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Abstract: Proton exchange membrane fuel cell (PEMFC) has acquired increasing importance because of operating at 

higher efficiency and producing environmentally friendly power at low temperatures over the past decade. 

Flow channel as a vital part of PEMFC plays a critical role for augmenting the performance of PEMFC. In 

this paper, a single phase, 3-D model is generated to examine impact of the channel cross-section geometry 

on the cell performance. 15 different simulation cases were gained by altering the flow channel width and 

depth from 0.2 to 1.6 mm for the fixed depth and width of 1 mm, respectively. In the base case, the channel 

dimensions are 1.0 mm width and depth. The results revealed that decreasing depth and width of the channel 

enhanced the current density thanks to increasing gas velocity in the flow channels of the anode and cathode 

at the expense of increased pressure drop. The cases having the channel cross-sectional dimensions of 0.2 x 

0.1 mm and 0.1 x 0.2 mm (channel width x depth) enhanced the current density about 57% and 45% at 0.4 

V compared to the base case. Besides, oxygen consumption and water production in the cathode side are 

also remarkably increased in these cases. However, the channel cross-sectional size of 0.8 x 1 mm case 

which increases the current density 2.5% at 0.4 V in comparison with the base case can be best option by 

taking into consideration pressure drop into the flow channels. 

Keywords: CFD, Flow channel dimensions, Optimization, PEMFC, Pressure drop 

 

Cite this paper as: 
Kaplan, M. Numerical investigation of influence of cross-sectional dimensions of flow channels on 

PEM fuel cell performance. Journal of Energy Systems 2021, 5(2), 137-148, DOI: 

10.30521/jes.871018 
 

© 2021 Published by peer-reviewed open access scientific journal, JES at DergiPark (https://dergipark.org.tr/en/pub/jes) 
 

Nomenclature  Greek letter  

C Molar concentration (mol m-3) α 
Transfer coefficient 

(dimensionless) 

D Diffusion coefficient (m2 s−1) γ Concentration exponent 

F Faraday constant (C kmol-1) ε Porosity 

hL 
Enthalpy change for condensation or 

vaporization of water (J kg-1) 
ζ Specific active surface area (1 m-1) 

hreaction 
Enthalpy change of electrochemical 

reactions (J kg-1) 
η Overpotential (V) 

I Current density (A m-2) μ Viscosity (kg m-1 s-1) 

j Exchange current density (A m-2) ρ Density (kg m-3) 

K Permeability (m2) σ Electrical conductivity (1 Ω-1 m-1) 

k Thermal conductivity (W m-1 K-1) ϕ Electric potential (V) 

Mw Molecular weight (kg mol-1) Subscript  

P Pressure (Pa) an Anode 

R Universal gas constant (J mol-1 K-1) cat Cathode 

Rohm Ohmic resistivity (Ω m2) eff Effective 

Sh Energy source term  k Chemical species 

Sk Species source term mem Membrane 

Sm Momentum source term  ref Reference 

T Temperature (K) sol Solid 

 �⃗�  Velocity vector (m s-1)   

Voc Open-circuit voltage (V)   
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1. INTRODUCTION 

In today’s world, alternative energy sources are sought to replace the traditional energy sources owing 

to environmental aspects and energy sources limit. Hydrogen is a promising fuel source to supply the 

world's energy demand. PEM fuel cell changes the chemical energy into electricity by oxidizing 

hydrogen as a fuel. PEMFC has attracted increasing attention owing to operating at low temperatures 

and suitability for using various applications such as transportation, stationary, backup, and portable 

power [1]. A typical PEMFC unit comprises of a membrane, gas diffusion layers (GDLs), catalyst layers 

(CLs), and bipolar plates in which flow channels are machined. The following electrochemical reactions 

occur in the CLs: 

2 2 2 ( )H H e Anode CL+ −→ +  (1) 

  

1
2 2 22 2 ( )O e H H O Cathode CL− ++ + →  (2) 

In PEMFC, flow channels provide distribution of reactants (hydrogen and oxygen) and remove water 

and heat [2]. Besides, properly designed flow channels is a key factor to achieve uniform flow 

distribution, giving rise to an enhancement in the cell efficiency [3]. Recent numerical studies 

demonstrated that PEMFC performance can be improved by altering PEMFC flow channel geometries 

and dimensions [4-16]. Liu et al. [7] formed a computational model to optimize flow channel cross-

sectional area and current collector rib dimensions. They concluded that reducing both the flow channel 

total width and the rib-to-total width ratio resulted in enhancing the power output of PEMFC.  

