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Abstract

The number of gas flow channels in a serpentine-type channel configuration for Polymer Electrolyte Membrane Fuel Cells
(PEMEFC) is a critical design parameter. It influences mass transport, pressure drop, and water management, all of which
contribute to the overall performance and efficiency of the fuel cell. In this study, different channel number configurations
for small active area fuel cell and their role in contributing to a more sustainable energy environment are discussed. The
influence of the number of multiple channels on the operational performance was examined in a fuel cell with 25 cm? of
active area. Six different flow channel configurations belonging to the traditional serpentine-designed flow channel were
utilized, with multiple inlet—outlet structures. Numerical calculations for pressure, velocity, distribution of reactants (oxygen
and hydrogen), membrane water content, and changes in water saturation concentration were conducted using the ANSYS
Fluent program. The highest power density of 0.657 W/cm? was achieved in the single-channel design, resulting in a 14%
performance increase compared to the eight-channel design, which exhibited the lowest performance. However, the highest
pumping loss due to pressure drop was observed in the serpentine one-channel design at 0.016573 W/cm?. While the pressure
drop enhances performance in the same channel design, when constructing a fuel cell stack with a large number of cells,
significant difficulties may arise in procuring a compressor capable of providing the desired pressure and flow rate. Therefore,
alternative designs with reduced pressure drop need to be considered.
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1 Introduction

Fuel cells, which are said to operate on the reverse principle
of the electrolysis method, were discovered by Sir William
Grove in 1839. They produce electricity from chemical
energy with a certain efficiency. With the commercialization
of these devices for the first time between 1955 and 1958,
they have come into the view of energy professionals and
continue to be developed day by day [1].

In recent years, rapidly developed fuel cell tech has been
seen as a promising solution to the energy problem caused
by climate change, air pollution, and scarcity of fossil fuels.
PEMEFC is preferred in the automotive industry because of its
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relatively low operating temperature, fast response to vari-
able power demands, and zero emissions [2, 3].

Gas flow channels are one of the most important com-
ponents affecting the performance [4]. Channel geometry
affects the diffusion of gas and liquid, distribution in the
active region, chemical reaction rate, current density distri-
bution, and water discharge. Different gas channel designs
influence the uniform distribution of reactant gases, under-rib
convection intensity, and water removal, thereby determining
the performance, service life, and fuel cell energy consump-
tion.

There should be no accumulation of water in flow chan-
nels, catalyst layer, and gas diffusion layer (GDL) porous
medium. Water (liquid) existence reduces fuel cell perfor-
mance by blocking reactants reaching the catalyst zone [5,
6]. It should be remembered that chemical reactions occur on
the catalyst surface. In effective water management, excess
liquid water is drained to the outside, ensuring a sufficient
amount of water vapor for proton conduction, while allowing
for smooth gas transport without the occurrence of flooding.
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To improve performance, different channel geometries,
such as parallel [7, 8], serpentine [9—11], interdigitated [12],
pin-type [13], and bio-inspired [14—16], have been tested.
Among these, the serpentine channel design is often used in
the cathode flow channel. Because it is more advantageous in
terms of water discharge. The serpentine channel structure
within the same active area brings about a higher pressure
drop. This condition can reduce the possibility of flooding
and at the same time enhance under-rib convection. However,
increasing pressure loss requires more power to provide the
same flow rate. Consequently, this leads to an increase in
parasitic power drawn from the fuel cell.

To reduce pressure drop, designs with multiple serpen-
tine channels are employed. Abdulla et al. examined the
effectiveness of an enhanced cross-flow split serpentine flow
field (ECFSSFF) design for large reaction zone [17]. They
conducted simulations with 50-200 cm? active area sizes
using a parallel flow design in the anode channel and an
improved serpentine design in the cathode channel. Addi-
tionally, these designs were compared with fuel cells using a
three-channel serpentine bipolar plate on the cathode side.
The study indicated that net power output in their devel-
oped design increased from 4.5% to 13.5% as the active area
grew compared to the triple serpentine design. The change
in power density reached levels of 55% with the increase in
the active area.

Channel structure effect on PEMFC performance, a com-
prehensive parametric simulation study was carried out for
three-channel conventional and baffled serpentine design
[18]. Operating parameter effects such as stoichiometric
ratio, temperature, and pressure were also investigated. As
long as the values determined for the operating parameter
increased, there was an increase in performance for both
designs. When baffled flow channel was used instead of
the traditional serpentine design, improvements of 16.1% at
1 atm operating pressure, 19.9% at 70°C cell temperature,
and 16.1% for a stoichiometric ratio of 2 were achieved. Fur-
thermore, it was noted that when rib/channel width ratio was
1.315 and channel height/width ratio was 1.5 the traditional
channel-designed fuel cell exhibited a 53.3% power increase
compared to the reference design. The baffled one showed a
58.5% power increase.

Serpentine-designed fuel cell performance was exam-
ined through mathematical modeling, considering the gas
diffusion layer porosity, channel length, width, depth, tem-
perature, and reactant inlet velocity, [7]. When considering
gas, water, and pressure distributions, it was concluded that
for the same flow field, an eight-channel serpentine design
and an eight-channel complex serpentine design were ideal
for cell performance in terms of channel length. It was stated
that the eight-channel complex serpentine design provided
the best water discharge capability when 1.2 mm width and
0.8 mm depth and the gas distribution was better compared to
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the others. It was also noted that gas diffusion layer porosity
is the main parameter on oxygen, water, and current density
distribution.

