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Abstract

Polymer electrolyte membrane (PEM) fuel cells have increasingly become promising green

energy sources for automobile and stationary cogeneration applications but its success in

commercialization depends on performance optimization and manufacturing cost. The

activation losses, expensive platinum catalyst, and water flooding phenomenon are the

key factors currently hindering commercialization of PEM fuel cells. These factors are

associated with the cathode catalyst layer (CCL), which is about ten micrometers thick.

Given the small scale of this layer, it is extremely difficult to study transport phenomena

inside the catalyst layer experimentally, either intrusively or non-intrusively. Therefore,

mathematical and numerical models become the only means to provide insight on the

physical phenomena occurring inside the CCL and to optimize the CCL designs before

building a prototype for engineering application.

In this thesis research, a comprehensive two-phase mathematical model for the CCL

has been derived from the fundamental conservation equations using a volume-averaging

method. The model also considers several water transport and physical processes that are

involved in the CCL. The processes are: (a) electro-osmotic transport from the membrane

to the CCL, (b) back-diffusion of water from the CCL to the membrane, (c) condensation

and evaporation of water, and (d) removal of liquid water to the gas flow channel through

the gas diffusion layer (GDL). A simple analytical model for the activation overpotential

in the CCL has also been developed and an optimization study has been carried out using

the analytical activation overpotential formulation. Further, the mathematical model has

been simplified for the CCL and an analytical approach has been provided for the liquid

water transport in the catalyst layer.

The volume-averaged mathematical model of the CCL is finally implemented numer-

ically along with an investigation how the physical structure of a catalyst layer affects

fuel cell performance. Since the numerical model requires various effective transport prop-

erties, a set of mathematical expressions has been developed for estimating the effective

transport properties in the CCL and GDL of a PEM fuel cell. The two-dimensional (2D)

numerical model has been compared with the analytical model to validate the numerical

results. Subsequently, using this validated model, 2D numerical studies have been carried

out to investigate the effect of various physical and wetting properties of CCL and GDL

on the performance of a PEM fuel cell. It has been observed that the wetting properties

of a CCL control the flooding behavior, and hydrophilic characteristics of the CCL play a

significant role on the cell performance. To investigate the effect of concentration variation

in the flow channel, a three-dimensional numerical simulation is also presented.
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Chapter 1

Introduction

Global warming and greenhouse emissions are two critical issues currently addressed by

the scientists all over the world. Some greenhouse gases, such as CO2, occur naturally and

are emitted to the atmosphere through natural processes and human activities. Among

the human activities, automobiles, powered by internal combustion engines, are significant

producers of harmful greenhouse emissions. For instance, in Canada, about 80% of the

anthropogenic emissions of CO2 during the past 20 years is due to burning fossil fuels and

cement production [1]. The amount of greenhouse gas emissions come from the combustion

of fossil fuels is about 90% in the United States [2]. Recent research also shows that

the amount of CO2 produces from a small car can be reduced by as much as 72% when

powered by a fuel cell running on hydrogen reformed from natural gas instead of a gasoline

internal combustion engine [3]. In addition, the world’s fossil fuel reserve is limited; hence,

alternative and green energy sources are required for better future of our next generation.

1.1 Motivation

Currently, two possibilities exist as alternative of fossil fuel that can meet the require-

ments of a zero-emission vehicle, batteries and fuel cells. Both batteries and fuel cells are

electrochemical devices that convert the energy of a fuel/reactant directly into electric-

ity through electrochemical reactions. In batteries, all the reactant contains within the

battery, therefore, life of a battery is limited. Conversely, the reactants in a fuel cell are

supplied from an external source, and thus a fuel cell can operate as long as fuel is supplied

to it. Further, fuel cells are highly efficient compared to internal combustion engines. The

efficiencies of fuel cells range from 40% to 60% due to direct conversion of chemical energy

to electrical energy without the need to first produce mechanical energy, as in conventional

power generation.
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A variety of fuel cells is currently in different stages of development. The most common

classification of fuel cells is by the type of electrolyte used in the cells. Based on the

electrolyte used, fuel cell are classified as polymer electrolyte membrane fuel cell (PEMFC),

solid oxide fuel cell (SOFC), alkaline fuel cell (AFC), direct methanol fuel cell (DMFC),

phosphoric acid fuel cell (PAFC), and molten carbonate fuel cell (MCFC) [4]. Among

them, the polymer electrolyte membrane (PEM) fuel cell is considered as most promising

candidate for the next generation power source for portable, automobile, and stationary

cogeneration applications due to its high power density, low operating temperature, quick

start-up, and fast dynamic response. Further, its zero emission capabilities can reduce

greenhouse gases as well as will mitigate the concerns about the global warming and

climate change; and the PEM fuel cell is the focus of this thesis research.

1.2 Polymer Electrolyte Membrane Fuel Cells

The PEM fuel cell, also known as proton exchange membrane fuel cell, was first used in

the 1960s in NASAs Gemini space flights as an auxiliary power source. A typical PEM

fuel cell consists of two bipolar plates and the membrane electrode assembly (MEA), as

illustrated in Fig. 1.1. The purpose of bipolar plate (BP) is to feed the reactant gases

and to assemble individual cells into a cell stack. The MEA consists of a cathode and an

anode gas diffusion layer (GDL) with a proton-conducting membrane as the electrolyte

sandwiched in between GDLs, which is considered as heart of the fuel cells. The solid

electrolyte layer made of a porous layer of hydrophobic polytetrafluoretyleen (PTFE), also

known as Teflon. However, to make an electrolyte, hydrophilic sulphuric oxygen groups

(HSO3) are attached as a side chain. The function of MEA is to conduct protons efficiently

while repelling the electrons, thus forcing the electrons to travel through an external circuit

to produce electric energy. It also keeps the hydrogen fuel separate from the oxidant (air

or oxygen), a feature essential to the efficient operation of a PEM fuel cell.

The electrodes are most often fabricated from porous carbon fiber layer whose internal

surface has been impregnated with platinum (Pt) metal to act as a catalyst for the electro-

chemical reaction. The exact composition of catalyst layer also includes a complex matrix

of electrolyte membrane, supported carbon particles, and void space. The thickness of the

polymer electrolyte membrane layer ranges from 50 µm to 250 µm and the most popular

polymer electrolyte membrane employed for PEM fuel cell is Nafionr, manufactured by

DuPontTM. The thickness of the electrodes are approximately 200 µm [5]. Each of these

electrodes also consists of approximately 20 µm (or thinner) catalyst layer between the

electrodes and membrane, known as anode catalyst layer (ACL) and cathode catalyst layer

(CCL), respectively.
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Bipolar plate

Membrane electrode assembly

(MEA)

Anode gas channel

Cathode gas channel

ACL

CCL

Figure 1.1: Schematic of PEM fuel cells components.

1.2.1 Operation Principle

Typically, humidified H2 gas is supplied under pressure into the anode gas channel, which

diffuses through the porous electrode until it reaches the ACL. In the presence of Pt-

catalyst, hydrogen molecules are stripped of their electrons to produce protons through

the following reaction:

H2 → 2H+ + 2e− (1.1)

Protons (H+) are transferred through the electrolyte membrane to the CCL and electrons

are conducted through the anode to the current collector and travel through an external

circuit to the cathode. Conversely, humidified O2 gas or air is supplied to the cathode

flow channel, where O2 diffuses through the porous GDL until it reaches the CCL and

is reduced on the platinum surface into two oxygen atoms. These combine with protons,

driven through the electrolyte membrane, and with electrons traveling through the external

circuit and arriving at the cathode. The reaction is

1

2
O2 + 2e− + 2H+ → H2O (1.2)

In addition to water, heat is also produced in this reaction. The reaction occurs for only

gas phase oxygen and liquid phase hydrogen ions (H+) at the surface of the electrical
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conductor (e−). The overall electrochemical reaction occurring in the PEM fuel cell can

be represented by the following reaction:

H2 +
1

2
O2 → H2O+Heat + Electric Energy (1.3)

1.2.2 Performance

A PEM fuel cell operating at 25 ℃ and 1 atm, the potential difference across the cell

would be about 1.22 V that is known as reversible cell potential. Due to the various losses,

also known as polarizations or overpotentials, the actual cell voltage is always lower than

the theoretical value. The losses are from three main sources, (i) activation overpotentials

due to the kinetics of charge transfer reactions in anode and cathode catalyst layers, (ii)

ohmic overpotentials due to the resistances of cell components, and (iii) concentration

overpotentials due to the limited rate of mass transfer.
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Figure 1.2: The polarization curve showing the activation, ohmic, and concentration over-
potentials for a PEM fuel cell.

The losses are depicted in Fig. 1.2 for different values of current density in the polariza-

tion curve. The initial drop in the polarization curve is due to the O2-reduction reaction

at the CCL and the H2-oxidation reaction at the ACL. The activation overpotential causes

a steep voltage drop, which is significant at small current density. This includes losses in

both the anode and cathode catalyst layers, known as anode activation overpotential and
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Figure 1.3: A typical breakdown of PEM fuel cells overpotentials, showing contribution
of cathode activation overpotential, anode activation overpotential, ohmic overpotential,
and mixed electrode potential.

cathode activation overpotential, respectively. As the current density increases, the ohmic

losses become important in reducing the overall cell potential. The ohmic losses are lin-

ear at larger currents and it includes losses across the membrane, electrodes, and bipolar

plates. At high current density, the mass-transport limitations (concentration overpoten-

tial) become an increasingly important factor in limiting the PEM fuel cell performance.

These mass-transport losses mainly stem from the fact that the reactants cannot reach

the reaction sites fast enough. This is mainly due to the inefficiency of mass-transport

process through the GDL and CCL, and due to the liquid water flooding, where liquid

water blocks the reactants from reaching the reaction sites.

Among the various losses, the highest irreversible losses in the cell voltage occur in

the CCL, known as cathode activation overpotential, and then followed by the ohmic

overpotential as shown in Fig. 1.3. While the losses in the ACL are negligible compared

to these two losses [6, 7]. Further, there has been mixed potential at the electrodes, which

is inherent in PEM fuel cell. It arises due to the unavoidable parasitic reactions that tend

to lower the equilibrium electrode potential as well as due to the fuel crossover through

the electrolyte membrane. To improve the performance, and to design the cost-effective

fuel cell, one therefore needs to optimize the cathode activation overpotential along with

the utilization of Pt-catalyst content in the CCL.
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CHAPTER 1. INTRODUCTION

1.2.3 Technical Challenges

There are many technical barriers that need to be addressed before PEM fuel cell can

be used commercially. Of the many issues, cost and durability are the major challenges

nowadays. Further, thermal and water management are also barriers to the commercial-

ization of fuel cells. In automotive applications, fuel cells face more stringent cost and

durability requirements. In stationary power applications, raising the operating tempera-

ture of PEM fuel cell to increase fuel cell performance will also improve heat and power

cogeneration and overall system efficiency. Despite high efficiencies, PEM fuel cells are

not yet widespread in automotive applications just because of the cost of materials and

current expenses associated with hydrogen fuel and its storage [2].

According to the United State Department of Energy (DOE), current costs for auto-

motive internal combustion engines are about $25/kW to $35/kW, to be competitive in

transportation applications, the cost of fuel cells system needs to be reduced to $30/kW.

Further, fuel cell power systems for the transportation applications will be required to be

as durable and reliable as current automotive engines, i.e. 5,000 hour lifespan (150,000

miles equivalent) and be able to function over the full range of vehicle operating conditions

(–40 ℃ to 40 ℃).

Table 1.1: Technical targets of 80-kW integrated transportation fuel cell power systems
operating on direct hydrogen (source: U.S. Department of Energy)

Characteristic Units 2004 Status 2005 2010 2015

Stack efficiency @ 25% of rated power % 59 60 60 60

Stack efficiency @ rated power % 50 50 50 50

Power density W/L 450 500 650 650

Specific power W/kg 420 500 650 650

Precious metal (Pt) loadinga g/kW 1.3 2.7 0.3 0.2

Cost US $/kW 120 125 45 30

Durability with cycling hours 1,000 2,000 5,000 5,000

Transient response

(time for 10% to 90% of rated power) sec 1.5 2 1 1

Cold start-up time to 90% of rated power

@ –20℃ ambient temperature sec 120 60 30 30

@ +20℃ ambient temperature sec 60 < 30 30 15

Survivability ℃ -20 -30 -30 -40

a US $ 1627/oz

The DOE’s technical targets for PEM fuel cell operating on direct hydrogen for trans-

portation applications are listed in Table 1.1 that is based on 500,000 units/year. It is
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observed that substantial amount of progresses have already been made in reducing PEM

fuel cell cost and improving durability. By 2015, PEM fuel cell technologies will be in a

state of competitive with current automotive technologies. It is clear that by 2010, we will

be able to achieve required demand except cost and precious metal loading. DOE’s current

goal is to reduce the use of platinum in fuel cell catalyst layers by at least a factor of 10

or eliminate it altogether to decrease the cost of fuel cells to consumers. Most of these

Pt-catalysts are used in the CCL to promote sluggish O2-reduction reaction. Therefore,

it is required to improve the predominance of the CCL. In addition, the highest reversible

losses occur in the CCL; hence, the main focus is given to the CCL to reduce the activa-

tion polarization and Pt-loadings. From the better understating of transport processes, it

would also be possible to address the thermal and water management barriers. It should

also be noted that hydrogen production and its storage are also important for the com-

mercialization of of PEM fuel cell. High-quality hydrogen can even prevent degradation of

the fuel cell stack and enhance durability; this is, however, beyond the scope of this thesis

research.

1.3 Research Objectives

There are several key processes occurring within the PEM fuel cell that have a major im-

pact on the cell performance. The most important processes in different layers of PEM fuel

cell include electrochemical reactions in the catalyst layers, proton migration in the PEM,

and mass-transport within all regions of the PEM fuel cell. The processes occurring within

each layer of the cell affect the performance of PEM fuel cell. Among the various processes

and reactions, the most important ones are occurring inside the CCL that affect the cell

performance the most. It is also a widely accepted fact that the CCL of a PEM fuel cell

is the performance-limiting component due to slower kinetics of the O2-reduction reaction

and higher irreversible losses. Further, liquid water produced from the electrochemical

reaction causes flooding, thereby reducing the cell performance. All of these events are

responsible for high cost, which is impending commercialization of fuel cell, and low cell

performances.

Typical dimensions of different layers in a PEM fuel cell are between few micrometers

to millimeters, which make in-situ measurements in these layers extremely difficult. Since

the CCL thickness is about ten micrometers or thinner, intrusive measurements for the

transport processes inside the CCL are almost impossible. Conversely, the bipolar plates

are made of solid materials and hence, the optical observation of the physical processes

inside the CCL is not possible. Although several non-intrusive experimental studies have

been reported in literature for the liquid water flooding in PEM fuel cell [8–10], these
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CHAPTER 1. INTRODUCTION

measurements only provide qualitative results. Also the spatial resolutions of experimental

techniques, such as NMR microscopy [8] and Neutron Radiography [9], are larger than

the thickness of a catalyst layer. Hence, the measurement of liquid water flooding using

NMR microscopy or Neutron Radiography can only provide qualitative results for the

entire PEM fuel cell and it is not possible to quantify the amount of liquid water flooding

inside the CCL. Due to these limitations of experimental measurements, mathematical

and numerical models become the only means to study the transport phenomena inside

the CCL; while without understanding the transport phenomena inside the CCL, it is

impossible to optimize and design a better catalyst layer for PEM fuel cell.

In this thesis research, the main focus has been given to the CCL, particularly, to

investigate transport phenomena inside the CCL taking into account the O2-reduction

reaction. More specifically, this study has the following major research objectives:

◦ To study the transport phenomena in the CCL of a PEM fuel cell.

◦ To gain an improved understanding of the transport phenomena, especially liquid

water transport and distribution on the performance and optimization of CCL.

◦ To investigate the effect of CCL structure, composition, and wettability on the CCL

performance and optimization.

In this chapter, a brief overview of the PEM fuel cell has been presented, followed by a

description of the objectives of this thesis research. Chapter 2 presents a literature review

of PEM fuel cell models that currently exist in the published literature. A general math-

ematical formulation of the transport processes for PEM fuel cells is derived in Chapter

3 and the simplified formulation for the CCL is provided in Chapter 4. In Chapter 5, a

unique set of expressions is provided for the effective protonic conductivity, electronic con-

ductivity, and oxygen diffusivity in both catalyst and gas diffusion layers along with several

other key transport properties. Chapter 6 describes an analytical model for estimating the

cathode activation overpotential and an analytical approach for the liquid water transport

in the CCL. The numerical scheme is described in Chapter 7 with a grid independency

test. The results are presented and discussed in Chapter 8. Finally, a summary of this

research and a few suggestions for future research are provided in Chapter 9.
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Chapter 2

Literature Review

2.1 Introduction

After the first use of PEM fuel cell developed by General Electric for use in the NASA

Gemini space flights in the 1960s, it was almost dormant for over 20 years. The problem

that deferred the PEM fuel cell from subsequent development was mainly due to its high

cost and low power output. Recently, a “quantum jumps” has been observed in the PEM

fuel cell research as it can be one of the most promising candidates for the next generation

zero-emission power source for transportation applications [11, 12]. As a result, over the

past two decades, many research studies have been conducted to improve the performance

of PEM fuel cell and make it competitive with the automotive engines. For instance,

Fig. 2.1 shows the number of articles published on fuel cells (in part (a) and PEM fuel cells

(in part (b)) since 1991 as listed by the Engineering citation index Compendexr on Oct.

26, 2009, the majority of which are on mathematical modelings and numerical simulations.

Mathematical and numerical models of PEM fuel cell have received signification attention

since the use of these models is simple and efficient to predict the cell performance and

the only means to study transport and electrochemical processes inside the various layers

of PEM fuel cell.

In the mathematical models and numerical simulations, several modeling approaches

have been observed in literature that can be classified as, one-dimensional (1D) and multi-

dimensional models, steady-state and transient models, isothermal and non-isothermal

models, single-phase and multi-phase models. Further, the modeling can be done as single

component of a cell or as the stack model considering several fuel cells. Even the modeling

can also be classified as empirical or mathematical models. In this chapter, previous work

of PEM fuel cells modeling and performance optimization related to this thesis research

9
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Figure 2.1: Number of articles related to fuel cells and PEM fuel cells listed on the Engi-
neering citation index Compendexr.
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have been discussed that is divided into empirical, analytical, and mathematical/numerical

models.

2.2 Empirical Models

The approach of empirical models is dependent on the experimental results of PEM fuel

cells, where the functional dependence of various cell parameters is developed by applying a

curve-fitting scheme. The most general indicator of fuel cell performance is the polarization

curve, hence, several attempts have been observed to provide to an empirical relation for

the cell voltage and current in terms of cell parameters. However, to model the polarization

curve empirically, electrode-kinetic parameters such as exchange current densities and

transfer coefficients are required. Hence, Parthasarathy et al. [13] studied temperature

dependence of the oxygen reduction kinetics. The empirical relation of exchange current

densities and transfer coefficients were provided as a function of temperature.

Amphlett et al. [14, 15] developed a generalized steady-state electrochemical model of

PEM fuel cell performance to model the polarization curve empirically using the following

relationships:

Ecell = Er + ηact + ηohm (2.1)

ηact = ξ1 + ξ2T + ξ3T [ln(cO2)] + ξ4T [ln(I)] (2.2)

ηohm = −I(γ1 + γ2T + γ3I + γ4TI + γ5T
2 + γ6I

2) (2.3)

where Er is the reversible cell voltage, ηact is the activation overpotential, ηohm is the

ohmic overpotential, T is the cell temperature, cO2 is the oxygen concentration, I is the

cell current, and ξ, γ are the empirical constants, respectively. This empirical relation of

the cell voltage is useful and one can avoid complicated numerical computation during the

evaluation of activation and ohmic overpotentials. However, this relation is insufficient

to capture the change in internal resistance in changing membrane content and fraction

of water in the cathode catalyst layer since it is a function of temperature. Further, the

relation is cell specific and valid only for isothermal case, and concentration overpotential

is overlooked.

Kim et al. [16] developed an empirical relation that fits the entire polarization curve of

a PEM fuel cell. The inclusion of an exponential term for the mass-transport overpotential

(also referred to as concentration overpotential) with an adjustable parametric coefficient

was found to accurately model the performance curves up to and including the mass-
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transport limited region at high current densities. The cell voltage was calculated using

the following relation:

Ecell = Er − ηact − ηohm − ηconc (2.4)

= Er − b log
J

J0
−RJ −m exp(nJ) (2.5)

Here last three terms in the right hand side represent the activation, ohmic, and concen-

tration overpotentials, respectively, J is the cell current density, and b, J0, R, m and n are

empirical parameters. Later, Squadrito et al. [17] also provided an empirical expression

between the cell potential and current density similar to Kim et al. [16]. The basic dif-

ference in their model is the mass-transport overpotential, which is fitted as logarithmic

function instead of exponential function.

2.3 Analytical Models

The processes occurring within a PEM fuel cell include mass, momentum, species, and

energy transports in the various layers of fuel cells. All these processes can be described,

mathematically, by fundamental conservation laws. However, it is impossible to provide

analytical solutions of these processes without simplifying the fundamental equations. Still

to date, several attempts have been made to provide a simple relation for the prediction

of voltage-current relationship. The pioneer work of analytical formulations of fuel cell

models are reported by Standaert et al. [18, 19]. Several assumptions were made in order

to develop an approximate analytical relation between the cell current and voltage for

isothermal [18] and non-isothermal [19] cases. These relations are based on the linearized

Nernst potential and valid only in high fuel utilization. Further, the theoretical framework

for the analytical solution of activation overpotential in the CCL has been available for

very low current densities or for large current densities too [20, 21]. Kulikovsky [22] also

provided an analytical formulation for the voltage-current curve of a PEM fuel cell. This

relation is valid only for the limiting case of small and large currents. None of these previous

studies provide the exact analytical solution for the entire range of current density of the

PEM fuel cell. Hence, it has been addressed in this thesis research.

2.4 Numerical Models

Empirical models are simple and efficient in predicting the performance of a typical PEM

fuel cell [7], however, these models are unable to capture the transport processes in the
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PEM fuel cell. To capture the details of the transport processes, it is required to de-

velop a detailed mathematical model of PEM fuel cell and its numerical simulation. The

mathematical and numerical models can be categorized in various groups as mentioned

earlier. For simplicity, it has only been categorized into two groups, namely, single-phase

models, and two-phase models, and will be discussed in the subsequent sections. Further,

the cathode catalyst layer models are also reviewed in this section.

2.4.1 Single-phase Models

The most prominent mathematical modeling and numerical simulation of PEM fuel cell

began in the early 90s. For instance, Bernardi and Verbrugge [23] developed the mathe-

matical model for the oxygen electrode of PEM fuel cell. Later both the H2-oxidation and

the O2-reduction reaction in the catalyst layers were modeled assuming a fully saturated

membrane [24]. Both of these models were one-dimensional and assumed an isothermal

fuel cell that operated at steady-state. The Nernst-Plank equation was employed to de-

scribe ionic transport and the Stefan-Maxwell equation for the gas transport. Further, the

gas pressure in the flow channels was assumed constant, hence, only the conservation of

species was applied to the gas in the gas flow channels. Due to the assumptions of fully

hydrated membrane and constant water content in the membrane, the direction of water

flow through the system was governed by the electro-osmotic forces. In addition, the pore

water is charged with presence of H+; hence, the transport of water in the membrane was

along the membrane potential gradient.

The proton migration process in the PEM layer has been addressed by Verbrugge and

Hill [25], along with water migration in the pores of a fully humidified PEM. Since the

water is continuously producing from the electrochemical reactions, the amount of water

content in the membrane will no longer be constant due to back-diffusion of water. Further,

the protonic conductivity changes with the membrane water content, hence, Springer et

al. [26, 27] developed a PEM fuel cell model in which the protonic conductivity was consid-

ered as a function of membrane hydration. These models are also one-dimensional (1D),

however, partially humidified membrane was considered for the first time in their investi-

gations. Nonetheless, these 1D models provide a fundamental framework for the numerical

simulations.

In the above-mentioned models, the flow in the gas flow channels and electrode back-

ing layers were solved separately. Thus, the interaction between the gas flow channels

and the electrode backing layers was not modeled. Fuller and Newman [28] developed a

quasi-two-dimensional mathematical model of transport in PEM fuel cell to address water
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management, thermal management, and fuel utilization. The MEA was simplified by as-

suming ultra thin gas diffusion electrodes, while the liquid phase had been neglected. The

water and heat management model of Nguyen and White [29] is also identical to the Fuller

and Newman model [28], except the PEM layer was modeled using the variable hydration

model of Springer et al. [26, 27], and the catalyst layer was considered to be an interface.

