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a b s t r a c t

The focus of this paper is to study the flow crossover between two adjacent flow channels in a proton
exchange membrane (PEM) fuel cell with serpentine flow field design in bipolar plates. The effect of gas
diffusion layer (GDL) deformation on the flow crossover due to the compression in a fuel cell assem-
bly process is particularly investigated. A three-dimensional structural mechanics model is created to
study the GDL deformation under the assembly compression. A three-dimensional PEM fuel cell numeri-
cal model is developed in the aforementioned deformed domain to study the flow crossover between the
adjacent channels in the presence of the GDL intrusion. The models are solved in COMSOL Multiphysics—a
finite element-based commercial software package. The pressure, velocity, oxygen mass fraction and local
current density distribution are presented. A parametric study is conducted to quantitatively investi-
gate the effect of the GDL’s transport related parameters such as porosity and permeability on the flow
crossover between the adjacent flow channels. The polarization curves are also examined with and with-
out the assembly compression considered. It is found that the compression effect is evident in the high
current density region. Without considering the assembly compression, the fuel cell model tends to over-
predict the fuel cell’s performance. The proposed method to simulate the crossover with the deformed
computational domain is more accurate in predicting the overall performance.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The bipolar plate is an important component of proton exchange
membrane (PEM) fuel cells. The flow field design in the bipolar plate
influences the heat, mass and current transport inside fuel cells in
a complex manner. Li [1] recognized an appropriate configuration
of the flow field design in the bipolar plate as the most important
strategy to handle water management issues. The basic flow field
designs in the bipolar plate include: serpentine channel arrange-
ment, parallel channel arrangement (also called conventional or
straight arrangement) and interdigitated channel arrangement, as
shown in Fig. 1. The serpentine design is one of the most widely
used flow channel configurations, especially in small fuel cells [2].

The serpentine channel design has several parallel channels con-
nected in series by U turns. The problems of gas bubble or liquid
droplet blockage in a parallel channel design are less serious in the
serpentine design since any block in a single serpentine channel
will build a high-pressure region which moves the liquid or bubble
and thus resolves the blockage. The total length of a single ser-
pentine channel is several meters depending on the active area of
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fuel cells, while the cross sectional dimension is usually 0.5–1 mm.
For example, for a 100 cm2 fuel cell, if the width of the channel
and bipolar plate shoulder is 1 mm, the total length of the flow
channel is around 5 m. This large difference in dimensions creates
a pressure difference between two adjacent flow channels which is
high enough to introduce the flow crossover from one flow chan-
nel to the other through the porous gas diffusion layer (GDL). Some
researchers define this effect as the “channel to channel crossover”
[3]. In this study, the flow crossover between channels will be used
to describe this phenomenon.

The flow crossover between channels enhances the mass trans-
port of the reactant to the reaction site at the catalyst layer, which
thus improves the overall performance of fuel cells. Park and Li
[2] predicted that 40% of the inlet flow does not follow the chan-
nel in the bipolar plate, but instead crosses the land area between
two adjacent channels through the GDL. Dutta et al. [4] found that
the flow crossover between channels leads to an unexpected pres-
sure drop compared to the flow in the straight channel. Sun and
co-workers [3,5,6] developed a pure hydraulic model to show that
the flow crossover also has a significant influence on the pressure
variation through the channel, and tends to decrease the pressure
drop. A similar phenomenon was found to be important in a direct
methanol fuel cell [7]. Pharoah [8] found that the in-plane perme-
ability of the GDL is the parameter of importance in affecting the
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Fig. 1. Basic flow field configuration of the single PEM fuel cell channel. (a) Serpentine; (b) parallel; (c) interdigitated.

flow crossover between channels in a serpentine flow channel. In
summary, the flow crossover between adjacent channels in a sin-
gle serpentine flow channel design is crucial in the PEM fuel cell
operation, and it should not be ignored in the fuel cell design and
numerical simulation.

