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Species diffusivity, m2/s
Current density, A/m2
Reference current density, A/cm2
Inlet velocity, m/s
Transfer current density, A/m3
Velocity vector, m/s
Pressure, Pa
Stoichiometric ratio
Temperature, K

Abstract In this paper a computational dynamics model
for duct-shaped geometry proton exchange membrane
(PEM) fuel cell was used to investigate the effect of
changing gas diffusion layer and membrane properties on
the performances, current density and gas concentration.
The proposed model is a full cell model, which includes all
the parts of the PEM fuel cell, flow channels, gas diffusion
electrodes, catalyst layers and the membrane. Coupled
transport and electrochemical kinetics equations are solved
in a single domain; therefore no interfacial boundary condition is required at the internal boundaries between cell
components. This computational fluid dynamics code is
used as the direct problem solver, which is used to simulate
the 2-dimensional mass, momentum and species transport
phenomena as well as the electron- and proton-transfer
process taking place in a PEMFC that cannot be investigated experimentally. The results show that by increasing
the thickness and decreasing the porosity of GDL the
performance of the cell enhances that it is different with
planner PEM fuel cell. Also the results show that by
increasing the thermal conductivity of the GDL and
membrane, the overall cell performance increases.
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List of symbols
A Superficial electrode Area, m2
C Molar concentration, mol/m3
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Greek letters
g Overpotential, V
q Density, kg/m3
e Porosity
r Ionic conductivity, S/m
/ Phase potential, V
m Volumetric flow rate, m3/s
n Water content of the membrane
l Viscosity, kg m/s
a Transfer coefficient for the reaction

A fuel cell is an electro-chemical energy device that converts the chemical energy of fuel directly into electricity
and heat, with water as a by-product of the reaction. Based
on the types of electrolytes used, they are categorized into
polymer electrolyte membrane fuel cells (PEMFCs), solid
oxide fuel cells (SOFCs), phosphoric acid fuel cells
(PAFCs), molten carbonate fuel cells (MCFCs), and direct
methanol fuel cells (DMFCs). The polymer exchange
membrane fuel cell (PEMFC) is considered to be the most
promising candidate for electric vehicles by virtue of its
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high power density, zero pollution, low operating temperature, quick start-up capability and long lifetime. PEMFC
can also be used in distributed power systems, submarines,
and aerospace applications as discussed by Larminie and
Dicks [1].
The single-cell PEMFC consists of a carbon plate, a gas
diffusion layer (GDL), a catalyst layer, for each of the
anode and the cathode sides, as well as a PEM membrane
at the center.
Flow channel geometry is of critical importance for the
performance of fuel cells containing proton exchange
membranes (PEM) but is of less concern for solid oxide
fuel cells (SOFC). The reactants, as well as the products,
are transported to and from the cell through flow channels.
Flow field configurations, including parallel, serpentine,
interdigitated, and other combined versions, have been
developed.
The performance of the fuel cell system is characterized
by current–voltage curve (i.e. polarization curve). The
difference between the open circuit potential of the electrochemical reaction and cell voltage occurs from the losses associated with the operation. The corresponding
voltage drop is generally classified in three parts:
1.
2.
3.

activation over-potential caused by the electrochemical
reactions,
ohmic drop across the polymer electrolyte
mass transfer limitations of reactants

