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Abstract

Due to the needs of industries for clean and environmentally friendly fuels to-
day, new energy sources such as fuel cells are at the center of attention. Poly-
mer fuel cells, meanwhile, require a short start-up time due to low operating
temperature, high power density, no emission and very low noise, making them
the best option for vehicles as an alternative to internal combustion engines.
One of the most important reasons for fuel cell loss is the uneven distribution
of reactants on the active area, which causes non-uniform reactions. Therefore,
the use of an optimal flow field to improve the durability and performance of
PEM fuel cells seems necessary. Although different studies introduced novel
designs, a study comparing different patterns comprehensively to introduce
the best ones is not performed yet. In this study, first, a numerical validation
was performed with an experimental test that showed good accuracy. Then, to
achieve efficient patterns, several flow field designs were inspired by previous
effective designs and others were selected as superior designs from the liter-
ature. The effects of presented geometries on the performance of a PEMFC
were investigated to improve its performance. In addition, efficient evaluation
criteria from the literature were employed to better analyze the performance
of such systems, and the ones consistent with the I-V performance were intro-
duced. By surveying the criteria, a novel performance factor was introduced
that showed the best agreement with the I-V performance. The results were
obtained in single-phase and two-phase approaches, which lead to remarkable
findings. The two-phase study revealed that the waved serpentine case has the
highest electrical performance with the highest mass fraction of oxygen.
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1 Introduction

With increasing attention to fossil fuels independency
and environmental concerns, alternative fuel resources
have attracted much attention. In order to find more ef-
ficient and cleaner energy generation methods, fuel cells
have been introduced as a suitable option. Fuel cells
operate on the principle of direct energy conversion and
use electrochemical reactions to generate electricity in
one step via the chemical potential of a fuel. There
are different types of fuel cells, among which polymer
membrane fuel cells showed better performance due to
lower operating temperature, fast start-up, and silent
operation. A schematic of a common polymer mem-
brane fuel cell is shown in Figure 1.

Fig. 1. Schematic of a PEM fuel cell.

Various studies have been carried out, especially in
the field of gas flow fields of polymer membrane fuel
cells, which shows the importance of this issue and also
indicates that it can still be an active area for research
and development of this type of fuel cell. Several re-
view studies have been performed on different kinds of
flow fields and their effect on PEM fuel cells in recent
years. In 2012, Menso et al. [1] investigated the effect
of geometric parameters of flow fields on fuel cell per-
formance. Kahraman and Orhan [2] comprehensively
reviewed configurations of currently available flow fields
and provided step-by-step modeling of an optimal flow
field design.

Lim et al. [3] then studied the effect of flow fields
with different designs on water management and dis-
tribution of reactants in such systems. Further, in a
numerical study [4], they examined the effect of flow
fields with modified parallel designs. The performance
of novel flow fields was evaluated from the perspective
of reactants distribution, temperature uniformity and
current density production, which showed the superi-
ority of the design. In a numerical study conducted

by Shen et al. [5], the synergy criterion based on the
improved mass transfer theory was introduced and ap-
plied to the flow field. They compared the performance
of a flow field with four obstacles in the path with that
of a conventional serpentine channel. They found that
by adding obstacles, the mean synergy angle between
the gas velocity and the concentration gradient at the
cathode decreased, while the effective mass transfer
coefficient increased, resulting in improved cell perfor-
mance.

A numerical study by Rostami et al. [6] proposed
a three-dimensional model to investigate the effect of
bend size of serpentine channels on the performance of
the polymer membrane fuel cell. The results showed
that by increasing the bend size from 1 to 1.2 mm, not
only does the overpotential decrease but also the tem-
perature gradient diminishes. Moreover, the serpen-
tine channel with the bend size of 1.2 mm is successful
in preventing internal secondary flow and causes per-
formance improvement up to 90%, compared to the
case with the bend size of 0.8 mm. Ramin et al. [7] in
a numerical study introduced the channel design with
traps and optimized the number and length of traps in
the channel path. The proposed design dramatically
increases the current density while its manufacturing
process is as simple and inexpensive as direct conven-
tional channels.

Singdeo et al. [8] proposed a modified serpentine
flow field design to be used in polymer fuel cells, and
by modifying the flow field paths, they were able to in-
crease the current density in addition to increasing the
uniformity of the distribution of the reactants. Baz
et al. [9] conducted a numerical study and presented
several new serpentine channels in order to uniformly
distribute the reactants on the active area, increase the
under rib mass transport, reduce flooding on the inter-
face between the gas diffusion layer and the catalyst
layer and keep the membrane water content in the ap-
propriate range for better proton conductivity. The
novel designs were achieved based on variations of three
factors, including the flow distribution path, the num-
ber of paths, and the rib length. The results revealed
that a 22.6% increase in power density is achievable in
the most optimal case.

A new reduction design for the gas channels of PEM
fuel cells was proposed by Alizadeh et al [10]. They first
described the new design and then optimized its geo-
metric parameters. It was observed that the new design
could provide a uniform distribution of reactants and
water. Li et al. [11] introduced the waved serpentine
design for use in the flow fields. They proved that it
can improve the transport of reactants and cell per-
formance by periodic changes in channel depth. Also,
a lower pressure drop was observed using the new de-
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sign. The numerical results obtained in this study were
confirmed by experimental results.

