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                                              ABSTRACT 

 

This project presents a study on Single Phase three dimensional Isothermal model of 

a Proton Exchange Membrane Fuel Cell (PEMFC). The domain has been restricted 

to understanding the flow and distribution of reactants such as hydrogen and oxygen 

in the anode and cathode respectively. This study is also done to understand the 

formation and distribution of the water formed as a by-product. The current density 

distribution over the catalyst layers has been studied. It has been observed that the 

concentration of the reactant gases decrease and the concentration of water is been 

increased as we move along the channel. Considering the computational resources 

available the scope has been restricted to modelling a single phase 3D model with a 

single channel and a single phase 3D model with multichannel (2 passes) .The 

modelling and analysis of the component was done using the COMSOL 

MULTIPHYSICS 5.5 software. Simulations employing the single-phase model are 

performed on a single channel section of a complete cell including the anode and 

cathode flow channels. The power density obtained in this model is 0.426 W/cm2 at a 

voltage of 0.4 V. The results obtained for the simulation has been presented and have 

been validated using experiments presented in literature. 
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CHAPTER 1 

INTRODUCTION 

1.1 Overview 

In the current era, the need for using renewable energy is increasing due to the 

depletion of non renewable resources and its associated environmental pollution. 

Non renewable resources like coals and fossil fuels are used extensively to meet 

the energy demands. Though they serve as the best resource to obtain energy they 

get depleted over time and cause significant level of pollution. The urge to reduce 

the pollution caused by the fossil fuels and its depletion over time were the main 

reasons for the development of new alternate source of energy that are renewable 

and pollution free. One such renewable energy is the fuel cell. Fuel cells help in 

producing clean energy. They use hydrogen and oxygen as their inputs to generate 

electricity. The hydrogen and oxygen chemically react in the fuel cell to produce 

an electron. The electron produced is allowed to move in an external circuit to 

generate current and the water is obtained as a by-product. Among the many fuel 

cells that have been developed the proton exchange membrane (PEM) fuel cells 

have served as the best. 

In the past decade researches have focussed their attention on the following 

aspects like operation conditions, transport phenomena of the gases and water, 

the kinetics of chemical reactions, membrane electrode assembly and geometry 
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of bipolar plates. Among the critical factors, PEM fuel cell’s bipolar plate pattern 

geometry are gaining more importance as they provide one of the most important 

issues regarding the performance of stack, the homogeneous distribution of 

reactive gases all over the catalyst surface and bipolar plates areas through the 

flow channels: physical flow patterns or paths fabricated on the bipolar plate’s 

surface to guide the gases all along the Bipolar plate for correct distribution. 

 

1.1.1 WHAT IS A FUEL CELL ? 

A fuel cell is a device that generates electrical power through a chemical 

reaction by converting a fuel (hydrogen) into electricity. Although fuel cells and 

batteries are both considered electrochemical cells and consist of similar 

structure, fuel cells require a continuous source of fuel and oxygen to run; 

similar to how an internal combustion engine needs a continuous flow of 

gasoline or diesel. 

1.2 PRINCIPLE OF OPERATION 

A fuel cell needs three main components to create the chemical reaction: 

an anode, cathode and an electrolyte. First, a hydrogen fuel is channelled to the 

anode via flow fields. Hydrogen atoms become ionized (stripped of electrons), 

and now carry only a positive charge. Then, oxygen enters the fuel cell at the 

cathode, where it combines with electrons returning from the electrical circuit and 

the ionized hydrogen atoms. Next, after the oxygen atom picks up the electrons, 
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it then travels through the electrolyte to combine with the hydrogen ion. The 

combination of oxygen and ionized hydrogen serve as the basis for the chemical 

reaction. 

A polymer electrolyte membrane permits the appropriate ions to pass between the 

anode and the cathode. If the electrolyte gave free control for all electrons or ions 

to pass freely, it would disrupt the chemical reaction. At the end of the process 

the positively charged hydrogen atoms react with the oxygen to form both water 

and heat while creating an electrical charge. 

1.3 TYPES OF FUEL CELLS 

● Polymer exchange membrane fuel cell (PEMFC) – Study of interest 

● Solid oxide fuel cell (SOFC) 

● Alkaline fuel cell (AFC) 

● Molten-carbonate fuel cell (MCFC) 

● Phosphoric-acid fuel cell (PAFC) 

● Direct-methanol fuel cell (DMFC) 
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1.4 CONSTRUCTION 

The PEMFC mainly consists of two components (a) the bipolar plates (b) the 

Membrane Electrode Assembly (MEA). 