Wu et al. examined performance characteristics such as
membrane water content, proton conductivity, and reac-
tant concentration for 100 cm*> PEMFC with five different
designs: parallel, two- and three-channel serpentine, zigzag,
and serpentine-zigzag [19]. The maximum power density
for serpentine flow channel designs was 0.33212 W/cm?
in the serpentine-zigzag flow design, attributed to the equal
distribution of reactant and oxidant and effective water dis-
charge. In all configurations, the highest power was obtained
at 0.4 V cell voltage. In the two-channel serpentine design,
at 100% relative humidity, 0.2639 W/cm? power density was
achieved, while in the three-channel serpentine design, it
increased by 11% to 0.2931 W/cm?.

It is seen that multi-channel designs are frequently pre-
ferred in PEM fuel cells with large active areas [20-22]. It
is also a very important issue whether the design effect is in
the same direction as the active area becomes smaller. Mojica
etal. examined parallel, serpentine, and seven-channel multi-
serpentine channel designs to see the effect of channel design
on a 5 cm? fuel cell [23]. It has been stated that the multi-
serpentine design is better at discharging liquid water than
the parallel channel design, but is effective up to 80% RH.
Although the single-channel serpentine design provides the
highest power, it has been observed that the pressure and flow
distribution are more balanced in the multi-channel design.

As the fuel cell operates, water is generated on the cathode
side. Depending on operating conditions and reaction speed,
an increase in the amount of generated water may occur. To
ensure continuity of performance, an active drainage channel
design method has been proposed in a 25 cm? fuel cell [24]. It
resembles a multiple channel design in that there are graded
interdigitated channels on the right and left sides of the plate
and a serpentine channel between them. Although drainage
is enhanced with the under-rib convection provided by the
design, the power output is close to the serpentine design
fuel cell power output. However, when the anode and cath-
ode sides were configured with a serpentine-active drainage
design, a 13% increase in power density was observed.

Kaiser et al. examined the effect of channel design on mass
transfer in their study on a fuel cell with 25 cm? active area
[25]. They stated that mass transfer occurs through convec-
tion with the wavy channel design. For this reason, they made
a performance comparison for the fuel cell with a straight
flow channel and multiple wavy channel designs under dif-
ferent stoichiometric operating conditions. As a result of the
study, under oxygen excess ratio, A = 4.8 conditions, the
multiple wavy channel design increased the reactant transfer
and also provided an advantage in water discharge.

Boni et al. used three different designs in their experimen-
tal study for a 25 cm? PEM fuel cell [26]. Two of these designs
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have single channels (serpentine and sinusoidal-serpentine),
and the other has multiple sinusoidal flow channels. The
highest performance was observed in the multi-channel struc-
ture fuel cell. At an operating temperature of 60°C, a power
density of 0.4232 W/cm? was achieved. While the anode
humidification temperature was increased to 70°C, the power
density reached 0.4608 W/cm?; the cathode humidification
temperature was increased to 70°C, and a power density
of 0.5 W/cm? was obtained. It has also been stated that as
back pressure is increased, although performance increases,
pumping loss increases.

The reviewed literature study indicates the beneficial
effects of multiple serpentine designs for large and small
active areas. For fuel cells with large membrane active areas,
multiple serpentine designs are recommended, especially to
reduce pumping losses due to high-pressure drops [27].

Active area size, channel design, geometry of channels,
and number and orientation of inlets and outlets are impor-
tant structural issues for typical performance indicators of
fuel celle such as pressure drop and power. Since numerous
studies show that the dependence of performance on these
geometric factors is not systematic, too many analysis com-
binations need to be tried. Therefore, each analysis carries
its own novelty in terms of design-performance relation.

In this context, this study was conducted for 25 cm?
PEMFC, which is considered small active area. The serpen-
tine design, which is widely used in the literature, was used
in a fuel cell with a small active area, and effect of number of
multiple input and output channels on the cell performance
was examined. The influence of channel numbers on PEMFC
performance was examined. For this purpose, 1-2-4-6-8-10
serpentine channel designs were created. Specific channel
design dimensions of the fuel cell planned to be produced in
the near future were used.

PEM fuel cell analyses were conducted in the ANSYSS Flu-
ent environment. Pressure and speed changes within the fuel
cell, penetrating reactant concentration distribution to the
anode and cathode catalyst, membrane hydration conditions,
and liquid saturation changes were examined as possible rea-
sons for the change in cell performance depending on the
number of serpentine channels. Moreover, pumping power
loss was calculated for each channel design, its effect on net
power was investigated and optimal number of channels was
determined for 25 cm? an active area fuel cell.

2 Material and Method

The purpose of this study is to examine the effects of an
increase in the number of channels on the mass transport in
a PEM fuel cell with a serpentine channel geometry and an
active area of 25 cm? under specified operating conditions.