Ashrafi et al. [12] investigated the improvement of
two-phase flow uniformity in polymer fuel cells. First,
experiments were performed to find the appropriate
stoichiometric ratio for the cathode, water coverage
rate and fuel cell power density with a Z-type flow field.
Then, using a 3D model, a modified flow field with uni-
form distribution of single-phase and two-phase flows
was introduced.

In two studies by Heidari et al. [13, 14], first the
effect of in-line and staggered obstacles in a parallel
flow field was examined in an experimental study and
then the effect of the number, height and direction of
obstacles placed in the flow channel was investigated
numerically. The results of the experimental research
showed that in the staggered configuration due to un-
der rib mass transport compared to the in-line mode
where only mass transportation occurs under the ob-
stacle, the cell performance enhances up to 28% com-
pared to the simple parallel channel and 18% compared
to the in-line obstacle configuration.

Wen et al. [15] introduced the intersectant flow field.
With the help of CFD, they obtained optimal values of
0.3 and 0.5 mm for channel depth and porosity of this
type of channel and then compared the results with the
serpentine channels in experiments and found that the
advantages of this novel design are in higher reaction
rate and uniformity and better water removal rate.

The main challenges for PEM fuel cell systems are
the creation of hot spots and flooding, which can be
due to the uneven distribution of reactants in the an-
odic and cathodic flow channels. Such phenomena re-
duce the performance of the system. The flooding phe-
nomenon in the cathode, which occurs due to the ac-
cumulation of liquid water in the pores of the catalyst
layer, micro-porous layer and gas diffusion layer, is one
of the main performance-reducing parameters caused
by oxygen not reaching the catalyst and membrane
surface; it is the most common problem in heat and
water management processes. The flooding in chan-
nels can be managed by controlling the evaporation
and condensation processes, which are strongly depen-
dent on the temperature distribution at the cell sur-
face [16–18]. Since the fabrication and testing of poly-
mer fuel cells are very time-consuming and costly, com-
putational fluid dynamics can play an important role
in accurately analyzing the phenomena governing the
whole system, which are difficult and sometimes impos-
sible to analyze with conventional experimental meth-
ods.

Although many studies tried to improve available
flow fields and introduce novel efficient flow-field de-

signs, there is a lack of a study to compare different
types of designs and introduce applicable evaluation
criteria to help researchers find optimum flow fields
based on the user needs. Most of the studied litera-
ture introduced a limited number of efficient flow fields.
However, in this study first, new flow field patterns are
presented, and then, the performance of efficient chan-
nel designs among the literature are compared delib-
erately. Although some evaluation criteria have been
introduced to the literature, there is a lack of an an-
alytical comparison of the efficient criteria in order to
find applicable ones. Hence, the performances of ef-
ficient flow fields are compared using different evalu-
ation criteria. In addition, by evaluating the effective
parameters and analyzing the performances of different
patterns, a novel factor is introduced here as a useful
tool to help users choose the pattern with the highest
performance.

2 Geometries and computa-
tional domain

2.1 Flow field designs

In this section, novel and selected gas flow fields were
presented based on the conducted research on vari-
ous efficient flow fields among the literature, after the
initial analysis of the designs performed to select the
best samples. After selecting the fitting designs, the
design modeling, meshing and implementation of se-
lected cases were carried out in order to compare them
with the aim of finding the best option. The flow field
designs analyzed in this study are chosen based on
or inspired by studies from the state-of-the-art liter-
ature, each of which showed good performance in vari-
ous functional fields such as good reactant distribution,
low pressure drop, uniform temperature distribution
and high current density. The selected channel designs
in the present study include the following designs, a
schematic view of which is shown in Figure 2.

I. Double channel serpentine, as a base serpentine
design;

II. Double channel serpentine (bend size 1.2 mm), in-
spired by the design of Rostami et al. [6];

III. Double channel serpentine with trap, inspired by
the design of Ramin et al. [7];

IV. Modified parallel (channel size 3 mm), inspired by
the design of Lim et al. [4];

V. Modified parallel (channel size 2 mm) [4];
VI. Modified serpentine, from Singdeo et al. [8];

VII. Reduction, from Alizadeh et al. [10];
VIII. Waved serpentine, from Li et al. [11].
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(a) Case I (b) Case II

(c) Case III (d) Case IV

(e) Case V (f) Case VI

(g) Case VII (h) Case VIII

Fig. 2. Perspective and front view of selected flow field designs (cases I to VIII).
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2.2 Computational domain

A schematic of the computational domains, dimen-
sions, and boundary conditions applied to a numerical
sample of a double channel serpentine design is shown
in Figure 3. This figure shows the position of inlets and
outlets of the flow field as well as the dimensions of the

system components. In order to increase the accuracy
of the analysis, the thickness of other parts of the PEM
stack (except the flow channel) is considered the same.
Further, the same designs are adopted for the anode
and cathode flow channels, and the oxygen is used for
the cathode inlets.

Fig. 3. A schematic of PEMFC and the computational domain.

3 Mathematical model

3.1 Governing equations

Generally, physical processes in a PEM fuel cell are
explained mathematically by solving the mass, mo-
mentum, energy, electrochemical reactions, and charge
transfer equations. For different layers and domains,
suitable electrochemical equations with different source
terms are solved numerically to obtain a system of
equations for electrochemical and physical parameters
to describe all the phenomena and their characteristics
in a PEM fuel cell. Equations are derived by consid-
ering a laminar flow in isotropic porous regions. The

continuity equation is expressed as follows:

∇ · (ερg ~Vg) = −Smass . (1)

The momentum equation of gas mixture species is de-
fined as:

1

(1− s)2
∇ · (ερg ~Vg ~Vg) = −ε∇Pg +

1

1− s
∇ · (εµg ~Vg)

+ Smom . (2)

In all equations, ε is the porosity coefficient, which is
equal to one in the gas flow channels and a value be-
tween zero and one in the porous regions. Additionally,
s is liquid saturation, µg is the viscosity of the gas mix-
ture and Smom is the momentum source term, which is
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defined as follows [19].

