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Abstract 

The choice of an appropriate flow field distributor is crucial to circumvent mass and 

charge transfer resistance-related issues in proton exchange membrane fuel cells 

(PEMFCs). In this work, incorporating all the anisotropic nature of the gas diffusion 

layers (GDLs), a three-dimensional, multiphase CFD model is built to perform a 

comparative study of several types of cathode flow field designs. Three conventional (i.e. 

parallel, serpentine and interdigitated) and two recently-introduced (i.e. parallel with 

blocks and the metal foam) flow field designs were considered for the cathode side. The 

results showed that the best fuel cell performance is obtained with the metal foam flow 

field as it induces the lowest water saturation, the lowest values and more uniform 

distribution of current density and temperature as well as relatively medium pressure 

drop. Compared with the parallel flow field case, the peak power density increases by 

about 50% when using the metal foam flow field and by about 10% when using the other 

three investigated flow fields (i.e. serpentine, interdigitated and parallel with blocks). The 

parametric analysis reveals that the metal foam outperforms other designs at intermediate 

and high humidity conditions whereas the interdigitated flow field design outperforms 

other designs at low humidity conditions. 

 

Keywords: PEM fuel cell; flow field design; global and local performances, comparative 

and parametric analyses, metal foam, partially blocked channels 
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1. Introduction 

Over the last two decades, proton exchange membrane fuel cells (PEMFCs) technology 

has received a good deal of attention as a promising replacement for the conventional 

power conversion technologies. Appealing features such as high efficiency, low 

operating temperature (<100 °C), simple design and, most importantly, having zero/low 

emission, have all made PEMFC technology a viable source of power for a multitude of 

mobile auxiliary applications, Combined Heat and Power (CHP), automotive and 

stationary devices. Despite the significant progress over the last years, high cost of some 

fuel cell components, relatively low durability and technical issues associated with 

storing of hydrogen and managing heat and water have all hampered the widespread 

commercialization of PEMFCs [1,2]. Heat and water management are two critical issues 

that play a major role in the efficient operation of a PEMFC system. Efficient water 

management must be ensured especially at low operating voltages where the accumulated 

water significantly impacts the normal operation of the fuel cell by obstructing 

CLs/GDLs pores at the cathode, hindering the supply of oxygen to the reactive sites, 

causing a sharp decline in the cell performance [3,4]. Thermal management is another 

important issue of PEM fuel cell performance, and it should be considered along with 

water management. This is highlighted when we note that most physical parameters in 

fuel cells such as kinetic parameters, water activity, species diffusivities, heat capacities, 

and saturation pressure are influenced by temperature changes in fuel cells [5]. Of the 

practical strategies to address the problem, is through the efficient design of flow field 

plates, especially at the cathode side where water and heat effects are significantly higher 

than those at the anode side [6]. The efficient design of flow field has shown to be a 

practical way to alleviate the aforementioned issues by rendering a more uniform 

distribution of reactants, which in turn, results in better distribution of current densities 

and heat and water throughout the cell [7,8]. Flow fields designed appropriately must 
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ideally distribute the reacting gases evenly to the reactive sites in the CLs, and equally, 

maintain the pressure drop along the flow channels to a minimum. An optimally-designed 

flow field may enhance the fuel cell performance up to 50% [7,9]. 

There have been several thorough reviews on conventional and non-conventional designs 

of the flow field in the literature [9,10]. Wang [10] stated that the “uneven flow 

distribution” is the main root of all the challenges that hampers the scale-up and 

commercialization of PEMFCs technology. Optimal design of flow field circumvents the 

gas mal-distribution in the GDLs and CLs and ensures heat and water balance inside the 

fuel cells [11]. This ishowever, a challenging task due to the presence of several 

conflicting factors that need to be carefully and simultaneously taken into consideration.   

A look at the literature reveals that there have been plenty of experimental and numerical 

investigations with the aim of developing more efficient flow field designs for fuel cells. 

A good number of these studies have been carried out on the most commonly-used flow 

field designs, i.e., straight channel, serpentine and interdigitated. In these studies, 

researchers investigated different aspects of the flow fields design in the conventional 

layouts: flow channel geometry and aspect ratios [12,13], size and number of channels 

[14], various flow configurations (single and multiple flow pattern) [15,16], the impact 

of operational parameters [17].  

On the other hand, studies have been conducted to develop novel flow fields, either 

inspired by nature [18,19]; developed with new structures such as metal sheets [20,21] 

and porous metal foams [6,22,23]; or proposed by various blockage arrangements of 

parallel flow channel [24–26]. Tseng et al. [22,27] experimentally showed that both low-

temperature and high-temperature PEM fuel cells perform better with metal foam flow 

field. Carton et al. [28] concluded that fuel cell performs better with the open cellular 

foam than with the conventional flow field designs. Yuan et al. [29] reviewed the use of 
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porous metal materials as a flow field, current collector, GDL and CL in PEMFC. Afshari 

et al. [30,31] numerically explored the feasibility of using metal foams as a coolant flow 

distributor and membrane humidifier in PEMFCs. Placing blocks within flow fields has 

experimentally and numerically shown to improve the mass transfer of the reactive gases 

and, accordingly, the overall cell performance [6,25]. Tiss et al. [26] studied the impact 

of the tilt angle of partial blocks present in the flow channels and found out that it 

significantly impacts the cell performance, especially at low operating voltages. Heidary 

et al. [25] built a multiphase PEMFC model to compare in-line and staggered blocks at 

the cathode flow channels. The results showed that flow channels with staggered blocks 

enhance the cell performance by 7% compared with the in-line blocks. Afshari et al. [6] 

developed a single-phase PEMFC model for a single channel and investigated the 

feasibility of using two recently-focused designs of the cathode flow fields, namely 

porous-based metal foam and parallel flow field with partially-restricted baffles. 

An efficiently-designed flow field, especially at the cathode, has been demonstrated to 

be a practical solution to mitigate the undesirable issues associated with heat and water 

management in the PEMFCs. Despite significant experimental and numerical attempts 

that have been devoted to devising more efficient cathode flow fields, these studies are 

still sparse. Due to the difficulties in conducting experiments, numerical tools play a 

significant role to help researchers by offsetting time and cost imposed by trial and error. 

However, imposing oversimplifying assumptions such as single phase flow model, 

homogenous GDL, isothermal conditions, etc. especially for the cathode side where water 

appears as both vapor and liquid, make the capabilities of these models for real PEMFC 

systems equivocal [6,22]. This is inconsistent with the fact that the existence of liquid 

water, especially at the cathode, significantly impacts the cell performance and should be 

taken into account in PEM fuel cell models, at least, at medium and low operating 
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voltages. Besides, in most of these studies, the suggested models have been solely applied 

for a specific type of flow field (i.e. usually parallel with the single channel). This can be 

especially generalized to some recently-introduced flow fields such as metal foam and 

those with embedded blocks that have been suggested as promising alternatives for 

conventional designs. Also, the anisotropic nature of the GDLs, which has been shown 

to have a significant impact on water and thermal management in PEMFC, has not 

considered in these models [5,32]. Even with the novel designs, some key questions 

remain unanswered: 

1) Under realistic conditions, which PEMFC flow field design, conventional or 

unconventional,  performs better in terms of overall performance and the 

uniformity of the distribution of the key variables such as the concentration of the 

reactant gas, temperature and water saturation?  

