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ABSTRACT 

In this work, a numerical study of fluid dynamics and heat transfer in the flow distributor of a PEM fuel cell is presented. The aim 

of this work is focused on studying the pressure drops and temperature variations presented by stacks with serpentine channels. 

Different fuel cells with flow fields of 1, 2 and 3 parallel channels; active areas of 5 and 25 cm2; and stacks with 3 and 5 

assemblies were evaluated. From simulation results, it was found that the use of channels in parallel improves the gas distribution 

inside the fuel cell, increasing of this way the utilization of fuel and oxidant. Also, it was observed that the relationship between 

the channel width and the active area of the fuel cell is considered as an important factor in the design of the flow field. If this 

relationship is not taken into account, the pressure drops that occur in the flow channels will impact the overall performance of the 

stack. Moreover, based on the heat transfer study were identified the spots with more temperature variation in fuel cell and it 

could be demonstrated that heat convection is the mechanism by which the fuel cell dissipates its heat. 
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1. Introduction  

One of the most promising technologies at the new hydrogen economy are the fuel cells. These are characterized by 

their high conversion efficiency, modularity and zero pollution. Their advantages have made them a leading 

technology that can replace the internal combustion engines in transportation and batteries in portable applications 

[1]. Currently there are different types of fuel cells, which are distinguished by the operating temperature and the 

electrolyte. However, the proton exchange membrane (PEM) fuel cell has gained more attention by their low 

operating temperature and high efficiency.  The operation of a fuel cell is simple, hydrogen and oxygen are supplied 

separately to the cell and they react electrochemically to generate electricity, the only products obtained are water 

and heat. The reactions that take place at the anode and the cathode of the fuel cell are described below: 

2H2 → 4H
+
 + 4e

-
                                                                           (1) 

O2 + 4H
+
 + 4e

-
  → 2H2O                                                                      (2) 

A fuel cell is composed of a membrane, catalyst layers, gas diffusion layers and bipolar plates. The membrane 

(electrolyte) is a perfluorosulfonic acid commonly called Nafion, which allows the transport of H
+
 ions from the 

anode to the cathode, next there are the catalyst layers or electrodes (anode and cathode), the zones were oxidation 

and reduction reactions take place. The catalyst layers are composed essentially of Vulcan carbon and platinum 

particles. The electrodes and electrolyte together form the membrane-electrode assembly (MEA), the main 

component of the fuel cell. Next to the catalyst layers are the gas diffusion layers, which are made of carbon paper or 

carbon cloth, these are porous zones that allow the uniform distribution of reactant gases over the catalyst layers. 

Finally, there are the bipolar plates, which are made from graphite and give mechanical support and electrical contact 

to the fuel cell besides containing channels that supply the reactant gases into the electrochemical device.  

In spite of the PEM fuel cell operation can be described in a simple form, its performance is considerably affected by 

the operating conditions of pressure, temperature and gas composition, as well as the material properties that 

compose it. These factors influence considerably on the cell potential, the magnitude of the activation overpotential, 

the ohmic resistance and the mass transport losses that characterize the fuel cell [2]. 

In recent years there have been many efforts to minimize these losses, through the development of new catalytic 

materials and different types of novel electrolytes [3, 4]; however few studies have been reported on the flow field 

designs and the bipolar plates [5]. It is important to take into account that the performance of a stack depends on the 

sum of the performance of all its components and this correlation has not been achieved in a practical way so far. 

One of the main troubles that arise in the stack is the poor distribution of reactant gases into the cell, which is 

reflected in a non-uniform distribution of current density, dead zones in the membrane, hot spots, degradation of the 

membrane-electrode assembly and in general a poor performance of the cell [6]. Although this issue has been given 

enough attention by using numerical simulation and experimental analysis, there are still too many design 

alternatives to improve the fuel cell performance. 

