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Abstract  Based on use of multi-dimensional models, this investigation simulates the performance of a proton ex-
change membrane fuel cell by varying the channel pattern. In the one-dimensional model, the porosity of the gas 
diffusion layer is 0.3. The model reveals the water vapor distribution of the fuel cell and demonstrates that the 
amount of water vapor increases linearly with the reduction reaction adjacent to the gas channel and the gas diffu-
sion layer. Secondly, four novel tapered gas channels are simulated by a two-dimensional model. The model con-
siders the distributions of oxygen, the pressure drop, the amount of water vapor distribution and the polarization 
curves. The results indicate that as the channel depth decreases, the oxygen in the tapered gas channel can be accel-
erated and forced into the gas diffusion layer to improve the cell performance. The three-dimensional model is em-
ployed to simulate the phenomenon associated with four novel tapered gas channels. The results also show that the 
best performance is realized in the least tapered gas channel. Finally, an experimentally determined mechanism is 
found to be consistent with the results of the simulation. 
Keywords  multi-dimensional models, proton exchange membrane fuel cell, tapered gas channels, oxygen, pres-
sure drop 

1  INTRODUCTION 

The best performance is realized in a proton ex-
change membrane fuel cell (PEMFC) when the anode 
fuel is pure hydrogen and the cathode fuel is pure 
oxygen. Research and development of PEMFCs have 
attracted much interested. Hu et al. [1] developed a 
numerical model of a PEMFC and simulated basic 
transport phenomena as gas-liquid two-phase flows in 
a working fuel cell. Shao et al. [2] proposed a dynamic 
thermal-transfer model of a PEMFC stack based on 
energy conservation to improve the control of its 
temperature. Zhang et al. [3] studied the degradation 
mechanism of key components in a PEMFC mem-
brane electrode assembly (MEA) and identified feasi-
ble means of avoiding degradation. Additionally, the 
novel MEA is particularly suitable for portable elec-
tronic power applications. However, at high current 
density, the mass transport of reagents to the electrode 
interface becomes limited. The cell performance de-
creases substantially with increasing current density, 
because the oxygen-related kinetics is slowed down 
and mass transport is limited due to the liquid water 
generated by the electrochemical reaction. Such water 
may even flood parts of the gas channels [4]. Therefore, 
this study modifies the flow channel pattern to enhance 
oxygen transport in the cathode and thereby improve 
cell performance. Springer et al. [5] developed an iso-
thermal, one-dimensional, steady-state model, which 
balanced water and water vapor at the interface between 
the membrane and the electrode. Their pioneering re-
search provided the simple diffusive mass transport 
mechanism and electrochemical kinetics of oxygen 
transport in the cathode. Bernardi and Verbrugge [6] 

discussed a comprehensive mathematical model for a 
PEMFC with reference to fundamental cell polariza-
tion characteristics, water transport and catalyst utili-
zation. Their results indicated that if the membrane 
maintains full saturation, then its contribution to the 
total cell resistance increases with current density.  

Gurau et al. [7] proposed a one-dimensional 
half-cell model, considering the presence of liquid 
water in the gas diffusion layer and the catalyst layer. 
One parameter was the mean effective porosity of the 
porous media when the pores were partially filled with 
liquid at thermodynamic and hydrodynamic equilib-
riums. Simulations demonstrated that the limiting 
current density was independent of the properties of 
the catalyst layer. Futerko and Hsing [8] used the finite 
element method to solve the continuity, potential and 
Stefan-Maxwell equations in the flow channel and gas 
diffusion layer. Their results demonstrated that the 
fluid flow streamlines, gas mole fractions, membrane 
water content, current density distributions and water 
flux profiles are functions of pressure. The PEMFC 
model applied by Hum and Li [9] was two-dimensional, 
steady-state, isothermal and fully humidified. The re-
sults show that the cathode catalyst layer exhibits 
more pronounced changes in potential, reaction rate 
and current density generation than the anode layer, 
because it has larger activation over-potential and a 
lower diffusion coefficient of oxygen. Jung et al. [10] 
applied a two-dimensional simulation model and 
found that the mass transport limitation generated 
rapidly reduces the cell voltage as the current density 
increases. They also investigated the effects of cell 
temperature, reactant pressures and gas utilization 
ratio on cell performance. Their results indicated that 
flow distribution and current production affect each 
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other significantly. 
Dutta et al. [11] solved the complete three-    