In these models, the gas flow in the channel was considered as plug flow assuming no pres-

sure drop across the channel. Also, the transport of species in the electrode backing and

catalyst layers was by diffusion only. Further, the major heat source terms, the entropic

and irreversible reaction heats, were not specified in their models. Later, Thirumalai and

White [30] added the pressure variations in the gas flow channel in their fuel cell stacks

model and Yi and Nguyen [31] extended the model of Nguyen and White [29] including

the entropic and irreversible reaction heats along with the phase change heat.

Wohr et al. [32] developed a 1D model for heat and water transport in a PEM fuel

cell stack. Both the entropic and irreversible reaction heats were accounted and the tem-

perature profiles were computed in the through-membrane direction and predicted the

maximum temperature as a function of the number of cells contained in a stack. Rowe

and Li [33] also developed a 1D model in the through-membrane direction. Their model

includes the entropic, irreversible, phase change heats, and Joule heating in the membrane

and catalyst layers. Maggio et al. [34] performed a pseudo-three-dimensional simulations,

neglecting the temperature gradient in the flow direction. Several two-dimensional (2D)

and three-dimensional (3D) thermal models were also presented that accounted various

heat generation mechanisms more rigorously [35–38].

Gurau et al. [39] developed a 2D single-phase model that included the gas flow channels,

electrode backing layers, catalyst layers, and PEM layer. The mathematical model was

unified in that the equations representing the conservation of mass, momentum, species,

and energy in each layer had the same general form, and differed through the source terms.

Um et al. [40] carried out a 2D simulation which coupled the electrochemical kinetics and

transport processes. They used a single domain solution approach and neglect water uptake

and release in the catalyst layer. These models later extended into three dimensions to

study the complex gas flow and for better gas flow channel designs [41] and water transport

in PEM fuel cells [42]. The simplest water transport model has been developed by Okada et

al. [43] a linear transport equation. Water transport processes in the PEM layer was also

modeled by several authors [44–47].

Most of the modeling studies assumed that the cell is operating in steady-state, except

Um et al. [40, 42], whereas automobiles application requires the transient nature of the cell

operation. In the transient modeling, van Bussel et al. [48] developed 2D dynamic model
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of PEM fuel cell water management, based on the 1D model of Springer et al. [26, 27].

Conversely, Chen et al. [49] extend the theoretical model developed by Okada et al. [43] to

an unsteady state model and investigated the transient behavior of water transport across

the membrane as well as the influences of several physical parameters on the characteristic

time to reach the steady state. Recently, Wu et al. [50] presented a single-phase non-

isothermal transient model and investigated time response of transport processes.

2.4.2 Two-phase Models

A substantial number of single-phase PEM fuel cell models have already been reviewed in

the previous section. These models are based on single-phase flow, and assume that the

gas inside the fuel cell is a perfect gas. Although water transport had been considered in

some cases, the water vapor and liquid water were considered two different species and

assumed that there is no influence by condensation/evaporation on the gas mixture flow

field. Results of these models suggest that in order to be applicable for both saturated and

non-saturated gas conditions, water transport model should include two-phase transport,

transport in a partially dry membrane and in a fully-flooded membrane. Water flooding

is a well-known performance limiting factor for PEM fuel cell, and thus it is vital to

understand the two-phase transport characteristics in the cathode side of fuel cell and

their influences on the cell performance. Hence, more complex two-phase models have also

been developed [51–76].

Traditionally, two-phase transport processes were modeled either with unsaturated flow

theory (UFT) or using multi-phase mixture (M2) formulation. In the UFT, a uniform gas-

phase pressure is assumed across the entire porous layer, thereby ignoring the gas-phase

flow counter to capillary-induced liquid motion. Here the liquid phase pressure is simply

the negative of capillary pressure between gas and liquid phases. He et al. [52] developed

a transport model based on unsaturated flow theory using an interdigated gas flow to

investigate the effects of liquid water and its transport on the performance of the cathodes

of PEM fuel cells. The transport of liquid water was considered through the completely

wetted GDL, driven by the shear force of gas flow and capillary force, and the catalyst

layer was considered as a boundary condition. Therefore, water production was considered

to occur at the boundary of the CCL/GDL interface. In addition, it has been assumed

that the capillary pressure has a constant slope across the GDL. Janssen [53] presented a

two-phase water transport model, based on concentrated solution theory that appears to

be quite rigorous. Berning and Djilali [56] presented a 3D model to describe the two-phase

flow inside the GDL by the UFT that a uniform gas phase pressure is assumed within the

GDL.
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In contrast to the UFT, the model developed by Wang and Cheng [51] is based on multi-

phase mixture (M2) formulation and is pioneer in its kind. The assumption of constant gas

pressure is released and it accounts for the gas flow counter to the capillary-driven liquid

flow. Therefore, the liquid phase pressure is difference between the capillary and gas phase

pressures. This M2 model has been widely used recently to investigate the multi-phase and

multi-component transport in cathode GDL [54, 55, 59, 63–66]. Further, Mazumder and

Cole [58] developed a 3D non-isothermal, two-phase model that treated the transport in

the catalyst layer as Knudsen diffusion. The water transport in the electrolyte was highly

simplified in that water transport was through electro-osmotic drag only.

The model developed by Wang et al. [54] assumed that the GDL to be a hydrophilic

material. The capillary pressure was described by the Leverett function for hydrophilic

media. In the backing layer, a two-phase region co-exists with a single-phase region. The

capillary action was discovered to be the dominant mechanism for water transport inside

the two-phase zone of the hydrophilic structure. This model, like many in literature,

assumes that the CCL is a thin interface [56, 77–79]. Hu et al. [61, 69] developed a 3D

two-phase flow model to investigate a conventional and an interdigitated flow fields. The

model results showed that the saturation of liquid water in the conventional flow field is less

than that in the interdigitated flow field. Therefore, higher ohmic losses are encountered

with the interdigitated flow field. However, the humidification of the reactant gases can

be used in order to lower these ohmic losses and in turn enhance the performance of the

cells with an interdigitated flow field. Most of these studies assumed the transport by

capillary pressure only, and did not include mass-transport between the phases. Further,

the catalyst layer structures and its effect have been overlooked.

2.4.3 Cathode Catalyst Layer Models

In the previous two sections, a review of PEM fuel cell models has been covered as single-

phase and two-phase modeling approaches. This review will be incomplete without an

intensive review of cathode catalyst layer (CCL) modeling, since one of the objectives of

the proposed study is to optimize CCL structure and its performance. Although liquid

water build-up in the cathode has a substantial influence on cell performance [59], most of

the studies have only considered catalyst layer as an interface. Therefore, in this section

focus has given to the CCL and performance optimization models that are available in

literature.

In addition to cell polarization and water flooding, another factor that currently im-

peding commercialization of PEM fuel cell is the high materials and manufacturing cost.

Substantial efforts are currently ongoing to reduce the overall fuel cell cost by maximizing
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the individual cell performance while simultaneously minimizing the amount of catalyst

and membrane material used per unit active area. Unless there is a tool for optimizing

the amount of expensive materials used during the design of fuel cell, it is impossible to

minimize the cost of manufacturing or optimize the cell performance. To improve the

performance, and to design the cost-effective fuel cell, one therefore needs to optimize

both the CCL activation overpotential and the utilization of Pt-catalyst and membrane

contents in the catalyst layer.

Several studies have already been conducted considering these factors. For instance,

an engineering model is used by Marr and Li [80] for performance study of the PEM

fuel cell. A detailed mathematical formulation for the ohmic overpotential has also been

provided, which can be used in future studies if the cell dimension and material properties

are known. They also used the membrane model of Bernardi and Verbrugge [23, 24], but

improved the gas flow channel and catalyst layer formulations. Instead of assuming that

the pressure drop was zero, the pressure was allowed to vary in the gas flow channels

through the assumption that the flow was equivalent to 1D pipe flow. Siegel et al. [81]

developed catalyst layer model considering the catalyst layer void regions to be composed

of gas and polymer electrolyte membrane. However, the catalyst layer void regions can

be a combination of gas, liquid, and polymer electrolyte in the catalyst layers [82]. The

formulation of Marr and Li [80] later used by Baschuk and Li [82] in their parametric

study with variable degrees of water flooding in the cathode electrode. Although they

incorporated the water flooding parameter, it is not possible to estimate the amount of

flooding from this model. The amount of water flooding has been extrapolated by matching

the model results with the experimental data of Kim et al. [16].

The CCL activation overpotential also shows a complex nature due to its dependency on

the catalyst layer structure; for instance, whether it is agglomerate or macro-homogeneous,

composition of the catalyst layer, types of the catalysts used, and how the reactants trans-

port in the catalyst layer. The activation overpotential in the ACL is very small compared

to the activation overpotential in the CCL. Therefore, the CCL activation overpotential

has major influence on the fuel cell performance. Among the various structures of catalyst

layers investigated so far, three different structures of cathode catalyst layer have been

established in the past decade, namely, thin-film, macro-homogeneous, and agglomerate

catalyst layers.

In the thin-film model, the catalyst particles are embedded on the thin-film of poly-

mer membrane [83, 84], whereas in the macro-homogeneous model, the catalyst layer is

considered as a homogeneous matrix of supported catalyst platinum, polymer electrolyte

and void space [6, 20, 24, 27]. Conversely, in the agglomerate model, the catalyst layer
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is considered as a uniform matrix of catalyst agglomerate, which is surrounded by the

gas pores. Each of these catalyst agglomerates are assumed to be homogeneous mixture

of catalysts, polymer electrolytes, and void spaces [85–90]. Although experimental stud-

ies [85, 91] showed that the agglomerate model might be a close approximation to model

the catalyst layer, there are several other models that have also been developed, namely,

cylindrical agglomerate, ordered catalyst layer, and non-uniform catalyst layer [62, 92, 93].

Hence, the CCL not only has complex structures but also influences cell performance in

terms of the activation overpotential.

2.5 Summary

It is clear from the aforementioned literature review that the evolution of the fuel cell

modeling is becoming more and more complex with the advancement of computing power.

None of them actually provides any simpler formulation or simple model of entire cell

polarization along with a complex model. Whereas polarization occurs in the operation of

PEM fuel cell that influences both the performance and commercialization of PEM fuel cell.

The formulation of ohmic overpotential is well established and does not require complicated

mathematical formulation or numerical computation for fully-hydrated membranes [80, 82].

Hence, a need exists to develop simple analytical formulation for the CCL activation

overpotential if possible.

The review of literature also shows that considerable information exists on the PEM

fuel cell modeling, although information regarding detailed modeling of cathode catalyst

layer is still elusive. It might be pertinent to assume catalyst layer as a boundary condi-

tion while solving the fuel cell stacks to reduce the computational load to investigate the

overall stack performance. Investigation of the activation polarization and water transport

processes without neglecting the cathode catalyst layer thickness is considerably more dif-

ficult. Further, the catalyst layer structures have significant effect on the cell performance,

which in turn influence the transport processes [7, 94]. The overall consequence is that the

transport processes in the CCL of a PEM fuel cell cannot be determined without consid-

ering a finite CCL. Therefore, the main focus in this thesis research is given to the CCL

and its optimization.
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Chapter 3

General Formulation

In a PEM fuel cell, several phases co-exist together including a liquid phase, a gas phase,

and a solid phase. Further, the multi-phase mixture flows through narrow gas channels,

porous gas diffusion layers, and porous catalyst layers. Therefore, the governing equations

for PEM fuel cell are influenced by the physical structure of the cell and co-existing phases.

The transport processes in the PEM fuel cell are governed by the standard physical laws of

transport of mass, momentum, species, and energy in each phase at the microscopic level.

However, solving a problem in the continuum level is much easier than the microscopic view

of molecules and the continuum approach serves better for understanding the problem [95].

In addition, our experiences and observations are closely related to the continuum point of

view than the molecular point of view. Hence, the local instant formulation of fundamental

conservation equations need to be converted into a set of averaging conservation equations

by proper averaging methods that can be applied as a continuum.

In this chapter, the physical structures of a PEM fuel cell is described along with

the major assumptions and the procedure to incorporate the interfacial terms in the gov-

erning equations. Then the volume-averaged equations representing the conservation of

mass, momentum, and species are derived from the fundamental microscopic conservation

equations.

3.1 Physical Structure and Nature of Flows

A typical PEM fuel cell consists of two bipolar plates that include flow channels and

membrane electrode assembly (MEA). Each of these layers have several co-existing phases

as shown in Fig. 3.1. These phases are: solid, liquid, and gas. The bipolar plate (BP) has

only solid phase, which is generally made of graphite or carbon-carbon composites [5]. The
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purpose of BP is to conduct the current from the anode to the cathode of the cell. It also

serves as a base plate for the gas flow channels, where the flow channels are grooved on the

bipolar plates. As seen in Fig. 3.1, in the flow channel, both the liquid and gas phases are

co-existing. Here liquid phase is water, as being composed of small droplets. Therefore,

flow in the gas channel is mainly a dispersed flow where condensation or evaporation can

take place as well as the collisions and coalescence of several droplets can happen [95].

However, recent study shows that the two-phase flow in a micron sized channel can be

considered as stratified flow [96]. In the stratified flow, the structure and the dynamics of

the interfaces greatly influence the rates of mass, momentum, and energy transfer between

the phases. The gas diffusion layer (GDL) is made of either porous carbon paper or

carbon cloth that allows diffusing the gas onto the catalyst and is also known as the

“electrode backing layer”. It also allows the liquid phase transported back to the gas

flow channel. Therefore, a two-phase flow exists in the GDL. Since carbon is conductive,

it also facilitates the transport of electrons. The catalyst layer consists of a mixture of

platinum catalyst, polymer electrolyte, and void space. Hence, it is a porous medium

that combines the structures of the electrode backing and polymer electrolyte layers. The

multi-component reactant gases, liquid water, and polymer electrolyte are contained in

the void spaces. Within the polymer electrolyte, the ion-containing liquid phase, reactant

gas, and polymer backbone exist. The electrochemical reactions of hydrogen oxidation

and oxygen reduction take place on the catalyst surfaces.

The polymer electrolyte layer is composed of Nafionr membrane that can also be

considered as a combination of solid, liquid, and gas phases. In the presence of water, the

Nafionr membrane is composed of various regions [97] as shown in Fig. 3.1. The inner

region, electrolyte, contains water and hydrogen ions. The liquid water and hydrogen

ions are contained within clusters that have a diameter of approximately 4 nm [98]. The

surface of the polymer membrane is generally highly hydrophobic. However, to make

an electrolyte, the polymer is “sulphonated” where a side chain is added, ending with

sulphonic acid HSO3. The HSO3 group added is ionically bonded, and so the end of

the chain which has SO−
3 ion. For this reason, the resulting structure is also called an

“ionomer” and due to the presence of sulphonic acid group, the polymer electrolyte shows

hydrophilic behavior. The second region is the rigid hydrophobic backbone of the polymer.

In between the electrolyte and hydrophobic backbone, there is a gas permeable region,

can be described as the amorphous part of the perfluorinated backbone. This hydrophobic

region is permeable to gases; thus, transport of reactant gas occurs in this region.

Thus, a PEM fuel cell consists of several phases. The solid phases include the carbon

in the BPs, GDLs, and catalyst layers, as well as the polymer matrix of the electrolyte.

Pure liquid water is present in the gas flow channels, electrode backing, and catalyst layers,
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Figure 3.1: Schematic of a PEM fuel cell with the physical structures of various layers
within the cell.

while a liquid mixture containing water and hydrogen ion is contained within the polymer

electrolyte of the polymer electrolyte and catalyst layers. The multi-component reactant

gases are present throughout the cell, except in the solid portions of BPs. The governing

equations for each phase are derived using a volume-averaging method, which is examined

in the next section.

3.2 Assumptions

The basic principle of volume-averaging procedure for multi-phase flow is to average the

single-phase conservation equation over an elementary volume, where several phases co-

exist. Thus, there is a connection between the single-phase and multi-phase governing

equations through averaging processes. Birkhoff [99] first suggested the averaging of con-

servation equations, whereas Slattery [100] introduced the volume-averaging theorems of

continuum mechanics to the flow through the porous media. The volume-averaging rela-

tions for the porous media are valid only when the characteristic length of the pores and

phases are very small compared to the characteristic length of averaging volume as well
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as characteristic length of the physical system. In this thesis, similar procedure has been

used to derive the conservation equations for the PEM fuel cell. The major assumption

in the general formulation developed in this section is the length scale that is considered.

It is considered that the length scale of pores and phases are small enough that over the

elementary volume phases are continuum. However, it is possible to model the conserva-

tion equations at the particle level where no averaging procedure is required [101]. The

major difficulty for such model is each of the conservation equations need to be solved

for individual molecules, which also need substantial amount of computational time and

load. Thus, a continuum approach is used in this thesis, which is fast and can provide a

clear overview of various transport processes in the macroscopic level for the PEM fuel

cell. However, in order to accurately model the processes occurring within a PEM fuel

cell, the interfacial source terms should include the effect of the micro-scale phenomena

on the mean values considered in the model.

3.3 Multi-phase Volume-averaging Method

When two or more miscible fluids occupy the void space of a porous layer in the PEM

fuel cell, they mix together because of diffusive and dispersive effects, leading ultimately

to a multi-component mixture. However, within each phase, the transport of mass, mo-

mentum, species, and energy are governed by the fundamental microscopic conservation

equations. The direct solution of these microscopic conservation equations is impractical,

and such a solution may contain more information than is needed. In addition, such a

solution will require rigorous numerical computation. Hence, it is always desirable to re-

duce numerical computational load. Further, we are mostly interested in describing the

PEM fuel cell systems at the macroscopic scale. In order to accomplish this we need to

develop the spatially smoothed transport equations. Hence, a volume-averaging procedure

is invoked to derive the conservation equations for each phase that is capable of capturing

the interactions between the phases.

Considering a “two-phase” fluid flow in the porous medium of PEM fuel cell, i.e. we

actually have three phases: two fluids and the solid matrix. Here two fluids are considered

as a liquid phase (which is labeled by the suffix l) and a gas phase (which is labeled by

the suffix g). In the volume-averaging procedure presented below, the conserve quantities

are integrated over a representative volume. The representative volume is illustrated in

Fig. 3.2, where nk is the unit normal to the interface of phases k and n and pointing

outward from the k-phase. For the PEM fuel cell, the representative volume Vr can be

occupied by the liquid, gas, and solid phases, whose interfaces may move with time. Hence,
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Figure 3.2: Representative volume for the volume-averaging method in a multi-phase
system.

the representative volume is written as

Vr = Vl(t) + Vg(t) + Vs (3.1)

where Vl, Vg, and Vs are the volumes of liquid, gas, and solid phases, respectively. There-

fore, if the phase k in Fig. 3.2 is considered as the liquid phase then the phase n will

represents both the solid and gas phases and so on.

For any quantity Ψ associated with the k-phase in a PEM fuel cell, the volume average

of Ψk, which is also known as superficial average, is defined as

⟨Ψk⟩ =
1

Vr

∫
Vr

ΨkdV (3.2)

where k can be liquid, gas or solid phase, and Ψk is taken to be zero in other phases.

Conversely, the intrinsic phase average of Ψk, which is also referred simply as intrinsic

average, is defined as

⟨Ψk⟩k =
1

Vk

∫
Vk

ΨkdV (3.3)

In the above equation, the integration is carried out over the k-phase only, where Vk is

the volume occupied by phase k in the representative volume Vr. Taking Ψk to be zero in

other phases, the intrinsic phase average of Ψk can be re-written as

⟨Ψk⟩k =
1

Vk

∫
Vr

ΨkdV (3.4)
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These two quantities, superficial average and intrinsic average, are related in a simple

manner

⟨Ψk⟩
⟨Ψk⟩k

=
Vk

Vr

= ϵk, (3.5)

in which ϵk is the volume fraction of the k-phase within the representative volume. In a

porous medium with the liquid, gas, and solid phases, the porosities (volume fractions) for

each phase can be related to the porosity of the medium as

ϵl + ϵg = ϵ and ϵs = 1− ϵ (3.6)

where ϵl, ϵg, and ϵs are the volume fraction of liquid, gas, and solid phases, respectively, and

ϵ is the porosity of the medium. It is worthwhile to note that many physical quantities,

such as pressure, temperature, and density are measured in porous media, are intrinsic

average (phase-averaged) quantities while the volume-averaged equations has to be in a

function of volume-averaged quantities. Therefore, a careful attention is required to write

the volume-averaged equations in terms of phase-averaged quantities.

One assumption is necessary in order to allow the volume-averaged equations to be a

function of volume-averaged quantities. For the point values in phase k (Ψk and Ωk), the

deviations (from the respective average values, for the k-phase) are defined as [102, 103]

Ψ̃k ≡ Ψk − ⟨Ψk⟩k and Ω̃k ≡ Ωk − ⟨Ωk⟩k (3.7)

It is assumed that the intrinsic phase averages are constant in their averaging volumes,

which lead to:

⟨ΨkΩk⟩k = ⟨Ψk⟩k⟨Ωk⟩k + ⟨Ψ̃kΩ̃k⟩k (3.8)

and

⟨ΨkΩk⟩ = ϵk⟨Ψk⟩k⟨Ωk⟩k + ⟨Ψ̃kΩ̃k⟩ (3.9)

where the dispersive term is expressed explicitly as

⟨Ψ̃kΩ̃k⟩ =
1

Vr

∫
Vk

Ψ̃kΩ̃kdV (3.10)

The above-expressions are only valid if the phase average and intrinsic average of a quantity

are well-behaved such that
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⟨
⟨Ψk⟩k

⟩
= ⟨⟨Ψk⟩k⟩k = ⟨Ψk⟩k (3.11)

and

⟨⟨Ψk⟩⟩ = ⟨⟨Ψk⟩⟩k = ⟨Ψk⟩ (3.12)

To derive the macroscopic volume-averaged transport equations from the microscopic

transport equations, the following theorems will also be needed:

Average theorem [104]:

⟨∇Ψk⟩ = ∇⟨Ψk⟩+
1

Vr

∫
Ak

ΨknkdS (3.13)

Modified average theorem [105]:

⟨∇Ψk⟩ = ϵk∇⟨Ψk⟩k +
1

Vr

∫
Ak

Ψ̃knkdS (3.14)

Transport theorem [106]:⟨
∂Ψk

∂t

⟩
=

∂

∂t
⟨Ψk⟩ −

1

Vr

∫
Ak

Ψkwk · nkdS (3.15)

where Ak represents the interfaces between the k-phase and other phases, wk is the velocity

vector of the interfaces, nk is the unit normal to the interface of phases and pointing

outward from the k-phase, and S is the surface of the elementary volume. A comparison

of the average theorem with the modified average theorem yields

1

Vr

∫
Ak

⟨Ψk⟩knkdS = −⟨Ψk⟩k∇ϵk (3.16)

The theorems given by Eqs. (3.13)–(3.15) with expression given by Eqs. (3.2)–(3.9) serve

as the basis of the derivation of macroscopic equations. In the following sections, the

conservations equations are derived in the form of averaged quantities.

3.4 Conservation of Mass

For the PEM fuel cell, the conservation of mass applies only to the gas and liquid phases

because the change of mass in the solid phase is zero. Hence, the microscopic conservation
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of mass equation for the k-phase is [107]

∂ρk
∂t

+∇ · (ρkuk) = 0 (3.17)

which can be integrated oven the elementary volume to give:⟨
∂ρk
∂t

⟩
+ ⟨∇ · (ρkuk)⟩ = 0 (3.18)

where ρk and uk are the density and velocity of the k-phase, respectively. Application of

the transport theorem to the first term and the averaging theorem to the second term in

Eq. (3.18), leads to

∂

∂t
⟨ρk⟩+∇ · ⟨ρkuk⟩+

∑
n

1

Vr

∫
Akn

ρk (uk −wkn) · nkdS = 0 (3.19)

where
∑

n represents the summation over all adjacent n phases, subscript k represents

liquid (l) phase or gas (g) phase, and subscript n can be liquid, gas, and solid (s) phases,

where k ̸= n. Akn is the interfacial area of phases k and n which moves with velocity

wkn within the representative volume.