These associated losses dominate over different current
density ranges. For low current densities; the activation
over-potential is dominant. For high current densities,
which are of particular interest for vehicle applications
because of higher power density; the mass transfer limitations dominates the losses. For moderate current densities,
the ohmic drop across the polymer membrane dominates.
Moreover, for high current densities, water starts to exist in
liquid form leading to a two-phase transport of reactants to
reaction site, which is an additional transport phenomenon
of PEM fuel cell operation.
Khazaee and Ghazikhani [2] proposed a complete
3-dimensional and single phase model for annular-shaped
proton exchange membrane (PEM) fuel cell to investigate
the effect of using different connections between bipolar
plate and gas diffusion layer on the performances, current
density, and temperature and gas concentration. They
found that that the cell performance is increased as the
number of connections between GDL and bipolar plate
increases but for one connection conditions the effect of
changing the location of connection on cell performance is
negligibly small. Also they found that the water mole
fraction gradually increases along the cell and the maximum of it is near the connections between GDL and
bipolar plate.
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West and Fuller [3] proposed a 2-dimensional numerical
analysis of the rib spacing in PEM electrode assemblies on
current and water distribution within the cell. The results
indicated that increasing the rib width strongly affected the
membrane water content before the catalyst utilization is
reduced. Therefore, the 2-dimensional effect has a significant influence on water management.
Chiang and Chu [4] investigated the effects of transport
components on the transport phenomena and performance
of PEM fuel cells by using a 3-dimensional model. The
impacts of channel aspect ratio (AR) and GDL thickness
were examined. It was found that a flat channel with a
small AR or a thin GDL generates more current at low cell
voltage due to the merits of better reactant gas transport
and liquid water delivery.
Wang et al. [5] developed a 2-dimensional numerical
model to study the two-phase flow transport in the air
cathode of a PEMFC. In this paper, the model encompassed both single- and two-phase regimes corresponding
to low and high current densities and was capable of predicting the transition between the two regimes.
Kuo et al. [6] performed numerical simulations to evaluate the convective heat transfer performance and velocity
flow characteristics of the gas flow channel design to enhance
the performance of proton exchange membrane fuel cells
(PEMFCs). Their study has simulated low Reynolds number
laminar flow in the gas flow channel of a PEMFC. The heat
transfer performance and enhanced gas flow velocity characteristics of four different channel geometries have been
considered, namely a conventional straight gas flow channel
and a gas flow channel with the three novel periodic patterns
geometries. The results indicated that, compared to the
conventional gas flow channel, the novel gas flow channels
proposed in this study provide a significantly improved
convective heat transfer performance and a higher gas flow
velocity and, hence, an improved catalysis reaction performance in the catalyst layer.
Yan et al. [7] developed a 2-dimensional mass transport
model to investigate the anode gas flow channel cross
section and GDL porosity effects. They found that an
increase in either the GDL porosity, channel width fraction,
or the number of channels could lead to better cell
performance.
Chu et al. [8] also used a half-cell model to investigate
the effect of the change of the GDL on the performance of
a PEMFC. They found that a fuel cell embedded with a
GDL with a larger averaged porosity will consume a
greater amount of oxygen, so that a higher current density
is generated and a better fuel cell performance is obtained.
In this work a 3-dimensional and single phase CFD model
for duct-shaped geometry with four connections of a proton
exchange membrane (PEM) fuel cell is presented to investigate the effect of changing material properties of the
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membrane and gas diffusion layer on the performance, current density and gas concentration. The objective of the current work is to show using a different geometry of the fuel cell
and the effect of changing the thickness, porosity and thermal
conductivity of the GDL and membrane that it may be of
interest to engineers attempting to develop the optimization
of a PEMFC and to researchers interested in the flow modification aspects of the PEMFC performance enhancement.

2 Numerical model
The cathode electrochemical reactions produce a large
amount of liquid water at low operating voltages. If the
liquid water is not properly removed and accumulates in
the pores of the porous layers, it restricts the oxygen
transport to the gas diffusion layer and the catalyst layer,
thereby reducing the electrochemical reaction rate.
The numerical model for the fuel cell used here includes
the anode flow channels, anode gas diffusion layer, anode
catalyst layer, proton exchange membrane, cathode catalyst
layer, cathode gas diffusion layer, and cathode flow channels. The model of this study is similar to the model that
was used in the previous work [2] that is a new geometry in
fuel cell field. Miniature duct-shaped fuel cell with
dimensions of 4.512 mm 9 4.512 mm 9 12 mm is considered in this investigation. The gas diffusion layer is
0.3 mm thick, the catalyst layer is 0.01 mm thick, and the
proton exchange membrane is 0.05 mm thick.
The physical problem considered in this paper is the
3-dimensional cell model of the PEMFC system as shown
in Fig. 1.
The proposed model does not require any internal
boundary conditions between the components of PEM fuel
cell system [2]. The difference between this model and
another model is the utilization of it to closed geometries
like the annular geometry and duct-shaped geometry in
comparison of a fuel cell with planner geometry. The different physical properties and transport parameters are
incorporated into a single set of governing equations using
a single domain formulation. The model aims to study the
electrochemical kinetics, current distribution, reactant flow
fields and multi-component transport of oxidizer and fuel
streams in a multi-dimensional domain. The assumptions
made in developing the model are as follows:
Ideal gas mixtures
Incompressible and Laminar flow because low flow
velocities and low fuel utilization
Isotropic and homogeneous porous electrodes, catalyst
layers and membrane
Negligible ohmic resistance at porous electrodes and
current collectors

