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Abstract 

The solid phase and fluid phase temperature and species distribution have been calculated numerically in this study. The model 

considered here consists of catalyst layer, porous-transport layer and the current collector region (rib). Two energy equations approach 

has been employed in the porous transport layer and one energy equation is solved for the catalyst layer to simulate the temperature 

distribution. Full multi-component diffusion model and Knudsen effect have been included for the simulation of the species 

distribution in both catalyst and porous-transport layer. The agglomerate model has been used to simulate the catalyst layer. It has 

been found that the diffusion coefficient is low in the catalyst layer due to low permeability and porosity causing stagnation zones and 

the temperature rise is maximum in the stagnation zones causing local hot spots. 

 

Keywords: Numerical study; Two equation energy approach; Agglomerate Model; Diffusion Coefficient; Stagnation Zones 

 

1. Introduction 

Polymer electrolyte membrane fuel cells (PEMFCs) have attained a considerable amount of attention in the research society in the last 

decade for their habit as environment friendly and high efficiency energy production units for both mobile and stationary units. Only 

few hurdles need to be overcome before PEMFCs can be launched in full commercial scale. One of the major hurdles still faced by the 

PEMFCs is their water management. PEMFCs use a solid polymer like SOFCs which give these two a major advantage over other 

fuel cell counterparts because of their stability. But, in PEMFCs, the ionic conductivity of the electrolyte is strongly dependant on the 

water content; more water content means higher conductivity. So, it is imperative for electrolyte to be damped at all times. On the 
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other hand, high water content in the cell can choke the flow of oxidant to the reaction site causing shutting down of the system. In 

order for the PEMFCs to work, a good water balance has to be maintained in the cell [1]. In conjunction to the above stated balance, 

thermal distribution in the cell plays a vital role in balancing the water content while the inlet supply is pre-humidified. 

Since practical measurements are difficult to perform inside the fuel cell due to its compact nature and in order to visualize the internal 

behavior and response of the cell to the operating conditions, numerical simulations are mostly relied upon and in order to achieve 

reliable and accurate results, catalyst layer has been the main focus of interest because of the electro-chemical reactions occurring in it 

[2]. Up till now, many different approaches have been applied to simulate the catalyst layer where the agglomerate model has 

produced more explanatory results of the actual behavior of a PEMFC [2-5]. 

In this study, the transport phenomenon has been studied in depth for simulating the temperature distribution in the cathode side of a 

low pressure operating PEMFC. Since PEMFCs are low temperature operating devices, i.e., the temperature difference between the 

inlet and outlet is very low, thus a low temperature difference between the solid and fluid phase cause significant local thermal non-

equilibrium  (LTNE) [6]. Then separate energy equations are employed for the solid and fluid phases with inter transfer of energy 

among them. 

2. Numerical models and equations 

A schematic drawing of a typical porous cathode in contact with an interdigitated flow field of a PEMFC is given in Figure 1. The 

present computation is limited to a repeated section between the inlet and outlet channel. 

 The air-water vapor mixture enters into the porous cathode from the section inlet and transverses the porous transport layer (PTL) to 

the catalyst layer. The oxygen reduction reaction occurring in the catalyst layer consumes oxygen and, meanwhile produces water 

vapor. It can be presented as; 

OHeHO 22 244 ⎯→←++ −+  (1) 

 During the reaction, heat due to overpotential and irreversibility is generated. It should be removed from the cathode by the fluids or 

the solid. 

