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ABSTRACT 
 The nonuniform reaction inside the fuel cell 

seriously affects the performance and durability of the 
fuel cell. Segmented cell is a method of measuring the 
internal electrochemical reaction. A segment method 
which is easy to process is to groove on the terminal of 
the electrode plate. In order to study the influence of the 
grooving method on the segmented fuel cell, three-
dimension, five serpent channels, single-phase fuel cell 
models with and without grooves on the anode plate are 
established in this paper. Under steady state, the 
polarization curve of the cell and the current density 
distribution of the anode terminal are compared. Under 
dynamic state, how the current density of the nine 
segments of the segmented cell changes with the 
cathode stoichiometric ratio is studied. The final 
conclusion has important guiding significance for the 
judgment of the internal reaction uniformity of the 
segmented fuel cell by grooving method and provide a 
theoretical basis for judging whether a fuel cell is out of 
oxygen by segmented fuel cell.   
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1. INTRODUCTION 
The improvement of the performance and durability 

of Proton Exchange Membrane Fuel Cell (PEMFC) is an 
important issue in fuel cell research[1]. Affected by 
operating parameters, geometric parameters and 
material properties, the electrochemical reaction in the 
active area of the membrane electrode inside the fuel 
cell is not uniform, which will affect the performance and 
durability of the fuel cell. In order to understand the 
distribution of the internal parameters of the fuel cell, 
the researchers developed segmented fuel cell[2]. 

The most commonly used segmented fuel cell 
designs can be divided into three categories: printed 
circuit boards (PCB), resistor networks and Hall effect 
sensor networks. Among them, PCB is the most widely 

used because it is highly integrated, simple in structure, 
easy to process, install and debug. The main idea of PCB 
technology is to measure the internal parameters of the 
fuel cell by adding a printed circuit board with integrated 
test components to the fuel cell[2]. Through the analysis 
of the data collected in each segment, the distribution of 
current density and other parameters inside the fuel cell 
can be obtained, which can effectively reflect the 
internal situation of the fuel cell. The use of PCB 
technology for measurement in a segmented fuel cell 
was first proposed by S.J.C.Cleghorn[3], who used PCB as 
current collector plate and flow field, gold-plated the 
copper-clad area of the PCB and then processed the 
serpentine flow field into this board. This design 
structure is relatively compact and has been adopted by 
other teams so far[4-7]. However, the design and 
processing of this kind of PCB is complicated. Ibrahim 
Alaefour[8, 9] used a segmented bipolar plate and 
printed circuit board to form a segmented fuel cell, in 
which he grooved on the back of the bipolar plate to get 
sixteen isolated segments. Jiao[10] used the same 
method to measure the current density distribution 
during cold start. Among these studies, they mainly use 
segmented cells to measure the internal electrochemical 
reaction parameters of fuel cells, but there are few 
studies on the effect of segmented methods on fuel cells.     

This paper mainly uses FLUENT to establish PEMFC 
three-dimensional, five serpent channels, single-phase 
models with and without grooves on the terminal of 
anode plate. Under steady conditions, by comparing 
their polarization curves and the difference in the 
current distribution of the anode terminal, the influence 
of the grooving method on the fuel cell performance is 
analyzed. Under dynamic conditions, by adjusting the 
cathode stoichiometric ratio, the fuel cell is gradually 
transformed from a severely air-deficient state to a state 
that air is excessive, and the response of the current 
density of each segment to the air supply is studied. 
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Studying the current distribution of the segmented cell’s 
anode terminal and the dynamic response of different 
segments to the supply of air has important guiding 
significance for the determination of the internal 
reaction uniformity of the fuel cell and provide a 
theoretical basis for judging whether a fuel cell is out of 
oxygen by segmented fuel cell. 