Permeability and porosity of the GDL are two of the key parame-
ters that determine the flow crossover effect. These two parameters
vary during the fuel cell assembly process. The porosity of the GDL
will decrease especially under the shoulder of the bipolar plate
due to the assembly compression [9–15], which will affect the per-
meability and then flow transport through the GDL. Lai et al. [16]
recently investigated the effect of gas diffusion media intrusion on
the performance of a PEM fuel cell. It was found that a 5% variation
in gas diffusion media intrusion can result in a 20% reduction of
reactant flow in the most intruded channel. The objective of this
paper is to investigate the effects of flow crossover on the perfor-
mance of a fuel cell with a serpentine flow channel design with
the assembly compression effects considered. Firstly, a numerical
model will be developed to simulate the porous GDL’s deformation
under assembly compression. A three-dimensional PEM fuel cell
model will then be developed based on the deformed domain from
the GDL’s deformation model. The effects of flow crossover between
adjacent channels on the fuel cell performance will be studied.
The three-dimensional fuel cell model being developed includes
the momentum transport, mass transport and electrochemical
reaction. The GDL deformation model couples permeability and
porosity with the thickness of the porous GDL, which enables the
model’s capability to simulate how the GDL deformation influences
the fluid transport phenomena in the PEM fuel cell.

2. Numerical simulation

2.1. Modeling domain and modeling assumptions

The computational domain shown in Fig. 2 includes the cathode
GDL and serpentine flow channels of a 1 cm2 fuel cell. The cata-
lyst layer was assumed to be infinitely thin. The along-the-channel
direction, the in-plane direction, and the direction perpendicular
to the membrane are denoted as x, y, and z, respectively. There are
five channels on the bipolar plate, and each channel has a width of
1 mm, a height of 1 mm, and a length of 10 mm. The width of the
channel shoulder is 1 mm.

The present model is developed under the following assump-
tions:

(1) The fuel cell operates at a constant temperature.
(2) The gas mixture behaves like ideal gases.
(3) The gas flow is assumed to be laminar and incompressible in

the modeling domain.
(4) The GDL material is assumed to be isotropic and non-

homogenous.

(5) Although the liquid water presence is important in the PEM
fuel cell operation, the liquid transport is ignored in the cur-
rent work because the focus of this work is to study the flow
crossover effect under the shoulder of bipolar plates with the
GDL deformation. Therefore, water is assumed to be vapor in
the gas mixture, and single phase flow is considered.

Based on the aforementioned model domain and assump-
tions, two numerical models are developed. One is to describe
the GDL’s deformation due to the assembly compression, and the
other is to predict the fuel cell performance. The deformation
model was solved first to obtain the deformed GDL geometry. This
deformed geometry was then re-meshed to provide the computa-
tional domain for the PEM fuel cell model. These two models will
be introduced in the next two sections.

2.2. The GDL deformation model

The deformation of the GDL due to the assembly compression is
solved as a structural mechanics problem and finite element anal-
ysis (FEA) will be applied. The computational domain is shown in
Fig. 2. In the model, the x and y coordinates are fixed and defor-
mation occurs only in the z direction, which corresponds to the
direction of the compression force.

In the structural mechanics model, the GDL-10BA from Mishra
et al. [17] was used with the Poisson’s ratio of 0.09, Zhang et al.
[18]. The nominal clamping pressure applied is typically between
0.5 and 3 MPa [17]. In this model, 1 MPa of clamping pressure is
applied. The mechanical properties of the GDL-10BA are shown in
Table 1.

To protect the membrane and GDL and to prevent leakage, a layer
of incompressible gasket frame is often added between the GDL

Fig. 2. Computational domain of a single serpentine PEM fuel cell model.
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Table 1
Mechanical properties of GDL-10BA in FEA analysis

Parameter name Value Unit Source

Compression modulus of the GDL 4.59 MPa [17]
Poisson ratio 0.09 1 [18]
Compression pressure 1 MPa Estimated
GDL max compression 0.075 mm [19]

and bipolar plate during the fuel cell assembly, which adds a con-
straint for the GDL deformation. In the current structural mechanics
model, the maximum deformation of GDL is set as 75 �m [19].

