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1. Introduction    

Fuel cell technology is a promising clean alternative 

energy as a result of high efficiency of the direct 

conversion of chemical energy to electrical energy with 

very low environmental impacts. Among the various types 

of fuel cell, proton exchange membrane fuel cells 

(polymer fuel cell) can be  applied as a reliable equipment 

in the industry, resorts, transportation system, military 

industry, and both small and large scale dispersed 

generation systems due to high efficiency, quick startup, 

high power density, low corrosion, light weight, longevity 

and lower operating temperatures (60 to 85°C) [1–5]. 

Low durability and high energy cost of fuel cell energy 

compared to other energy sources are the main obstacles 

to the growth of this technology.  In order to apply this 

technology on a large scale, the cost of electrical energy 

by fuel cells should be reduced to be able to compete with 

other sources of electrical energy. Numerous studies have 

been conducted in the last two decades to improve the 
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performance of proton exchange membrane fuel cells [6–

12]. 

In fact, while general models provide good information 

on the effects of various parameters on the performance of 

fuel cells, they hardly are able to predict the effects of 

structural modificationson the performance of the cell 

components. In partial models where only one or more 

components of the fuel cell are modeled, transport 

mechanisms are simulated in a relatively short time with 

high precision. The most important advantage of the 

Lattice Boltzmann Method (LBM) is its ability to model 

flow in complex media. Consequently, this method is 

extensively applied to model various fuel cell 

components[13–18]. 

The gas diffusion layer (GDL) is one of the essential 

components of the fuel cell which is constructed from 

carbon paper or fabric. This layer acts like a support for 

the catalyst layer and directs the reactive gases towards the 

catalyst layer through the porous structure. Reactive gases 

diffuse the porous structure of this layer and reach the 
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catalyst layer. In the absence of this layer, the membrane 

is completely dried due to the flow of gases in the channel. 

Meanwhile, this layer plays an important role in the 

transfer of heat from reactive sites and water management 

in the fuel cell. Water vapor formed in the catalyst layer is 

directed to the outlet channel by diffusion and avoids the 

flow path of the gas stream and reactive sites be closured 

and reduced, respectively [19]. 

Given the essential role of the gas diffusion layer, many 

studies have been conducted on the simulation of flow of 

reactive gases, heat transfer and flow of water droplets 

within the gas diffusion layer[20–25] .Despite the higher 

speed of continuous macroscopic models [20, 21] than 

microscale models in numerical solution (As a result of the 

less computational volume), those models neglect the 

effects of the real structure and heterogeneous features of 

GDL. Therefore, empirical correlations should be applied 

in these models for averaging leading to unrealistic 

distributions within the GDL in some cases 

[25].Afterwards, the lattice-pore network and LBM are 

used to understand more details of the model.[22–25]  

Contemplating the heterogeneous anisotropic structure 

of the GDL, permeability has been calculated with the aim 

of increasing the accuracy of fuel cell modeling [27, 28]. 

However, properties such as permeability, tortuosity and 

diffusion coefficient in this porous layer are affected by 

the porous structure of the gas diffusion layer.  

The structure of the gas diffusion layer at the time of 

production may vary depending on the diameter of carbon 

fibers and the level of adhesives or hydrophobic additives. 

It can also be changed while assembling of cell 

components because of clamping pressure. There are 

several  examinations on the effects of clamping pressure 

modifies on the transport coefficients as well as the 

performance of polymer fuel cell[29–31]. Compression of 

the gas diffusion layer and a subsequent decrease in 

porosity, and tortuosity as well as GDL’s permeability 

below the collector plate will affect the flow of reactive 

gases and thereby the performance of the fuel cell. Its 

performance can be influenced by non-uniform 

distribution of porosity [31] as well. 

Chen et al.[32] applied FVM and LBM to simulate fluid 

flow and mass transfer in gas channel and GDL of a proton 

exchange membrane fuel cell. They proposed a 2-D model 

consists of gas channel, GDL and catalyst layer and 

reported gas velocity vectors in the model domain and 

reactants mole fraction distribution for several over-

potentials within the GDL. 

Molaeimanesh and akbari[33] proposed a 2-D pore-

scale model based on the lattice Boltzmann method for the 

cathode electrode of a PEM fuel cell with heterogeneous 

and anisotropic porous gas diffusion layer and inter-

digitated flow field. They inspected the effects of some 

operation and scale parameters including activation over-

potential, pressure differential between inlet and outlet 

channels and ratio of land width to channel width, as well 

as channel width. 

Li et al.[25] investigated pore-scale flow and mass 

transport in a carbon paper gas diffusion layer of 

interdigitated PEMFC by LBM. Their results display great 

effects of GDL pore structures on fluid flow, mass 

transport, local current density distribution and liquid 

water behaviors. 

