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tional fluid dynamics of PEM fuel
cells (PEMFCs): an investigation on mesh
independence analysis

H. Kazemi Esfeh, ab A. Azarafzac and M. K. A. Hamid*a

Mesh independence analysis is one of the most crucial steps in any CFD problem. The aim of this study was

to investigate the most commonly used variables employed for grid independency studies in a typical

PEMFC and to find possibly the most effective variables that may be decisive in a PEMFC grid

independence test. Herein, a three-dimensional (3-D), steady state, non-isothermal computational fluid

dynamics (CFD) model of a serpentine channel proton exchange membrane fuel cell (PEMFC) was

developed. The present model includes various conservation equations that are dominant in a typical

PEMFC: the mass, momentum, species, charge, and energy equations, which are coupled with the

electrochemical model. The numerical results indicate that much more care should be taken while

obtaining a mesh independence solution for CFD studies in PEMFC systems. Based on our findings in

this study, it was demonstrated that employment of merely the polarization curve (current–voltage),

especially only in a given specific point, was not sufficient to carry out the mesh independence tests for

CFD studies in PEMFCs. In addition, it was observed that the average volumetric hydrogen concentration

inside the catalyst layer on the anode side has a more significant role to check the grid independency tests.
1. Introduction

Mesh independence analysis is used to show that a solution is
independent of the geometry grid size.1 Note that the agreement
of a predicted model and the experimental results does not
necessarily mean that the solution is mesh-independent.2,3

There are several understood techniques, such as adaptive
mesh renement, Richardson extrapolation, curve-tting
method, and grid convergence index, to implement mesh
independence.2 Without any concern about mesh indepen-
dence techniques and their advantages or disadvantages in the
CFDmodeling, it is important to nd the modeling parameter/s
to investigate this independency.

A comprehensive review of the studies on PEMFC modeling
clearly reveals that despite the fact that a number of grid anal-
yses have been performed by researchers, there is no decisive
criterion that can be employed for choosing an appropriate grid.
Moreover, in many studies conducted on PEMFC modeling,
authors have only mentioned that the grid independence or
mesh analysis has been carried out, but they do not address how
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they actually performed it.4–15 A general interpretation of the
previous PEMFC modeling studies shows that usually, two
different types of grid analyses are used for mesh independency.
In the rst analysis, grid analysis is performed by plotting
a polarization curve for different grid sizes. Herein, rst, a base
grid or case for the model is estimated and then, at least, two
further grids are generated by increasing and decreasing the
grid size. Aer this, the polarization curve modeling data are
obtained for each case, and in this case, there should be no
signicant change in the polarization curve on decreasing the
grid size as compared to the base case. Moreover, the compar-
ison should show that on increasing the grid size, signicant
error occurs as compared to those in the base case. The latest
grid is very important to avoid unnecessary numerical calcula-
tions, especially when the computational cells are high in
number, such as the modeling of cells or stacks.16–20 In this
method, some researchers have investigated the change in
current density for different cases in only certain specic volt-
ages instead of considering the entire working voltage range of
the fuel cell. Sivertsen and Djilali21 developed a non-isothermal,
3-D computational model for PEMFC and performed grid
analysis upon creating three cases with different mesh sizes.
They selected three grids different in computational cells and
checked the change in the current density at a cell potential of
0.798 V. They found out that the low andmedium grid cases had
deviations of about 1.2% and 0.9%, respectively, for the average
current density as compared to the ne grid case. Although they
tried to show that grid independence was carried out in their
RSC Adv., 2017, 7, 32893–32902 | 32893
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study, they did not address why they used the largest grid count
case in their simulation. Ismail et al.22 developed a 3-D model
for an in-house PEMFC with serpentine channels to investigate
the sensitivity of the fuel cell performance towards the aniso-
tropic gas permeability and electrical conductivity of the gas
diffusion layers. The base case in their model had approxi-
mately 100 000 computational cells, and they created another
model by increasing the control volume to 200 000 to show the
grid independence of their study. The average current density at
0.55 V was calculated for both grids, and they reported that
a negligible relative error of less than 0.1% was obtained.
Although they showed that their base case had enough accuracy
to be used in a PEM fuel cell modeling, their grid independence
study did not answer the question that whether it was possible
to nd a model case with less control volume as compared to
that of the base case with enough accuracy. Kamarajugadda and
Mazumder23,24 developed two computational uid dynamics
models of a polymer electrolyte membrane fuel cell to investi-
gate water management within the membrane and the effect of
the cathode catalyst layer structure and composition. The grid
independence study was carried out in two cases. In the rst
case, grid independence was performed by checking the effect
of the change of different grid sizes in the gas diffusion layer
and catalyst layer on the polarization curve, whereas in the
second case, grid independence was carried out by checking the
effect of the cell numbers in the membrane on the polarization
curve. Although the authors used the polarization curve for the
grid independence study, these curves were based on
Mazumder's research25 in which the accuracy of the numerical
solution was investigated by checking the effect of change in the
number of cells across the membrane layer on the water
content. Jang et al.26 established a 3-D numerical model of the
PEMFC to investigate the performance and transport
phenomena in the PEMFCs. They created three models with
different mesh sizes to study the mesh independency. They
observed that there was no notable difference in the I–V curves
of the fuel cell with medium and high computational cell grids;
however, the difference in the I–V curves between the low and
high grid was signicant (the difference reported was approxi-
mately 3.9% at an operating voltage of 0.3 V).