Table 1 Identification of fuel cell components

Components Assignment Type
Bipolar plate (anode) bp_an Solid
Gas channel (anode) hydrogen Fluid
Gas diffusion layer (anode) gdl_an Fluid
Catalyst layer (anode) catalyst_an Fluid
Membrane Memb Fluid
Catalyst layer (cathode) catalyst_ca Fluid
Gas diffusion layer (cathode) gdl_ca Fluid
Gas channel (cathode) Air Fluid
Bipolar plate (cathode) bp_ca Solid

This involves investigating the changes in reactant concen-
tration at each channel length, as well as the distribution of
pressure, velocity, and water density in the membrane and
channels, and evaluating its impact on the performance. The
mathematical model was first validated with experimental
studies in the literature. Subsequently, as in the model vali-
dation stage, a mesh independence study was conducted to
run analyses on the 25 cm? active area. Calculations were
made using ANSYS Fluent computational fluid dynamics
software. Calculations were made using the finite volume
method with the equations for the transport of gas and liquid
phases given in Sect. 2.3.

2.1 Model Verification

The fuel cell analyses were conducted using the ANSY'S Flu-
ent 2022 R1 program. In the study, the model was initially
validated with previously obtained experimental results in the
literature. To do this, the study by [28], commonly used in the
literature, was utilized. The design dimensions and bound-
ary conditions for the validation study were implemented
based on the values in the relevant study. In the 25 cm? active
area fuel cell analysis, the design in the reference study was
adhered to.

The three-dimensional geometry of the fuel cell used for
model validation and all channel configurations was designed
in the Solidworks environment and then transferred to the
Design Modeler program within ANSYS Workbench. When
meshing, all components were consolidated into a single unit
using the "Form New Part" command to ensure compatibility
of the node points on the contacting surfaces. Subsequently,
the flow volume of the bipolar plate, gas diffusion layer, sur-
faces in contact with the current collector, and the inlet—outlet
surfaces of the flow volume were appropriately named.

The fuel cell module constitutes a sandwich structure. The
created fuel cell assembly consists of nine-volume regions.
Table 1 shows the designations for the components.

@ Springer
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Table 2 Quality evaluation of different mesh elements and current den-
sity

Meshl1 Mesh2 Mesh3
Number 18,480 65,100 193,200
of ele-
ments
Orthogonal quality
Maxi- 1 1 1
mum
Mini- 1 1 1
mum
Skewness
Maxi- 1.8185¢ — 1.8271e — 1.8271 e — 010
mum 010 010
Mini- 1.3057 ¢ — 1.3057 ¢ — 1.3057 ¢ — 010
mum 010 010
Current 1.143624 A/em®  1.149878 A/em?  1.150422 A/cm?
density

The CAD model that was imported into the ANSYS Work-
bench environment was divided into finite volumes using the
ANSYS Meshing software.

The meshing process is of significant importance for
numerical results as it facilitates problem-solving by divid-
ing the flow volumes into smaller segments. Therefore, to
ensure the analysis converges accurately and to obtain the
most precise solutions, an appropriate numerical mesh struc-
ture must be established. The mesh structure of the model is
provided in Fig. 3. This study uses a numerical mesh struc-
ture consisting of hexahedral (6-faced) elements, as it offers
advantages [29].

Chemical reactions take place within the membrane elec-
trode assembly (MEA). For this reason, a mesh structure with
more frequent elements in the membrane, catalyst, and gas
diffusion layer is preferred. Many model studies in the liter-
ature recommend at least four layers of element transitions
in these layers [30-32].

Considering this, a mesh structure consisting of 10, 4, and
4 layers for the gas diffusion layer, catalyst, and membrane,
respectively, was obtained for all models.

To evaluate mesh quality, “orthogonal quality” and “skew-
ness” values were used as criteria. Criteria related to the
number of mesh elements are shown in Table 2. The suitabil-
ity of the number of mesh elements and mesh density in the
model reduces skewness in the mesh structure and improves
mesh quality, bringing the analysis closer to real results. In
this study, three different mesh structures with varying ele-
ment counts were created, and it was observed that each mesh
had very high quality. The mesh quality and mesh indepen-
dence results are shown in Table 2. It can be observed that
the current density corresponding to 0.6 V does not fluctuate
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Table 3 Fuel cell design dimensions with 25 cm? active area

Channel width 0.9 mm
Rib width 1 mm
Channel height 0.4 mm
Thickness of catalyst layer [28] 0.0129 mm
Thickness of gas diffusion layer [28] 0.3 mm
Thickness of membrane [28] 0.108 mm

Gas flow channel cross-section 0.4 mm x 0.9 mm

significantly with increases in the number of meshes beyond
65,100.

The analysis was performed according to the determined
mesh count, and a polarization curve was obtained. A com-
parison graph with the reference study is provided in Fig. 1.
It can be seen that the model is consistent with the refer-
enced experimental study polarization curve. Following the
completion of the validation study, the design and analysis
process for the fuel cell with a 25 cm? active area was initi-
ated.

2.2 Model Development

In the conducted study, following the model validation pro-
cess, the focus was directed toward the performance effect
of different channel numbers for a 25 cm? active area. The
serpentine design was chosen as the flow channel geometry.
This is because the serpentine channel allows for the com-
plete utilization of the active area and facilitates the passage
of gas with reasonable pressure losses [33]. Therefore, ser-
pentine designs consisting of single-channel, two-channel,
four-channel, six-channel, eight-channel, and ten-channel
configurations with the same active area dimensions were
employed. Visual representations of flow channel designs
are depicted in Fig. 2.