Recent reports about flow field designs indicate that each channel configuration has advantages and disadvantages, 

which depend on the operating conditions for which they were designed. The most common designs are classified 

into serpentine, straight channels, interdigitated, columns, mesh, and cascade designs [6, 7].  
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The flow field with the simplest configuration is the straight channel version, this design works efficiently and 

causes low pressure drops although requires ideal conditions for good performance, for example, when the flows are 

not supplied with enough pressure a non-uniform distribution of gases on the catalyst layer is developed. Likewise, 

any water droplet formed in the flow field blocks the channels. Probably, the most common design used in 

commercial fuel cells is the serpentine flow field, either with single or multiple channels. In this design the gas flows 

through the channels circulating throughout the active area of the fuel cell. This configuration increases both, the 

flow speed and the pressure drop; furthermore it improves the water and heat management by transporting liquid and 

vapor water through the channels [6, 7].  The interdigitated flow field was designed on a dead-end channel concept, 

which forces the gases to flow through the gas diffusion layers before they leave the plate. This structure induces 

forced water removal from the open structure of the gas diffusion layer but it also induces higher pressure drops 

between the inlet and the outlet than those of the through-flow options [5].Their advantages and drawbacks were 

reported in other works. [8, 9]. 

Although in the literature have been reported several studies of CFD in the flow fields, most of them are focused on 

single cell and are very few studies aimed at stacks. In this regard, the aim of this work is focused on studying the 

pressure drops and temperature variations presented by stacks with serpentine channels. Different fuel cells with 

flow fields of 1, 2 and 3 parallel channels; active areas of 5 and 25 cm
2
; and stacks with 3 and 5 assemblies are 

evaluated in this work.  

2. Description of the computational model 

The computational models evaluated in this work consist of two types of fuel cells: (1) Conventional fuel cells with 5 

and 25 cm
2
 of active area (Fig. 1), that include gas diffusion layers (GDL), catalyst layers (CL), membrane (MEM) 

and monopolar plates (MP), and (2) Half-cells in stack with 5 and 25 cm
2
 of active area (Fig. 2), that include a gas 

diffusion layer (GDL), a porous media (PM), and cathode plate (CP). The cathode compartment was simulated as 

stack because the oxygen reduction reaction has the lowest performance in the fuel cell. The dimensions of the 

components are specified in Table 1.  

 

 

           

Fig. 1. Computational models of single fuel cells with 5 cm
2
 of active area, conventional flow-fields (left), mesh 

visualization and components (right). 

In order to establish the accuracy of the results and to ensure that they were independent of the grid, previous 

simulations were performed. The reference parameter used to do the analysis in stacks was the average pressure, and 
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for single fuel cells was the average current density. The final mesh used in the models had the following intervals: 

channels and plates (0.1), GDL's (0035), MEM (0025), and CL's (0004). The mesh elements obtained in the stacks 

with only one assembly was around 7.8 million and for single fuel cells was 3.5 million. 

 

 

Fig. 2. Stacks of 25 cm
2
 of active area, (a) single serpentine of 1 assembly, (b) double serpentine of 3 assemblies, and 

(c) triple serpentine of 5 assemblies. 

The assumptions to carry out the numerical simulation of the computational models were the following: (a) steady 

state conditions, (b) laminar flow in channels, (c) isotropic porous zones, (d) the electrochemical reactions take place 

on the catalyst layer surface, (e) transport of species in the gas phase, and (f) the transport of liquid water in the 

membrane is controlled by diffusion mechanisms and electro-osmotic drag. 

 

Table 1. Dimensions of the PEM fuel cell components. 

 unit value 

Channel width mm 0.8 

Channel height 

Plate thickness 

Active area 

GDL thickness 

CL thickness 

MEM thickness 

mm 

mm 

mm
2 

mm 

mm 

mm 

0.8 

1.6 

549 

0.25 

0.02 

0.178 

 

2.1 Mathematical Model 

Transport phenomena occurring inside a PEM fuel cell are represented by the governing equations of mass 

conservation, momentum, energy, species and charge transport. These equations are described below. 
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2.1.1 Continuity equation 

The continuity equation represents the mass conservation for all transport processes that take place in the fuel cell, 

such as fluid flow, mass diffusion, phase change and electrochemical reactions. This equation is written in a 

simplified form (steady state) as: 

  (  ⃗)                                                                           (3) 

where ρ is the fluid density,  ⃗⃗⃗ is the vector velocity and    is the source term for the species balance. 