Fig. 3 shows the cross-sectional view of the GDL meshes with
and without the assembly compression being considered. Due to
the assembly compression, the thickness of the GDL is decreased
under the shoulder of bipolar plates while a portion of the GDL
extrudes into the gas channel. For the GDL-10BA gas diffusion layer
with a thickness of 300 �m employed in the work, the GDL displace-
ment could be more than 75 �m under the 1 MPa compression if
there is no protection from the incompressible gasket layer. With
the protection of the incompressible gasket, the compression ratio
of the GDL in the present study is 75/300 = 0.25.

The porosity and permeability of GDL are two key param-
eters affecting the reactant transport inside the fuel cell. The
values of these two parameters vary as the thickness of the GDL
changes. Therefore, the porosity and permeability of GDL are not
homogenous, and they need to be recalculated when the assembly
compression is considered. In the present study, the porosity of the
GDL is assumed to vary with the GDL thickness by the following
relation [20]:

ε = 1 − WA/(�D) (1)

where WA is the area weight of porous materials, kg m−2; � is the
solid phase density, kg m−3; D is the thickness of the GDL, m. The
variation of GDL permeability with the change of the GDL porosity
is described by the following relation as suggested by Berning [21]:

K = K0

ε0

(
d

d0

)2 (
1 − (1 − ε)

d0

d

)
(2)

where d is the pore diameter of porous media, m, which is assumed
to be proportional to the thickness of GDL, ε is the porosity, and the
subscript “0” denotes the original value of the parameter without

Fig. 3. Deformed computational domain of the PEM fuel cell model (top: without
compression; bottom: with compression).

compression. The values of newly calculated porosity and perme-
ability will be used in the PEM fuel cell model introduced in the
next section.

2.3. PEM fuel cell model

2.3.1. Governing equations
The governing equations of fuel cell models are summarized and

presented in each computational domain as shown below:
Flow channels: the steady-state Navier–Stokes equation and the

continuity equation are solved to obtain the gas flow field and pres-
sure field, i.e. the continuity equation:

∇ · u = 0 (3)

and the momentum equation:

�u · ∇u = ∇ · [−pI + �(∇u + (∇u)T)] (4)

where u is the velocity vector, m s−1; � is the fluid density, kg m−3;
p is the pressure, Pa; � is the dynamic viscosity, kg m−1 s−1.

Flow in the GDL: in the gas diffusion layer, the pressure drop
is proportional to the gas velocity if the flow is laminar, and it is
modeled as

(�/�)u = ∇ · [−pI + (1/ε)�(∇u + (∇u)T)] (5)

where k is the permeability of the GDL, m2, and ε is the porosity.
The multi-species mass transport in the entire computational

domain (including the gas channels and GDL) are described by the
Maxwell–Stefan equation. It solves for the fluxes of each species
in terms of mass fraction. The general form of the Maxwell–Stefan
equation is shown below:

∇ ·

⎡
⎣−�wi

N∑
j=1

Dij

{
M

Mj

(
∇wj + wj

∇M

M

)
+ (xj − wj)

∇P

P

}
+ wi�u

⎤
⎦

= Ri (6)

where Dij is the binary diffusion coefficient; Ri is the reaction rate;
x is the molar fraction; w is the mass fraction; M is the molecular
mass; i and j represent different species O2, H2O or N2 and � is the
mixture gas density described by

� =
(∑

ixiMi

)
p

RT
(7)

where R is the universal gas constant, 8.314 J mol−1 K−1 and T is
the cell operating temperature. On the cathode side, the mass frac-
tions of oxygen and water are solved since the mass fraction of
nitrogen can always be obtained from the mass balance equation as
follows:

wN2 = 1 − wO2 − wH2O (8)

The catalyst layer is treated as an infinitely thin boundary
between the GDL and membrane. The Tafel equation is used to pre-
dict the distribution of the current density along the catalyst layer
[22]:

I = I0
CgyO2

CO2,ref
exp

(
˛cF

RT
�c

)
(9)

where I0 is the exchange current density, A cm−2; �c is the over-
potential on the cathode side, V; ˛c is the cathode transfer
coefficient; F is the Faraday’s constant; C is the concentration of gas,
mol m−3.
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2.3.2. Boundary conditions

(1) Flow inlet: The inlet gas velocity and species fraction are
calculated based on the mass flow rate and humidified air com-
ponents, respectively.