The geometries have a similar pattern, but they pos-
sess different channel lengths. As the active area dimension
increases, multiple serpentine channels can be preferred [27].
As the number of channels ascends, the number of turns and
channel length become less. It has a positive effect on reduc-
ing the pressure drop that causes pumping losses. Therefore,
the performance effect of multiple channel numbers on the
fuel cell with a 25 cm? active area has been thoroughly exam-
ined. The dimensions of the fuel cell are provided in Table 3.
The dimensions provided in the following table were used
for all the studies conducted for different channel numbers.

The mesh structure of the fuel cell with a 25 cm? active
area, divided into finite volumes, is illustrated in Fig. 3. It
can be observed that the components of the PEM fuel cell
are composed of hexahedral elements, similar to the model
validation study. The gas diffusion layer, catalyst layer, and
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Fig. 1 Polarization curve comparison with Wang model

Table 4 Quality assessment of different mesh elements of the fuel cell
with 25 cm? active area

Meshl Mesh2 Mesh3
Number of 732,608 1,349,560 2,309,872
elements
Orthogonal quality
Maximum 1 1 1
Minimum 0.87833 0.93445 0.95318
Skewness
Maximum 0.34205 0.31043 0.21181
Minimum 1.3057 e — 1.3057 e — 1.3057 e —
010 010 010

membrane are constructed with a mesh structure consisting
of 10-4-4 layers, respectively.

A mesh independence study was conducted for the single-
channel design of the fuel cell with a 25 cm? active area. For
this purpose, three different mesh element numbers com-
posed of hexahedral elements were used. The mesh element
numbers and quality values are provided in Table 4. For com-
putational fluid dynamics analyses, in the model divided into
finite volumes, an orthogonal quality of at least > 0.1 and
a skewness of at least < 0.9 are generally accepted values.
Accordingly, it can be seen that the mesh quality is excellent.

As in the model verification study, a mesh independence
study was also conducted for the 25 cm? active area fuel
cell. Figure 4 shows the variation of current density for three
different numbers of mesh elements. When the number of
elements exceeded 2 million, the current density converged
to a constant value of 1.84 A/cm?. Considering the computer
hardware and solution time, it was deemed impractical to

use more than 1.34 million mesh elements for subsequent
analyses.

Figure 5 illustrates the power variation with current den-
sity and polarization curves for fuel cells with different
numbers of channels. In the construction of the curves, anal-
yses were conducted individually for each channel design,
starting from a cell voltage of 0.9 V and decreasing in inter-
vals of 0.1 V until reaching a voltage value of 0.3 V, with
the current density from the 15000th iteration considered
as the steady value and used in the study. When examining
the polarization curve, it can be observed that for all chan-
nel designs, the fuel cell enters the concentration polarization
region at 0.3 V. A lower voltage operating region is not prefer-
able for PEMFC. Therefore, the analyses were conducted
based on the lowest cell voltage of 0.3 V.

As the number of channels increases in the fuel cell with
a 25 cm? active area, the power decreases similarly. How-
ever, it should be noted that the power obtained from the
10-channel design is higher than that from the eight-channel
design. Therefore, in the following sections, when evaluating
the analysis results, the reasons for the performance differ-
ences are thoroughly examined based on the results of the
1-8-10 channel designs.

2.3 Setup of the Numerical Model

After the design and meshing processes described in the pre-
vious sections, once the model is transferred to the ANSYS
Fluent environment, it is necessary to define the bound-
ary conditions and conduct the numerical analysis. In this
section, the mathematical equations used in the numerical
analysis of the model have been explained [18].

Gas mixture mass conservation equation:

@ Springer



Arabian Journal for Science and Engineering

One Channel 0

Two Channel

\

<

Four Channel 0

& \

i—————hee——————| =]
e || —_— s |
r— — ==
) [ — _ )
[ = m— e
1] B ]
Ji—=|
=
| ]
== =] [ b |
; ; ] R — -——
=] == = = —| e — |
l——— | - —1 - ——————| |c———
o] = _ |e=—————i]|
] ] |
Six Channel 0 Eight Channel Ten Channel 0

Fig.2 PEM fuel cell gas flow channels

ad
S (e(1=5)pg) + Vo (pgii) = Sy

Sm=>_ % )
k

ug, pg is velocity vector and gas mixture density, respec-
tively. ¢ is porosity. s is water (liquid) saturation.
Gas mixture momentum conservation equation:
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Yy is species mass fraction. Dy is effective coefficient of
mass diffusion.
Water dissolved transfer equation in the membrane:

d Pi — N4
= (siMw,Hzo—EW,\) £V o (T M)

=V e (M,D,VL)+ S+ Sga + Sia
SA _ _MH20RC

2F
P
Sgd = (1 —SG)J/ngHzo _EV;V()&equil - A)
0 1Y

Sia = 8" YiaMm,0 #()\equil - X) “

&; is the volumetric fraction of the polymer membrane. i ,, is

the ion current density. A is water content in membrane. n4 is
the electrostatic resistance coefficient. D' is water diffusion
coefficient. p; is density of the polymer membrane, and £ W
is equivalent molecular weight of the membrane.