The integral term in Eq. (3.19) represents the mass-transfer due to change of phase

between liquid, gas, and solid phases. In general, the mass-transfer between the liquid-gas

interfaces is nonzero, but there is no mass-transfer across the liquid-solid and gas-solid

interfaces. With the aid of Eq. (3.9), Eq. (3.19) is modified as

∂

∂t

(
ϵk⟨ρk⟩k

)
+∇ ·

(
ϵk⟨ρk⟩k⟨uk⟩k + ⟨ρ̃kũk⟩

)
+
∑
n

1

Vr

∫
Akn

ρk (uk −wkn) · nkdS = 0

(3.20)

The dispersive term, ⟨ρ̃kũk⟩, is generally small and it can be neglected. Accordingly,

Eq. (3.20) reduces to

∂

∂t

(
ϵk⟨ρk⟩k

)
+∇ ·

(
ϵk⟨ρk⟩k⟨uk⟩k

)
+
∑
n

1

Vr

∫
Akn

ρk (uk −wkn) · nkdS = 0 (3.21)

where n = l, g, and n ̸= k. If the volumetric liquid and gas saturations, sl and sg, are

defined by the following relations:

sl =
Vl

Vl + Vg

and sg =
Vg

Vl + Vg

(3.22)
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so that,

sl + sg = 1, ϵl = ϵsl, ϵg = ϵsg, and ϵs = 1− ϵ (3.23)

then Eq. (3.21) can be re-written in terms of intrinsic average velocity as

∂

∂t

(
ϵsk⟨ρk⟩k

)
+∇ ·

(
ϵsk⟨ρk⟩k⟨uk⟩k

)
= ΓM,k (3.24)

or, in terms of superficial average velocity as

∂

∂t

(
ϵsk⟨ρk⟩k

)
+∇ ·

(
⟨ρk⟩k ⟨uk⟩

)
= ΓM,k (3.25)

The term denoted by ΓM,k in Eq. (3.25) represents the rate of production of phase

k from the phase changes at the interface, i.e. the conservation of mass equation at the

interfaces can be written as ∑
k

ΓM,k = 0 (3.26)

For a PEM fuel cell, the source term in Eq. (3.25) also includes production of species due

to the reactions, i.e.

(ΓM,k)PEM = ΓM,k + ΓM,k−react (3.27)

where ΓM,k−react is the production of mass in phase k due to the reactions.

3.5 Conservation of Momentum

The conservation of momentum also applies to the gas and liquid phases only, since the

velocity of the solid phase is zero. Hence, the microscopic conservation of momentum

equation for the k-phase is [107]

∂

∂t
(ρkuk) +∇ · (ρkukuk) +∇Pk −∇ · τk − ρkg − bk = 0 (3.28)

where Pk, τk, and bk are the pressure, viscous stress tensor, and body force per unit mass

of the phase k, respectively. The viscous stress is expressed as [107]

τk = µk

[
∇uk + (∇uk)

†
]

(3.29)

27



CHAPTER 3. GENERAL FORMULATION

where µk is the viscosity of phase k. The term ∇uk is a dyadic product and (∇uk)
† is the

transpose of the velocity gradient tensor ∇uk, where the velocity gradient tensor can be

represented as

∇uk =



∂uk,1
∂x1

∂uk,2
∂x1

∂uk,3
∂x1

∂uk,1
∂x2

∂uk,2
∂x2

∂uk,3
∂x2

∂uk,1
∂x3

∂uk,2
∂x3

∂uk,3
∂x3

 (3.30)

The body force, bk, in Eq. (3.28) only applies to the liquid phase in the polymer

electrolyte membrane. Because of the immobile sulfonate ions, the liquid phase has a net

positive charge. In the presence of an electric field, a force is exerted on the fluid and the

body force becomes

bl,e = cH
+

l,e F∇Φe (3.31)

where cH
+

l,e is the concentration of hydrogen ions in the polymer electrolyte, F is the

Faraday constant, and Φe is the potential in the polymer electrolyte.

Substituting Eqs. (3.29) and (3.31) into Eq. (3.28), and integrate the resulting equation

over the representative volume to give⟨
∂

∂t
(ρkuk)

⟩
+ ⟨∇ · (ρkukuk)⟩+ ⟨∇Pk⟩ − ⟨∇ · τk⟩ − ⟨ρkg⟩ − ⟨bk⟩ = 0 (3.32)

Applying the transport theorem to the first term and the averaging theorem to the second

term yields⟨
∂

∂t
(ρkuk)

⟩
=

∂

∂t
⟨ρkuk⟩ −

∑
n

1

Vr

∫
Akn

ρkukwkn · nkdS

=
∂

∂t

(
ϵk⟨ρk⟩k⟨uk⟩k

)
+

∂

∂t
⟨ρ̃kũk⟩ −

∑
n

1

Vr

∫
Akn

ρkukwkn · nkdS (3.33)

⟨∇ · (ρkukuk)⟩ = ∇ · ⟨ρkukuk⟩+
∑
n

1

Vr

∫
Akn

ρkukuk · nkdS

= ∇ ·
(
ϵk⟨ρk⟩k⟨uk⟩k⟨uk⟩k

)
+∇ ·

(
ϵk ⟨ρ̃kũk⟩ ⟨uk⟩k

)
+∇ · ⟨(ρ̃kũk)ũk⟩+

∑
n

1

Vr

∫
Akn

ρkukuk · nkdS (3.34)
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Similarly for the third and fourth terms, applying the modified averaging theorem and

the averaging theorem, respectively, we have

⟨∇Pk⟩ = ∇
(
ϵk⟨Pk⟩k

)
− ⟨Pk⟩k∇ (ϵk) +

∑
n

1

Vr

∫
Akn

P̃knkdS (3.35)

⟨∇ · τk⟩ = ∇ ·
(
ϵk⟨τk⟩k

)
+
∑
n

1

Vr

∫
Akn

τk · nkdS (3.36)

in which the pressure deviation, P̃k, and the phase-averaged forms of the viscous stress

tensor, ⟨τk⟩k, are given by

P̃k = Pk − ⟨Pk⟩k (3.37)

⟨τk⟩k = µeff
k

[
∇⟨uk⟩k +

(
∇⟨uk⟩k

)†]
(3.38)

where the assumption of Eq. (3.8) was used to express the stress tensor in terms of phase-

averaged quantities. The volume-averaged forms of the gravitational potential and body

force are:

⟨ρkg⟩ = ϵk⟨ρk⟩kg (3.39)

⟨bl,e⟩k = ⟨cH+

l,e ⟩kF∇⟨Φe⟩k (3.40)

Using Eqs. (3.33)–(3.40) in Eq. (3.32) and neglecting second and higher order dispersive

terms, the conservation of momentum equation becomes

∂

∂t

(
ϵk⟨ρk⟩k⟨uk⟩k

)
+∇ ·

(
ϵk⟨ρk⟩k⟨uk⟩k⟨uk⟩k

)
+∇

(
ϵk⟨Pk⟩k

)
− ⟨Pk⟩k∇ϵk −∇ ·

(
ϵk⟨τk⟩k

)
− ϵk⟨ρk⟩kg − ϵk⟨b⟩k = ΓF,k (3.41)

in which ΓF,k represents the interfacial source term that is expressed as

ΓF,k = −
∑
n

1

Vr

∫
Akn

ρkuk (uk −wkn) · nkdS

−
∑
n

1

Vr

∫
Akn

P̃knkdS −
∑
n

1

Vr

∫
Akn

τk · nkdS (3.42)

where
∑

n represents the summation over all adjacent n phases, Akn is the interfacial
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area of phases k and n, and wkn is the velocity at the interface of k and n within the

representative volume.

In order to solve the volume-averaged momentum equation, the interfacial source term

must be expressed as a function of volume-averaged quantities. The expression for the

interfacial source term depends on the actual phase distribution. Thus, the interfacial

source term in the gas flow channels, where only the gas and liquid phases are present,

is different from the interfacial source term for the other layers, where a solid phase is

present. In general, there are two possible methods for dealing with two-phase liquid-gas

flow. One method is to combine the gas and liquid conservation of momentum equations,

eliminating the interfacial source terms. If homogeneous flow is assumed, then the gas and

liquid velocities are equal and the conservation of momentum equation can be solved for

the mixture velocity; this approach is referred to as the “mixture approach” [95] and can

be used if one phase is dispersed in the other phase. The second approach, which is more

widely applicable, is known as the “two-fluid approach”, where the two conservation of

momentum equations are solved separately. Here either the interfacial source term [108] or

an expression for the velocity difference between the two phases [109] needs to be defined.

In the other layers of a PEM fuel cell, the gas and liquid phases are in contact with a

solid phase, and the flow is characterized as porous media flow. If the gas diffusion layer

is assumed to be isotropic, the interfacial source term can be expressed as a generalized

Darcy term as [110–114]

ΓF,k = − µk

Kkrk
⟨uk⟩ (3.43)

where K denotes the intrinsic permeability, and krk is the relative permeability of phase

k in the porous media, which is a dimensionless quantity.

The gravity induced mass flux of liquid water in the two-phase zone in a PEM fuel cell

is less than 0.1% of that caused by capillary action. This is because the Bond number is

only about 0.04 for GDL, implying negligible gravitational effect compared to the surface

tension effect in the two-phase zone [115]. Hence, neglecting the gravitational effect, and

using the definition of liquid saturation, the conservation of momentum equation is finally

written as

∂

∂t

(
ϵsk⟨ρk⟩k⟨uk⟩k

)
+∇ ·

(
ϵsk⟨ρk⟩k⟨uk⟩k⟨uk⟩k

)
+∇

(
ϵsk⟨Pk⟩k

)
− ⟨Pk⟩k∇ (ϵsk)−∇ ·

(
ϵsk⟨τk⟩k

)
− ϵsk⟨b⟩k = ΓF,k (3.44)

Both the conservation of mass and momentum equations can be solved by solving each
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phase separately or by considering a pseudo-fluid mixture. The first method requires

appropriate interfacial source term, where the second method does not need source term

as they are canceled each other. The pseudo-fluid mixture method, however, requires the

proper definition of mixture proprieties. Therefore, appropriate measure requires before

choosing the solving procedure.

3.6 Conservation of Species

The species conservation equation is defined as [107]

∂

∂t
(ρkω

α
k ) +∇ · (ρkωα

kuk +J α
k ) = 0 (3.45)

where the index, α, refers to different species, including oxygen, nitrogen, and water

vapor, ωα
k is the mass fraction of species α within phase k, and J α

k is the molecular

mass flux of species α in phase k, respectively. The expression for the mass flux J α
k in a

multi-component system will consist of three contributions associated with the mechanical

driving forces and an additional contribution associated with the thermal driving force,

hence

J α
k = J α(x)

k +J α(P )
k +J α(g)

k +J α(T )
k (3.46)

where J α(x)
k is the ordinary (concentration) diffusion, J α(P )

k is the pressure diffusion,

J α(g)
k is the forced diffusion, and the term, J α(T )

k , represents the contribution of thermal

diffusion.

Neglecting the pressure diffusion and temperature diffusion, the mass flux due to the

molecular diffusion can be written as [107]

−cαk∇ ln aαk − zαc
α
kF

RTk

∇Φk =
∑
β ̸=α

M̂k

M̂αM̂βDα−β,k

(
ωβ
kJ

α
k − ωα

kJ
β
k

)
(3.47)

where F is the Faraday’s constant (96,487 C/mol) and R is the Universal gas constant

(8.314 J/mol·K). The term zα represents the charge of species α, and Φk denotes the

potential of phase k. The molar concentration is cαk and the molecular weights of the

phase and species are denoted by M̂k and M̂α, respectively. The activity, aαk , is given by

aαk = γα
k x

α
k (3.48)

where γα
k is the activity coefficient and xα

k is the mole fraction of species α in phase k,
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respectively. The definition of activity given in Eq. (3.48) is valid for both charged and

uncharged species. For an ideal gas or a dilute solution, the activity coefficient is unity.

Similar to the conservation of mass and momentum equations, the conservation of

species equation can also be integrated over the representative volume to give⟨
∂

∂t
(ρkω

α
k )

⟩
+ ⟨∇ · (ρkωα

kuk +J α
k )⟩ = 0 (3.49)

Applying the volume-averaging procedure and after simplification, Eq. (3.49) becomes

∂

∂t

(
ϵk⟨ρk⟩k⟨ωα

k ⟩k
)
+∇ ·

(
ϵk⟨ρk⟩k⟨ωα

k ⟩k⟨uk⟩k + ϵk⟨J α
k ⟩k
)
= Γα

S,k (3.50)

where Γα
S,k represents gain or loss of species α from adjacent phases as

Γα
S,k = −

∑
n

1

Vr

∫
Akn

ρkω
α
k (uk −wkn) · nkdS (3.51)

It should be noted that the source term in Eq. (3.25) is equal to the sum of the species

interfacial source terms, hence

ΓM,k =
∑
α

Γα
S,k, (3.52)

In addition, several species can be produced and consumed due to the chemical reaction

in a PEM fuel cell, therefore, the interfacial source terms for the conservation of species

equation need to be modified as(
Γα
S,k

)
PEM

=
∑
n̸=k

Γα
S,k−n + Γα

S,k−react (3.53)

where Γα
S,k−n represents the transfer of species α from phase n to phase k and Γα

S,k−react

is the production of species α due to the reactions. Therefore, the second source term in

Eq. (3.27) can be written as

ΓM,k−react =
∑
α

Γα
S,k−react (3.54)

Assuming no interaction between the solid-liquid phase and solid-gas phase, the first
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term in the right hand side of Eq. (3.53) can be expressed as [52]

ΓH2O
S,g−l = −ΓH2O

S,l−g = A
(
Psat − ⟨xH2O

g ⟩k⟨Pg⟩k
)

(3.55)

in which Psat is the saturation pressure of water and A is a constant. The second term

in Eq. (3.53) that represents the mass-transfer due to the heterogeneous electrochemical

reactions is expressed as

Γα
S,k−react = M̂αAvṖ

α (3.56)

where Ṗα is the molar production or consumption of species α and Av is the reactive

surface area per unit volume in the catalyst layer. The expression for Ṗα depends on the

reaction kinetics, which will be discussed in next chapter.

3.7 Summary

The governing volume-averaged equations for multi-phase transport processes in the porous

medium derived in this chapter for various phases can be summarized as follows:

Conservation of mass :

∂

∂t

(
ϵk⟨ρk⟩k

)
+∇ ·

(
ϵk⟨ρk⟩k⟨uk⟩k

)
= ΓM,k (3.57)

Conservation of momentum:

∂

∂t

(
ϵk⟨ρk⟩k⟨uk⟩k

)
+∇ ·

(
ϵk⟨ρk⟩k⟨uk⟩k⟨uk⟩k

)
+∇

(
ϵk⟨Pk⟩k

)
− ⟨Pk⟩k∇ (ϵk)−∇ ·

(
ϵk⟨τk⟩k

)
− ϵk⟨b⟩k = ΓF,k (3.58)

Conservation of species :

∂

∂t

(
ϵk⟨ρk⟩k⟨ωα

k ⟩k
)
+∇ ·

(
ϵk⟨ρk⟩k⟨ωα

k ⟩k⟨uk⟩k + ϵk⟨J α
k ⟩k
)
= Γα

S,k (3.59)

The formulated volume-averaged equations apply to each layer and phase in a PEM fuel

cell. However, it should be considered that in the solid phase, velocity is zero. Hence, the

conservation of mass and momentum equations are not valid for the solid phase. Further,

in the conservation of momentum equation, the interfacial source term, ΓF,k, depends on

the adjacent phases. If a solid phase is present, the momentum interfacial source term
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becomes the Darcy term. The interfacial source term in the conservation of mass equation

has two contributions. One contribution represents the interfacial mass transport of water

between the gas and liquid phases, which is applicable for each layer within a PEM fuel

cell. Conversely, contribution on the interfacial source term due to the electrochemical

reaction only exists in the catalyst layers. Similarly, the interfacial source term in the

conservation of species equation also has two contributions. One is the interfacial mass-

transport of water between the gas and liquid phases and the other is the production or

consumption of mass due to the electrochemical reactions. Hence, the governing equations

derived in this chapter represent a general description of the processes occurring within a

PEM fuel cell. The inclusion of all these processes, however, may not be necessary in order

to model the performance of a PEM fuel cell successfully. The interfacial source term in

each equation can be simplified or neglected depending upon the specific requirement. For

instance, in the numerical modeling, it is required to simplify each of these source terms

to model a PEM fuel cell successfully. In the next chapter, each of these conservation

equations will be simplified and each of the source terms will be specified that can be

applied in the numerical modeling of PEM fuel cell catalyst layer.
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Chapter 4

Simplified Formulation for PEM Fuel

Cell Cathode

The basic conservation laws presented in Chapter 3 represent a general formulation for

modeling a PEM fuel cell. However, the solution of these conservation equations for the

entire fuel cell is beyond the scope of this thesis research. In this thesis, the focus has

only been given to the cathode side of fuel cell. Therefore, several simplifications and

assumptions are made before applying the general governing equations. Although the

general governing equations of Chapter 3 apply to each phase in the PEM fuel cell, the

specific details of the governing equations, such as the interfacial source terms, can be

unique to each phase. Thus, these governing equations for each phase are presented in this

chapter along with specific source terms for the cathode side of a PEM fuel cell.

4.1 Physical Problem and Assumptions

A typical PEM fuel cell is considered that consists of a cathode and an anode electrode

with a proton conducting membrane as the electrolyte sandwiched in between as shown in

Fig. 4.1. Here, humidified H2 gas is supplied under pressure into the anode gas flow channel,

which diffuses through the porous gas diffusion layer until it reaches the anode catalyst

layer, and forms protons (H+) and electrons via electro-oxidation reaction at the catalyst

surface. The protons are transferred through the membrane to the cathode catalyst layer,

and the electrons are transported via the external circuit to the cathode. Conversely,

humidified air is supplied to the cathode gas flow channel, where O2 gas (a component

of air) diffuses through the porous electrode until it reaches the cathode catalyst layer

and forms water reacting with protons and electrons. The overall electrochemical reaction
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Figure 4.1: A schematic of PEM fuel cell with key transport processes, indicated by the
arrows, and the area of interest, indicated by the dashed rectangle.

occurring in a PEM fuel cell can be represented by the following reaction:

2H2 +O2 → 2H2O+Heat + Electric Energy (4.1)

In this thesis research, the focus is given to the transport processes in the cathode side

of a PEM fuel cell that includes cathode catalyst layer, gas diffusion layer, and cathode gas

flow channel, will be simply referred as CCL, GDL, and GFC, respectively. The schematic

of a PEM fuel cell along with the area of interest (dashed rectangle) is demonstrated in

Fig. 4.1. Hence, in the subsequent sections, the governing equations and the pertinent

source terms are provided that are applicable for the cathode side of a PEM fuel cell.

The general governing equations are influenced by the physical structure of a PEM fuel

cell, which consists of several co-existing phases. The conservation equations govern the

transport of mass, momentum, and species in each phase. Since several phases co-exist,

interfacial interactions between the phases also occur. Here the interfacial interactions

between the solid phases and other phases have been neglected, hence, only liquid and

gas phases are considered. The set of equations used in this model are manipulated to

solve for each phase individually. The 3D two-phase model consists of nonlinear, coupled

partial differential equations representing the conservation of mass, momentum, species,

and charges. The major assumptions invoked in the model formulation are summarized

as follows [40, 41]:
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◦ Membrane is impermeable to gas species.

◦ Flow in the gas channel is laminar due to small Reynolds numbers.

◦ Negligible capillary effects in gas flow channel.

◦ Liquid water in gas flow channel travels as droplet of negligible volume with bulk

gas phase velocity.

◦ Negligible liquid water saturation at the GDL/GFC interface.

◦ Gas mixture is an ideal fluid.

◦ Gravity effect is negligible due to small Bond numbers.

◦ Production of water in the catalyst layer is liquid form only.

◦ Gas diffusion and catalyst layers are isotropic and homogeneous.

◦ Contact resistance between any two layers in the fuel cell is negligible.

◦ Isothermal operating condition.

4.2 Gas Transport

The gas phase transport processes in the PEM fuel cell is described by the conservation

of mass, momentum, and species as

∂

∂t
(ϵg⟨ρg⟩g) +∇ · (ϵg⟨ρg⟩g⟨ug⟩g) = ΓM,g (4.2)

∂

∂t
(ϵg⟨ρg⟩g⟨ug⟩g) +∇ · (ϵg⟨ρg⟩g⟨ug⟩g⟨ug⟩g) +∇ (ϵg⟨Pg⟩g)

− ⟨Pg⟩g∇ (ϵg)−∇ · (ϵg⟨τg⟩g) = ΓF,g (4.3)

∂

∂t

(
ϵg⟨ρg⟩g⟨ωα

g ⟩g
)
+∇ ·

(
ϵg⟨ρg⟩g⟨ωα

g ⟩g⟨ug⟩g + ϵg⟨J α
g ⟩g
)
= Γα

S,g (4.4)

In order to obtain a solution for the conservation equations (Eq. (4.2) to Eq. (4.4)), it is

required to provide a close form of each source term. Although the major focus has given

to the CCL, it is also required to solve the conservation equations in the GFC and GDL in

order to study the transport processes inside the fuel cell catalyst layer. In the following

subsections, source terms required for the conservation equations in the GFC, GDL, and

CCL of a PEM fuel cell are described explicitly.
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4.2.1 Mass Transport in Gas Phase

In the gas phase mass-transport, the interfacial mass-transfer has been considered negli-

gible in the gas flow channel in lieu of simplifying the conservation equation. In the GDL,

the interfacial source term is taken account as the mass-transfer between the liquid and

gas phases due to the phase change. While in the CCL, it is assumed that the production

of water is in liquid form. This assumption is reasonable, as the operating pressure is

considered higher than 1 atm and the operating temperature is considered below 100 ℃.

Further, the phase-change at the liquid-gas interfaces has also been considered. Therefore,

the source terms for the conservation of mass equation in the GFC, GDL, and CCL are

summarized as

ΓM,g =


0 ∈ GFC

A
(
Psat − xH2O

g ⟨Pg⟩g
)

∈ GDL

M̂O2AvṖO2 + A
(
Psat − xH2O

g ⟨Pg⟩g
)

∈ CCL

(4.5)

where A is a constant that represents the interfacial mass-transfer rate of water between

the gas and liquid phases.

The interfacial mass-transfer rate is defined as [52, 116]

A = kc
ϵsgx

H2O
g M̂H2O

RT
q + kvϵsl⟨ρl⟩l(1− q) (4.6)

where the first term in the right-hand side represents the condensation rate and the sec-

ond term represents the evaporation rate. Equation (4.6) is basically assuming that the

interfacial mass-transfer rate is proportional to the amount of reactant in the porous me-

dia and the driving force, the difference between water partial pressure and its saturation

pressure. Here ϵ represents the porosity of the medium, sl is the liquid saturation, Pg is

the total pressure of the gas phase, M̂H2O is the molecular weight of water, and R and

T are the gas constant and operating temperature, respectively. The terms, kc and kv,

are the rate constants for condensation and vaporization, and the values are 100 s−1 and

9.869× 10−6 Pa−1s−1, respectively [116].

In Eq. (4.5), xH2O
g is the mole fraction of water vapor in the gas phase and Psat represents

the saturation pressure of water at operating temperature. The saturation pressure in

atmosphere is estimated using the following correlation [26, 27]:

log10 Psat = −2.1794 + 0.02953T − 9.1837× 10−5T 2 + 1.4454× 10−7T 3 (4.7)
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where Psat is in units of atm and T is in units of ℃. The term q in Eq. (4.6) is a switching

function that was selected such that it is one when the water partial pressure is greater

than the water saturation pressure and zero otherwise. Hence,

q =


0 when

xH2O
g ⟨Pg⟩g
Psat

≤ 1

1 when
xH2O
g ⟨Pg⟩g
Psat

> 1

(4.8)

In the numerical modeling, the above relations are expressed as single expression as

q = 0.5

[
1 +

∣∣Psat − xH2O
g ⟨Pg⟩g

∣∣
Psat − xH2O

g ⟨Pg⟩g

]
(4.9)

The terms, Av and ṖO2 , in Eq. (4.5) represent the catalyst reactive surface area per

unit volume and the molar consumption of O2, respectively. The expression for ṖO2 will

be described later in this chapter. While the specific reaction surface area per unit volume

(Av) can be estimated from the catalyst mass loading per unit area of cathode (mPt),

catalyst surface area per unit mass of catalyst (As), and catalyst layer thickness (δCL) as

follows [6]:

Av =
AsmPt

δCL

(4.10)

4.2.2 Momentum Transport in Gas Phase

Similar to the conservation of mass equation, the conservation of momentum equation for

the gas phase does not have the source term in the gas flow channel. In the GDL and CCL,

the gas and liquid phases are in contact with a solid phase; and under such condition, the

flow can be characterized as porous media flow. For a isotropic GDL, the interfacial source

term can be expressed as a generalized Darcy term as [110–114]

ΓF,g = − ϵgµg

Kkrg
⟨ug⟩g (4.11)

where K is the permeability, ϵg represents the effective porosity, and κrg denotes the

relative permeability of the gas phase in the porous medium. Therefore, the source terms

for conservation of momentum equation in the GFC, GDL, and CCL are summarized as
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ΓF,g =


0 ∈ GFC

− ϵgµg

Kkrg
⟨ug⟩g ∈ GDL

− ϵgµg

Kkrg
⟨ug⟩g ∈ CCL

(4.12)

The term µg in Eq. (4.12) represents the viscosity of the gas mixture. For the PEM fuel

cell cathode, the gas mixture consists of water vapor, oxygen, and nitrogen. Therefore,

the viscosity of the gas mixture can be defined as [117]

µg = xH2O
g µH2O + xO2

g µO2 + xN2
g µN2 (4.13)

where xH2O
g , xO2

g , and xN2
g are the mole fractions, and µH2O, µO2 , and µN2 are the viscosities

of water vapor, oxygen, and nitrogen, respectively. The gas viscosities are estimated from

the following correlations [118–121]:

µα =


0.1470× 10−6 T 0.862 for O2

0.2369× 10−6 T 0.756 for N2

0.0185× 10−6 T 1.101 for H2O

(4.14)

where µα is in N·s/m2, and T is in Kelvin.