(2) Flow outlet: At the outlet, the back pressure is set to the atmo-
spheric pressure. The flow is assumed to be fully developed.

(3) Impermeable walls and surfaces: A no-slip boundary condition
is applied to the impermeable walls and surfaces, where the
no-flux condition is set for the species equations.

(4) Catalyst layer: At the membrane–GDL interface, the catalyst
layer is assumed to be an infinitely thin layer, where the bound-
ary condition of the momentum equation is set to no slip and
the fluxes of oxygen and water are the functions of the local
current density, and they are given as

oxygen : NO2 = − I

4F
(10)

water : NH2O = (0.5 + ˛)
I

F
(11)

where N is the inward mass flux and ˛ is the number of water
molecules dragged across the PEMFC membrane for each elec-
tron transferred.

3. Result and discussion

The aforementioned structural mechanics model and the PEM
fuel cell model were implemented into the commercial software
package COMSOL Multiphysics. The base case parameters used in
both models are listed in Table 2. The anode overpotential is ignored
due to the much faster reaction compared to that on the cathode
side. The fuel cell operating potential is therefore calculated as

Vcell = Voc − �c − IRcell (12)

where Vcell is the fuel cell operating voltage; Voc is the open circuit
voltage; �c is the cathode overpotential; I is the fuel cell operating
current density; Rcell is the ohmic electrical resistance of the fuel
cell.

Table 2
Base model parameters

Parameter name Value Unit Source

Geometry dimensions
Channel depth 1 mm
Channel width 1 mm
Should width 1 mm
GDL thickness 0.3 mm
Active area 1 cm2

Base case operating conditions
Inlet gas velocity 3 m s−1 Estimated
Inlet mole fraction of oxygen 0.150 1 Humidified air

at 80 ◦C
Inlet mole fraction of nitrogen 0.495 1 Humidified air

at 80 ◦C
Inlet mole fraction of water 0.355 1 Humidified air

at 80 ◦C
Temperature 80 ◦C Typical
Back pressure 101,325 Pa

Other properties and coefficients
Gas dynamic viscosity 2.03E−5 Pa s [22]
Exchange current density 1E−2 A cm−2 [22]
Transfer coefficient of the oxygen

reduction reaction
0.5 1 [22]

Electrode permeability 1.76E−11 m2 [22]
Electrode porosity 0.5 1 Estimated
Binary diffusion coefficient DO2 N2

2.75E−5 m2 s−1 [23]
Binary diffusion coefficient DO2 H2O 3.50E−5 m2 s−1 [23]
Binary diffusion coefficient DH2O N2

3.50E−5 m2 s−1 [23]

Fig. 4. 2D segmented modeling geometry.

In order to clearly explain the flow crossover effect, the original
modeling geometry is segmented in several regions as shown in
Fig. 4. The three horizontal lines are denoted by a, b and c, respec-
tively. The five vertical lines are numbered numerically according
to each channel. The horizontal line and vertical line designations
are used to indicate the intersection point of two lines such as c1,
b2, a5 and so on.

3.1. Pressure distribution and velocity field

Fig. 5 shows the comparison of the pressure drop along the flow
direction at the cross section of x = 0.8 cm with and without assem-
bly compression considered. The local pressure drop is normalized
by the maximum pressure drop from inlet to the outlet. Pressure
decreases from the inlet to outlet of the flow channel. A higher total
pressure drop is found when the compression effect is considered.
This pressure drop is due to the extra flow resistance caused by the
deformation of the porous GDL material. Fig. 6 shows the compar-
ison of the pressure drop between the adjacent flow channels for
three different cross section locations a, b and c as indicated in Fig. 4.
The pressure difference between c1 and c2 is approximately 155%
higher than the one between c2 and c3. The reason is that there is a
longer flow path from c1 to c2 than from c2 to c3. The pressure drop

Fig. 5. Normalized pressure drop along the flow direction with and without assem-
bly compression (c: x = 0.8 cm).
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Fig. 6. Normalized pressure drop between the adjacent channels under compres-
sion at: (a) x = 0.2 cm, (b) x = 0.5 cm and (c) x = 0.8 cm.

between other points follows a similar trend. For example, the pres-
sure drop between a1 and a2 is lower than the one between a2 and
a3. The pressure difference between adjacent channels influences
the flow crossover and also affects fuel cell performance.

