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Abstract 

During the operation of polymer electrolyte membrane fuel cells excess heat is 

generated as a result of electrochemical reactions. This heat raises the temperature of 

the polymer electrolyte membrane fuel cells, which can damage the membrane. 

Homogeneity of the temperature through the fuel cell is important in terms of 

stability and performance. Thermal management is therefore essential and is 

provided by the cooling channels formed on the bipolar plates or cooling plates. In 

this paper, a three-dimensional computational analysis of the cooling plate with 

divergent and convergent flow field designs is carried out. In this context, heat 

transfer and fluid flow performances of these two different flow fields are considered 

in terms of temperature uniformity, maximum temperature and pressure drop. 

Numerical results demonstrated that the more uniform temperature distribution along 

the fuel cell could be achieved with divergent flow field design. Furthermore, when 

a divergent design is used, the maximum surface temperature of the cooling plate and 

the pressure drop between the inlet and outlet of the channel are reduced. 
 

 
1. Introduction 

 

Due to the depletion of fossil fuels caused by its over 

consumption and increased dependence on energy, 

studies have been focused on new energy sources. In 

addition, the use of conventional fossil fuels as energy 

sources causes environmental pollution and climate 

changes. For those reasons, attentions on new energy 

sources have been increased. Hydrogen is seen as one 

of most popular environmentally friendly energy 

sources, especially when used in fuel cell 

applications. Among the fuel cell types, the PEM fuel 

cells have superior advantages such as higher power 

density, lower operating temperature, silent operation 

and rapid start up [1], [2]. Thus, these fuel cells can 

be preferred in many fields such as automobile 

industries, military applications and stationary power 

systems [3].  

The schematic of a PEM fuel cell components 

and its cooling channel are shown in Figure 1. The 

hydrogen and air/oxygen enter the cell from anode 
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and cathode sides, respectively. While the hydrogen 

oxidation reactions take place in anode side, Equation 

(1), oxygen reduction reactions take place in the 

cathode side, Equation (2). Only water and heat are 

produced as by product during these electrochemical 

reactions, Equation (3). 

 

 

Figure 1. PEM fuel cell components and cooling 

channel [4]. 
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Anode reaction: 𝐻2 → 2𝐻+ + 2𝑒−                      (1) 

                                                                                                             

Cathode reaction: 
1

2
𝑂2 + 2𝐻+ + 2𝑒− → 𝐻2𝑂     (2)                                                                                             

 

Total reaction: 𝐻2 +
1

2
𝑂2 → 𝐻2𝑂                        (3)                                                      

 

In addition to water, heat is also generated as 

a result of electrochemical reactions. This excess heat 

causes the cell temperature to rise excessively over 

time and damages the membrane. Therefore, it needs 

to be removed from the cell by a proper cooling 

method. Usually, the cooling plates are made of either 

graphite or metallic materials. The most commonly 

used metallic materials are stainless steel, aluminum, 

titanium and its alloys [5]–[8]. The flow channels are 

machined when graphite is used as cooling plate. 

However, in addition to machining, stamping, 

hydroforming or roll forming methods are also 

utilized in the case of metallic plates [9]–[12]. The 

cooling fluids are circulated through the flow fields 

formed on cooling plates. There are many types of 

flow field designs considered in the literature [2], 

[13]–[15]. The most practical designs are serpentine, 

parallel and parallel-serpentine [16]. Using different 

flow field designs has some advantages and 

disadvantages. For example, some of them are 

superior in terms of heat removal performance, 

however, they may lead to higher pressure drops, 

resulting in higher pumping power [17], [18]. Thus, 

both the thermal and hydraulic performances of the 

cooling plates should be evaluated together. 

Many flow channel types, including both 

conventional parallel, serpentine, parallel-serpentine 

and some other special designs, have been studied by 

researchers in the literature [19]–[23]. The effects of 

different flow field designs on thermal performance 

for a graphite cooling plate with an area of 18×18 cm2 

were computationally investigated by Baek et al. [17]. 

