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ABSTRACT 
A one-dimensional, steady-state, two-phase, 

isothermal numerical simulations were performed to 
investigate the effect on cell performance of a PEM fuel 
cell under non-uniform porosity of gas diffusion layer. In 
the simulation, the non-uniform porosity of gas diffusion 
layer was taken into account to analyze the transport 
phenomena of water flooding and mass transport in the 
gas diffusion layer. The porosity of the gas diffusion layer 
is treated as a linear function. Furthermore, the structure 
of the catalyst layer is considered to be a cylindrical 
thin-film agglomerate.  

Regarding the distribution analysis of liquid water 
saturation, oxygen concentration and water concentration 
depend on the porosity of gas diffusion layer. In the 
simulation, the εCG and εGC represent the porosity of the 
interfaces between the channel and gas diffusion layer 
and the gas diffusion layer and the catalyst layer, 
respectively. The simulation results indicate that when the 
(εCG, εGC) = (0.8, 0.4), higher liquid water saturation 
appears in the gas diffusion layer and the catalyst layer. 
On the contrary, when the (εCG, εGC) = (0.4, 0.4), lower 
liquid water saturation appears. Once the liquid water 
produced by the electrochemical reaction and condensate 
of vapor water may accumulate in the open pores of the 
gas diffusion layer and reduced the oxygen transport to 
the catalyst sites. This research attempts to use a thin-film 
agglomerate model, which analyze the significant 
transport phenomena of water flooding and mass 
transport under linear porosity gradient of gas diffusion 
layer in the cathode of a PEM fuel cell. 

Keywords: PEM fuel cell, thin-film agglomerate model, 
gas diffusion layer, porosity gradient 

INTRODUCTION  
The proton exchange membrane (PEM) fuel cell is a 

type of lower temperature fuel cells and has been 
regarded as promising candidate of future power sources 

for stationary, portable, and automotive applications [1].  
The fuel cell has many important features such as 
high-energy efficiency, low noise, low emission, and low 
operating temperature (i.e., quick start-up at ambient 
temperature).  Several literature reports intend to 
enhance the performance of PEM fuel cell. The cell 
performance is critically depending on the catalyst 
activity in the catalyst layer and the optimal design 
configuration of the catalyst layer. 

The gas diffusion layer (GDL), as a component of 
the membrane electrode assembly, plays an important role 
in the PEM fuel cell through affecting the diffusion of 
reactants and water as well as the conduction of electrons 
[2-6].  Water accumulated in the GDL reduces the 
porosity of GDL, causes the flooding of electrode, and 
retards the transport of reactants to the catalyst layer.  
Gurau et al. [7] developed an analytical solution for a 
half-cell model.  The discrete porosity is adopted for the 
GDL.  Results showed how the limiting current density 
and electrode polarization were effects by the fraction of 
liquid volume.  Chu et al. [8] investigated the effect of 
the non-uniform porosity of GDL on the performance 
with various testing parameters.  Several complicated 
models have been developed to demonstrate the influence 
of the two-phase flow in the diffusion media.  Nguyen 
and his co-worker were one of the pioneers investigating 
two-phase flow.  They clearly indicated that water 
saturation has a significant effect on the cathode 
performance.  Their two-phase models used empirical 
expression for the saturation function [9-13]. Wang 
[14-17] conducted a numerical study to investigate the 
effects of GDL flooding with various flow configuration, 
GDL structural, reaction rate, and fuel cell operating in 
cold start.  

Zhan et al. [18] used a two-phase flow model for the 
fuel cell electrode to show that a GDL with a porosity 
gradient improves the liquid water removal from the 
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catalyst layer.  Tang et al. [19] experimentally 
investigated the effect of a porosity-graded micro porous 
layer on cell performance.  Results revealed that the 
improved performance is probably due to fast water 
transport through large pores and gas diffusion through 
the small pores.  Kong et al. [20] also found that the 
pore-size distribution is an important structural parameter 
affecting the cell performance as well as the total 
porosity. 