dimensional, Navier-Stokes equations for a multispe-
cies mixture. They treated electrochemical reactions 
as mass source/sink terms in the control volumes. 
Their results indicated that the flow directions de-
pended significantly on the pattern of mass consump-
tion on the MEA. Berning et al. [12] studied a PEMFC 
using a comprehensive three-dimensional computa-
tional model with all major transport phenomena in 
the flow channels, electrodes and electrolyte mem-
brane. Their results yielded useful parameters for the 
design of a fuel cell. Hwang et al. [13] simulated the 
transport phenomena on the cathode side of a PEMFC 
using a three-dimensional numerical model. They ap-
plied the Tafel equation to relate the oxygen concen-
tration and current density to the over-potential at the 
reaction surface with two types of gas distributor. 
Their results indicated that the interdigitated gas dis-
tributor provides a higher average current density on 
the catalyst layer surface than the parallel gas dis-
tributor at the same mass flow rate and cathode 
over-potential. Weng et al. [14] presented a rigorous 
3-D mathematical model to predict and analyze the 
concentration of PEMFC species and current density 
distributions in different flow field patterns under 
various operating conditions. The simulation results 
revealed that serpentine and interdigiated flow pat-
terns show strong convection and high mass transfer. 
Liu et al. [15] developed an isothermal, steady-state, 
three-dimensional multi-component transport model 
for a PEMFC. It was revealed in detail the distribution 
characteristics of oxygen concentration, local current 
density and the cathode activation over-potential at 
different current densities.                                                                                  

Yamada et al. [16] numerically identified the lo-
cation and magnitude of flooding in PEMFC using a 
conventional flow field in experiments. The pressure 
drop can indicate the flooding level in a gas diffusion 
layer in the conventional flow field. Yan et al. [17] 
carried out experiments under different operating con-
ditions and designed five flow fields with different 
geometries to improve cell performance. They com-
pared the PEMFC with different conventional flow 
field designs and found that the rate of the electro-
chemical reaction increased with the number of flow 
channels, the flow channel length and the number of 
corners in a serpentine flow field. Su et al. [18] dis-
cussed two types of flow channel and two electrode 
sizes with flooding in the cathode flow channels of a 
low-temperature PEMFC. Their results showed an 
absence of flooding in the upstream channels in a  
serpentine-interdigitated flow field, and the novel de-
sign seems better for water removal. Ferng and Su [19] 
investigated the effects of different flow channel de-
signs on the performance of PEMFC. It was found 
that the parallel flow channel with the step-changes in 
depth markedly improved the PEMFC performance. 
Wang et al. [20] presented a three-dimensional trans-
port model based on the finite-volume method to ana-
lyze the effects of the ratio of the flow channel area 

and the cathode flow rate on the cell performance and 
local transport characteristics of PEMFC with parallel 
or interdigitated flow channel designs. The results 
showed that at high operating voltage, the cell per-
formance was independent of the flow channel design 
and the operating parameters, while at low operating 
voltages, both factors affected the cell performance. 

Slow oxygen reduction kinetics and water man-
agement are well known to be associated with such 
critical problems as flooding in cathode flow channels, 
which directly affect the fuel cell performance. The 
study simulates the effects of convection in a PEMFC 
using the commercial software, Multiphysics. A 
one-dimensional model is employed to simulate the 
distribution of water in the gas diffusion layer. Then, 
to overcome the limitation on mass transport, a novel 
cathode gas channel with a tapered configuration is 
designed. Therefore, two- and three-dimensional mod-
els are applied to simulate the distributions of oxygen, 
the amount of water, the pressure drop and the polari-
zation characteristics of such a gas channel. 

2  MATHEMATICAL MODELS 

Some simplifications must be made to yield a 
numerically tractable problem. The main assumptions 
of the model are as follows: 

(1) The flow is steady-state, incompressible, 
laminar and isothermal; 

(2) The inlet fuel is fully saturated with water vapor; 
(3) All gases are ideal gases; 
(4) The water is produced in the gaseous phase; 
(5) The diffusion coefficient is constant; 
(6) The over-potential, used as operational parame-

ter, is a fixed value to calculate each current density; 
(7) The catalyst layer is a thin interface, where the 

sink and source terms for the reactants are specified. 

2.1  Governing equations in cathode gas channel 

Based on the above assumptions, the conserva-
tion equations of continuity, momentum and species in 
the cathode gas channel are as follows. 