In this context, two conventional serpentine designs 

(Model A and Model B), two multi pass serpentine 

designs (Model C and Model D), one parallel design 

(Model E) and one spiral design (Model F) were 

considered. According to their results, the Model C 

and Model D showed better thermal performance than 

the Model A and Model B. The Model E exhibited the 

smallest pressure drop, while the worst temperature 

distribution was obtained with this design. 

Ravishankar et al. [24] performed a detailed 

numerical analysis on flow field types for one 

conventional serpentine and one conventional spiral 

design and four novel designs, including distributed 

serpentine, divided serpentine, distributed spiral and 

divided spiral. The cooling plate was made of 

aluminum. The highest and lowest pressure drop 

values were obtained with divided spiral (many turn 

regions) and conventional serpentine designs, 

respectively. The distributed serpentine design 

presented the best temperature uniformity with 25% 

progress over the serpentine type. Rahgoshay et al. 

[25] simulated a PEM fuel cell with two traditional 

serpentine parallel flow field designs. They also 

compared the results obtained from the cooling plates 

with an isothermal model (constant temperature). The 

results showed that the value of maximum 

temperature was almost the same for serpentine and 

parallel design. However, about 24% improvement 

was observed in temperature uniformity when 

serpentine design was considered as flow field. They 

also indicated that the cooling flow fields should be 

considered during the numerical analysis of a PEM 

fuel cell to obtain more accurate temperature 

distribution inside the fuel cell. In another study, 

Ghasemi et al. [26] conducted a simulation study for 

a PEM fuel cell with conventional serpentine type 

reactant flow field. The simulations were carried out 

for six different cooling channel designs: one 

traditional parallel, one traditional serpentine, one 

traditional spiral, and three different novel designs. 

Even if a largest pressure drop was obtained with 

traditional spiral flow field design, the lowest 

temperature difference of 3.38 K and lowest 

temperature uniformity index (UT) of 0.58 K were 

also achieved with this channel type. 

According to the open literature, there are 

many studies on flow field design of cooling plates in 

PEM fuel cells. Mostly, spiral, serpentine, parallel 

and parallel-serpentine flow fields were evaluated in 

those researches. In this paper, unconventional 

divergent and convergent flow field designs are 

investigated. For this purpose, a cooling plate made of 

graphite with a 10×10 cm2 area is used in the 

computational fluid dynamic (CFD) analysis. The 

CFD studies were carried out with Ansys-Fluent 

commercial program. The heat removal and fluid 

flow performances of divergent and convergent flow 

fields were compared in terms of temperature 

uniformity, maximum temperature and fluid pressure 

drop. 

 

2. Material and Method 

 

In order to build a fuel cell stack and produce the 

required output power, many fuel cell units are 

typically serially connected. A coolant circulates 

through the channels of cooling plates and absorbs the 

heat produced to prevent the fuel cell from 

overheating.  Figure 2a shows the geometry of 

cooling plates with the divergent and convergent flow 

fields used in this study. The cooling plate thickness 
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is 2 mm and it has 32 flow channels for both designs. 

The dimension of the channel is seen in Figure 2b. 

The channel width increases and decreases with an 

angle of 0.57 degrees from inlet to outlet for divergent 

and convergent flow fields, respectively. The 

divergent flow field design has an inlet width of 1 mm 

and an outlet width of 2 mm. In the case of convergent 

design, the inlet width is 2 mm, and the outlet width 

is 1 mm. The channel deep for both flow fields is 1 

mm.  

 

 

 

 

Figure 2. (a) Divergent and convergent flow fields, (b) dimension of the channel. 

 

2.2. Governing equations 

 

A comprehensive simulation of fluid flow and heat 

transfer within the cooling plates was performed 

using the commercial CFD program Ansys-Fluent. 

