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a b s t r a c t

In the literature, many models and studies focused on the steady-state aspect of fuel cell systems while
their dynamic transient behavior is still a wide area of research. In the present paper, we study the effects
of mechanical solicitations on the performance of a proton exchange membrane fuel cell as well as the
coupling between the physico-chemical phenomena and the mechanical behavior. We first develop a
finite element method to analyze the local porosity distribution and the local permeability distribution
inside the gas diffusion layer induced by different pressures applied on deformable graphite or steel
olymer electrolyte membrane fuel cell
ulti-physical interaction

uel cell modeling
erformance

bipolar plates. Then, a multi-physical approach is carried out, taking into account the chemical phe-
nomena and the effects of the mechanical compression of the fuel cell, more precisely the deformation
of the gas diffusion layer, the changes in the physical properties and the mass transfer in the gas dif-
fusion layer. The effects of this varying porosity and permeability fields on the polarization and on the
power density curves are reported, and the local current density is also investigated. Unlike other studies,
our model accounts for a porosity field that varies locally in order to correctly simulate the effect of an

sion i
inhomogeneous compres

. Introduction

In the literature, many models have been developed to take into
onsideration multi-physical phenomena in a fuel cell. Zhou et al.
1–3] developed a sequential approach to study the pressure effects
y combining the mechanical and electrochemical phenomena in
uel cells. The pressure causes the deformation of the gas diffusion
ayer (GDL), and impacts the mass transfer and the electrical con-
act resistance. The GDL porosity in the PEM (polymer electrolyte

embrane) type fuel cell (PEMFC) is also affected by the clamp-
ng pressure; however, a global value of the GDL porosity is taken
nto account (not a local porosity distribution) and the GDL perme-
bility is kept constant. There is an optimal width of the rib of the
ipolar plate that gives a small contact resistance and a good poros-
ty of the GDL. At the same time, Zhou et al. studied the impact of
he inhomogeneous compression of the GDL on the performance
f their fuel cell; the membrane and the catalyst deformation were
ot taken into account. With a finite elements method, they ana-
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lyzed the contact pressure, the deformation of the GDL and the
porosity distribution. The results showed that a higher clamping
force decreases the GDL porosity, which increases the resistance
to mass transport and decreases the contact resistance and electric
losses. This is how it was found that there is an optimal clamp-
ing force that supplies a maximum power density. On the other
hand, Zhang et al. [4] proposed two methods for the estimation of
the contact resistance between the bipolar plates and the GDL of a
PEMFC. The first method is experimental while the second one is
numerical based on a finite element method analysis. They deduced
that the contact resistance is influenced by the average value of the
assembly clamping pressure. From an experimental point of view,
Nitta et al. [5] investigated the inhomogeneous compression of the
GDL of a PEMFC caused by the channel/rib structure of the flow
plate. This study proved that a higher compression improves the
GDL conductivity, reduces the contact resistance between the GDL
and the electrode and hinders the mass transport by modifying the
porosity that is considered homogeneous all through the paper.
Fekrazad and Bergman [6] developed a two-dimensional model of
the PEMFC in order to study the effect of the changes in the com-
pression force during the assembly of the stack, which modifies the

properties of the fuel cell; the model was a steady-state one and the
flow was considered laminar. The model evaluated the electric and
thermal resistances as well as the permeability by means of exper-
imental data; these properties depend on the clamping pressure
and were accounted for in the model, however, the GDL porosity
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Nomenclature

Alphabets
Dij diffusion coefficient (m2 s−1)
dragH2O water drag coefficient
ev volumetric deformation
F Faraday’s constant F = 96,487 (C mol−1)
ia anodic local current density (A m−2)
iref
0,a anodic exchange current density (A m−2)

iref
0,c cathodic exchange current density (A m−2)

ic cathodic local current density (A m−2)
ke effective electronic conductivity of electrode

(S m−1)
km ionic conductivity of membrane (S m−1)
K permeability
MH2 hydrogen molar mass (kg mol−1)
MO2 oxygen molar mass (kg mol−1)
MH2O water molar mass (kg mol−1)
NO2 oxygen mass flux
NH2 hydrogen mass flux
NH2O water mass flux
p pressure (Pa)
R gas constant R = 8314 (J mol−1 K−1)
T temperature (K)
u flux velocity (m s−1)
Vcell operation potential of fuel cell (V)
Ve potential of electrodes
Vm potential of membrane

