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Abstract. A polybenzimidazole (PBI) based polymer electrolyte fuel cells, which called high temperature 
polymer electrolyte fuel cells (HT-PEMS), operate at higher temperatures (120-200oC) than conventional PEM 
fuel cells. Although it is known that HT-PEMS have some of the significant advantages as non-humidification 
requirements for membrane and the lack of liquid water at high temperature in the fuel cell, the generated water 
as a result of oxygen reduction reaction causes in the degradation of these systems. The generated water 
absorbed into membrane side interacts with the hydrophilic PBI matrix and it can cause swelling of membrane, 
so water transport mechanism in a membrane electrode assembly (MEA) needs to be well understood and 
water balance must be calculated in MEA. Therefore, the water diffusion transport across the electrolyte should 
be determined. In this study, various porosity values of gas diffusion layers are considered in order to 
investigate the effects of porosity on the water management for two phase flow in fuel cell. Two-dimensional 
fuel cell with interdigitated flow-field is modelled using COMSOL Multiphysics 4.2a software. The operating 
temperature and doping level is selected as 160oC and 6.75mol H3PO4/PBI, respectively.  

1 Introduction  
The proton exchange membrane (PEM) fuel cells are the 
most attractive alternative energy devices that can 
produce zero-emission power due to the fact that they do 
not emit harmful products after the electrochemical 
reactions.  Nafion based PEM fuel cells operate under 
100oC. But the operation conditions of these fuel cells 
have some disadvantages such as necessity humidifying 
membrane, water management problems etc. But 
Polybenzimidazole (PBI) based PEM fuel cells can solve 
many of these disadvantages by increasing the operation 
temperatures above 120oC. By running the PBI PEM fuel 
cells at 120oC-180oC, the water management becomes 
easier because the produced water will be in the gas 
phase.  

PBI is an amorphous polymer which has strong 
thermochemical stability, and proton conductivity can be 
enhanced by phosphoric acid doping procedure. Because 
of this advantages, HT-PEMs have been attracted 
attentions and many studies such as its performance [1-
5], CO contamination [6-8], numerical modelling [9-11] 
have been done. But in the literature the two phase flow 
in HT-PEMs are very scarce. Especially, the two phase 
flow at stop conditions should be investigated. Because 
when the operation of fuel cell finish, the water vapor 
will be condensed. So, the condensed water will 
accumulate in the porous structure. The phosphoric acid 

removal occurs in the presence of liquid water in the 
porous structure resulting low ionic conductivity of the 
PBI membrane. With this consideration the condensed 
water should be lessened inside the fuel cell. In this study 
the two phase flow at the stop conditions in a PBI based 
PEM fuel cell is investigated in order to observe how 
distribution of water change with the porosity of the 
cathode gas diffusion layer. 

2 Mathematical Model  
Because the water is produced at cathode, the cathode 
side of the fuel cell is selected as computational domain. 
The multiphase mixture (M2) approach is used for 
modelling. The assumptions in numerical model are as 
follows; 
- Gas phase is perfectly a mixture and ideal gas 
- Hydrogen and oxygen is soluble in water  
- Time-dependent regime 

In addition, the fuel cell is in stop conditions when the 
fuel cell is not running and the electrochemical reactions 
are stopped. Hence, there is no hydrogen or oxygen entry 
to the fuel cell. 

2.1 Governing equations 

Mass conservation equation can be given as; 
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where � is porosity of the gas diffusion layer, u is velocity 
and � is the mixture density. In Eq(1) the �u is defined 
the mixture velocity which can be expressed as; 
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where �l is the density of the liquid phase, �g is the 
density of vapor phase, ul is the liquid phase velocity and 
ug is the vapor phase velocity. 

The momentum conservation equation for two phase 
flow can be written as [12]; 
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where the first term in the left hand side defines the 
variation of the momentum according to time. Second 
term defines the momentum according to convection. At 
the right hand side the variation of the momentum by 
viscous forces, pressure gradients, and gravity can be 
seen. The last term in the right hand side defines the flow 
in the porous structure. k subscript describes the phases 
(liquid and gas phase). 