Continuity equation: 
( ) ( ) ( ) 0
x y z
u v w         (1) 

Momentum conservation equations: 
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The species equation for a multi-species process 
is determined by the mass transport equation: 
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where i represents oxygen, nitrogen and water vapor, 
and Di,j is the diffusivity of the species. The latter is an 
experimental value, taken from Bernardi and Ver-
brugge [6], which is obtained at atmospheric pressure 
p0 and taken with the temperature and pressure: 
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The average molecular mass of gas mixture is 
calculated using: 
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The mass fraction of the saturated water vapor is 
related to the molar fraction by: 
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where the water-saturated pressure is calculated using: 
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2.2  Boundary conditions of gas flow channel 

The boundary conditions of the present computa-
tional domain at the inlet of gas channel are: 

2 2 2
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At the walls of the gas channel, no-slip and im-
permissible conditions are applied: 
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At the outlet of the gas channel, the boundary 
conditions are: 

outlet
0
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             (12) 

At the interface between the gas channel and gas 
diffusion layers, the boundary conditions for the mass 
fraction are: 

,
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            (13) 

2.3  Governing equations for gas diffusion layer 

The gas diffusion layers are treated as porous 
media. The momentum equation has a source term 
associated with the porous media, which are used to 
form the flow through diffusion layer, as described by 
Darcy’s law. These equations are: 

Continuity equation: 
0U             (14) 

Momentum equations: 
2

p
p

k
UUU     (15) 

Species equation: 

i i iy JU          (16) 

where  and  are the porosity and tortuosity of the gas 
diffusion layer, respectively, and are assumed to be 
constant. pk  denotes the hydraulic permeability. yi is 
the mass fraction of the i-th species. Ji is the mass 
diffusion flux of the i-th species and i is the mass 
production rates of the i-th species in gas phase. i 
due to heterogeneous electrochemical reactions within 
porous media. 

The no-slip and impermissible conditions are ap-
plied at the gas diffusion layer walls. 

0u v w  and 0i iy y
x y

     (17) 

2.4  Interface conditions between gas diffusion 
layer and catalyst layer 

At the interface between the gas diffusion layer 
and catalyst layer, the boundary conditions are: 

pk
p v              (18) 

The catalyst layer is treated as a thin interface 
and adheres to the boundary wall of the gas diffusion 
layer, where the sink and source terms associated with 
the reactants are applied. Based on an assumption of 
infinitesimal thickness, the source terms are actually 
applied in the last grid cell of the gas diffusion layer. 
At the interface between the gas diffusion layer and 
the catalyst layer, the boundary conditions for the 
mass fraction are: 
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Where Sk, the source term for oxygen at the cathode 
side, is described by Dutta et al. [11] as: 

2
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For water, it is: 
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where jc is the local current density, described by the 
Bulter-Volmer equation: 
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where c is the concentration of the reactants and  is 
the transfer coefficient. The over-potential  can be 
measured in advance. The range of the over-potential 
depends on the loading of the catalyst and the ex-
change current density ( ref

0j ) [7], which is related to 
the operating temperature. 

The average current density on the oxygen reduc-
tion reaction interface is determined to be: 

avg 0 0

1 d d,
W L

i i x yx y
W L

       (25) 

where W and L are the total width and length of the 
model. 

Detailed multi-dimensional models of the trans-
port phenomena and the fuel cell performance are de-
scribed above. In this work, four grid systems, shown 
in Fig. 1, are tested in advance and their influences on 
the resultant velocity profiles at the middle of the gas 

channel (x-direction) are examined. The velocity pro-
files for 4100, 5100 and 6100 elements are similar to 
each other. Therefore, the grid system with 5100 ele-
ments is adopted as a trade-off between solution ac-
curacy and computational time. 

2.5  Experimental 

A series of experiments was performed to verify 
the accuracy of the predications as follows. The 
PEMFC consists of several major components—the 
membrane electrode assembly (MEA), the catalyst 
layer, the gas diffusion layer (GDL), the bipolar plate 
and the current collector. The PRIMEA series 5561 
MEA, a commercial product from Gore, is used in this 
experiment. The middle of the membrane with an ac-
tive area of 25 cm2 has a thickness of 35 m. The cata-
lyst loads are 0.45 [mg Pt-Ru alloy (1 1)]·cm 2 on 
the anode and 0.6 (mg Pt)·cm 2 on the cathode. The 
gas diffusion layers are CARBEL CL GDL and the 
current collector consists of gold-plated copper. The 
parallel channels are 0.1 cm wide and 0.1 cm deep and 
are separated by a 0.1 cm-wide rib used on both the 
anode and the cathode sites. In the flow field oxygen 
enters the gas diffusion layer and then traverses an 
array of parallel channels. Notably, novel tapered flow 
field in the cathode was designed. The only difference 
between the simulation and the experiment is that only 
one tapered flow channel is concerned in the experi-
ment. Fig. 2 displays the experimental configuration.  