2) Upon addressing the above question, the second question that follows is that, for 

each flow field design, how sensitive the fuel cell performance is to the changes 

in the operating conditions, i.e.  the inlet temperature, humidity and stoichiometric 

ratio?  

Therefore, the main objective of this work is to address the above two questions and 

acquire valuable knowledge that is of great interest to designers of PEMFCs in industry 

and academia. Apart from carrying out a detailed multiphase, non-isothermal model with 

all GDL anisotropic features taken into account, we conduct some parametric analysis 

and compared the results of the aforementioned layouts at different operating conditions 

of the fuel cell. Up to the best of authors’ knowledge, such a comprehensive comparative 

study, with a comprehensive 3D numerical model, has not been previously undertaken.  

To this end, we establish a detailed 3D, multiphase, non-isothermal CFD model, which 

also includes anisotropic nature of GDLs, to comparatively study the impacts of various 
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flow field designs on the PEM fuel cell performance and local transport phenomena. 

Also, we conduct parametric studies to investigate the impact of relative humidity, inflow 

temperature and stoichiometric flow ratio on the performance of the modeled fuel cell. 

To achieve all the above goals, we modeled and compared the results of three commonly-

used conventional (i.e. single parallel, single serpentine and interdigitated) and two 

unconventional (i.e. porous metal foam and parallel with partially staggered blocks) flow 

field designs which were shown to have good performance as evidenced from the findings 

reported in the References [ADD REFRENCES]. 

2. Model development 

Without compromising the purpose of the study, the following assumptions were made 

to save computation time:  

1. The PEMFC operates under steady-state condition. 

2. The gas mixture is assumed as ideal and incompressible. 

3. The flow in the flow channels is laminar. 

4. The flow in the channels is of mist form and therefore no liquid water exists in the flow 

channels (however, depending on the water activity, liquid water could exist in the GDLs 

and the CLs).  

5. The physical properties of the catalyst layers and the membrane are assumed to be 

homogenous and isotropic. 

 2.1. Computational domains 

To save computational time, we only modeled a part of the fuel cell for all the case studies 

which is equivalent to 4 parallel flow channels. The computational domain for each case 

consists of 7 components: 2 GDLs, 2 catalyst layers, 2 flow channels, and a single 

polymeric membrane. Fig. 1 shows different flow fields layouts considered for the present 

work, namely straight parallel, serpentine and interdigitated flow field as conventional 
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layouts and metal foam and partially blockage channels as non-conventional layouts. A 

typical computational domain with a serpentine flow field at the cathode side used for 

developing CFD model aslo depicted in Fig. 1.  

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 
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(f) 

 
 Fig. 1. (a) The computational domain for the serpentine PEMFC used and 

schematic diagrams for the flow field layouts used at the cathode side of 

the PEMFC model: (b) single-parallel, (c) single-serpentine, (d) 

interdigitated, (e) parallel with blocks and (f) metal-foam flow field. 

 
 

Table 1. lists all the dimensions and operating conditions used in this study and Table 2 
lists all the parameters used for developing the the model. 
 

Table 1 
The dimensions of the PEMFC and the operating conditions used in the present work. 

Parameter Unit Value Reference 

Channel length mm 50 [5] 
Channel width mm 1 [5] 
Channel height mm 1 [5] 
Rib width mm 1 [5] 
Membrane thickness mm 0.23 [33] 
Gas diffusion layer thickness mm 0.26 [33] 
Catalyst layer thickness mm 0.0287 [33] 
Blockage length/height mm 1/0.8 [25] 
Anode pressure atm 3 [34] 
Cathode pressure atm 3 [34] 
Inlet fuel and air channels temperature K 353 [34] 
Relative humidity of fuel and air channel 
inlets 

% 100/100 [34] 

Inlets stoichiometric flow ratio in 
anode/cathode 

- 3/3 [34] 

    
Table 2 

The parameters used for the PEMFC model. 

Parameter Unit Value Reference 

      Kinematic parameters    
Anode reference current density, ja

Ref A m-3 1.4 × 1011 [34] 
Cathode reference current density, 
jc

Ref 
A m-3 10  [34] 

Anode charge transfer coefficient, αa - 2 [33] 
Cathode charge transfer coefficient, 
αc 

- 2 [33] 

Anode reference concentration, CH2 k mol m-3 0.0564 [34] 
Cathode reference concentration, CO2 k mol m-3 0.00339 [34] 
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Anode concentration reference 
exponent 

- 0.5 [34] 

Cathode concentration reference 
exponent 

- 1 [34] 

Membrane     
Thermal conductivity W m-1.K-1 0.29 [35] 
Equivalent weight  k g Kmol-1 1100  
Permeability m2 10-12  [31] 
Porosity  0.5 [31] 
    
Gas Diffusion Layer     
Electrical conductivity 
(In-plane/Through-plane) 

S m-1 5000/500 [36] 

Thermal conductivity 
(In-plane/Through-plane) 

W m-1.K-1 21/1.7 [32] 

Porosity  0.6 [37] 
Pore blockage saturation exponent  2.0 [25] 
Water contact angle 
Catalyst Layer 

 110 [32] 

Electrical conductivity  300 [38] 
Thermal conductivity W m-1 K-1 0.27 [35] 
Permeability m2 1.00 × 10-13 [35] 

Porosity  0.3 [37] 
Porous metal foam  (Nickel)    
Permeability m2 10 -8 [31] 
Thermal conductivity W m-1 K-1 447 [6] 
Porosity - 0.9 [31] 

 

2.2. Governing equations 

A 3-dimensional, steady-state and multiphase model has been developed here. It accounts 

for a set of non-linear, partial differential equations representing the underlying mass, 

momentum, species, electronic charge, protonic charge, energy, dissolved water, and 

liquid water transport equations which are all coupled with electrochemical reactions. 

The following is the description of the governing equations. 

2.2.1. Conservation of mass and momentum 

The conservation equations of mass and momentum in the gas phase are as follows [5]: 

.( ) uu Sgg


   (1) 
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1 1
.( ) .( )

2
( )

m
pu u u Sg g ggg geffeff

 


  
       (2) 

where εeff is the effective porosity of different components of the fuel cell and is related 

to the bulk porosity and the liquid saturation, εef f = ε(1-s). Also, ug  and μg are the velocity 

vector and the viscosity of the gaseous phase mixture, respectively.  