1.4.1 Bipolar Plates (Study of interest) : These are plates that have channels 

through which the reactants hydrogen and oxygen. The gases from here diffuse 

to the Membrane Electrode Assembly (MEA). 

1.4.2 Membrane Electrode Assembly (MEA): The membrane electrode 

assembly consists of 3 components the Proton Exchange Membrane sandwiched 

between the catalysts for the redox reaction to take place at the anode and cathode.  

1.4.2.1 Anode : It is the negative post of the fuel cell. It conducts the 

electrons that are freed from the hydrogen molecules so that they can be 

used in an external circuit. It has channels etched into it that disperse the 

hydrogen gas equally over the surface of the catalyst. 

1.4.2.2 Cathode: It is the positive post of the fuel cell, has channels etched 

into it that distribute the oxygen to the surface of the catalyst. It also 

conducts the electrons back from the external circuit to the catalyst, where 

they can recombine with the hydrogen ions and oxygen to form water. 

1.4.2.3 Electrolyte:  In PEMFC a Proton Exchange Membrane acts as the 

electrolyte. The membrane is very thin in nature having a thickness around 
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0.033µm to 3µm.This membrane is generally made of Nafion .This 

specially treated membrane, only conducts positively charged ions. The 

membrane blocks electrons. For a PEMFC, the membrane must be 

hydrated in order to function and remain stable. 

1.4.2.4 Catalyst: It is a special material that facilitates the reaction of 

oxygen and hydrogen. It is usually made of platinum nano particles very 

thinly coated onto carbon paper or cloth. The catalyst is rough and porous 

so that the maximum surface area of platinum can be exposed to the 

hydrogen or oxygen. The platinum-coated side of the catalyst faces the 

PEM. 

1.4.2.5 Proton-Exchange Membrane It is also called as 

polymer-electrolyte membrane (PEM). It is a semi-permeable 

membrane which is commonly made from ionomers and modelled 

to conduct protons and also to act as an electronic insulator or a 

reactant barrier.  The main function of PEM when integrated into 

an assembly PEMFC is the dissolution of reactants and transport 

of protons while obstructing a direct electronic path through the 

membrane. 

 

1.4.2.6 Gas-Diffusion Layer It is a significant supporting part of 

the Membrane Electrode Assembly (MEA). It is a porous material 

composed of a dense matrix of carbon fibre, which provides an 

electrically conductive pathway for current passage. It plays a 

major role of electronic contact between the bipolar plate and 

channel-land structure and to the electrode. 
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1.5 WORKING 

 At the anode, the pressurised H2 gas enters the fuel cell on the anode side. This 

gas is forced through the catalyst by the pressure. When an H2 molecule comes 

in contact with the platinum on the catalyst, it splits into two H+ ions and two 

electrons (e-). The electrons are conducted through the anode, where they make 

their way through the external circuit (doing useful work such as turning a motor) 

and return to the cathode side of the fuel cell. 

                       H2              2H+ + 2e-                                                                                                   ( 1.1 ) 

At the cathode, the oxygen gas (O2) is being forced through the catalyst, where it 

forms two oxygen atoms. Each of these atoms has a strong negative charge. This 

negative charge attracts the two H+ ions through the membrane, where they 

combine with an oxygen atom and two of the electrons from the external circuit 

to form a water molecule (H2O). 

                 ½ O2  +2H+ + 2e-                  H2O                                                    ( 1.2 ) 

The overall  Reaction in a PEM fuel cell can be written as: 

                    H2+ ½ O2                H2O                                                             ( 1.3 ) 

This reaction in a single fuel cell produces only about 0.7 volts. To get this voltage 

up to a reasonable level, many separate fuel cells must be combined to form 
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a fuel-cell stack. Bipolar plates are used to connect one fuel cell to another and 

are subjected to both oxidizing and reducing conditions and potentials.  

A big issue with bipolar plates is stability. Metallic bipolar plates can corrode, 

and the byproducts of corrosion (iron and chromium ions) can decrease the 

effectiveness of fuel cell membranes and electrodes. Low- temperature fuel cells 

use light weight metals, graphite and carbon/thermoset composites (thermoset is 

a kind of plastic that remains rigid even when subjected to high temperatures ) as 

a bipolar plate material. 