The finite volume discretization technique is used in 

this software to solve the mass conservation, 

momentum and energy equations. The governing 

equations for the Newtonian, laminar, steady state 

and incompressible fluid flow across the cooling 

plate are as follows: 

 
𝜕𝑢𝑗

𝜕𝑥𝑗
= 0                                                                 (4)                                                                                                                                   

 

𝝆 (𝒖𝒋
𝝏𝒖𝒊

𝝏𝒙𝒋
) =

𝝏𝒑

𝝏𝒙𝒊
+

𝝏

𝝏𝒙𝒋
(𝝁

𝝏𝒖𝒊

𝝏𝒙𝒋
)                                        (5)                                                                                                                

 

𝝆𝒄𝒑 (𝒖𝒋
𝝏𝑻

𝝏𝒙𝒋
) =

𝝏

𝝏𝒙𝒋
(𝒌

𝝏𝑻

𝝏𝒙𝒋
)                                    (6)                                                                                                                     

 

where 𝒖 is the velocity, 𝒑 is the pressure and 𝑻 is 

the temperature. In addition, 𝒌, 𝝆, 𝒄𝒑 and 𝝁 are the 

thermal conductivity, density, specific heat capacity 

and dynamic viscosity, respectively.   

 The energy equation for the solid regions is 

described with Equation (7). 

 
𝝏

𝝏𝒙𝒋
(𝒌

𝝏𝑻

𝝏𝒙𝒋
) = 𝟎                                                      (7)                                                                                                                                      

 

2.3. Operating and boundary conditions 

 

In the simulation process, water is selected as 

coolant and graphite is used as cooling plate 
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material. Table 1 shows the thermo-physical 

properties of graphite. Since the thermo-physical 

properties of water vary with temperature, the 

polynomial functions represented by Eqs. (8)-(10) 

were applied to the program [27]. However, because 

the change in Cp at the temperatures considered was 

so small (less than 1%), this property was kept 

constant during the simulations at 4179 J/kg K. The 

coolant enters the channel at a constant temperature 

of 40 ˚C. Four different mass flow rates (ṁ) of 

8.0×10-4 kg/s, 1.6×10-3 kg/s, 2.4×10-3 kg/s and 

3.2×10-3 kg/s are considered during the numerical 

analysis. The value used for the surface heat flux 

(q˝) is 5000 W/m2 which is typical for PEMFCs 

under normal operating conditions [17]. Also, 

Equation (11) can be used to determine the 

generated heat flux for each cell during the PEM 

fuel cell operation. The operating parameters for the 

simulation are seen in Table 1.  

 

𝜇 = 0.258 × 10−10𝑇4 − 0.358 × 10−7𝑇3 +
0.186 × 10−4𝑇2 − 0.432 × 10−2𝑇 + 0.378       (8)  
 
𝑘 = 0.754 × 10−9𝑇4 − 0.988 × 10−6𝑇3 +
0.474 × 10−3𝑇2 − 0.974 × 10−1𝑇 + 7.745       (9) 

 

𝜌 = −0.180 × 10−6𝑇4 + 0.248 × 10−3𝑇3 −
0.131𝑇2 + 30.824𝑇 − 1690.497                               (10) 
 

𝑸𝒊 = (𝟏. 𝟐𝟑 − 𝑽𝒊)𝒊                                               (11)           

                                                                                                                                   

where  1.23 is the value of open circuit voltage, 

𝑽𝒊 is the working voltage of the PEM fuel cell and 𝒊 

is the electrical current density.  

 

Table 1. Thermo-physical properties of graphite and operating conditions. 

Parameters Values Units 

Cooling plate properties    

   Density 2250 kg/m3 

   Specific heat capacity 690 J/kg K 

   Thermal conductivity 24 W/m K 

Operating conditions   

   Coolant inlet temperature 40 ˚C 

   Coolant mass flow rate 8.0×10-4, 1.6×10-3, 2.4×10-3 3.2×10-3 kg/s 

   Heat flux 5000 W/m2 

 

Figure 3 depicts the cooling plate's half 

domain together with symmetry boundary 

condition, heat flux boundary condition, solid and 

coolant regions. The heat flux is implemented on the 

bottom surface of the cooling plate. To reduce the 

computational time, cooling plate’s half domain is 

considered and therefore, symmetrical boundary 

condition is applied in the CFD analysis. A constant 

mass flow rate boundary condition and a constant 

pressure condition are applied at the channel inlets 

and outlets, respectively. 