Liquid water mass conservation equation:

0 Kk, dp
S (eips) + Ve (p — —= == V)
Mgkrl —
+ Vel Plug ) = So — Sy
Mlkrg § ¢
Ve €5 Dgt Mp,0 P — P .
‘ - 2 pln<7ml lfpwv = Psat
Sy = RT P — Puwv
¢ Ye€(1—5)Dg Mu,0 P — Psat \ .
p In — lf Pwv > Psat
RT P — Puwv
Q)

o1 is liquid water density. w; is dynamic viscosity. K is
porous material permeability, k; is relative permeability.
Electronic and protonic charge conservation equation:

Ve(—0'vg)=R
{ e ©)

Ve (=o' Vou) = R
R is the volumetric current density. o I1 s solid mate-
rial electric conductivity. And a,f,f I s polymer membrane
electrical conductivity. ¢; and ¢,, are electric potential.

A humidified hydrogen stream enters the fuel cell through
the anode inlet channel. There is no liquid fluid entering the
channel. Humidified air flow enters the fuel cell through the
cathode inlet channel. Here too, there is no liquid fluid enter-
ing the channel. Boundary conditions used in the model are
given in Table 5. Except for the shared boundary conditions,
they were used as default values assigned by the program.

The fundamental assumptions made in the current study
are as follows:

e Flow of chemical components (Hz, Oy, H,O) and liquid
water transport are considered laminar.

S @ Springer

Table 5 Boundary conditions of a 25 cm? fuel cell

Anode flow rate  5.469 x Cathode flow 1.8726 x
(kgls) 1077 rate (kg/s) 107

Anode 343.15 Cathode 343.15
temperature temperature
(K) (K)

Anode relative 50% Cathode relative  50%
humidity humidity

Anode 1.2 Cathode 2
stoichiometric stoichiometric
ratio ratio

Anode pressure 200 000 Cathode 200 000
(Pa) pressure (Pa)

Hydrogen mass  0.568446 Oxygen mass 0.2213558
fraction fraction

Anode inlet 0.431554 Cathode inlet 0.05001469
water mass water mass
fraction fraction

e Formation of liquid water and transport are included in the
numerical solution.

The analysis is performed for steady-state conditions.
MEA materials are assumed to be isotropic.

All gases are considered as ideal gases.

In the analysis, a Dell Precision 5820 Tower computer with
an Intel(R) Xenon(R) W-2155 processor and 32 GB RAM
was used. The solution was performed with a 10-core parallel
processor in the Fluent program. Laminar flow occurs within
the fuel cell. The solution time for each cell voltage was 15 h.
The solution for each design occupies 8—10 GB of memory
space.

During the calculations, to manage the pressure—veloc-
ity coupling in the gas mixture, the SIMPLE (Semi Implicit
Method for Pressure Linked Equations) algorithm, com-
monly preferred in fuel cell analyses [34, 35], was used.
Furthermore, for fuel cell analysis, the first-order upwind spa-
tial discretization was preferred for the transport equations
of species (defined as Hy, Oz, H>O in Fluent) and momen-
tum due to its ease of convergence. The energy convergence
criterion was determined as 1e~°, and the other convergence
criteria were determined as le ™. Convergence criteria was
achieved in the analysis.

3 Results and Discussion

In this section, the numerical results of the serpentine design
comprising 1-8-10 channels 25 cm? active area under the
same operating conditions fuel cell were evaluated. Figure 5
presents the polarization curves and power density graphs
for all channel designs. Upon examining the performance
characteristics of these three designs, it is evident that the
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Fig.6 a Cathode channel pressure distribution of the single-channel fuel cell, b the eight-channel fuel cell, and ¢ the ten-channel fuel cell

single-channel design with a power density of 0.657 W/cm?
outperforms the other two designs with a maximum power
increase of approximately 14%. The power densities of the
eight-channel and ten-channel designs are 0.575 W/cm? and
0.639 W/cm?, respectively. The performance decreases as the
number of channels increases for the same active area. Sev-
eral potential factors contribute to this phenomenon, one of
which is pressure drop. The following figures utilize visuals
corresponding to the operating conditions that yield the high-
est power when evaluating performance. Figure 6 shows the
pressure distribution of different cathode channel designs.
In all three designs, there is high pressure in the initial inlet
channels. Along the MEA, the pressure gradually decreases
as the reactant gases are depleted in the channels. Fuel cell

overall performance and mass transport are managed based
on this characteristic. The inlet—outlet pressure differences
were 55,693.5 Pa for the single channel, 905.233 Pa for the
eight-channel, and 554.377 Pa for the ten-channel design.
Accordingly, the highest pressure drop was observed in the
single-channel design.

This situation can be interpreted as follows: It is known
that the cathode channel exhausts the fluid to the atmosphere.
For the fluid entering the channel to continue its flow without
losses, the inlet of the channel with high-pressure drop needs
to have relatively higher pressure. Therefore, more reactions
occur in regions where the pressure is higher compared to
the other examined channels. The performance curve given
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in Fig. 5 shows that the single-channel design provides the
highest power.