Fig. 7 shows the gas velocity vector in the cross sectional plane
with and without considering the assembly compression. Only the
first two channels in Fig. 4 are presented here. Due to a high pres-
sure difference between c1 and c2, more flow crosses the GDL
from channel 1 to channel 2. At the location a, the flow crossover
from a1 to a2 is much smaller compared to that from c1 to c2.
When the assembly compression is considered, the flow crossover
between adjacent channels decreases in spite of the fact that the
pressure drop increases due to the compression. The reason is that
the porosity and permeability of the GDL decreases after the GDL
is compressed.

In the PEM fuel cell modeling, the reactant was often assumed
to reach the catalyst layer only by diffusion transport [24]. The con-
vective transport between adjacent channels in the GDL as shown
in Fig. 7, however, should not be ignored.

3.2. Oxygen mass fraction and local current density

A direct result of the enhanced convective transport due to the
higher pressure gradient between the adjacent channels is the shift
of the reactant concentration. This concentration shift is very obvi-
ous in the GDL under the shoulder of bipolar plates. Fig. 8 shows the
oxygen mass fraction with and without the assembly compression
considered. The oxygen mass fraction decreases along the channel
as oxygen is consumed along the channel. In the GDL, there is a
more obvious oxygen concentration shift from c1 to c2 than from
a1 to a2, which is consistent with the high flow crossover found in
Fig. 7. A higher oxygen concentration is found for the case without
considering the GDL deformation caused by assembly compression,
which leads to an over-predicted fuel cell performance as shown
later.

Fig. 9 compares the local current density distribution at the
cathode catalyst layer with and without the assembly compression
considered. Fig. 10 compares the local current density along the y
direction at x = 0.2, 0.5 and 0.8 cm. The current density decreases
along the flow direction. The local current density is high under
the flow channel and low under the shoulder of the bipolar plate.
The gas crossover between the adjacent channels changes the local
current density distribution pattern especially under the bipolar
plate shoulder. As shown in Fig. 10, due to the flow crossover, the

Fig. 7. Pressure distribution and gas velocity through the GDL. (A) Without com-
pression; (B) with compression.

maximum and minimum values of the local current density at each
channel shift from the center of either channel or land to the flow
crossover direction. The shift of the current density is more obvious
for the region with more flow crossover such as from c1 to c2, c3 to
c4 and so on. Additionally, the flow crossover enhances the overall
uniformity of the local current density distribution. The reduced
flow crossover due to compression shown in Fig. 7B decreases the
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Fig. 8. Oxygen mass fraction distributions on the cathode channel and GDL. (A)
Without compression; (B) with compression.

uniform distribution of the local current density shown in Fig. 9B.
Comparing Fig. 9A and B, it is concluded that without assembly
compression considered, the over-predicted mass transport of oxy-
gen, as shown in Fig. 8A, results in a over-predicted local current
density at the cathode catalyst layer. This again explains the neces-
sity of adding the compression analysis into the modeling of the
fuel cell with a serpentine channel.

3.3. Quantity of the flow crossover

To quantitatively describe the flow crossover between adjacent
channels, the oxygen crossover ratio is defined as the percentage

Fig. 9. Local current density at the cathode catalyst layer (A m−2). (A) Without
compression; (B) with compression.