2. MODEL DEVELOPMENT  

2.1 Model assumptions 

In order to simplify the model, the following 
assumptions are set for the simulation[11, 12]: 
(1) The fuel cell temperature is constant 
(2) The reaction gas is ideal and incompressible 
(3) The water inside the fuel cell only exists in gaseous 
state, and the influence of liquid water is not considered 
(4) The gas diffusion layer, catalyst layer and membrane 
are homogeneous and isotropic porous media 
(5) The state of the gas in the flow channel is laminar flow 

2.2 Governing equations of fuel cell 

The complex reactions inside the fuel cell involve 
basic fluid dynamics equations, electrochemical reaction 
equations, gas diffusion equations, and water transfer 
equations, etc. 
(1) Conservation equations of mass, momentum, energy 
and composition 
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(2) Current conservation equation 
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(3) Electrochemical reaction model 

2

2,

,

a

a c
a c

ref

F F
H RT RT

a a ref

H

C
S j e e

C


 

 −   
 = − 
    

 (7) 

2

2,

,

c

a c
c a

ref

F F
O RT RT

c c ref

O

C
S j e e

C


 

 −   
 = − 
    

 (8) 

 

(4) Open circuit voltage control equation 

2 2

2

0.5

0 ln
2 2

H O

H O

P PG RT
E

F F P

 −
= +  

 
 

 (9) 

 (5) Consumption and production of substances in 
electrochemical reactions 
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2.3 Geometry and mesh 

This paper uses gambit to establish a single fuel cell 
three-dimension model with five serpentine flow 
channels, which mainly includes the following nine parts: 
cathode and anode plates, flow channels, catalyst layers, 
gas diffusion layers and proton exchange membranes, as 
shown in the figure1. According to the literature[12], the 
flow field parameters and grid independence are 
studied, and the specific geometric parameters are 
finally determined, which is shown in table1. 

2.4 Material settings 

In this paper, FLUENT is used to simulate the fuel cell 
model in first-order discrete format. The model 
parameters used are all based on the real properties of 
the material and are set in combination with 
literature[12, 13]. The specific parameter of the model is 
shown in Table 2. 
  

 
Fig 1 Geometry and mesh of model 

Table 1. Geometric model dimensions of fuel cell. 
Channel width Channel height Ridge width Area of MEA 
1.2mm 0.8 mm 0.8 mm 52mm×31.2mm 

GDL height Catalyst height PEM height Plate height 
0.2mm 0.012mm 0.036mm 2mm 
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2.5 Model validation 
In order to verify the accuracy of the model, this 

paper selects the experimental data in the literature[12] 
with the same flow field form and size for comparison, 
and uses the experimental conditions to set the 
boundary conditions of simulation, as shown in Table 3. 

 
The polarization curves obtained by the simulation 

and the experimental value are shown in the figure2(a). 
It can be seen that when the current density is less than 
0.8 A/cm2, the simulation model is consistent with the 
experimental results, but when the current density is 
greater than 0.8 A/cm2, the simulation model and the 
experimental results are quite different. This is because 
this article assumes that water exists only in gaseous 
form, and does not consider the harsh conditions of 
flooding under high current density. Since this paper 
mainly studies the distribution of the current density of 
the segmented fuel cell and the dynamic response of 
each segment to cathode stoichiometric ratio, the 
generation of liquid water is not considered, so the 
model is considered to be reliable. 

 

3. RESULTS AND DISCUSSION  
In order to study the influence of grooving on the 

anode plate on the fuel cell performance, on the basis of 
the existing model, the anode terminal was grooved with 
1mm depth, 2mm wide in the direction parallel to the 
flow channel and 1.5mm wide in the direction 
perpendicular to the flow channel, and finally nine 
independent segments are obtained. These segments 
are numbered as shown in the figure3. 

3.1 Steady conditions 

3.1.1 Polarization curve 

The polarization curve is the most important 
indicator for evaluating the performance of a fuel cell. 
The comparison of polarization curves between 
segmented cell and unsegmented cell is shown in the 
figure2(b). It can be seen from the figure that after being 
grooved, the performance of the cell drops slightly. 
Under the same current density, the voltage of the 
segmented cell is about 0.01V lower than that of the 
unsegmented cell. This is because the grooves break the 
structure of the fuel cell. However, this effect is relatively 
small, and it can be considered that the method of 
grooving on the anode plate to segment the fuel cell will 
not significantly damage the overall performance of the 
fuel cell. 
3.1.2 Current density distribution 