2.4. Numerical procedure and model validation 

A 3D finite volume technique is used to numerically 

solve the governing equations within the 

computational domain. The pressure and velocity 

fields are linked using the well-known Coupled 

algorithm. The least squares cell-based gradient is 

considered for the spatial discretization. The second 

order upwind scheme is used for the momentum and 

energy equations, whereas the second order method 

is chosen for pressure. The computations are 

considered to have converged when the residuals of 

the continuity, momentum and energy equations fall 

below 1×10-4, 1×10-7 and 1×10-9, respectively. 

 To prove the accuracy of the numerical 

results, a grid dependence analysis is also 

conducted. For this purpose, the outputs of five 

different grid structures with element numbers of 

364,958, 839,020, 1,453,500, 1,986,264 and 

2,545,272 are compared with each other. The grid 

dependence test of the divergent and convergent 

flow fields based on the coolant outlet temperature 

is shown in Figure 4a. As can be seen from the 
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Figure 3. Boundary conditions for the cooling plate half domain. 

 

figure, the variation in outlet temperature is very 

small after element number of 1,986,264 for both 

divergent and convergent channels. Similarly, a 

small change is obtained in pressure drop between 

the inlet and outlet of the channel when the element 

number exceeds the same value (Figure 4b). 

Therefore, a grid structure with 1,986,264 elements 

is chosen in the simulation analysis. 

  To verify the numerical results obtained 

from the CFD analysis, an experimental study done 

by Raghuraman et al. was considered [28]. For this 

purpose, simulation results obtained for the coolant 

temperature at the channel outlet and pressure drop 

between the inlet and outlet of the channel were 

compared with the experiment as depicted in Figure 

5. Figure 5a shows that the simulation results and 

experimental data agree well for whole Reynolds 

number values ranging from 50 to 350, with a 

maximum deviation of 5.3%. Figure 5b displays 

that the values of pressure drop computed 

numerically for the complete Reynolds number are 

quite close to those measured experimentally. 

 

 

Figure 4. Grid dependence test for (a) coolant outlet temperature, (b) pressure drop. 
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Figure 5. Model validation study for (a) outlet temperature, (b) pressure drop. 

 

3. Results and Discussion 

 

For various mass flow rates of 8.0×10-4 kg/s, 

1.6×10-3 kg/s, 2.4×10-3 kg/s and 3.2×10-3 kg/s, the 

thermal and fluid flow performances of the cooling 

plate with divergent and convergent flow fields are 

investigated in terms of temperature uniformity, 

maximum temperature and pressure drop. 

Throughout the simulation, the coolant inlet 

temperature and heat flux imposed from the bottom 

surface of the cooling plate are kept constant at 40 

˚C and 5000 W/m2, respectively.  

 It is critical for the stability and 

performance of the PEM fuel cells to maintain as 

uniform a temperature as possible. There is a 

criterion known as the index of uniform temperature 

(IUT) [29] for analyzing the temperature 

homogeneity at a surface area. The IUT has been 

utilized in thermal applications where temperature 

distribution is essential. The difference between the 

surface temperature and the average surface 

temperature at the heat transfer surface can be 

measured quantitatively using the IUT. In other 

words, IUT equals zero when the temperature 

distribution is entirely uniform. The IUT is 

calculated by the following equation: 

 

 

𝐼𝑈𝑇 =
∫ |𝑇−𝑇𝑎𝑣𝑔|𝑑𝐴

𝐴

∫ 𝑑𝐴
𝐴

    and    𝑇𝑎𝑣𝑔=
∫ 𝑇𝑑𝐴

𝐴

∫ 𝑑𝐴
𝐴

            (12) 

 

 where 𝑇 is the surface temperature, 𝑇𝑎𝑣𝑔 is 

the average surface temperature and 𝐴 is the surface 

area. Equation (12) is only applicable on the heat 

flux boundary conditions [30].  

