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ABSTRACT 
 The structure and properties of gas diffusion layer 

(GDL) and micro-porous layer (MPL) are crucially 
important for the performance of proton exchange 
membrane fuel cells (PEMFCs). Among which, the 
penetration of MPL into GDL is a common and critical 
phenomenon. However, the related research is still 
insufficient. In order to investigate the impact of MPL 
penetrating into GDL on fuel cells performance, a three-
dimensional multiphase model is described, and the 
impact of different penetration rate and inlet relative 
humidity (RH) are discussed. The results demonstrate 
that larger penetration rate causes better performance 
due to the better water management. Besides, the liquid 
water accumulates in the transition region, which 
increases the oxygen transport resistance. 
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NONMENCLATURE 

Abbreviations  

BP 
CH 
CL 
GDL 
MEM 
MPL 
TR 

bipolar plate 
flow channel 
catalyst layer 
gas diffusion layer 
membrane 
micro-porous layer 
transition region 

Symbols  

  porosity 

  
  

contact angle 
conductivity 

1. INTRODUCTION 
PEMFCs are one of the promising vehicle power 

sources owing to its high efficiency, low to zero emission 
and quick cold start [1]. Typically, PEMFCs consist bipolar 
plate (BP), flow field, GDL, MPL, catalyst layer (CL) and 
membrane (MEM). Among PEMFCs, GDL and MPL are 
important transportation channels for reactant and 
liquid water. And they have significant impact on water 
management and performance of fuel cells [2]. Oh et al. 
[3] utilized the pore size gradient in GDL to improve the 
fuel cells water management and found that this 
structure could enhance the bending stiffness of GDL. 
The perforation is another method to modify the GDL, 
which results in a better water balance, especially in dry 
conditions [4]. Besides, Zhou et al. [5] found that MPL 
improves the fuel cells ohmic transport and performance 
stability, and the thermal conductivity is the most 
important parameter.  

Due to the materials and preparation process, the 
MPL made of carbon particle, usually penetrates into the 
GDL made of carbon fiber, and form a transition region 
(TR) [6]. Compared to the GDL and MPL, the TR has 
unique characteristics, including porosity, pore size 
distribution, permeability, and wettability and so on, 
which influences the fuel cells water and heat 
management and performance. Cho et al. [7] prepared 
the GDL and MPL with different penetration thickness 
and found that the large penetration thickness is 
beneficial to improve the fuel cells transient response 
and balance the capillary pressure gradient, however, 
the carbon corrosion is also prone to occur in TR. Based 
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on the results of high-resolution neutron imaging, 
Preston et al. [8] pointed out that there is a region with 
gradual property changes between GDL and MPL, and 
proposed a model to describe this phenomenon. 
Moreover, Wong et al. [9] investigated the impact of MPL 
penetration on the oxygen transport in GDL under 
different saturated conditions, the results demonstrated 
that a deeply intruded MPL leads to lower breakthrough 
saturation and higher oxygen diffusion performance, 
especially under high saturated condition. 

Although extensive and in-depth researches on GDL 
and MPL have already been conducted, the literature 
usually regards these as two separated layers [10, 11]. 
The study on the penetration of MPL into GDL is still 
really insufficient, especially the systematic study based 
on mathematical model. Hence, in this paper, a fuel cells 
model considering the TR between GDL and MPL is 
described to investigate the effect of TR thickness on 
water management and performance of fuel cells under 
different inlet RH. Furthermore, the agglomerate sub-
model is also coupled with the fuel cells model to 
accurate describe the concentration loss in CL. 

2. FUEL CELLS MODEL  

2.1 Conversion equations 

The fuel cells computational domain is shown in Fig 
1, and the assumptions of the model are listed as follows: 
the fuel cells operate at steady state; all the gas species 
are ideal gas; the gas and liquid two phase flow are 
laminar; the MPL and CL are homogeneous and isotropic, 
while the TR is considered spatial variable properties and 
the GDL is considered anisotropic; the water produced in 
CL is in liquid form [12]. 

The governing equations utilized in this model are 
listed as follows. 