The current density of 0.7A/cm2 is selected to study 
the current distribution of the segmented and 
unsegmented fuel cells. Under sufficient supply of 
reactants, the anode terminal current density of the 

Table 2. Parameters of the model 

Plate 
Density Specific heat capacity Thermal conductivity Conductivity 
2719 kg·m-3 871 J·kg-1·K-1 100 W·m-1·K-1 500 Ω-1·m-1 

Gas diffusion layer 
Density Porosity Conductivity Viscous resistance 
2719 kg·m-3 0.5 80 Ω-1·m-1 3.33×1012 m-2 

Catalyst layer 
Porosity Viscous resistance Surface-volume ratio  
0.3 3.33×1012 m-2 200000 m-1  

Electrode 
H2 diffusion coefficient O2 diffusion coefficient H2O diffusion coefficient Open circuit voltage 
9.15×10-5 m2·s-1 2.2×10-5 m2·s-1 2.56×10-5 m2·s-1 0.98 V 

Proton exchange membrane 
Thermal conductivity Proton conductivity   
2 W·m-1·K-1 1   

 

Table 3. Boundary conditions 
Pressure Temperature Anode humidity 
1.5 atm 343K 100% 

Cathode humidity Anode stoichiometry Cathode stoichiometry 
100% 1.5 2.5 

 

 
Fig 2 (a)Polarization curve of simulation and experimentation 
(b) Polarization curve of segmented and unsegmented cell 

 
Fig 3 Segmented fuel cell and number of segment. 
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unsegmented cell is 0.7A/cm2, and that of the segmented 
cell is 0.839A/cm2. This is because in the fluent setting, 
the anode is grounded, and a current density of 0.7A/cm2 
is applied to the cathode in the form of constant current. 
When the current is transmitted, due to the influence of 
the grooves, the current density at the anode terminal 
will increase. The specific current density distribution is 
shown in Figure4. Clearly, the anode terminal current 
density of unsegmented cell is consistent with the flow 
channel profile and is relatively uniform and that of the 
segmented cell is not uniform. Because the area of 
current transfer becomes smaller, there is a local 
increase in current density near the groove areas. This 
phenomenon is defined as “current concentration” in 
this paper and it can be seen in the figure4(b) that the 
“current concentration” phenomenon occurs near the 
grooving area, especially at the junction of two grooves.  

According to the current density of the nine 
segments, they can be divided into three types, as shown 
in the table4. In the first type, there are two “current 
concentration” phenomena, and s33 is at the air inlet 
zone, so its current density is the largest. Similarly, s11 
and s13 are downstream of the air flow channel, so the 
current density is smaller, but the overall difference 
between the four segments of this type is not big. The 
second type of segment has three “current 
concentration” phenomena, the overall current density 
is larger than the first type. Similarly, the overall situation 
of the four segments is the same, and the current density 
of s12 which is in the downstream is slightly smaller. The 
third type of segment has four “current concentration” 
phenomena, so although it is not upstream of air flow 
channel, its current density is the largest. 

This means that although grooving on the anode 
terminal has a small impact on the overall performance 
(polarization curve) of the fuel cell, it has a greater 
impact on the anode terminal current density 
distribution. Due to the existence of “current 
concentration” phenomena, there is a certain deviation 
between the current density distribution on the 
segmented fuel cell’s anode terminal and the uniformity 
of the internal electrochemical reaction, especially in the 

middle segment (s22), which is most affected by “current 
concentration” phenomena. 

3.2 Dynamic conditions 

Although the measured current density of the 
segmented cell anode terminal is larger than the actual 
current density, the purpose of grooving is not to 
measure the terminal current density when the cell 
operates normally, but to reflect the nonuniformity of 
the internal electrochemical reaction through the 
current density of each segment when some bad 
circumstances happen. There are many reasons for the 
nonuniform internal reaction of the electrochemical 
reaction and the most common situation is starvation of 
reactant. Due to the fact that oxygen diffusion coefficient 
is small, and air is supplied instead of pure oxygen, the 
nonuniform electrochemical reaction inside the fuel cell 
caused by the starvation of oxygen on the cathode side 
is the most common. 