Fishman [34] and Nabovati et al.[35] produced a three-

dimensional GDL structure to examine the effect of 

volume fraction of adhesive and hydrophobic additives 

and heterogeneous porosity distribution on the 

permeability and tortuosity of GDL. 

Despite the essential role of porosity in the fluid flow 

in porous media such as GDL, the pore network in the 

GDL may vary with solid particle diameter, arrangement 

of solid particles (fibers in GDL) and presence of additives 

such as adhesives and PTFE [36] 

As mentioned above, GDL directs reactants towards the 

catalyst layer to perform an electrochemical reaction. In 

addition to the effect of GDL structure on permeability, it 

also affects the flow of reactive gases in this layer. 

Despite the numerous studies on the effect of the 

structure related to the gas diffusion layer for transport 

parameters [27–32], or study on the change in the 

permeability by changing the diameter of solid particles 

within the porous medium [36], there is no study on the 

flow of reactive gases inside the fuel cell cathode which 

deals with modifications in fluid flow as a result of the 

changes in pore network  of the GDL. Although the two-

dimensional model proposed by Le et. Al [25] and 

Molaeimanesh[33] for the cathode is used in this paper; 

but the porous environment of the gas diffusion layer is 

modeled completely different. 

This study investigates the effect of GDL structural 

changes due to the change in the cross-section of carbon 

fibers on the flow of reactive gases and electrical current 

density. 

For this purpose, a two dimensional model of polymer 

fuel cell cathode with an interconnected flow field is 

presented. The gas diffusion layer is made using randomly 

generated solid particles. The effect of carbon fiber 

diameter on the pathways of reactants is surveyed at 

different porosities of the gas diffusion layer.  

 In the next sections, the LBM, the governing equations 

and the numerical solution method for a multicomponent 

flow are briefly discussed. Then, the structure of the cell 

consisting of GDL and catalyst layer as well as boundary 

conditions, assumptions and the method for modelling the 

cathode are explained. Finally, the model is validated and 

the results on the effect of carbon fiber cross-sectional 

diameter on the gas flow and the electric current density 

are discussed. 

 

2. Numerical solution method 

2.1. Lattice Boltzmann method: concepts 

 As a result of the inherent characteristics of the Lattice 

Boltzmann Method (LBM), it is applied to simulate 

various physical phenomena. In fact, LBM is a 
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computational fluid dynamics method which simulates 

fluid flow in a completely different way from traditional 

methods. LBM is based on the kinetic theory and 

Boltzmann's equations. Fluid flow is described by 

distribution functions which indicate the probability of 

finding a fluid particle in a range of velocity and 

location[37]. 

LBM includes two stages: (1) fluid flow where particles 

move on paths computed by the type of lattice arrangement 

and (2) collision which provides new distributions in each 

network based on predetermined collision rules.  Applying 

the relationship proposed by Bhatnagar, Gross and Krook 

for modeling particle collision, the Boltzmann's transport 

equation is as follows [38]: 

(1) fi(r + ci∆t . t + ∆t) − fi(r. t) = −
1

τ
(fi(r. t) − fi

eq(r. t)) 

The first step for LBM modeling is to select an 

appropriate lattice arrangement for the problem under 

study. Basically, the arrangement is displayed as DnQm 

where n and m respectively indicate the number of 

dimensions and the number of flow paths. Contenplating 

the two-dimensional model of the fuel cell cathode is used 

in this study. To model the fluid flow, it is necessary to 

consider 9 paths for the distribution of particles. Hence, 

the D2Q9 arrangement (Fig. 1) is applied in the present 

model in which the particle velocity in different paths, ci, 

in Eq. 1, is defined as follows: 

ci =

{
 
 

 
 

0                                                                            i = 0

(cos [
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2
] . sin [

(i − 1)π

2
])                           i = 1.2.3.4

√2(cos [
(i − 5)π

4
+
π

4
] . sin [

(i − 5)π

4
+
π

4
])    i = 5.6.7.8

 (2) 

In LBM, the equilibrium distribution function, feq in 

Eq. (1), must be defined. This function is expressed as 

follows in problems involving fluid flow: 

(3) fi
eq
= wif [1 +

ci ∙ u

(cs)
2
+
(ci ∙ u)

2

2(cs)
4
−

u ∙ u

2(cs)
2
] 

In Eq. (3), cs, is the velocity of sound in the fluid and 

ci=Δx/Δt is the particle velocity in various directions of the 

Lattice Boltzmann and is considered equal to 1. After 

applying the general equation of the Lattice Boltzmann 

(Eq. (1)), on the lattice arrangement selected for the 

solution domain in the flow and the collision stages, the 

distribution functions, fi, are obtained at each node. 