3  RESULTS AND DISCUSSION 

The mass fractions of oxygen, water vapor and 
nitrogen at the inlet are fixed at 0.17, 0.12 and 0.71, 
respectively. The temperature is set to 333 K and the 
over-potential ( ) is 0.3 V. The parameters for the 1-D, 
2-D and 3-D models are taken mostly from Gurau et 
al. [7], Yan et al [17] and Hwang et al [13]. Tables 1, 2 
and 3 show the detailed parameters in this study. 

3.1  One-dimensional model 

Figure 3 schematically depicts the configuration 
of the one-dimensional model. The effects of gas 
convention are neglected and the mass transport de-
pends only on diffusion in this model. 

The oxidization of hydrogen proceeds so quickly 
that it causes a very low activation over-potential, 
which is approximately zero. Nevertheless, the reduc-
tion of oxygen involves more steps, causing its activa-
tion over-potential to exceed that of hydrogen. There-
fore, the activation over-potential of the total reaction 
can be regarded as associated mostly with oxygen re-
duction in the cathode site. In this work, the activation 
over-potential is the input parameter. 

The over-potential governs the relationship be-
tween the  current  density  and  oxygen  concentration. 

Figure 1  Grid test with the velocity profile at the middle
of the gas channel (x-direction) with the same inlet velocity
—— 3100 elements;  4100 elements;  5100 elements;

 6100 elements 
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Figure 2  Schematic diagram of the experimental setup 

Table 1  Dimensions, properties and parameters for
the 1-D model 

 Gurau [7] Present study (1-D)

temperature/K 333 333 

inlet oxygen mass fraction 0.17 0.17 

gas channel height, m 1.0×10 3 1.0×10 3 

number of gas diffusion layers 3 1 

1st GDL thickness/m 1.0×10 4 

2nd GDL thickness/m 1.5×10 4 

3rd GDL thickness/m 1.0×10 4 

 

total GDL thickness/m 3.5×10 4 3.5×10-4 

porosity of 1st GDL 0.7 

porosity of 2nd GDL 0.5 

porosity of 3rd GDL 0.4 

 

porosity of GDL  0.3 

tortuosity of the GDL 1.5 1.5 

faraday/C·mol 1 96487 96487 

universal gas constant/kJ·kmol 1·K 1 8.314 8.314 

diffusion coefficient of O2/m·s 2 2.9×10 5 2.9×10 5 

diffusion coefficient of H2O/m·s 2 3.1487×10 5 3.1487×10 5 

molecular mass of O2/kg·kmol 1 32 32 

molecular mass of H2O/kg·kmol 1 18 18 

molecular mass of N2/kg·kmol 1 28 28 

Table 2 Dimensions, properties and parameters for
the 2-D model 

 Yan [17] Present 
study (2-D)

temperature/K 333 333 

inlet oxygen mass fraction 0.17 0.17 

gas channel length/m 4.12×10 2 4.12×10 2

gas channel height/m 1.0×10 3 1.0×10 3 

GDL thickness/m 3.0×10 4 3.0×10 4 

porosity of GDL 0.3 0.3 

tortuosity of the GDL 1.5 1.5 

faraday/C·mol 1 96487 96487 

universal gas constant/kJ·kmol 1·K 1 8.314 8.314 

diffusion coefficient of O2/m·s 2 2.9×10 5 2.9×10 5 

diffusion coefficient of H2O/m·s 2 3.1487×10 5 3.1487×10 5

molecular mass of O2/kg·kmol 1 32 32 

molecular mass of H2O/kg·kmol 1 18 18 

molecular mass of N2/kg·kmol 1 28 28 

exchange current density/A·m 2 100 100 

reference oxygen concentration/mol·m 3 34.5 34.5 

viscosity/kg·s 1·m 1 2.09×10 5 2.09×10 5

permeability of GDL/m2 1.76×10 11 1.76×10 11
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Therefore, the oxygen concentration directly affects 
the cell performance. The present interpretation pre-
dicts the delivery of a lower oxygen concentration 
through the less porous (0.3) gas diffusion layer. 