Several researchers proposed that the agglomerate 
model might be the best among other models for 
simulation of catalyst layer of a real PEM fuel cell.  
Iczkowski and Cutlip [21] considered cylindrical 
agglomerates and this model considered the diffusion of 
oxygen, nitrogen, and water in the gas-filled pores of a 
PEM fuel cell.  The reactant gas diffuses through this 
porous film to the catalyst, where the electrochemical 
reactions occur.  Chang and Chu [22, 23] presented a 
one-dimensional, two-phase transient model.  They 
investigated the critical parameters and the operating 
conditions for cylindrical and spherical agglomerates in 
the cathode catalyst layer of a PEM fuel cell.  Lin et al. 
[24] presented a one-dimensional, two-phase, steady state, 
isothermal model for a PEM fuel cell cathode.  Their 
simulation results revealed that the operating parameters 
affected the water generation and removal process. 

These studies mentioned have recognized that a 
porosity gradient in the GDL on the cathode side will 
enhance the transport of the gas reactants and increase the 
remove of the water in a PEM fuel cell.  Therefore, the 
purpose of the present study is to investigate the transport 
phenomena of water flooding and mass transport under 
non-uniform porosity of GDL in the cathode of a PEM 
fuel cell. 

DESCRIPTION OF THE MODEL 
The physical model employed in this study consists 

of three parts, namely a GDL, a catalyst layer, and a 
polymer membrane on the cathode side of the PEM fuel 
cell, as illustrated in Fig.1.  In the catalyst layer, 
cylindrical pellet geometry is used to describe the catalyst 
composite, which combines features of the thin-film and 
agglomerate models.  Porosity of the GDL is assumed 
non-uniform.  The gas inlet position (x = 0) is defined at 
the interface between the flow channel and the GDL.  
The position at x = L is located at the interface between 
the membrane and anode. 

Assumptions 
This model incorporates following assumptions: 

1. The system operates in a steady state, isothermal, and 
isobaric process. 

2. All the gases behave as ideal gas and the liquid water 
is incompressible. 

3. The electronic resistance of the GDL and catalyst 
layer is negligible. 

4. The membrane is impermeable to gaseous species. 
5. The catalyst pellets are homogeneous. 
6. The catalyst pellet radius, Nafion film thickness, and 

water film thickness are constant. 
7. The water produced by the oxygen reduction reaction 

on the cathode is in liquid form. 

Conservation Equations 
The main governing equations are listed on Table I. 

The flux (Ni) for the gas “i” is 

( )[ ] iiii CsDN ∇−−= 5.11ε     (1) 

Where the subscript “i”  is denote for oxygen or vapor.  
The 

iε  is the porosity of the GDL or the catalyst layer.  

In this study, the porosity in the GDL is a linear function 
of εCG and εGC. 

)/)(()( GDLGCCGGDLGCGDL Htj εεεε −+=    (2) 

The εCG is the porosity at the interfaces between flow 
channel and GDL.  The εGC is the porosity at the 
interface between the GDL and the catalyst layer.  The 
HGDL is the thickness of GDL.  Note that in this study, to 
enhance the performance of the PEM fuel cell, we let εCG 
≧ εGC. 

The interfacial transfer rate between vapor and water, 
Rw, is a simplified switch function between condensation 
and/or evaporation of water as given by equation (3). 
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Where kc and kv are the condensation and evaporation rate 
constants, respectively.  The xw is the molar fraction of 
water vapor, the Mw is molecular weight of water, and the 
Psat is the saturation pressure of water.  It is temperature 
dependant. 

In the catalyst layer, 
2OR  represents the oxygen 

reduction rate within the catalyst pellet.  It is derived 
from Thiele modulus method and is given by 
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Where w
OH

2
 represents Henry’s constant of oxygen 

between air and liquid water.  The N
OH

2
 is Henry’s 

constant of oxygen between air and the Nafion phase.  
The w

OD
2
 and N

OD
2
 represent oxygen diffusivity in liquid 

water and the oxygen diffusivity in Nafion phase, 
respectively.  The ar is the outer surface area of the 
agglomerates per unit volume of the catalyst layer as 
given by equation (5). 
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Where rP and δN are denote for the radius of the catalyst 

2 Copyright © 2011 by ASME

Downloaded From: https://proceedings.asmedigitalcollection.asme.org on 07/01/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



3 
 

pellets and for the Nafion film thickness, respectively. 