2.2.2. Conservation of species transport 

The general transport equation of the gas species involved in the PEMFC model is 

described as [5]:  

.( ) .( D )
i i i i

eff
u Sgg g   


     (3) 

 

where ωi denotes the mass fraction of each species i, i.e., hydrogen, oxygen, water vapor, 

and nitrogen; 𝐷𝑖𝑒𝑓𝑓 is the effective diffusivity of the species i in the porous media [39]: 

    ( ) ( )
i i

eff
D f g s D  (4) 

where 𝐷𝑖 is the molecular diffusivity of the species, which is related to the temperature 

and pressure: 

  
3/2

i i

PTref refD D
T Pref

   
       

  (5) 

Where g(s) is a function used to account for the liquid water saturation, 𝐷𝑖𝑟𝑒𝑓 is the  mass 

diffusivity of the species at the reference temperature and pressure. The term 𝑓(𝜀) is 

described by Tomadakis and Sotirchos [40] model based on the percolation theory for a 

random fibrous porous medium: 

    ( ) ( )
1

p

p

f
 

 






 (6) 

where 𝜀𝑝 is the percolation threshold, equal to 0.11 and α is the empirical constant, which 

differs for the in-plane and through-plane directions. The value of α is 0.521 and 0.785, 

for the in-plane and through-plane, respectively. The term g(s) is used to take water 

saturation into account represented by  1
n

s and n is multiphase saturation exponent for 
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pore blockage, which was experimentally determined as 2 [28,41]. Note that, apart from 

the metal foam case where the porosity of the flow channels is specified as 0.8, the 

porosity is assumed to be 1 for the flow channels in all the cases. 

In the CLs, as the pore size is comparable to the mean free path of the gas, Knudsen 

diffusion is taken into account to address the wall-molecules interactions. Hence, the 

effective diffusivity for the CLs is rewritten as: 

   

1

1 11.51 neff
D s

i D ki D
i


 
 
 
  
 



    (7) 

 

where 𝐷𝑖𝑘 
is the Knudsen diffusivity and can be calculated from the kinetic theory of 

gases: 

    

0.52 8

3

RTk
D rpi M i

 
 
 

             (8) 

 

where 𝑟𝑝 denotes the characteristic pore length of the catalyst particles, Mi is the 

molecular weight of the species i in the gas mixture, T is temperature, and R is universal 

gas constant (8.314 J/mol.K). 

2.2.3. Conservation of electrical charges 

The main driving force of the reactions in the fuel cell is the overpotential at the surface 

of catalyst layers, which is described as the difference between the solid-phase potential 

and the membrane phase potential. Hence, two transport equations must be solved for: 

one for the transport of electrons through the solid phase and another for the transport of 

protons through the electrolyte (or membrane) phase [5]: 

.( ) 0eff
Ss s s

       (9) 

.( ) 0eff
Sm m m

       (10) 
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where ∅s and ∅𝑚 represent the electrical and protonic potentials of the solid and 

electrolyte phases, and 𝜎𝑠𝑒𝑓𝑓 and 𝜎𝑚𝑒𝑓𝑓 are their corresponding effective values, 

respectively.  

The 𝑆𝜙𝑆 and 𝑆𝜙𝑚 are related to the electrochemical reactions, namely hydrogen oxidation 

reaction (HOR) at the anode electrode and oxygen reduction reaction (ORR) at the 

cathode electrode through Butler-Volmer equation [6]: 

   
0.

,1 exp

5

,2 exp

2

, ,
Fa arefs ja act aaa RT R

C FH a cj act are
H

TfC

   
 
   

 
  

   
     

 


    

     (11) 

    , ,2 , ,

2

1 exp exp
CO c a c cj act c

F Frefs jcc cat act cref RT RTC
O

   
 

      
      

           
 

   

 

(12) 

where 𝑗𝑎 and 𝑗𝑐 are the current density at anode and cathode respectively, 𝑗𝑎𝑟𝑒𝑓 and 𝑗𝑐𝑟𝑒𝑓 

are the exchange current densities at reference temperature of 25°C and pressure of 1 atm, 

and 𝛼𝛼,𝛼 and 𝛼𝛼,𝑐 represent the anode and cathode transfer coefficients of the reaction at 

the anode, respectively. Similarly, 𝛼𝑐,𝛼 and 𝛼𝑐,𝑐
 
are the anode and cathode transfer 

coefficients of the reaction at the cathode electrode, respectively. 𝐶𝐻2and 𝐶𝑂2 are the 

hydrogen and oxygen molar concentrations at the anode and cathode electrodes, 

respectively and 𝑐𝐻2𝑟𝑒𝑓 and 𝑐𝑂2𝑟𝑒𝑓 are the hydrogen and oxygen concentration at reference 

temperature and pressure, and 𝜉𝛼 and 𝜉𝑐 are the specific active surface area of the anode 

and cathode CLs (1/m), defined as [43]:  

    
   

Catalyst loading Surface area
Thickness of catalyst layer

   (13) 

where the values for the catalyst loading, surface area and catalyst thickness for the anode 

and cathode CLs used in the present work collected from the literature [34]. The local 

surface overpotentials, 𝜂𝑎𝑐𝑡, at the anode and cathode electrodes are expressed as follows:  

   HOR at the anode CL: 
s mact     (14) 
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   ORR at the cathode CL: Us mact       (15) 

where 𝑈° is the equilibrium (or thermodynamic) potential. At the anode terminal, this 

value is zero, whereas at the cathode terminal, it is given by Nernst Equation [44]: 

0.51.482 - 0.000845 0.0000431 ln
2 2

U T T p pH O

 
 
 

   (16) 

where T(K) is temperature and 𝑃𝐻2 and 𝑃𝑂2 are the partial pressures of hydrogen and 

oxygen gases which could be calculated using the ideal gas law:  𝑃𝑖 = 𝑦𝑖 ∗ 𝐶 ∗ 𝑅 ∗ 𝑇, where 𝑦𝑖 is the mole freaction of species i (hydrogen or oxygen ) and 

C is total molar concentration of the mixture at either side of the fuel cell.  

 Note that the partial pressure of water was not included in Equation (16) as the water 

activity of water activity of water vapour is normally assumed to be 1 in the molecular 

region of the water-generating electrode. This is a valid assumption as water generation 

is always at the catalyst surface and the reaction is not limited by the concentration of 

product water at this surface [Ref.: Fuel Cell Engines by M.M. Mench].  

In the GDLs, electrical conductivity shows strongly anisotropic characteristics and thus 

has different values for the electrical conductivity in the in-plane and through-plane 

directions; the anisotropic values are given in Table 2. The proton (electrolyte) 

conductivity, 𝜎𝑚, increases with temperature and water content as shown in the following 

empirical formula [39]:    

1 1(0.5139 0.326)exp 1268
303m T

 
  
  
   

     (17) 

where 𝜆 denotes the membrane water content. 

2.2.4. Transport of dissolved water  

 

Dissolved water occurs in the membrane and the CLs. As the operating pressures of the 

cathode and anode sides for the modeled fuel cell are equal in this paper, the hydraulic 

permeation effects are deemed to be negligible. Consequently, the governing equation 

for the transport of dissolved water is described as follows [45]: 
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. .n md NafD Si i wF EW
   

  
      

       (18) 

The left term in Eq. (18) represents the electro-osmotic drag (EOD) of dissolved water 

and the first term at the right-hand side of the equation represents the back diffusion of 

the dissolved water. 𝑛𝑑 is the electro-osmotic drag coefficient; it indicates the number of 

the water molecules carried by each proton from anode to cathode defined as [39]: 

2.5
22

n
d

  (19) 

where F is Faraday’s constant, 𝐷𝑤𝑚 denotes the diffusivity of the dissolved water in the 

membrane phase, 𝜌𝑁𝑎𝑓 and EW represent the mass density and equivalent weight of the 

dry Nafion respectively, and 𝑆𝜆 is the source term due to the phase change. The diffusivity 

of the dissolved water in the electrolyte phase relates to the water content by the following 

expression [45]: 