The effective porosity of the catalyst layer depends on the composition of the catalyst

layer, i.e. the Pt-loading and ionomer loading determine the effective porosity. For a dry

catalyst layer, the porosity can be calculated from the following relation:

ϵg = 1− fm + fs (4.15)

where fm represents the ionomer fraction (or Nafion fraction) and fs is the fraction of

solid Pt/C in the catalyst layer. The volume fraction of ionomer membrane in the catalyst

layer can be related through the Nafion content %N (defined as the weight percentage of

Nafion in the sum of Nafion and solid particles) by [122]

fm =
%N

(1−%N) ρm

mPt

%Pt · δCL

(4.16)

in which ρm is the density of Nafion, %Pt is the mass percentage of platinum in the

combined total mass of the solid particles of platinum and carbon, mPt is the Pt-loading,

and δCL is the catalyst layer thickness. If the catalyst layer surface area (ACL) and carbon
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weight (WC) are known, %Pt can be calculated from the following relation [122]:

%Pt =
mPtACL

mPtACL +WC

(4.17)

The volume fraction of solid Pt/C in the catalyst layer is related to %Pt, catalyst layer

thickness, and the platinum and carbon black densities (ρPt and ρC) as [7]

fs =

(
1

ρPt
+

1−%Pt

%Pt · ρC

)
mPt

δCL

(4.18)

4.2.3 Species Transport in Gas Phase

The gas phase in the PEM fuel cell is considered as an ideal three-component gas mixture,

consisting water vapor, oxygen, and nitrogen. Therefore, the conservation of species equa-

tion for each component needs to be considered separately. For the water vapor transport,

Eq. (4.4) is re-written as

∂

∂t

(
ϵg⟨ρg⟩g⟨ωH2O

g ⟩g
)
+∇ ·

(
ϵg⟨ρg⟩g⟨ωH2O

g ⟩g⟨ug⟩g + ϵg⟨J H2O
g ⟩g

)
= ΓH2O

S,g (4.19)

where ωH2O
g is the mass fraction and J H2O

g is the molecular mass flux of water vapor in

the gas phase. For the oxygen transport, Eq. (4.4) is re-written as

∂

∂t

(
ϵg⟨ρg⟩g⟨ωO2

g ⟩g
)
+∇ ·

(
ϵg⟨ρg⟩g⟨ωO2

g ⟩g⟨ug⟩g + ϵg⟨J O2
g ⟩g

)
= ΓO2

S,g (4.20)

where ωO2
g is the mass fraction and J O2

g is the molecular mass flux of oxygen in the

gas phase, whereas the mass fraction of nitrogen in the gas phase is calculated from the

following relation:

ωN2
g = 1− ωH2O

g − ωO2
g (4.21)

The gas phase density in Eq. (4.19) can be calculated assuming that the gas mixture

obeys the ideal gas law. Hence, the gas density is

⟨ρg⟩g =
⟨Pg⟩gM̂g

R⟨Tg⟩g
(4.22)

where M̂g the molecular weight of the gas mixture in the PEM fuel cell is calculated from
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the molecular weight of water vapor, oxygen, and nitrogen as

M̂g =

[
ωH2O
g

M̂H2O

+
ωO2
g

M̂O2

+
ωN2
g

M̂N2

]−1

(4.23)

The source term for Eq. (4.19) is found as

ΓH2O
S,g =


0 ∈ GFC

A
(
Psat − xH2O

g ⟨Pg⟩g
)

∈ GDL

A
(
Psat − xH2O

g ⟨Pg⟩g
)

∈ CCL

(4.24)

and for Eq. (4.20) as

ΓO2
S,g =


0 ∈ GFC

0 ∈ GDL

M̂O2AvṖO2 ∈ CCL

(4.25)

Clearly, Eqs. (4.24) and (4.25) satisfy the following relation:

ΓM,g =
∑
α

Γα
S,g (4.26)

The gas phase generalized Stefan-Maxwell transport equation is simplified by assuming

that the solid phase does not interfere with the diffusion of the gas species. Hence, the

generalized Stefan-Maxwell equation for the gas phase becomes [123]

−⟨cg⟩g∇⟨xα
g ⟩g =

∑
β ̸=α

M̂g

M̂αM̂βDeff
α−β,g

(
⟨ωβ

g ⟩g⟨J α
g ⟩g − ⟨ωα

g ⟩g⟨J β
g ⟩g
)

(4.27)

It is clear that the above-mentioned Stefan-Maxwell equation provides the transport equa-

tion ‘the wrong way around’ that is expression of species concentration in terms of fluxes.

For the conservation of species equation (Eq. (4.4)), we need species fluxes in terms of

concentrations. There are two possible methods that can re-solve this issue, either in-

vert Eq. (4.27) directly or using a Fickian approximation to the Stefan-Maxwell transport

equation. In the following section, a direct inversion expression is given and then a Fickian

approximation of the Stefan-Maxwell transport equation is also provided. Both methods

can be used in solving the species transport equations for the PEM fuel cell, where former

provides better accuracy with higher computational load and later is an approximation

that needs less computational load.
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In the first step of inversion, Eq. (4.27) is re-written as

−⟨cg⟩g∇⟨xα
g ⟩g =

⟨J α
g ⟩g

M̂α

∑
β ̸=α

⟨xβ
g ⟩g

Deff
α−β,g

−
⟨ωα

g ⟩g

M̂α

∑
β ̸=α

M̂g⟨J β
g ⟩g

M̂βDeff
α−β,g

(4.28)

where the molar fraction and mass fraction for the species α are defined as

⟨xα
g ⟩g =

⟨cαg ⟩g

⟨cg⟩g
, ⟨ωα

g ⟩g =
⟨ραg ⟩g

⟨ρg⟩g
(4.29)

and the molar fraction of each species is related to its mass fraction by

⟨xα
g ⟩g =

⟨ωα
g ⟩gM̂g

M̂α

, where
∑
α

xα
g = 1 (4.30)

The molecular weight of the gas mixture can be calculated by

M̂g =
∑
α

xα
g M̂α =

[∑
α

ωα
g

M̂α

]−1

(4.31)

Hence, Eq. (4.28) gives the diffusional flux of species α as

⟨J α
g ⟩g = M̂α

∑
β ̸=α

Deff
α−β,g

⟨xβ
g ⟩g

[
−⟨cg⟩g∇⟨xα

g ⟩g +
⟨ωα

g ⟩g

M̂α

∑
β ̸=α

M̂g⟨J β
g ⟩g

M̂βDeff
α−β,g

]

= M̂α

∑
β ̸=α

Deff
α−β,g

⟨xβ
g ⟩g

[
−⟨cg⟩g

(
M̂g

M̂α

∇⟨ωα
g ⟩g + ⟨ωα

g ⟩g
∇M̂g

M̂α

)
+

⟨ωα
g ⟩g

M̂α

∑
β ̸=α

M̂g⟨J β
g ⟩g

M̂βDeff
α−β,g

]

=
∑
β ̸=α

Deff
α−β,g

⟨xβ
g ⟩g

[
−⟨ρg⟩g∇⟨ωα

g ⟩g − ⟨cg⟩g⟨ωα
g ⟩g∇M̂g + ⟨ωα

g ⟩g
∑
β ̸=α

M̂g⟨J β
g ⟩g

M̂βDeff
α−β,g

]
(4.32)

Finally, Eq. (4.32) is simplified and the diffusional flux of species α expressed as a

function of mass fraction as [124]

⟨J α
g ⟩g = −⟨ρg⟩gDeff

α−g∇⟨ωα
g ⟩g +

⟨ωα
g ⟩gDeff

α−g(
1− ⟨xα

g ⟩g
)∑

β ̸=α

[
⟨ρg⟩gM̂g

M̂β

∇⟨ωβ
g ⟩g +

M̂g⟨J β
g ⟩g

M̂βDeff
α−β,g

]
(4.33)

where Deff
α−g is the overall effective diffusion coefficient of species α in the gas phase that
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is expressed as

1− ⟨xα
g ⟩g

Deff
α−g

=
∑
β ̸=α

⟨xβ
g ⟩g

Deff
α−β,g

(4.34)

Clearly, Eq. (4.33) does not provide the diffusional flux of species α in terms of concen-

tration of species. It is also a function of diffusional flux of species β, hence, an alternative

approach has also been considered. In the alternative approach, the Fickian approxima-

tions is used to the Stefan-Maxwell transport equation that is given as [107]

⟨J α
g ⟩g = −⟨ρg⟩g⟨ωα

g ⟩g
N−1∑
j=1

Dαj∇⟨xj
g⟩g, j ̸= α (4.35)

where N is the number of component in the multi-component mixture and Dαj is the

Maxwell-Stefan diffusivities. The matrix Dαj of Ficks diffusion coefficient is a square

matrix of dimension (N−1)×(N−1) that is strongly dependent on the composition of the

mixture. For a ternary mixture, the component are given by the following expressions [125,

126]:

D11 =

(ω2 + ω3)
2

x1D23

+
ω2
2

x2D13

+
ω2
3

x3D12

D′ (4.36)

D22 =

ω2
1

x1D23

+
(ω1 + ω3)

2

x2D13

+
ω2
3

x3D12

D′ (4.37)

D12 = D21 =

ω1 (ω2 + ω3)

x1D23

+
ω2 (ω1 + ω3)

x2D13

− ω2
3

x3D12

D′ (4.38)

where

D′ =
x1D23 + x2D13 + x3D12

D12D13D23

(4.39)

In Eqs. (4.36)−(4.38), indices in the right hand side represent the three components

of the gas phase mixture. For example, if water vapor is represented by 1, oxygen as 2

and nitrogen as 3, then D12 represents the binary diffusion coefficient of water vapor in

oxygen and so forth. Note that it is the Dij rather than Dij and that the Dij are virtually

independent of composition. It is worthwhile to note that the bulk diffusion coefficient in
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the GFC can be calculated according to [127]:

1− xO2
g

DO2,bulk

=
xN2
g

DO2−N2

+
xH2O
g

DO2−H2O

(4.40)

where xO2
g , xN2

g , and xH2O
g are the mole fractions of oxygen, nitrogen, and water vapor in

the flow channel, respectively.

4.3 Liquid Transport

In the PEM fuel cell, the liquid phase consists of liquid water only. Therefore, for the

liquid water transport, the conservation of mass, momentum, and species equations can

be derived using Eqs. (3.57)–(3.59) as follows:

∂

∂t

(
ϵl⟨ρl⟩l

)
+∇ ·

(
ϵl⟨ρl⟩l⟨ul⟩l

)
= ΓM,l (4.41)

∂

∂t

(
ϵl⟨ρl⟩l⟨ul⟩l

)
+∇ ·

(
ϵl⟨ρl⟩l⟨ul⟩l⟨ul⟩l

)
+∇

(
ϵl⟨Pl⟩l

)
− ⟨Pl⟩l∇ (ϵl)−∇ ·

(
ϵl⟨τl⟩l

)
= ΓF,l (4.42)

∂

∂t

(
ϵl⟨ρl⟩l⟨ωα

l ⟩l
)
+∇ ·

(
ϵl⟨ρl⟩l⟨ωα

l ⟩l⟨ul⟩l + ϵl⟨J α
l ⟩l
)
= Γα

S,l (4.43)

Similar to the gas phase conservation equations, the liquid phase conservation equations

also require the close form of each source term. In the following subsections, the source

terms for the liquid phase conservation equations are described.

4.3.1 Mass Transport in Liquid Phase

The interfacial mass-transfer has been neglected in the flow channel, and only considered

inside the GDL and CCL. Further, the capillary effects are neglected within the gas channel

and the liquid is assumed to travel as droplets of negligible volume with a velocity that

is equal to the bulk gas velocity. It has also been assumed that the production of water

in the CCL from the electrochemical reaction is in liquid form. Hence, the source terms

for the liquid phase in the GFC, GDL, and CCL are written for the conservation of mass

equation as
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ΓM,l =


0 ∈ GFC

−A
(
Psat − xH2O

g ⟨Pg⟩g
)

∈ GDL

M̂H2OAvṖH2O − A
(
Psat − xH2O

g ⟨Pg⟩g
)

∈ CCL

(4.44)

4.3.2 Momentum Transport in Liquid Phase

The source terms for the liquid phase momentum equation are

ΓF,l =


0 ∈ GFC

− ϵlµl

Kkrl
⟨ul⟩l ∈ GDL

− ϵlµl

Kkrl
⟨ul⟩l ∈ CCL

(4.45)

where κrl is the relative permeability of liquid phase in the GDL and CCL. The defini-

tion of the relative permeability and the corresponding empirical correlation for relative

permeability are provided in Chapter 5.

Due to very small Reynolds and capillary numbers in the GDL and CCL, the convective

and viscous terms in Eq. (4.42) can be neglected. Hence, Eq. (4.42) is simplified for the

steady-state case as the Darcy equation as

∇
(
ϵl⟨Pl⟩l

)
− ⟨Pl⟩l∇ϵl = ΓF,l (4.46)

For the CCL and GDL, the above equation can be written as

ϵl∇⟨Pl⟩l = − ϵlµl

Kkrl
⟨ul⟩l (4.47)

The liquid phase pressure can be written by the gas phase pressure and capillary

pressure, hence Eq. (4.47) yields

−∇⟨Pc⟩+∇⟨Pg⟩g = − µl

Kkrl
⟨ul⟩l (4.48)

where Pc is the capillary pressure that is defined later in Chapter 5. Taking the divergence

of above equation and using the Darcy’s law for the gas phase pressure, Eq. (4.48) becomes
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∇ ·
(
Kkrl ⟨ρl⟩

µl

∇⟨Pc⟩+
krlµg ⟨ρl⟩
krgµl

⟨ug⟩g
)

= ∇ ·
(
⟨ρl⟩ ⟨ul⟩l

)
(4.49)

and in terms of liquid saturation, sl, as

∇ ·
(
Kkrl
µl

⟨ρl⟩
dPc

dsl
∇sl +

krlµg

krgµl

⟨ρl⟩ ⟨ug⟩g
)

= ΓM,l (4.50)

Finally, the governing equation for the liquid water transport in the PEM fuel cell is

written as

∇ · (Dc∇sl) = ΓS,l (4.51)

where Dc is the capillary diffusivity for the liquid water that can be represented by the

following expression:

Dc =
Kkrl
µl

⟨ρl⟩
dPc

dsl
= ϵl

Kkrl
µl

⟨ρl⟩l
dPc

dsl
(4.52)

Clearly, the above equation is completely different than the widely used liquid water trans-

port equation in literature and commercial software Fluentr user guide. The liquid volume

fraction term in the right hand side is widely omitted, which seems incorrect based on the

volume-average method describe in this thesis.

The source terms for the liquid water equation (Eq. (4.51)) in the GDL and CCL of a

PEM fuel cell are written as

ΓS,l =


−A

(
Psat − xH2O

g ⟨Pg⟩g
)
−∇ ·

(
krlµg

krgµl
⟨ρl⟩ ⟨ug⟩g

)
∈ GDL

M̂H2OAvṖH2O − A
(
Psat − xH2O

g ⟨Pg⟩g
)
−∇ ·

(
krlµg

krgµl
⟨ρl⟩ ⟨ug⟩g

)
∈ CCL

(4.53)

The last term in the above equation represents the amount of liquid water transport

hindered by the gas flow from the flow channel to the CCL. Most of the previous studies

neglected that term by assuming a uniform gas pressure in the GDL [56, 113, 128]. This

assumption seems unrealistic as gradient of gaseous pressure necessary for gas transport

unless we are attempting for an analytical solution. Hence, the amount of liquid water

hindered by gas flow is explicitly considered in the numerical simulation of this thesis

research.
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4.4 Electron and Proton Transports

In the previous sections, the conservation of mass, momentum, and species equations

are derived for the gas and liquid phases in a PEM fuel cell, except the conservation of

species equation for the solid phase. The solid phase of a PEM fuel cell consists of solid

electrode and polymer membrane phase. Therefore, the species that are needed to be

considered for the solid phases are: electron for the solid carbon phase and proton for

the polymer electrolyte membrane. For the electron transport, the governing equation is

derived from the conservation of species equation. Since the solid phase does not have

convective velocity, therefore, the conservation of electron equation in terms of electronic

molar flux can be written as

∇ ·
(
ϵs⟨N e−

s ⟩s
)
= Γe−

S,s (4.54)

where N e−
s is the molar flux of electrons in the solid phase that that can be expressed in

terms of current density through the Faraday’s law [129]:

N e−

s =
Js

z−F
(4.55)

where Js is the solid phase current density and z is the charge number. The following

relation expresses the current density in terms of corresponding phase potential:

Js = −σeff
s ∇⟨Φs⟩s (4.56)

where σeff
s is the effective electronic conductivity and Φs is the solid phase potential,

respectively. Hence, using Eqs. (4.55) and (4.56) in Eq. (4.54) yields to

∇ ·
(
ϵsσ

eff
s ∇⟨Φs⟩s

)
= FΓe−

S,s (4.57)

where Γe−
S,s is the generation or consumption of electron in the solid phase that is given by

in term of production of electron, Ṗe− , as

Γe−

S,s = AvṖ
e− (4.58)

Similar to the conservation of electron equation, the conservation of proton equation

can be written as

∇ ·
(
ϵm⟨N p+

m ⟩m
)
= Γp+

S,m (4.59)
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where N p+

m is the molar flux of proton in the polymer electrolyte phase that is expressed

in terms of current density through the Faraday’s law [129]:

N p+

m =
Jm

z+F
(4.60)

where Jm is the membrane phase current density, which is expressed in terms of corre-

sponding phase potential:

Jm = −σeff
m ∇⟨Φm⟩m (4.61)

where σeff
m is the effective protonic conductivity and Φm is the potential of membrane phase,

respectively. Hence, Eq. (4.59) simplifies to

∇ ·
(
ϵmσ

eff
m ∇⟨Φm⟩m

)
= −FΓp+

S,m (4.62)

where Γp+

S,m is the generation or consumption of proton (H+) in the polymer electrolyte

phase, which is given by the production of proton, ṖH+
, as

Γp+

S,m = AvṖ
H+

(4.63)

4.5 Chemical Reaction in Catalyst Layer

The major reaction occurring in the cathode catalyst layer is the oxygen reduction that

can be represented by the following reaction:

O2 + 4H+ + 4e− 
 2H2O (4.64)

The rate of reaction for the above-mentioned chemical reaction can be represented more

precisely by Volmer/Erdey-Gruz kinetics as [130]

Rc,red =
JO2
0

4F


[
cH2O
l,e

c̄H2O
l,e

]2
exp

(
ηc

BO2
c

)
−

[
cO2
g,e

c̄O2
g,e

][
cH

+

l,e

c̄H
+

l,e

]4
exp

(
− ηc

BO2
c

) (4.65)

where JO2
0 is the reference exchange current density for oxygen reduction and cαk is the

concentration of species α.

An overbar on the concentration term denotes the reference concentrations. The ref-

erence concentrations for the gas phase species are the concentrations of the pure species

at a reference pressure of 1 atm and the cell temperature. The reference current density
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(JO2
0 ) at the reference concentration of c̄O2

g,e can be calculated using the experimental data

of Parthasarathy et al. [13], and the reference oxygen concentration, c̄O2
g,e, is generally taken

as 1.2 mol/m3 [6, 13]. The experimental data of the reference exchange current density in

A/cm2 for oxygen reduction in Nafion were correlated with the cell temperature in Kelvins

by the following correlation [6]:

log10
(
JO2
0

)
= 3.507− 4001

T
(4.66)

The Tafel slope is denoted by BO2
c and is given by:

BO2
c =

RT

F
(4.67)

where F is the Faraday’s constant and R is the universal gas constant. The definition of

Tafel slope in Eq. (4.67) does not match the general expression for Tafel slope in Eq. (4.65).

However, Eq. (4.67) results in a Tafel slope of 68 mV/decade at a temperature of 70 ℃,

which agrees with the experimental value of 70 mV/decade from [13]. The discrepancy

between the actual and theoretical Tafel slope is because the oxygen reduction reaction is

not a single step reaction; the general expression for Tafel slope is valid only for a single

step reaction. Further, Eq. (4.65) still needs the experimental values of cH
+

l,e and cH2O
l,e that

are still unknown. Alternatively, the rate of reaction for the Eq. (4.64) can be represented

by the Butler-Volmer equation as [4]

Rc,red =
JO2
0

4F

[
cO2
g,e

c̄O2
g,e

]γc {
exp

(
αanηc

BO2
c

)
− exp

(
−αcnηc

BO2
c

)}
(4.68)

where γc is the overall reaction order, αa and αc are the apparent transfer coefficients

for the anodic and cathodic reactions, respectively. The term n represents the number

of electrons transferred in the electrochemical reaction, and ηc represents the activation

overpotential, which is the driving force for the electrochemical reactions.

The production and consumption of species in the catalyst layer are related to the

reaction rate. In the cathode catalyst layer, the productions of different species are given

by:

ṖO2 = −Rc,red (4.69)

ṖH2O = 2Rc,red (4.70)

ṖH+

= −4Rc,red (4.71)
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Ṗe− = −4Rc,red (4.72)

where Rc,red is the rate of electrochemical reaction, as given by Eq. (4.68).

4.6 Summary

The simplified governing equations for the gas, liquid, and solid phases in a PEM fuel cell

are given explicitly in this chapter. The liquid and gas phase conservation equations consist

of the conservation of mass, momentum, and species equations. Since the electrochemical

reaction occurs in the catalyst layer of PEM fuel cell, the conservation of charge equation

is also considered that includes the conservation of electron and conservation of proton

equations. Therefore, in the simplified formulation, total 8 equations have been given in

this chapter, which contains 4 conservation equations for the gas phase including 2 species

conservation equations, 2 conservation equations for liquid phase, and 2 conservation of

charge equations. Conversely, the number of primary variables that are required to be

solved is 9. The primary variables are: velocity, pressure, partial densities of oxygen, water

vapor and nitrogen in the gas phase; velocity and pressure in the liquid phase; potential in

the solid phase; and potential in the electrolyte membrane. The partial density of nitrogen

is calculated considering the total mass fraction in the gas phase is unity.
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Chapter 5

Effective Transport Properties

The transport of species and charges in the porous layers of PEM fuel cell are modeled

using the generalized Stefan-Maxwell equation and Ohms law. Expressions for the effective

properties in these equations are needed for the closure of formulation. Further, an accurate

estimation of the effective properties in PEM fuel cell, e.g. effective conductivities and

diffusivities in the catalyst layers (CLs) and gas diffusion layers (GDLs), is crucial for

accurately predicting the fuel cell performance and optimizing design parameters in the

numerical modeling/simulation. Hence, a set of mathematical expression is derived for the

effective transport properties in PEM fuel cell. The model and results presented in this

chapter are based on the published articles.1,2

5.1 Overview of Empirical Correlations

In the PEM fuel cell literature, the Bruggeman approximation has been widely used for the

effective conductivities and diffusivities. In several instances both the Wiener bounds and

Bruggeman approximation were used together for estimating the effective properties [7,

33, 82, 94, 122, 131]. The average of Wiener bounds has also been recommended for

the effective thermal conductivity [132]. Previous studies, however, have not used or

attempted to implement the HS bounds. It was further observed that the results reported

in literature lack information on several physical and electrochemical parameters. In some

cases, it has been found that replicating published results is very difficult because of

the missing information or parameter values [7, 82]. Further, the effective properties of

composite systems depend on the internal microstructure; and no such straightforward

1P.K. Das, X. Li, and Z.S. Liu. Proc. of 4th International Green Energy Conference, pp. 164–174,
Beijing, China, October 2008.