The viscosity of the two phase mixture can be 
expressed as [12]; 
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where krl and krg describes relative permeability for liquid 
phase and gas phase, respectively. s defines the saturation 
of water. Relative permeabilities according the saturation 
can be defined as; 
                                    3skrl =                                        (5) 
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The saturation of water can be written as [13]; 
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where CH2O is the mixture concentration, Cg
H2O is gas 

phase concentration and Cl is liquid concentration.  
The species equation can be expressed as [14]; 
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where cγ  defines advection correction factor, lj
�

is 

diffusion flux and 
OH

lmf 2

 describes the mass fraction of 
liquid water. While the first term at the right hand side 
defines the diffusion of gas phase, the second term 
defines the motion according to capillary effect. The 
advection correction factor for water can be expressed as 
[12]; 

     OH
gg

OH
ll

OH
gg

OH
ll

OH CssC
CC

22

22

2 )1(
)(

−+
+

=
ρρ

λλρ
γ      (9) 

where lλ and gλ are the relative mobility for the liquid 
phase and gas phase, respectively. Relative mobilities can 
be defined as [12]; 
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Diffusion flux, lj
�

, can be expressed as [13]; 
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Capillary pressure, Pc, can be expressed according to 
hydrophilic and hydrophobic surfaces. In this study the 
gas diffusion layer has hydrophobic structure. Hence, the 
capillary pressure for hydrophobic structure can be 
written as [13]; 

[ ]322
1

263.1120.2417.1)(cos sss
K

P cc +−= εθσ (13) 

where � describes the surface tension, �c describes the 
contact angle.  

2.2 Numerical Procedure 

In the numerical solutions, COMSOL Multiphysics 4.2a 
software which is based a finite element method solver is 
used. The computational domain and grid structure can 
be seen in Figure 1.  
 

 
Figure 1. Computational domain and grid structure 

 
As can be seen in Table 1, the parametric variations 

are observed according to numerical solutions for 
different element numbers. It is assumed that the 

02010-p.2



EFM 2015 

parameter values are the same for 18522 and higher 
element numbers. So, the element number for the 
numerical model is chosen as 18522. Grid structure 
consists of 18522 triangular elements and the solver is 
selected as PARDISO. The parameters used in the 
modeling are listed in Table 2. 
 

Table 1. Parametric variations according to element 
number 

Element 
Number 

12772 18522 41097 

Saturation 2.553E-4 2.555 E-4 2.557 E-4 

Temperature[K] 338.70 338.70 338.70 

 
Table 2. Model Parameters. 

Parameter Value 

Surface Tension 0.0625 N/m [14] 

GDL porosity 0.4-0.7 

GDL contact angle 110o [14] 

Operation pressure 101325 Pa 

Initial temperature 180oC 

Acid doping level 6.75 mol H3PO4/PBI 

3 Results and Discussions 

The saturation according to time for GDL porosity of 0.4 
is given in Figure 2. As can be seen in this Figure, the 
saturation increased with time and it became constant 
after 80 s. It means all of the gas phase condensed to the 
liquid phase in 100 s.  
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Figure 2. Saturation according to time (�=0.5) 

 
The saturation distribution according to time for GDL 

porosity of 0.4 is given in Figure 3. The saturation is 
higher at the centre of the gas diffusion layer due to the 
fact that the heat transfer from fuel cell to environment 
occurs at the interface of the gas diffusion layer and gas 
channel. As is seen in this figure, at the 100s, the 
saturation distribution became uniform in cathode gas 
diffusion layer and it means all of the gas phase 
condensed to liquid phase. 

The diffusion of gas phase is relative to porosity of 
the medium. The gas molecules can effectively diffuse in 
the porous structure at higher porosity levels. In the 
Figure 4, the change of saturation according to porosity 
of the GDL at t=50s is given. While the porosity 
increases, the saturation level decreases. Because the gas 
molecules are transported effectively into the porous 
structure and they leave the cell before condensation, so it 
decreases the saturation level. 

 

 
Figure 3. Saturation variation according to time (�=0.5) 
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GDL Porosity
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Figure 4. Saturation according to GDL porosity (t=50s) 

In order to investigate the effect of GDL porosity in 
detail, a constant saturation level is selected as 4.2⋅10-4. 
Time needed to reach saturation level of 4.2⋅10-4 
according to GDL porosity is given in Figure 5. As can 
be seen from this figure, time needed is increasing with 
increasing GDL porosity. When GDL porosity is 0.5, 
36.2s needed to reach the saturation level of 4.2 10-4. It 
means while increasing the GDL porosity, the gas phase 
presence in the medium decreases. Therefore, the lower 
condensations occur at high GDL porosity.  
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Figure 5. Time needed to reach desired saturation level 
according to GDL porosity 

4 Conclusions 
In this study, a transient, two dimensional, two phase 
numerical model for PBI based PEM fuel cell was made. 
Firstly, for the base case (�=0.5), the saturation variation 
according to time was discussed. After that, for the 
various GDL porosity values (�=0.4-0.7), the saturation 

level was investigated. Finally, the time needed to reach 
desired saturation level according to porosity was 
investigated. According to numerical solutions, it can be 
said as follows; 

• The diffusion of gas molecules are highly related to 
porosity of gas diffusion layer.  

• While porosity of GDL increases the saturation 
level decreases owing to the fact that the molecules 
leave the cell before condensation. 

• Leaving the gas molecules from the cell facilitate 
the water management. 
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