2.1.2 Momentum transport 

The momentum transport equation in a steady state is described by: 

  (  ⃗⃗⃗ ⃗⃗⃗)        (      ⃗⃗⃗)                                                 (4) 

where p is the static pressure, μ
eff

 is the average viscosity of the mixture and Sp is a source term that contains the 

physical characteristics of porous media and it is defined as: 

    (   ) ⃗⃗⃗                                                                      (5) 

where μ is the gas viscosity (kg/m·s), k is the permeability (gas diffusion layers and catalyst layers), and  ⃗⃗⃗ is the 

superficial vector velocity at the porous media (m/s) [11]. 

2.1.3 Species transport 

The species transport equation represents the mass conservation for each individual species of a gas. To determine 

the local mass fraction of each species yi, the following equation is used: 

  (  ⃗⃗⃗  )      ⃗                                                                (6)                                  

where Si is the source term for each phase,  ⃗  is the flux diffusion for the species i, which is calculated for a laminar 

flow as: 

 ⃗                                                                           (7) 

where Di is the diffusion coefficient for the species i. 
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2.1.4 Energy 

The energy equation for steady state is expressed by: 

  [ ⃗⃗⃗(    )]    (       ∑     ⃗  )                                          (8) 

where E is the total energy, keff is the effective conductivity and   ⃗  is the flux diffusion for the species i. 

2.1.5 Electrochemical model 

The fluid dynamics equations preceding this section were coupled to the electrochemical model using a commercial 

fuel cell module implemented in Ansys-Fluent®. This set of equations allows to solve the transport phenomena and 

electrochemical processes occurring in the fuel cell. This model consists of two equations for solving the two 

potential fields: equation (9) associated with the transport of electrons in the catalyst layers, the gas diffusion layers 

and the plates and, equation (10) associated to proton transport through the membrane and the catalyst layers. 

  (         )                                                                (9) 

  (         )                                                          (10) 

where   is the electric or ionic conductivity,   is the cell potential and R is the transfer current; the subscripts sol and 

mem correspond to the solid and the electrolyte phases, respectively.  

The transfer current or source terms in equations 9 and 10 are determined from the general Butler-Volmer 

formulation, which is used to calculate the local current density on the catalyst layers by the following equations: 

       
   
(         )

   
(                       )                                    (11) 

       
   
(         )

   
(                         )                                  (12) 

where      is the exchange current density, H2 y H2,ref, are the local and reference species concentrations, γ is the 

concentration coefficient, α is the transfer coefficient, η is the activation losses defined in equations 13 and 14, and F 

is the Faraday constant (9.65 × 10
7
 C. kg

-1
 mol

-1
). 

The reaction kinetics is controlled by the local surface overpotential, η, known as activation losses, which is 

associated with the difference of surface potentials between the electrode and the electrolyte      and     . This 

overpotential is calculated for both the anode and the cathode, including as last term the open circuit voltage (VOC) 

and thus establishing the potential difference between both electrodes. 

                                                                           (13) 

                                                                            (14) 

The membrane is modeled as a porous zone and its properties such as ionic conductivity      and the electro-

osmotic drag coefficient are evaluated as a function of the water content λ. These properties are represented by the 

correlations reported by T. E. Springer et. al [12] (equations 15-17): 
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      (                ) 
    (

 

   
 
 

 
)
                                        (15)    

                           (   )                                    (16)                                                     

where a is the water activity. The saturation model reported by T. Nguyen [13] and J. H. Nam et. al. [14] is used to 

model the formation and transport of liquid water in the membrane-electrode assembly. From these equations (9-16) 

both potential fields are solved, also the electrochemical process that causes the three potential losses in a fuel cell 

are included, which are known as: activation overpotential, ohmic overpotential and concentration overpotential.The 

operating conditions and the electrochemical parameters used in the simulation were taken from experimental data 

and literature data [15-18].  