Model Assumptions 

The following assumptions have been made in the present model; 

1. The cell is operating at steady conditions. 

2. Inlet mixture is modeled as ideal and laminar flow. 

3. The PTL is composed of void spaces and carbon fibers. 

4. The catalyst layer is composed of agglomerate made of platinum particles supported by carbon and ionomer electrolyte. 



5. The inlet and current collector temperature is uniform. 

6. Water exits as gas only. 

Governing Equations 

In both catalyst and porous transport layers, the steady volume averaged continuity and momentum equations are solved, i.e., 

( ) 1SuDarcy =⋅∇ ρ  (2) 

and, 

2)( Supuuf +∇⋅∇+−∇=∇⋅ μρ  (3) 

The source term in (2) denotes the increase and decrease in the mass flow rate of the species due to chemical reactions occruing in the 

catalyst layer and back flow and osmotic drag of water to and from the membrane. The source term in (3) accounts for the viscous loss 

term as given in Table 1. 

The species transport in the present study is handled by the general transport equation given by 

( ) 3SJuX AA +⋅−∇=⋅∇ ρ  (4) 

where JA is the diffusion flux for a species i and is given by  

 

AeffAA XDJ ∇−= ,ρ  (5) 

The diffusion coefficient DA,gm of a particular species in (5) can be calculated based on the binary diffusion coefficients in the multi-

component gas mixture [7, 8]. 
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Since the catalyst layer and the PTL are both porous media, Knudsen diffusion is an active phenomenon in the porous media and 

needs to be also accounted in the model [9]. 
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In the present model an effective diffusion coefficient has been estimated based on both molecular and Knudsen diffusion given as [7]; 
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The temperatures in both the solid and fluid phases in the catalyst layer and PTL are modeled by applying the energy equation. The 

effective thermal conductivity of both phases is calculated as [5, 6, 8, 10]; 



fefff kk ε=,  (10) 

and, 

seffs kk )1(, ε−=  (11) 

Since the chemical reactions are taking place in the catalyst layer, so the energy equation in the catalyst layer employs a source term 

for heat generation. 

( ) 4, )( STkTuc feffffP +∇⋅∇=∇⋅ρ  (12) 

For the solid media, the energy equation is given as; 

5, )(0 STk feffs +∇⋅∇=  (13) 

In the PEMFCs, the electrochemical reactions occur at the interface of the platinum catalyst surface and the fluid. Hence both the 

phases in the catalyst layer are assumed to be at the same temperature [6, 11, 12] i.e.; 

sf TT =  (14) 

Because two energy equations are solved for the porous transport layer, there is an inter-transfer of energy between the two phases as 

given in Table 1. The value of the interstitial heat transfer coefficient for the present case has been selected as 1.0×106 W·m-3·K-1 [6]. 

Source Terms 

All the governing equations, as described in the previous sections, remain the same for all type of catalyst layer models except for the 

source terms that are utilized to account for different species transport and reaction mechanism. In the agglomerate model, oxygen 

travels to the surface of the agglomerate and dissolves into the electrolyte phase. Once oxygen has been dissolved into the electrolyte, 

it is transported through the electrolyte film which has engulfed the agglomerate. 

In order to describe the agglomerate catalyst model, standard Butler-Volmer kinetics can be utilized as [13]; 
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For numerical simulations applications, the above equation can be arranged as [4, 5]; 
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where is Henry’s constant which represents the solubility of oxygen into Nafion, and it can be estimated as [1]; NOH −2
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Er is the effectiveness factor and for the spherical agglomerate as used in the present model, it is given by [4, 5]; 
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Thiele’s modulus for a spherical agglomerate, Lφ , and estimated by [4, 5]; 
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effD represents the diffusion of oxygen into Nafion and can be correlated using [1]; 
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The reaction rate constant kc, is [4, 5, 14] ; 
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The exchange current density  is obtained by temperature corrected relation given as  0i
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On the basis of the above discussed agglomerate catalyst model, the source terms for different governing equations are summarized in 

Table 1. Table 2 gives the values for the model and kinetic parameters used in the current simulation. 

The source term for the water flux accounts for electro-osmotic drag and back diffusion. The convection of the water vapors from 

membrane towards cathode due to the pressure gradient that arises due to capillary pressure and elastic stresses have been ignored in 

the current model. 