Mass of gas mixture: 
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Gas species: 
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Liquid water in channel: 
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Liquid water in porous media (GDL, TR, MPL and CL): 
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Dissolved water: 
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Electronic charge: 

 eff
e e e0= +k S    (8) 

Ionic charge: 

 eff
ion ion ion0= +k S    (9) 

In this study, the porosity distribution in TR is 
considered linearly decreases from GDL to MPL, and the 
permeability is calculated by the Kozeny-Carman relation 
[13]: 
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The benchmark parameters used in the Kozeny-Carman 
relation is =0.4  and -13=2*10K . Other parameters used 
in the model are listed in Table 1. 

 
Fig 1 Computational geometry and mesh 

 
Table 1 Physical properties and operating conditions 

Parameters Values 
Channel length (mm) 50 
Channel width (mm) 1 
Channel height (mm) 1 
Land width (mm) 1 
BP height (mm) 0.5 
Thickness (mm) (MPL, CL, MEM) 0.04, 0.01, 

0.0254 



 3 Copyright © 2020 ICAE 

Total thickness of GDL and TR (mm) 0.2 
Contact angle (°) (GDL, TR, MPL, CL) 135, 110, 105, 

100 
Intrinsic permeability (m2) (GDL, MPL, 
CL, MEM) 

4.0×10-12, 
2.0×10-13, 
1.0×10-13, 
2.0×10-20 

Porosity (GDL, MPL) 0.7, 0.4 
Stoichiometric ratio Anode: 2.0, 

Cathode: 2.5 
Reference current density (A m-2) 16000 
Operating pressure (atm) 1.5 
Operating temperature (K) 353.15 
Agglomerate radius (m) 5.0×10-7 
Electrolyte film thickness (m) 5.0×10-8 

2.2 Boundary conditions 

The inlet and outlet boundary conditions are mass 
flux and pressure, respectively. The temperature in all 
walls are fixed at 353.15K, and the electronic charge is 
defined as a

ele rev out= - E V  and c
ele =0  at the anode and 

cathode terminals. 

3. RESULT AND DISCUSSION 

3.1 Model validation 

In order to validate the accuracy of the model, the 
polar curves under different inlet RH are simulated and 
compared with the experimental data [14] as shown in 
Fig 2. The parameters used in simulation are same with 
the experiment, and the results indicate that the 
simulation results are agreeable well with the 
experiment. 

 
Fig 2 Comparison of polar curve with experimental data 

 
(a) 

 
(b) 

Fig 3 Effect of penetration rate and inlet RH on fuel cells 
performance (a) and activated and concentration loss (b) 

3.2 Fuel cells performance 

The MPL penetration changes the properties of GDL 
and form a TR. Because the total thickness of GDL and TR 
is constant, hence, the penetration rate is utilized to 
present the thickness of GDL and TR. For instance, 15% 
penetration rate means the GDL thickness is 170μm and 
the TR thickness is 30μm. As shown in Fig 3(a), the fuel 
cells with larger penetration rate show better 
performance, and this conclusion is consistent with the 
experimental results of Cho et al. [7]. Specifically, when 
the RH is 1.0, the current density of the fuel cells with the 
penetration rate of 45% is 1.3%, 3.0% and 4.9% higher 
than the cases with the penetration rate of 30%, 15% and 
0, respectively. Besides, in this research, the best inlet RH 
is about 0.8, taking the cases with the penetration rate 
of 45% as an example, compared with the RH of 1.0, 0.6, 
0.4 and 0.2, the current density at RH of 0.8 is 3.1%, 4.1%, 
20.5% and 38.8% higher, respectively. And this 
phenomenon does not change with the penetration rate, 
which means the water and reactant gas transportation 
are in balance under this RH. When the RH is lower than 
0.8, the fuel cells performance also decreases with the 
decrease of RH, and this is mainly related to the 
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increment of ohmic loss is larger than the decrement of 
concertation loss. Fig 3(b) shows the quantizing of the 
activated and concentration loss, and the results 
demonstrate that the larger penetration rate causes 
larger activated and concentration loss, and this loss also 
increases with the increase of RH, which mainly 
connected with the increase of liquid water. For instance, 
compared with the cases under the RH of 0.2, the 
activated and concentration loss of the cases under the 
RH of 1.0 increases about 12% for all penetration rates. 
In summary, for fuel cells with different penetration rate, 
the balance between the oxygen transport resistance 
and ohmic resistance is the key factor affecting the fuel 
cells performance, and in this research, the oxygen 
transport resistance is affected by the depth of TR and 
the liquid water distribution, and the ohmic resistance is 
affected by membrane water content. Hence, the water 
management, including liquid water and membrane 
water management, will be analyzed carefully in the next 
two sections. 