2.1.6 Boundary conditions 

The boundary conditions applied to the computational domain of single fuel cell were (1) mass flow inlet, (2) 

pressure outlet, (3) constant potential at anode and, (4) variable potential at cathode, which were set to calculate the 

current density in the cell. The flows of hydrogen and oxygen were fed in the same direction in order to obtain 

uniform current density distributions as well as reported by J. M. Sierra et. al [19]. The mass flow rates were 

calculated for an active area of 5 cm
2
 with a stoichiometry of 1.25 and 2 for the anode and the cathode, respectively. 

Likewise, the concentrations of hydrogen and oxygen flows were determined, they were supplied at 1 atm of 

pressure and 300 K of temperature, with 25% and 25% of relative humidity for the anode and the cathode, 

respectively.  

From these boundary conditions, the fluid dynamics equations and the electrochemical model of Ansys-Fluent®, the 

computational model of PEM fuel cell was solved. A segregated method, the first order scheme and SIMPLE 

algorithm were used to solve the equations [11].The model was evaluated in different operating potentials and 

thereby the current density was calculated. Using these data, polarization curves were generated to evaluate the 

performance of each flow field. The boundary conditions applied to the computational domain of stacks were (1) 

mass flow inlet, (2) pressure outlet, (3) gas diffusion layers and porous media were considered as porous jump 

without reactions. The flow supplied to the stacks was air.   

3. Results and discussion  

In this section the numerical results for different models of PEM fuel cell are presented. First, numerical results of 

pressure drop in stacks of 5 and 25 cm
2
 are presented. These are shown by distribution contours of pressure at the 

interfaces: channel - gas diffusion layer (CHN / GDL) and gas diffusion layer - catalyst layer (GDL / CL), both of 

them at the cathode compartment. Then, numerical results of heat transfer analysis are presented by temperature 

contours, ohmic heating, reaction heat and enthalpy, at the cathode interface (CHN / GDL). 

 

 

3.1 Pressure distributions in the stack of 5 cm
2
 with single channel. 

The results for serpentine design of 5 cm
2
 with single channel are shown in Figure 3. In Fig. (left) it can be observed 

that gas pressure decreases gradually throughout the channel, from input to output channel with a maximum pressure 

gradient of 274 Pa. This happens due to channel length and the pressure losses generated by elbows of 90°, which are 

located at the end of each channel of the flow field. In Fig. (right) the maximum pressure reached was 129 Pa, which 
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is caused by the properties of the porous media. This pressure distribution adopted a similar pattern to the channel 

distribution presented previously. The average pressure at this interface was 33.7 Pa. 

 

Fig. 3. Pressure distributions (Pa) for serpentine design with single channel and 5 cm
2 
of active area, (left) interface 

(CHN/GDL) and, (right) interface (GDL/CL). 

Figure 4 shows the simulation results for stacks of 2, 3 and 5 assemblies, where the gas inlet is at the top of the first 

assembly (right) and outlet at the bottom of the last assembly (left). For the stack with 2 assemblies, it can be 

observed that the pressure distribution for the first field of flow is similar to a single cell (Fig. 3a); however, for the 

second flow field pressure drop occurs in the region next to the gas outlet with the same magnitude as the 

atmospheric pressure, which affect the performance of the fuel cell. For the stack with 3 assemblies (Fig. 4b) a 

similar pattern distribution to the previous case is observed; however, unlike the stack with 2 assemblies, the pressure 

drop on the last assembly is corrected, the same goes for the stack with 5 assemblies (Fig. 4c). From these results we 

can deduce that flow fields with stacks of 5 cm
2
 and a single channel must be at least 3 assemblies. 

 

 

 

 

 

 

 

                                    (a)                                                    (b)                                                         (c)  
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Fig. 4 Pressure distributions (Pa) in stacks with single channel configuration and active area of 5cm
2
, (a) 2 

assemblies, (b) 3 assemblies and, (c) 5 assemblies. 

