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ABSTRACT.    This study investigates the effects of the flooding of the gas diffusion layer (GDL), 
as a result of liquid water accumulation, on the performance of a proton exchange membrane fuel 
cell (PEMFC). The transient profiles of the current generated by the cell are obtained using the 
numerical resolution of the transport equation for the oxygen molar concentration in the unsteady 
state. The dynamics of the system are captured through the reduction of the effective porosity of the 
GDL by the liquid water which accumulates in the void space of the GDL. The effects of the GDL 
porosity, GDL thickness and mass transfer at the GDL–gas channel interface on the evolution with 
time of the averaged current density are reported. The effects of the current collector rib on the 
evolution of the molar concentration of oxygen are also examined in detail. 
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1. Introduction 
 

One of the most critical aspects of a proton exchange membrane fuel cells (PEMFC) is the water 
management. There is a delicate balance between membrane hydration and avoiding cathode from 
flooding. Cathode flooding occurs when water produced exceeds the water removal rate. Flooding in 
the cathode reduces oxygen transport to reaction sites and decreases the effective catalyst area. In 
modern fuel cells, cathode (or anode) consists of a; catalyst layer, gas diffusion layer (GDL) and 
bipolar plates. The GDL is a porous medium electrically conducting. Liquid water that builds up at a 
fuel cell cathode decreases performances and inhibits operation. 
The objective of the present paper is to provide a comprehensive model that describes the evolution 
of the current density under transient conditions in the presence of a partial flooding of the porous 
cathode. For this purpose, a two dimensional, transient, single-phase oxygen model is developed. 
Changes of the molar concentration of oxygen gas-phase with respect to time and liquid water rate 
production will be derived in terms of an effective GDL porosity. 
This article is organized as follows: first we formulate the problem, against the derived model is 
validated with experimental results. Results concerning the effects of various parameters such as 
GDL thickness, ribs width and mass transfer at GDL-gas channel interface are presented and 
discussed. 
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2. Model development 

 

The present study focus on oxygen mass transport, under transient conditions, taking place in the 
cathode of a PEMFC. The problem domain under consideration (Fig. 1.) is confined to the porous 
GDL where the major mass transport limitations occur. The oxygen phase diffuses into the GDL 
from the humidified air supplied at the inlet of the gas flow channel. The dynamics of the system are 
captured through the dependence of the effective porosity on liquid water production from the 
electrochemical reaction at the catalyst layer. 
 

2.1. Effective gas porosity 
The presence of liquid water in the porous GDL modifies the effective porosity for oxygen gas 
transport. The effective gas porosity is determined from the following expression [1,3]: 

εg = ε0 (1 – S)                                                                                                                 (1) 
Where ε0 is the initial porosity of the GDL and S is the liquid water saturation given by: 
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NT is mass of liquid water corresponding to a complete flooding: 
    NT = ρl ε0 hl wl M                                                                                                            (3) 

 
2.2. Oxygen transport: diffusional approach 
In this model, we determine the molar diffusion flux of oxygen JO according to Fick’s law: 

CDJ effO

→→

∇−=                                                                                                            (4) 
Where C is the molar concentration of the oxygen and Deff its effective diffusion coefficient. 
The effective diffusion coefficient of oxygen can be termed from the diffusion coefficient in pure gas 
phase D0 and the void fraction of the GDL, εg using Bruggeman’s correction [4]: 

Deff = (εg )3/2D0 = (ε0 (1 – S))3/2D0                                                                            (5) 
The basic transport equation for oxygen molar concentration can be stated as: 
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The dependence of Deff and εg with respect to time is derived from the production of water in the 
GDL) . 
 
2.3. Boundaries conditions 
The GDL is connected to the membrane through catalyst layer CL corresponding to infinitely thin 
layer and often modelled as interface. The oxygen consumption rate by electrochemical reaction is 
given by: 
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The local current density in the catalyst layer is modelled by the Butler-Volmer equation and 
expressed by Tafel kinetics [5,6]: 
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Where i0 is the reference current density, δc the thickness of the catalyst layer, Cref the reference 
oxygen concentration and αc the cathode transfer coefficient. In eq. (8), ηc is the activation 
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overpotential corresponding to losses that are associated with the kinetics of the electrochemical 
reaction 
It follows that the boundary condition at the GDL-catalyst layer interface is written as: 
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The local current density varies with y and is calculated by: 
),0(4)( yCKFyi =                                                                                                  (11) 

The average current density is then determined from: 
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Along the GDL-gas channel interface, the boundary condition is obtained from the convective mass 
transport analysis of gas channel, using heat and mass transfer analogy [7,8]. The corresponding 
boundary condition is then specified as: 
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Where hm is the convective mass transfer coefficient and C0 is the molar oxygen concentration in the 
channel. 
At all the remaining faces, impermeable boundary condition is assigned: 
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2.4. Numerical resolution 
The numerical resolution of eq.(12) is based on finite volume method [9]. For the present 
computations 61 × 51 uniform mesh has been used. Convergence is considered to be reached when 
the relative changes between successive iterations, at each time step ∆t in C field is less than 10–5. ∆t 
= 0.05 s is chosen for all numerical resolutions.  
 