Greek symbols
ε porosity
� density (kg/m3)
ωi mass fraction of species i
� dynamic viscosity (Pa s)
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tion and on the power density curves are reported, and the local
current density is also investigated. Thus, in our model and unlike
previously reported studies, we take into account a variable poros-
ity field, not a constant GDL porosity or an average global value
�act activation overpotential (V)
˛ transfer coefficient

as kept constant. The study showed in this case the dependency
f the fuel-cell power density and the temperature gradients in
he membrane on the clamping pressure. Hottinen et al. [7] evalu-
ted the inhomogeneous compression of the GDL and studied the
ffect on the mass and charge transfers inside the cell. The physical
roperties of the GDL that are affected by its inhomogeneous com-
ression are: its porosity, its permeability, its conductivity and the
ontact resistance between the GDL and the electrode. The study
nvestigated experimentally these physical properties as a function
f the GDL thickness, and the results were then compared to those
btained from a conventional model in which the parameters were
ept constant. This study stated that the inhomogeneous compres-
ion of the GDL influences the current density distribution because
f the variation of the contact resistance between the GDL and the
lectrode. Sun et al. [8] proposed a 2D model, in a steady-state and
sothermal regime in order to study the influence of the GDL prop-
rties and of the flow-channels geometry on the rate of the local
eaction inside the cathode/catalyst layer of a PEMFC. The study
howed that a larger channel facilitates the transport of chemi-
al species but a narrower rib hinders the transport of electrons.
inally, Al-Baghdadi and Al-Janabi [9,10] developed a 3D steady-
tate, non-isothermal, and single-phase model of a PEMFC. The

odel takes into account the major transport phenomena in the

uel cell: convection and diffusion. The strength of the algorithm is
ts precise evaluation of the activation overvoltage; this gives a bet-
er prediction of the local current distributions. All the factors, such
s the temperature, the pressure, the porosity, the thermal con-
rces 195 (2010) 5258–5268 5259

ductivity, the membrane thickness, the potentials, etc. that might
influence the fuel cell performance were studied along with their
effects on the current density distribution; however, porosity was
kept constant. Their model is then developed into a multiphase one
that investigates the displacement, the deformation and the stress
inside the whole cell due to the changes of temperature and relative
humidity.

In this paper, we are interested in PEM type fuel cells often
encountered in transportation, with graphite bipolar plates or
steel bipolar plates. We aim to show the influence of mechani-
cal compression on multi-physical phenomena that influence the
performance and the durability of PEMFCs. Particularly, we empha-
size the effects of the GDL porosity on the polarization and on the
power density curves; this porosity field is not uniform but varies
locally due to the mechanical compression of the fuel cell. We con-
sider three section types for the channels of the bipolar plates
that are made of graphite or steel; these bipolar plates are here
considered deformable. Hence, we deepen the complex concept
of multi-physical coupling between physico-chemical phenomena
and the mechanical behavior in order to simulate the real condi-
tions of use of a PEMFC. In particular, the compression of the fuel
cell distorts the GDL and affects its physical properties: the contact
resistance between the GDL and the bipolar plate varies, poros-
ity also varies locally as well as permeability. Failures in the fuel
cell components and a modification of the charge transport might
appear, resulting in a change of the fuel cell performance.

In this study, we first develop a finite element method to analyze
the local porosity and the local permeability distributions inside
the GDL that are induced by different compression forces applied
on two types of deformable bipolar plates (graphite and steel ones).
This mechanical approach is carried on first in order to study the
effect of the bipolar-plate compression, which induces the GDL
deformation, hence affecting its porosity and its permeability. Then,
a multi-physical approach is carried out, accounting for the chem-
ical phenomena and the effects of mechanical compression of the
fuel cell, more precisely the GDL deformation and the changes in
its physical properties and of the mass transfer inside it. The effects
of these variable porosity and permeability fields on the polariza-
Fig. 1. Modeling elements of a fuel cell.
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graphite bipolar plates in contact with the GDL.
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Table 1
Electro-chemical transport parameters of the fuel cell.