In the second type of grid independence analysis in the CFD
of PEMFC modeling, grid independence was performed by
checking the effect of the grid size on a specic parameter of the
fuel cell instead of the polarization curve. In most cases, the
specic parameter was related to the properties on which the
research was focused. Chen et al.27 conducted a 3-D CFD to
investigate the fuel cell stack cooling design. They created ve
grids with different sizes for the grid independence study and
checked the water temperature difference of the fuel cell
coolant and cooling plate maximum temperature. They found
that their model was not dependent on the grid size when the
mesh number was over than 550 000 elements. Maharudrayya
et al.28 studied the pressure loss and the ow pattern of
a PEMFC via a numerical simulation of the laminar ow
through single and curved bend serpentine channels. To
analyze the results of the grid independence, calculations for
a particular case were conducted in a sharp bend with six
32894 | RSC Adv., 2017, 7, 32893–32902
different cross-sectional grid sizes and the effect of this differ-
ence on the pressure drop was checked. They found that a cross-
section with a 20 � 12 size was independent of the grid size.
Zhu et al.29 modeled the liquid water dynamic behavior
appearing in the gas ow channel of a PEMFC from the gas
diffusion layer. They reported that the grid independence
analysis was conducted by increasing and decreasing the
number of grid cells by 20 and 40%, respectively, as compared
to the base case, and water droplet transport and deformation
processes were observed with all three grids. Although they re-
ported that grid dependency was carried out, they did not report
any of the results for their cases.

Although a conclusion from the general study of recent
modeling works on PEMFC and the abovementioned discussion
stated that authors in many reports mentioned that their model
was independent of the grid size or the number of computa-
tional cells, they did not report an exact procedure to perform
this. In the other words, there is no procedure that tells us what
is the best parameter(s) for checking the grid independence and
what is the best range of operating voltage for checking the grid
independence. Aiming to answer these two important questions
in the present study, herein, a CFD model of a single channel
PEMFC with serpentine ow elds was developed to investigate
several key parameters in the grid independency analysis of
a PEMFC.
2. Methodology
2.1. Model denition

The 3-D model presented in this research consists of all sub-
components of a PEMFC: membrane, catalyst layers, gas diffu-
sion layer, gas channels, and bipolar plates. The computational
domain is a serpentine channel as shown in Fig. 1a and b. The
hypothesis of this study was based on the following assump-
tions: (1) the fuel cell operates under steady-state and non-
isothermal conditions, (2) the ow is laminar and incom-
pressible due to the small ow pressure and velocity gradients,
(3) the gas mixtures are ideal, and (4) the porous layers of the
CLs and GDLs are homogeneous and isotropic. Herein, three
geometries with different mesh sizes were generated. The base
case had 51 000 computational cells, and two cases were created
by increasing and decreasing the grid counts to 137 000 and
30 000, respectively, as compared to those of the base case.
2.2. Model equations