2P.K. Das, X. Li, and Z.S. Liu. Applied Energy, 87:2785–2796, 2010.
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Figure 5.1: Comparison of the effective diffusivities using the expressions available in
literature with the Bruggeman correlation.

method exists to consider the effect of microstructure. Even formulations for the effective

properties discussed earlier did not agree with each other. As shown in Fig. 5.1, while

comparing several correlations with the Bruggeman correlation, all the correlations are

underestimating the effective diffusivity compared to the Bruggeman correlation [133–

135]. Clearly, each of these correlations has different estimate and it is not reasonable

to argue which correlation is a better fit for the numerical modeling of PEM fuel cell.

The differences observed in this comparison (Fig. 5.1) could be that these correlations

are empirically fitted to certain experimental results and none of these experiments used

similar geometrical and physical parameter values.

The effective transport property formulations were mainly developed for different porous

media, for example, fibrous porous media [134], spherical shell porous media [133], sand [136],

rock [137], shaly sandstone [138], etc. None of them is specifically developed for the CLs

and GDLs of PEM fuel cell. Further, the GDLs are made of hydrophilic carbon cloth

and hydrophobic PTFE (Teflon). Hence, the wettability and composition of these ma-

terials in GDLs not only change the effective transport properties but also influence the

water flooding that can further change the effective properties. Therefore, it is crucial

to provide a better mathematical expression for the effective properties of a PEM fuel

cell that has fundamental mathematical proof rather than empirical verification, which

would be more useful in the numerical modeling of PEM fuel cells. Numerical approaches,
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like finite volume, finite element, and lattice Boltzmann methods [139, 140], can also be

used in estimating the effective properties for the PEM fuel cell. These methods, how-

ever, require complicated numerical modeling, sophisticated programming knowledge, and

time-consuming calculation. Hence, a simple correlation for the effective properties has

been developed that can be easily implemented in PEM fuel cell modeling/simulation. In

the following sections, the formulations of the effective properties are described along with

the procedure to estimate the binary diffusion coefficients.

5.2 Formulation

Using the effective bulk modulus formulation developed by Hashin [141], Hashin and

Shtrikman [142] showed an exact expression for the effective conductivity of a coated

sphere assemblage. A schematic representation of both the Hashin coated sphere and

coated sphere assemblage are shown in two parts of Fig. 5.2. Here, the coated sphere

in a coated sphere assemblage represents a two-phase spherical particle, where phase 1

can be coated by phase 2 (or vice versa) that is shown in Fig. 5.2a. Each coated sphere

in the coated sphere assemblage, shown in Fig. 5.2b, was considered as a scaled version

of the original prototype coated sphere. Practically, it might be impossible to build a

macro-homogenous layer using an infinite number of coated spheres. However, considering

a composite system with large number of coated spheres that can fill more than 90% of

the total volume or higher, it can be shown that the effective property of the composite

system will obey the following relation [143]:

ϕ1 +
3f2ϕ1 (ϕ2 − ϕ1)

3ϕ1 + f1 (ϕ2 − ϕ1)
> ϕeff > ϕ2 +

3f1ϕ2 (ϕ1 − ϕ2)

3ϕ2 + f2 (ϕ1 − ϕ2)
(5.1)

where ϕeff represents the effective property of the coated sphere assemblage shown in

Fig. 5.2b, ϕ1 and ϕ2 are the bulk properties, and f1 and f2 are the volume fractions

of phases 1 and 2 in the coated sphere, respectively. It was also assumed that phases

have been labeled, such that ϕ1 > ϕ2. Using Eq. (5.1), the effective transport property

expressions are derived for the CLs and GDLs that are given in the following paragraphs.

The microstructure of a PEM fuel cell catalyst layer consists of a matrix of catalyst

particles, electrolyte membrane (also known as ionomer), and void space. Ideally, the

platinum (Pt) particles supported on a large carbon particle surrounded by ionomer form

a catalyst agglomerate, or several carbon particles combine together that is surrounded by

ionomer form a large agglomerate. Such a catalyst is also known as platinum supported on

carbon or simply referred as Pt/C particle. Figure 5.3 shows a schematic representation

of the idealized structure of catalyst agglomerate with single carbon particle in part (a)
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Figure 5.2: Schematic representation of: (a) the Hashin coated sphere, and (b) cross
section of the Hashin coated sphere assemblage. Each coated sphere in part (b) is a scaled
version of the coated sphere shown in part (a).

and idealized structure of a large catalyst agglomerate formed by multiple carbon particles

in part (b). Part (c) of Fig. 5.3 illustrates an idealized microstructure of catalyst layer

made of such small and large agglomerates with negligible void region, and a simplified

structure of catalyst agglomerate is shown in part (d). Here, each of these agglomerates

is a scaled version of the original single-carbon agglomerate (Fig. 5.3a) or multi-carbon

agglomerate (Fig. 5.3b). Generally, the size of the Pt-particles is much smaller than the

carbon particles; hence, both the platinum and carbon particles can be considered as one

solid phase. Therefore, the catalyst agglomerate can be simplified as a two-phase coated

sphere that has a solid core (phase 1) coated with ionomer membrane (phase 2) as shown

in Fig. 5.3d, which is identical to the Hashin coated sphere shown in Fig. 5.2a. The volume

fraction occupied by phase 1 in the coated sphere is represented by

f1 =
r31
r32

= 1− f2 (5.2)

where f2 is the volume fraction of phase 2, and r1 and r2 are the radii of the inner core

(phase 1) and the outer coating (phase 2), respectively.

The outer radius of the simplified agglomerate shown in Fig. 5.3d is identical to the

radius of the original agglomerate (Fig. 5.3a), whereas the inner radius needs to be cal-

culated from the volume occupied by the platinum particles and carbon particles that is

defined as

r31 = nCr
3
C + nPtr

3
Pt (5.3)

where rC and rPt are the radii of carbon and platinum particles, and nC and nPt are the

numbers of carbon and platinum particles in a catalyst agglomerate, respectively. Using
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Figure 5.3: Schematic representation of: (a) the idealized structure of a small catalyst ag-
glomerate with platinum catalyst particles and single carbon particle, (b) idealized struc-
ture of a large catalyst agglomerate formed by multiple carbon particles, (c) idealized
microstructure of catalyst layer made of small and large agglomerates with negligible void
region, and (d) simplified structure of a catalyst agglomerate.

the simplified catalyst agglomerate shown in Fig. 5.3d, it is possible to re-build a macro-

homogenous layer with negligible void space fraction that would be identical to the catalyst

layer shown in Fig. 5.3c. For instance, if the fraction of void space in the CL is 0.1, then 90%

of the total CL volume needs to be filled with ionomer coated Pt/C spheres. Practically,

this can be attainable. Further, it has been observed that the ionomer membrane forms a

layer on the surface of Pt/C agglomerate when the paste method is used for the fabrication

of catalyst layer [144], which is almost identical to the coated sphere assemblage shown in

Fig. 5.3c. Hence, the catalyst layer made of such simplified agglomerates can be compared

with the Hashin’s two-phase coated sphere assemblage [143], where the Pt/C particle can

be treated as phase 1 and the ionomer membrane as phase 2. Therefore, the effective

conductivity of the catalyst layer can be estimated from the upper bound of HS formula:

(
σeff
12

)
u
= σ1 +

3f2σ1 (σ2 − σ1)

3σ1 + f1 (σ2 − σ1)
(5.4)

and the lower bound formula:(
σeff
12

)
l
= σ2 +

3f1σ2 (σ1 − σ2)

3σ2 + f2 (σ1 − σ2)
(5.5)

where σ1 > σ2, and σ1 and σ2 are the conductivities of inner core (i.e. Pt/C for the PEM
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fuel cell catalyst layer) and outer coating (i.e. ionomer membrane), respectively. The term

f represents the volume fraction for different phases as denoted by subscripts.

5.2.1 Effective Protonic Conductivity

For proton transport in the catalyst layer shown in Fig. 5.3c, the inner core of the coated

sphere does not transport protons. Protons can only be transported through the membrane

phase or the outer coating of the coated sphere, i.e. σ1 < σ2. Hence, the HS bounds need

to be modified for σ1 < σ2 as

σ2 +
3f1σ2 (σ1 − σ2)

3σ2 + f2 (σ1 − σ2)
> σeff

12 > σ1 +
3f2σ1 (σ2 − σ1)

3σ1 + f1 (σ2 − σ1)
(5.6)

After re-arranging, Eq. (5.6) yields

σ2 +
3 (1− f2)σ2

f2 − 3σ2
σ2 − σ1

> σeff
12 > σ1 +

3 (1− f1)σ1

f1 − 3σ1
σ1 − σ2

(5.7)

where σeff
12 is the effective protonic conductivity of the composite system of phases 1 and

2. Since the inner core is inactive for proton transport, i.e. σ1 = 0.

For the outer phase, we have σ2 = σm, where σm is the bulk protonic conductivity of

membrane phase. Hence, the effective conductivity for membrane phase (or the effective

protonic conductivity) can be written as

σm − 3fsσm

3− fm
> σeff

m > 0 (5.8)

where σeff
m is the effective conductivity of membrane phase, and fs and fm are the vol-

ume fractions of solid Pt/C and ionomer membrane in the catalyst layer, respectively.

Practically, the effective protonic conductivity cannot be zero; in such case, there will be

no proton transport from the anode side to the cathode side of a PEM fuel cell. For an

operating fuel cell that seems impossible too. The lowest possible protonic conductivity

has always to be higher than zero; therefore, the lower bound in Eq. (5.8) cannot exist so

that Eq. (5.8) becomes

σm − 3fsσm

3− fm
> σeff

m > 0 (5.9)

Eq. (5.9) also implies that the highest possible effective protonic conductivity would be
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σeff
m,max = σm − 3 (1− fm)σm

3− fm
≡ σeff

m (5.10)

The lower limit of Eq. (5.9) can be extracted from Eq. (5.10) when fm → 0. Further,

Eq. (5.10) is valid for a composite layer composed of solid Pt/C and ionomer membrane

with negligible fraction of void space, i.e. for (fs + fm) → 1. In such situation, the diffu-

sion of reactant gases in the catalyst layer of a PEM fuel cell will be almost “completely”

hindered due to the significantly smaller diffusion coefficient of the reactant in the mem-

brane. Therefore, it would be worthwhile to consider a certain fraction of void space over

the ionomer membrane phase, which can be considered as doubly coated sphere as shown

in Fig. 5.4. Practically, the void spaces are randomly distributed over the entire catalyst

layer. To simplify the problem, the void space is assumed uniform over the catalyst ag-

glomerate as shown in Fig. 5.4, where the outer radius of doubly coated sphere can be

estimated for the same equivalent volume

∑(
4

3
Πr3

3 − 4

3
Πr2

3

)
= f3V (5.11)

where r3 is the outer radius of doubly coated sphere and r2 is the outer radius of phase

2. The term f3 represents the volume fraction of phase 3 that is equivalent to the total

volume fraction of void space in the catalyst layer and V is the total volume of the catalyst

layer. In a doubly coated sphere assemblage, proton conductivity through the void space

would be smaller (or even no proton transport) than the effective proton conductivity of

solid Pt/C and ionomer membrane coated sphere, i.e. σeff
12 > σ3.

The expression for the doubly coated sphere assemblage can also be derived from the

above-mentioned simplified coated sphere formulation. Using the similar approach, it can

be shown for a doubly coated sphere assemblage (σeff
12 > σ3) as

σeff
12 +

3 (1− f12)σ
eff
12

f12 −
3σeff

12

σeff
12 − σ2

> σeff
123 > σ3 +

3 (1− f3)σ3

f3 − 3σ3

σ3 − σeff
12

(5.12)

where σeff
123 is the effective conductivity of a three-phase composite system made of doubly

coated spheres as shown in Fig. 5.4. For the CL of a PEM fuel cell, Eq. (5.12) finally yields

σeff
m,CL = σeff

m +
3 (1− fs − fm)σ

eff
m

(fs + fm)−
3σeff

m

σeff
m − σv

(5.13)
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Phase 1

(solid Pt/C)
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(void space)

Phase 2

(ionomer membrane)

Figure 5.4: Schematic representation of a doubly coated sphere.

where σv is the protonic conductivity of void space, and σeff
m is the effective protonic

conductivity when only solid Pt/C and ionomer membrane phases are considered (given

in Eq. (5.10)).

For an un-flooded CL, the void spaces are filled with the reactant gases only; hence,

the protonic conductivity of void space is zero. Conversely, for a flooded case, liquid water

in the pore can act as a liquid electrolyte and participate in proton transportation. How-

ever, such transportation will be negligible compared to the proton transport through the

ionomer membrane. In addition, liquid water needs free acidic group to be an electrolyte.

Assuming the ionomer membrane was fully saturated before being assembled in the mem-

brane electrode assembly of a PEM fuel cell, then there will be no such free acidic group

for the liquid water to be an electrolyte. Therefore, it is justifiable to neglect the protonic

conductivity of void spaces even under the flooding situation. Hence, Eq. (5.13) simplifies

to

σeff
m,CL = σm − 3 (1− fm)σm

3− fm
−

3fv

(
σm − 3 (1− fm)σm

3− fm

)
2 + fv

(5.14)

where fv is the volume fraction of void space in the catalyst layer, which is simply the

catalyst layer porosity. For the practical scenarios, the protonic conductivity will be even

lower, i.e.

σeff
m,CL = σm − 3λm (1− fm)σm

3− fm
−

3λmfv

(
σm − 3 (1− fm)σm

3− fm

)
2 + fv

(5.15)

where λm is a multiplying factor which will be relying on the geometrical structure of

membrane phase in a catalyst layer, for instance, membrane connectivity in the catalyst
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layer or shape of the agglomerate. The bounds for λm can be written as

3− fm
3(1− fm)

> λm > 1 for fm ̸= 0 or 1 (5.16)

5.2.2 Effective Electronic Conductivity

For electron transport in the catalyst layer shown in Fig. 5.3c, both the membrane phase

and the void space act as electric insulators, and only the solid Pt/C phase transports

electron. Therefore, the membrane and void space together can be considered as phase 2.

Although the Pt/C particles are considered coated with non-electron conducting phase as

shown is Fig. 5.3d, it is assumed that the Pt/C particles are actually in contact with some

small contact area while assembled in the catalyst layer that would not affect the estimate

of proton conductivity and mass diffusivity. Further, it is assumed that the contact area

is sufficient without impairing electron conductivity since the Pt/C particle has very high

electronic conductivity compared to the protonic conductivity. Hence, for the electronic

conductivity, we have σ1 = σs and σ2 = 0, and the effective conductivity for the solid

phase (or the effective electronic conductivity) can be written as

σs −
3 (1− fs)σs

3− fs
> σeff

s > 0 (5.17)

where σeff
s and σs are the effective and bulk electronic conductivities in the solid phase of

CL, respectively, and fs is the volume fraction of Pt/C. Similar to the analogy provided

for the protonic conductivity, it can be claimed that the effective electronic conductivity

cannot be zero. It has to be higher than zero to maintain a properly operating PEM fuel

cell. Hence, the effective electronic conductivity should obey the following relation:

σs −
3 (1− fs)σs

3− fs
> σeff

s > 0 (5.18)

The above expression also implies that the highest possible value for the effective

electronic conductivity would be

σeff
s,max = σs −

3 (1− fs)σs

3− fs
≡ σeff

s (5.19)

The bulk electronic conductivity is significantly higher than the bulk protonic conductivity

in PEM fuel cells; hence, it can easily be presumed that the effective electronic conductivity

will be close to its highest value. This statement may not be valid for every composite
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system; however, this approximation is justifiable for a PEM fuel cell, where the electronic

conductivity has much less influence on the cell performance compared to the protonic

conductivity. To be more precise, the above equation can be re-written as

σeff
s = σs − λs

3 (1− fs)σs

3− fs
(5.20)

where λs is the solid phase geometry factor and the bound is found as

3− fs
3(1− fs)

> λs > 1 for fs ̸= 0 or 1 (5.21)

It is worthwhile to note that the GDL of a PEM fuel cell is composed of solid carbon phase

and void space, which is a combination of two phases. Therefore, Eq. (5.20) is valid for

both CLs and GDLs of a PEM fuel cell.

5.2.3 Effective Diffusivity

For the catalyst layer effective diffusivity, it is required to consider a coated sphere as-

semblage where both the liquid and gas phases co-exist in the void space. In the PEM

fuel cell, the formation of liquid water inside the cathode catalyst layer is still unknown.

It can be film-wise or drop-wise or may be a combination of both. A good approxima-

tion would be to consider a uniform mixture of gas and liquid phases in the void space.

Such approximation, however, will require complicated mathematical approach to derive

an expression for the effective diffusivity. Therefore, a random liquid water film over the

ionomer membrane surface has been considered as shown in Fig. 5.5 as phase 3, and this

sphere can be referred as a triply coated sphere when phase 2 is completely covered by

phase 3. In the following paragraphs, a general formulation is first derived by considering

a triply coated sphere, where the solid core (phase 1) is first considered coated by phase 2

and the coated sphere is considered subsequently covered by phase 3, and then simplified

for the case when phase 2 is partially covered by phase 3 or liquid water.

As described earlier for a coated sphere assemblage that has two phases (phases 1 and

2 as shown in Fig. 5.3d), the lower bound of an effective property is

ϕeff
12 = ϕ2 +

3 (1− f2)ϕ2

f2 − 3ϕ2

ϕ2 − ϕ1

(5.22)

Therefore, the effective diffusivity for a coated sphere assemblage that has two phases can

be written as
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Phase 1
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Phase 4

(void space)

Phase 2

(membrane)

Phase 3

(liquid water)

Figure 5.5: Schematic representation of a coated sphere with liquid water film (referred as
phase 3) in the void space.

Deff
12 = D2 +

3 (1− f2)D2

f2 − 3D2
D2 −D1

for D2 > D1 (5.23)

where D1 and D2 are the bulk diffusivities of phases 1 and 2, respectively, and Deff
12 is the

effective diffusivity of the entire composite system. Since phase 1 for the PEM fuel cell

catalyst layer is made of Pt/C particles that do not allow gas to diffuse, the lower bound

must be considered for estimating the effective diffusivity.

Using the similar approach mentioned above, it can be considered that sphere made of

phases 1 and 2 that is coated with phase 3, i.e. the doubly coated sphere assemblage, has

the effective diffusivity of

Deff
123 = D3 +

3 (1− f3)D3

f3 − 3D3

D3 −Deff
12

(5.24)

where Deff
123 is the effective diffusivity of a three-phase composite system and D3 is the bulk

diffusivity in phase 3. The terms f1, f2, f3 are the volume fractions of different phases

in the coated sphere shown in Fig. 5.4. Since the solid phase does not allow reactant gas

to diffuse through it, the diffusivity of the solid medium is taken to be zero. Hence, the

effective diffusivity in a CL made of doubly coated spheres can be simplified as

Deff
123 = D3 +

3 (1− f3)D3

f3 − 3D3

D3 −D2 −
3 (1− f2)D2

f2 − 3 (1− f3)

(5.25)
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Referring to the PEM fuel cell catalyst layer structure shown in Fig. 5.3b, it is eas-

ily recognizable that phase 1 represents the solid Pt/C particles, phase 2 represents the

ionomer membrane layer over the Pt/C particles, and phase 3 is the void space over the

entire catalyst agglomerate. Since a part of void space in the catalyst layer can also be oc-

cupied with liquid water that is produced from the electrochemical reaction, phase 3 shown

in Fig. 5.4 is divided into two phases, phases 3 and 4, to make the doubly coated sphere

to a triply coated sphere. For a triply coated sphere assemblage system, the formulation

of doubly coated sphere assemblage can further be extended by considering a continuous

film of phase 3 over phase 2; hence, the effective diffusivity for such a four-phase coated

sphere system becomes

Deff
1234 = D4 +

3 (1− f4)D4

f4 − 3D4

D4 −Deff
123

(5.26)

where Deff
123 represents the effective diffusivity when the phase 2 is completely covered by

phase 3. In the PEM fuel cell catalyst layer, however, phase 2 is partially covered by phase

3 as shown in Fig. 5.5. Here, a random liquid water film has been considered to specify the

geometry explicitly instead of a random distribution for both the liquid water and void

spaces. Hence, Eq. (5.26) is modified for a coated sphere system that is partially covered

by phase 3 as

Deff
1234 = D4 +

3 (1− f4)D4

f4 − 3D4

D4 −
(
Deff

123

)
CL

(5.27)

where
(
Deff

123

)
CL

is defined as a function of the liquid water surface coverage, fθ, as [145, 146](
Deff

123

)
CL

= fθD
eff
123 + (1− fθ)D

eff
12 (5.28)

Simplifying Eq. (5.27), the effective diffusivity for a PEM fuel cell catalyst layer is

found as

Deff
CL = Dg −

3 (1− fg)Dg

3Dg

Dg − fθDA − (1− fθ)DB
− fg

(5.29)

where

DA = Dl −
3 (1− fl)Dl

3Dl

Dl −Dm − 3 (1− fm)Dm

fm − 3 (1− fl)

− fl
(5.30)
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DB = Dm − 3 (1− fm)Dm

3− fm
(5.31)

The terms, Dg, Dl, Dm, are the diffusivities in gas phase, liquid water, and ionomer

membrane, respectively, and fg, fl, fm are the volume fractions of gas phase, liquid water,

and ionomer membrane, respectively. Since the Knudsen effect is dominant in the catalyst

layers, the bulk diffusion coefficient must be modified so that the Knudsen effect is counted

while using the proposed diffusivity formula in the PEM fuel cell catalyst layers.

Conversely, the GDL is composed of solid carbon and void space only. The void space

can also be partially filled with liquid water. In such case, the effective diffusivity for the

partially flooded GDL of a PEM fuel cell can be calculated from the relations of flooded-

GDL and dry-GDL using the relation given in Eq. (5.28). The expression for the effective

diffusivity in a flooded-GDL can be written as

Deff
flooded−GDL = Dg −

3 (1− fg)Dg

3Dg

Dg −Dl −
3 (1− fl)Dl

fl − 3 (1− fg)

− fg

(5.32)

where fg and fl are the volume fractions of gas phase and liquid water in the GDL,

respectively; whereas for a dry electrode, it can be written as

Deff
dry−GDL = Dg −

3 (1− fg)Dg

3− fg
(5.33)

It should be noted that neither the void space is uniformly distributed nor the solid phase

is perfectly spherical in the GDL. Therefore, the second term in Eqs. (5.29), (5.32) and

(5.33) needs to be multiplied by a geometrical factor (λg). The simplest bounds for λg can

be obtained from Eq. (5.33), which can be written as

3− fg
3(1− fg)

> λg > 1 for fg ̸= 0 or 1 (5.34)

5.3 Comparisons of Effective Properties

To estimate the effective diffusivities using the proposed formulations, the binary diffusion

coefficients between the different species need to be calculated first. Hence, the mathe-

matical expressions for the binary diffusivities are described first. Then a set of estimates

based on the above-mentioned formulations is provided and compared with the Bruggeman
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approximation and Weiner model for the effective transport properties in the catalyst and

gas diffusion layers of a PEM fuel cell.

5.3.1 Binary Diffusivity

The binary diffusion coefficient of oxygen and nitrogen (cm2/s) is calculated using Chapman-

Enskog formula because this expression provides better accuracy for low density non-polar

binary mixture [127]

DO2−N2 = 0.00188

T 3/2

(
1

M̂O2

+ 1
M̂N2

)1/2

Pλ2
O2−N2

ΩD,O2−N2

(5.35)

where M̂O2 and M̂N2 are the molecular weights of oxygen and nitrogen, respectively. The

term, ΩD,O2−N2 , is a dimensionless function of the temperature and of the intermolecular

potential field of one molecule of O2 and one molecule of N2, λO2−N2 is the Lennard-Jones

parameter, and temperature, T , is in Kelvin. The binary diffusion coefficient of oxygen and

water vapor in cm2/s is calculated from the critical pressure and temperature of oxygen

(T cr
O2

and P cr
O2
) and water vapor (T cr

H2O
and P cr

H2O
) using the Slattery-Bird equation [107]

PDO2−H2O = 0.000364

(
T√

T cr
O2
T cr
H2O

)2.334 (
P cr
O2
P cr
H2O

)1/3 (
T cr
O2
T cr
H2O

)5/12( 1

M̂O2

+
1

M̂H2O

)1/2

(5.36)

where the temperatures are in Kelvin and the pressures are in atm.