Parameter Symbol Value Unit

Initial porosity of GDL ε 0.75
Electronic conductivity of electrodes ke 100 S m−1

Ionic conductivity of membrane km 17.12 S m−1

Electrode permeability K 1.e-13 m2

Water drag coefficient dragH2O 3
GDL Young modulus 60 MPa
GDL Poisson ratio 0.09
Graphite bipolar plate: Young modulus 10 GPa
Graphite bipolar plate: Poisson ratio 0.3
Steel bipolar plate: Young modulus 200 GPa
Steel bipolar plate: Poisson ratio 0.3

Table 2
Geometric and operation parameters of the fuel cell.

Parameter Symbol Value Unit

Initial hydrogen mass fraction ωH2 0.1
Initial oxygen mass fraction ωO2 0.168
Initial water mass fraction ωH2O,c 0.2
Temperature T 353 K
Anode pressure pa 1.1 atm
Cathode pressure pc 1.1 atm
Dynamic viscosity � 2.1e-5 m2 s−1

Membrane thickness ım 0.1e-3 m
Fig. 2. Different profiles for the ribs of the

f the GDL porosity, in order to correctly simulate the effect of an
nhomogeneous compression of the fuel cell.

. General approach

.1. Mechanical description of the GDL

Referring to Fig. 1 that shows the modeling elements of a fuel
ell, a 2D model consisting in a half-rib and a half-channel from the
athode side of a PEMFC is developed in order to investigate the
ffects of different compression forces on the GDL deformation.
nly a portion of the fuel cell has been considered for computa-

ion because of its geometric periodicity. The X axis is in the cell
hickness direction (vertical direction in Fig. 1), while the Y axis
enotes the cell width direction (the horizontal one). The bottom
urface of the GDL is fixed and the vertical boundaries have sym-
etry conditions. The physical and geometric properties are listed

n Tables 1 and 2 and the initial porosity of GDL is set to 0.75.
Different homogeneous pressures (1 MPa, 5 MPa and 10 MPa)

re applied on the bipolar plates for different sections of the chan-
els: a rectangular section of the rib, a trapezoid section, and a
rapezoid section of the rib with a 0.2 mm curvature radius (see
igs. 2 and 3). The thickness of the steel bipolar plates is 0.07 mm

nd their external dimensions are the same as those of the graphite
nes.

Hereafter, we present the computation steps required to obtain
he porosity field: a finite element analysis is carried on in order to
btain the deformation field in the GDL. Then, the porosity and per-

GDL thickness ıGDL 0.2e-3 m
Channel width wc 1.e-3 m
Rib width w1 0.5e-3 m
Channel height hc 0.5e-3 m
Bipolar plate height hBP 1.5e-3 m

Fig. 3. Different profiles for the ribs of the steel bipolar plates in contact with the GDL.
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Fig. 4. Boundary conditions of the studied model. f1: Entry of humidified air; water
and oxygen; mass fractions and pressures are set. f2: Vcell . f3: Exit of humidified air;
convective flux at reference pressure. f4: Entry of humidified hydrogen; hydrogen
mass fraction and pressure are set. f5: V = 0. f6: Exit of humidified hydrogen; convec-
tive flux at reference pressure. f7: GDL cathode side. f8: Membrane. f9: GDL anode
side. f10: Border GDL-BP cathode side. f11: Cathode border: mass flux and velocity
T. Akiki et al. / Journal of Pow

eability fields are evaluated and introduced in the multi-physical
odel of the fuel cell in order to obtain the polarization and power

ensity curves.

.2. Multi-physical approach

In the 2D multi-physical model of the fuel cell, the effects of
DL compression are taken into account, i.e. the deformation of

he GDL and the porosity and permeability fields that vary locally.
orosity is also involved in the expressions of the effective diffusion
oefficients which, consequently, vary locally too.

We consider a geometry composed of the membrane and the
DL from both the cathode and the anode sides (see Fig. 4). Due

o GDL deformation symmetry, we only consider a rib and two
alf-channels from each side of the rib, and the electrodes and the
atalyst layers are considered as internal boundaries in the domain.
iven that the reaction rate of the hydrogen oxidation is faster than

hat of the oxygen reduction, only the deformation of the GDL at
he cathode side is modeled; the GDL is compressed under the rib

nd inflates under the channels. A flux of air (oxygen, nitrogen,
nd water) is applied at the cathode, the anode is supplied with
umidified hydrogen, and a pressure difference exits between the
hannels (at the left and the right sides of the rib). The following
ssumptions are made:

are set. f12: Anode border: mass flux and velocity are set. f13: Border GDL-BP anode
side.