Pressure drop is critical for the evaluation of the fuel cell
system, as it is directly related to the pumping power that
supplies fuel/oxidant to the fuel cell. As the pressure drop
increases, pumping losses also increase, leading to a rise in
the parasitic power drawn from the fuel cell. First and fore-
most, it should be understood that reducing the pressure drop
within the channel is beneficial for enhancing fuel cell per-
formance, but it is not the only factor affecting performance.
Therefore, reducing pressure drop does not necessarily mean
achieving the best performance.

Plates with poor design may not perform adequate water
drainage, hindering the reactant transport. Furthermore,
channel design can cause non-homogeneous reactant distri-
bution, affecting the catalyst layer’s utilization [36]. How-
ever, high-pressure loss may affect the penetration of more
reactants to the catalyst surface [37]. Additionally, high-
pressure drop increases the forced transport of liquid water,
facilitating its removal. On the other hand, it also increases
the power loss required by the compressor. Therefore, the
optimum level of pressure drop should be determined.

In Fig. 7, velocity variations in the cathode channel with
three different flow channel designs are depicted. Variations
in fluid velocity are observed due to changes in pressure
within the channels. In the single-channel design, which
experiences the highest pressure drop, it is evident from
the velocity distribution that the velocity increases in the
exit regions where the pressure drop is the most signifi-
cant. In this region, the fluid reaches a maximum velocity of
28.7 m/s, which is the highest among the analyzed flow chan-
nel designs. The average velocity in the cathode channels is
18.3 m/s. The maximum velocities in the eight-channel and
ten-channel designs are 5.63 m/s and 3.74 m/s, respectively,
with average velocities of 3.039 m/s and 2.35 m/s.

When examining fluid velocities in the eight-channel and
ten-channel fuel cells, it is evident that the ten-channel design
achieves a lower velocity. This condition positively influ-
ences the residence time of the reactant (oxygen) inside the
channels, allowing it to diffuse to the catalyst surface and par-
ticipate in the reaction. It is known that the single-channel
design has the longest length, and increasing the number of
channels reduces the length to mitigate pressure losses. Based
on this assessment, it can be concluded that in the ten-channel
design, the lower average fluid velocity inside the channels
has a positive effect on fuel cell performance.

Furthermore, it is easy to observe boundary layers along
the channel walls. Water typically accumulates near the
walls, creating a circular gas flow [33]. The blue areas in the
velocity contour images in Fig. 7 likely indicate dead zones.
These zones suggest that the reactant gas does not come into
contact with the membrane/catalyst surface. Structural mod-
ifications are required to address these regions.

%% @ Springer

If we need to summarize the results regarding pressure
and velocity: As the channel numbers ascend, pressure drop
becomes less. With the increase in the number of channels,
the pressure distribution begins to homogenize, resulting in
an increase in the average pressure compared to the inlet
air pressure and a decrease in the average velocity. When
evaluating the above pressure and velocity graphs, it can be
observed that the low reactant velocity in fuel cells with small
active areas (e.g., 5 cm?, 25 cmz) contributes positively to
the chemical reaction by allowing the reactant to stay in the
active area for alonger period. However, in the single-channel
design, the length of the channel is not the same as that of
each channel in the multiple-flow channels. Therefore, we
cannot simply say that the increase in velocity in the single-
channel design alone reduces the performance. Additionally,
when looking at Fig. 8, it can be seen that all of the hydrogen
are completely consumed at the channel outlet. Thus, it is
possible to say that the reactant remains inside for a sufficient
duration.

Another parameter affecting fuel cell performance is the
quantity of reactant penetrating the catalyst surfaces. As the
reactant concentration of the catalyst surface increases, get-
ting into the concentration polarization region is delayed.
This is possible when the pressure drop is low and the reac-
tant is uniformly distributed throughout the flow channel
[37]. High-pressure drop causes rapid local reactions and
negatively affects fuel cell performance due to inadequate
regional fuel/oxidant supply.

In Figs. 8, 9, and 10, the mass fraction ratios of the
reactants under the highest power conditions for the three dif-
ferent fuel cells were obtained for both the anode and cathode
sides. These values essentially indicate the reactant concen-
tration within the fluid. The image at the top represents the
concentration distribution of the reactant on the cathode side
for each fuel cell design, and the image at the bottom rep-
resents the concentration distribution of the reactant on the
anode side.

Oxygen concentration directly affects the electrochemi-
cal reaction rate. In all analyses, the oxygen concentration
entering the fuel cell was stated as 0.2213558 in the bound-
ary conditions table. When looking at Fig. 8, it can be seen
that the maximum oxygen concentration diffused to the cath-
ode catalyst/GDL surface is 0.210. The oxygen concentration
is high in the first half of the interface. However, cathode
channel oxygen concentration gradually diminishes, result-
ing in less oxygen remaining for the downstream regions of
the active surface (catalyst/GDL surface). Consequently, the
oxygen concentration on the active surface decreases signif-
icantly to 3.22 x 1077,

A similar change is observed for hydrogen on the anode
side. However, it is observed that all of the hydrogen reacts
throughout the active area surface, and therefore, no hydro-
gen is found at the anode channel outlet. In the reactant
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Fig. 8 Oxygen and hydrogen concentration distributions on the a catalyst/GDL surface and b in channels of the single-channel fuel cell

concentration distribution on the anode and cathode catalyst
surfaces, the blue areas indicate oxygen- and hydrogen-
depleted regions. To achieve higher power from the fuel cell,
more reactants should penetrate these dead regions within
the active area.