1.6 Bipolar Plates 

The proton exchange membrane fuel cell offers an exceptional potential for a 

clean, efficient, and reliable power source. The bipolar plate is a key component 

in this device, as it connects each cell electrically, supplies reactant gases to both 

anode and cathode, and removes reaction products from the cell. Bipolar plates 

have been fabricated primarily from high-density graphite, but in recent years, 

much attention has been paid to developing cost-effective and feasible alternative 

materials. Two different classes of materials have attracted attention: metals and 

composites. 

The practical operating voltage from a single cell—also known as a membrane-

electrode assembly (MEA)—is about 0.7 V. Desired voltages are obtained by 

connecting cells in series; this is accomplished by inserting a highly conductive 
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material (e.g., a bipolar plate) between two parallel MEAs. Such plates are by 

volume, weight, and cost the most critical component of a fuel cell stack and 

account for more than 40% of the total stack cost and about 80% of the total 

weight As a result, there have been significant activities in the past few years to 

lower their cost, reduce their size, and improve their performance and lifetime. 

Bipolar plates perform a number of critical functions simultaneously in a fuel cell 

stack to ensure acceptable levels of power output and a long stack lifetime. They 

act as a current conductor between adjacent MEAs, provide pathways for reactant 

gases (hydrogen and oxygen or air), facilitate water and heat management 

throughout the stack, and provide structural support for the whole stack. 

Accordingly, they must exhibit excellent electrical and thermal conductivity, 

corrosion resistance, mechanical and chemical stability, and very low gas 

permeability. Furthermore, raw materials must be widely available at reasonable 

cost and be amenable to rapid and cost-effective fabrication methods and 

processes. 

1.7 Fuel Cell Thermodynamics 

1.7.1 Free-Energy Change of Chemical Reaction 
 

Electrochemical energy conversion is the transformation of the free-

energy change related to a chemical reaction directly into electrical 

energy. 

The free-energy change accompanied to a chemical reaction is a 

measure of the maximum work obtained from the reaction. It equals the 

enthalpy change of the reaction only if the entropy change (Δδ) is zero. 
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                     (1.4) 

 

 

In a chemical reaction, if the number of moles of gaseous products and 

reactants are equal in magnitude, the net entropy change of this reaction 

is zero. 

Since the number of moles of the molecule on the right-hand side of 

equation 1.3 is lower than that on the left hand or the reactant side, the 

gross entropy change inside the PEM Fuel Cell will be negative. This 

means that the quantityof energy that can be obtained from the enthalpy 

is decreased. 

 
The standard Gibbs free enthalpy for the entire reaction in a PEM Fuel 

Cell is given as ol if the byproduct 

or water obtained is in liquid phase. 

 
 

 

 (1.5) 

 

 

The standard free energy of reaction: 
 

 
 

 

 

   (1.6) 

The chemical potential of any substance can be expressed by: 
 

 
 

 

        (1.7) 

 

 

where a is the activity of the substance and has the value ° when a is 

unity 
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                  (1.8) 

 

Substituting eq 1.6 and 1.7 in 1.8, we get 
 

 

 

                      (1.9) 

 

Once Δg-o is determined, Δg- is calculated for any given reaction 

composition. The sign of Δg- indicates the feasibility of a reaction. If it 

is positive, a reaction will not occur for the given composition of 

reactants and byproducts. If the value is negative, then a reaction can 

occur. 

 
 

1.7.2 The Nernst Equation 

 
 

Nernst equation is used to convert the free energy to cell potential. This 

is obtained by applying first law of thermodynamics or an isothermal 

open system: 

 

 
 

     (1.10) 

 

whereηi is the molar flow rate in [mol / s] and ĥ is the molar enthalpy 

expressed in J/mol . Q represents the heat given to the system and W 

represents net work done by the system. 

 
Here, we recall the entire fuel cell reaction: 

 
 

 

          (1.11) 

 

 

Substituting the coefficients in eq 1.10, we get : 
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     (1.12) 

 

 

Herein, the second law of thermodynamics is applied, which gives: 
 

 
 

 

   (1.13) 

 

 

If we consider the first and second law of thermodynamics, an 

expression for the work for the reversible process which has the 

maximum work that can be obtained per mole of hydrogen as : 

 

 

 

           (1.14) 

 

 

 

 

The reversible work done in a fuel cell is the electrical work done in 

transferring the charges along the circuit from the anode to the cathode 

side and these are represented by the variables vrev,a ,vrev,c respectively 

 

 

(1.15) 

In order to convert the value into molar quantities, we need to multiply 

by the Avogadro number (6.022 x l023 mol-1 ). Since the product of unit 

electric charge (e = 1.602 x 10-19 C) and the Avogadro's number, we get 

Faraday’s constant F(96485 C mol-1 ), we get: 
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       (1.16) 

 

Gibbs energy definition states that: 
 

 
 

 

         (1.17) 

Combining eq 1.16 and 1.17, we get: 
 

 
 

 

                           (1.18) 

 

Relating ΔV, we get 
 

 
 

 

                      (1.19) 

where E is the electromotive force (EMF) of the cell. 
 