It is also noted that the binary diffusion coefficient in cm2/s for oxygen in the liquid

water (H2O(l)) can be obtained using Wilke-Chang correlation, as this correlation is for

diffusivities of dilute, binary mixtures of non-electrolytes in liquids [127]

DO2−H2O(l)
=

7.4× 10−8
(
ΦH2OM̂H2O

)1/2
T

µH2O(l)
(VO2)

0.6
(5.37)

where µH2O(l)
is the dynamic viscosity of liquid water in cP (1 cP = 10−3 Pa·s), ΦH2O is the

‘association’ parameter of H2O, VO2 is the molar volume of the oxygen in cm3/g·mol at its

normal boiling point. The value of ΦH2O for water was originally reported as 2.6, later it

was found using the empirical best fit as 2.26. Therefore, in the present investigation, 2.26

is used instead of 2.6. Since the dynamic viscosity of H2O is a function of temperature, a

polynomial fitting of µH2O(l)
, as a function of T , is used. A plot of water viscosity data in
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Figure 5.6: Polynomial fitting of water viscosity as a function of temperature. The symbols
represent data points and the line depicts best-fitted correlation as given in Eq. (5.38).

cP as a function of temperature in ℃ is shown in Fig. 5.6, while the polynomial function

is found with a coefficient of determination of 0.99998 as

µH2O(l)
= 1.786−0.059T+1.265×10−3T 2−1.709×10−5T 3+1.258×10−7T 4−3.783×10−10T 5

(5.38)

The diffusion coefficient (cm2/s) for oxygen in Nafion membrane is calculated from the

following relation [6]:

DO2−m = −1.0664× 10−5 + 9.0215× 10−6 exp

(
T − 273.15

106.65

)
(5.39)

where the temperature, T , is in Kelvin. Values for parameters used in the above equations

are listed in Table 5.1 with appropriate units.

5.3.2 Effective Protonic Conductivity in Catalyst Layer

Figure 5.7 shows the comparison of the effective protonic conductivities in the CL of

a PEM fuel cell as a function of catalyst layer porosity that are calculated using the

formulation developed in this thesis and the Bruggeman approximation. Two different

combinations of solid Pt/C particles and ionomer membrane volume fractions in the solid

phase of CL, namely, 70% of Pt/C and 30% of ionomer membrane, and 60% of Pt/C
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Table 5.1: Parameter used in the calculations of diffusion coefficients at 3 atm and 80 ℃

Parameter Value

ΩD,O2−N2 0.8827

λO2−N2 3.6325

T cr
O2

(K) 154.4

P cr
O2

(atm) 49.7

T cr
H2O

(K) 647.15

P cr
H2O

(atm) 217.7

µH2O (cP) 0.355

VO2 (cm3/g·mol) 25.6

and 40% of ionomer membrane, were considered as indicated in the legend as fs/fm ratio.

Here, both the lines represent the Bruggeman correlation results, while the symbols depict

corresponding results obtained using the expression developed in this study. The effec-

tive protonic conductivity of Bruggeman approximation is estimated using the following

correlation, referred in Fig. 5.7 as Bruggeman correlation

σeff
m = σm (fm(1− ϵ))1.5 (5.40)

All other parameters used in the calculation are taken from Refs. [7, 122] that are

listed in Table 5.2. As observed at low porosities (ϵ < 0.2), the present formulation

overestimates the effective conductivity compared to what has been estimated using the

BA. Whereas for moderate porosities (e.g. 0.2 < ϵ < 0.4), the present results show a better

agreement, particularly for the case when the fraction of membrane in the CL is higher.

For higher porosities (e.g., ϵ > 0.5), an underestimation has been observed for both cases,

while the case of lower fraction of membrane provides less discrepancy with the Bruggeman

correlation. Hence, this variation can be attributed to the multi-phase effect, which is more

prominent in the present formulation than the Bruggeman correlation. For instance, the

present model results merging toward the Bruggeman’s results when ϵ → 1.0 and the lower

membrane fraction case is merging faster implies that the membrane phase has less effect

at higher porosity. Clearly for a range of porosity (0.2 < ϵ < 0.6) that is applicable for

PEM fuel cells, the present formulation would be more useful than widely used Bruggeman

approximation as the present formulation is directly derived considering the agglomerate
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Figure 5.7: Comparison of the effective protonic conductivity in the catalyst layer of a
PEM fuel cell with the Bruggeman correlation. Lines represent the Bruggeman correlation
results, while the symbols depict the present model results for two combinations of Pt/C
and membrane volume fractions.

Table 5.2: Parameter values used in the model calculation of effective properties

Parameter Value

T (K) 323

Dg (cm2/s) 2.585×10−1

Dl (cm
2/s) 3.98 ×10−5

Dm (cm2/s) 3.73 ×10−6

fl 0.1

fs/fm 0.7/0.3 and 0.6/0.4

fθ 0.5

λm 1.0

λs 1.0

σm (S/cm) 0.17

σs (S/cm) 7.27 ×102
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geometry. Furthermore, this comparison shows that the proposed formulation is capable of

predicting the effective protonic conductivity that can be estimated using the Bruggeman

correlation, while the Bruggeman correlation is an empirical correlation and the present

expression is derived from the fundamental mathematical formulation.

5.3.3 Effective Electronic Conductivity

Figure 5.8 depicts a comparison of the effective electronic conductivity in the catalyst layer

of a PEM fuel cell with the BA results as a function of catalyst layer porosity. Similar to

the effective protonic conductivity, two different combinations of ionomer membrane and

solid Pt/C fractions in the catalyst layer were considered as indicated in the legend. Here

also an overestimation of the effective electronic conductivity has been observed compared

to the Bruggeman’s result over the entire range of porosity. No matter what percentages of

solid Pt/C and ionomer membrane are present in a catalyst layer, the present formulation

provides slightly higher effective electronic conductivity for the catalyst layer of PEM fuel

cell. This might be acceptable, as the membrane conductivity is performance-limiting

factor for the PEM fuel cell and the electronic conductivity has very little influence on the

performance of a cell. Further, the results presented in Fig. 5.8 for the case when λs = 1,

hence the maximum limit for the effective electronic conductivities. However, practically

the effective electronic conductivities will be lower than the values shown in Fig. 5.8 due

to irregular solid phase geometry and ionomer layer over the Pt/C phase.

Conversely, the effective electronic conductivity in the GDL of a PEM fuel cell shows an

excellent agreement with the Bruggeman correlation results as shown in Fig. 5.9. Clearly,

the multi-phase effect is insignificant in a dry-GDL as it has only solid carbon phase.

Therefore, both the present formulation and the Bruggeman correlation show identical

behavior. However, for higher porosity values (ϵ > 0.4), the present model over-predicts

slightly. Here, the overestimation is considerably less than what is observed for the catalyst

layer’s effective conductivities. This is reasonable as the CL is composed of solid Pt/C

particles, ionomer membrane, and void space, while the GDL only consists of solid carbon

and void space. For a similar porosity, the GDL consists of more solid carbon phase

than the CL, which results in higher electronic conductivity. Therefore, it can be claimed

that the effective electronic conductivity formulation derived in this thesis research would

be more accurate while we have higher fraction of solid phase in a composite system.

Conversely, the effective protonic conductivity formulation will provide more accurate

results while the CL consists of higher fraction of ionomer membrane.
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Figure 5.8: Comparison of the catalyst layer effective electronic conductivity with the
Bruggeman correlation. The lines represent the Bruggeman correlation results, while the
symbols depict the present model results.
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Figure 5.9: Comparison of the proposed effective electronic conductivity in the gas diffusion
layer of a PEM fuel cell with the Bruggeman correlation.
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5.3.4 Effective Diffusivity in Catalyst Layer

For the effective diffusivity in the catalyst layer of a PEM fuel cell, several empirical models

are available. The most popular and widely used for the individual effective diffusivity is

once again Bruggeman’s approximation. Here, the individual effective diffusivity represents

the diffusion coefficient of a reactant gas in a phase of a multi-phase composite system,

for example, effective oxygen diffusivity in ionomer membrane phase of PEM fuel cell

catalyst layer. Conversely, the overall effective diffusivity represents the total diffusivity of

a reactant gas in a composite layer of PEM fuel cell, for example, effective oxygen diffusivity

in the CL or GDL of a PEM fuel cell. If a layer consists of more than one phase then

the overall effective diffusivity has contributions from the individual effective diffusivities

within that layer. Therefore, the Bruggeman approximation of the individual effective

diffusivity needs to be further modified based on the volume fractions of various phases

present in a composite (multi-phase) layer using other approaches. Several approaches

have been used in literature based on the Wiener’s series and parallel models for the

composite system. For instance, it can be either a series model [6, 82, 147, 148] or a

parallel model [33, 147, 148] or a mixed model [122, 147, 148]. In the following paragraphs,

a comprehensive comparison for the effective diffusivity of present model predictions with

the above-mentioned models has been provided.

Figure 5.10 represents a comparison between the effective oxygen diffusivities in the

catalyst layer of a PEM fuel cell that are calculated using the present effective diffusivity

expression and a series model [6, 82, 147, 148]. The solid phase of the catalyst layer is

considered as made of 70% of Pt/C and 30% ionomer membrane. All other parameters

are listed in Table 5.2. Here, the line represents the result obtained from the series model,

while the symbols show the result estimated using the expression derived in this study.

Surprisingly, a complete miss-match has been observed with the series model that is almost

several orders of magnitude. This disagreement probably arises due to the assumption

usually made in the mathematical formulation of series model that various phases in a

composite system were lumped in a layer one after another. For instance, in the cathode

catalyst layer of a PEM fuel cell, layers of Pt/C, ionomer membrane, liquid water, and

gas phase are lumped in a layer so that each layer of a phase is covered continuously

by another phase. Therefore, neither the Pt/C layer nor the ionomer membrane layer

has direct contact with the gas diffusion layer, while the present model does not have

such continuous film of liquid water. Since both layers are separated from void spaces by

the liquid water film in a series model, the reactant gas needs to be dissolved in liquid

water to come contact with Pt/C and ionomer membrane. The solubility of oxygen in

liquid water is very low, which gives diffusivity of oxygen in liquid water several orders of

magnitude lower than that of the void space. Hence, the series model formulation predicts
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Figure 5.10: Comparison of the proposed effective oxygen diffusivity in the catalyst layer
of a PEM fuel cell with the series model for 70% of Pt/C and 30% of ionomer membrane
in the catalyst layer.

the effective oxygen diffusivity in the order of oxygen diffusivity in liquid water that is

about 3 to 4 orders lower than the oxygen diffusivity in gas phase inside the void space.

Nonetheless, this disagreement can easily be attributed to the Weiner series model used

in Refs. [6, 82, 147, 148] and 100% surface coverage for the liquid water used in Ref. [82].

Conversely, the surface coverage of the liquid water has been considered less than unity in

the proposed formulation. Therefore, the gas phase has direct contact with the membrane

phase that allows faster reactant diffusion than the Weiner series model.

Although several orders of magnitude differences have been observed between the

present model predictions and the results of a series model, an excellent agreement has

been found with a parallel model formulation [33, 147, 148] as shown in Fig. 5.11. Here,

a comparison between the effective oxygen diffusivities in the catalyst layer of a PEM

fuel cell is shown that are estimated using the expression developed in this study and

from a parallel model for 70% of Pt/C and 30% ionomer membrane in the solid phase

of a catalyst layer. In this figure, the line represents the parallel model result, while the

symbols depict the prediction of proposed model. For high porosity values (ϵ > 0.7), the

present results show very good agreement, although for intermediate porosity values (e.g.

0.2 < ϵ < 0.7) some differences between the predictions have been observed. It should

also be noted that in the parallel model, the effective diffusivity is calculated by applying

Wiener’s parallel model followed by the Bruggeman approximation [33]; while in the series
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Figure 5.11: Comparison of the proposed effective oxygen diffusivity in the catalyst layer
of a PEM fuel cell with the estimates based on a parallel model for the composition of
70% of Pt/C and 30% of ionomer membrane.
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Figure 5.12: Comparison of the effective oxygen diffusivity in the catalyst layer of a PEM
fuel cell with the mixed model prediction for the composition of 70% of Pt/C and 30% of
ionomer membrane.
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model, the effective diffusivity is calculated using the Bruggeman approximation followed

by Wiener’s series model [82]. Hence, it seems that the Wiener parallel model is better

than the Wiener series model for the effective diffusivities in PEM fuel cell. Like the ef-

fective conductivity formulation, comparison in Fig. 5.11 nonetheless shows the predictive

abilities of the proposed effective diffusivity formulation.

A comparison between the effective oxygen diffusivities that are calculated using the

proposed formulation and a mixed model [122, 147, 148] is shown in Fig. 5.12. Like the

comparison with the parallel model, the present model results also show a good agreement

with the mixed model results, particularly for higher porosity values. At low porosities,

however, a slight overestimation has been observed. Nonetheless, this comparison once

again provides a clear idea of how well the present formulation can predict the effective

properties. It should also be noted that the mixed model formulation is a combination

of both the Bruggeman approximation and Wiener’s mixed model that is based on the

empirical correlation, whereas the present model is entirely a mathematical formulation.

5.4 Relative Permeability

The phase relative permeability is defined as the ratio of the intrinsic permeability for

the phase at a given saturation to the total intrinsic permeability of a porous medium.

Physically, the relative permeability of a phase describes the extent to which one phase

is hindered by others in pore spaces, and hence it can be formulated as a function of

liquid saturation. The simplest approach is to consider the relative permeability as a

linear function of saturation [56] and the most used model is the cubical function of

saturation [54, 114].

Several other relative permeability models are available in literature, which are summa-

rized in Table 5.3 in terms of wetting phase saturation [149, 150]. Since the cubic relation is

most widely used for the PEM fuel cell GDLs and CCLs, the following empirical correlation

is used for the gas phase relative permeability [114]

krg = sg
3 = (1− sl)

3 (5.41)

where sl is the liquid saturation, defined as the ratio between the volume of liquid water to

the pore volume. Similarly, the liquid phase relative permeability in the porous electrode

and catalyst layer is estimated using the following empirical correlation [114]

krl = sl
3 (5.42)
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Table 5.3: Summary of the relative permeability models

Models Relative permeability Relative permeability

(non-wetting phase) (wetting phase)

Corey model (1− sl)
2(1− s2l ) s4l

Brooks-Corey model (1− s2l )(1− s
2+λ/λ
l ) s

2+3λ/λ
l

van Genuchten model (1− sl)
1/3(1− s

1/m
l )2m s0.5l (1− (1− s

1/m
l )m)2

λ represents the pore size distribution and m is a fitting parameter.
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Figure 5.13: Comparison of the relative permeability models.

The cubical model (also known as Wyllie model) has often been criticized [151, 152],

while we did not find any significant difference between the cubical model and the Corey

and Brooks-Corey models. A plot of these models along with the van Genuchten model is

shown in Fig. 5.13, which is showing the gas phase relative permeability with the liquid

water saturation. The cubical and Corey models are independent of materials and are only

the function of liquid saturation. While the Brooks-Corey and van Genuchten models

are material dependent. Here E-Tek Cloth-A has been considered with the pore size

distribution of 1.59 and the fitting parameter for the van Genuchten model is taken as
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0.7262 [151]. Clearly the Corey model and the Brooks-Corey model are identical, though

one is material dependent and other is not. If we compare the Corey and Brooks-Corey

models with the cubical model, we can easily neglect the variation observed in Fig. 5.13.

Conversely, if we criticize the cubical model, we have to criticize the Corey and Brooks-

Corey model as well. As seen from Fig. 5.13, there is a significant difference between both

the Corey models with the van Genuchten model and it is still not clear which model

would be a good fit for the PEM fuel cell. Hence, the use of cubical model in this study

is reasonable.

5.5 Capillary Pressure

The relative permeabilities are also function of capillary pressure, while the capillary pres-

sure is the difference between non-wetting and wetting phase pressures [52, 55, 63, 117, 152].

Hence, it can be written as

Pc = Pnw − Pw =

Pg − Pl if θc,w < 90◦ ⇒ Hydrophilic

Pl − Pg if θc,nw > 90◦ ⇒ Hydrophobic
(5.43)

where Pnw and Pw are the non-wetting and wetting phase pressures, respectively, and

θc,w and θc,nw are the wetting and non-wetting phase contact angles (in a 0 to 180◦ scale),

respectively. To use the above-mentioned definition of capillary pressure, the contact angle

has to be chosen carefully.

The capillary pressure is always a function of wetting phase contact angle, while the

typical definition of hydrophilic and hydrophobic surfaces is based on both wetting and

non-wetting phase contact angles. In literature, it has been observed that the capillary

pressure is defined according to Eq. (5.43) and using the both wetting and non-wetting

phase contact angles [74, 152, 153], which will yield an erroneous result. It is, however,

possible to avoid such confusion by defining the capillary pressure that is irrespective to

the wetting and non-wetting phases. Hence, the capillary pressure is defined as [52, 55,

63, 117, 154]

Pc = Pg − Pl (5.44)

Eq. (5.44) is valid for both the hydrophilic and hydrophobic surfaces when the liquid

phase contact angle is used for the capillary pressure instead of wetting phase contact

angle. Hence, the capillary pressure as a function of liquid phase contact angle is defined
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Figure 5.14: Cylindrical pore having (a) hydrophobic and (b) hydrophilic characteristics.

as [155]

Pc =
2γ cos θc

r
(5.45)

This equation is based on the assumption that the gravitational and viscous forces in the

GDL and CCL of a PEM fuel cell are relatively small compared to capillary forces. Here

γ is the surface tension between the gas phase and liquid phase, θc is the contact angle

of liquid phase, and r is the pore radius. The contact angle, θc, is defined as the angle

between the liquid-gas interface and the solid surface measured at the triple point where

all three phases intersect. If the pore material is hydrophilic, the contact angle is less than

90◦ and Pc is positive; hydrophobic materials have a negative Pc and the contact angle

greater than 90◦, as illustrated in Fig. 5.14.

For the two-phase flow in a porous medium, the capillary pressure can be modeled by

the following empirical correlation [156]:

Pc = γ cos θc

( ϵ

K

)0.5
F (sl) (5.46)

The term F (sl) is the Leverett function that represents the dimensionless capillary pressure

as a function of the liquid saturation, and the term (ϵ/K)0.5 is characteristic of the pore

length scale. For the hydrophilic and hydrophobic mediums, the Leverett functions are

given as

F (sl) =

1.417(1− sl)− 2.120(1− sl)
2 + 1.263(1− sl)

3 if θc < 90◦

1.417sl − 2.120sl
2 + 1.263sl

3 if θc > 90◦
(5.47)

The Leverett function was proposed by Udell [157] for packed beds that only considers
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Figure 5.15: Variation of capillary pressure with liquid (water) saturation used by Natara-
jan and Nguyen [59] and Wang et al. [54]. The symbols represent the data taken from lit-
erature and the lines are indicating estimated best-fitted correlation as given in Eq. (5.48).

the influence of porosity and permeability of a porous medium, while ignoring the effect

of detailed pore morphology. This approach has often been criticized [151, 152] since

the applicability of Leverett function to the GDL and CCL of a PEM fuel cell requires

experimental verification, which is still absent in the literature. It still holds certain

merits for PEM fuel cell [158]. Several other empirical constitutive equations are also

found in the literature that relate the liquid saturation, sl, to the capillary pressure,

Pc [59, 113, 159, 160]. Among these empirical equations, Natarajan and Nguyen [59]

provided the expression based on fitting the model to experimental fuel cell data, while

the Leverett’s correlation in Wang et al. [54] was based on experimental data on porous

media like soil. The profile of the capillary pressure as a function saturation in the GDL

of a PEM fuel cell used by Natarajan and Nguyen [59] and Wang et al. [54] are shown

in Fig. 5.15. Here, the symbols are the experimental data, while the lines represent the

best-fitted correlation. The correlations between the capillary pressure in atm and the

liquid water saturation are found as

Pc =

(−3.623sl
3 + 5.428sl

2 − 3.849sl + 4.465)× 10−4 for Natarajan and Nguyen [59]

−0.126sl
3 + 0.165sl

2 − 0.095sl + 0.055 for Wang et al. [54]

(5.48)

Clearly, these correlations are completely different than the Leverett function. In addition,
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these correlations do not agree each other. Since the Leverett function has been widely

used for the PEM fuel cell, this thesis adopts the Leverett function to be consistent with

the majority of the PEM fuel cell literatures.

5.6 Summary

In this chapter, a unique set of expressions for the effective protonic conductivity, elec-

tronic conductivity, and oxygen diffusivity in both the catalyst and gas diffusion layers of a

PEM fuel cell, which has similar mathematical formulation, has been derived. The math-

ematical expressions for the effective transport properties in a PEM fuel cell are compared

with results available in literature. Also the relative permeability and capillary pressure

are described and the widely used correlations are provided. These correlations are also

compared with various empirical correlations that are available in fuel cell literatures.

In summary, the mathematical expressions for the effective transport properties are

quite capable of predicting reasonably accurate and comparable results. Further, for the

effective electronic conductivity, the higher the volume fraction of Pt/C in a catalyst layer,

the better the model’s prediction has been found. Similar statement can be given for the

effective protonic conductivity; a higher membrane fraction will provide better model

predictions. Conversely, if the catalyst layer has high porosity with less water saturation,

the proposed model is found to be in better agreement with the models that used both the

Bruggeman and Weiner type of correlations together for the effective diffusivity. While

the Bruggeman correlation is purely an empirical correlation and is valid for single-phase

porous medium, the proposed formulation has its physical and mathematical origins and

is valid for multi-phase porous medium. Furthermore, the complexities involved in using

the Bruggeman approximation and Weiner models together can be avoided by employing

the effective diffusivity formulation developed in this thesis [161]. Hence, the present

expressions are recommended for the numerical modeling of PEM fuel cells. Although

these expressions are derived focusing on the PEM fuel cell, the present formulations

for the effective transport properties are equally applicable for other hydrogen fuel cells,

porous media flow, and multi-phase composite systems.
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Chapter 6

Analytical Model

This chapter describes analytical approaches to performance optimization and liquid water

transport in the catalyst layer. The analytical model of performance optimization is devel-

oped using an exact solution of activation overpotential, while the liquid water transport

model is developed using the conservation equations for the liquid phase in the cathode

catalyst layer of a PEM fuel cell. It worthwhile to note that the models presented in this

chapter are based on the published articles.1,2,3

6.1 Analytical Approach to Performance Optimiza-

tion

To optimize the PEM fuel cell performance, it is required to estimate the reversible cell

voltage and various losses. Among the various losses, ohmic overpotential and activation

overpotential are the most significant in the typical operating range of a PEM fuel cell. The

formulation of ohmic overpotential is well established and does not require complicated

mathematical formulation or numerical computation for fully hydrated membranes [80, 82].

It is mostly dependent on the ohmic resistance of the cell material with the exception of the

membrane resistance, where the amount of water content might change the effective ohmic

resistance in some instances. Nonetheless, using these ohmic overpotential formulations,

one can optimize the ohmic overpotential; a part of the total polarization of PEM fuel cell

except the activation overpotential. The activation overpotential formulation, a significant

part of the cell voltage losses, is still elusive. Therefore, a simple model for studying cathode

1P.K. Das, X. Li, and Z.S. Liu. Journal of Electroanalytical Chemistry, 604:72–90, 2007.
2P.K. Das, X. Li, and Z.S. Liu, Proc. of ASME 2009 Seventh International Fuel Cell Science, Engi-

neering and Technology Conference, Paper ID 85189, Newport Beach, California, June 2009.
3P.K. Das, X. Li, and Z.S. Liu, International Journal of Hydrogen Energy, 35:2403–2416, 2010.
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activation losses in PEM fuel cell and its optimization has been proposed. This model has

been developed using a combination of analytical solution and empirical formula, which

includes:

◦ An analytical expression for the activation overpotential and its comparison with the

various data available in literature that covers empirical results, experimental data,

and numerical predictions.

◦ The composition and performance optimization modeling of the catalyst layer of

PEM fuel cell, where Pt-loading, catalyst layer composition, and thickness have

been optimized.

In the first part, a simple and efficient analytical solution for estimating cathode activa-

tion overpotential in the PEM fuel cells is derived that can be used as a benchmark solution

to validate numerical models. In the second part, all design parameters have incorporated

in the model for focusing on the optimization of CCL including Nafion content (%wt of

Nafion), platinum content (%wt of platinum), platinum loading (mg/cm2), void fraction,

and catalyst layer thickness. The importance of this analytical model is that it can be

used to model the performance of fuel cell system as well as it will be a useful tool for

optimizing the structures of membrane electrode assembly, catalyst layer parameters, and

operating parameters. Investigation has also been conducted for the optimum conditions

for Nafion content, Pt-loading as well as effect of the operating conditions on the perfor-

mance of PEM fuel cell. In the following sections, the analytical model to estimate the

activation overpotential and how the ohmic overpotential and reversible cell potential are

estimated have been described; while the performance optimization results are reported in

Chapter 8.