Fig. 1 Computational domain and schematic of duct-shaped PEMFC
with four connections

The model assumes that the system is steady; the inlet
reactants are ideal gases; the flow is laminar; and the
porous layers such as the diffusion layer, catalyst layer and
PEM are isotropic. The model includes continuity,
momentum and species equations for gaseous species,
liquid water transport equations in the channels, gas diffusion layers, and catalyst layers, water transport equation
in the membrane, electron and proton transport equations.
The Bulter–Volumer equation was used to describe electrochemical reactions in the catalyst layers.
The conservation equations of mass, momentum,
energy, species and charge are as follows:
oðqeÞ
~Þ ¼ 0
þ r  ðequ
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where ~;
u Xk ; hk ; seff keff and /e denotes intrinsic velocity
vector, molar fraction of kth species, enthalpy of species k,
effective stress tensor which can be ignored due to the low
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velocity of laminar gas flow, effective thermal conductivity
in a porous material consisting of the electrode solid matrix
and gas and electrolyte phase potential, respectively. The
corresponding source terms treating the electrochemical
reactions and porous media are presented in Table 1.
keff ¼ ekf þ ð1  eÞks

ð6Þ

where ks is the thermal conductivity of the electrode solid
matrix and kf is the thermal conductivity of the gas, which
can be expressed as a function of temperature:
kf ¼ a0 þ a1 T þ a2 T 2 þ a3 T 3
ð7Þ
It is of benefit to further explain the corresponding diffusivities of the governing equations. The diffusivities for
species concentration equations and ionic conductivity for
membrane phase potential equation are modified using
Bruggman correlation to account for porous electrodes,
which can be expressed as:
1:5
Deff
k ¼ em Dk

ð8Þ

1:5
reff
e ¼ em re

ð9Þ

It is worth further explaining the mole fraction of
oxygen appearing in Eq. 4 because oxygen is a gaseous
species in the cathode flow channel and gas-diffusion
electrode but becomes a species dissolved in the electrolyte
in the catalyst layer and membrane regions. Our definition
is given by
 g
Ck =Ctot in gas
Xk ¼
ð10Þ
Cke =Ctot in electrode
where Ck is the molar concentration of species k and
superscripts g and e denote the gas and the electrolyte
phases, respectively. Thus, Xk is a true mole fraction in the
gas phase but is a pseudo mole fraction when species k is in
the dissolved form. In addition, there is a discontinuity in
the value of Xk at the interface between the gas-diffusion
Table 1 Source terms

Cke;sat ¼

RT g
C
H k

ð11Þ

where H is the Henry’s law constant equal to 2 9 105
atm cm3/mol for oxygen in the membrane.
Either generation or consumption of chemical species
k and the creation of electric current occurs only in the
active catalyst layers where electrochemical reactions take
place. The Sk and S/ terms are therefore related to the
transfer current between the solid matrix and the membrane
phase inside each of the catalyst layers. These transfer
currents at anode and cathode can be expressed as follows



XH2 1=2 aa þ ac
ja ¼ ajref

F

g
ð12Þ
0;a
XH2 ;ref
RT


 
XO2 1=2
ac  F
ref
g
ð13Þ
jc ¼ aj0;c

RT
XO2 ;ref
the above kinetics expressions are derived from the general
Bulter-Volmer equation based on the facts that the anode
exhibits fast electrokinetics and hence a low surface
overpotential to justify a linear kinetic rate equation, and
that the cathode has relatively slow kinetics to be
adequately described by the Tafel equation. In Eqs. 12
and 13, the surface overpotential, g(x, y), is defined as
gðx; yÞ ¼ /s  /e  Voc

ð14Þ

where /s and /e stand for the potentials of the electronically conductive solid matrix and electrolyte,
respectively, at the electrode electrolyte interface. Voc is
the reference open-circuit potential of an electrode. It is
equal to zero on the anode but is a function of temperature
on the cathode namely
Voc ¼ 0:0025T þ 0:2329