 

3. Results and discussions 
  
The developed two-dimensional transient model for the cathode GDL is used to examine the effects 
of many important factors on the transient phenomena in PEMFC system. Calculations were 
conducted for a PEMFC in constant voltage discharge mode at ambient pressure. Inlet humidity and 
temperature are adjusted to 60% and 23°C respectively.  
Geometrical and operating parameters are listed in table 1. 
 3.1. Effects of the initial GDL porosity ε0 
The effects of the initial GDL porosity ε0 on the evolution of the averaged current density are shown 
in Fig.2. for three values of ε0. It is found that the current density is reduced if ε0 decreases. In fact, a 
larger porosity ε0 significantly reduces the resistance of oxygen transport through the GDL and 
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greatly raises the oxygen concentration at the reaction sites due to the increase of effective diffusion 
coefficient as indicated in eq. (5). However, for large values of ε0 , more oxygen is consumed and 
more water is produced. Since, the effects of flooding will be important in this case and the current 
density decreases with time more and more sharply as ε0 increases  
3.2. Effects of GDL thickness 

Fig. 3. shows the influence of the of GDL thickness hl on the corresponding dynamic results for 
averaged current density. A thicker GDL leads to a higher resistance for oxygen transport. As a 
result, the current density is reduced at high values of hl. However, the current density decreases 
rapidly with time for a thinner GDL. This is explained by the fact that a thicker GDL signifies a 
higher value of the void space in the porous GDL. Consequently, the rate of increase in liquid 
saturation with generated liquid water is smaller in large hl. With further a decrease in hl value, the 
void space is reduced so that the liquid saturation increases sharply. Moreover, due to the filling of 
pores with liquid water, the oxygen mass-transport to the reaction sites is reduced which leads to a 
weak current production by the electrochemical reaction. 
 
3.3. Effects of current collector rib 
For all preceding results, we have ignored the portion covered by the rib (wc = wl). In this section, 
we will consider the presence of a zone covered by the rib, which is represented by an impervious 
boundary at the GDL-gas channel interface. Presented results have been produced using a constant 
gas channel width wc and changing the GDL width wl. As can be seen in Fig. 4., for high values of 
wl, the averaged current density decreases which is the result of the limitation of the oxygen mass 
transfer at the GDL-gas channel interface. Since the water generation is proportional to current 
generation, a faster current drop is depicted for low values of wl.  
The current collector rib has a large impact on local current density distribution and on oxygen 
concentration field as shown in Fig.5. The molar concentration of oxygen has lower values in the 
portion covered by the rib (Fig. 5.).  
4. Conclusions 
Excess liquid water in the GDL may dramatically affect cell performance. The purpose of this study 
is to predict the consequences of flooding on the current generation as well as the reactant 
concentration. For this purpose, we developed a two dimensional model, based on the resolution of 
the diffusion equation. The dynamics of the system are captured through the dependence of the 
effective porosity on liquid water production from the electrochemical reaction at the catalyst layer. 
Results from the simulations illustrate the evolution of the generated current under the influence of 
different parameters. 
We found that the cell performance may be affected by the flooding at high porosity, thinner GDL 
and important convective mass transfer of reactant at the GDL-gas channel interface. 
We also notice that the presence of the current collector rib can reduce flooding effects however it 
enhances the resistance to oxygen diffusion. 
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Fig. 1. Schematic of the problem showing coordinates and dimensions of the porous GDL. 
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                    Fig. 2. Effects of GDL porosity on transients profiles of averaged current density 
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        Fig. 3. Effects of GDL thickness on transients profiles of averaged current density. ε0 = 0.5 
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Fig. 4. Transient profiles of averaged current density for different values of gas channel width. 
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                     Fig. 5. Oxygen molar concentration field for different values of wl. t = 400 s. 

Table 1.  
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Physical properties and parameters 
Parameter  Value 
Universal gas constant, R (J mol-1 K-1) 8.314 
Water molar weight, M (kg mol-1) 0.018 
Cell temperature, T (K) 300  
Operating pressure, p (Pa) 1 105 
Inlet molar fraction of oxygen, xO2 0.21 
Oxygen diffusivity in pure gas phase, D0(m².s-1) 2 10-5 
Air stoichiometry, ξ 2 
Relative humidity of inlet gas, RH 60% 
Initial GDL porosity, ε0 0.5 
GDL thickness, hl (m) 0.23 10-3 
Gas flow channel width, wc (m)  10-3 
Convective mass transfer coefficient, hm (m² s-1) 5.395 10-2 
Thickness of the catalyst layer, δc (m) 5 10-6 
 
 
 

Nomenclature 
A electrode surface area (m²) 
C oxygen concentration (mol.m-3) 
Cref  reference oxygen concentration (mol.m-3) 
Deff effective diffusion coefficient (m²s-1) 
D0 diffusion coefficient in pure gas phase (m²s-1) 
Er Reversible cell potential (V) 
F Faraday constant 
hl GDL thickness (m) 
hm interfacial mass transfer coefficient (m² s-1) 
i local current density (A.m-2) 
i0 reference current density (A.m-2) 
im averaged current density (A.m-2) 
Jo molar diffusion flux of oxygen  
lm membrane thickness (m) 
M molar weight of water (kg.mol-1)) 
Nel   mass of water produced by electrochemical reaction (kg) 
Nin  mass of water fed to the cell by humidification (kg) 
Nm  mass of water fed to the cathode through the membrane (kg) 
Nout  mass of water removed by gas convection (kg) 
Np net mass of water produced (kg) 
NT mass of liquid water corresponding to a complete flooding (kg) 
p operating pressure (Pa) 
R gas constant  
S liquid water saturation 
T temperature (K) 
t time (s) 
Vcell cell voltage (V) 
wc gas flow channel width (m) 
wl GDL height (m) 
xO2 inlet molar fraction of oxygen 
Greek Symbols  
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αc the cathode transfer coefficient 
α net water transport coefficient through the membrane 
δc the thickness of the catalyst layer (m) 
ε0 initial porosity of the GDL 
εg  effective gas porosity 
 