3.2 Pressure distributions in the stack of 25 cm
2
 with triple channel. 

The simulation results for serpentine design with three parallel channels are presented in Figure 5. Figure (left) 

shows that pressure distribution is significantly improved compared to the flow field with single and dual channels, 

this configuration provided a pressure gradient of 430 Pa, from the inlet to the outlet channels. In Figure (right) it can 

be observed a similar pattern of distribution, but the pressure drop was 198 Pa. This indicates that the use of parallel 

channels is useful for reducing pressure drop of serpentine flow fields. The average value of pressure at this interface 

was 19.29 Pa. 

            

Fig. 5 Pressure distributions (Pa) for serpentine design with triple channel and 25 cm
2 
of active area, (left) interface 

(CHN/GDL) and, (right) interface (GDL/CL). 

Figure 6 shows the simulation results for stacks with 3 and 5 assemblies and three parallel channels. In Fig (left) a 

better pressure distribution on the three assemblies is observed, compared with two previous designs, but in the same 

way the first assembly has the lowest pressure values, which is not useful to use efficiently the fuel / oxidant. For the 

stack with 5 assemblies Fig. (right) the same distribution pattern is observed, with very low values of pressure at the 

first 4 assemblies. 
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Fig. 6 Pressure distributions (Pa) in stacks with triple channel configuration and active area of 5cm
2
, (left) 3 

assemblies and, (right) 5 assemblies. 

From this analysis it can be deduced that use of parallel channels benefits the gas distribution inside the cell, but the 

relationship between the width of the channel and the active area must be taken into account for the design of fuel 

cell stacks. Also, the location of the feed channel and its diameter must be considered, because it contributes to the 

first pressure drop across the stack. 

3.3 Heat transfer analysis in a PEM fuel cell. 

The numerical results for the fuel cell model with 5 cm
2
 of active area are presented in this section. The analysis 

consisted on studying the temperature variation of fuel cell at different potentials operating. The analysis was done 

under atmospheric conditions with the aim to identify areas where there is greater heat generation in the cell. Results 

are presented at the GDL/CL interface for cathode side by means of temperature distributions, contours of heat 

reaction, ohmic heating and current density. 

3.3.1 Parameters related to the heat transfer in the fuel cell. 

In Fig. 7 different distribution contours for the cathode side are presented. From these results it can be seen that areas 

with the highest temperatures are found at the interfaces of the flow channels, where the gas reacts with the catalytic 

layer. Likewise, it can be seen that heat generation occurs due to processes which occur within the cell, most notably: 

exothermic reactions, ohmic heating, enthalpy of the reactants, the phase change of products, among others. 

Convection is the mechanism by which the flow dissipates more heat generated in the cell. 

3.3.2 Temperature distributions in a single PEM fuel cell model. 

Figure 8 shows the temperature distributions at the GDL / CL interface cathode of the fuel cell. These results were 

simulated at different operating voltages and under atmospheric conditions. In the figures it can be observed that as 

the potential of the cell is decreased the temperature increases from 300 K to 305 K. This occurs due to the 

generation of current in the cell and the various phenomena described above. 
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Fig. 7 Contours of distribution for different variables at the cathode compartment of the fuel cell. 

 

Fig. 8 Temperature distributions (K) at the cathode interface (GDL/CL) for different operating voltages. 
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4. Conclusions 

A CFD study of flow fields in a PEM fuel cell was carried out in this work. Pressure drops that occur with serpentine 

designs were studied. From the numerical results, the conclusions are the following: 

The pressure drops in a serpentine flow field can be reduced when the number of channels in parallel increases; this 

favors an even distribution of gas at GDL / CL interface, as well as the use of fuel / oxidant in the fuel cell. 

The channel dimensions of 1 x 1 mm in the flow fields with 25 cm
2
, are not suitable to efficiently distribute the gas 

on the GDL / CL interface. The channel width should be increased, otherwise the gas pressure will not be enough to 

cover the entire flow field due to the channel length and the elbows. 

The supply system in the stacks must be modified. The design is not suitable for simultaneously supplying multiple 

flow fields connected in parallel form. Both the diameter, shape and location of the main supply channel should be 

modified to improve the gas distribution inside the fuel cell stack. 

From the analysis of heat transfer could be inferred that the highest values of temperature are presented in the flow 

channels and the heat convection is the mechanism by which the fuel cell dissipates its heat. 
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