6.2 Estimation of Activation Overpotential

In the analytical formulation of activation overpotential, the cathode catalyst layer is as-

sumed as a macro-homogeneous mixture of Nafion membrane, supported catalyst and void

space. The volume fractions of these components can be varied as can the effective sur-

face area of catalyst that can be characterized by different loadings and catalyst types.

Since only the catalyst layer is needed to be considered, the governing equations stated

in Chapter 3 are simplified for single-phase gaseous reactants. It should be noted that

the anode activation overpotential is negligible compared to the cathode activation over-

potential [6, 24, 33]. Hence, the cathode activation overpotential will be referred as the

activation overpotential neglecting the anodic overpotential and the details of the activa-

tion overpotential derivation are provided in the following sections.
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6.2.1 Governing Equations

Assuming the fuel cell is operating in steady-state condition and the membrane is fully

humidified, the conservation equations for the reactants, electron, and proton in the CCL

are simplified as follows:

∇ ·
(
Deff

i ∇ci
)
= −

[ si
nF

]
4AvFRc,red (6.1)

∇ ·
(
σeff
s ∇Φs

)
= −4AvFRc,red (6.2)

∇ ·
(
σeff
m ∇Φm

)
= 4AvFRc,red (6.3)

where the subscript i in represents the reactant species and the superscript “eff” repre-

sents the effective transport coefficients. Here si is a constant equals 2 for H2, and −1 for

O2, respectively, n (=4) is the number of electrons transferred in the cathodic reaction

(Eq. (1.2)), and c denotes the concentration of gas species. The terms Φs and Φm are the

electrical potential in the solid electrode and the membrane electrolyte, respectively, σeff
s

and σeff
m are the effective conductivities of the solid catalyst and the membrane, respec-

tively, and Rc,red is the rate of electrochemical reaction that is given by the Butler-Volmer

equation in Eq. (4.68).

6.2.2 One-dimensional Formulation

The schematic of a macro-homogeneous CCL is shown in Fig. 6.1 along with the spatial

coordinate x with the positive direction pointing from the membrane/CCL interface toward

the GDL. Since the thickness of the cathode catalyst layer is almost 4 to 5 order of

magnitude smaller than the cell height, therefore Eqs. (6.1)–(6.3) can be simplified as a

first approximation in one dimension for constant Deff
O2
, σeff

s , and σeff
m as

d2cO2

dx2
=

AvRc,red

Deff
O2

(6.4)

d2Φs

dx2
= −4AvFRc,red

σeff
s

(6.5)

d2Φm

dx2
=

4AvFRc,red

σeff
m

(6.6)

For simplicity the effective properties are calculated using the Bruggemann correction from

the bulk values according to the following correlations [6, 82, 122]:
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Figure 6.1: Sketch of a cathode catalyst layer (CCL) along with the spatial coordinate x.
The arrows are indicating the directions of species transports.

Deff
i = Diϵ

1.5 (6.7)

σeff
s = σsf

1.5
s (6.8)

σeff
m = σm (ϵfm)

1.5 (6.9)

Here ϵ is the void fraction, fm denotes the membrane volume fraction in the catalyst layer

void region, and Di, σs and σm are the bulk diffusivity, bulk electronic conductivity, and

bulk membrane conductivity, respectively. The catalyst layer void fraction is calculated

from the known values of catalyst loading (fPt), the catalyst layer thickness (δCL) and the

densities of platinum and carbon black (ρPt and ρC) using Eq. (4.18). However, it is always

recommended to use the effective property expressions provided in Chapter 5.

Defining the potential drop across the CCL as ηc = Φm − Φs and combining Eq. (6.2)

and Eq. (6.3), it can be written as

d2ηc
dx2

=
d2Φm

dx2
− d2Φs

dx2
(6.10)

also combining Eqs. (6.5) and (6.6) yields

σeff
s

d2Φm

dx2
= −σeff

m

d2Φm

dx2
(6.11)
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Table 6.1: Catalyst surface areas as a function of the fraction of Pt-catalyst [162]

Catalyst type %Pt As(m
2/g)

10 140

20 112

Pt on 30 88

Carbon black 40 72

60 32

80 11

Pt black 100 28

Typically, the electrical conductivity in the conducting solid (σeff
s ) is several orders of

magnitude larger than the conductivity of the membrane phase (σeff
m ). Therefore, it can be

immediately recognized from the above equation that the second order derivative of the

potential in the solid phase will be very small compared to the second order derivative of

the membrane phase potential. Hence, using Eq. (4.68) in Eq. (6.10) yields

d2ηc
dx2

=
AvJ

O2
0

σeff
m

[
cO2

cO2,ref

]γc {
exp

(
−αanFηc

RT

)
− exp

(
αcnFηc

RT

)}
(6.12)

where cO2 represents the oxygen concentration in the cathode catalyst layer. The reference

current density (JO2
0 ) is calculated using the experimental data of Parthasarathy et al. [13]

(given in Eq. (4.66)) and the reference oxygen concentration, cO2,ref corresponding to JO2
0

is taken as 1.2 mol/m3 [13, 82]. The specific reaction surface (Av) is estimated from the

catalyst mass loading per unit area of cathode (mPt), catalyst surface area per unit mass of

the catalyst (As), and catalyst layer thickness (δCL) using Eq. (4.10). The catalyst surface

area per unit mass of the catalyst is also a function of the fraction of the Pt-catalyst on

the carbon support (%Pt) and the typical values of the catalyst surface area as a function

of the amount of Pt-loading are listed in Table 6.1.

6.2.3 Exact Solution of Activation Overpotential

Neglecting the concentration overpotential, assuming the oxygen concentration in the CCL

is uniform and αa = αc, Eq. (6.12) can be simplified as
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d2ηc
dx2

= −κ′ sinh

(
αcnFηc

RT

)
(6.13)

where κ′ is a constant. Further, considering the following scaled variables, scaled CCL

thickness (x̄) and scaled activation overpotential (η̄c)

x̄ =
x

δCL

; η̄c =
αcnFηc

RT
(6.14)

Eq. (6.13) is written in scaled form as

d2η̄c
dx̄2

= −κ sinh(η̄c) (6.15)

where the dimensionless parameter κ is defined by the following relation:

κ =
AvJ

O2
0

σeff
m

[
cO2

cO2,ref

]γc 2αcnF δ2CL

RT
(6.16)

The scaled form of the governing equation for the activation overpotential, Eq. (6.15),

is a second order nonlinear equation, which can be solved analytically for appropriate

boundary conditions. The steps of the analytical solution along with the boundary con-

ditions are given below. The exact solution of Eq. (6.15) is obtained by multiplying both

side by
dη̄c
dx̄ and integrating twice as follows:

d

dx̄

[(
dη̄c
dx̄

)2
]
= −2κ sinh(η̄c)

dη̄c
dx̄

(6.17)

dη̄c
dx̄

= ±
√
2κ cosh(η̄c) + C1 (6.18)

It is noticed that the gradient of the membrane potential on the CCL/GDL interface is

zero. In addition, if the membrane potential at x = δCL is considered as the reference

potential then the following boundary conditions are available.

dη̄c
dx̄

= 0 at x = δCL (6.19)

η̄c = 0 at x = δCL (6.20)

Applying these boundary conditions in Eq. (6.18), the integration constant C1 is found as

−2κ. Also
dη̄c
dx̄ has to be negative to satisfy second boundary condition, hence
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dη̄c
dx̄

= −
√

2κ [cosh(η̄c)− 1] (6.21)

To obtain the relation between the current density and the activation overpotential,

the second boundary condition is required that is specified as

σeff
m

dΦm

dx
= J at x = 0 (6.22)

where J is the total current density drawn from the cell. Using Eq. (6.22) in Eq. (6.21),

the exact relation between the current density and the activation overpotential in the CCL

is found as

J =
RTσeff

m

αcnF δCL

√
2κ

[
cosh

(
αcnFηc

RT

)
− 1

]
(6.23)

and hence, the activation overpotential in the CCL of a PEM fuel cell can be expressed

by the following expression [7, 163]:

ηc =
RT

αcnF
cosh−1

1 + J2

4σeff
m

(
RT
αcnF

)
AvJ

O2
0

(
cO2,rs
cO2,ref

)
 (6.24)

where cO2,rs represents the oxygen concentration at the reaction site. It is worthwhile to

note that the activation overpotential expression represents only the cathodic overpoten-

tial, and is obtained by assuming no variation of oxygen concentration in the CCL of a

PEM fuel cell and for equal transfer coefficients in the Butler-Volmer equation. Since all

the parameters are known for a specific fuel cell except oxygen concentration in the catalyst

layer, it can easily be estimated by knowing the oxygen concentration. In the following

sections, an approximate formulation to calculate the oxygen concentration and how the

ohmic overpotential and reversible cell potential are estimated have been described.

6.3 Oxygen Concentration

For fully hydrated membrane in the cathode catalyst layer, the concentration of proton

at the reaction sites is fixed and constant, and its specific value depends on the type

of the membrane used. Conversely, the concentration of oxygen depends on the rate of

electrochemical reaction or current density, as well as diffusion through the electrode and

liquid water. Also concentration within the catalyst layer varies with the distance from the
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CCL/GDL interface. For small current densities, the concentration variation is very small.

At intermediate and high current densities, concentration of oxygen decays sharply within

a small region in the catalyst layer near the CCL/GDL interface [6]. Since the region of

the catalyst layer where electrochemical reactions occurs, is very small; it can be assumed

that the oxygen concentration is almost uniform in that small region and independent

of the length scale x in the CCL. Unlike Marr and Li [6], it is considered that oxygen

concentration at x = 0 is known but depends on the current density. This will eventually

provide a better approximation of oxygen concentration than the estimates of Marr and

Li [6]. In the following subsections, the details of oxygen concentration calculations in the

CCL and on the catalyst surface are provided.

6.3.1 Oxygen Concentration in Flooded GDL

During the transport process, oxygen in the flow channels first convects to the surface of

the GDL, and then diffuses through the GDL to the catalyst layer surface as shown in

Fig. 6.2. Considering a uniform oxygen concentration in the cathode gas flow channel (cch),

the average concentration at the GDL/GFC interface (ces) can be defined as a function of

current density by [82]

ces = cch −
dhWL

4ShFDO2,bulkAc

J (6.25)

Here dh is the hydraulic diameter of the flow channel, W is the width of the cell, L is the

length of the cell, DO2,bulk represents the diffusion coefficient of oxygen in the gas mixture

of the flow channel, and Ac is the area of the flow channels exposed to the electrode. In

the above equation, the Sherwood number is denoted by Sh, and due to the laminar flow

in the flow channels, is equal to 2.3. The bulk diffusion coefficient is calculated according

to [127]

DO2,bulk =
1− xO2

g

xN2
g

DO2−N2

+
xH2O
g

DO2−H2O

(6.26)

where xO2
g , xN2

g , and xH2O
g are the mole fractions of oxygen, nitrogen, and water vapor in

the gas flow channel, respectively. The binary diffusion coefficient of oxygen and nitrogen,

DO2−N2 , is calculated using Chapman-Enskog formula given in Eq. (5.35) and the binary

diffusion coefficient of oxygen and water vapor, DO2−H2O, is calculated using Slattery-Bird

equation given in Eq. (5.36).

Once the concentration on the GDL surface is known, the oxygen concentration on the
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Figure 6.2: Schematic profile of oxygen concentration in the CCL and partially flooded
GDL.

other side of the GDL (at the interface with liquid water in Fig. 6.2) is estimated using

the Fick’s law of diffusion

cIII−II = ces −N
′′

O2
RIII (6.27)

where RIII is the resistance to mass-transfer caused by the oxygen diffusion through the

GDL and N
′′
O2

is the molar flux of oxygen that is defined as

N
′′

O2
=

J

4F
(6.28)

At the interface of liquid water and GDL, oxygen concentration is further reduced due

to the limitation of transport processes in the liquid medium. Since the oxygen is weakly

soluble in liquid water under the typical fuel cell operating environment, the amount of

concentration drop at the liquid-gas interface can be related by using the perfect gas law

and Henry’s law as

∆cIII−II = cIII−II

(
1− RT

HO2

)
(6.29)

where HO2 is Henry’s constant for oxygen gas dissolution in liquid water, which is deter-

mined from the following empirical correlation [24]:

HO2 = 0.1013 exp

(
14.1− 666

T

)
(6.30)

where the temperature T is in Kelvins, and HO2 is in the unit of Pa·m3/mol.
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Although the thickness of water flooding layer is non-uniform in real case, in the present

investigation the liquid water thickness in the GDL is considered uniform, consistent with

the present 1D analysis. Hence, the decay of oxygen concentration in the liquid water

layer is approximated using the Fick’s law formulation as

cII−I = (cIII−II −∆cIII−II)−N
′′

O2
RII (6.31)

where RII is the resistance to mass-transfer caused by the oxygen dissolving into the liquid

water. Considering fw is the fraction of void region in the GDL that is flooded by liquid

water, both the resistances (RII and RIII) are expressed by the volume fraction divided

by the corresponding diffusion coefficient

RII =
fwδGDL

Deff
O2−H2O(l)

(6.32)

RIII =
(1− fw)δGDL

Deff
O2,GDL

(6.33)

where δGDL is the GDL thickness. The terms, Deff
O2−H2O(l)

and Deff
O2,GDL, are the effective

diffusion coefficients of oxygen through the liquid water zone and the gas zone in the GDL

as shown in Fig. 6.2, respectively.

The binary diffusion coefficient of oxygen in liquid water can be obtained using Wilke-

Chang relation given in Eq. (5.37). Combining Eqs. (6.27)–(6.29) and (6.31) yields

cII−I = ces
RT

HO2

− J

4F

(
RII +RIII

RT

HO2

)
(6.34)

It should be noted here that the concentration given by Eq. (6.34) is valid only when

fw > 0. The concentration further drops down before reaching the catalyst particles, i.e.

at the surface of the catalyst particles; the actual oxygen concentration is slightly lower

than the above-mentioned concentration. Since the actual composition of the catalyst

layer is more complex and not available in the literature, one may neglect the composition

effect and assume the constant concentration profile in the CCL using Eq. (6.34).

In the present investigation, an uniform concentration profile is considered in the cat-

alyst layer, which is equal to the concentration at the CCL/GDL interface, i.e. cO2,CL =

cII−I . However, to study the effect of the Nafion content in the catalyst layer and water

flooding, it is required to consider the oxygen concentration on the catalyst particle’s sur-

face. Considering the catalyst particles are surrounded by Nafion membrane and liquid

water layer, the oxygen concentration on the surface of the catalyst particle is approxi-
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mated by applying the Fick’s law

cO2,rs = cII−I −
J

4F
(Rw,CL +Rm,CL) (6.35)

where Rw,CL and Rm,CL represent the resistance to mass-transfer in the liquid water and

the resistance to mass-transfer in the Nafion content of the CCL, respectively. If the

GDL is assumed partially flooded, then the catalyst layer would be fully flooded, and the

resistances can be determined as

Rw,CL =
fH2O(l)

δCL

Deff
O2−H2O(l),CL

(6.36)

Rm,CL =
fmδCL

Deff
O2−m,CL

(6.37)

where fH2O(l)
and fm are the volume fraction of liquid water and membrane in the void

region of the catalyst layer, respectively. The effective diffusion coefficients of oxygen

through the liquid water and the Nafion in the catalyst layer are denoted by Deff
O2−H2O(l),CL

and Deff
O2−m,CL, respectively. These effective values can be estimated using the formula-

tion derived in Chapter 5, while the diffusion coefficient for oxygen in Nafion membrane

(DO2−m) can be calculated using the empirical relation given in Eq. (5.39) [6].

6.3.2 Oxygen Concentration in Dry GDL

Formulation given in the above-section is valid only when the GDL is flooded as shown

in Fig. 6.2. For dry GDL (fw = 0), zone II does not exist in Fig. 6.2. Then the oxygen

concentration at the CCL/GDL interface is calculated directly using the Fick’s law as

cIII−I = ces −
J

4F
RIII (6.38)

where RIII is the resistance to mass-transfer by the oxygen diffusion through the dry

GDL. If an un-flooded GDL is considered, which means catalyst particles are no longer

completely surrounded by the Nafion and liquid water. In this circumstance, there will be

some void space over the catalyst particle that is filled with gas mixture. Therefore, oxygen

has to penetrate three layers, namely, Nafion membrane, liquid water, and gas mixture

layer. In reality, it can be more than three layers as mentioned; it can be any combinations

of the Nafion, liquid water, and gases. However, for simplification it has been considered

that catalyst particles are surrounded by three distinct layers of Nafion, liquid water, and

gas. Hence, the following resistance for the mass-transfer associated with the gas mixture

in the partially flooded catalyst layer is formulated along with Eqs. (6.36)–(6.37) for the
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liquid water and the Nafion membrane:

Rg,CL =

(
1− fm − fH2O(l)

)
δCL

Deff
O2,CL

(6.39)

where Deff
O2,CL is the effective diffusion coefficient of oxygen through the gas phase. Similar

to the formulations of Eqs. (6.34)–(6.35), the expression for the oxygen concentration on

the reaction sites for the partially flooded catalyst layer is written as

cO2,rs = cII−I
RT

HO2

− J

4F

(
Rg,CL

RT

HO2

+Rw,CL +Rm,CL

)
(6.40)

6.4 Cell Potential

To investigate the fuel cell performance using the proposed activation overpotential for-

mulation, the electric output of a PEM fuel cell is defined by neglecting the concentration

overpotential as

Ecell = Eoc − ηc − ηohm (6.41)

where Eoc is the open circuit voltage at zero current, ηc is the activation overpotential, and

ηohm is the ohmic overpotential. Although the concentration overpotential is neglected in

the above equation, the effect of mass-transfer limitation on the cell potential is incorpo-

rated through the estimation oxygen concentration at the reaction sites as described in

the previous sections.

As observed in Fig. 1.3, the activation overpotential in the anode catalyst layer is neg-

ligible compared to the overpotential in the cathode catalyst layer. Therefore, activation

overpotential is considered as potential losses in the cathode catalyst layer only. In an

ideal fuel cell, the cell voltage is independent of the current drawn, and the open circuit

potential would remain equal to the reversible cell potential (Er). Practically, the ideal

cell potential is not possible to attain at the zero current due to another problem for PEM

fuel cells, fuel crossover through the membrane, which results in a mixed potential at the

cathode and thereby lowers the cell performance [164]. Hence, the following expression is

considered for the open circuit potential.

Eoc = Er − Emixed (6.42)

where Emixed is the mixed potential at the electrodes. This amount of potential drops is

91



CHAPTER 6. ANALYTICAL MODEL

mainly due to unavoidable parasitic reactions that tend to lower the equilibrium electrode

potential. For instance, it might be due to the crossover of fuel through the electrolyte

from anode to cathode or vice versa, slow oxygen-reduction kinetics, Pt-oxide formation

and/or impurity oxidation, or some other unknown factors.

6.4.1 Reversible Cell Potential

The reversible cell voltage (Er) is the cell potential obtained at the thermodynamic equi-

librium. For the reaction of the PEM fuel cells shown in Eq. (1.3), the reversible cell

potential can be found from a modified version of the Nernst equation as [4, 23, 82]

Er =
∆G

2F
+

∆S

2F
(T − Tref)−

RT

2F
ln

(
xH2O
g

xH2
g xO2

g
0.5

)
+

∆NRT

2F
ln

(
Pref

P

)
(6.43)

where ∆G is the change in Gibbs free energy and ∆S is the change in entropy. The variable

T denotes the cell operating temperature, with Tref denoting a reference temperature (298

K). Similarly, P denotes the operating pressure and Pref denoting reference pressure (1

atm). The term ∆N is the changes in the number of mole in the gas product side and

the gas reactant side of Eq. (1.3). Using the standard-state Gibbs free energy change and

entropy change, and considering the product water is in the vapor state, Eq. (6.43) can

now be written as

Er = 1.185− 2.302× 10−4 (T − Tref)− 4.308× 10−5T ln

(
xH2O
g

xH2
g xO2

g
0.5

)

− 2.154× 10−5T ln

(
Pref

P

)
(6.44)

6.4.2 Ohmic Overpotential

The ohmic overpotential is the total overpotential resulting from the resistance to proton

transfer through the membrane and the resistance to electron transfer in the collector plates

and the electrodes. Therefore, the total drop in potential due to the ohmic resistance can

be defined via an Ohm’s law relation as

ηohm = ηohm,p + ηohm,e + ηohm,m = R
′′

totalJ (6.45)

where R
′′

total is the equivalent of total internal resistance, J is the cell current density, ηohm,p,

ηohm,e, and ηohm,m are the potential drop due to the ohmic resistance of flow channel
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plate, the electrodes, and membrane layer, respectively. Mathematical formulation for

each of these resistances has already been developed [82]. However, careful attention is

required to calculate these resistances, since these expressions are dependent on the cell

geometry, material properties, and reactant concentration. One can also approximate the

total internal resistance from the following empirical relation for typical PEM fuel cell,

which is a function of cell temperature in Kelvin and current [14, 15]:

Rtotal = 0.01605− 3.5× 10−5T + 8.0× 10−5I (6.46)

In addition, experimental values of ohmic resistance for PEM fuel cells operating between

50 ℃ to 70 ℃ and 1 atm to 5 atm pressure are available in Ref. [16].

6.5 Analytical Approach to Liquid Water Transport

There are numerous theoretical and numerical studies related to liquid water transport

available in literature [23, 26, 28, 53, 65, 116, 151, 152, 165–168], however, all of them are

for the liquid water transport in the membrane or the GDL of a PEM fuel cell. These

studies also addressed the water flooding in the GDL and gas flow channel, and none of the

previous studies specifically addressed the liquid water transport in the CCL of a PEM

fuel cell. Further, these studies were based on the assumption that most of the liquid

water produced at the CCL/GDL interface or the catalyst layer is very thin. While the

highest reaction rate occurs at the membrane/CCL interface [94] and the CCL thickness

needs to be higher than 10 µm to obtain optimum performance from a PEM fuel cell [7].

Therefore, the approximation of a thin CCL or considering the CCL as an interface seems to

be insufficient to explore the overall liquid water transport in a PEM fuel cell. Substantial

amount of experimental studies have also been conducted for the flooding in PEM fuel

cells to understand the fundamental water transport processes [9, 169–175]. Furthermore,

Pasaogullari and Wang [63] developed an analytical model of liquid water transport in

the GDL of a PEM fuel cell. Although water flooding in the CCL likely occurs prior to

that in the flow channel and GDL because of water is produced in the CCL from the

electrochemical reaction and is expelled from the CCL to the flow channel through the

GDL, the studies related to the CCL flooding are still elusive. Here, a 1D analytical

model of liquid water transport is derived from the fundamental transport equations to

investigate the water transport in the CCL.

To investigate the liquid water transport in the CCL analytically, a macro-homogeneous

catalyst layer is considered as shown in Fig. 6.1. In the CCL, the transport of liquid water

is governed by the microscopic conservation of mass and momentum equations of liquid
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water phase. To apply the microscopic conservation equations macroscopically within

the catalyst layer, the volume-averaged microscopic conservation equations described in

Section 4.3 are considered. In the following subsections, the proposed model and the

required boundary conditions are described.

6.5.1 One-dimensional Liquid Water Transport

Assuming the liquid water transport inside the CCL is mainly driven by the liquid pressure

gradient according to the Darcy’s law, the conservation of momentum equation for the

liquid phase is simplified by neglecting the convective and viscous terms (due to very

small Reynolds and capillary numbers) for the steady-state case as

ϵl∇⟨Pl⟩l = − ϵlµl

Kkrl
⟨ul⟩l (6.47)

Using the definition of capillary pressure, Eq. (6.47) yields

−∇Pc +∇⟨Pg⟩g = − µl

Kkrl
⟨ul⟩l (6.48)

The gas phase pressure can be considered constant throughout the CCL and GDL of

a PEM fuel cell, and is equal to the gas phase pressure in the cathode flow channel [63].

Assuming a constant gas phase pressure and solving Eq. (6.48) for ⟨ul⟩l and substituting

into Eq. (4.41) yields

∇ ·
(
Kkrl
µl

⟨ρl⟩
dPc

dsl
∇sl

)
= ΓM,l (6.49)

Considering the one-dimensional transport of liquid water in the through-plane direc-

tion of catalyst layer, Eq. (6.49) reduces to an ordinary differential equation that can be

solved analytically with appropriate approximation and boundary conditions. Assuming

the reactant gas is fully humidified, the evaporation part from Eq. (4.6) can be neglected

and hence, the right hand part of Eq. (6.49) reduces to

ΓM,l = M̂H2OAvṖ
H2O + kc

ϵxH2O
g M̂H2O

RT

(
xH2O
g ⟨Pg⟩g − Psat

)
(6.50)

The molar production of liquid water, ṖH2O, is the function of reaction rate and

hence, oxygen concentration and activation overpotential. In Sections 6.2 and 6.3, the for-

mulations for the activation overpotential and oxygen concentration are already described.
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After integrating Eq. (6.49) with respect to x yields

Kkrl
µl

⟨ρl⟩
dPc

dsl
∇sl = xΓM,l + C1 (6.51)

where C1 is the integration constant.