Given the reactants and products are in their standard states, we obtain : 
 

 
 

 

                      (1.20) 

 

Combining the above equation with eq 1.9, we obtain: 
 

 
 

 

 

        (1.21) 

 

This equation obtained is the so-called Nernst equation specific for the 

H2 - O2 fuel cell. 
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1.7.3 Continuity Equation: 

 

∂(ρu)/ ∂x + ∂(ρv)/ ∂y + ∂(ρw)/ ∂z = − ∂ρ /∂t                      (1.22)                                                    

where u, v and w are velocity in the x, y and z directions respectively, ρ is density 

of reactant gases.  

Electrodes are made up of carbon cloth or carbon fiber. Therefore, electrodes are 

considered as a porous medium where reactant gases are distributed on the 

catalyst layers. With respect to porosity of electrodes (ε) and membrane, the 

continuity equation is written as follows 

∂(ρεu) /∂x + ∂(ρεv) /∂y + ∂(ρεw)/ ∂z = Sm                            (1.23)                                     

where Sm is mass sink term.  

This term is assumed to be zero because there is no reaction in the flow channels 

and gas diffusion layers. The sink term is not zero in the catalyst layer due to 

reaction of reactant species and can be calculated from the following equations 

 

 SH2 (kg s−1 m −3) = − MH2/2F Ran                                           (1.24) 

 SO2 (kg s−1 m −3) = − MO2/ 4F Rcat                                          (1.25) 

 SH2O (kg s−1 m −3) = MH2O /2F Rcat                                                        (1.26) 

where F is the Faraday constant and M is the molecular weight (kg/mol) of the 

species. 

 

1.7.4 MOMENTUM EQUATION: 

The Navier strokes equation can be used for Newtonian fluid. 

∇.(ρ−→v −→v ) = −∇p + ∇τ + Smom                                                                                        (1.27) 



14 
 

For porous electrodes momentum equation may be written as 

∇.(ερ−→υ −→υ ) = −ε∇p + ∇ετ + Smom.                                                   (1.28)                       

This equation is applied in x, y and z directions  

 

          (1.29) 

where p, τ , µ and Smom are velocity vector, pressure, shear tensor, viscosity and 

momentum sink term respectively. The equations for y and z directions are the 

same. Momentum sink term is assumed zero in the flow channels and in the 

porous media is considered as following 

                                                                                             (1.30) 

where β is the permeability of electrodes. βx, βy and βz have a value of 10−12 m2 . 

The momentum sinks term for the y and z directions are the same. 

1.7.5 MASS TRANSFER EQUATIONS: 

The continuity equation in steady state is 

                                                                                   (1.31) 

where yi and ji are mass fraction and diffusional mass flux vector respectively. 

Si is mass sink term which is zero in the flow channels and gas diffusion layers 

because of non-reactive flow. The sink term in the catalyst layers is calculated 

from Eqs. (1.24) - (1.26) 

Using Fick’s law we can calculate diffusional mass flux vector 

                                                                                        (1.32) 
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where Dij is diffusivity of species i inside j.  

Within porous electrodes mass transfer equation may be written as: 

                                                                            (1.33)                                                                       

Within porous media, diffusivity is estimated from the modified Brueggemann 

equation 

                                                                                          (1.34)                                                                                                                                                        

Therefore, mass transfer equations for hydrogen, oxygen and water are as 

follows:                                                                                                                             

                            (1.35) 
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CHAPTER  2 

LITERATURE REVIEW 

Computational model of 3D, non isothermal PEMFC is done and various critical 

parameters such as mass and energy movement, heat movement and electrode 

kinetics and many such parameters were considered. The over potential is kept 

constant in cathode and anode activation. Better current density and temperature 

are obtained from Serpentine flow pattern. The construction, elements involved 

and working of a PEMFC are known.[1] 

A serpentine flow path is created to find the mass flow channels in a PEMFC by 

computational model. Navier Strokes method with multi species mix is used to 

solve. Control volumes are used to model the mass source using electro chemical 

reactions. Mass utilization patterns influence the flow in anode and cathode 

channels of membrane electrode assembly. Except overall pressure drop, All 

other parameters are less in straight channel flow. Polymer electrolyte membrane 

fuel cells work at low temperatures when compared to other fuel cells and they 

are the future generation automobiles. [2] 

Different design and operating parameters such as are examined analytically to 

enhance the performance of the PEMFC. Some of them are temperature, gas flow 

rates, electrode thickness etc. To increase the performance of PEMFC thinner 

electrode thickness and smaller porosity is preferred. The temperature is 

maintained at 100 degree celsius to maintain liquid water in nafion membrane. 