The three-dimensional model presented in this study consists
of non-linear, partial differential equations representing the
conservation equations of the mass, momentum, species,
charges, and energy, which are fully coupled with the electro-
chemical reactions. The governing equations are summarized
in Table 1. All the source/sink terms appearing in the generic
governing equations are also presented in Table 2. Other rela-
tionships and auxiliary equations such as the electrochemistry,
species diffusivities, and equilibrium dissolved water and
effective properties are summarized in Table 3. All the experi-
mental and modeling data were obtained from the literature.22
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 A schematic of the PEM fuel cell serpentine. (a) General view
and (b) exploded view.
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Note that the major parameters chosen to investigate the grid
analysis in the PEMFC modeling were obtained from the liter-
ature.30–32 These parameters are as follows: current density,
ohmic heat source at the anode and cathode, temperature at the
anode and cathode, cathode transfer current, hydrogen
concentration at the anode, and oxygen and water concentra-
tion at the cathode. The corresponding values for all the
Table 1 Governing equations in a PEM fuel cell

Governing equations

Type of equation Formula

Mass conservation V(r~u) ¼ Sm
Momentum conservation V(r~u~u) ¼ �
Species conservation V(~uCi) ¼ V(
Energy conservation V(rCp~uT) ¼
Charge conservation V(seffmVFm)

V(seffs VFs) ¼

This journal is © The Royal Society of Chemistry 2017
aforementioned parameters were obtained, checked, and re-
ported at 15 operating voltage points in the range of 0.3–1.1 V
for the three model cases with different grid sizes.

2.3. Boundary conditions

Before starting the solution construction of the equations, the
boundary conditions of the fuel cell should be specied. In this
study, we followed the boundary conditions that were con-
structed for the PEMFC simulation based on the problem
specication. At the inlet of the anode and cathode gas ow
channels, the inlet velocities can be calculated as follows:

At the anode side:

ua;in ¼ xa
Iave

2F
Am

RTa;in

Pa;in

1

xh;in

1

Ach

(15)

At the cathode side:

uc;in ¼ xc
Iave

4F
Am

RTc;in

Pc;in

1

xo;in

1

Ach

(16)

where xa and xc are the stoichiometric ow ratios of the anode
and cathode, respectively. Am is the actual active area of the
membrane and Ach is the cross-sectional area of the gas channel.
No slip and impermeable wall (zero ux) conditions were
applied to all external surfaces for the velocity and species mass
fraction, respectively. In addition, on the anode bipolar terminal
wall, the value of the electrical potential was set to zero, whereas
on the cathode terminal wall, it was set as Fs ¼ Vcell. Moreover,
for the ionic potential, both on the anode and cathode terminal
walls, the boundary conditions were set at zero ux.

vFm

vn
¼ 0 (17)

2.4. Model implementation

All the abovementioned equations were discretized via the nite
volume method. A commercial CFD package, FLUENT 14, was
used to numerically simulate the present model. All the mate-
rial properties and the governing equations source/sink terms
were dened by the UDFs, which were written in C program-
ming language and compiled in Fluent. The SIMPLE algorithm
was used for the velocity and pressure coupling. The solution
was considered to be converged when all the scaled residuals
Equation number

(1)
Vp + V(mV~u) + Su (2)
Deff
i VCi) + Si (3)
V(keffVT) + ST (4)
¼ �SF (5)
SF (6)

RSC Adv., 2017, 7, 32893–32902 | 32895
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Table 2 Source terms in the PEM fuel cell

Layer

Source terms

Sm Su Si ST SF

Anode channel 0 0 0 0 0
AGDL 0

Su ¼ � m$~u

K

0 ST ¼ seffs (VFs)
2 0

ACL 0
Su ¼ � m$~u

K
SH2 ¼ �Janaa

2F
MH2 ST ¼ Jan

�
han þ T

dE
dT

�

þ seffs ðVFsÞ2 þ seffm ðVFmÞ2

Jan

PEM 0 0 0 ST ¼ seffm (VFm)
2 0

CCL 0
Su ¼ � m$~u

K
SO2 ¼ �Jcatacat

4F
MO2

SW ¼ Jcatacat

2F
MH2O

ST ¼ Jcat

�
hcat þ T

dE
dT

�
þ seffs ðVFsÞ2

þ seffm ðVFmÞ2

�Jcat

CGDL 0
Su ¼ � m$~u

K

0 ST ¼ seffs (VFs)
2 0

Cathode channel 0 0 0 0 0

Table 3 Axillary relations in a PEM fuel cell

Constitutive equations

Type of relation Formula Equation number

Diffusion coefficient
Di ¼ Dref

i

�
T

Tref

�3=2�
Pref

P

� (7)