Figure 4 plots the mass fraction distribution of 
water vapor across the fuel cell. The water vapor frac-
tion increases linearly with distance along the gas 
channel and the gas diffusion layer because oxygen is 
delivered from the channel through the diffusion layer 
to the reactive sites where it reacts and generates water. 
As established above, the concentration of water vapor 
is maximal at the catalyst layer.  

3.2  Two-dimensional model 

A novel tapered gas channel is designed to study 

the effects of mass transport on cell performance using 
the two-dimensional model. The gas channel with the 
tapered cross section is at the outlet in the side of the 
cathode. The oxygen is forced to enter the gas diffu-
sion layer to reach the catalyst layer such that the 
electrochemical reaction can be preceded to accelerate 
the oxygen to the exhaust where water accumulates. 
The tapering ratio is defined as the tapered cross sec-
tion at the gas channel outlet divided by the cross sec-
tion at the inlet without tapering. The inlet velocity is 
specified as a function of the average current density, 
iavg, the area of the reaction surface Acat, the cross- 
section area Ach of the channel, and the stoichiometric 
flow rate . The stoichiometric flow rate  is set to 
provide sufficient oxygen to the chemical reaction at 
the catalyst layer. The specified inlet velocity is de-
termined using: 

2

avg cat
in

ch O ,in in

1
4
i A RT

F A y p
u          (26) 

Figures 5 (a) (d) present schematic two-     
dimensional configurations with four tapering ratios 
(100%, 75%, 50% and 25%). In the study of reactant 
gas transport in PEMFC, an understanding of the de-
tails of the distribution of the oxygen at the interface 
between the gas channel and gas diffusion layer is 
important to the design of a PEMFC. Figs. 6 (a) (d) 
plot the oxygen distribution along the channel as a 
function of the tapering ratio for a fixed cathode 
over-potential of 0.3 V. The results indicate that 
the oxygen concentration in the inlet channel de-
creases gradually along the axis. The oxygen concen-
tration in the diffusion layer varies significantly be-
cause the electrochemical reaction through the gas 
diffusion layer reduces the oxygen concentration. The 
rate of decrease in the oxygen concentration near the 
gas channel inlet is higher than that at the outlet. The 
results emphasize the importance of a more active 
electrochemical reaction at the inlet, which is associ-
ated with a higher oxygen concentration. 

Figure 7 plots the distribution of oxygen mass 
fraction at the interface between the gas channel and 
the gas diffusion layer of the tapered channels. The 
oxygen mass fraction on the cathode side decreases 

Table 3  Dimensions, properties and parameters for 
 the 3-D model 

Hwang [13] Present study (3-D)

temperature/K 333 333 

inlet oxygen mass fraction 0.17 0.17 

gas channel length/m 4.12×10 2 4.12×10 2 

gas channel height/m 1.0×10 3 1.0×10 3

gas channel width/m 1.0×10 3 1.0×10 3

GDL thickness/m 3.0×10 4 3.0×10 4

porosity of GDL 0.3 0.3 

tortuosity of the GDL 1.5 1.5 

faraday/C·mol 1 96487 96487 
universal gas constant/ 

kJ·kmol 1·K 1 
8.314 8.314 

diffusion coefficient of O2/m·s 2 2.9×10 5 2.9×10 5 

diffusion coefficient of H2O/m·s 2 3.1487×10 5 3.1487×10 5 

molecular mass of O2/kg·kmol 1 32 32 

molecular mass of H2O/kg·kmol 1 18 18 

molecular mass of N2/kg·kmol 1 28 28 

exchange current density/A·m 2 100 100 
reference oxygen concentration/ 

mol·m 3 34.5 34.5 

viscosity/kg·s 1·m 1 2.09×10 5 2.09×10 5

permeability of GDL/m2 1.76×10 11 1.76×10 11

Figure 3  Schematic configuration of 1-D model 
 

Figure 4  Water vapor distribution across the cell 
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along the x axis due to the reduction reaction of oxy-
gen. The results indicate that the highest oxygen mass 
fraction is found when the tapering ratio is 25%. In 
fact, a less tapered gas channel is associated with a 
higher flow velocity. Accordingly, the rate of con-
sumption at the tapering ratio of 25% is the lowest, 
because the flow velocity in the channel is too low to 
allow the reaction. Furthermore, the largest pressure 
drop is found for a tapering ratio of 25% (Fig. 8). The 
pressure drop on the cathode side is a key operating 
parameter to determine the cell efficiency, confirming 
that more oxygen can be forced into the gas diffusion 
layer farther downstream in the channel. 