[3]  

Cell performance at various flow rates of both hydrogen and relative humidity are 

critical parameters for a better performance. Studies shows that hydrogen air flow 

rate and relative humidity is critical for current density, membrane dry out and 

electrode flooding. Thermal management and fuel cell life are critical when 



17 
 

uniform current density flows along the channel. The computational cost is less 

and can be extended to fuel cell stack easily.[4] 

The PEMFC need better thermal management system to attain maximum 

efficiency. Two dimensional model of water and thermal management model was 

created and the effect of various operating parameters are observed by trial and 

error method. The humidification of cathode and anode is very important for the 

performance of PEMFC. [5] 

The life and efficiency of the fuel cell is one of the most important factors to take 

into account. If the temperature is increased, the voltage and current density is 

increased but the transportation of the fluid is difficult resulting in dehydration of 

the nafion membrane and reducing the thickness of the electrode, thereby 

decreasing the life of fuel cell [6] 

The presence of humidity is the most important parameter of the fuel cell 

performance. The water which is produced as a by product can be used for 

internal humidification and it is proved that internal humidification is effective 

than external humidification.[7] 

An experiment on the effect of inlet velocity and proton conductivity of acid 

doped PBI membrane are performed on High Temperature PEMFC. The best 

results were obtained when hydrogen velocity is one tenth the velocity of air and 

proton conductivity of 14 S/m. [8] 

As the temperature increases the performance of the fuel cell increases with some 

effects. So a two phase and cell agglomerate model will be useful to find the best 

optimum temperature to get the maximum efficiency of the fuel cell.[9] 

A minimum amount of hydration is required for a proper operation of the proton 

exchange membrane to attain minimum degradation of membrane. But the same 

amount of humidification in Cathode and anode side resulted in uneven 

characteristics, so the anode was fully humidified and the cathode was kept dry 
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to attain maximum performance of the fuel cell. But the cathode cannot be left 

dry so an intermediate humidity is maintained.[10] 

For same operating parameters such as air flow rates and relative humidity 

interdigitated flow design is more effective than normal flow design. The Relative 

humidity is the key parameter which decides the performance of the fuel cell.[11] 

A one dimensional proton exchange membrane fuel cell is a good model for 

verifying the varying characteristics parameters [12] 

In the fuel cell the catalytic layer and the membrane are considered as separate 

entities. The current density and voltage varies based on critical parameters such 

as porosity, Relative Humidity, pressure, Temperature etc. [13] 

To enhance the performance of the fuel cell the water balance of fuel cell should 

be well understood and monitored. The flow characteristics and the cell 

efficiencies are determined by the humidification on the cathode and anode side. 

The cell efficiency is based on the humidification that is in direct relation with 

the current density and temperature difference. The efficiency is increased by 

anode humidification.[14] 

The performance of the fuel cell is affected by the humidity and water on the 

cathode side. The water produced in the reaction enters the pores due to shear 

force of gas flow and capillary action which affects the function of fuel cell.[15] 
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CHAPTER 3 

A Three-Dimensional, Single-Phase Model of a PEM Fuel Cell 

3.1 Modelling of PEM Fuel Cell 

The modelling of membrane electrode assembly along with the gas diffusion 

layer, cathode and the anode channel was done in COMSOL MULTIPHYSICS 

5.5 for single and multipass. The mass transport analysis comprising of the flow 

of hydrogen and oxygen in the anode and cathode respectively and the formation 

of water molecules in the anode and cathode compartments are studied using the 

COMSOL MULTIPHYSICS 5.5 software. The polarisation plot (Cell Voltage 

Vs Cell average current density) and contours such as the ionic current in the 

centre of membrane, molar concentration of Hydrogen in the anode channel, 

molar concentration oxygen in the cathode channel and water concentration in 

the anode and cathode channels were generated. 