Smom = −ε
2µg ~Vg
κpκrg

− ε3Cfρg√
κp
|~Vg|~Vg , (3)

where κp and κrg are permeability of the porous layer
and relative permeability of the gas mixture, respec-
tively.

The conservation of species participating in the re-
actions is achieved by [18]:

∇ · (ρgCi~Vg) = ∇ · (ρgDeff
i ∇Ci) + Si , (4)

where Ci is the mass fraction of each species, Deff
i is the

effective diffusivity and Si is the species source term.
The energy conservation equation can be explained as:

(ρ cP )eff(~Vg∇T ) = ∇ · keff∇T + Stemp , (5)

in which cP,eff is the effective specific heat capacity, keff

is the effective thermal conductivity and Stemp is the
energy source term.

The transfer of electrons through the solid phase
and the transfer of protons through the membrane is
described by the equations of electric charge conserva-
tion as: {

∇ · (σs∇φs) = Ses ,

∇ · (σm∇φm) = Sem

(6)

where σs and σm are the electrical conductivity in the
solid phase and the ionic conductivity in the polymer
membrane, respectively. In addition, φs and φm indi-
cate the potentials of the solid and polymer membrane
phases. The source terms Ses and Sem are called vol-
umetric charge transfer. Theoretically, the activation
loss η, which is the difference between the solid phase
potential and the membrane, is the driving force of vol-
umetric charge transfer. The electrical conductivity of
solid materials is constant and depends on the proper-
ties of the material. But the ionic conductivity of the
polymer membrane used in the model was calculated
by Springer et al. [20]. The source terms for the solid
and the membrane phase represent the production of
electrons and protons, respectively, calculated by the
Butler-Volmer equations [21]:

jan = jref
an

(
CH2

Cref
H2

)γan
×
(

exp

[
αanFηan

RT

]
−exp

[
−αcatFηan

RT

])
,

jcat = jref
cat

(
CO2

Cref
O2

)γcat
×
(

exp

[
−αcatFηcat

RT

]
−exp

[
αanFηcat

RT

])
.

(7)

Source terms of electric charge conservation equations
are called exchange current density. jref

an and jref
cat are

exchange current density at the reference condition at
the anode and cathode, respectively. F is Faraday’s
constant, Ci is the concentration of the species, Cref

i is
the concentration of the species at the reference condi-
tions, and αan and αcat are anode and cathode transfer
coefficients, respectively.

Ci =
Yiρg
Mi

. (8)

The activation loss (η) at the anode and cathode is
calculated as follows:{

ηan = φs − φm ,
ηcat = φs − φm − Voc ,

(9)

where Voc is the open-circuit voltage on the cathode
side. Based on the conservation of the electric charge,
the total current of electrons leaving the anode cata-
lyst layer must be equal to the total current entering
the cathode catalyst layer, as well as for the protons.

Liquid water saturation is defined as the volume
ratio of liquid water to the void space of the porous
medium. It is controlled by the pressure gradient and
the void space of the porous medium [22].

∂

∂t
(ε ρl s) = ∇ ·

(
ρlKKr∇Pl

µl

)
+ Sgl − Sld , (10)

where K is the permeability, Sgl is the mass change
rate between gas and liquid and Sld is the mass change
rate between liquid and dissolved phases.

The generation and transport of dissolved phases
are stated as follows [23]:

∂

∂t

(
εMH2O

ρl
EW

λ
)

+∇
(
~i
nd
F
M
)

= ∇ · (M Di∇λ) + Sλ + Sgd + Sld (11)

where M is the molecular weight, EW is the equiva-
lent weight of membrane, ~i is the ionic current density,
nd is the osmotic drag coefficient, Di is the diffusion
coefficient, and Sλ is the water production rate of the
cathode catalyst layer. Mass change rates of Sgd and
Sld are defined as [22]:

Sgd = (1− sθ)γgdMH2O
ρi

EW
(λE − λ) , (12)

Sld = sθγldMH2O
ρi

EW
(λE − λ) (13)

where γgd and γld are the mass exchange rates and λE
is the equilibrium water content. λ is the water con-
tent, which is equal to the ratio of the number of water
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molecules to the number of sulfonic acid ions, which is
obtained by [24]:

λ =


0.043 + 17.18a− 39.85a2 + 36.0a3 0 < a ≤ 1

14.0 + 1.4(a− 1.0) 1 < a < 3

16.8 a > 3

(14)

where a is the water activity which is defined as:

a =
Pw
Psat

+ 2s (15)

where Pw is water vapor pressure and Psat is water
saturation pressure in Pascal, which are calculated as
follows:

Pw = xH2OP , (16)

log10

(
Psat

101325

)
= −2.1794 + 0.02953(T − 273.17)

− 9.1837× 10−5(T − 273.17)2

+ 1.4454× 10−7(T − 273.17)3 , (17)

where xH2O is the mole fraction of water vapor in the
gas mixture. The following equation is used to model
the formation and transfer of liquid water in the gas
channels. In order to control water removal and due
to the fact that the presence of water in the flow chan-
nel increases the pressure drop, it is very important to
consider this phenomenon. Hence we have:

∂

∂t
(ρls) +∇ · (ρlV̄ls) = ∇ · (Dliq∇s) (18)

where Dliq is the diffusion coefficient of liquid water in
flow field channels and V̄l is the liquid velocity which
is considered to be a fraction of the velocity of gas as:

V̄l = xV̄g . (19)

3.2 Boundary conditions

To apply the boundary conditions to the walls, except
the inlet and outlet, the conditions of zero flux and no-
slip were employed. For anode and cathode inlets, mass
flow rate, temperature, and mass fraction of species
were determined, and liquid water saturation was con-
sidered to be equal to zero. The mass fraction of the
species was calculated based on the pressure and rela-
tive humidity of the inlet gases, and the atmospheric
pressure was used in the outlets. Further, the potential
at the anode terminal was set to zero and at the cath-
ode terminal varied from 1.1 V to 0.4 V with a step of
0.05 V.

3.3 Solution method

The numerical solution of equations and boundary
conditions mentioned in the previous sections of the
present study has been carried out using the finite vol-
ume method (FVM) and using ANSYS Fluent 19.2
fuel cell module. After adjusting the parameters re-
lated to different fuel cell areas by means of validation
and calculating input data, different cases were solved.
The SIMPLE algorithm was used for coupling velocity
and pressure equations and the Second-Order Upwind
method was used for discretization. In addition, the
Least Square Cell-based method was adopted to calcu-
late the velocity gradient and secondary diffusion term
and to find the scalar values. As well, the convergence
criterion in this study considered the equality of anodic
and cathodic current density up to 10−4 to reach a good
accuracy for the solution. Also, the electrochemical
properties of the solutions were set based on the val-
idated parameters, the PEMFC working temperature
was 70 ◦C and the anode and cathode stoichiometric
ratios were the same and set to 1 for single-phase and
2 for two-phase solutions.

3.4 Evaluation criteria

In many studies, fuel cell performance analysis is per-
formed using evaluation criteria. Such criteria help to
better analyze the fuel cell performance and increase
the efficiency of systems. First, the following criteria
were selected among the state-of-the-art literature, and
after describing the corresponding results, were ana-
lyzed for different designs.

Shen et al. [5, 25] introduced synergy angle and ef-
fective mass transfer coefficient (EMTC). The former
says that as the synergy angle between the flow veloc-
ity and concentration gradient of the reactants becomes
lower than 90◦ mass transfer is better performed.

cos γ =
~u · ∇c
|~u| · |∇c|

(20)

where ~u is the velocity and ∇c is the concentration
gradient. The latter mentions that when the EMTC,
which is obtained by the product of flow velocity and
concentration gradient proportional to the membrane,
rises, better mass transfer is achieved.

EMTC =

∣∣∣∣v ∂c∂y
∣∣∣∣ (21)

where v is the velocity component proportional to the
membrane surface.

Ghanbarian et al. [26] proposed a goal function ψ
composed of four intermediate functions to investigate
the effect of four parameters of pressure drop, oxygen
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content in the catalyst layer, oxygen distribution in the
catalyst layer, and the formation of liquid water, simul-
taneously. The functions have equal weights and the
ones with positive and negative effects on ψ are in the
numerator and denominator of fractions, respectively.

ψ =
0.25

ψ1
+ 0.25ψ2 +

0.25

ψ3
+

0.25

ψ4
. (22)

Zeng et al. [27] used objective function J to evaluate
the PEMFC performance. This function is the ratio of
hydraulic power to electric power in the cathode of a
fuel cell, and when its value is minimized, the fuel cell
performance is the best:

J = k
∆Pc ūin,cAch

Vcell iaveAm
, (23)

where ∆Pc is the pressure drop of the cathode channel,
ūin,c is the inlet velocity, Ach is the channel area, Vcell

is the cell voltage, iave is the average current density,
Am is the active area and k is a constant with the value
of 106. Azarafza et al. [28] used the uniformity index to
compare flow fields in terms of uniformity of different
variables on a specific surface. The closer the unifor-
mity index is to 1, the more uniform the distribution
of the variable. The integral form of this index is as
follows:

Ua = 1−
∫
s
|J − Javg| ds
2
∫
s
Javg ds

(24)

where ds is the target surface, J is the local value of
the variable and Javg is defined as follows

Javg =

∫
s
J ds∫
s
ds

. (25)

3.5 Mesh independency

In order to compare the designs more accurately, al-
most the same mesh size was used for different samples,
after performing the mesh independency tests. The
gridding number and type play an important role in
the accuracy of the numerical solution. In the present
study, a structured mesh has been used in most of the
samples. To increase the simulation accuracy, a finer
mesh is used near the catalyst layer surfaces, where the
reactions take place. To investigate the results of the
independence of the gridding, three different mesh sizes
have been produced. As can be seen in Figure 4, the re-
sults of the cases with 1330000, 2370000, and 3700000
mesh numbers were almost the same, with a slight er-
ror in the case with 1330000 mesh. As a result, to
reduce the computational cost and prevent a possible
divergence of the solution, the mesh configuration of

the case with 2370000 gridding has been used in this
study.

Fig. 4. The polarization curves per the different
number of gridding.

3.6 Validation

To validate the configuration and solution methods to
reach a precise solution, the validation of this study
was performed using data from an experimental study
investigating the effect of a new gas flow field on the
performance of PEM fuel cells. Then, the numerical
simulations were performed after designing, meshing,
and setting up the configuration. An overview of the
studied design and the comparison between the current
densities obtained at different voltages of the present
numerical study and those of the reference study is pre-
sented in Figure 5.