Fig. 5. The finite elements models for different sections of the bipolar plates.
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Table 3
Diffusion coefficient constants used in Eq. (4).

O2–N2 O2–H2O H2–H2O H2O–N2

CD 0.22 0.282 0.915 0.256
Tref 293.2 308.1 307.1 307.5
262 T. Akiki et al. / Journal of Pow

air and hydrogen are ideal gas mixtures, they are saturated in
water vapor,
the GDL and the catalyst are homogeneous and isotropic,
the flow is laminar,
temperature is kept constant,
water produced from the reduction of oxygen and from water
migration from the anode to the cathode is in the liquid phase.

The mechanical compression of the GDL modifies its porosity
nd, consequently, influences the effective diffusion coefficients
nd the permeability, which justifies our multi-physical approach
f the fuel cell. The interesting point is to see how the compression
f the fuel cell influences its power production and its local current
ensity.

The polarization curves, the power density curves, and the local
urrent density are obtained from several simulations in which the
uel cell potential varies from 0 up to 1 V with steps of 0.05 V.

. Studied models

.1. Mechanical model for deformation analysis

The objective is to define the deformation of the GDL surface
nduced by the compression of the bipolar plate that is loaded with
uniform pressure. Since a mechanical modeling of a fuel cell was

lready done using SAMCEF-Field software for other purposes, the
imulation is conducted using this software.

The 3D model consists of two solids obtained by profile extru-
ion; the first solid is the bipolar plates and represents a half-rib
nd a half-channel for symmetry reasons, the other one represents

Fig. 7. Mechanical deformations for differ
Fig. 6. Example of a mesh for the determination of the polarization and the power
density curves of the fuel cell (trapezoid section with a radius of curvature).

the GDL and is in contact with the first solid. Three different geome-
tries of the contact between the bipolar-plate profile and the GDL
are studied: a rectangular rib, a trapezoid one, and a trapezoid rib
with rounded edges (see Figs. 2 and 3).

In order to study the effect of the deformation of the bipolar
plate on the behavior of the GDL, two different materials and their
associated geometries are considered for the bipolar plate: the first
type is a solid made of graphite and the second one is composed
of two steel solids in contact. Fig. 5 represents the finite element
modeling of two section types for the above-mentioned materials;
the GDL is at the lower part of the sub-figures.
Different pressures (1 MPa, 5 MPa, and 10 MPa) are applied at
the top of the bipolar plate, the bottom boundary of the GDL is
blocked, as well as the front and rear boundaries of the solids (in the
Z direction), and symmetry conditions are applied on the vertical
boundaries of both the bipolar plate and the GDL. The model also

ent sections and materials—10 MPa.
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Table 4
Decrease of GDL thickness under the rib of a graphite bipolar plate.

Section of bipolar plate Pressure (MPa)
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∇ · ⎣−�ωi

j=1

Dij Mj
∇ωj + ωj M

+ ωi�u⎦ = 0 (11)

We remind the effective diffusion coefficients that are function
of the porosity are given by Eq. (4).
Rectangular
Trapezoid
Trapezoid with a 0.2 mm curvature radius

akes into account the nature of the mechanical contact between
he bipolar plate and the GDL.

The mesh consists of one row (in the Z direction) of 3D hexa- and
enta-type elements; the mesh is refined in the contact zones and

n the zones that are likely to become in contact after deformation.
his deformation is evaluated from the vertical displacements of
he nodes that are localized at the upper surface of the GDL (see
ig. 7).

.2. Porosity and permeability fields

.2.1. Determination of the porosity and permeability fields for
alf of the domain

A model of half of the GDL is created under COMSOL
ultiphysics® [11]; the deformation of the GDL obtained from

AMCEF-Field software is introduced in COMSOL as a prescribed
isplacement, and the volumetric deformation field ev(x,y) is then
alculated as follows:

v(x, y) = ex(x, y) + ey(x, y) + ez(x, y) (1)

One can easily show that the porosity field might be evaluated
ccording to:

(x, y) = ε0 + ev(x, y)
1 + ev(x, y)

(2)

here ε0 is the initial GDL porosity before compression.
Finally, the local permeability K is obtained as follows [12]:

(x, y) = C
[ε(x, y)]3

[1 − ε(x, y)]2
(3)

here C is a constant given for different materials of the GDL.