Khazaee et al. [9] evaluated the impact of increasing number of channels and modifying channel cross-

section shapes such triangular, rectangular, and elliptical on the performance using a three-dimensional 

single-phase model. They concluded that the cell performance enhanced by increasing number of 

channels for all channel cross-section geometries and the best performance was gained with reducing 

the cross-section area of rectangular channel 2 to 1 mm2. Cooper et al. [10] examined relationship 

between the channel length to width ratio and performance improvement in PEMFC having 

interdigitated channels. Their results demonstrated that decreasing the aspect ratio by reducing the 

channel length led to higher overall performance. Chowdhury et al. [11] improved a 3-D isothermal 

single-phase model to optimize the width ratio of the channel/land for PEMFC. They reported that both 

channel and land width were equally important to augment the cell current density and the case with 1 

mm channel and land widths might be best appropriate dimensions considering current density and 

pressure drop inside the flow channel. 

Kerkoub et al. [12] established a computational model to examine different flow channel geometry 

containing interdigitated, serpentine, and parallel having different channel to rib width ratios. They 

discovered that the channel geometry and channel/rib width ratio considerably affected PEMFC 

performance at low operating voltage whereas they had a little impact on the cell efficiency at high 

operating voltage. Carcada et al. [14] scrutinized the influence of the serpentine channel patterns (7, 11, 

and 14 channels) and the channel cross-sectional dimensions on performance of PEMFC with a large 

size of active area. The results indicated that the cell performed better when increasing number of 

serpentine channels and decreasing channel and land width, particularly at higher current densities. 

Mohammedi et al. [15] explored the influence of various channel cross-section forms on the power 

density and pressure drop using ANSYS Fluent CFD software. They notified that the cross-section form 

with trapezoidal top half and inverted trapezoidal bottom half considerably enhanced power density, but 

this cross-section form increased pressure drop compared to rectangular cross-section form.  
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The goal of this study is to introduce a single-phase CFD model to evaluate the impact of the channel 

cross-sectional geometry (the channel width and depth) on the PEMFC performance. This study is 

structured as follows. In Section 2, the detailed description of PEMFC model including some 

assumptions is introduced. Section 3 illustrates the simulation results and their discussion. Lastly, the 

main conclusions obtained from the present numerical work are given in Section 4. 

 

2. MODEL DESCRIPTION 

The geometric model used in this study was constructed using SOLIDWORKS software. Then the 

geometry is meshed ANSYS Workbench platform. To specify the physical domains included in the 

FLUENT Fuel Cell module, numerical grid is separated into 9 zones containing anode and cathode 

current collector, flow channel, GDL, CL and a membrane in Figure 1.  

 
Figure 1. Computational grid of PEMFC model 

The cell length and width and are 70 and 2 mm, respectively. The thickness of the membrane, GDLs 

and CLs are 0.108, 0.3 and 0.0129 mm, respectively. The channel length and the membrane, GDL and 

CL thickness are the same for all cases. For the base case, the channel width and depth are 1 mm. The 

values of geometrical parameters used in the base case are same with the experimental study carried out 

by Wang et al. [17]. The design properties and operating conditions employed for the base and other 

cases are demonstrated in Table 1.  
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Table 1. Operating conditions and electrochemical characteristics of PEMFC 

Parameter Value 

Anode mass fraction of H2 at the inlet 0.2  

Anode mass fraction of H2O at the inlet 0.8  

Cathode mass fraction of O2 at the inlet 

Inlet H2O mass fraction (anode) 0.8 
0.2  

Cathode mass fraction of H2O at the inlet 0.1  

Reference H₂ and H₂O diffusion 7.33 x 10-5 m2/s [18] 

Reference O₂ diffusion 2.13 x 10-5 m2/s [18] 

Reference species diffusion 4.9 x 10-5 [18] 

Operating temperature 343 K [17] 

Operating pressure 101.325 kPa [17] 

GDLs and CLs porosity  0.5 [19] 

GDLs and CLs viscous resistance 1 x 1012 1/m2 [19] 

CL surface/volume ratio 200000 1/m 

Reference exchange current density (anode) 4000 A/m2 

Reference exchange current density (cathode) 0.1 A/m2 

Open-circuit voltage 0.94 V 

The operational data related to inlet mass fractions of anode and cathode gases in Table 1 is obtained 

based on the work by Biyikoglu et al. [18]. 