4 Results and discussion

The performances of different flow fields were investi-
gated in single-phase and two-phase solutions and were
compared to each other. Since the pressure drop and
water accumulation in cathode flow channels are far
more than the anode channels, the affecting parame-
ters are investigated in the cathode.

4.1 Single-phase solution

In this section, first, the results of single-phase simula-
tion were analyzed. Then, to investigate the effects of
changes of the desired parameters on the performance
of the fuel cell more precisely, a two-phase analysis has
been performed which is discussed below.
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(a)

(b)

Fig. 5. (a) The experimental design, (b) the com-
parison of I-V curves of the present numerical study
and the reference experimental study [15].

4.1.1 I-V performance

The first parameter studied here is the current density
change with voltage, which is introduced in the form of
a polarization curve. In general, the polarization curve
of PEMFC is divided into three general areas, being re-
spectively affected by activation loss (V > 0.8), ohmic
loss (0.6 < V < 0.8), and concentration loss (V < 0.6),
respectively. The performance of different flow field de-
signs is compared in Figure 6. As shown in the figure,
the main difference of the flow fields is more visible in
the end region related to the concentration loss. The
best performance among the different designs from the
polarization point of view is related to the flow field
III and the weakest performance is related to case VII.
Field VII, in spite of relatively good performance in
the area of concentration loss, has poorer performance
than other designs in the area of ohmic loss. In ad-
dition, the modified parallel fields (IV and V) show a
significant reduction in performance compared to the
double channel serpentine designs (I to III). Fields III
and II show the best polarization performance, respec-
tively, due to the higher channel surface to the active
area as well as the higher velocity in the channel. The

superiority of IV over V at a voltage less than 0.6 V
is notable, which shows the good performance of these
fields in water purge and better oxygen distribution.

Fig. 6. Comparison of the polarization curve of dif-
ferent flow field designs.

Oxygen distribution One of the main criteria for se-
lecting the appropriate flow field is the distribution of
oxygen reactants at the surface of the catalytic layer.
The mass fraction of oxygen on the surface of the cat-
alyst layer provides the momentum required for the
reaction. If there is more oxygen at this surface, the
reaction rate increases, and more current is produced.
For this purpose, the selected designs were evaluated
from the point of view of the amount and distribution
of oxygen concentration on the interface between the
gas diffusion layer and the catalyst layer at a voltage
of 0.4 V, which is displayed in Figure 7. As can be
seen, the oxygen concentration is higher in the inlet
sections than the outlets and gradually decreases along
the path, which is due to the participation of oxygen
in electrochemical reactions and its consumption in the
catalyst layer. Aditionally, in serpentine bends of dif-
ferent designs, we see an increase in oxygen concentra-
tion due to the pressure difference created and also the
under rib convection. If the mass fraction of oxygen is
low at some points on the catalyst layer, it means that
there is a lack of oxygen at those points and it causes
the reaction rate to be low, which causes membrane
damage in the long run. The higher the oxygen con-
centration, the lower the risk of oxygen starvation. At
a voltage of 0.4 and with more water production in the
channels, the performance of different designs in water
purge is different and field VII results in the highest
oxygen concentration, the reason for which can be the
weak participation of oxygen reactants in electrochem-
ical reactions due to the accumulation of moisture.
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(a) Case I (b) Case II (c) Case III

(d) Case IV (e) Case V (f) Case VI

(g) Case VII (h) Case VIII

Fig. 7. Oxygen volume fraction at the cathode GDL/CL interface at 0.4 V.

Serpentine designs III and VIII work better at high
current densities in the area of concentration loss. At
low current densities, however, due to high pumping
power, those produce less net power. The pressure drop
for these designs, especially design VIII, is very high,
although the velocity and mass transfer in the direction
perpendicular to the membrane is higher than in other
designs. This phenomenon is more discussed in the
section of evaluation criteria. Comparing the double-
channel serpentine designs (I, II, and III) reveals that
with the modifications made, the oxygen distribution
becomes more uniform and the part of the flow field
with the oxygen concentration less than 5% and the
probability of oxygen starvation is reduced. Among

the serpentine designs, channel III has the best perfor-
mance.

4.1.2 Water activity

Another criterion that can be used to evaluate flow
fields is water activity. The solution performed in this
section is assumed to be single-phase, so it is not pos-
sible to accurately estimate the water content, but the
approximate location of the liquid water formation can
be predicted. In a single-phase solution, it can be
roughly assumed that areas with water activity above 1
represent water production. Figure 8 shows the distri-
bution of water activity at the interface of the cathode
GDL and CL for selected designs.
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These contours are extracted at 0.4 V. In serpen-
tine designs, more water is produced under the rib,
which is due to incomplete water excretion in the ser-
pentine fields. In addition, the better performance of
channel III than II and superior performance of that
compared to channel I can be obtained from less wa-
ter activity. On the other hand, field VI due to more
paths with lower velocity causes more water accumu-
lation and clogging in the path, which is evidenced by
lower oxygen concentrations. The accumulation of wa-
ter prevents the reactant from flowing and reduces the
oxygen concentration. Water control and purging at
the output section of the channel are very important.

In the modified parallel models (IV and V), as shown in
the figure, the water excretion at the end of the channel
is better.