The reaction rate constant kT is expressed by the 
Tafel equation:  
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(6) 
where    is the active catalyst surface area per unit 
volume of agglomerates and is expressed as: 
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For the cylindrical, the effectiveness factor (ξ) is denoted 
by 
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Where ϕ represents the Thiele modulus and is given by  
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Capillary force dominates the transport of liquid 
water in the porous media.  Therefore, present model 
uses Darcy’s Law to describe the flow of liquid water in 
these porous media. The liquid water flux is expressed by: 

l
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The transport of liquid water is dominated by water 
concentration gradient and electro-osmotic drag, which is 
given by: 

N
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Initial and Boundary Conditions 
Initial conditions and boundary conditions are 

necessary and crucial for solving governing equations 
mentioned above. They are described in the following. 

� At the gas channel boundary (x=0)  
The inlet molar concentration is determined by the 

inlet pressure, the temperature, and the humidity, 
according to the ideal gas law. Therefore, the 
concentrations of oxygen and vapor water are 
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The liquid water saturation level is 

0ss=  (13) 

� At the interface between GDL and catalyst layer 
The concentrations of oxygen and vapor water at this 
interface are 
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g
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g
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The liquid water saturation level and liquid water flux at 
this interface are 

CLwGDLw NN =  (15a) 

0=N
wC  (15b) 

The ionic potential is set to be zero. 
0=+ CL

i   (16) 

� At the interface between catalyst layer and membrane 
The concentrations of oxygen and vapor water are 
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The liquid water saturation level and liquid water flux are 

MEMwCLw NN =  (18a) 
eqN

w
N
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The ionic potential and ionic current is continuous at this 
interface. 

MEMCL
ii ++ =  (19) 

� At the interface between membrane and catalyst layer 
on the anode side 

The concentrations of oxygen and vapor are 
0

2
=g

OC  (20a) 

0=g
vC  (20b) 

The liquid water saturation level and water flux are 
0=s  (21a) 

eqN

w

N
w anodeCC ,

)(α=  (21b) 

The ionic potential is approximately zero due to rapid 
hydrogen oxidation rate.  

0=φ                        (22) 

RESULTS AND DISCUSSION 
Present study established a one-dimension PEM fuel 

cell model to simulate the water flooding phenomena and 
mass transport process inside a GDL with non-uniform 
porosity. The effects of porosity gradient on cell 
performance are also elucidated. Table II listed the major 
geometric dimensions and physical properties. Six cases 
with different porosity gradients were studied. Those 
porosity gradients were (εCG, εGC) = (0.8, 0.8), (0.8, 0.6), 
(0.8, 0.4), (0.6, 0.6), (0.6, 0.4), and (0.4, 0.4). 

The inlet molar concentrations of individual species 
were calculated from the inlet pressure, the temperature, 
and the humidity, according to the ideal gas law. The 
membrane/anode interface condition was assumed to be 
fully humidified and the cell temperature is a constant at 
333 K. 

Figure 2 plots the polarization curve at various 
porosity gradients of GDL of cathode. Among six cases, 
the case with porosity of εCG=0.8 and εGC=0.8 leads to the 

agg
Pta
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highest current density. Whereas the case with the 
porosity of εCG=0.4 and εGC=0.4 yields the lowest current 
density at 0.2 V. Current density at this voltage was 
mainly affected by the concentration over-potential or in 
the other words, the mass transport process in the 
electrode. Water is more difficult to transport in the GDL 
with low porosity than the GDL with high porosity. Water 
tends to accumulate in the electrode with low porosity 
GDL. For porosity gradient GDL, the cell performance 
with porosity gradient of εCG=0.8 and εGC=0.6 was higher 
than the porosity gradient of εCG=0.8 and εGC=0.4 or 
εCG=0.6 and εGC=0.4. Tang et al. [25] indicated that GDL 
with low porosity region near the catalyst layer and high 
porosity region near flow channel results a net pulling 
force of water from catalyst layer through GDL to the 
flow channel.  However, if the porosity gradient is 
opposite, the water cannot expel from the GDL.  
Accumulated water blocks the pathway of fuel, causes the 
reduction of fuel supply, and reduced output current 
density. 

Figure 3 and 4 show the distributions of oxygen 
concentration and vapor inside cathode for six cases at a 
cell voltage of 0.2 V.  The vertical dotted line indicates 
the interface between the GDL and catalyst layer.  The 
results reveal that the oxygen concentration gradually 
decreases along the x-direction owing to the consumption 
of oxygen in the cathode catalyst layer.  Therefore, low 
oxygen concentration appears in the catalyst layer of each 
case.  On the contrary, the concentration of water vapor 
gradually increases owing to the production of water in 
the cathode catalyst layer.  The oxygen concentrations in 
the case of εCG=0.8 and εGC=0.8 is the highest among 
other cases.  This is due to low water accumulation 
inside GDL. The phenomena of oxygen concentration 
distribution in the CL show the similar trend to the study 
of Wang [17]. 