2.1. Geometrical interest 

In this study, different cases are obtained by changing flow channel width and depth in the range 0.2-

1.6 mm with intervals of 0.2 mm for the fixed depth and width of 1 mm, respectively as illustrated in 

Figure 2.  

 
Figure 2. Flow channel cases a) various channel width with the fixed depth cases b) various channel depths with 

fixed width cases  

2.2. Assumptions 

The numerical model has been improved on the grounds of the following assumptions:  

(a) The steady state condition is considered. 

(b) The flow is single phase, incompressible and laminar. 

(c) The gas mixtures behave as perfect gases. 

(d) The GDL, CL and membrane are considered as isotropic and homogenous porous medium. 

(e) Only gas mixtures are present in flow channels. 

2.3. Governing transport equations 

Mass, momentum, energy, species, and current equations are used to simulate physical phenomena 

taking place in the PEMFC. Conservation of mass is identified by: 
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 ( ) 0u =  (3) 

Conservation of momentum is described by: 

( )
2

1
( ) ( ) m

eff
uu P u S 


 = − +  +  (4) 

where εeff is effective porosity of porous mediums. Sm is the source term based on Darcy’s law for porous 

flow fields [20]. 

 mS u
K


= −  (5) 

where K is the permeability inside porous medium. Conservation equations for species can be written 

as: 

( ) ( )
k

eff

k k kuC D C S =   +  (6) 

where Deff is the effective diffusion coefficient for k species which can be calculated via Bruggeman 

model including the impacts of the porosity (ε) and tortuosity in GDLs and CLs [21]. 

1.5eff

k kD D =  (7) 

The source term in the species equations, Sk is defined for hydrogen, oxygen, and water, as follows: 

2

2

,

2

w H

H an

M
S R

F
= −  (8) 

  

2

2

,

4

w O

O cat

M
S R

F
= −  (9) 

  

2

2

,

2

w H O

H O cat

M
S R

F
=  (10) 

where Ran and Rcat are volumetric transfer current of anode and cathode in A m-3, respectively. 

Conservation of energy can be represented by: 

( ) ( )eff

huT k T S =  +  (11) 

The source term in the energy conservation equation, Sh, is given by: 

2

, ,h reaction L an cat an cat ohmS h h R I R= + − +  (12) 

where hreaction and hL are the change of enthalpy as owing to the electrochemical reactions and 

condensation or vaporization of water, respectively. ηan,cat is the local surface over potential for the anode 

and cathode. The following two charge conservation equations are described for representing protonic 

and electron transport in the membrane and solid conductive material, respectively.  
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( ) 0mem mem memR   + =  (13) 

  

( ) 0sol sol solR   + =  (14) 

where σ is electrical conductivity and ϕ are electrical potential. Subscript mem and sol denote membrane 

and solid phase, respectively. Rmem = +Ran (anode) and Rmem = ˗Rcat (cathode) for membrane phase. On 

the other hand, Rsol = ˗Ran (anode) and Rmem = +Rcat (cathode) for solid phase. Ran and Rcat are computed 

based on the Butler–Volmer expression [22]: 

 ( )
 
 

( )2 / /

2

an

an an cat anF RT F RTref

an an an

ref

H
R j e e

H



   
 
 = −
 
 

 (15) 

  

( )
 
 

( )2 / /

2

cat

an cat cat catF RT F RTref

cat cat cat

ref

O
R j e e

O



    + −
 
 = − +
 
 

 (16) 

 jref is reference exchange current density per surface area.  F represents Faraday’s constant, F = 9.65 x 

107 C kmol-1. ηan, and η,cat which are the driving force for the anodic and cathodic reactions can be 

calculated using following equations: 

an sol mem  = −  (17) 

  

cat sol mem ocV  = − −  (18) 

where Voc is open-circuit voltage. 

2.4. Boundary conditions 

The constant mass flow rates of 5.398 x 10-6 and 3.294 x 10-5 kg/s are specified at the anode and cathode 

flow channel inlet, respectively [18]. A constant pressure of 101.325 kPa is applied at the channel outlet 

for the anode and cathode. For all computational domains, the internal boundaries are continuous. Both 

anode and cathode terminals (current collector top faces) are assigned as wall boundary conditions. The 

anode terminal was grounded. The cathode terminal is set as the constant potential whose maximum 

value is equal to the open-circuit voltage. The same boundary conditions are used for the base and other 

simulation cases. 