Thereafter, macroscopic hydrodynamic properties 

including density (ρ), velocity (u), pressure (P) and 

viscosity (υ) can be easily computed: 

 

ρ =∑fi
i

 (4) 

ρu =∑fici
i

 (5) 

𝑃 = 𝑐𝑠
2𝜌 ; 𝑐𝑠

2 = 1 3⁄  (6) 

𝜐 =
Δ𝑥2

3Δ𝑡
(
1

𝜏
− 0.5) (7) 

 

Figure 1. D2Q9 arrangement 

 

Application of boundary conditions in LBM is not 

explicitly as in the traditional computational fluid 

dynamics methods. In this method, fi should be first 

determined in the boundary nodes. To this end, solving 

equations according to the type of boundary conditions to 

obtain unknown distribution functions is essential. The 

bounce-back boundary condition is one of the most widely 

applied boundary conditions when LBM is used for fluid 

flow within complex microstructures. This boundary 

condition is applied when the flow of fluid is simulated on 

a stationary solid or a moving object. This boundary 

condition uses this hypothesis that fluid particles colliding 

a solid surface are returned to the solution domain. More 

details on  LBM as well as boundary conditions including 

constant velocity or pressure, wall, non-slip, alternating 

boundary condition, symmetry, specific flux on the 

boundary, and so on can be found in the literature on LBM 

[39], [40]. 

 

2.2. Lattice Boltzmann method for a 
multicomponent single-phase fluid flows 

Active and passive methods are applied to model a 

multicomponent fluid flow [33] . In the passive approach, 

the flow is solved only for a species with a larger mole 

fraction than the rest of species in the mixture. In contrast, 

flow and collision stages in LBM are solved for all species 

separately in the active approach used in this study. In the 

active approach that is in fact inspired by the multiphase 

flow model of Shan and Chen [41] , the combined velocity 

(Eq. 8) is used instead of the velocity of each species: 

u⃗ comp =
∑

1

τn
∑ fn

i C⃗ iin

∑
1

τn
n

 (8) 

The index n in Eq. (8) represents each of the species in 

the mixture. 

 

3. Cell cathode model and boundary 
conditions  

3.1. Polymer fuel cell cathode 

The gas diffusion layer (GDL), catalyst layer and the 

inlet and outlet channels for reactive gases are the main 
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components of the cathode. Dry air (79% N2 with 21% O2) 

enters the cathode through the inlet channel. Oxygen 

reaches the catalyst layer through diffusion and convection 

mechanisms by passing the GDL and reacts with hydrogen 

ions produced in the anode. Water is produced by the 

reduction of oxygen in the cathode electrode based on the 

following equation: 

4𝐻+ +𝑂2 + 2𝑒
− → 2𝐻2𝑂 (9) 

It is here assumed that water is produced in the form of 

water vapor and behaves like an ideal gas. Different 

arrangements have been proposed for the gas flow channel 

to improve the flow of gas within the gas diffusion layer 

as well as increasing the rate of water transfer in GDL. 

Spiral, parallel and interconnected configurations are 

among the most widely applied gas channel designs. 

Among them, the interconnected channel arrangement 

presented by Nguyen[42] has received much attention.  As 

a result of the general application and high efficiency of 

this flow field, the mentioned arrangement is used in this 

study. In the inquired flow field (Fig. 2), the pressure 

difference between the inlet and outlet channels play a key 

role in the flow of reactive gases within the GDL so that 

an increase in ΔP increases the gas flow by advection. 

Figure 3 indicats the computational domain consisting of 

a gas diffusion layer, inlet and outlet gas channels and a 

catalyst layer. As it can be observed, only half of the gas 

inlet and outlet channels is contemplated within the 

solution domain because of the symmetry and to reduce 

computational time.  

 

 

Figure 2. fuel cell cathode with interdigitated flow field design 

 

 

 

Figure 3. Schematic of problem domain  

3.1.1. Gas diffusion layer modelling 

In addition to the uniform flow of reactive gases 

towards the catalyst layer, the gas diffusion layer should 

drive the generated water, as the byproduct of the reaction, 

out of the cell. The lack of water removal from the cell will 

increase the probability of flooding and reduce the 

performance of the cell. In addition, this layer acts as 

support for the catalyst layer and should have a reasonable 

electrical conductivity to transmit electrical current. As a 

result of the pressure applied to the cell components by 

clamping, the gas diffusion layer should also have a 

sufficient mechanical strength. Accordingly, GDL is 

mainly constructed from conductive porous materials like 

carbon. Porous carbon layer is available as carbon paper 

by compressing carbon fibers (non-woven) and carbon 

fabrics (woven). The two types of porous carbon differ in 

terms of thickness, flexibility, porosity and permeability 

and are applied depending on the intended application. 