Fig. 5 is the profiles of water saturation level of six 
cases at cell voltage of 0.2 V.  Results reveal that the 
water saturation is discontinuous at the interface between 
GDL and catalyst layer.  The capillary pressure is 
continuous at the interface.  However, the discontinuous 
of porosity, permeability, and contact angle at the 
interface causes discontinue of water saturation profile.  
Moreover, from Fig. 5, it can clearly be seen that the 
liquid water saturation level of the GDL with porosity of 
εCG=0.8 and εGC=0.4 is the highest among other cases.  
On the contrary, the water saturation level of the GDL 
with porosity of εCG=0.8 and εGC=0.8 is lowest. This 
result represents that the GDL with high porosity offers 
pathway for oxygen transport, decreases the oxygen 
diffusion resistance in the GDL, and improves the cell 
performance. 

CONCLUSIONS  
A one-dimensional, steady-state, two-phase, 

isothermal PEM fuel cell model has been developed to 
investigate the transport phenomena of water inside 

cathode, flooding level, oxygen diffusion, and cell 
performance.  GDL in the mode has non-uniform 
porosity.  The simulation results show that the GDL 
porosity of εCG=0.8 and εGC=0.8 has a better performance 
than others.  The GDL with porosity of εCG=0.8 and 
εGC=0.4 has a lower cell performance than others.  This 
is due to that GDL with low porosity region near the 
catalyst layer and high porosity region near flow channel 
results a net pulling force of water from catalyst layer 
through GDL to the flow channel.  Accumulation of 
water inside GDL reduces cell performance.  Water 
blocks the pathway of fuel, causes the reduction of fuel 
supply, and reduced output current density. 
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0.393Volumetric fraction of Nafion in catalyst pellet (      )

0.005 cmThickness (        )

MEM properties

10-6 cmThickness of Nafion film (      )

10-5 cmRadius of catalyst pellet (     )

0.469Volumetric fraction of carbon in catalyst pellet (      )

1000 cm2 mg-1 Specific surface area of Pt (       )

0.4 mg cm-2Catalyst loading (       )

3 × 10-11 cm2Liquid water permeability at 100% saturation (        )

0.0016 cmThickness (       )

0.06Porosity (       )

CL properties

10-9 cm2Liquid water permeability at 100% saturation (         )

0.025 cmThickness (         )

GDL properties
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10-6 cmThickness of Nafion film (      )

10-5 cmRadius of catalyst pellet (     )

0.469Volumetric fraction of carbon in catalyst pellet (      )

1000 cm2 mg-1 Specific surface area of Pt (       )

0.4 mg cm-2Catalyst loading (       )

3 × 10-11 cm2Liquid water permeability at 100% saturation (        )

0.0016 cmThickness (       )

0.06Porosity (       )

CL properties

10-9 cm2Liquid water permeability at 100% saturation (         )

0.025 cmThickness (         )

GDL properties
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Table II.  Summary of parameters in the simulation
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Figure 1  Schematic structure of PEM fuel cell and 
computational domain. 
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Figure 2  The polarization curve at various porosity 
gradients of GDL of cathode.  
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Figure 3  Distributions of oxygen concentration inside 
cathode with different porosities at a cell voltage of 0.2 
V. 

 
 

0

1

2

3

4

5

6

7

0 50 100 150 200 250

( ε
CG

 , ε
GC

 ) = (0.8, 0.8)

( ε
CG

 , ε
GC

 ) = (0.8, 0.6)

( ε
CG

 , ε
GC

 ) = (0.8, 0.4)

( ε
CG

 , ε
GC

 ) = (0.6, 0.6)

( ε
CG

 , ε
GC

 ) = (0.6, 0.4)

( ε
CG

 , ε
GC

 ) = (0.4, 0.4)

W
at

er
 c

o
n

ce
n

tr
at

io
n

 (m
ol

/c
m

3 )

x (µµµµm)  
Figure 4  Distributions of vapor inside cathode with 
different porosities at a cell voltage of 0.2 V. 
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Figure 5  Liquid water saturation profiles inside cathode 
with different porosities for six cases at a cell voltage of 
0.2 V. 
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