Bruggman correlation Deff
i ¼ 31.5Di, s

eff
i ¼ 31.5si (8)

Butler–Volmer relation
Jan ¼ �

xan j
ref
an

�� ½A�
½A�ref

�gan�
eaanFhan=RT � e�acatFhan=RT

�

Jcat ¼
�
xcat j

ref
cat

�� ½C�
½C�ref

�gcat ��eþaanFhcat=RT þ e�acatFhcat=RT
�

(9) and (10)

Electrical conductivity
sm ¼ ð0:5139l� 0:326Þexp

�
1268

�
1

303
� 1

T

��
(11)

Membrane water content
l ¼

�
0:043þ 17:81a� 39:85a2 þ 36a3 0\a\1

14þ 1:4ða� 1Þ 1# a# 3

(12)

Water activity
a ¼ CH2ORT

Psat
(13)

Saturation pressure
Psat ¼ exp

�
70:43464� 7362:698

T
þ 0:006952T � 9 lnðTÞ

�
(14)
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remained constant, less than 10�6. A PC with 2.4 GHz CPU and 4
GB RAM was also employed as the computational platform.
During all the simulation runs, no obvious convergence diffi-
culty was observed with the model used in the present study.
3. Results and discussion
3.1. Model validation

To verify the accuracy of the computational model developed in
the previous section, the validation of model with the experi-
mental measurements was carried out using the polarization
curve. For this purpose, several simulations were performed at
32896 | RSC Adv., 2017, 7, 32893–32902
different cell potentials to generate the polarization curve (see
Fig. 2). Under the given operating conditions, the modeling
results were found to be in great agreement with the experi-
mental data obtained from the literature (presented in
Table 4).22
3.2. Parametric survey

3.2.1. Polarization curve. The polarization curve was used
to show the performance level of the cell and could be used to
compare the performance of cell in different situations.33 The
characteristics of the computed polarization curve were divided
into two parts: a steady component including ohmic
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 A comparision between the experimental and modelling
polarization curve data.

Table 4 Physical properties for the PEMFC22

Property Value

Channel length 2.8 � 10�2 m
Channel height 2 � 10�3 m
Channel width 2 � 10�3 m
GDL thickness 3 � 10�4 m
Catalyst layer thickness 3 � 10�5 m
Membrane thickness 1.5 � 10�4 m
Operating temperature 303 K
Gauge pressure at anode/
cathode

2.5/2.5 bar

Catalyst layer porosity 0.4
GDL porosity 0.7
Membrane permeability 1.8 � 10�18 m2

Catalyst layer permeability 1 � 10�13 m2
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overvoltages and the thermodynamic potential and the tran-
sient component comprising the activation and concentration
overvoltage.34 Fig. 3 shows the polarization curve obtained for
Fig. 3 The change in the polarization curve for the three model cases
different in mesh sizes.

This journal is © The Royal Society of Chemistry 2017
the three model cases with different grid sizes (30 000, 51 000,
and 137 000 mesh count). As shown in Fig. 3, there is no
signicant change in the current density over a wide range of
operating voltage for the different grids. Therefore, from
a theoretical point of view of the grid independency, it is
possible to choose the largest size of mesh (smaller mesh count)
for the modeling to decrease the computational time. However,
it is required to answer one question that whether there is any
larger mesh size that will produce the same result in the
polarization curve? Therefore, a new grid independency anal-
ysis should be performed at the larger grid size of the rst
survey. Herein, note that the polarization curve was used as
a reference for grid independence.26

It is possible to investigate the current density magnitude at
any special zone longitudinal or transverse. Fig. 4 and 5 illus-
trate the current density magnitude contours in the longitu-
dinal plane between the catalyst and the membrane at low and
high voltage, respectively. It is clear that the current density
increased with the increasing mesh counts near the land area
and u-bend. These gures also show that the difference in the
current density for different grid sizes was very obvious in the
low operating voltage. In addition, the current density magni-
tude reduced over the channel length. This probably happens
because of the reduced hydrogen concentration along the
Fig. 4 The current density magnitude contours between the catalyst
and membrane at 0.35 V. (a) Mesh count 30k; (b) mesh count 51k; and
(c) mesh count 137k.