GDLs made of carbon paper are thinner with less 

flexibility and are widely used because of high 

permeability for gases and high electrical conductivity. 

Due to lower cost and easier creation of a micro-porous 

layer or a catalyst layer, fuel cell manufacturers often 

utilize carbon paper [43]. 

In addition to the effect of porosity of GDL on the 

performance of the fuel cell, the pores between carbon 

fibers have a significant effect on the reactive gases inside 

the GDL and consequently the performance of the fuel 

cell[31] . Modeling the GDL structure allows development 

of new models to improve its performance by modifying 

the structure of this layer virtually. To model the gas flow 

and the electrochemical reaction inside the cell, the 

governing equations should be applied on the solution 

domain and cathode structure. Consequently, more 

accurate modeling of different structures will produce 

more realistic results. In carbon paper construction, carbon 

fibers are completely randomly placed in the GDL. The 

structure of the gas diffusion layer is actually completely 

heterogeneous and anisotropic. This feature should be 

contemplated appropriately in modeling. In order to obtain 

the structure of pores and various distributions of cross-

sectional diameter of carbon fibers, photographs of GDL 

microstructure need to be first taken. For a wide range of 

materials, these photographs can be prepared applying 

Computer Tomography by X-ray absorption comparison 

(XCT). In this method, the X-ray is radiated and the 3D 

structure of the sample is constructed by placing a detector. 

Naturally, photographs for soft materials acquired by this 

method lack an appropriate quality. For this type of 

materials, novel 3D scanning methods such as phase 

contrast tomography are used [44] .Despite the excellent 

accuracy of 3D scan method, taking high-quality images 

requires high skill. In order to produce two-dimensional 

structures of the gas diffusion layer, electron microscopic 

images are preferred because of simplicity and lower cost 

than XCT method. Notwithstanding, accurate modeling of 

the gas diffusion layer by these methods, random methods 
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are usually used due to high cost, time consuming and 

complexity of imaging methods[45]. 

Assuming that the fiber cross sections in the two-

dimensional model are circles of the same diameter, 

randomized generation method is applied in this study to 

achieve the GDL structure with the desired porosity. By 

generating random points inside the solution domain as the 

center of solid particles in the porous medium (Fig. 3), the 

nodes of the lattice located at a radius less than the 

diameter of the carbon fiber are considered as solid. It is 

also assumed that carbon fibers do not overlap and the 

generation of random points in different diameters 

continues to reach the desired porosity. 

 

3.1.1.1. Permeability and tortuosity 

Resistance to fluid flow is one of the important features 

of porous media which is characterized by the 

permeability parameter, K.  In consonance to with  the 

Darcy equation, for a continuous single-phase flow with 

constant fluid properties, the permeability at low Reynolds 

changes with the pressure gradient as follows [46]: 

𝐾 = −
𝜇〈𝑢〉

∆𝑃
 

(10) 

In Eq. 10, 〈𝑢〉 is the average volume velocity of the 

fluid, μ is the dynamic velocity and ΔP is the applied 

pressure difference in the sample volume. The 

permeability modifies with the shape and position of the 

cavities inside the porous medium. In the fiber porous 

media, topology and morphology of pores are dependent 

on the diameter of pores, volumetric porosity and 

distribution of fibers in the porous medium.  Kozeny-

Carmen correlation is widely applied to estimate the 

permeability of a randomized porous medium [47]: 

𝐾 =
𝜀3

180(1 − 𝜀)2
𝑑2 (11) 

In the Kozeny-Carmen correlation, ε is porosity and d 

represents the mean diameter of solid particles in the 

porous medium. Applying LBM, Koponen et al. [48] 

obtained the permeability in a three-dimensional porous 

medium with randomly distributed fibers. They proposed 

the following relation for permeability using modeling 

results: 

𝐾 =
𝑑2

4
𝐴(𝑒𝐵(1−𝜀) − 1)−1 (12) 

In Eq. (12), d is the fiber diameter, ε is the porosity of 

the medium and the respective constants A and B are equal 

to 5.55 and 10.1. For highly porous media (ε> 0.7), Davis 

[49] suggested the following correlation: 

𝐾 = 𝑑2[64(1 − 𝜀)3 2⁄ (1 + 56(1 − 𝜀)3)]
−1

 (13) 

where d is the fiber radius and ε represents the porosity 

of the fiber structure. 