Water management also importantly affects the 
performance of PEMFC. To study the effect of the 

tapered gas channel on the water content distribution, 
Figs. 9 (a) (d) present the water distribution along the 
gas channel for different tapering ratios. The water 
content is the highest in the diffusion layer when the 
cell is operated with dry gas at the cathode and oxygen 
is consumed to produce water in the catalyst layer via 
an electrochemical reaction. This process is plausible 
since water is expected to accumulate downstream 
near the outlet gas channel as the oxygen is gradually 
exhausted. Fig. 10 plots the water distribution at the 
interface between the gas channel and the gas diffusion 
layer along the gas channel for four tapering ratios. 
The lowest water concentration at the outlet of the gas 
channel is found when the tapering ratio is 25%. As 
mentioned above, the lowest oxygen consumption in 

                  
(a) 100%                                         (b) 75% 

                  
(c) 50%                                         (d) 25% 

Figure 5  Schematic configuration of the 2-D model with different tapering ratios 

          
(a) Tapered ratio of 100%                               (b) Tapered ratio of 75% 

          
(c) Tapered ratio of 50%                               (b) Tapered ratio of 25% 

Figure 6  Oxygen distribution along the gas channel with different tapering ratios 
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this tapered channel results in the least water to be 
produced and accumulated. Additionally, a high flow 
velocity leads to a rapid exhaustion of water. For the 

above reasons, less water is accumulated as the taper-
ing ratio of the gas channel decreases, implying that 
the use of the tapered flow field effectively eliminates 
water accumulation. 

Figure 11 plots the numerically predicted polari-
zation curves used in the two-dimensional models 
with various tapered channels. The predicted cell per-
formance does not take into account the liquid water. 
At low current density, the four tapered channels per-
form similarly, because sufficient oxygen is available 
for the reaction to proceed at the initial over-potential. 
This fact explains why the limiting current density 
increases as the tapering ratio of the channel decreases. 
The channel tapering ratio of 25% provides the best 
performance. Although this channel has the highest 
oxygen mass fraction, it is also associated with a 
much larger pressure drop to force non-required oxy-
gen into the catalyst layer, enhancing the electro-
chemical reaction. Additionally, a less tapered channel 
is associated with less water accumulation in the flow 
field, reflecting the fact that a tapered gas channel 

Figure 7  Oxygen distributions along the gas channel with 
four different tapering ratios 
—— 100%;  75%;  50%;  25%

Figure 8  Pressure distributions along the gas channel with 
four different tapering ratios 
—— 100%;  75%;  50%;  25%

          
(a) Tapered ratio of 100%                               (b) Tapered ratio of 75% 

          
(c) Tapered ratio of 50%                               (d) Tapered ratio of 25% 

Figure 9  Water distribution along the gas channel with tapering ratios 

Figure 10  Comparison of water distribution along the gas
channel with four different tapering ratios 
—— 100%;  75%;  50%;  25%
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configuration provides sufficient oxygen to the down-
stream region of the channel and forces it to the cata-
lyst layer. Fig. 12 plots the comparison of the cell po-
larization curves obtained using one-dimensional and 
two-dimensional models at the same open cell voltage 
(1.1 V). The activation polarization loss is not as ob-
vious in these two polarization curves as experimental 
ones. Such a loss can be obtained using the Tafel 
equation, which explains that the voltage loss is gov-
erned by the sluggish kinetics of the oxygen reduction 

reaction at low current density. However, the activa-
tion over-potential in this study considers only the 
oxygen reduction reaction in the cathode side of the 
simulation, and the over-potential is the input parameter 
fixed in the calculation of each current density in this 
simulation. In the flow field, the flow is steady-state, 
incompressible, laminar and isothermal. All gases are 
ideal gases and the water exists in the cathode side as 
vapor water. Additionally, sufficient oxygen sustains 
the electrochemical reaction at the initial over-potential. 
Under the above conditions, the average current den-
sity is calculated using Eq. (25) and is very favorable. 
Therefore, the activation losses associated with these 
two polarization curves are smoothed out. 