Fig. 5 The current density magnitude contours between the catalyst
and membrane at 0.75 V: (a) mesh count 30k; (b) mesh count 51k; and
(c) mesh count 137k.

RSC Adv., 2017, 7, 32893–32902 | 32897
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channel. However, this behaviour was much clearer in the lower
level of the operating voltage as compared to the higher level
because of the high contrast in the current density magnitude at
low voltage. The same results could be achieved when the
current density was investigated in the transverse plane. Fig. 6a
and b illustrate the current density magnitude in the transverse
plane at the centre of the PEMFC between the catalyst and
membrane at low and high voltages, respectively. The centre of
the PEMFC was chosen to remove the inlet/outlet and u-bend
effects on the results. A similar trend can be seen in all the
cases for local current density distribution. The minimum
current density was at the centre of the channel and increased
towards the land area of the collector. Themost extreme current
densities were placed in the region of the edge between the rib
and the ow channel.

3.2.2. Anode and cathode temperature. One of the most
important parameters in the PEMFC is the operating tempera-
ture. When the fuel cell temperature is maintained below 70 �C,
increase in the cell temperature will cause an increase in the
fuel cell performance because of the increase in the exchange
current density, which reduces the activation loss. At the
Fig. 6 The current density magnitude between the catalyst and
membrane in the transverse plane for different mesh count: (a) 0.35 V
and (b) 0.75 V.

32898 | RSC Adv., 2017, 7, 32893–32902
operating temperature range from 70 to 80 �C, this increment is
lower than that observed before because of the decrease in the
humidication upon increase in the temperature such that the
catalyst layer may not be fully hydrated.35,36 This can cause
a decrease in the active surface area of the catalyst.37 The change
in the temperature at the anode and cathode in the range of
operating voltages for modeling the difference in the mesh size
is depicted in Fig. 7a and b, respectively. These gures illustrate
that there is no signicant change in the temperature at the
anode and cathode for different cases.

The temperature contours between the catalyst and
membrane over the channel are illustrated in Fig. 8 and 9 at
different operating voltages. Although there was no signicant
difference in the contours, it was observed that upon increasing
the voltage, the temperature conduction was completely
uniform in all areas. The temperature changes for different
simulated cases in the transverse plane are illustrated in Fig. 10.
The investigation results of the temperature changes in the
transverse plane at a low operating voltage agree with the
previous longitudinal results. Note that there was no difference
Fig. 7 The change in the anode and cathode temperature over the
operating voltage range for the three cases different in mesh size. (a)
Anode temperature and (b) cathode temperature.

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 The temperature contours between the anode catalyst and
membrane at 0.75 V: (a) mesh count 30k; (b) mesh count 51k; and (c)
mesh count 137k.

Fig. 10 The change in temperature between the anode catalyst and
membrane in the transverse plane for different mesh counts at 0.35 V.

Fig. 11 The change in the ohmic heat source over the operating
voltage range for the three cases different in mesh size. (a) Anode
ohmic heat source and (b) cathode ohmic heat source.

Fig. 8 The temperature contours between the anode catalyst and
membrane at 0.35 V: (a) mesh count 30k; (b) mesh count 51k; and (c)
mesh count 137k.
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in temperature along the cell at high voltages. Although some
studies abovementioned in the introduction section have re-
ported the use of temperature as the main parameter for the
grid independence test, our study results show that it is unlikely
This journal is © The Royal Society of Chemistry 2017
to have enough accuracy. In other words, temperature is less
sensitive to the grid size.

