth, four different depths of flow channels
with the same tapered slope, such as 0.4-0.1, 0.6-0.3, 0.8-0.5 and 1-0.7, are built, and the
schematic cross-sections are shown in Figure 8.
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Figure 7. Species concentration at the electrode interface between the cathode GDL and CL of four
fuel cells with different flow channel tapered slopes: (a) molar concentration of hydrogen; (b) molar
concentration of oxygen; (c) water vapor concentration.
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Figure 8. Schematic cross-sections of four flow channels with different depths.
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Figure 9 shows the polarization curves and the pressure distribution inside the anode
flow channel of four different depth models with the same tapered slope, from which it
can be found that the smaller the tapered channel depth, the better the fuel cell performs,
especially at high current density. It can be found that current density at 0.55 V of the
cell with the smallest flow channel depth is increased by nearly 12.72% (the highest and
lowest current densities are 3.3717 and 2.9913 A /cm?). This can be also seen from Figure 9b,
and it is obvious that the smallest channel depth makes the pressure in the flow channel
significantly higher, which helps reactants diffuse to the CL easily and remove more reactant
water. Further analysis is shown in Figure 10, and the voltage in all cases is 0.55 V.

2000
0.94 ——04-0.1 1800
0.89 —0—0.6-0.3 1600
0.84 »>—0.8-05 1400
0.79 1-0.7 £ 1200
[}
T
%0 0.74 g 1000
& v
B 0.69 £ 800
> 600
0.64 -
400
059 200 W
0.54 - 0 Aasansasaa
0 0.5 1 1.5 2 25 3 3.5 0.00 0.01 0.02 0.03 0.04 0.05
Current Density/(A/cm?) z coordinate/m
(a) (b)

Figure 9. Fuel cell polarization characteristics and pressure distribution of four fuel cells with
different flow channel depths: (a) polarization curves; (b) pressure at the anode flow channel along
the z-direction.

Similarly, the molar concentration distribution of hydrogen, oxygen and water vapor
in four models is illustrated in Figure 10, which shows the same behavior that the reactants’
concentrations increase along with the decrease in flow channel depth. However, a limita-
tion also exists: a too-small channel depth will produce an extremely large gas pressure
drop, which will consume more power of the fuel cell air compressor.
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Figure 10. Cont.
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Figure 10. Species concentration at the electrode interface between the cathode GDL and CL of
four fuel cells with different flow channel depths: (a) molar concentration of hydrogen; (b) molar
concentration of oxygen; (c) water vapor concentration.

3.2.3. Different Flow Channel Widths with the Same Tapered Slope and Inlet Depth

Under the same tapered slope and inlet depth of the fuel cell flow channel, the effects
of channel width on species diffusion to the electrode surface and gas pressure drop are
studied. Four fuel cell flow channel models with different channel widths are illustrated,
such as 0.4 mm, 0.6 mm, 0.8 mm and 1 mm, and the channel to width ratio keeps constant,
ie., 1.

Figure 11 shows the polarization curves and the pressure distribution inside the anode
flow channel of four models. It is obvious that the fuel cell model with a smaller channel
width performs better at both low and high current densities, and the difference is more
pronounced at a high current density. At 0.55V, the current density of the cell with the
smallest flow channel width increases by nearly 61.13% compared to that of the fuel cell
with the largest channel width (3.8252 and 2.3740 A /cm?, respectively). Figure 11b shows
that a larger gas pressure drop can help reactant fuel easily diffuse to the CL and remove
more reactant water. Cases of 0.55 V are also selected for further analysis in Figure 12.
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100

4 0.00 0.01 0.02 0.03 0.04 0.05

z coordinate/m

(@ (b)

2 3
Current Density/(A/cm?)

Figure 11. Fuel cell polarization characteristics and pressure distribution of four fuel cells with
different flow channel widths: (a) polarization curves; (b) pressure at the anode flow channel along
the z-direction.
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Figure 12. Species concentration at the electrode interface between the cathode GDL and CL of
four fuel cells with different flow channel widths: (a) molar concentration of hydrogen; (b) molar
concentration of oxygen; (c) water vapor concentration.

Figure 12 shows the molar concentration distribution of hydrogen, oxygen and water
at the electrode interface of GDL and CL in four models. It can be found in Figure 12a,c
that the molar concentration of hydrogen and water complies with the trend in Figure 11.
As shown in Figure 12b, the concentration of oxygen becomes lower with the decrease in
channel width since the narrow cathode flow channel has a limited oxygen concentration,
while the electrochemical reaction requires large amounts of oxygen. Thus, if possible, the
cathode flow channel should maintain a large enough width. It can be found that under
the limited cathode flow channel width, the fuel cell performance is mainly influenced
by the concentration of hydrogen in the CL, and the small channel width is favorable to
enhancing hydrogen diffusion and water removal, which are thus beneficial for improving
the fuel cell performance.

4. Conclusions

Many countries and regions have put forward clear development plans for high-power
PEM fuel cell vehicles in transportation. Tapered slope flow channels can be potentially
designed and optimized to provide enough fuel supply and quick water removal capacity
at a high current density. This study compares the effects of different tapered flow channels
on the PEM fuel cell performance and further investigates the effects of different tapered
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slopes of fuel cell flow channels, inlet depths and channel widths on the PEM fuel cell
performance. The main conclusions are as follows:

e  For the positive, negative, zero and hybrid tapered fuel cell flow channels, the positive
tapered fuel cell flow channel is favorable for the high current density of a large fuel
cell stack for automotive application, owing to high reactant gas diffusion with a large
gas pressure drop and water removal capacity in the positive tapered flow channels.

e A certain positive tapered slope and a small depth of flow channel can amplify the
advantageous effects of tapered flow channels. Their corresponding current densities
are increased by a maximum of 6.53% and 12.72%.

e  Channel width will significantly affect the diffusion of reactants; a small channel width
will largely improve the diffusion of hydrogen and maintain a large gas pressure drop,
thus facilitating reactant gas diffusion and water removal. Its corresponding current
density is increased by a maximum of 61.13%.

This study provides a flow channel design direction that can particularly improve
fuel cell performance at a high current density. However, this type of flow channel with a
tapered slope will also need a large gas pressure drop and require large input pressure at
the fuel cell inlet, which means there will be a higher power consumption requirement on
the fuel cell air compressor.
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