.2.2. Determination of the complete porosity and permeability
elds

Assuming symmetry with respect to the vertical X axis, the local
orosity and permeability fields are extended to a complete domain
ith MATLAB software. Here, a regular grid covering the complete
omain is created and the value of the porosity at each node is
valuated by interpolation. Moreover, the effective local diffusion
oefficients that are function of porosity are then obtained accord-
ng to [13] using the following expression:

eff(x, y) = CD × 10−4 ×
(

T

Tref

)1.5
× ε1.5 (4)

here CD and Tref are different for each couple of gas components
s in Table 3.

Interpolation files are created for future use in the multi-
hysical model built under COMSOL Multiphysics®.
.3. The multi-physical model of the fuel cell

The following equations govern the different phenomena in the
uel cell; the used symbols are defined in the nomenclature at the
nd of this paper.
% 22% 44%
% 22.7% (Fig. 8, upper figure) 45%
% 23% (Fig. 8, lower figure) 44.4%

In both the anode and the cathode GDLs, the potential distribu-
tion is governed by:

∇ · (−ke∇Ve) = 0 (5)

In the membrane, the potential distribution is governed by:

∇ · (−km∇Vm) = 0 (6)

The voltage difference between the cathode and the anode cor-
responds to the total potential of the fuel cell.

For the GDL, transport is modeled in porous medium; the con-
tinuity equation in the GDL is given by:

∇ · (�εu) = 0 (7)

where the velocity field is obtained using the Darcy’s law as follows:

u = −K

�
∇p (8)

Dirichlet conditions are applied for the velocity field at the anode
and the cathode boundaries of the GDL; the velocities at these
boundaries are obtained from the electrochemical reaction rates.
At the anode side, we have:

−n · u = ia
�F

×
(

MH2

2
+ dragH2O × MH2O

)
(9)

while at the cathode side, we have:

−n · u = ic
�F

×
[

MO2

4
+

(
1
2

+ dragH2O

)
× MH2O

]
(10)

In porous medium, the mass transport equation takes into con-
sideration the different species according to the Maxwell–Stephan
diffusion convection equation given by:⎡

N∑ {
M

( ∇M
)} ⎤
Fig. 8. Porosity fields for graphite bipolar plates.
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Now, the local current density distribution in the catalyst layer
ic) is obtained from the Butler–Volmer expression (Eq. (12)); a
imilar expression is also available for ia.

c = iref
0,c

ωO2

ωO2,0

exp
(

−˛ × F�act,c

RT

)
(12)

Navier–Stokes equations govern the assumed laminar flow
nside the channels of the bipolar plates, where transport is ensured
ia a pressure gradient. The Navier–Stokes equations (momentum

nd continuity) in a porous medium are given by:

(
∂u

∂t
+ u · ∇u

)
= −∇p + �∇2u + f, ∇ · u = 0 (13)

Fig. 9. Comparison of the porosity and permeability fields. Compression of a trape-
zoid section at 5 MPa.

Fig. 10. Polarization and power density curves for graphite bipolar plates—influence of the geometry of the bipolar plates.
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Fig. 11. Polarization and power density curves f

Finally, the different species are transported according to the
lassical convection-diffusion transport equation, and again Dirich-
et conditions are applied at the anode and the cathode boundaries
f the GDL. At the catalyst layers, the hydrogen mass-flux at the
node and the oxygen mass-flux at the cathode are given by:

−n · NH2 = ia
2F

× MH2

−n · NO2 = ic
4F

× MO2

−n · NH2O = ic
F

×
(

1
2

+ dragH2O

)
× MH2O

(14)

The PEMFC model built in COMSOL Multiphysics Chemical Engi-

eering Module [13] consists in solving Eqs. (4)–(14) using a finite
lement method. For every section type of the channels and for
very pressure magnitude, simulations are conducted for different
alues of the fuel cell potential. The local current density is com-
uted, and the polarization and the power density curves can then
phite bipolar plates—influence of compression.

be obtained. Fig. 6 shows the quality of the mesh (consisting of 1361
elements) used in the case of a trapezoid section of the channel with
a 0.2 mm curvature radius and for a pressure of 5 MPa.