 

3. RESULTS AND DISCUSSIONS 

3.1. Model validation 

The computational model used in the present work has been confirmed with experimental data gained 

from the work of Wang et al. [17] in Figure 3.  
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Figure 3. Comparison mathematical model with experimental data [17] 

Two different mesh sizes with 564480 and 1254400 hexahedral elements are inspected. It is clearly 

shown in Figure 3 that for both sizes, the estimated results are in well agreement with the measured data, 

especially at low and medium current densities. However, the 3D simulation tends to overpredict the 

measured data at high current densities. The reason may be that the present model disregards the liquid 

water presence in the CLs and GDLs which leads to the decrease of the GDL and CL porosity and the 

increase of gas mass transfer resistance. Since the mesh of 1254400 elements leads to more accurate 

results at lower voltages, this mesh is used. In addition, the same mesh size is obtained by dividing the 

width and depth of bipolar plate in 40 quadrilateral elements for all cases.   

3.2. Impact of cross-sectional dimensions of flow channel on current density 

Figure 4 shows the estimated current densities for the variation of the channel width between 0.2 and 

1.6 mm with the fixed depth of 1 mm at the cell voltage of 0.4, 0.5, and 0.6 V. As can be observed in 

Figure 4 that the current density increases almost linearly with decreasing channel width for the constant 

depth of 1 mm until 0.4 mm channel width, but then rapid increase of the current density is observed for 

0.2 mm channel width case at 0.4, 0.5 and 0.6 V. Therefore, the highest current densities of 1.97, 1.44 

and 0.95 A/cm2 are obtained with 0.2 mm channel width for V=0.4, 0.5, and 0.6 V, respectively, as 

indicated in Figure 4. This is expected because reducing channel width leads to enhancement of gas 

flow velocity and therefore augments the diffusion of the reactant gases to the GDL.  

 
Figure 4. Current density variation for different flow channel width with constant depth of 1 mm at 0.4, 0.5, and 

0.6 V 
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The estimated current densities for the variation of the channel depth in the range of 0.2 to 1.6 mm with 

the fixed width of 1 mm at the cell voltage of 0.4, 0.5, and 0.6 V are presented in Figure 5. 

 
Figure 5. Current density variation for different flow channel depth with constant width of 1 mm at 0.4, 0.5, and 

0.6 V 

It is demonstrated in Figure 5 that the current density is not significantly changed with decreasing of the 

channel depth until the channel width of 0.6 mm. Then, the current density is notably increased for 0.4 

mm channel depth compared to the base model having 1 mm depth. The highest current densities of 

1.82, 1.36 and 0.92 A/cm2 are obtained with 0.2 mm channel depth for V=0.4, 0.5, and 0.6 V, 

respectively, as indicated in Figure 5.  

Figures 4 and 5 show that decreasing the channel width with the fixed depth is more sensitive to enhance 

the current density of the PEMFC than decreasing channel depth with the fixed width. This may be on 

the grounds that the increase of the land area with the decrease of the channel width contributes to 

minimize ohmic loses by reducing contact resistance between GDL and bipolar plate [23]. 

3.3. Impact of cross-sectional dimensions on oxygen and water distribution 

Figures 6 (a), (b) and (c) present the oxygen mass fraction in the cathode flow channel, GDL, and CL at 

the middle of the cell length for channel cross-sectional dimensions of 0.2 x 1.0, 1.0 x 0.2 and 1.0 x 1.0 

mm (channel width x depth) at 0.4 V.  

 
Figure 6. Contour diagrams of O2 mass fraction in the cathode flow channel, GDL and CL at the middle of the 

cell length for channel sizes of (a) 0.2 x 1.0 mm (b) 1.0 x 0.2 mm and (c) 1 x 1 mm (base case) at 0.4 V 



Journal of Energy Systems 

145 

As can be observed in Figure 6 (a) and (b) that decreasing channel width and depth to 0.2 mm increase 

consumption of oxygen in CL and GDL compared to the base case in Figure 6 (c) at 0.4 V. These results 

confirms that 0.2 x 1 mm and 1 x 0.2 mm channel cross-section cases producing higher current densities 

as shown in Figures 4 and 5 consume more oxygen for the reaction in the cathode catalyst compared to 

the base case at 0.4 V. Figure 7 (a), (b), and (c) presents the water mass fraction in the cathode flow 

channel, GDL, and CL at the middle of the cell length for channel cross-sectional sizes of 0.2 x 1.0, 1.0 

x 0.2 and 1.0 x 1.0 mm at 0.4 V.  