3.1.1 Modelling Geometry of Single Pass 

 

 

 

 

 

                                                  Isometric view 
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                 Front View                                                       Left Hand Side View 

 

 

 

 

 

 

 

 

                           

                           Top View 

 

                     Fig 3.1 Different views of the modelled Single Pass PEMFC 

 

The modelling was done by creating different blocks of dimensions given in the 

parameters table and then assembled. A single pass of the channel of the bipolar 

plate was used to create the assembly. The assembly consists of an anode 

compartment, a proton exchange membrane and a cathode compartment. The 

anode compartment comprises of an anode channel, a gas diffusion layer and an 

electrode. The cathode compartment comprises of a cathode channel, a gas 

diffusion layer and an electrode. The proton exchange membrane is sandwiched 

between the anode and the cathode compartment to form the Proton Exchange 

Membrane Fuel Cell. 
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3.1.2 Modelling Geometry of Multi Pass 

 

                    Isometric View                                                                 Right Side View        

                                                                                                    

                    Front View                                                                     Top view 

                               Fig 3.2 Different Views of Multi pass PEMFC          

 

The modelling of the multi pass assembly was done in the same manner as that 

of single pass. The dimensions of the cathode and anode channel (width, height 

and length) were kept the same. The width of the electrodes, membrane and the 

gas diffusion layer were increased to fit in 2 passes. The multi pass channel was 

built by creating 3 blocks and then forming an union of three using the Boolean 

function in COMSOL MULTIPHYSICS 5.5. 
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3.2 Meshing 

The meshing of the entire component was done in two stages. In the first stage a 

mapped 2D mesh was created in the plane normal to the channel direction as 

shown in Fig 3.3 . For this the mapped function was used .In the next stage this 

2D mesh on the surface was swept along the channel length to mesh the entire 

component. In this step the swept function of the COMSOL MULTIPHYSICS 

5.5 software was used. The 2D mesh was created by dividing the edges (edge 

sizing) of the front face of the component into elements. The edge sizing was 

done to ensure residues are properly propagated. 

In acute areas such as the membrane electrode assembly the element size is kept 

as fine as possible and in other areas such as the gas diffusion layer and the anode 

and cathode channels relatively large element sizes were chosen. This has been 

done taking into account the time required to compute the entire geometry and 

the computational power of the resource available.  Hence an optimized mesh 

was created to obtain high accuracy with the available resources for computation. 
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                                                    Fig 3.3  2D Mesh  

                              

                            Fig  3.3  Mesh generated along the channel length 
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3.3 Boundary Conditions: 

The boundary conditions given for the simulation are 

 

Region Boundary Condition 

 

Outlet flow channel of anode ∂ϕ/∂z = 0 

 

Outlet flow channel of cathode ∂ϕ/∂z = 0 

 

 
Anode terminal 

φsol = 0 

 
∂φmem/∂y = 0 

 

 
Cathode terminal 

φsol = Vcell 

 
∂φmem/∂y = 0 

 

 

 

 
Exterior boundaries 

∂φmem/∂x =0 

 
∂φmem/∂z =0 

 
∂φsol/∂x =0 

 
∂φsol/∂z =0 

 

Table 3.1: Boundary conditions 
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3.4 INLET PARAMETERS: 

The Inlet parameters for simulation of PEMFC are  

Parameters Value 

Cell length (m) 0.02 

Channel height (m) 0.001 

Channel width (m) 0.000787 

Rib width (m) 0.000909 

GDL width (m) 0.00038 

Porous electrode thickness (m) 5.00E-05 

Membrane thickness (m) 0.0001 

GDL porosity 0.4 

GDL permeability (m^2) -9.772 

GDL electric conductivity (S/m) 222 

Anode viscosity (Pa*s)    -2.715 

Cathode viscosity (Pa*s) -5.613 

Hydrogen molar mass (kg/mol) 0.002 

Nitrogen molar mass (kg/mol) 0.028 

Water molar mass (kg/mol) 0.018 

Oxygen molar mass (kg/mol) 0.032 

H2-H2O Binary diffusion coefficient (m2/s) 0.000180 

N2-H2O Binary diffusion coefficient (m2/s) -11.534 

O2-N2 binary diffusion coefficient (m2/s) -10.753 

O2-H2O binary diffusion coefficient (m2/s) -12.638 

                      Cell temperature ( K) 453.15 

Reference pressure (atm) 1 
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Cell voltage(V) 0.95 

Electrolyte phase volume fraction 0.3 

Open volume fraction for gas diffusion in porous 

electrodes 

 