ð15Þ
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electrode and the catalyst layer due to the following
thermodynamic relation

l 2
u
k e ~



þ j jc g c j

For cathode
0
For anode
H2 O

0

I2
Kmem
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where T is in Kelvin and Voc is in volts. Notice that Voc is
not the true open-circuit potential of an electrode, which
would then depend upon reactant concentrations according
to the Nernst equation.
The species diffusivity, Dk, varies in different subregions of the PEMFC depending on the specific physical
phase of component k. In flow channels and porous electrodes, species k exists in the gaseous phase, and thus the
diffusion coefficient takes the value in gas, whereas species
k is dissolved in the membrane phase within the catalyst
layers and the membrane, and thus takes the value corresponding to dissolved species, which is usually a few
orders of magnitude lower than that in gas. In addition, the
diffusion coefficient is a function of temperature and
pressure.
 3=2  
T
p0
DðTÞ ¼ D0
ð16Þ
T0
p
The proton conductivity in the membrane phase has
been correlated as


1
1

re ðTÞ ¼ 100 exp 1268
303 T
ð17Þ
ð0:005139n  0:00326Þ



8
< 3:1  107 nðexpð0:28nÞ  1Þ exp 2346=
T 

Dm
w ¼
: 4:17  108 nð1 þ 161 expðnÞÞ exp 2346=
T

where the water content in the membrane, n, depends on
the water activity, a, according to the following fit of the
experimental data

0:043 þ 17:18a  39:85a2 þ 36a3 0  a  1
n¼
14 þ 1:4ða  1Þ
1a3

a reference current density. The stoichiometric ratios inlet
streams are given by the following equations.
Sanode ¼ CH2 vanode

Scathode ¼ CO2 vcathode

a¼

XH2 O p
psat

ð19Þ

where the saturation pressure of water vapor can be
computed from the following empirical equation

4F
Iref A

ð21Þ
ð22Þ

Water transport through the polymer electrolyte membrane has been investigated by several researchers in
different aspects. Most interesting studies in this area
includes the determination of water diffusion coefficient
and water drag coefficient by Zawodzinski et al. [9, 10] and
investigating the diffusion of water in Nafion membranes
by Motupally et al. [11].
The electro-osmotic drag coefficient is defined as the
number of water molecules transported by each hydrogen
proton H?. The electro-osmotic drag coefficient can be
expressed with the following equation:
nd ¼

2:5n
22

ð23Þ

The diffusion coefficient of water in Polymer Membrane
is also highly dependent on the water content of the
membrane. The relation is given as:

9
0  n  3=

ð24Þ

otherwise ;

Once the electrolyte phase potential is determined in the
membrane, the local current density along the axial direction can be calculated as follows
IðyÞ ¼ reff
e

ð18Þ
The water activity is in turn calculated by

2F
Iref A

o/e
ox

ð25Þ
x¼I:F:

where I.F. means the interface between the membrane and
cathode catalyst layer. The average current density is then
determined by

Iavg

1
¼
L

ZL
IðyÞdy

ð26Þ

0

7362:698
lnðp Þ ¼ 70:43464 
þ 0:006952T  9 lnðTÞ
T
ð20Þ
sat

In a fuel cell system, the inlet flow rates are generally
expressed as stoichiometric ratios of inlet streams based on

where L is the cell length.
There are natural boundary conditions of zero-flux prescribed everywhere other than the inlet and outlets of the
flow channels. The boundary conditions prescribed at the
inlets of the gas channels are:
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Table 3 Operational parameters

uanode
¼ u0a
in
CHanode;in
2
CHanode;in
2O

ucathode
¼ u0c
in

¼

CH0 2

COcathode;in
2

¼

CH0;a2 O

CHcathode;in
2O

Description

Unit

Value

¼

CO0 2

Reference average current density

A/cm2

1.0

¼

CH0;c2 O

Anode inlet velocity

m/s

0.5

Cathode inlet velocity

m/s

1

Anode inlet pressure

Atm

1

Cathode inlet pressure

Atm

1

Cell temperature

°C

70

Hydrogen

mol/m3

35.667

Oxygen

mol/m3

0

A mesh with 498,592 nodes was found to provide
required spatial resolution for different channel geometry.
The solution is considered to be converged when the
difference between successive iterations is \10-7 for all
variables.
The Electrochemical and Transport Parameters used in
these simulations are summarized in Table 2, and the
operational parameters are presented in Table 3.