4. Results of the numerical analysis

We remind that the values of the electrochemical transport
parameters are listed in Table 1 and that the geometric and opera-
tion parameters of the components are listed in Table 2.

4.1. Mechanical deformations
Fig. 7 shows the deformations of the bipolar plate and the GDL
under a constant pressure of 10 MPa, applied on the upper bound-
ary of the domain. This pressure, even though is higher than an
expected pressure in reality, underlines the intended results which
are the deformation of the GDL in contact with the bipolar plate and
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Fig. 12. Polarization and power de

he contact zones with this same bipolar plate (detachment points).
or an applied compression force of 10 MPa, the deformation of the
teel bipolar plate is much higher than that of the graphite one. On
he other hand, the rectangular sections lead to a corner type press-
ng in the GDL where the detachment point is on the vertical. These
esults are transmitted to an excel sheet for the determination of
he GDL deformation.

Table 4 resumes the decrease of GDL thickness under the rib
s a result of the applied compression forces and of the channel
ections of the graphite bipolar plates. For a pressure magnitude of
0 MPa in the case of a rectangular section of the bipolar plates, the
hickness of the GDL under the rib is decreased considerably (44%
pproximately) whereas for a pressure magnitude of 1 MPa and for
he same type of bipolar plate, the thickness of the GDL under the
ib is decreased by 4% approximately.

.2. Porosity and permeability fields

Since compression reduces locally the thickness of the GDL, its
orosity varies according to the above-mentioned principles (see
ection 3.2.1). Fig. 8 represents a half-rib and a half-channel from
he cathode side, and shows the local porosity fields associated
ith a compression force of 5 MPa for two types of graphite bipo-

ar plates (trapezoid section and trapezoid with a rounded edge);

t also shows the local influence of the radius of curvature. Fig. 9
ompares the local porosity and permeability fields obtained in the
ase of a 5 MPa compression force for a trapezoid section of the
ipolar plates. As for the porosity field, the permeability field also
hanges locally due to an applied compression.

Fig. 13. Polarization and power density curves for graphite and for steel bip
urves for thin steel bipolar plates.

4.3. Polarization and power density curves

In order to isolate the influence of the local porosity and the local
permeability, the polarization and the power density curves are
obtained from several simulations in which the fuel cell potential
varies from 0 up to 1 V with steps of 0.05 V. However, these simu-
lations do not take into consideration the variation of the contact
resistances.

Considering graphite bipolar plates, curves have been elabo-
rated for the three different sections of ribs (rectangular, trapezoid
and trapezoid with a rounded edge) and for the pressure magni-
tudes of 1 MPa, 5 MPa and 10 MPa. They are represented into two
different ways: Fig. 10 underlines the influence of the geometry
while Fig. 11 shows the influence of loadings. It can be observed
that the geometric parameters (sections of the ribs of the bipolar
plate) as well as the compression pressures on the fuel cell influ-
ence its performance through the local variation of the porosity and
permeability fields. Fig. 10 shows the effect of the rib shape on the
efficiency of the fuel cell. At high pressures (10 MPa) and for high
current densities, only the shape of the trapezoid rib gives slightly
a better performance; whereas at low pressures, the polarization
and power density curves are very close to each other for all the
considered sections (rectangular, trapezoid and trapezoid with a
0.2 mm curvature radius).
The polarization and power density curves of Fig. 11 show an
improvement of the performance of the fuel cell at high pressure
magnitudes; this is valid for all the sections of the graphite bipolar
plate. Because of cell compression, the GDL is thinner under the rib
and bends under the channel, the volume of the gas flux is then

olar plates at 5 MPa and for a trapezoid section of the bipolar plates.
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Fig. 14. Local current density – graphite ribs – compression of 5 MPa.
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maller which increases gas velocity and improves mass transfer.
oreover, fuel cell compression decreases the contact resistance

etween the bipolar plate and the GDL; this decreases in turn the
osses and improves the performance of the cell.