2346
7 0.283.1 10 1 e              0< <3

2346
84.17 10 161 1 e             3< <17

Te
m

Dw

Te

 

 

  
       

 


 
       

 

 


 

 (20) 

Likewise, the water content is linked to the molar concentration of dissolved water 𝐶𝐻2𝑂𝑁𝑎𝑓
:  

2Naf

EW Naf
C

H O
   (21) 

The membrane water content at equilibrium depends on the local water activity and is 

determined by the following empirical expression [39]: 

 

2 30.043+17.18 -39.85 +36        0< <1

14+1.4 1                                     1 3

a a a a

equil a a








  

 (22) 

where 𝑎 is the water activity given as follows: 

2
y Pwa s

satP
   (23) 

where 𝑦𝑤 is the water mole fraction, P denotes the total pressure and s represents the 

liquid water saturation. 𝑃𝑠𝑎𝑡 (in atm) is the saturation pressure, which is related to the 

temperature [39]: 
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10
log /101325 2.1749 0.02953( 273.15)

5 2 7 39.1837 10 ( 273.15) 1.4454 10 ( 273.15)

Psat
T

T T

    

     
 (24) 

 

2.2.5. Transport of liquid water 

PEM fuel cells usually operate at low temperatures (<100°C) and as such liquid water 

normally exists within porous layers and gas flow channels. Overlooking the occurrence 

of liquid water in PEMFC model may result in the overprediction of the fuel cell 

performance. The governing equations for the transport of liquid water in GDL/CLs could 

be described as [4]: 

. . ogk k krl rlu p Sgl l c lk l lrg


  

           
      (25) 

where 𝑘𝑟𝑔 and 𝑘𝑟𝑙 are the values of the relative permeability of the gas and liquid phases, 𝑘0 is the absolute permeability, 𝑆𝑙 is the source/sink term due to water condensation or 

vaporization and 𝑝𝑐 is the capillary pressure which is expressed by the following 

equation: 

 
0.5

cos

0

p J sc c
k

 
 
 
 
 

  (26) 

where 𝜎 represents the surface tension of the liquid water and 𝜃𝑐 denotes the contact angle 

between the liquid water droplets and the surface of the porous media. J(s) is the Leverett 

function, which is employed to account for the effect of liquid water on the capillary 

pressure [46]: 

 
2 31.417(1 ) 2.212(1 ) 1.263(1 )        90

( )
2 31.417 2.212 1.263                           90

s s s c
J S

s s s c











     


  
  (27) 

2.2.6. Conservation of energy equation 

The conservation equation of energy is described as [5]: 

.( ) .( )eff
C u T k T Sg p T T




      (28) 
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where 𝐶𝑝 represents the specific heat capacity of the gas mixture and is calculated by 

mixing-law: 

 
,

C Cp i p i
    (29) 𝑘𝑇𝑒𝑓𝑓 denotes the effective thermal conductivity, which for the porous media, is calculated 

as [47]: 

1
12

2 3
eff

Tk ks k k ks f s

  
 
  

   
 (30) 

where 𝑘𝑠 and 𝑘𝑓 designate the thermal conductivities of the solid and fluid phases in the 

GDLs and CLs respectively. Note that, to be in line with the experimental findings, 𝑘𝑠 
was set to be anisotropic for the GDLs; see Table 2. 

In Eq. (28), ST denotes the heat source/sink term, which is caused by the following 

phenomena: (i) entropic heat, (ii) irreversible heat due to activation and ohmic losses and 

(iii) latent heat due to water condensation/evaporation [5,46]:  

, , , , /
S S S S S
T T ent T act T ohm T con eva
     (31) 

Unlike the GDLs and the CLs, the heat source term is zero for the gas flow channels. All 

the sources of generation/consumption of heat are present in the catalyst layers and can 

be expressed as follows [5,46]:  

2 2i iT S s mj S h
l fgnF s m

  
 
 
 

         (32) 

where hfg is the latent heat of water condensation/evaporation, and Sl is the source term 

of liquid water [48]: 

(1 )( ) ( )(1 )
Sh D Sh Dw wc eS A s q A s qpore porew sat w satl d d

          
(33

) 

where Apore is defined as the pore surface area per volume, 𝑑̅ is characteristic length of 

water diffusion in the vicinity of phase change interface, 𝜌𝑠𝑎𝑡 is the density of saturated 

water and q is switching function (which is 1 for the water partial pressure larger than the 

saturation pressure and 0 otherwise) is given as follows [49]: 
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q

      
  (34) 

All the source/sink terms appeared in the transport governing Eqs. (1), (2), (3), (9), (10), 

(18), (25) and (28) are listed in Table 3. 

Table 3 Source/sink terms of transport governing equations in the developed PEMFC 
model. 

Source term        Equation 
Equation 

No. 

Momentum 

source term of 

gas phase 

 

                                     (    )
0

g
S V in all porous layers

m gk krg


       

(35) 

Hydrogen mass 

source term 

 

                             
42 2

jaS M
H HF

   
(36) 

Oxygen mass 

source term 

 

                                    (  C )
42 2

jcS M in CL
O OF

   
(37) 

Water vapour 

mass source term 

 

                         
 
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2
( )H O

S S M in ACLphase H O
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



 
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
                                                                                        (38) 

Ionic transport 

source term 
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S
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
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Electrical 

transport source 
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
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Heat source term 
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Dissolved water 

mass source term 
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(43) 



19 

 

 

Liquid water 

mass source term 

(1 )( )

( )(1 )  ( )22

(1 )( )

( )(1 ) (  )

Sh Dc wA s qpore w satd

Sh D je w cA s q S M in CCLspore H Ow sat Fd
S

l Sh Dc wA s qpore w satd

Sh De wA s q in GDLspore w satd

 

  

 

 




  

   







 

    


 

  

 
(44) 

2.3. Boundary conditions 

No-slip and zero flux boundary conditions were applied for the velocity and species 

transport equations on all the external surfaces. 

The cathode and anode inlet velocities are described as [5]: 

At the anode: 

1 1,
,  2

, ,

RTI a inaveu Aaa in F P x A
a in h in ch

  (45) 

At the cathode: 

1 1,
, 4

, ,

RTI c inaveu Acc in F P x A
c in o in ch

  (46) 

where 𝜃𝑎 and 𝜃𝑐 represent the flow stoichiometric ratio of hydrogen and oxygen, 

respectively, A is the active surface area and Ach denotes the cross-sectional area of the 

flow channels. Potentiometric boundary conditions were used for the present PEMFC 

model: electrical potential values were imposed as zero and Vcell at the anode and the 

cathode terminals. The pressure outlet condition was used for the outlets of the flow 

channels. The symmetry boundary conditions were applied to the left and right planes of 

the computational domain. 