On the other hand, it shows a more uneven distribu-
tion than the other designs, which is due to the bigger
inlet and outlet cross-sections of the modified parallel
designs compared to the rest of the designs. Although
the modified parallel fields show less water generation,
the double-channel serpentine designs (I, II, and III)
show better I-V performance due to the much higher
average velocity in the channels (due to the smaller
cross-section of inlets).

(a) Case I (b) Case II (c) Case III

(d) Case IV (e) Case V (f) Case VI

(g) Case VII (h) Case VIII

Fig. 8. Water activity at the GDL/CL interface at 0.4 V.
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4.1.3 Evaluation criteria

To better analyze the performance of PEMFC, some
evaluation criteria are used in the literature. Such cri-
teria help researchers to evaluate the fuel cell perfor-
mance from other common aspects. To assure the va-
lidity of the results, the investigation is performed for
two different voltages. Hence, the effect of different de-
signs on goal function, synergy angle and EMTC at 0.7
and 0.4 V are shown in Figures 9 to 11.

Figure 9 shows the goal function index obtained by
different flow fields. Since the pressure drop caused
by different designs greatly changes from 11 (case IV)
to 17147 (case VIII), changes of parameters that con-
sider the pressure drop is dependent on this parameter.
Among the studied designs, as expected, the modified
parallel designs (IV and V) generate less pressure drop
than the other designs due to the nature of parallel
flow fields and the larger inlet and outlet cross-sections.
This results in achieving the highest value of ψ. On the
other hand, flow field VIII experienced the lowest value
of ψ due to the very high pressure drop in the flow field.
To rank other designs, since the difference between the
designs is more significant in the level of pressure drop,
the changes of this function have been obtained ac-
cordingly and the one with the least pressure drop has
achieved the maximum value of ψ.

Fig. 9. Goal function variations per different de-
signs at 0.7 V and 0.4 V.

Figure 10 evaluates the synergy angle results. The
gas mainstream usually flows perpendicular to the con-
centration gradient, and a proper mass transfer needs
a suitable synergy angle between them. When this fac-
tor is reduced, it means that the cell performance has
improved. By observing the double-channel designs (I
to III), it is observed that fields III and II have a slight
advantage over the case I in terms of synergy angle,
which corresponds to the results of the polarization

curve. Moreover, the lowest synergy angles obtained
are related to the modified parallel fields (IV and V),
especially case IV, which happens due to the lower in-
let velocity. As mentioned in [25], this factor is not
applicable to different types of flow field patterns due
to the big difference between the inlet velocities. Be-
sides, cases VI and VII result in better mass trans-
fer and suitable synergy angles due to the continuous
transverse changes in the channel path.

Fig. 10. Synergy angle variations per different de-
signs at 0.7 V and 0.4 V.

Another criterion evaluated here to analyze the per-
formance of the PEM fuel cell is the effective mass
transfer coefficient (EMTC), the values of which at
voltages of 0.7 V and 0.4 V for different cases are shown
in Figure 11. This index examines the mass transfer of
the reactants involved in the electrochemical reactions,
and the higher the value, the higher the mass trans-
fer rate perpendicular to the membrane plane. It is
also affected in some way by the pressure drop, and a
flow field with a higher pressure drop experiences bet-
ter mass transfer perpendicular to the membrane. This
phenomenon occurs because when there is a sudden
change in direction or channel cross-section, an obsta-
cle is formed in the fluid path and it deviates from its
transverse path, leading to higher pressure drop and
EMTC. Figure 11 shows that at lower voltages (higher
current densities), the EMTC increases due to more
mass flow rate, more clogging in the channel path, and
greater pressure drop. As for the pressure drop com-
parison, the highest values of EMTC were achieved by
cases VIII and double-channel serpentine designs (II,
I, and III), respectively, and the lowest values were ob-
tained by modified parallel designs (IV and V).

As discussed earlier, the uniformity of the distribu-
tion of parameters can affect the system performance.
Hence, the uniformity index of O2, current density and
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relative humidity distribution on the cathode GDL/CL
interface, and temperature distribution on the middle
surface of the membrane were compared for different
designs.

Fig. 11. EMTC variations per different designs at
0.7 V and 0.4 V.

The closer the uniformity index value is to one, the
more uniform the distribution of parameters. Figure 12
shows the resulted uniformity indexes for different cases
at 0.7 and 0.4 V. The uniformity of O2, current den-
sity, and temperature decrease at lower voltages due to
the consumption of oxygen, however, its value for the
relative humidity at lower voltages rises since more wa-
ter is generated at lower voltages and distribute more
uniformly. The most uniform case was VII due to less
consumption of the reactants and case III showed the
second-best results in this section.

4.2 Two-phase solution

4.2.1 Fuel cell performance

In this section, the results of the two-phase solution
are presented. In order to better investigate the per-
formance changes, the performance of different cases
was obtained for two constant current densities of 0.6
and 2 A/cm2. Achieving the desired current density at
a higher voltage means better electrical performance.

Figure 13 shows the performance of different cases.
The results showed that despite a more accurate anal-
ysis by two-phase solution through considering water
saturation, the single-phase solution also provides suit-
able approximate results for comparing different types

of flow fields. At lower current densities (0.6 A/cm2),
it was observed that different designs show almost the
same performance. However, at higher current densi-
ties (2 A/cm2), it was observed that case VIII achieves
this current density at a higher voltage, which proves
its superiority. The subsequent highest performances
were seen by cases I to III with a relative superiority
over each other. Moreover, the lowest voltage was ob-
tained by the modified parallel flow fields (IV and V,
respectively).