Fig. 10. Local current density at cross section (x = 0.2, 0.5 and 0.8 cm).
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Fig. 11. Ratio of the oxygen flux through GDL over the total oxygen flux.

of the oxygen mass flux through the first land area between the
first and second flow channel from the inlet (represented by
Qcrossover GDL) to the total oxygen mass flux from the first channel
to the second (represented by Qcrossover GDL + Qchannel). So the ratio
is then

� = Q̇cross GDL

Q̇cross GDL + Q̇channel
(13)

The permeability and porosity of the GDL describe the porous
GDL’s capability to transport the reactant gas to the active catalyst
layer. The flow crossover between adjacent channels is significantly
affected by both parameters. Fig. 11 shows the oxygen crossover
ratio in channel 1 of Fig. 4 as a function of the permeability and
porosity. The crossover increases with the increase of either poros-
ity or permeability. This indicates that a GDL which is highly porous
and permeable enhances oxygen transport between the channels,
and contributes to a more even distribution of the water and heat
generation. Considering that typical values of the permeability and
porosity of GDL are 10−11 m2 and 0.5, the crossover ratio could
be about 1–2% at the first land for this particular case. If the
fuel cell size increases from 1 to 100 cm2 and the flow crossover
at all the lands are added, the total amount of crossover could
significantly increase and therefore influence the total fuel cell
performance.

Fig. 12. Polarization of the serpentine channel fuel cell modeling.

3.4. Polarization curve

Fig. 12 shows the polarization curve comparison with and
without considering the assembly compression. The gas crossover
through the GDL is driven by the pressure difference between
two adjacent channels. The permeability is the property which
directly affects the flow crossover. It decreases when the fuel cell is
compressed, and thus the compression influences the fuel cell per-
formance in an indirect way. The performance of the PEM fuel cell
decreases due to the assembly compression, especially at the high
current density region. This is consistent with the previous analysis
where the flow crossover decreases due to the assembly compres-
sion shown in Fig. 7B as well as the oxygen concentration shown
in Fig. 8B. This effect would be more obvious if a longer serpentine
channel fuel cell is used.

4. Conclusions

For a PEM fuel cell with the serpentine flow channel design
on the bipolar plate, the flow crossover between adjacent flow
channels affects the local current density distribution, and thus
influences the fuel cell performance. The flow crossover across the
GDL changes due to the assembly compression from the shoulder
of bipolar plates.

A structural mechanics model was developed to study the defor-
mation of the GDL under the assembly compression. A deformed
geometry was created from the FEA analysis. The permeability
and porosity of the deformed GDL was recalculated. A three-
dimensional PEM fuel cell model was developed based on the
deformed geometry and the recalculated porosity and permeabil-
ity of a GDL, which improved the accuracy of the fuel cell model.
This model was used in the present study to investigate the flow
crossover effects. The following conclusions are drawn from the
current study:

(1) The flow crossover is driven by the pressure difference between
two adjacent channels, and the permeability of GDL also affects
the amount of flow crossover.

(2) As a result of flow crossover between adjacent channels, there
exists an oxygen concentration shift from the channel center
to the adjacent channel, and it is more obvious without con-
sidering the assembly compression. The local current density
distribution at the catalyst layer also shows a similar shift from
the channel center to the adjacent channel.

(3) To quantitatively describe the flow crossover between adja-
cent channels through the GDL, the oxygen crossover ratio was
defined, and a parametric study was conducted to investigate
the permeability and porosity of the GDL’s effect on this ratio. It
was found in the fuel cell that at the typical values of GDL per-
meability and porosity (10−11 m2 and 0.5), the cross over ratio
is about 1–2% at the first channel for the fuel cell investigated
in this study. The total amount of flow crossover will increase
if the fuel cell size increases.

(4) The pressure drop from the inlet to the outlet of the flow channel
increases due to the assembly compression.

(5) The flow crossover from one channel to the adjacent channel
decreases when the assembly compression is considered, as
well as the performance of fuel cell especially in the high current
density region.

In summary, the present study shows that the crossover effect
is important in the fuel cell with serpentine channels and the effect
of the assembly compression is crucial in the high current density
region, and should be incorporated into the PEM fuel cell simulation
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and design. Without considering the GDL deformation, the fuel cell
model overpredicts the fuel cell performance.
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