2.4. Model implementation 

The set of the steady-state governing equations described above were discretized by 

adopting the finite volume method (FVM) on a structured computational grid using 

hexahedral cells generated by Gambit 2.4. The fuel cell model was solved using a 

commercial CFD package, FLUENT 14.0 (Ansys Inc. USA) through user-defined 

functions (UDFs) and user-defined scalars (UDS). Four general scalar equations were 
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defined using a set of user defined scalar (UDS) to represent four underlying conservation 

equations, namely: transport of electrons, protons, dissolved water and liquid water. The 

source/sink terms in the underlying equations, the mixture properties, boundary 

conditions for the channels inlet and outlet, in addition to the anisotropic values of the 

permeability, electrical and thermal conductivities were defined using UDFs, which was 

written in C programming language and was compiled in Fluent. The SIMPLE (semi-

implicit method for pressure-linked equations) algorithm was selected for coupling 

velocity-pressure equations. A second-order upwind discretization scheme was used for 

all the underlying equations. The iterative procedure was kept running until all the scaled 

residuals were below 1 × 10-6. In addition, the convergence check strategy for modeled 

PEMFCs based on the species mass flux and current density in addition to the residual 

monitoring proposed by Arvay et al. [50] was used to ensure a converged solution. The 

PC used to perform the computations was a 2.4 GHz Intel Core i5 CPU with 4 GB RAM 

and Windows 7 operating system.  

2.5. Grid independency test 

A stringent grid study method similar to the one in our previous work [51] was adopted 

for the present study. For the geometry cases with the blockage and metal foam flow-

field distributors, a fine mesh (both in y- and x-directions) was applied near to the blocks 

and the metal foam channels. The solutions were found to be independent of the grid 

which consists of 50 and 80 cells in x- and z-directions respectively and of 8-10 cells for 

each of the components in y-direction. The final meshes for the computations cases were 

as follows: ~ 412,000 cells for the parallel, ~412,000 for the interdigitated, ~412,000 for 

the serpentine, ~460,000 for the staggered and ~530,000 for the metal foam flow field 

case. The meshed geometry of the serpentine flow field case is shown, as an example, in 

Fig. 2.  
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(a) 

  

(b) 

 

Fig. 2. The meshed geometry of the serpentine flow field case: (a) 3D view and (b) 
the distribution of the cells across the various components of the membrane electrode 
assembly. 

 

3. Results and Discussion 

3.1. Model validation 

To validate the PEM fuel cell model developed here, the simulated results of the model 

are compared to those values obtained experimentally by Wang et al. [52], as illustrated 

in Fig. 3. Note that the conventional parallel flow field configuration was used for the 

model and all the dimensions and operating conditions were chosen to be the same as 

those of the experiments [52]. As depicted in Fig. 3, the values predicted by the PEMFC 
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model are in good agreement with those values collected from the literature with some 

small disparities at low current densities (less than 0.4 A/cm2), which it may be ascribed 

to the use of the kinetic model (i.e., simple Butler-Volmer) used in this work, which does 

not take into account the microporous structure of the catalyst layer. This, however, does 

not significantly affect the output of the developed PEM model since the operating 

voltage used for the simulations is far from those zones. 

 
 

Fig. 3. The modeling values as compared to the experimental data presented by Wang 

et al. [52]. 

 

3.2. Comparing different flow field designs 

An efficient flow field design—especially at the cathode—is a practical solution to 

efficiently manage water and heat within the fuel cell. An optimally-designed flow field 

impedes reactants maldistribution on the CLs, leading to lower pressure drop along the 

flow channels, which enhances the proton conductivity of the membrane and more 

efficient water balance. In the following, we compare the simulation results of different 
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types of cathode flow fields used in the modeled PEM fuel cell. To this end, contour 

diagrams showing the distribution of temperature, current density, oxygen concentration, 

and liquid water, as well as concentration polarization curves, were all generated for all 

the cases. Aside from the average and maximum values of the characteristic variables in 

a fuel cell as mentioned above, the uniform distribution of these variables is also 

important. As such, an area-weighted uniformity index was used to compare the 

investigated flow fields in terms of uniformity which its integral form is described as: 

1
2

avg
s

a

avg
s

J J ds
U

J ds


  


 (47) 

Where ds is the surface of interest (here, the interface between CL-GDL), J is the local 

value of that variable and Javg is also defined as: 

s
avg

s

Jds
J

ds
 


 (48) 

This index is used to represent the variation of a field variable on a specific surface. Thus, 

the closer the index uniformity to 1 indicates the more uniform distribution of that 

variable. As fuel cell operates, oxygen fed into the flow channels passes through the GDL 

and reaches to the CL layer where it consumes due to the electrochemical reaction. The 

contribution of an efficiently-designed flow field distributor is more highlighted as 

operating voltages decreases. The distribution of oxygen mass fraction at the interface 

between the cathode GDL and CL layer at 𝑉𝑐𝑒𝑙𝑙 = 0.4𝑉 is depicted in Fig. 4. As 

illustrated, the oxygen concentration reduces along the channel length for all the 

simulated cases, but the intensity is not the same. Comparatively speaking, one sees that 

the basic parallel flow field suffers from oxygen depletion at the downside of the cell; 

apparently this oxygen maldistribution is offset with other types of flow fields to a 

different extent. Evenly distribution of oxygen is equally important as its average value 

to avoid locally undesirable phenomena. The values of uniformity index of oxygen 
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concentration at the CL-GDL interface calculated and are given in Fig. 4. To better see 

the performance of the selected flow fields, the distribution of current density should also 

be considered along with the oxygen contours of the mass fraction. 

(a) 

 

Ua=0.8 

(b) 

 

Ua=0.783 

(c) 

 

Ua=0.786 

(d) 

 

Ua=0.82 

(e) 

 

Ua=0.85 

 Fig. 4. Contours of oxygen mass fraction at the GDL/ CL interface along with 
its uniformity index for the cases incorporating cathode flow field of (a) single 
parallel, (b) single-pass serpentine, (c) interdigitated, (d) parallel with blocks 

and (e) metal foam. 
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The uniform distribution of current density is an important issue in a fuel cell which 

should be taken into consideration when designing the flow fields. A uniformly 

distributed current density prevents the formation of hot spot zones inside the MEA and 

hence increases the fuel cell durability. The distribution of current density magnitudes at 

the GDL/CL interface for the flow fields considered here are depicted in Fig. 5. One can 

see that the current density distribution is more or less similar to the oxygen distribution 

in all the cases. Corresponding to Fig. 5, it can be seen that the most uniform current 

density distributions are those with parallel and metal foam flow distributors. On the other 

hand, the flow fields with the interdigitated and serpentine layouts show the least uniform 

current density at the GDL/CL interface. This may be explained by different dominant 

transport mechanisms in the flow channels of each investigated cases. The current density 

distribution in the modeled flow fields is influenced by the oxygen distribution and the 

extent of cross-flow in the areas between the flow channels. Diffusion is the main mode 

of transport of oxygen across the GDL with the parallel layout. On the other hand, due to 

presence of cross-flow beneath the ribs of the flow-field plates, oxygen is more 

transported through the GDL by convection with the interdigitated flow layouts or by a 

combination of diffusion and convection with serpentine (i.e. diffusion remains the main 

mode of transport with the serpentine flow field layout, given that permeability is less 

than 10-13 m2), parallel with staggered blocks and metal foam layouts. As seen in Fig. 4, 

the oxygen distribution shows better uniformity with the metal foam layout. Also, the 

oxygen distribution in parallel layout with staggered blocks is rather uniform as the 

blocks enhance the cross-flow of oxygen within the GDL compared to the straight parallel 

design.   
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(a) 

 

Ua=0.92 

(b) Ua=0.89 

(c) 

 

Ua=0.91 

(d) 

 

Ua=0.93 

(e) 

 

Ua=0.95 

Fig. 5. Contours of current density distribution at the GDL/ CL interface for the cases 
incorporating cathode flow field of (a) single parallel, (b) single-pass serpentine, (c) 
interdigitated, (d) parallel with blocks and (e) metal foam. The values are in (A/m2). 