                 0.3 

Permeability (porous electrode) -21.904 

Membrane conductivity (S/m) 9.825 

Transfer coefficient, cathode  1 

Reference equilibrium potential, anode(V) 0.1052 

Reference equilibrium potential, cathode(V) 1.2362 

Humidification temperature (oC) 301.15 

Water partial pressure (kPa) 3781.4 

Reference concentrations (mg/L) 26.893 

Inlet water molar fraction 0.037319 

Inlet hydrogen molar fraction 0.96268 

Inlet oxygen molar fraction 0.20216 

Operating current for gas flow calculations 0.33934 

Anode stoichiometry 1.2 

Cathode stoichiometry 2 

Inlet velocity, anode (m/s) 0.10352 

Inlet velocity, cathode (m/s) 0.41078 

Reference exchange current density, cathode (A/m2) 0.001 

Reference exchange current density, anode (A/m2) 100 

Specific surface area (m2/m3) 10000000 

Table 3.2: Parameters and Values 
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CHAPTER 4 

Results and Discussions 

4.1 Plots and Contours for single channel 

4.1.1 Polarisation Plot (Single Channel ) 

The polarisation plot generated after computation is presented in the figure 4.1 

(A) . The cell voltage is taken in the Y-axis and the cell average current density 

is taken in the X-axis. This graph helps us understand the relationship between 

the cell voltage potential and the cell average current density developed. From 

Fig  4.1 (A) it can be observed that as we decrease the cell voltage of the fuel cell 

the average current density also decreases. This plot was also used as a reference 

point to validate our model with the help of journal papers. The relationship 

between the current density and power density can be observed from figure 4.2 

(B). It can be observed that power density increases with increase in current 

density. 

 

 

 

                               

                                         

 

 

                          Fig 4.1 (A)                                             Fig 4.1 (B)                                           

                    Polarisation Plot                        Power Density vs Current Density 
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4.1.2 Ionic current ( z-direction) in the centre of the membrane (Single 

Channel) 

The figure below shows the ionic current in the centre of the membrane for 0.4V. 

From the figure below it can be observed that in the y-direction the current density 

is lower towards the outlet. This is observed because the concentration of the 

reactants reduces towards the outlet of the channel. In x-direction it can be 

observed that the current density is high around the region close to the channel 

and decreases near the very centre of the channel. This is observed due to the 

Ohmic drops in the gas diffusion layers. 

 

 

                       Fig 4.2  Electrolyte Current density vector (Z-component) 

4.1.3 Molar concentration of oxygen along the cathode (Single Channel) 

The figure below shows the molar concentration of oxygen along the cathode 

channel in the fuel cell. From the contour it can be observed that the molar 

concentration of oxygen reduces along the channel length. This happens because 
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oxygen penetrates the gas diffusion layer and enters the proton exchange 

membrane while travelling along the channel length. 

 

 

                   Fig 4.3  Surface Molar Concentration of oxygen in cathode 

4.1.4 Molar concentration of Hydrogen along the Anode (Single channel) 

The figure below shows the molar concentration of Hydrogen along the anode 

channel in the fuel cell. From the contour it can be observed that the molar 

concentration of Hydrogen reduces along the channel length. This happens 

because the hydrogen penetrates the gas diffusion layer and enters the proton 

exchange membrane while travelling along the channel length. At the same time 

it can be also observed that the concentration level of hydrogen in the anode is a 

bit more uniform when compared to the molar concentration of oxygen in the 

cathode 

 



30 
 

 

 

 

                      Fig  4.4  Surface Molar Concentration of hydrogen in anode 

 

4.1.5 Water Concentration at Cathode (Single Channel) 

The figure below shows the distribution of the water formed when oxygen flows 

in the cathode channel. From the contour given below it can be observed that the 

water formation in the cathode increases along the channel length. This happens 

because the oxygen concentration decreases along the cathode channel and 

towards the end of the cathode channel there is a lot of space available for the 

water to occupy. So the water molecules formed in the channel tends to fill these 

spaces. The water formed in the cathode is larger compared to that of the anode 

as the water formed in the anode tries to seep into the cathode compartment 

because of reverse diffusion. 