(a)

(b)

Fig. 12. Uniformity index variations per different
designs at: (a) 0.7 V and (b) 0.4 V



Hydrogen, Fuel Cell & Energy Storage 11(2024) 46–67 59

Fig. 13. Electric potential variations per different
designs at 0.6 and 2 A/cm2.

4.2.2 Oxygen distribution

Figure 14 shows the changes in the oxygen mass frac-
tion for different designs in 2 A/cm2 at the interface
between the CL and the GDL of the cathode. As men-
tioned earlier, higher oxygen levels at GDL/CL, espe-
cially at higher current densities, can indicate the avail-
ability of the reactants to perform the reactions, and
this could also mean better overall performance of the
fuel cell.

The highest average oxygen mass fraction was ob-
tained by case VIII with the value of 0.75, which is
following its better electrical performance. The double-
channel serpentine designs (II, I, and III, respectively)
show the next highest average oxygen concentration.
Also, the lowest oxygen level was obtained by modified
parallel designs (IV and V) and reduction (VII).

4.2.3 Current density distribution

To better evaluate the performance of a fuel cell, it
is important to study the current density distribution.
Figure 15 shows the current density distribution on
the cathode GDL/CL interface at voltages of 0.7 and
0.4 V. The uniform distribution of current density pre-
vents the formation of hot spots in the membrane and
increases the durability of the membrane. As can be
seen, the worst uniformity of the current density distri-
bution is related to cases IV and V, respectively. This
phenomenon is due to the wider channel of the modi-
fied parallel designs than the serpentine designs, which
causes the current density to increase underneath the
flow path and to produce less current density in the
under rib areas.

Comparing the current density contours at voltages
of 0.7 and 0.4 V, it can be concluded that at lower volt-
ages, the uniformity of the current density is disturbed
due to the generation of water in the channel path and
the reduction of oxygen concentration.

4.2.4 Water saturation

Figure 16 shows the distribution of water saturation
in the cathode catalyst layer for selected flow fields.
Since flooding and water saturation usually occur at
higher current densities due to the increase in reac-
tion rate and water content, the contours are obtained
for a current density of 2 A/cm2. As seen, in serpen-
tine channels, more water saturation occurs under the
rib due to an incomplete purge of water there com-
pared to the channel path. Case VIII increases the
oxygen concentration to GDL due to periodic changes
of the channel depth that moves water under the rib to
flow in the channel. Therefore, the reactants flow pre-
vents the accumulation of water and results in a more
uniform distribution. In addition, the inlet and out-
let cross-section areas of the cases affect the level of
pressure drop and water purge, and generally, pressure
drop helps water to be purged. Due to the larger inlet
and outlet cross-sections of the modified parallel de-
signs (IV and V), the lower average water is generated
in the CL of these cases than those of the other cases.
Case VII faces the flooding problem due to having only
one outlet against 10 inlets, which is shown by the clogs
created in Figure 14g. Although cases VI and VII have
almost similar performances in other aspects, case VI
results in better water dissipation due to having more
outlets.

4.2.5 Evaluation criteria

The effects of different flow field designs on fuel cell per-
formance from the prospects of EMTC and objective
function in 0.6 and 2 A/cm2 are shown in Figures 16
and 17. As stated, a higher value of EMTC indicates
better mass transfer in the direction perpendicular to
the membrane. In a two-phase solution, it was observed
that this index is the closest criterion to the electri-
cal performance of cases. EMTC variations caused by
pressure drop changes due to the type of designs (ser-
pentine or parallel) are also visible here. Figure 17
shows that case VIII also results in a higher value of
EMTC, followed by double-channel designs (III, II, and
I, respectively). Further, the lower EMTC of parallel
designs (IV and V) here indicates weaker mass transfer
due to the wider channels and larger inlet and outlet
cross-sections.

On the other hand, Figure 18 shows the changes
in the objective function for different cases. The ob-
tained results for current densities turned out to be 0.6
and 2 A/cm2. As stated, the objective function shows
the ratio of hydraulic power to the electrical power at
the cathode, and its lower values indicate better effi-
ciency. Since the difference between the pressure drop
caused by different designs is much greater than the
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changes in their electrical performance, the changes in
the resulted objective functions are a function of the
pressure drop level. As it was observed, designs VIII,
III, I, and II generate the highest pressure drop, re-
spectively. This factor also indicates that more pres-

sure drop means more hydraulic power consumption
and therefore a higher objective function, which is not
desired. Parallel designs (IV and V) achieve the best
results here.

(a) Case I (b) Case II (c) Case III

(d) Case IV (e) Case V (f) Case VI

(g) Case VII (h) Case VIII

Fig. 14. Oxygen volume fraction at the cathode GDL/CL interface at 2 A/cm2.
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(a) Case I (b) Case II (c) Case III

(d) Case IV (e) Case V (f) Case VI

(g) Case VII (h) Case VIII

Fig. 15. Current density distribution at the cathode GDL/CL interface at 2 A/cm2.
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(a) Case I
(b) Case II (c) Case III

(d) Case IV (e) Case V (f) Case VI

(g) Case VII (h) Case VIII

Fig. 16. Water saturation in the cathode catalyst layer at 2 A/cm2.
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Fig. 17. EMTC in the cathode channel at 0.6 and 2 A/cm2.

Fig. 18. The objective function in the cathode channel at 0.6 and 2 A/cm2.