The fluid flow inside porous media is affected by the 

structure of pores. While pore volume is readily computed 

by the porosity, the characteristics of pores are harder to 

be determined due to the complex structure of the porous 

medium. The true microscopic pathway that a fluid passes 

between two points in the porous medium is specified by 

tortuosity. This parameter provides a better understanding 

of the fluid flow mechanism and the complexity of the 

pore network in the porous media. The ratio of the actual 

length of the path covered by the fluid to the shortest path 

between two points of the porous medium is characterized 

by tortuosity. A larger tortuosity represents the more 

complex structure of the porous medium and thus more 

resistance to the flow of fluid. Tortuosity can be computed 

by the following equation [50]: 

𝜏 =
∑√𝑢2 + 𝑣2

∑|𝑢|
 (14) 

To predict tortuosity in terms of porosity ε, Koponen et 

al.[51]  the following relationship: 

𝜏 = 1 + 𝑎 (
1 − 𝜀

(𝜀 − 𝜀𝑐)
𝑚
) (15) 

 

3.1.2. Catalyst layer and electrochemical reaction 

The electrochemical reaction of oxygen reduction (Eq. 

9) is very slow in normal conditions. Thus, the reaction 

should take place in the presence of a catalyst. Platinum is 

one of the most suitable catalysts for this reaction. 

However, platinum is very expensive and greatly increases 

the cost of generating electrical current from the fuel cell. 

For this purpose, attempts have been made to reduce 

platinum loading in the cathode cell by using novel 

methods to increase the active surface area of the catalyst 

layer. Therefore, the catalyst layer consists of platinum 

nanoparticles on a bed of carbon fibers and a membrane. 

The catalyst layer has been assumed to be a very thin layer 

as a boundary condition in many modelling studies[26, 

41,53], the electrochemical reaction of oxygen reduction 

takes place on this layer assuming a reaction boundary for 

the catalyst layer (southern boundary in Fig. 3). For 

modeling the electrochemical reaction, the method 

proposed by Kamali et al. [53]  is applied in this study. By 

modifying the bounce-back boundary condition and  in 

consonance to with the chemical reaction rate on the 

catalyst surface, a percentage of oxygen molecules 

colliding this layer reacts and are converted to water 

molecules, while the rest remains unchanged and enter the 

solution domain. 

In order to use a reaction rate constant in LBM, the 

actual reaction rate constant should be converted to its 

equivalent in LBM. The reaction rate constant in LBM is 

proportional to the actual reaction rate constant as follows 

[53]: 

𝐾𝑠𝑟
𝐿𝐵 = (

6𝐾𝑠𝑟∆𝑡

∆𝑥
) (1 +

𝐾𝑠𝑟∆𝑥

2𝐷
)⁄  (16) 

Where Ksr is the reaction rate constant, and Δt, Δx and 

DA are the time step, spatial step and diffusion coefficient 

of the species A in the mixture, commonly. In oxygen 

reduction reaction (Eq. 9), Ksr, the surface reaction rate 

constant, depends on the density of the electric current, J, 

generated during the reaction: 
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𝑲𝒔𝒓 =
𝐽

4𝐹𝜌𝑂2
 (17) 

Where F is Faraday's constant and ρO2 is the density of 

oxygen on the surface of the cathode catalyst. The density 

of electric current on the surface of the catalyst layer can 

be calculated applying the Butler-Walmer relationship [4] 

as follows: 

j = aroughnessjref (
ρO

ρO.ref
) [exp (

αfFη

RuT
)

− exp (−
αrFη

RuT
)] 

(18) 

In Eq. (16), j represents the electrical current density, 

𝑎𝑟𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 indicates the roughness coefficient (the ratio of 

the actual surface area of the catalyst layer to its apparent 

surface), 𝑗𝑟𝑒𝑓means the reference electric current density, 

𝜌𝑂 indicates the oxygen reference density and 𝛼𝑓 and 

𝛼𝑟 signify the transport coefficients in the forward and 

reverse reactions, respectively. According to equations (11) 

and (12), we have: reverse reactions, respectively. 

Pursuant to equations (11) and (12): 

𝐾sr =
aroughness  jref

4F
(

1

𝜌𝑂,𝑟𝑒𝑓
) [𝑒𝑥𝑝 (

𝛼𝑓𝐹𝜂

𝑅𝑢𝑇
)

− 𝑒𝑥𝑝 (
𝛼𝑟𝐹𝜂

𝑅𝑢𝑇
)] 

(19) 

3.1.3. Boundary  

The domain examined in this paper (Fig. 3) consists of 

six boundaries. The pressure in the inlet gas channel (Fig. 

3) equals with 1.5 atm and a pressure difference of 

0.001atm is considered between the inlet and outlet 

channels. Accordingly, the constant pressure boundary 

condition proposed by Zou and He[54] is applied at these 

two boundaries. As mentioned in section 3.1, to increase 

the speed of numerical solution, half of the gas channels 

are contemplated and symmetry boundary condition is 

applied to these boundaries. The applicability of the no-

slip condition on solid surfaces is determined by the 

Knudsen dimensionless number. Given that the Knudsen 

number in the gas diffusion layer is of 10-2 order [52] , no-

slip or bounce-back boundary conditions in LBM can be 

applied on solid particles in GDL as well as the solid part 

of the dipole plates at the boundary. The catalyst layer is 

on the southern boundary and the electrochemical reaction 

takes place on the surface of the catalyst layer. As a result 

of the very low thickness of this layer, the flow and 

diffusion of gases in this layer are not explored. 