3.3 Liquid water management 

Liquid water could change the oxygen transport path 
and affect the membrane water content. Fig 4 shows the 
liquid water distribution under the inlet RH is 1.0 and 0.2. 
The results demonstrate that the liquid water 
accumulates in the TR, and the saturation decreases 
from the GDL side to MPL side, which is agreeable with 
the experimental conclusions based on the synchrotron 
X-ray radiography [15, 16] and neutron imaging [8]. This 
phenomenon also indicates that the conventional fuel 
cells model, which usually ignores the TR between GDL 
and MPL, might underestimate the liquid water 
saturation in this region. Besides, for the fuel cells 
operating at high inlet RH, the liquid water saturation in 
GDL are basically the same for fuel cells with different 
penetration rate, considering the fuel cells with large 
penetration rate, the current density and liquid water 
production is high, which indicates that large penetration 
rate could enhance the drainage capacity of GDL. 
Furthermore, when the fuel cells operate under low inlet 
RH, the higher liquid water saturation in MPL and CL is 
conducive to increase membrane water content and 
decrease the ohmic resistance. It should be noted that, 
with the increasing of penetration rate, the peak of liquid 
water profile in TR gradually get away from the CL, and 
the peak value decreases with the increase of 
penetration rate. Specifically, when the RH is 0.2, as the 
penetration rate increases from 15% to 45%, the peak 
values are 0.191, 0.181 and 0.170, respectively. In a 
nutshell, TR could utilize the capillary force gradient to 

speed up GDL drainage under high RH, while it could 
prevent membrane dehydration under the low RH and 
improve fuel cells performance. 

 
(a) 

 
(b) 

Fig 4 Effect of penetration rate on liquid water distribution 
under the inlet RH is 1.0 (a) and 0.2 (b) 

3.4 Membrane water management 

Membrane water content could affect the ionic 
conductivity. As shown in Fig 5, when the inlet RH is 0.4 
and 0.6, the fuel cells with large penetration rate have 
higher average membrane water content in membrane 
electrode assembly (MEA), and the largest difference is 
12.1%. The membrane water content under other inlet 
RH is very close for different penetration rate. However, 
the membrane water content distribution is different for 
the fuel cells with different penetration rate, taking Fig 6 
as an example, when the inlet RH is 1.0, the membrane 
water content in cathode CL increases with the increase 
of penetration rate, especially in the region under 
channel, and the same is true for electrochemical 
reaction rate. This phenomenon demonstrates that for 
the fuel cells with large penetration rate, there is large 
current density in the region with small ohmic resistance, 
and this is conducive to reduce the ohmic loss. 



 5 Copyright © 2020 ICAE 

 
Fig 5 Effect of penetration rate and inlet RH on volume 

average membrane water content of MEA 

 
Fig 6 Membrane water content (left) and electrochemical 
reaction rate (right) in the middle of cathode CL under the 

inlet RH is 1.0 

4. CONCLUSION 
In this paper, a three-dimensional multiphase non-

isothermal fuel cells model is described, in which the 
agglomerate sub-model and the TR between the GDL and 
MPL are coupled. And the impact of MPL penetrating 
into GDL on the performance under different inlet RH are 
investigated. The results demonstrate that larger 
penetration rate causes better performance. Besides, 
there is liquid water accumulation in the TR, and the peak 
of liquid water saturation in GDL and TR moves to 
channel side with the increase of penetration rate. 
Moreover, the penetration of MPL could improve the 
water management by enhancing the capillary force and 
the membrane water content. 
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