 

As illustrated in Fig. 5, the magnitude of the current density is larger under lands and the 

borders between the lands and the flow channels and it is smaller at the centers of the 

channels. Such profile is linked to the profile of oxygen shown in Fig. 4 where the areas 

with relatively low concentrations of oxygen reflect a high rate of oxygen consumption 
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and subsequently high current densities. At 0.4 V, the averaged values of the oxygen 

mass fractions at the channel outlet are 0.108, 0.068, 0.054, 0.085, and 0.042 for the 

modeled fuel cell with parallel, serpentine, interdigitated, parallel with staggered blocks 

and metal foam layout. The reported values clearly show the efficiency of different flow 

fields to mitigate oxygen exhaust to the channel outlet by pushing oxygen to the CL 

layers. The polarization curves in Fig. 6 may be roughly divided into three main regions: 

activation losses dominant region (>0.8 V); Ohmic losses dominant region (0.6<V<0.8); 

and mass transport losses dominant region (<0.5 V). The difference in cell performance 

between the cases is much more profound in the last region. As demonstrated in Fig. 6, 

at mass transport region, the case with the metal foam flow field portrays the best 

performance and the case with the parallel flow field shows the worst performance. Fig. 

6 also shows that the cases with the serpentine, interdigitated and parallel with staggered-

blocks flow fields have similar and comparable trends for operating voltages less than 

0.6 V.  
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Fig. 6. Effect of flow field design on the polarization curve of the modeled fuel cell. 

 

Fig. 7 shows the power density curves for the investigated cases. As shown in this figure, 

the metal foam and the basic parallel flow field configurations demonstrate the maximum 

and the minimum peak power densities respectively. Quantitatively speaking, the 

maximum power density obtained by the metal foam flow field is nearly 50% more than 

the value for the basic parallel distributor. As will be shown later when discussing the 

water saturation profiles, the superiority of the metal foam design over the other 

investigated designs is due to the lowest liquid water saturation demonstrated by the metal 

foam design, thus decreasing the mass transport resistance and allowing more reactant 

gas of oxygen to reach the catalyst layer. On the other hand,  relative to the basic parallel 

flow field, the performance gain when using the serpentine, interdigitated and staggered 

blockage flow fields is about 10%. Before moving to the discussion of the key variables, 

it is noteworthy that, if not properly surface-treated, metal foam may suffer from 

corrosion which potentially affects the long-term performance of the fuel cell. The 

capture of the physics of the corrosion clearly requires the model to be transient; this is 

beyond the scope of this study which assumes the fuel cell operation to be steady-state.   
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Fig. 7. Effect of flow field design on the power density of the modeled fuel cell. 

 

 

The distribution of liquid water at the interface between the cathode GDL and CL for the 

investigated cases is presented in Fig. 8. As depicted in the latter figure, water saturation 

is in general, higher under the areas lying beneath the ribs and near to the channel walls 

and corners than those under the flow channels. This is most likely due to the relatively 

weak convective flow under the land areas and the corresponding contours of temperature 

(Fig. 9). The disparity in liquid water distribution in the investigated layouts is mainly 

because of the different flow mechanisms dominated in each of these flow configurations 

induced by the pressure drop as well as temperature distribution. As temperature rises, 

saturation pressure of water increases, water activity and accordingly liquid water 

concentration decreases. Notably, the relatively high water saturation that features the 

parallel flow field signifies its lower efficiency in draining out liquid water and justifies 

the lower fuel cell performance as cell’s operating voltage decreases (see Fig. 6). This is 

associated with relatively low-pressure drop and predominately diffusion transport 
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mechanism with the parallel flow field. Comparatively, the relatively large pressure drop 

with the serpentine layout is attributed to the long pathway with turning points that the 

fluid requires to pass through. This improves the convective cross flow and therefore 

pushes liquid water out from the gas diffusion layers and flow channels more effectively. 

The design of the interdigitated flow field causes strong convective cross-flow between 

the adjacent channels which significantly improves the removal of liquid water present 

in the GDLs and the flow channels. As for the parallel flow field with blocks, water 

saturation tends to be high at the areas beneath the blocks owing to the stagnant flow 

caused by the blocks, resulting in the lowest value of saturation uniformity index; see 

Fig. 8 (d). It is also worth to note that the metal foam flow field shows the lowest values 

and the best uniformity of water saturation and this is obviously due to the uniformity of 

the structural features of the metal foam (i.e., relatively high porosity, thermal 

conductivity).     

 

(a) 

 

Ua=0.87 

(b) Ua=0.85 
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(c) Ua=0.85 

(d) Ua=0.76 

(e) 

 

Ua=0.93 

Fig. 8. Contours of water saturation at the GDL/CL interface for the cases incorporating 
cathode flow field of (a) single parallel, (b) single-pass serpentine, (c) interdigitated, (d) 

parallel with blocks and (e) metal foam. 
 

Temperature is highly linked to the formation of liquid water in PEM fuel cells. 

Relatively low temperatures may result in high water saturation and in critical conditions 

may lead to water flooding particularly at the cathode. On the other hand, relatively high 

temperatures may alleviate the possibility of water flooding issue but may also cause 

membrane dehydration. Also, uniformity of temperature is equally important to prevent 

some undesirable phenomena such as hot spots and thermal degradation. Thus, finding 
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optimum values for the temperature of the fuel cell is important especially at medium to 

low operating voltages where the generation of water and heat is more salient. Contours 

of temperature at the interface between the cathode CL and the membrane for the 

investigated cases are depicted in Fig. 9. A look at Fig. 5 and Fig. 9, one reveals that the 

temperature distribution profile in the studied flow fields is more or less similar to the 

profile of current density in Fig. 5. As such, those areas with the locally highest current 

density magnitudes in Fig. 5 correspond to the temperature with the highest values and 

vice versa. As illustrated in the figure, the flow fields with serpentine, interdigitated and 

parallel with blocks, generally demonstrate the highest values of temperature whereas the 

flow with parallel and the metal foam show the lowest values. Interestingly, the metal 

foam flow field shows the most uniform temperature profiles and this is obviously due to 

the relatively high degree of structure uniformity in this type of flow field.  

(a) Ua=0.96 

(b) Ua=0.94 

(c) 

 

Ua=0.94 
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(d) 

 

Ua=0.95 

(e) 

 

Ua=0.98 

Fig. 9. Contours of temperature at the GDL/ CL interface for the cases incorporating 
cathode flow field of (a) single parallel, (b) single-pass serpentine, (c) interdigitated, (d) 

parallel with blocks and (e) metal foam. 
 

3.3. Parametric analysis 

The fuel cell performance with different flow fields varies under different operating 

conditions. To gain a better insight of the performance of the cathode flow field 

distributors used in the present work, we conducted a series of simulations for different 

operating conditions of the cathode inlet flow, namely relative humidity (RH), flow 

stoichiometry ratio (SR) and inlet flow temperature; the results of which are compared 

and discussed below. 