This section simulates the cathode starvation 
situation, making the segmented fuel cell from a serious 
shortage of oxygen to a state that oxygen is excessive to 
research the dynamic response of each segment to the 
air supply. The specific operation is as follows: under the 
condition of the anode terminal grounded and the 
cathode terminal 0.6v constant voltage, write the 
UDF(User Defined Function) to set the cathode 
stoichiometric ratio as a function of time, the change of 
the cathode stoichiometric ratio and the response of 
segmented cell current density are shown in the 
figure5(a). As the cathode stoichiometric ratio steps up, 
the current density of the anode and cathode terminal 
also increases like waves, but due to the grooves on the 
anode plate and the “current concentration” 
phenomena, the increase magnitude of the anode 
terminal is larger. After 80s, the change rate of the anode 
and cathode terminal current density is less than 1%, 
which is close to stability. That means when the cathode 
stoichiometric ratio exceeds 1.6, increasing the air supply 
has almost no effect on the improvement of fuel cell 
performance. 

 
Fig 4 Current density distribution of anode terminal. 

 
Fig 5(a)Current density of terminals&Air stoichiometry VS time 
(b)Current density of segments VS time 
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Figure5(b) shows how the current density of the nine 
segments of the anode terminal changes with the 
increase of cathode stoichiometric ratio and figure6 
shows the changes of current density distribution 
contours. Combine these two figures, it is clearly that 
with the gradual increase in the supply of air, the area 
where the electrochemical reaction occurs spreads along 
the direction of the air flow channel, and the current 
density of each segment increases with the trend similar 
to the current density change of the cathode and anode 
terminal in Figure5(a). Within 10-20s, due to the increase 
in air supply, the current density of the s31 and s21 
segments, which are the first part to relieve oxygen 
starvation, has the largest increase. Similarly, with the 
increase step of the cathode stoichiometric ratio, the 
largest increase of the current density of each segment 
occurs when the channel corresponding to this segment 
relieves starvation for the first time. Due to the existence 
of “current concentration” phenomena, the current 
density of each segment does not decrease along the 
direction of the flow field, but like the steady-state 
situation, according to different types of segments, they 
are distributed in three current density intervals and s22 
represented by the red line in figure5(b) is the largest. 
However, in practical applications, what we are most 
concerned about is s11 represented by the blue dashed 
line in figure5(b), because the starvation of oxygen 
usually occurs in the outlet area. The maximum increase 
time of s11 is 40s-50s, which corresponds to the situation 
that the cathode stoichiometric ratio changes from 0.8 
to 1.0, but at this time, the current density of s11 is still 
significantly lower than other segments, which means 
cathode starvation at the outlet area. With the increase 
of cathode stoichiometric ratio, after 70s (when the 
cathode stoichiometric ratio is greater than 1.4), the 

current density of s11 is almost the same as other three 
first-type segments, which means the internal 
electrochemical reaction of the fuel cell is almost 
uniform at this time. Therefore, it can be concluded that 
by comparing the current density of s11 and s13, which 
is also the first type of segment, it can be judged whether 
the fuel cell starts to experience oxygen starvation. 

4. CONCLUSIONS  
In this paper, three dimension, five-channel 

serpentine channels, single-phase PEMFC models with 
and without grooves on the anode plate are established 
to study the influence of grooving method on fuel cell 
performance.  

In the steady-state model, the polarization curve and 
the current density contour of the anode terminal are 
compared and it is found that the grooves on the anode 
terminal has small impact on the overall performance of 
the fuel cell, but has greater impact on the current 
density distribution. The “current concentration” 
phenomenon is defined and according to it, and the nine 
segments are divided into three categories.  

In the dynamic model, the trend of each segment 
changing with the cathode stoichiometry is studied, and 
the segment at the outlet of the air flow channel is 
analyzed. It is found that although the grooving method 
will affect the current density distribution of the anode 
terminal, the current density distribution difference 
between the segments can still accurately reflect the 
uniformity of the internal electrochemical reaction. The 
current density of the segment at the outlet can be 
compared with the same type of segment to determine 
whether the cathode is insufficient in oxygen supply. 

 
Fig 6 The changes of current density distribution with cathode stoichiometric. 
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