 

 



31 
 

 

 

                       Fig 4.5  Surface Molar Concentration of water at cathode 

 

4.1.6 Water concentration at Anode (Single Channel) 

The figure below shows the distribution of the water formed when hydrogen 

flows in the anode channel. From the contour given below it can be observed 

that the water formation in the anode increases along the channel length. This 

happens because the hydrogen concentration decreases along the anode channel 

and towards the end of the anode channel there is a lot of space available for the 

water to occupy. So the water molecules formed in the channel tends to fill 

these spaces. Water doesn’t form on the anode. The water formation occurs at 

cathode. Due to a phenomenon called reverse diffusion we find water 

concentration on the anode side.  
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                      Fig 4.6 Surface Molar Concentration of water at anode 

4.2 Plots and Contours for multi channel (2 channels)  

The trends observed in the plots and contours of multi channel analysis were 

similar to that observed in single channel. 

 

 

 

 

 

 

 

 

           Fig  4.7(A) Polarisation plot                  Fig 4.7 (B) Power Density vs   

                                                                                              Current Density 
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                      Fig 4.8 Surface Molar concentration of H2 in anode 

 

 

 

 

 

 

 

 

 

 

 

 

                           Fig 4.9 Surface Molar Concentration of o2 in Cathode 
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                               Fig 4.10 water concentration at anode 

 

 

       

                                   

 

 

 

  

 

 

                           

                                

                           Fig 4.11 Water concentration at cathode 
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4.3 Experimental Validation: 

The result obtained by the computational model is validated with the 

experimental values mentioned in literature. [16] and the results were compared 

to calculate the percentage deviation. The percentage deviation was found to be 

4.76%. The Percentage deviation of current density for different voltages was 

found using the formula given below: 

 

Percentage Deviation = 

                                
𝐶𝑜𝑚𝑝𝑢𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦−𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦

𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
∗ 100  

 

 

 

                                          Table 4.1 Experimental validation   

In the table given above the overall percentage deviation for the model created 

was calculated by taking the average of the individual percentage deviations for 

the different voltage values taken in the study. 

Voltage 

(V)

Curent Density 

(A/cm2)

Experimental Current Density 

(A/cm2)

Percentage 

Deviation 

(%)

0.95 0.0086985 0.0087 -0.02%

0.9 0.033984 0.034 -0.05%

0.7 0.38518 0.385 0.05%

0.6 0.62223 0.6222 0.00%

0.5 0.84886 0.9018 -5.87%

0.4 1.0809 1.0653 1.46%

-0.74%Average Percentage Deviation
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A polarization plot was generated using the data in the table. The current density 

is plotted in the x axis and voltage in y axis. The current density obtained from  

COMSOL MULTIPHYSICS 5.5 software after applying the inputs given in the 

journal paper was plotted against the voltage applied. In the same graph the 

experimental current density was plotted for the same voltage value. This has 

been done to get a better understanding of the deviation between the results from 

the software and the experimental result mentioned in literature. 

 

 

 

                                         

                     Fig 4.12 Polarisation Plot (Experimental validation)                                                                           
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                                              Chapter 5  

                          Conclusion and Scope for Future Work 

In this research, a three dimensional model of the Proton Exchange Model was 

developed and the mass transport analysis was simulated in  COMSOL 

MULTIPHYSICS 5.5 to understand the flow and distribution of the reactants 

(hydrogen and oxygen) and the by-product water formed after the reaction. The 

three dimensional model has been created for a single channel of the bipolar 

plates and the results of the simulation has been validated by applying the input 

parameters given in literature. A multi-channel model has also been created with 

2 channels to understand the behaviour of reactants in bends. The scope has been 

limited to 2 channels considering the computational resources available for the 

computation of the model. The model is simulated by solving conservational 

equations for the membrane, flow channels and the electrodes. 

The main objectives to run the simulations are 

a) To understand the flow and distribution of the reactants in the 

membrane electrode assembly 

b) To understand the relationship between the voltage applied and the 

current density obtained in the PEMFC 

From the results it can be observed that the concentration of hydrogen and oxygen 

decreases along the channel length. This happens because the both the hydrogen 

and oxygen are being consumed while they travel along the channel. The 

concentration of water was found to increase along the channel. This can be 

attributed to the fact that the water formed in the channel tends to move to the end 

of the channel (outlet) as there is a lot of space available for the water molecules. 

These spaces are created due to the fact that a large amount of both the reactants 

(H2 and O2) get consumed near the inlet and there is a lot of free space available 

near the outlet. 
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It is evident from the results that water formed in the cathode is larger compared 

to that of the anode. Water doesn’t form in anode but the water molecules in anode 

is due to a phenomenon called reverse diffusion.  

The scope for future work includes modelling and simulation of multi-channel 

flow area with 8 to 12 passes for single phase along with experimental validation 

and developing multiphase model which will be able to predict the behaviour of 

reactants with greater accuracy and higher dependability. 
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