3 Results and discussion

Anode inlet molar concentration

Water vapor
Cathode inlet molar concentration
Hydrogen

mol/m

3

16.121

mol/m3

0

Oxygen

mol/m3

7.51

Water vapor

mol/m3

16.121

In order to show that the program in this study can handle
the cell performance of a PEMFC, we apply the present
method to solve the whole of a PEMFC as described in
Miansari et al. [12]. The physical parameters and properties
of the fuel cell are listed in Fig. 2. The mesh employed for
the comparison with the reference was 241 9 74 9 25.
The steady-state solution is obtained by the numerical
procedure as mentioned in the previous section. As shown
in Fig. 2, the result of the present predictions of the
polarization curve agreeing fairly closely with Miansari
et al. [12] gives one confidence in the use of the present
program.
Figure 3 shows the polarization curves with two GDL
porosity of a duct-shaped fuel cell at cell voltage of 0.4 V
Fig. 2 Comparison between results of this paper and results of
Miansari et al. [12]
Table 2 Electrochemical and transport properties
Description

Unit

Value

Anode reference exchange current density

A/m3

1.5e9

Cathode reference exchange current density

A/m3

4,000,000

Anode transfer coefficient

2

Cathode transfer coefficient

2

Faraday constant

C/mol

96,487

H2 diffusivity

m2/s

3e-5

O2 diffusivity

m2/s

3e-5

H2O diffusivity at anode

m2/s

3e-5

H2O diffusivity at cathode
Anode backing layer porosity

m2/s

3e-5
0.5

Cathode backing layer porosity

0.5

Permeability of anode backing layer

2

m

e-12

Permeability of cathode backing layer

m2

e-12

Equivalent weight of membrane

kg/mol

1.1
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Fig. 3 Effect of GDL porosity on variation of cell performance

to investigate the influence of GDL porosity on the cell
performance. It shows in Fig. 3 that the effect of the GDL
porosity on the cell performance is significant at high
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current density. However, at low current density, the
influence of GDL porosity on the polarization curve is
negligibly small. It is also observed that the cell performance is increased as the GDL porosity decreases that it is
clear there is difference between duct-shaped and planner
fuel cell. This is due to that the porosity of the gas diffusion
layer has two comparing effects on the fuel cell performance; (1) an increase in the porosity provides the space
for the reactants to diffuse towards the catalyst region and
means that the onset of mass transport limitations occurs at
higher current densities that it leads to higher limiting
currents and (2) the adverse effect of a high porosity is an
expected increase in the contact resistance. Therefore, a
GDL material having lower porosity is strongly recommended for duct-shaped fuel cells designed to operate with
high power.
Figure 4 shows the effect of GDL thermal conductivity
on the performance of a duct-shaped PEM fuel cell at cell
voltage of 0.4 V. The heat produced by the electrochemical
reaction at the cathode side catalyst layer can dry the
membrane and decrease the transportation of proton from
it. Therefore in order to prevent drying out of the membrane and excessive thermal stresses it is required to
remove the heat produced at the catalyst layer through the
gas diffusion layer that this is controlled by the GDL
thermal conductivity. It is clear from Fig. 4 that the effect
of the GDL thermal conductivity on the cell performance is
significant at high current density but at low current density, the influence of GDL thermal conductivity on the
polarization curve is negligibly small. Also it is clear that
by increasing the thermal conductivity of the GDL the
overall cell performance increases that this is due to
increasing the lateral conduction of heat produced at the
cathode catalyst layer. Therefore, a GDL material having
higher thermal conductivity is strongly recommended for
duct-shaped fuel cells designed to operate with high power.
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The effect of gas diffusion layer thickness on the ductshaped fuel cell performance at cell voltage of 0.4 V is
shown in Fig. 5. It is obvious that a thinner gas diffusion
layer increases the mass transport through it, and this leads
to reduction the mass transport loss but for a duct-shaped
fuel cell there is a little difference because that the effect of
changing the surface overcome the effect of thickness of
the layer that by decreasing the thickness of the GDL the
surface of the cell at the catalyst layer decreases. Also in
Fig. 5 it is clear that by increasing the gas diffusion layer
thickness the overall cell performance increases. Also the
molar oxygen fraction at the catalyst layer increases with a
decreasing of the gas diffusion layer thickness due to the
reduced resistance to the oxygen diffusion by the thinner
layer. Therefore, a GDL material having higher thickness is
strongly recommended for duct-shaped fuel cells designed
to operate with high power.
The maximum temperature with higher gradient appears
in the cathode side catalyst layer of the fuel cell. The higher
membrane conductivity results in more even distribution of
the temperature in the cell, due to the removal of cathode
waste heat to the anode gas diffusion layer and then to the
anode gas stream through the membrane. In Fig. 6 the