The same procedure has been executed for steel bipolar plates.
ig. 12 shows the polarization and power density curves for steel
ipolar plates, for three types of sections and for a load of 5 MPa.
he polarization and the power density curves of the trapezoid sec-
ions (with and without a rounded edge) of the steel bipolar plates
re equivalent but the rectangular section presents limits of use at
igh values of the current density. This loss in performance at high
urrent densities for rectangular sections of the steel bipolar plates
oes not exist for the graphite bipolar ones; we suppose that this

s due to the large mechanical deformations of the steel plate. This
onclusion will be verified in future studies; however that may be,
his confirms the choice of trapezoid section for the steel bipolar
lates.

Fig. 13 shows that, for trapezoid sections of graphite and steel
ipolar plates, there is no difference regarding the polarization and
ower density curves, at least until a compression force of 5 MPa.
his is also true for trapezoid sections with rounded edges of the
ipolar plates.

.4. Local current density

For all the considered sections of the graphite bipolar plates,
or a cell potential of 0.7 V, and for a pressure magnitude of 5 MPa,
ig. 14 shows the distribution of the local current densities on two
nterfaces:

the interface between the GDL and the bipolar plate,
and the interface between the GDL and the cathode.

e draw the lecturer’s attention on the non-symmetric character
f the local curves; this is due to the pressure gradients between
he channels at the left and at the right of the rib. On the other hand,
he results of the simulations show that the regions of high current
ensities are the most critical because of the reduction of oxygen
iffusion induced by the cell compression and because we did not
ccount for the flooding effect at the cathode. Moreover, the lower
arts in Fig. 14(a)–(c) have not been smoothed; these are the raw
esults of the iterative process of computation that depends on the
esh size and on the applied convergence threshold.
For a rectangular rib and at 5 MPa, the detachment of the

DL occurs at the rib corner (the detachment point is the last
oint of contact between the uncompressed GDL and the rib);
his is why current peaks appear in the upper part of Fig. 14(c)
t ±0.5 mm.

Also for a compression force of 5 MPa and for a trapezoid rib with
r without a radius of curvature, the GDL stays in contact with a part
f the channel side. The rib seems larger and the current peaks occur

t the detachment points of the GDL on the side of the channels as
hown in the upper parts of Fig. 14(a) and (b). This is how a part of
he channel side plays the role of current collector and the current
eaks show the effects of the inhomogeneous compression of the
ell on the local current density distribution.
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5. Conclusion

This paper presented different fuel-cell models in which the
GDL compression is studied along with the effects of compression
on fuel cell performance; typical results and specific properties of
each model have also been given. The GDL porosity, the contact
resistance, the permeability, and the conductivity are all influenced
by mechanical solicitations and hence cannot be kept constant
throughout the modeling of PEMFC. Many phenomena affect the
properties of the fuel cell and influence its power production. The
effects of such phenomena and their multi-physical coupling are
studied in this paper and their influence on fuel cell performance
has been investigated. In order to study the effects of the bipolar
plate geometry and the compression forces on the performance of
a fuel cell, a mechanical model for computing the GDL deformation
has first been established. Then, a multi-physical model has been
elaborated; this model takes into consideration the porosity and
the permeability fields that vary locally in order to approach the
real conditions of use of a PEMFC. Fuel cell performance has been
deduced from the polarization and power density curves for differ-
ent types of bipolar plates and for different pressure magnitudes.
It is necessary to emphasize the fact that the permeability and the
effective diffusion coefficients of our model vary locally because
they are function of the porosity. Finally, we observed current peaks
that might affect the local current distribution and the temperature
distribution inside the cell. Modeling of a fuel cell system needs
further analysis, such as modeling the electrodes and taking into
consideration the energy equation among the governing equations
a fuel cell system, in order to approach the real conditions of use
of the cell. Note that we took into consideration the deformation of
the bipolar plates in the applied method. Among the two types of
material and the three types of sections that have been considered,
only the steel bipolar plates are deformed visibly. However, this
deformation does not have an impact on the polarization curves,
despite the fact that there is a little local effect on the GDL com-
pression. Other effects might also interfere and should therefore
be deepened; mainly, the electrodes modeling and the heat trans-
fer might influence the behavior of the fuel cell and, particularly,
its performance.
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