The catalyst layer is considered to be a reactive 

boundary condition. To model this boundary condition, 

the bounce-back boundary condition proposed by Kamali 

et al. is applied. By calculating 𝐾𝑠𝑟
𝐿𝐵 using equations (16) 

to (19), the unknown distribution functions of oxygen and 

water vapors are obtained. Obviously, since nitrogen does 

not participate in the electrochemical reaction, the bounce-

back boundary condition is applied as follows: 

𝑓2
𝑂2 = (1 − 𝐾𝑠

𝐿𝐵)𝑓4
𝑂2   

𝑓5
𝑂2 = (1 − 𝐾𝑠

𝐿𝐵)𝑓7
𝑂2   

  

 

 

Figure 4. Comparison permeability(a) and tortuosity(b) of 
different models 

 

𝑓6
𝑂2 = (1 − 𝐾𝑠

𝐿𝐵)𝑓8
𝑂2 

𝑓2
𝑊 = 𝐾𝑠

𝐿𝐵𝑓4
𝑂2 + 𝑓4

𝑊  

𝑓5
𝑊 = 𝐾𝑠

𝐿𝐵𝑓7
𝑂2 + 𝑓7

𝑊  

𝑓6
𝑊 = 𝐾𝑠

𝐿𝐵𝑓8
𝑂2 + 𝑓8

𝑊 

(20) 

 

4. Results and discussion 

Dry air stream consisting of oxygen and nitrogen enter 

the cell cathode from the gas inlet channel and reaches the 

catalyst layer through GDL (Fig. 2). After reacting in the 

vicinity of the catalyst, while generating an electric current 

and water vapor, it flows towards the outlet channel. It is 

assumed that oxygen, nitrogen and water vapor behave 

like an ideal gas. The dimensional and functional 

parameters in Table 1 are applied to postulate the flow of 

reactive gases and electrochemical reaction and to explore 

the influence of the carbon fiber diameter in the gas 

diffusion layer on the flow of reactive gases and electrical 

current density. By choosing the D2Q9 arrangement, a 116 

× 1001 network was used for meshing the solution domain. 

Oursuant to the physical dimensions of the model (Table 

1), each network in the LB space equals 2 × 10-6 m in the 

physical space. The following assumptions are 

contemplated in the simulation process: 

 Water is produced in the electrochemical reaction as 

vapor and the gas mixture behaves like an ideal gas. 

 The thickness of the catalyst layer is very small and this 

layer is introduced into the solution domain by the 

boundary condition for the electrochemical reaction. 

 The cathode is assumed to be in temperature 

equilibrium and thus heat is not transferred in the 

cathode. 

 Fluid flow is laminar with constant properties. 

 Carbon fibers with a circular cross section do not 

overlap. 

Equations governing in LBM (Eqs. 1 to 3) were 

converted to algebraic equations in MATLAB. Applying 

the boundary conditions in section 3.2 on the solution 

domain (Fig. 3), the distribution functions and mole 

fractions of oxygen, nitrogen and water vapor were 
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obtained. Regarding the choice of the active approach, the 

combined velocity (Eq. 8) was applied in the modeling 

instead of the velocity of each gas species in the reaction 

mixture.  

For model validation, the permeability of the porous 

medium generated in this study was compared with those 

predicted by Kozeny-Carmen[47], Koponen[48] and 

Davis[49] correlation. The tortuosity of the porous 

medium was compared with that obtained from the 

correlation proposed by Koponen et al. [51]. To this end, 

a porous channel was created with random circular 

particles contemplating the pressure boundary condition at 

inlet and outlet channels to produce a pressure difference 

between the input and output channels. The northern and 

southern boundaries of the channel are solid. The bounce-

back boundary condition was considered on all solid 

boundaries including southern and northern boundaries 

and solid particles in the channel. The results obtained 

from the comparison of tortuosity and permeability of the 

porous medium illustrates in Figure 4. As can be seen, the 

modeling results have a good accuracy. 

To compare the modeling results of the electrochemical 

reaction in the cathode, the fluid flow and the 

electrochemical reaction inside the polymer fuel cell were 

modeled with conditions and dimensions applied by 

Molaeimanesh et al. The local current density on the 

surface of the catalyst layer is shown in Fig. 5.As it can be 

observed, the modifications observed in this study are very 

similar to those in the literature. The differences are as a 

result to the difference in the porous medium model.  