3.3.1. Effect of cathode relative humidity (RH) 

In this section, we investigate the impact of cathode relative humidity on pressure drop, 

water saturation and power density obtained for each of the modeled flow fields at a cell 

operating voltage of 0.4 V. In PEMFC systems, in addition to obtaining high performance 

and uniform distribution of current density, maintaining an optimum pressure drop across 

the flow channels is equally important. An optimum pressure drop which reasonably 

mitigates water flooding and, at the same time, incurs a minimum parasitic loss is of 
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interest. Fig. 10(a) shows the computed pressure drop obtained for the flow fields for 

different values of relative humidity. As presented, for all the three cases of RH (i.e. 25, 

50 and 75%), the highest values of pressure drop relate to the flow fields with serpentine 

and interdigitated flow patterns, and the lowest values of pressure drop occur for the basic 

parallel flow design. The highest pressure drop values are attributed to the relatively long 

pathway of the serpentine flow-field and to the presence of dead-end channels in the case 

of the interdigitated flow-field. As expected, the lowest values of the pressure drop are 

those of the parallel flow field, which is caused by the relatively short pathways between 

the inlets and the outlets. The values of the pressure drop associated with the partially-

blocked parallel and metal foam flow field designs are between the two extreme values 

demonstrated by the above flow-fields. It should be noted that the sensitivity of the 

pressure drop to the relative humidity is almost negligible for all the investigated flow-

fields. Efficient removal of liquid water from the flow channels is an important 

characteristic of an appropriately-designed flow field. The effect of cathode relative 

humidity on water saturation for the five flow fields was evaluated and presented in the 

form of volume-integrated water saturation in cathode CL; see Fig. 10(b). It can be seen 

that, for all the cases, liquid water accumulation increases as the inlet relative humidity 

at cathode increases. Also, it is worth to note that serpentine and interdigitated flow fields 

show the same trend with liquid water saturation. Moreover, the parallel and the partially-

blocked parallel flow fields show the highest liquid water saturation, compared to other 

designs, which could be attributed to the relatively low-pressure drop for parallel flow 

field and accumulation of liquid water beneath the blocks of the partially-blocked parallel 

flow field. Further, the metal foam flow-field demonstrates the least liquid water 

saturation and this is due to the relatively high convective flow throughout the body of 

the metal foam. 
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(a) 

 

(b) 
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(c) 

 
Fig. 10. Effects of the relative humidity of cathode inlet gas for different flow fields: 

(a) total pressure drop (Pa), (b) water saturation and (c) power density (W/cm2). 
 

The impact of cathode relative humidity on the output power density for all the studied 

flow fields is shown in Fig. 10 (c). As shown, the power density generally enhances as 

the cathode relative humidity increases which is attributed to the enhancement in the 

humidification of the membrane electrolyte, thus increasing the membrane conductivity 

and overall cell performance. One could see that the metal foam flow field demonstrates 

the best power density at intermediate (i.e. 50%) and high (i.e. 75%) relative humidity 

while the interdigitated flow field show the best power density at a low relative humidity 

(i.e. 25%). One explanation for this may be the balance between the oxygen transfer to 

the CLs and the water content for the membrane humidification. In other words, it can be 

attributed to the more sensitivity of the interdigitated design to the change of RH and thus 

change in oxygen concentration to the cathode CL compared with others.  

3.3.2. Effect of cathode flow stoichiometric ratio (SR) 

The impact of stoichiometric ratio (SR) of the cathodic flow on the pressure drop, liquid 

water saturation and power density for different flow field designs are presented in Fig. 



37 

 

11. It can be seen that, for all the investigated flow fields, the pressure drop within the 

flow channels increases proportionally as the stoichiometric ratio increases. Compared 

with Fig. 10 (a), it is clear that the pressure drop is much more sensitive to the cathodic 

stoichiometric ratio than to the relative humidity. The change of volume-integrated liquid 

water saturation at cathode CL with flow stoichiometric ratio for the investigated flow 

fields is presented in Fig. 11(b). As demonstrated in the latter figure, the serpentine, 

interdigitated and metal foam flow fields behave almost the same: the liquid water 

saturation decreases as stoichiometric ratio increases. This could be attributed to the 

relatively increased capacity of water removal, induced by relatively high convective 

flow, in the above flow fields. Also, one could observe that, with parallel flow field, the 

liquid water saturation is almost insensitive to the cathode flow stoichiometric; this is due 

to the relatively low contribution of the convective to the total flow. On the other hand, 

it appears that, for the partially-blocked parallel flow field, there exists an optimum 

stoichiometric ratio at which the liquid water saturation is a minimum; this seems to be 

the point at which the supply of both oxygen (necessary for chemical reaction) and water 

(necessary for the membrane humidification) is adequately ensured. Compared with Fig. 

10 (b), it could be clearly seen that the liquid water saturation is more sensitive to the 

cathodic relative humidity than to the stoichiometric ratio of the cathodic flow.  
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(c) 

 
Fig. 11. Effect of stoichiometric ratio of cathodic flow for different flow field designs 

on (a) total pressure drop (Pa), (b) liquid water saturation and (c) power density 
(W/cm2). 

The effect of the stoichiometric ratio of the cathodic flow on the output power density for 

the various investigated flow fields is shown in Fig. 11 (c). It shows that, for the 

interdigitated and serpentine flow fields, the output power density decreases as the 

stoichiometric ratio increases. Corroborated with the corresponding liquid water 

saturations results shown in Fig. 11 (b), this is most likely due to the decreased amount 

of water available for membrane humidification. On the other hand, there exist optimum 

values for the stoichiometric ratio at which the power density is a maximum for the 

parallel, metal foam and partially blocked parallel flow fields; such optimum values 

appear to ensure an adequate supply of oxygen and water to the catalyst layer and the 

membrane electrolyte respectively. In comparison with Fig 10 (c), one could see that the 

power density is more sensitive to the cathodic relative humidity than to the 

stoichiometric ratio of the cathodic flow.     

3.3.3. Effect of cathode inlet flow temperature 

The impact of the temperature of the cathodic inflow on the pressure drop, liquid water 

saturation and power density for different flow field designs is displayed in Fig. 12. It can 
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be noted that, for all the investigated flow fields, the pressure drop slightly increases with 

increasing temperature and this is due to the fact that, as evidenced from ideal gas law, 

pressure increases with increasing temperature. Compared with Fig. 10 (a) and Fig. 11 

(a), one could see that the pressure drop is slightly more sensitive to the temperature of 

the cathodic inflow than to the cathodic relative humidity; however, the pressure drop 

remains much more sensitive to the stoichiometric ratio of cathodic flow rate than to the 

temperature of the cathodic inflow. The computed pressure drop values are shown in Fig. 