In the one-dimensional model, the inlet oxygen 
concentration is held constant (0.17) at the wall of the 
gas channel, and the mass transport depends only on 
the diffusion. However, in the two-dimensional model, 
the distribution of the concentration of oxygen 
changes at the wall of the gas channel in a manner that 
depends on the convection effect. Therefore, the oxy-
gen concentration is no longer constant and decreases 
along the wall of the gas channel. This fact indicates 
that the one-dimensional model predicts a larger oxy-
gen concentration at the catalyst layer than the 
two-dimensional model. 

3.3  Three-dimensional model 

Figures 13 (a) (d) plot the non-uniform oxygen 
concentration distributions at the cathode side along 
the four tapered gas channels at various axial points 
with a fixed cathode over-potential of 0.3 V. It is 
found that the oxygen concentration is minimal at the 
channel outlet, while it is higher and more uniform at 
the inlet channel. For this reason, the oxygen concentra-
tion is lower further downstream in the gas channel and 
the gas diffusion layer than upstream, because the chan-
nel configuration cannot provide a sufficient concen-
tration of the reactant downstream when the cell reac-
tion proceeds at a low over-potential. Figs. 14 and 15 

Figure 11  Cell polarization curves in 2-D model with four
different tapering ratios 
—— 100%;  75%;  50%;  25%

           
(a) Tapered ratio of 100%                          (b) Tapered ratio of 75% 

          

(c) Tapered ratio of 50%                         (b) Tapered ratio of 25% 
Figure 13  Oxygen distribution along the gas channel with tapering ratios 

Figure 12  Cell polarization curves in 1-D and 2-D models
—— 1-D model;  2-D model 
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plot the distributions of the oxygen concentration and 
pressure drop at the interface between the four tapered 
gas channels and the gas diffusion layer. The oxygen 
concentration in the inlet gas channel decreases 
slightly along the axis (x), because the electrochemical 
reaction occurs near the inlet, where the oxygen con-
centration is the highest. The major pressure drop ap-
pears at the interface between the gas channel and the 
gas diffusion layer. Reducing the channel depth in-
creases the pressure drop, causing more reactants to 
arrive at the gas diffusion layer, and thus improving 
the cell performance. 

Figures 16 (a) (d) plot the water distribution 
along the four tapered gas channels at various axial 
points. At fixed over-potential, the water content in-
creases from inlet to outlet. The results show that re-
ducing the oxygen concentration increases the accu-
mulation of water downstream. Fig. 17 plots the water 
distribution at the interface between the four gas chan-
nels and the gas diffusion layer. The results show that 
the concentration of water is the maximal at the cata-
lyst layer adjacent to the outlet gas channel, and that the 
water diffuses backward from the gas diffusion layer 
to the gas channel, because the consumption of oxy-
gen produces water by an electrochemical reaction, 
and the oxygen concentration is the lowest near the 

outlet along the gas channel. Therefore, water accu-
mulates in the outlet gas channel. The concentration of 
water at the outlet of the gas channel is the lowest when 
the tapering ratio is 25%. These results are similar to 
those obtained using the two-dimensional model.  

Figure 18 plots the polarization curves obtained 
numerically using the three-dimensional model for the 

Figure 14  Oxygen distributions at the gas diffusion layer 
along the gas channel in 3-D model with four different ta-
pering ratios 
—— 100%;  75%;  50%;  25%

Figure 15  Pressure distributions at the gas diffusion layer 
along the gas channel in 3-D model with four different ta-
pering ratios 
—— 100%;  75%;  50%;  25%

         
(a) Tapered ratio of 100%                         (b) Tapered ratio of 75% 

          
(c) Tapered ratio of 50%                         (d) Tapered ratio of 25% 

Figure 16  Water distribution along the gas channel with tapering ratios 

Figure 17  Water distributions at the gas diffusion layer in 
3-D model along the gas channel with four different taper-
ing ratios 
—— 100%;  75%;  50%;  25%
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variously tapered channels. The model predicts that 
the limiting current density is the highest when the 
tapering ratio is 25%. The least tapered gas channel 
forces the oxygen into the gas diffusion layer most 
effectively, and optimizes the cell performance. The 
sufficient mass transport of reactants to the catalyst 
layer causes the least tapered gas channel to be asso-
ciated with a higher current density. The effect of the 
relative humidity of the cathode is not as serious be-
cause the forced convection mechanism of the least 
tapered channel exhausts accumulated water. Fig. 19 
plots the cell polarization curves obtained by the 
two-dimensional and three-dimensional models. The 
former is better than the latter because the current den-
sity obtained using the three-dimensional model treats 
the reaction interface as a plane, while the two-dimen-
sional model treats it as a line. 