Nevertheless, literature shows a reduction in the density 

of the electric current on the surface of the catalyst layer 

by moving towards the gas outlet channel. The rate of loss 

of local current density is considerably increased at X/L> 

0.25 (end of the air inlet channel). Simulation of the flow 

of reactive gases in the cathode in different GDL structures 

is discussed below. 

As mentioned above, the diameter of carbon fibers in 

the gas diffusion layer can modify the pore network inside 

GDL. Any change in the pore network can affect the cell 

performance by influencing the permeability of reactive 

gases within the GDL porous medium. Fig. 6 depcites four 

different GDL structures at a constant porosity and 

variable diameter of randomly generated solid particles, 

namely, carbon fibers with a circular cross section. As it 

can be obsereved, despite the constant porosity, ∅ = 0.75, 

the empty paths between circular particles increase with 

increasing cross-sectional diameter of carbon fibers. By 

changing the resistance in the path of reactive gases, the 

distribution of reactive gases within the GDL is expected 

to change. 

Figure 7 displays the effect of cross section of fibers 

forming the GDL on the mole fraction of oxygen. 

Due to the consumption of oxygen during the 

electrochemical reaction on the catalyst layer, the oxygen 

mole fraction decreases from the inlet channel to the outlet 

channel in all structures. However, when GDL is made of 

larger diameter carbon fibers the concentration of oxygen 

increases throughout this layer. This can be effective in 

preventing oxygen deficiency in the cell. 

 
Table 1. physical parameters of the model 

Quantity Value ( unit) 

Width of GDL 2000  (𝜇𝑚) 

Width of gas channels 1000  (𝜇𝑚) 
Height of  uncompressed GDL 192  (𝜇𝑚) 

Uncompressed GDL porosity,𝜀1 0.78 

Operating temperature, T 353 (K) 

Operating pressure, P 1.5 (am) 

Universal gas constant,𝑅𝑢 8.314 (𝐽 ∙ 𝑚𝑜𝑙−1 ∙ 𝐾−1) 

Faraday’s constant, F 96487( 𝐶 ∙ 𝑚𝑜𝑙−1) 
Nitrogen mole fraction at inlet channel 0.79 
Oxygen mole fraction at inlet channel 0.21 

Water vapor mole fraction at inlet channel 0.0 

Oxygen diffusivity in air, 𝐷𝑂2 1.891× 10−5 ( 𝑚2 ∙ 𝑆−1)[4] 
Roughness factor, a 2000[41] 

Reference oxygen concentration, 𝐶𝑂2
𝑟𝑒𝑓

 10.875( 𝑚𝑜𝑙 ∙ 𝑚−3)[4] 

Reference current density, 𝐽𝑟𝑒𝑓 1.3874× 10−2 (𝐴 ∙ 𝑚−2)[41] 

Transfer coefficient for forward reaction, 𝛼𝑓 0.5[41] 

Transfer coefficient for reverse reaction, 𝛼𝑟 1.0[55] 

 

 

Figure 5. Local current density distribution 
 

 
 

𝑓𝑖𝑏𝑒𝑟 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 = 6𝜇𝑚 

 

𝑓𝑖𝑏𝑒𝑟 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 = 8𝜇𝑚 

 

𝑓𝑖𝑏𝑒𝑟 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 = 12𝜇𝑚 

 

𝑓𝑖𝑏𝑒𝑟 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 = 16𝜇𝑚 

Figure 6. Variation of pore network of GDL with carbon fiber 

cross section change ( ∅ = 0.7) 
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Figure 7. Oxygen mole fraction  

 

 

 

 

 

Figure 8. Water vapor mole fraction 

 

The distribution of water vapor in the cell plays a key 

role in the fuel cell performance. If the generated water 

does not exit the GDL, it will have a negative impact on 

the cell performance by blocking the flow of gases. Figure 

8 illustrayes the concentration field of water vapor. Since 

water is produced by the consumption of oxygen in the 

electrochemical reaction, the concentration of water vapor 

increases in all structures by moving from the inlet channel 

to the gas outlet channel. According to Fig. 8, despite an 

approximately same mole fraction distribution for water 

vapor at the entrance of reactants to the GDL, the 

concentration of water vapor at the bottom of the GDL 

opposite the gas outlet channel decreases with increasing 

cross-sectional diameter of carbon fibers. Although this is 

advantegous in reducing the probability of flooding in the 

cell, it should be checked whether this reduction in 

concentration is due to more effective removal of gases 

towards the output channel or the electrochemical reaction 

rate and consequently a decrease in the electric current 

density. 