3.2.3. Ohmic heat source. Ohmic entropy generation
emerges from the resistance of the electron movement through
the electrodes and also that of ions through the electrolyte. Law
of ohm is connected to both the electron and ion streams while
investigating the entropy generation. In addition, entropy
creation emerges from the progressions in the amassing of the
reactants, amid fuel utilization at the electrode surfaces.38 The
ohmic heat source is an important parameter for any non-
isothermal fuel cell model. The change in this parameter at
the anode and cathode is shown in Fig. 11a and b, respectively;
however, the results were similar to those of the anode and
cathode temperature and no signicant change was detected in
different cases. In other words, the ohmic heat source was less
sensitive to the grid size.

3.2.4. Reactants and product concentration. Fig. 12a–c
illustrate the changes in the average volumetric concentration
of hydrogen, oxygen, and water at the anode and cathode
catalyst layers, respectively. From the gures, the disagreement
among different cases is completely noticeable and the
RSC Adv., 2017, 7, 32893–32902 | 32899
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Fig. 12 The change in reactants and product concentration over the
operating voltage range for the three cases different in mesh sizes: (a)
hydrogen concentration, (b) oxygen concentration, and (c) water
concentration.

Fig. 13 The hydrogen mass fraction contours between the anode
catalyst and membrane at 0.35 V: (a) mesh count 30k; (b) mesh count
51k; and (c) mesh count 137k.

Fig. 14 The hydrogen mass fraction contours between the anode
catalyst and membrane at 0.75 V: (a) mesh count 30k; (b) mesh count
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difference increases upon decreasing the operating voltage.
This means that while there was no change in the polarization
curve data (or other parameters) from the modeling different in
32900 | RSC Adv., 2017, 7, 32893–32902
mesh sizes, a signicant change may occur in the PEMFC
reactants and product concentration. Although a fairly
remarkable change for other species concentrations can be seen
for different cases, the hydrogen concentration at the anode
shows a much signicant change as compared to the others.
This change for different mesh sizes also increases in the high
current density or low operating voltage.

The hydrogen mass fraction contours in the longitudinal
plane between the anode catalyst and membrane at low and
high voltages are illustrated in Fig. 13 and 14, respectively. It
can be seen from these contours that the geometry with the
larger mesh size shows a greater consumption level of hydrogen
along the channel. This is much clearer at low operating volt-
ages because of signicant difference in the current density.
Fig. 15 shows the hydrogen mass fraction amount between the
anode catalyst and membrane at the center of the PEMFC in the
transverse plane. These gures also support the previous results
observed in the longitudinal plane. This clearly shows that the
grid independence test carried out using the polarization curve
does not indicate that the concentrations of the product and
reactants are independent of the mesh size.
51k; and (c) mesh count 137k.

This journal is © The Royal Society of Chemistry 2017
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Fig. 15 The hydrogen mass fraction between the anode catalyst and
membrane in the transverse plane for different mesh counts: (a) 0.35 V
and (b) 0.75 V.
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4. Conclusion

Herein, a 3-D and non-isotheral PEMFC model was conducted
to investigate the decisive parameters for performing grid
independency analysis in a single serpentine channel of
a PEMFC. Some major modeling and operation parameters
were obtained over a wide range of operating voltage. First, the
results indicated an uncertainty in the accuracy of previous
modeling studies using the polarization curve as the grid
independence parameter. This uncertainty was much signi-
cant especially in the studies in which grid independency
analyses were carried out at a specic voltage. The results clearly
show that the polarization curve is not enough to check the grid
independency in the PEMFC computational uid dynamic
modeling. In our case study, the concentration of the fuel cell
reactants and product showed more sensitivity for checking the
grid independency as compared to other parameters studied
herein. These parameters are the average volumetric concen-
tration of hydrogen at the anode and those of oxygen and water
at the cathode. Moreover, our case study results show that the
maximum deviation between different cases occurred at the
This journal is © The Royal Society of Chemistry 2017
minimum allowable operating voltage of fuel. Although from
the current research, it cannot be concluded that a specic
parameter, such as the average volumetric hydrogen concen-
tration, is the best parameter to be used in the grid indepen-
dence test for all PEMFC CFD modeling cases, it can be
concluded that grid independence using the polarization curve
is not enough and other parameters, such as the fuel and
product concentration, should be investigated to ensure that
the solution is not dependent on the grid size.
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