Figure 19 displays the synergy angle results of dif-
ferent designs by two-phase solution. By observing the
double-channel designs (I to III) at 2 A/cm2, it is found
that case III has a slight advantage over case II and
that over the case I in terms of synergy angle, which
corresponds to the results of the single-phase synergy
angle analysis.

Also, modified parallel cases (IV and V) showed the
best results here with the lowest synergy angle, espe-

cially case IV because of the far lower inlet velocity. As
discussed earlier, this factor is not applicable to differ-
ent types of flow field patterns due to the big difference
between the inlet velocities.

4.2.6 Performance Factor (PF)

The abovementioned criteria were evaluated to com-
pare and rank different designs. The results showed
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that only a few criteria only in some cases could rank
the investigated designs. Hence, it is tried to define a
new factor to help users rank the best flow field pat-
terns out of different ones.

Fig. 19. Synergy angle in the cathode channel at
0.6 and 2 A/cm2.

A new criterion named Performance Factor (PF)
is introduced here for this purpose. It consists of
four parameters with the same weights: O2 average
on GDL/CL, inlet velocity Uin, UI of O2, i and wa-
ter saturation on GDL/CL, and EMTC in the cathode
channel.

PF = 0.25 (O2)ave + 0.25
Uin

Uin,max

+ 0.25

(
UIO2

+ UIi + UIwater

3

)
+ 0.25

EMTCcathode

EMTCmax
(26)

Evaluating the PF showed that it could be a useful
tool to rank different cases. As can be seen in Fig-
ure 20, the obtained results in single-phase and two-
phase analyses are very close to the rankings achieved
by the I-V performances which shows the applicability
of this factor. As for the polarization results, the worst
performances were resulted by cases IV and V, respec-
tively, and the best performance was achieved by case
VIII. Besides, the comparison of the double-serpentine
cases (I to III) was very close to the electrical perfor-
mance ranking of the pattern. The results showed that
this factor could be used as a suitable criterion when
comparing different flow field patterns.

5 Conclusions

In this study, the effect of different flow fields on the
performance of PEM fuel cells was investigated using
computational fluid dynamics. Additionally, the per-
formances of flow field designs have been evaluated with

the help of new evaluation criteria. First, a fuel cell was
simulated to verify the accuracy of the solution, and the
results of the polarization curve were accurately vali-
dated by an experimental study.

(a) single-phase

(b) single-phase

Fig. 20. Performance factor variations of different
cases in: (a) single-phase, (b) two-phase analyses

Then, by reviewing the literature and analyzing the
results, some flow field designs inspired by novel works
were presented and compared to some superior designs
from previous studies. In addition to analyzing efficient
evaluation criteria, a novel factor was produced with
the best agreement with the PEM performance. To in-
vestigate more comprehensively, the simulations were
performed in single-phase and two-phase approaches,
and the results were compared. The following conclu-
sions could be drawn.

• Observing the polarization curves obtained from
different flow fields indicated that the double-
channel serpentine designs (III, II, and I, respec-
tively) and case VIII showed the best perfor-
mances overall.

• Although the modified parallel flow fields (IV and
V) showed the best performances in water purge
and pressure drop, the I-V performance was al-
most the worst.
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• By studying the results of evaluation criteria and
polarization curves, it was observed that serpen-
tine cases compared to parallel ones lead to the
higher output power due to more mass flow rate
of the reactants in the channels and better mass
transfer of reactants.

• The two-phase study revealed that the waved
serpentine case has the highest electrical perfor-
mance with the highest mass fraction of oxygen.
In addition, the EMTC evaluation showed that
this factor is in almost accordance with the elec-
trical performance of different cases.

• The analyses of evaluation criteria showed that
the factors that are directly dependent on the
pressure drop are not applicable when compar-
ing different types of flow field patterns. Because
the difference between the pressure drop values is
very significant.

• Although the two-phase analysis is more concise
and consistent with the other obtained results,
the single-phase analysis which is computation-
ally cost-effective can predict the performance of
different types of flow field patterns, especially at
higher voltages.

• A new parameter (Performance Factor) was in-
troduced here that showed a successful perfor-
mance in ranking different flow field patterns. It
was used for single-phase and two-phase analyses
and the results were very close to the obtained
electrical performance.

Nomeclature

a The active area (1/m)
C Concentration
Di
w Diffusion coefficient
e Electron
F Faraday’s constant (C/mol)
H Hydrogen
i Current density (A/cm2)

jref
an

The reference exchange current density
at the anode (A/m2)

jref
cat

The reference exchange current density
at the cathode (A/m2)

k Thermal conductivity (W/mK)
Mi Molecular mass of species (kg/mol)
nd Electroosmotic drag coefficient
Pl Liquid pressure
R Universal gas constant (j/mol.K)

RH Relative humidity
s Saturation
S Source term

Sgl
The rate of mass change between gas
and liquid phase

Sld
The rate of mass change between
liquid and dissolved phase

T Temperature (K)
V Voltage (V)

Greek symbols

α Anode transfer coefficient
β Cathode transfer coefficient
ε Porosity
η The overpotential (V)
λ Water content
σ The electric conductivity (1/ohm ·m)
µ Dynamic viscosity (kg/m2s)
ρ Density (kg/m2s)

Superscript and subscript

a Anode
c Cathode
l Liquid
g Gas
s Solid

mem Membrane

Abbreviations

GDL Gas diffusion layer
CL Catalyst layer

PEMFC
EMTC Polymer electrolyte membrane
fuel cell

EMTC Effective mass transfer coefficient
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