As previously mentioned, the reactants are transferred 

by diffusion and convection in the GDL. In both cases, the 

porosity of the GDL plays a key role in the effectiveness 

of these mechanisms. To compute, the effect of carbon 

fiber diameter in the gas diffusion layer, the distribution of

 

 

 

 

Figure 9. Oxygen mole fraction  

 

 

oxygen and water vapor mole fractions was calculated at 

∅ = 0.65 and the results are depcited in Fig. 9. As the 

diameter of carbon fibers increases at this constant 

porosity, the flow of oxygen in the gas diffusion layer is 

facilitated and distribution of oxygen becomes more 

uniform in a section of GDL located in front of the gas 

outlet channel. Comparing the oxygen concentration field 

at ∅ = 0.65 (Fig. 9a) with distribution of oxygen mole 

fraction at ∅ = 0.75 (Fig. 7.), the decrease in uniform 

penetration of oxygen into the GDL is significant. This 

reduction is as a result of the reduced permeability of the 

porous media of the gas diffusion layer with increasing the 

solid resistance at lower porosities. The same trend is 

observed for water vapor in Fig. 9b. 

For further investigation of changes in the mole 

fractions of oxygen and water vapor on the surface of the 

catalyst layer, the mole fractions are computed at three 

different porosities (∅ = 0.65; 0.75; 85) and the results are  

decpited in Fig. 10. By decreasing the cross-sectional 

diameter of carbon fibers at all three porosities, the molar 

fraction of water vapor on the catalyst layer increases 

throughout the GDL, but the mole fraction of oxygen 

decreases. The mole fractions change less at lower 

porosities. In addition, there is no significant difference 

between mole fractions of reactive species in two GDL 

structures with cross-sectional diameters of 12 and 16 µm 

even at ∅ = 0.65.  

Therefore, it is predicted that an increase in the cross-

sectional diameter of carbon fibers by more than 12 µm 

will have a little impact on the flow or even the 

permeability of gases in the GDL. 

The density of the electric current on the surface of the 

catalyst layer is a key parameter in examining the effects 

of GDL structural changes on the performance of the fuel 

cell. According to Eq. (12), at a constant temperature and 

the pressure, the density of the electric current varies as a 

result of changes in the oxygen concentration on the 

surface of the catalyst layer and a loss in the activation 

potential. Considering a constant activation potential loss 

in this study (η = 0.4), the mole fraction of oxygen on the 
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surface of the catalyst layer is the only factor affecting the 

electric current density generated on this layer. As clearly 

can observe in Fig. 11, an increase in the cross-sectional 

diameter of the carbon fibers at all three porosities has a 

positive effect on the magnitude of the electric current 

density. The effect of increasing the diameter of fibers on 

the density of the electric current produced on the surface 

of the catalyst layer is greater at lower porosities. The 

difference of the average electrical current density 

between the smallest and largest cross-sectional diameter, 

namely, d = 8μm, and d = 16μm, at ∅ = 0.65, ∅ = 0.75 and 

∅ = 0.85 are respectively 15.3%, 6.3% and 4.4%. In 

addition, there is no significant difference in the generated 

electric current with increasing the diameter of the GDL 

fiber cross section at ∅>0.75. 

 

 

 

 

Figure 10. Oxygen and water vapor mole fraction in different Fiber 

diameter and porosity 

 

 

 

 

 

Figure 11. Local electrical current density on catalyst layer Surface 

 

5. conclusion 

Applying a randomized generation method and 

assuming circular carbon fibers in the gas diffusion layer 

(GDL), a two dimensional model of polymer fuel cell 

cathode was presented. It was assumed that all parts of the 

cathode have the same temperature (an isothermal process) 

and water vapor was generated in the electrochemical 

reaction. Assuming an ideal gas behavior for reactive 

gases and considering a very thin catalyst layer, the Lattice 

Boltzmann Method (LBM) was used to simulate the 

multicomponent single-phase flow in the heterogeneous 

anisotropic porous media of GDL. The effect of GDL 

structure with different cross-sectional diameters of 

carbon fibers on the flow of reactants and the electric 

current density generated on the catalyst surface were 
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investigated. Pursuant to the results, an increase in the 

diameter of the carbon fibers by changing the porous 

media pore network at a constant porosity cause the 

uniform distribution of oxygen throughout the GDL. It had 

a positive effect on the removal of vapor produced in the 

gas diffusion layer as well.Furthermore, an increase in the 

cross section of the fibers forming the GDL caused an 

increase in the density of the electric current generated on 

the surface of the catalyst layer. This increase, in addition 

to the cross-sectional diameter, also depends on the 

porosity of the GDL so, that the average current density at 

∅ =0.65, 0.75 and 0.85 were respectively 15.3%, 6.3% 

and 4.4% as the cross sectional diameter boosted from 8 to 

16 µm. Moreover, no significant difference was observed 

in the electric current with increasing the diameter of 

carbon fibers at ∅ > 0.75. 
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