3. Numerical Methods 

For the present case, due to high inter dependency of species and temperature distribution along the domain, all the governing 

equations have been coupled and solved using 3rd order discretization with convergence criteria set to 10-6. Grid independence was 

achieved at 220×514 uniform control volumes due to the simple case geometry. The inlet of the domain is treated as a pressure inlet 

while the interface between the catalyst layer and membrane is set as an adiabatic wall by assuming that there is no transfer of energy 

over this interface. The inlet temperature of the fluid phase and the temperature of the current collector have been fixed at a steady 

value of 340K. 

4.  Results and Discussion 



The velocity distribution for the cathode side is shown in Figure 2. Velocity is minimal in the catalyst layer due to lower permeability 

of the catalyst layer. Within the PTL, the velocity is comparatively higher in the region near the current collector because of the 

shorter flow path. Stagnation zones are created in the upper and lower left corners of the domain causing temperature rise being 

maximum as heat conduction remains the only mode of heat transfer. 

In the cathode side, pre-humidified air (O2, H2O and N2) with mass fractions of 0.2284, 0.0198 and 0.7518 enters into the domain and 

transverses through both the porous transport and catalyst layers. In the catalyst layer oxidation reduction reactions occur as given in 

Eq. (1). The reaction rate is dependant on quite many parameters including both physical and operating parameters. The physical 

parameters are accounted for by using the agglomerate model. 

Initially the oxygen concentration is high, hence the chemical reaction rate is large but as the mixture transverses the domains the 

reaction rate decreases and becomes small due to consumption of oxygen. Since, in the catalyst layer, the reaction rate is highly 

dependent on the presence of oxygen in the domain, so in the present study a multi-component diffusion model is used for in-depth 

distribution analysis including the Knudsen diffusion. For density and specific heat capacity calculations, the volume-weighted mixing 

law has been incorporated. The numerical result of the species distribution is shown in Figure 3. 

Figure 4 shows the temperature distribution inside the cathode of a PEMFC. In the catalyst layer, since the electro-chemical reactions 

are assumed to occur at the interface of the solid and fluid phase, the fluid and solid phases are considered to have same temperature 

[6, 11, 12]. In PTL, a two-equation model has been incorporated by employing separate energy equations for the solid and fluid phases 

with inter transfer of energy. The temperature of the solid phase in PTL is lower than the fluid phase because the solid has higher 

thermal conductivity. At the inlet, the fluid enters the domain with a uniform temperature and is heated up due to transfer of energy 

from the solid phase, whereas, the solid phase is cooled by the fresh inlet fluid. Near the exit of the domain, the fluid phase is at higher 

temperature than the solid phase due to the chemical reactions occurring in the catalyst layer. The solid phase is then heated up by the 

fluid phase. 

5. Conclusion 

In the present study, the cathode side of a low pressure PEMFC has been simulated using an agglomerate and two equation thermal 

model at high operating voltage. For species distribution, a multi-component diffusion model has been incorporated where density and 

specific heat capacity has been calculated by volume-weighted mixing law. All the parameters are strongly temperature dependent 

while the reaction rate is coupled with the distribution of species within the domain. It has been observed that higher temperature leads 

to higher reaction rates but the oxidant concentration limits the rise due to the decrease in concentration as the mixture transverses 

towards the module outlet. The diffusion coefficient is minimum in the catalyst layer due to the low porosity and permeability. 



Stagnation zones are created in the catalyst layer leading to which local hot spots where heat conduction is the primary cooling 

phenomenon.  