Figure 19  Cell polarization curves in 2-D and 3-D models 
—— 3-D;  2-D

3.4  Comparison with experiment 

This study investigated the reactant gas transport 
and cell performance of a PEMFC with a flow field in 
a tapered channel. The results of the numerical simu-
lation are validated by comparison with experimental 
data. Fig. 20 displays the experimentally measured per-
formance of PEMFC with designed gas channel taper-
ing ratios of 100% and 25% at the cell temperature of 
333 K. The exit pressures of the anode and cathode 
sides are 101 kPa. The flow field in the numerical 
model is a single straight gas flow channel, whereas 
the experiment uses parallel flow channels with an 

active area of 25 cm2. The effect of water flooding is 
neglected in the simulation of the cathode side. These 
two reasons explain why the numerical data are better 
than the experimental ones. However, the experimen-
tal results help to elucidate the phenomenon associ-
ated with the two tapered gas channels at various cell 
voltages. The tapered gas channel with the smaller 
tapering ratio clearly provides better performance. In 
general, for a parallel flow field, oxygen is transferred 
laterally into the backing layer via diffusion, revealing 
that reducing the tapering of the flow channels sig-
nificantly promotes fuel transport. The novel parallel 
flow field provides a high oxygen transfer rate to the 
gas diffusion layer because of the forced convection, 
which increases the oxygen transport rate and ensures 
that enough oxygen is provided for the catalyst layer 
to maintain the electrochemical reaction. This phe-
nomenon follows from the limitation on the mass 
transfer of oxygen. The forced convection can also 
efficiently remove the excess liquid water produced 
by the electrochemical reaction. Hence, this mecha-
nism improves water management and enhances the 
cell performance. 

4  CONCLUSIONS 

The chief contribution of this work is to develop 
a tapered channel with a novel design for flow fields 
in proton exchange membrane fuel cells. Computa-
tional multi-dimensional models are presented. The 
tapered gas channels are exploited to enhance convec-
tion and thus to improve mass transport between the 
gas channel and the gas diffusion layer. The results 
obtained using the models are summarized to explain 
the distributions of oxygen, water, and pressure drop 
across the fuel cell. Furthermore, the polarization 
curves of differently tapered gas channels are compared. 

The one-dimensional model assumes that the 
oxygen concentration is constant. This study predicts 
that a lower oxygen concentration passes through a 

Figure 18  Cell polarization curves in 3-D model with four
different tapering ratios 
—— 100%;  75%;  50%;  25%
 

Figure 20  Cell polarization curves in two tapering ratios 
(exp.) 
ratio: 100%; 25%
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less porous gas diffusion layer and the amount of wa-
ter vapor increases linearly with the progress of the 
reduction reaction to produce water in the adjacent gas 
channel and gas diffusion layer. The catalyst layer has 
the highest concentration of water vapor. 

The two-dimensional and three-dimensional mod-
els are used to elucidate the effects of oxygen mass 
fraction, and the water and pressure drop distributions 
at the interface between the gas channels with four 
tapering ratios (100%, 75%, 50% and 25%) and the 
gas diffusion layer. The least tapered gas channel forces 
the most reactant gas into the gas diffusion layer and 
the catalyst layer because of the largest pressure drop, 
leading to the highest limiting current density and the 
best cell performance.   

Finally, the experimental data obtained at various 
voltages demonstrate that a tapered flow channel im-
proves the performance. According to experimental 
results, the optimal tapering ratio is 25%. 
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NOMENCLATURE 

Acat surface area of chemical reaction, m2 
Ach cross section area of channel, m2 

2

ref
OC  reference oxygen concentration, mol·m 3 

Di,j diffusion coefficient, m2·s 1 
F faraday constant ( 96487 C·mol 1) 
iavg average current density, A·m 2 
jc current density, A·m 2 

ref
0j  reference exchange current density, A·m 3 

kp permeability of GDL, m2 
M molecular mass, kg·mol 1 
p pressure, Pa 
T temperature, K 
u velocity of x direction, m·s 1 
v velocity of y direction, m·s 1 
w velocity of z direction, m·s 1 

2H Oy  water mass fraction 

2Ny  nitrogen mass fraction  

2Oy  oxygen mass fraction 
 porosity 
 over-potential, V 
 viscosity, m2·s 1 
 air density, kg·cm 3 
 tortuosity 

Superscripts
ref reference 
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