10(a), 11(a), 12(a), for the metal foam and partially-blocked flow fields show 

intermediate pressure drop, lies between the corresponding values of the parallel and the 

serpentine and interdigitated flow fields. The effect of the temperature of the cathodic 

inflow on the liquid water saturation in the CL for the investigated flow fields is presented 

in Fig. 12 (b). One could see from the figure that the liquid water saturation in general 

decreases as inflow temperature increases. Compared with Fig. 10 (b), the liquid water 

saturation increases with cathode relative humidity and decreases with a temperature of 

the cathodic inflow. When compared with Fig. 11 (b), the effect of both the stoichiometric 

ratio and the temperature on the liquid water saturation in the cathode CL is almost of the 

same magnitude for all the investigated flow designs; for the parallel case, as shown, the 

saturation is almost insensitive to the change in inflow temperature.  
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(c) 

 
Fig. 12. Effect of temperature of cathode inlet flow for different flow distributors: (a) 

total pressure drop (Pa), (b) liquid saturation, and (c) power density (W/cm2). 
 

Fig 12 (c) shows the effect of the temperature of the cathodic inflow on the output power 

density for the all investigated flow field designs. It can be seen from the figure that, for 

the employed set of temperatures, there exists an optimum value for the temperature of 

the cathodic inflow at which the output power density is a maximum for the parallel, 

partially blocked parallel and metal foam flow fields, i.e. 80°C. The optimum temperature 

can be resulted in due to the balance of decrease in the membrane conductivity and 

increase in the rate of reaction; as temperature rises, the membrane conductivity lowers, 

whereas the reaction kinetics improves. On the other hand, the last figure shows that the 

output power density decreases as the temperature of the cathodic inflow for the 

serpentine and interdigitated flow fields increases. Given the fuel cell operating 

conditions and MEA structure, it appears that the modeled fuel cell suffers from 

membrane dehydration and thus oxygen transport to the CL is not the controlling process. 

As such, an increase in the inflow humidity results in better membrane humidification 

and hence enhances the overall cell performance.  
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4. Conclusions 

A multiphase three-dimensional CFD model of a PEMFC, which incorporates all the 

anisotropic properties of the GDL, was developed to investigate the influence of the 

cathode flow field design on the fuel cell performance. The investigated designs were 

five different flow field distributors: three conventional (single parallel, serpentine and 

interdigitated) and two recently-introduced ones (parallel with staggered blocks and 

porous metal foam). Upon validation of the developed model with the experimental data 

from the literature, a comprehensive comparison was performed in terms of the global 

performance and the distributions of the key variables. A parametric study was also 

conducted for all the investigated flow fields to evaluate the effects of the relative 

humidity, stoichiometric ratio, and temperature of the cathode inflow on the pressure 

drop, liquid water saturation, and output power density. Below are the main findings of 

the study: 

 The best-simulated performance is presented by the fuel cell operating with the 

metal foam flow field; the peak power density, compared to that of the base 

parallel flow field case, increases by about 50%. This is attributed to the lowest 

liquid water saturation demonstrated by the metal foam flow field, decreasing the 

mass transport resistance and allowing more reactant gas, oxygen in this case, to 

reach the reactive sites in the catalyst layer. On the other hand, compared with 

that of the parallel flow fields, about a 10% increase in the peak power density is 

observed when using serpentine, interdigitated or partially-blocked parallel flow 

fields.  

 The modeled fuel cell with the parallel and metal foam flow fields demonstrate 

the most uniform distribution of the current density and this is due to the relatively 

uniform distribution of oxygen concentration with these two flow fields. On the 

other hand, the serpentine and the interdigitated flow fields show the least uniform 
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distribution of the current density and oxygen concentration implying that they 

are more susceptible to hot spots.     

 The lowest and most uniform distribution of water saturation was obtained when 

using the metal foam flow field and this is the due presence of relatively strong 

convective flow. On the other hand, owing to the relatively poor convective flow, 

the modeled fuel cell with the parallel flow field shows the highest values of liquid 

water saturation. High values of water saturation were found to exist within the 

vicinity of the blocks for the modeled fuel cell with the parallel flow field with 

the staggered blocks and this is due to the presence of stagnant flows in the areas 

of the GDL beneath the blocks.  

 The metal foam design generally maintains its superiority, as evidenced by its 

highest power density, over other designs as the relative humidity, stoichiometric 

ratio or the temperature of the cathodic inflow changes. Notably, the interdigitated 

flow field design outperforms other designs, including metal foam design, at low 

humidity conditions.  

 Interestingly, there exist optimum values for the stoichiometric ratio (i.e. 5) and 

the temperature (i.e. 80°C) of the cathode inflow at which the performance gain 

of the parallel, metal foam and partially-blocked flow fields is maximized. 

Nomenclature: 

PEMF
C 

GDL 

CL 

CFD 

MEA 

PEM 

S 

u 

D 

proton exchange membrane fuel cell 

gas diffusion layer 

catalyst layer 

computational fluid dynamics 

membrane electrode assembly 

proton exchange membrane 

source/sink rate 

velocity, m s-1 

diffusivity, m2  s-1 

liquid water saturation 

UDS 

FVM 

AMG 

 

 

Greek 

symbols 

 

 

 
μ 

user defined scalar 

finite volume method 

algebraic multi grid 
 

 

 

 

 

 

liquid density, kg m3 

dynamic viscosity, Pa.s 
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s 

T 

P 

n 

Di 

rp 

Mi 

R 

HOR 

ORR 

F 

C 

ja 

jc 

U° 

nd 

EW 

yw 

k 

k0 

pc 

J (s) 

Cp 

kT 

xx, zz 

yy 

hfg 

Apore 

Shc 

She 

i 

ra 

rc 

Ach 

Am 

x 

UDF 

 

temperature, K  

pressure, Pa 

exponent for the pore blockage 

diffusivity of the species i 

characteristics pore length of the catalyst  

molecular weight of the species i, Kg 
mol-1 

universal gas constant, J mol-1 K-1 

hydrogen oxidation reaction 

oxygen reduction reaction 

Faraday constant, C mol-1  

molar concentration, mol m-3 

exchange current density at anode, A m-3 

exchange current density at cathode, A m-

3 

equilibrium potential, V 

electro-osmotic drag coefficient  

equivalent weight of Nafion, Kg mol-1 

local water mole fraction 

permeability, m2 

absolute permeability, m2 

capillary pressure, Pa 

Leverett function 

heat capacity of the gas mixture, J  kg-1  
K-1 

thermal conductivity, W m-1  K-1 

vector direction in the in-plane  

vector direction in through-plane 

latent heat of water, J kg-1 

pore surface per volume 

transfer rate coefficient for condensation 

transfer coefficient for evaporation 

current density, A m-2 

rate coefficient of membrane for 
absorption 

rate coefficient of membrane for 
desorption 

cross-sectional area of the gas channel 

active surface area of the membrane 

species mole fraction 

user-defined function 

 

ε 
ω 
Øs 
Øm 
σ 
αa 

αc 
ζ 
ηact 

λ 
θ 

θa 

θc 
 

Subscripts 
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c 
Naf 
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w 
l 
s 
f 
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rev 
 

Superscripts 

 

 

eff 
K 
m 
 

 

 

 

 

 

porosity 
species mass fraction 
solid phase potential, V 
membrane phase potential, V 
electrical conductivity, S m-1 
anode transfer coefficient  
cathode transfer coefficient  
specific active surface area, m-1 

activation overpotential, V 
water content  
contact angle of GDL 
stoichiometric flow ratio at 
anode 
stoichiometric flow ratio at 
cathode 
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water 
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