Fig. 5 Effect of GDL thickness on variation of cell performance

Fig. 4 Effect of GDL thermal conductivity on variation of cell
performance

Fig. 6 Effect of membrane thermal conductivity on variation of cell
performance
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effect of membrane thermal conductivity on the performance of a duct-shaped PEM fuel cell at cell voltage of
0.4 V are shown. It is clear from Fig. 6 that the effect of
the membrane thermal conductivity on the cell performance is significant at high current density but at low
current density, the influence of membrane thermal conductivity on the polarization curve is negligibly small.
Also Fig. 6 shows that by increasing the thermal conductivity of the membrane the overall cell performance
increases that this is due to increasing the lateral conduction of heat produced at the cathode catalyst layer to the
anode gas diffusion layer. Therefore, a membrane material
having higher thermal conductivity is strongly recommended for duct-shaped fuel cells designed to operate with
high power.

Fig. 7 Effect of membrane thickness on variation of cell performance

Heat Mass Transfer (2012) 48:799–807

Figure 7 shows the effect of membrane thickness on the
performance of a duct-shaped PEM fuel cell at cell voltage
of 0.4 V. The effect of membrane thickness on the fuel cell
performance is mostly on the resistance of the proton
transport across the membrane. The potential loss in the
membrane is due to resistance to proton transport across
the membrane from anode catalyst layer to cathode catalyst
layer. Therefore, a reduction in the membrane thickness
means that the path traveled by the protons will be
decreased; thereby reducing the membrane thickness leads
to reduce the membrane resistance and this leads to
enhance the overall cell performance as can be shown in
Fig. 7. Therefore, a membrane material having lower
thickness is strongly recommended for duct-shaped fuel
cells designed to operate with high power.
Figure 8 shows the ability of the model that is used in this
research that is a full fuel cell model, which includes all the
parts of the PEM fuel cell, flow channels, gas diffusion
electrodes, catalyst layers and the membrane. The local
current density distribution at the cathode side catalyst
layer for two different GDL thickness (a) tGDL =
0.3 mm and (b) tGDL = 0.1 mm at 0.4 V cell voltage. It can
be seen that for a low GDL thickness, the distribution is quite
uniform. It is clear that the current density is higher at the
connections between GDL and bipolar plate that these peak
regions of the distribution of the local current density are
caused by the transverse installation of the connections. Also
it is clear that the maximum of local current density
decreased and the distribution of the current density can be
uniform by decreasing the GDL thickness.

Fig. 8 Local current density distribution at cathode side catalyst layer for two different GDL thicknesses: a 0.3 mm and b 0.1 mm
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4 Conclusion
A complete 3-dimensional and single phase model for
duct-shaped proton exchange membrane (PEM) fuel cell
was used to investigate the effect of changing gas diffusion
layer and membrane properties on the performances, current density and gas concentration. The complete
3-dimensional model for PEM fuel cells based on the twofluid method was numerically solved with constanttemperature boundary condition at surfaces of anode and
cathode current collectors. The results of this paper are in
good agreement with experimental results of Miansari et al.
[12]. The results show that the effect of the GDL porosity
on the cell performance is significant at high current density and the cell performance is increased as the GDL
porosity decreases and the gas diffusion layer thickness
increases that this is different with planner fuel cell. Also
the results show that by increasing the thermal conductivity
of the membrane the overall cell performance increases
that this is due to increasing the lateral conduction of heat
produced at the cathode catalyst layer to the anode gas
diffusion layer. The model is shown in this study to be able
to: (1) understand the effect of changing properties of the
materials; (2) create a numerical method of optimization of
a duct-shaped PEM fuel cell.
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