InFig. 9, when looking at the contours of the eight-channel
fuel cell, the distributions of reactants on the catalyst/GDL
surfaces and in the channels exhibit parallelism. For the

cathode side, in the inlet region, the maximum oxygen con-
centration on the catalyst surface is 0.211, while the average
oxygen concentration is at the 0.1 level. On the anode side, the
maximum hydrogen concentration penetrating the catalyst is
0.57, and the average hydrogen concentration is 0.44. These
values are higher than those in single channel. However, it
is observed that more reactants (both oxygen and hydrogen)
are leaving the fuel cell without being used at the channel
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Fig.9 Concentration distribution of oxygen and hydrogen on the a catalyst/GDL surface and b in channels of the eight-channel fuel cell

outlets. In comparison with the single-channel fuel cell, at
the anode channel outlet, some hydrogen is seen leaving the
fuel cell without reacting. This is directly indicative of the
channel pressure difference, resulting in the lowest power
output among the three designs under consideration.

When looking at the concentrations of oxygen and hydro-
gen in Fig. 10, the highest reactant concentration values at
the channel inlet are 0.552 for the anode and 0.207 for the
cathode catalyst/GDL surfaces. These values indicate that the
lowest concentration is achieved in the ten-channel fuel cell
design. The average mass fractions of reactants on the anode
and cathode sides are 0.46 and 0.08, respectively. However,
unlike the eight-channel design, it is important to note that
all the hydrogens entering the fuel cell are utilized.

Membrane hydration is also important for the fuel cell.
Uniform water distribution in the membrane (without flood-
ing) is a method used to extend the life of the PEM fuel cell.
This is because localized hotspots and flooding can stress the
membrane, potentially causing damage [38].

In Fig. 11, average membrane hydration values for three
different fuel cell designs are provided. It is seen that as the
current density rises, the membrane hydration increases. This

is because at higher current loads, more water is generated
due to the chemical reaction. Increased membrane hydration
has a positive effect on proton conductivity, contributing to
the rise of overall performance. The relatively low membrane
hydration in the eight-channel design is among the possible
reasons for achieving the lowest power output.

The analysis results show that there is a change in the
operating performance as the channel count increases in the
25 cm? active area fuel cell. One of the parameters affect-
ing the result is liquid saturation. Low liquid water content
reduces mass transfer losses and improves fuel cell perfor-
mance.

More explicitly, the water production rate is related to the
current production. High current densities resultin high water
production. Therefore, at high currents, mass transfer losses
become dominant in the fuel cell. Liquid water reduces PEM
fuel cell performance as follows:

e By obstructing catalyst and GDL porosity, reducing the
concentrations of gases (hydrogen and oxygen) on catalyst
surface,




Arabian Journal for Science and Engineering

contour-5
Mass fraction of 02

2.07e-01
1.87e-01
1.66e-01
1.45e-01
1.24e-01
1.04e-01
8.30e-02
6.23e-02
4.17e-02
2.10e-02
2.67e-04

ANV

contour-6
Mass fraction of h2

5.52e-01
5.41e-01
5.30e-01
5.20e-01
5.09e-01
4.98e-01
4.87e-01
4.77e-01
4.66e-01
4.55e-01
4.44e-01

()

contour-7 e
Mass fraction of 02 e
221e-01 ——
— JE—
2.07e-01 — —
1.93e-01 Jr—
A e
1.79e-01 =1
‘ 1.65e-01
1.51e-01
137e-01 J
1.236-01 S
1.09e-01
9.49e-02
8.08e-02

contour-&
Mass fraction of h2

5.68e-01
5.12e-01
4.55e-01
—
3.98e-01 -
3.41e-01
2.84e-01
2.27e-01 i
1.71e-01 —
1.14e-01
5.68e-02
0.00e+00

(b)

Fig. 10 Concentration distributions of oxygen and hydrogen in the a catalyst/GDL surface and b in channels of the ten-channel fuel cell

15
10
< —--One Channel
5 ——Eight Channel
0 ——Ten Channel

0 1 2
Current Density (A/cm?)

Fig. 11 Membrane hydration (\)

e By covering catalyst layer active area with water, it is
prevented the electrochemical reaction from taking place.
From this perspective, the calculation equation for gas dif-
fusion is provided in Eq. (7). The term "s" used in the

equation represents the water saturation that leads to per-
formance degradation due to pore blockage.

Po\'"? Vi
Dizghﬂl—nﬁp?<§> (%) (7

In the simulation, the cathode channel and the GDL inter-
face were examined to observe this effect. According to the
polarization curve, it can be seen that concentration losses
become more pronounced during operation below 0.4 V of
cell voltage. Therefore, in Fig. 12, the changes in liquid sat-
uration at the cathode flow channel and GDL interface are
shared for the three different fuel cells corresponding to the
current conditions at 0.4 V of cell voltage.

When looking at the maximum saturation, the lowest sat-
uration is observed to be 0.151 in the 10-channel design.
The maximum saturation in the other two designs is in the
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order of 0.18. The ten-channel design performs better than
the eight-channel design, reducing mass transfer losses and
increasing fuel cell performance.