 Table 2 shows the simulation results of 

maximum and minimum surface temperatures (Tmax 

and Tmin), temperature difference (ΔT) between Tmax 

and Tmin, IUT and pressure drop (ΔP) at an inlet 

temperature (Tin) of 40 ̊ C, a heat flux of 5000 W/m2 

and a mass flow rate of 1.6×10-3 kg/s. Tmax and ΔT 

are lower in the divergent channels by 0.35 ˚C and 

0.63 ˚C, respectively. In addition, smaller IUT is 

obtained for divergent flow fields, which can be 

considered as an improvement in temperature 

distribution along the heat flux surface. As a result, 

using a divergent channel instead of a convergent 

one improves temperature uniformity by 11.77%. 

The divergent channel also reduces the pressure 

drop by 7.93%, indicating that less pumping power 

is required. The % Improvement is determined by 

Equation (13) as follows: 
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Table 2. Simulation results for divergent and convergent flow fields. 

Parameters Divergent channel Convergent channel % Improvement 

Tmax (˚C) 53.89 54.24 - 

Tmin (˚C) 41.54 41.27 - 

ΔT (˚C) 12.34 12.97 - 

IUT (˚C) 2.02 2.29 11.79 

ΔP (Pa) 83.01 90.17 7.94 

 

%𝐼𝑚𝑝𝑟𝑜𝑣𝑒𝑚𝑒𝑛𝑡 =
|𝑥𝑐−𝑥𝑑|

𝑥𝑐
× 100                           (13) 

 

where 𝑥𝑐 and 𝑥𝑑 are the calculated values obtained 

from convergent and divergent flow field designs, 

respectively. 

For convergent and divergent flow fields, 

the distribution of temperature at the bottom surface 

of cooling plate is seen in Figure 6. Here, mass flow 

rate, coolant inlet temperature and heat flux are 

1.6×10-3 kg/s, 40 ˚C and 5000 W/m2, respectively. 

The coolant temperature rises from the inlet to the 

outlet of the channels due to the continuous 

absorption of reaction heat by the coolant. Highest 

surface temperature of 54.3 ˚C and 53.9 ˚C are 

obtained in case of convergent and divergent flow 

fields, respectively. Furthermore, when a 

convergent channel is used, higher temperature 

zones are observed at the end corner regions. Figure 

7 represents the change in temperature distribution 

at the cooling plate's symmetry plane under the 

same operating conditions as in Figure 6. Similarly, 

while temperatures are lower near the inlet region, 

they are higher closer to the channel outlet. In the 

case of convergent channel design, the highest 

temperature is obtained.  

 

 

Figure 6. Distribution of temperature at the bottom surface. 

 

Figure 8 depicts the pressure drop 

distribution between the inlet and outlet of the 

cooling channels with an inlet coolant temperature 

of 40 ˚C, a mass flow rate of 1.6×10-3 kg/s, and a 

heat flux of 5000 W/m2. As illustrated in the figure, 

the pressure drops along the coolant channels are 

greater in the convergent design, indicating higher 

pumping power. 

Figure 9 shows the changes in IUT as a 

function of coolant mass flow rate at a constant 

inlet temperature and heat flux. Because increasing 

mass flow rate causes a decrease in cooling plate 

surface temperature, the IUT declines with coolant 

flow rate. Lower IUT values are observed for 

divergent flow design at all coolant flow rates. At 

high mass flow rates, the %Improvement takes 

greater values. Since the lowest IUTs are obtained 

in the case of divergent channels, it can be said that 

a more uniform temperature distribution can be 

achieved with this design.
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Figure 7. Distribution of temperature at the symmetry surface. 

 

 

Figure 8. Distribution of pressure drop along the cooling channels. 

 

 

Figure 9. Variation of IUT with mass flow rate (Tin = 40 ˚C, q˝ = 5000 W/m2). 



M. C. Acar / BEU Fen Bilimleri Dergisi 12 (1), 180-191, 2023 

188 
 

Figure 10 displays the variation in average 

temperature at the cooling plate's bottom surface for 

two channel designs. The average surface 

temperature decreases as the coolant mass flow rate 

increases. At low flow rates, the difference in 

average surface temperature between divergent and 

convergent channels is quite small; however, it gets 

greater values at higher mass flow rates. 