 

Figure 7. Contour diagrams of water mass fraction in the cathode flow channel, GDL and CL at the middle of the 

cell length for channel sizes of (a) 0.2 x 1.0 mm (b) 1.0 x 0.2 mm and (c) 1.0 x 1.0 mm (base case) at 0.4 V 

Decreasing channel width and depth to 0.2 mm in Figure 7 (a) an (b), respectively increases production 

of water in CL and GDL compared to base case in Figure 7 (c). It is concluded that reducing the flow 

channel cross-section dimensions augments O2 consumption and water production and thus, enhance 

cell performance.  

3.4. Impact of cross-sectional dimensions of flow channel on pressure drop 

Figure 8 indicates the influence of variation of channel width for fixed depth of 1 mm on pressure drop 

in the anode and cathode channels for V=0.4, 0.5, and 0.6 V.  

 
Figure 8. Anode and cathode pressure drop for various flow channel depth with constant width of 1mm for 0.4, 

0.5, and 0.6 V 
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As shown in Figure 8, the decrease of the channel width increases the pressure drop in both channels 

and the highest pressure drop of 69.88 kPa is observed in the cathode channel with 0.2 mm width and 

1.0 mm depth. The effect of variation of channel depth for fixed width of 1 mm on pressure drop in the 

anode and cathode channels for V=0.4, 0.5, and 0.6 V is shown in Figure 9. 

 
Figure 9. Anode and cathode pressure drop for various flow channel depth with constant width of 1mm for 0.4, 

0.5, and 0.6 V 

As shown in Figure 9, the decrease of the channel width elevates the pressure drop in both channels and 

the highest pressure drop of 63.10 kPa is examined in the cathode flow channel having 1.0 mm width 

and 0.2 mm depth. Figures 8 and 9 indicate that the pressure drop in the cathode channel is much higher 

than in the anode channel. This may be owing to mixture in the cathode channel being more complicated 

compared to that of in the anode channel. It is also seen in Figures 8 and 9 that variation of cell voltage 

is negligible impact on pressure drop inside flow channels. 

Excessive pressure drop in the flow channel leads to larger parasitic energy losses and therefore 

decreases the fuel cell efficiency due to increasing pumping work. Therefore, to choose an appropriate 

channel cross-section dimensions, the selected cases of current density and pressure drop for 0.4 V are 

examined in Table 2. 

Table 2. Current density and pressure drop for the selected cases at 0.4 V 

Cases 
width x depth 

(mm) 

Current density 

(A/m2) 

Pressure drop (anode/cathode) 

(kPa) 

Different channel width with 

fixed depth 

0.2 x 1.0 1.97 23.39 / 69.88 

0.8 x 1.0 1.29 0.90 / 3.17 

1.6 x 1.0 1.13 0.25 / 0.83 

Different channel depth with 

fixed width 

1.0 x 0.2 1.82 20.82 / 63.10 

1.0 x 0.8 1.26 0.90 / 3.12 

1.0 x 1.6 1.24 0.26 / 0.84 

Base 1.0 x 1.0  1.25 0.58 / 2.00 

As shown in Table 2, the maximum current density is achieved with 0.2 x 1.0 mm channel case. But this 

case exhibits the largest pressure drop in comparison with other cases. On the other hand, the minimum 

pressure drop takes place in 1.6 x 1.0 mm channel case. However, this channel case produces minimum 

current density. Thus, 0.8 x 1.0 mm channel case with 2.5% enhancement in current density compared 

to base case at 0.4 V can ensure better cell performance concerning current density and pressure drop in 

the channels.  
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6. CONCLUSIONS 

In the present work, a 3-D single phase computational model was improved and verified by the measured 

data [17] to investigate impact of varying the flow channel dimensions (width and depth) on PEMFC 

performance. 14 cases compared with the base model and following results are obtained. Below, 

important findings have been reported: 

1. Decreasing channel width have more impact on improving the cell performance than decreasing 

channel depth because of increasing land area with reducing the channel width results in the 

decrease of the contact resistance loses. 

2. The maximum current density of 1.97 A/m2 at 0.4 V is achieved by the channel case with 0.2 

mm width and 1.0 depth and for this case, oxygen consumption and water production in cathode 

CL are higher than that of other cases. 

3. The channel gas flow velocity augments with minimising channel cross-section geometry. 

4. Reducing either the width or depth of the flow channels results in higher pressure drop in the 

anode and cathode channels.  

5. Voltage variation from 0.4 V to 0.6 V is not significantly affected by pressure drop in the 

channel. Considering pressure drop, the channel with 0.8 mm width and 1.0 mm depth case with 

2.5% enhancement of the current density compared to base model provides better performance. 
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