Table 6 shows the total pressure drop, pumping losses, and
net power changes of the three channels examined accord-
ing to their operating voltages. While high-pressure drop
improves fuel cell performance, it also implies the need for
more power for the compressor to provide sufficient airflow

to the cathode channel. This will lead to a decrease in the net
power obtained from the fuel cell. The relationship between
the pressure drop in the channels and the pumping losses is
provided by Eq. (8).

APt A
Wp _ tot Ach U (8)
AtOt
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Table 6 Pumping losses of

1-8-10 channel designs for Number of channels Voltage (V) AP (Pa) W_loss (W/em?) W_net (W/cm?)
25 cm? active area
One channel 0.7 57,277.88 0.0169548 0.248892
0.6 56,902.86 0.0168718 0.591794
0.5 56,350.28 0.0167460 0.629897
0.4 55,594.00 0.0165730 0.641362
0.3 54,935.14 0.0164217 0.535871
Eight channel 0.7 901.09 0.0000217 0.201549
0.6 908.47 0.0000219 0.462001
0.5 904.48 0.0000218 0.575721
0.4 901.29 0.0000217 0.569647
0.3 902.43 0.0000217 0.484830
Ten channel 0.7 563.81 0.0000107 0.224528
0.6 563.13 0.0000107 0.542209
0.5 553.97 0.0000105 0.639633
0.4 547.36 0.0000104 0.605680
0.3 543.33 0.0000103 0.493881

In the equation, W, the loss power density is expressed in
terms of A Py the total pressure drop, A.j, the cross-sectional
area of the flow inlet, Ay the total reaction area, and v
the gas inlet velocity on the cathode side. When looking at
the table, it can be observed that the pressure drop amounts
vary for the different cell voltages. As the channel numbers
change, the pressure drop changes dramatically. However,
the same channel design does not yield the same effect as
the voltage changes concerning the pressure drop. Since the
highest pressure drop is in the single-channel design, the
highest pumping loss occurs in this design. The calculated
pumping losses for the operating conditions where the high-
est power is obtained are as follows: 0.016573 W/cm? for
the single-channel design, 0.0000217 W/cm? for the eight-
channel design, and 0.0000105 W/cm? for the ten-channel
design. It should be noted that the calculated values are for
a single-cell fuel cell. It is a known fact that for multicell
stack, the required pressure and compressor power will be
much higher. Moreover, the difficulties that may arise in pro-
viding the necessary compressor power for large-area fuel
cells should not be ignored, as they may eliminate the per-
formance advantage of pressure drop.

4 Conclusion

Small active area PEMFC performance analyses were exam-
ined. The influence of bipolar plate multi-serpentine flow
channels on local pressure distribution, oxygen concentra-
tion, hydrogen concentration, water concentration, mem-
brane water content, and flow velocities of the fluids in
the channels on the system’s performance was investigated.

S @ Springer

Additionally, pumping losses resulting from pressure drop
were calculated, and the impact of the power losses spent on
the compressor on the net power was evaluated. The results
are summarized as follows:

e The high-pressure drop can facilitate reactant diffusion and
contribute to liquid water discharge, but it also reduces net
power by increasing pumping losses. Under the conditions
where the highest power was achieved, the total pressure
was 55,594 Pa for the single-channel design, 901.29 Pa for
the eight-channel design, and 553.97 Pa for the ten-channel
design. Thus, the highest pressure drop was observed in
the single-channel design.

e Flow velocity increased at the outlet regions where pres-
sure loss was most significant within the flow channels.
The single-channel design with the highest pressure drop
exhibited a maximum velocity of 28.7 m/s in the cath-
ode channel, which was the highest velocity among the
examined designs. Multi-serpentine channels lead to lower
flow velocity. However, the ten-channel design had a lower
velocity than the eight-channel design, which positively
affected the residence time of reactants inside the chan-
nels.

e The oxygen and hydrogen concentrations penetrating the
catalyst layer directly influence the electrochemical reac-
tion rate. In all designs, the high oxygen concentration at
the inlet decreased toward the outlet as it reacted. This
decrease was consistent with the change in reactants along
the channels. Single-channel design consumed the most
oxygen, reducing its mass fraction to 3.22 x 107,

e Similar effects were observed on the anode side for
hydrogen. However, in the single-channel and ten-channel
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designs, all the hydrogen participated in the reaction. In
the eight-channel design, hydrogen was expelled from the
channels without using all of it. For this reason, the power
output was the lowest.

e With higher loads, the membrane water content increased
due to the reaction rate. The eight-channel design had the
lowest membrane water content for all current loads. In all
designs, the water did not reach saturation or change to the
liquid phase. Therefore, the eight-channel design, where
water content that enhances proton conductivity was the
lowest, achieved the lowest power.

e When examining pumping losses, it was observed that
pressure drop and pumping losses were not affected by
changes in cell voltage for the same design. However,
an increase in the number of channels affected both of
these factors. Choosing a single-channel serpentine design
over the ten-channel design increased pumping losses from
0.0000105 W/cm? to 0.016573 W/cm?. It should be noted
that this value is for a single cell, and it is evident that for
a stack comprising multiple cells, the required pressure
and compressor power will be much higher, especially for
large-area fuel cells like 200 cm?. Therefore, determining
the optimum point is crucial.
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