Maintaining the cooling plate's maximum 

surface temperature at a specific level is crucial for 

ensuring the thermal stability of the cell. In fact, it 

is the most crucial factor in avoiding thermal 

damage. The maximum temperature of two channel 

designs along the cooling plate bottom surface is 

presented in Figure 11. As expected, the mass flow 

rate has a negative effect on the maximum surface 

temperature, and it can cause a decrease in this 

parameter for both channel designs. The maximum 

surface temperature difference between divergent 

and convergent channels decreases very slowly with 

mass flow rate. It is 0.33 ˚C at the mass flow rate of 

8.0×10-4 kg/s and 0.23 ˚C at the mass flow rate of 

3.2×10-3 kg/s.  

 The temperature difference results between 

maximum and minimum bottom surface 

temperature are plotted in Figure 12. Again, based 

on the coolant mass flow rate, a decreasing trend in 

temperature difference can be seen. According to 

the graph, the divergent design has lower 

temperature differences at whole mass flow rate 

ranges, which may result in an improvement in IUT. 

 

 

Figure 10. Variation of average temperature with mass flow rate (Tin = 40 ˚C, q˝ = 5000 W/m2). 

 

 

Figure 11. Variation of maximum temperature with mass flow rate (Tin = 40 ˚C, q˝ = 5000 W/m2). 
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Figure 13 depicts the simulated influence of 

coolant mass flow rate on pressure drop for two 

different designs. As it is seen in the figure, lower 

pressure drop values are obtained with divergent 

flow field, indicating low pumping power 

requirements. This is due to the higher velocity 

values of the coolant in the divergent channel. It is 

clearly shown in Figure 13 that the difference 

between two designs is small at low flow rates and 

becomes larger as the mass flow rate increases. 

When using a divergent flow field design instead of 

a convergent one, pressure drop would be reduced 

by 1.00%, 7.93%, 12.89%, and 17.04% at mass flow 

rates of 8.0×10-4 kg/s, 1.6×10-3 kg/s, 2.4×10-3 kg/s, 

and 3.2×10-3 kg/s, respectively.  

 

 

Figure 12. Variation of temperature difference with mass flow rate (Tin = 40 ˚C, q˝ = 5000 W/m2). 

 

 

Figure 13. Variation of pressure drop with mass flow rate (Tin = 40 ˚C, q˝ = 5000 W/m2). 

 

4. Conclusion and Suggestions 

 

A numerical study was conducted for a graphite 

cooling plate with a 10×10 cm2 area. In this context, 

the heat transfer and fluid flow performances of 

divergent and convergent flow field designs were 

investigated and compared. The cooling performance 

of these two designs were simulated according to the 

temperature uniformity, maximum temperature on 

bottom surface and pressure drop between inlet and 

outlet of the flow channels. While the coolant inlet 

temperature (40 ˚C) and heat flux (5000 W/m2) were 

kept constant during the simulation, the coolant flow 

rates were varied from 8.0×10-4 kg/s to 3.2×10-3 kg/s.  

 Increasing coolant mass flow rates reduced 

IUT, maximum surface temperature, average surface 
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temperature and temperature difference between 

maximum and minimum surface temperatures. The 

pressure drop, on the other hand, increased as the flow 

rate increased. The uniformity of the temperature 

through the bottom surface of the cooling plate 

improved by 8.43%, 11.77%, 12.68% and 12.58% at 

the mass flow rates of 8.0×10-4, 1.6×10-3, 2.4×10-3 and 

3.2×10-3, respectively, when divergent design was 

considered instead of convergent design. Therefore, it 

can be concluded that the divergent flow field design 

provides a more uniform temperature across the 

cooling plate. Divergent design also resulted in lower 

maximum temperature values on the bottom surface 

of the cooling plate. In the case of divergent flow 

channel, the pressure drop was reduced by up to 

17.04%. 

 

 In conclusion, it was discovered that the 

divergent flow field design was the more efficient 

design for sustaining more uniform temperature 

distribution across the cooling plate or fuel cell active 

area. In addition, because divergent channel design 

produced lower pressure drops, this design would 

require less pumping power. Overall, the findings of 

this paper will be useful for designing PEM fuel cell 

cooling systems as well as other applications where 

thermal management and fluid flow are important. 
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