5. Nomenclature 

agga  Effective agglomerate surface area (m2·m-3) 

eff
Pta  Effective catalyst surface area (m2·m-3) 

ca  Cathodic transfer coefficient 

pc  Specific heat capacity (J·kg-1·K-1) 

ref
OC

2
 Reference O2 concentration (mol·m-3) 

effiD ,  Effective diffusivity of species i (m2·s-1) 

gmAD ,  
Binary diffusion coefficient of species in mixture 

(m2·s-1) 

effD  
Effective diffusivity of dissolved oxygen in 

electrolyte (m2·s-1) 

F  Faraday’s constant  

H  Henry’s constant (Pa·m3·mol-1) 

vh  Interstitial heat transfer coefficient (W·m-3·K-1) 

ck  Reaction rate constant (s-1) 

i  Current density (A·m-2) 

oi  Local exchange current density (A·m-2) 

M  Molecular weight of gas mixture (kg·mol-1) 

iM  Molecular weight of species (kg·mol-1) 

Ptm  Platinum loading (kg·m-2) 

u  Velocity vector (m·s-1) 

p  Pressure (Pascals) 

aggr  Radius of agglomerate (m) 



R  Universal gas constant (J·mol-1·K-1) 

X  Species mass fraction 

Y  Species molar fraction 

z  Number of electrons consumed per mole of reactant 

  

Greek Letters 

α  Net drag coefficient of water molecule per proton 

aggδ  
Thickness of electrolyte film covering an 

agglomerate (m) 

aggε  Proportion of electrolyte in agglomerate 

ε  Porosity of material 

cε  Porosity of catalyst layer 

LΦ  Theile’s modulus 

actη  Local activation overpotential (V) 

ρ  Density (kg·m-3) 

  

Subscripts and superscripts 

agg  Agglomerate 

c  Catalyst layer 

eff  Effective 

f  Fluid phase 

i  Species 

Pt  Platinum 

s  Solid phase 
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Figure 1: Schematic drawing of a porous electrode of the interdigitated flow field 

 

 

Figure 2: Velocity magnitude distribution pattern in cathode of PEMFC (m/s) 



 

Figure 3: Mass fraction distribution in the cathode of PEMFC: (Left) O2; (Right) H2O 

 

 

Figure 4: Temperature (K) distribution inside cathode of a PEMFC:(Left) Fluid Phase; (Right) Solid Phase 



Table 1: Source terms based on agglomerate model 

 Source terms 

 Catalyst Layer Porous Transport Layer 

Mass i
F

M
i

F
M

i
F

M OHOHO ⋅∇+⋅∇+⋅∇− 222

24
α

 0 

Momentum ( )uDS cμ−=1,2  ( )uDS PTLμ−=1,2  

Species i
F

M
i

F
M

i
F

M OHOHO ⋅∇+⋅∇+⋅∇− 222

24
α

 0 

Energy (Fluid) ( )i⋅∇η  ( )fsv TTh −  

Energy (Solid) fs TT =  ( )fsv TTh −−  

 

Table 2: Physical and kinetic parameters used in current model* 

Density (solid) 1100 kg.m-3 

Thermal conductivity 

(solid) 

1.71 Wm-2K-1 

Thermal conductivity 

(fluid) 

0.051 Wm-2K-1 

Viscosity 1.5863x10-5 m2s-1 

Interstitial heat transfer 

coefficient 

106  W.m-3.K-1 

Thermo- 

Physical 

Properties 

Stiochiometric flow 

ratio 

5.0 

GDL Porosity 48% 

CL Porosity 42% 

CL Viscous Resistance 9.775x1011 m-2 

Geometric 

Properties 

GDL Viscous 

Resistance 

6.537x1011 m-2 



Surface to volume ratio 1000 m-1 

Platinum loading 4 g.m-3 

Platinum radius 1.5 nm 

Agglomerate radius 1 µm 

Effective agglomerate 

area 

3.6x105 m2m-3 

Reference exchange 

current density 

3.85x10-8 A.cm-2 

Activation energy 76.5x103 J.mol-1 

Charge transfer 

coefficient 

1 

Reference O2 

Concentration 

3.6551 mol.m-3 

Agglomerate 

Properties 

Effective Pt surface 

ratio  

0.75 

 * [1, 3-5, 11, 14] 



 