The boundary condition for Eq. (6.51) at the membrane/CCL interface can be written

as [
Kkrl
µl

⟨ρl⟩
dPc

dsl
∇sl

]∣∣∣∣
x=0

= 2α

(
J

2F
M̂H2O

)
(6.52)

where α is the net drag coefficient, J is the current density, F is the Faraday’s constant,

and M̂H2O is the molar mass of water. The net drag coefficient includes both electro-

osmotic drag and back-diffusion between the membrane and CCL. Hence, the right-hand

side term in Eq. (6.52) describes the overall liquid water transport through the membrane

to the CCL [176, 177]. The coefficient, α, is positive when water transport by the electro-

osmotic drag is higher than the back-diffusion from the CCL to the membrane, and will

be negative when water transport by the electro-osmotic process is lower than the back-

diffusion process. If water transport by the electro-osmotic drag is equal to the back-

diffusion, then one can assume that the net transport of water across the membrane is

zero. Using the boundary condition given in Eq. (6.52), the first integration constant is

found as

C1 = 2α

(
J

2F
M̂H2O

)
(6.53)

The volume-averaged liquid water density, ⟨ρl⟩, can be written in terms of phase-

averaged density as

⟨ρl⟩ = ϵsl⟨ρl⟩l = ϵslρl (6.54)

Hence, using the Leverett function, Eq. (6.51) simplifies in terms of liquid saturation for

a hydrophilic CCL (θc < 90◦) as

s4l (−0.966 + 3.338sl − 3.789sl
2)
dsl
dx

= xRw +Rd (6.55)

and for a hydrophobic CCL (θc > 90◦) as

s4l (1.417− 4.240sl + 3.789sl
2)
dsl
dx

= xRw +Rd (6.56)

95



CHAPTER 6. ANALYTICAL MODEL

The terms, Rw and Rd, are represented by the following expressions:

Rw =
νl

ϵ (ϵK)0.5 γ cos θc

[
2M̂H2OAvRc,red + kc

ϵxH2O
g M̂H2O

RT

(
xH2O
g ⟨Pg⟩g − Psat

)]
(6.57)

Rd =
νl

ϵ (ϵK)0.5 γ cos θc

[
αM̂H2OJ

F

]
(6.58)

where νl is the kinematic viscosity of liquid water.

After integrating Eqs. (6.55) and (6.56), the liquid water saturation expressions have

been obtained for a hydrophilic CCL as

−0.541s7l + 0.556s6l − 0.193s5l = 0.5x2Rw + xRd + C21 (6.59)

and for a hydrophobic CCL as

0.541s7l − 0.707s6l + 0.283s5l = 0.5x2Rw + xRd + C22 (6.60)

where C21 and C22 are the second integration constants that are governed by the second

boundary condition, which is the liquid saturation at the CCL/GDL interface of a PEM

fuel cell.

Once the liquid saturation at the CCL/GDL interface is known, C21 and C22 can easily

be calculated. In addition, the terms, Rw and Rd, in the liquid saturation expressions

are the functions of reaction rate and current density, respectively. Hence, it is possible

to relate liquid saturation with the cathode activation overpotential that will eventually

allow us to study the effect of liquid saturation on the PEM fuel cell performance. In the

following subsections, the boundary condition at the CCL/GDL interface is derived from

the formulation proposed by Pasaogullari and Wang [63].

6.5.2 Boundary Condition

The boundary condition at the membrane/CCL interface is already given in Eq. (6.52),

while the boundary condition for Eqs. (6.59) and (6.60) at the CCL/GDL interface can be

defined as

sl|x=δCL
= sb (6.61)

96



CHAPTER 6. ANALYTICAL MODEL

where sb is a known liquid saturation at the CCL/GDL interface. To estimate sb, we

employed the analytical formulation developed by Pasaogullari and Wang [63] for the liquid

water transport in the GDL of a PEM fuel cell. Using the formulation of Pasaogullari and

Wang [63], the following expressions are derived:

s4b(0.354− 0.848sb + 0.613s2b) = − J

2F
M̂H2O

νlδGDL

(ϵK)0.5 γ cos θc
for θc > 90◦ (6.62)

s4b(−0.241 + 0.668sb − 0.613s2b) = − J

2F
M̂H2O

νlδGDL

(ϵK)0.5 γ cos θc
for θc < 90◦ (6.63)

where δGDL is the GDL thickness.

It should be noted here, for simplicity, Pasaogullari and Wang [63] assumed that no

liquid saturation is present in the gas flow channel. However, it is possible to consider

a liquid saturation in the flow channel; in such case, the formulation of Pasaogullari and

Wang [63] needs to be re-derived to obtain the boundary value of liquid saturation (sb).

It has also been assumed in Ref. [63] that the net transport of water across the membrane

is zero. Since the objective of this study is to use the formulation given in Ref. [63] to

obtain the boundary condition at the CCL/GDL interface, no changes have been made to

the above-mentioned assumptions.

The variations of liquid saturation at the CCL/GDL interface (sb) with the current

density for GDLs having contact angles of 80◦ and 100◦ are shown in Fig. 6.3. These

results are plotted using the expressions given in Eqs. (6.62)–(6.63). The results show

that the liquid saturation at the CCL/GDL interface for a current density of 1.4 A/cm2

would be about 11% higher for a GDL having contact angle of 80◦ compared to a GDL

having contact angle of 100◦. Hence, the liquid water removal rate will be higher for a

hydrophobic GDL than a hydrophilic GDL. Therefore, only hydrophobic GDL is considered

while investigating the liquid water transport in the CCLs of PEM fuel cells.

6.5.3 Dimensionless Liquid Water Profile

Using the boundary condition at the CCL/GDL interface given in the previous section,

the expressions for liquid water transport in the CCL become:

−0.541(s7l − s7b) + 0.556(s6l − s6b)− 0.193(s5l − s5b) = (x̄2 − 1)R̄w + (x̄− 1)R̄d (6.64)

0.541(s7l − s7b)− 0.707(s6l − s6b) + 0.283(s5l − s5b) = (x̄2 − 1)R̄w + (x̄− 1)R̄d (6.65)
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Figure 6.3: Liquid saturation at the CCL/GDL interface of a PEM fuel cell as a function
of current density for GDLs having contact angles of 80◦ and 100◦ as indicated in the
legend.

where Eq. (6.64) is for the hydrophilic CCL and Eq. (6.65) is for the hydrophobic CCL. Here

sb is the liquid saturation at the CCL/GDL interface that can be obtained from Eqs. (6.62)

and (6.63) for hydrophobic and hydrophilic CCLs, respectively, x̄ is the dimensionless

distance along the catalyst layer thickness, R̄w is the dimensionless water production in

the CCL from the electrochemical reaction and condensation, and R̄d is the dimensionless

net water transport from the membrane to the CCL by the electro-osmotic drag and

back-diffusion. The dimensionless distance along the CCL thickness is defined as

x̄ =
x

δCL

(6.66)

where δCL is the CCL thickness.

The dimensionless water production inside the CCL from the electrochemical reaction

and condensation is defined by the following expression:

R̄w =
0.5µlδ

2
CL

ϵ (ϵK)0.5 γ cos θc

[
2M̂H2OAvRc,red

ρl
+ kc

ϵxH2O
g M̂H2O

ρlRT

(
xH2O
g ⟨Pg⟩g − Psat

)]

= CDT
[
(EPT)−1 + (PCT)−1

]
= Π1 +Π2 (6.67)
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where Π1 and Π2 are the dimensionless numbers that are named as the “dimensionless time

of first kind” and “dimensionless time of second kind”, respectively. The dimensionless

time of first kind represents the ratio between the capillary diffusion time (CDT) to the

electrochemical production time (EPT). The dimensionless time of second kind represents

the ratio between the capillary diffusion time to the phase change time (PCT) at steady-

state. Conversely, the term R̄d is defined as

R̄d =
0.5µlδ

2
CL

ϵ (ϵK)0.5 γ cos θc

[
2αJM̂H2O

ρlδCLF

]
= Π3 (6.68)

where Π3 is the “dimensionless time of third kind”, which represents the ratio between

the capillary diffusion time to the time required for liquid water transport by the net

electro-osmotic drag and back-diffusion processes across the CCL. These dimensionless

time constants will provide insight about how much liquid water would be accumulated in

the CCL and transported from the CCL to the gas flow channel through the GDL. Since

the capillary diffusion is the major mode of water transport from the CCL to the GDL,

the higher the time constants are, the higher the liquid water accumulation. Hence, the

water saturation will also be higher in the CCL for higher time constant values.

6.6 Summary

In this chapter, the analytical models for estimating the activation overpotential and the

liquid water distribution in the CCL of a PEM fuel cell are described. These analytical

expressions are simple and easy to implement. The analytical expression of the activation

overpotential has been compared with the various data available in literature that covers

empirical results, experimental data, and numerical predictions and an optimization study

has also been carried out [7, 163]. The results of these comparisons and optimization study

are provided in Chapter 8. Similarly, the analytical solutions of liquid water profile have

been used to investigate the effect of catalyst layer wettability and liquid water flooding

on the fuel cell performance [178, 179], and the corresponding results are also available in

Chapter 8.
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Chapter 7

Numerical Implementation

This chapter describes the numerical procedure to solve the governing equations presented

in Chapter 4, along with the required boundary conditions (BCs). The mesh generation

procedure and mesh independency test are also described.

7.1 Computational Domains and Boundary Condi-

tions

A schematic of PEM fuel cell is shown in Fig. 7.1 with the computational domain used

in investigating transport phenomena in the CCL that is marked by a dashed rectangle.

The bottom parts of Fig. 7.1 depict the two-dimensional (2D) and three-dimensional (3D)

computational domains. Although the main focus is given to the catalyst layer, it is also

required to include GDL, BP, and GFC in the numerical simulation. For the 2D simulation,

the flow channel can be omitted by provided the species concentration at the GDL/GFC

interface as a boundary condition.

At the channel inlet, the Dirichlet boundary conditions are adopted for the gas mixture

average velocity and the species concentrations. The gas mixture velocity is specified by

ug = ξc
JO2
0

4F
A

RT0

P0

1

xO2
g,in

1

Ac

for ∂Ω ∈ GFC inlet (7.1)

and the species concentrations are specified as

cO2 =
0.21(P0 −RHPsat)

RT0

for ∂Ω ∈ GFC inlet (7.2)
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Figure 7.1: A schematic PEM fuel cell with computational domain indicated by dashed
rectangle and the two-dimensional (bottom-left) and three-dimensional (bottom-right)
computational domains used in the numerical simulations. The dashed line in the 2D
computational domain represents the line of symmetry.
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cH2O =
RHPsat

RT0

for ∂Ω ∈ GFC inlet (7.3)

where ξc is the stoichiometric ratio, ∂Ω represents the boundary of the computational

domain, RH is the inlet relative humidity, P0 is the operating pressure, and T0 is the

operating temperature. The coefficient 0.21 in Eq. (7.2) represents the molar fraction

of oxygen in air. For the 2D simulation, the above BCs are applied to the GDL/GFC

interface to simulate the transport processes for the inlet conditions.

At the channel outlets, the fully developed conditions are applied to the velocity and

species concentration fields. Thus, the fluxes of all variables do not vary in the normal

direction and the gas pressure is specified. At the channel wall, no-slip boundary condi-

tion is applied. Since the Darcy equation is considered for the CCL and GDL and the

Navier-Stokes equation is used for the GFC. The boundary conditions are needed for both

equations at the GDL/GFC interface. Here we employed variable coupling to solve these

equations. In the coupling process, one equation is solved using the initial guess and then

the numerical results is used as boundary condition for the other equation and vice versa.

Hence, the boundary values are defined as

ug,NS = ug,Darcy for ∂Ω ∈ GDL/GFC interface (7.4)

vg,NS = vg,Darcy for ∂Ω ∈ GDL/GFC interface (7.5)

wg,NS = wg,Darcy for ∂Ω ∈ GDL/GFC interface (7.6)

Pg,Darcy = Pg,NS for ∂Ω ∈ GDL/GFC interface (7.7)

where u, v, w are the three components of the velocity vector and P is the pressure. The

subscript Darcy represents the solution of Darcy equation and NS represents the values

from the Navier-Stokes solver. Since the Navier-Stokes equation is not considered in the

2D simulation, the following BC is applied to the Darcy equation:

Pg,Darcy = P0 for ∂Ω ∈ GDL/GFC interface (7.8)

The von Neumann boundary condition is applied to the membrane phase potential

for all boundaries of the computational domain. Hence, the boundary conditions for the

membrane phase potential are:

−σeff
m ∇Φm = Jm for ∂Ω ∈ membrane/CCL interface (7.9)

∇Φm = 0 for ∂Ω /∈ membrane/CCL interface (7.10)
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where Φm is the membrane phase potential and Jm is the membrane phase current density.

The von Neumann boundary condition is also applied to the solid phase potential for

all boundaries of the computational domain except the wall of the bipolar plate (BP). The

boundary conditions for the solid phase potential are:

Φs = Vcell for ∂Ω ∈ BP wall (7.11)

∇Φs = 0 for ∂Ω /∈ BP wall (7.12)

−σeff
s ∇Φs = Js for ∂Ω ∈ CCL/GDL interface (7.13)

where Φs is the solid phase potential and Js is the solid phase current density, which is the

cell current density. The BC given in Eq. (7.13) is not required when the CCL, GDL, and

BP are considered as a single-domain. This BC, however, is required when the governing

equations are only solved in the CCL.

The boundary condition for the liquid water equation at the membrane/CCL interface

is quite complex that is given in Eq. (6.52). Applying such boundary condition in the

numerical simulation is not straight forward as the coefficient term in the LHS of Eq. (6.52)

is also a function of liquid water saturation. Hence, a simplified BC is applied at the

membrane/CCL interface that can be written as

∇sl =
αJcellM̂H2O

F
for ∂Ω ∈ membrane/CCL interface (7.14)

where α is a drag coefficient that represents the net liquid water transport between the

membrane and catalyst layer, and Jcell is the cell current density.

In the 2D numerical simulation, the drag coefficient is considered to be zero, which

represents water transport by the electro-osmotic drag is equal to the back-diffusion. Con-

versely, the liquid saturation at the GDL/GFC interface is defined as

sl = sl,GFC for ∂Ω ∈ GDL/GFC interface (7.15)

where sl,GFC is the liquid saturation in the gas flow channel that is considered to be zero

for the 2D simulation and a small value (usually in the order 10−3 or lower) for the 3D

simulation.

In the rest of the boundaries, the following boundary condition is applied

n.∇Θ = 0 (7.16)
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where Θ can be any parameter. This statement actually provides the symmetry conditions

on the boundaries, implying that the gradients of a parameter normal to the boundaries

are zero.

7.2 Numerical Procedure

The governing equations containing mass, momentum, species, and charges are solved

using COMSOL Multiphysicsr, utilizing a finite element method to solve the system of

coupled partial differential equations. Several versions of COMSOL used in this study

including v3.2 and v3.4. The main advantage of COMSOL is that it can be run either as

a programmable toolbox for development of finite element solutions on MATLABr (The

MathWorks, Inc., USA), or as a simple graphical user interface (GUI) based integrated

environment for solution of partial differential equations using the finite element technique.

In order to solve the governing equations, the following modules are used:

◦ The Stefan-Maxwell diffusion and convection module is used to solve the conservation

of species (oxygen, nitrogen, and water vapor) equations.

◦ The Darcy equation module is used to solve the conservation of mass and momentum

equations in the porous GDL and CCL.

◦ The AC/DC module is employed for the solid and electrolyte potentials.

◦ The PDE coefficient module is used for the liquid water equation.

◦ The compressible Navier-Stokes module is used to solve the conservation of mass and

momentum equations in the gas flow channel for the 3D simulation.

In this thesis research, the employed approach for obtaining the polarization is the

galvanostatic-method, which is setting the cell current density and calculating the activa-

tion polarization. Since all the governing equations are coupled with each other through

the source terms, they ought to be solved simultaneously with the iterative method. Thus,

the numerical procedure for 2D simulation is described as follows. At first, the initializa-

tion of the dependent variables is assumed. The initial concentrations (or mass fractions)

take the inlet values for the gas channel and a small value in the electrode, such as 10−3.

The potentials are initialized as equal to the cell voltage for whole computational domain

(including the electrode and catalyst layer). The liquid saturation in the GDL and CCL

are also initialized to a small value, such as 10−2. After initialization, both the solid-phase

potential and membrane-phase potential equations are solved together. Once the potential
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profiles are obtained, the conservation of species equations are solved for the entire domain

and then the Darcy equation using the previous solution as initial values. Finally, the liq-

uid water equation is solved and the entire solution procedure is repeated until the desire

convergence is achieved. The solution is considered to be converged when the relative error

of each dependent variable between two consecutive iterations is less than 10−6. Once the

converged solutions are obtained, the activation overpotential is calculated by plotting the

membrane and solid phase potentials at the membrane/CCL interface.

For 2D simulation, the UMFPACK solver is chosen to solve the governing partial

differential equations (PDEs) as it is faster. However, the UMFPACK solver requires

higher computer memory compared to other solvers available in COMSOL Multiphysicsr.

Hence, the SPOOLES solver is also used in some cases, particularly for the refined meshes,

as it saves half the memory [180]. For 3D simulation, the stationary nonlinear solver is

used, and the general form of solution is chosen with the GMRES iterative solver and

the geometric multigrid or SSOR techniques are used as pre-conditioners. Further, the

governing equations are coupled together with the reaction rate term, hence, in the solution

methodology an initial solution first obtained in a lower mesh and then the governing

equations are solved individually at the higher level of mesh. The solutions are considered

as converged solution when the preset tolerance value goes below 10−6 for each case. Detail

description of the solvers, the pre-conditioners, and the error estimation used in this study

can be found in the COMSOL Multiphysicsr user’s guide [180].

It is worthwhile to mention that the effective diffusivity in a two-phase system is de-

pendent on the amount of liquid saturation. Therefore, the effective diffusivities are no

more constant within the CCL and GDL of a PEM fuel cell. In reality, the amount of

liquid saturation in the CCL and GDL varies significantly along the thickness of these

layers. Hence, we employed the variable effective property approach. In this approach, the

effective properties are first estimated based on the initial value of the liquid saturation

using the formulation provided in Chapter 5. Once we obtain a solution of the liquid

water equation based on the initial guess, the effective properties have been defined as a

function of liquid water saturation for the subsequent iterations. Thus, the initial effective

diffusivity is defined as

Deff
i = Deff (sl,i) (7.17)

where i represents the reactant species.
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7.3 Mesh Generations

The 2D computational domain is initially discretized into a triangular mesh and La-

grangian elements of second order (quadratic elements) are used. It should also be noted

that the numerical convergence becomes faster when quadratic elements are used in lieu

of linear elements. However, elements of order greater than two may increase the compu-

tational load or cause instabilities in the solution. The use of quadratic elements implies

that a triangular element has six nodes on its boundary (three at the vertices, and three

at the midpoints of each side). Conversely, the 3D computational domain is discretized

into a tetrahedral mesh with Lagrangian elements of second order. A hexahedral mesh

is also used in the 3D simulation to compare the results of different meshes. Both of

these meshes are shown in Fig. 7.2. It is worthwhile to note that the use of hexahedral

mesh requires fairly regular-shaped geometries, while the tetrahedral mesh can be used for

irregular-shaped geometries.

(a) Tetrahedral Mesh (b) Hexahedral Mesh

Figure 7.2: Demonstration of different meshes used in the 3D numerical simulations.

7.4 Convergence Criteria

The nonlinear iterations in COMSOL Multiphysicsr terminate when a pre-defined con-

vergence criterion is satisfied. If the current approximation to the true solution vector

is U and the estimated error in this vector is E, then the software stops the iterations

when the relative tolerance exceeds the relative error computed as the weighted Euclidean
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norm [180]

err =

(
1

N

N∑
i=1

(
|Ei|
Wi

)2
)1/2

(7.18)

Here N is the number of degrees of freedom (DOF) and Wi = max(|Ui|, Si), where Si is a

scale factor that the solver determines on the basis of the type of scaling option. For an

automatic option, Si is the average of |Uj| for all DOFs j having the same name as DOF i

times a factor equal to 10−5 for highly nonlinear problem or 0.1 otherwise. In this study,

a relative tolerance of 10−6 is used as convergence criteria.

7.5 Grid Independent Solution

In order to ensure that the numerical results are grid independent, the governing variables

are estimated in different grid sizes. Figure 7.3 shows the variation of oxygen mass fraction

and liquid water saturation along the dimensionless distance from the membrane/CCL

interface along the CCL and GDL thicknesses to the GDL/GFC interface for three different

grids. Here the line represents the result of a coarser grid and the symbols are for the fine

grids as indicated in the legend, namely, grid 1 (45409 triangular elements), grid 2 (60046

triangular elements), and grid 3 (104837 triangular elements). These results are plotted

across the CCL and GDL thickness under the flow channel at a distance of w/4 from the

top line of symmetry (see Fig. 7.1). Although a higher grid shows better results for the

oxygen concentration in the CCL (comparing grid 1 with grid 3), the variation is merely

visible in the GDL. Conversely, all the grids show almost identical liquid saturation results.

Even liquid saturations at the CCL do not show any significant deviation with grid sizes.

Hence, the results are presented for a grid size of 60000 triangular elements or higher for

the 2D simulation. Similar test has been carried out for the 3D simulation to ensure a grid

independent solution.

7.6 Summary

In this chapter, a detailed description of numerical implementation techniques developed

in this thesis research for the PEM fuel cell have been presented along with pertaining

boundary conditions. Further, a grid independency test results is provided to ensure that

the results presented in this thesis are independent of the grid resolution.
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Figure 7.3: Oxygen mass fraction and liquid saturation profiles along the dimensionless
thickness of CCL and GDL for different grids at y = 3w/4.
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Chapter 8

Results and Discussion

In the previous chapters, the mathematical model of transport processes in the catalyst

layer of a PEM fuel cell are described along with a 1D solution of liquid water transport

and activation overpotential. The results based on these models are presented in this

chapter that is divided into two segments. First the analytical model results and then the

numerical model results are presented and discussed.

The performance and optimization of a PEM fuel cell is investigated using the analyti-

cal expression of activation overpotential presented in Chapter 6. The analytical expression

of activation overpotential is also compared with the various data available in literature

that covers empirical results, experimental data, and numerical predictions. Then design

parameters have been incorporated in the model for focusing on the catalyst layer opti-

mization including Nafion content (%weight (%wt) of Nafion), platinum content (%wt of

platinum), platinum loading (mg/cm2), void fraction, and catalyst layer thickness. An

investigation has also been conducted for the effect of operating conditions on the cell

performance. The liquid water transport in the CCL of PEM fuel cell is investigated using

the 1D analytical model presented in Chapter 6. The effect of CCL wettability on liquid

water transport and the effect of excessive liquid water (which is also known as “flooding”)

on reactant transport and cell performance have also been investigated. In addition, the

liquid water saturation in the catalyst layer is analyzed using a dimensionless time contact

analysis that is described in Section 6.5.3.

The numerical results include both the 2D and 3D model results of transport processes

along with the result of a study of catalyst layer structure on the performance of fuel

cell. Using the 2D numerical model, a parametric study has been performed to investigate

how the catalyst layer structure and its surface wettability influence the liquid water

transport. Conversely, in the 3D model, the main focus was given to the implementation
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the volume-average mathematical model for future research. In addition, the effects of

CCL surface wettability results are presented for the 3D case along with the effect of

condensation/evaporation process on the overall liquid water production in a PEM fuel

cell.

8.1 Activation Overpotential Model Comparison

In this section, a comparison between the present activation overpotential model predic-

tions with the results available in the literature is provided [14, 16, 33, 181]. Although

the analytical solution of activation overpotential provided in Chapter 6 is mathematically

“exact”, the comparison will provide an idea how accurate is the assumption made during

the derivation process. Following this, the effect of operating conditions on the cell perfor-

mance and results of an optimization study using the analytical activation overpotential

formulation are provided. First a wide range of comparison has been covered that in-

cludes comparison with the empirical correlations [16], comparison with the experimental

data [14, 181], and comparison with the numerical predictions [33] that are provided in

the following subsections.

8.1.1 Comparison with Empirical Correlations

In the first set of comparison, the empirical correlation provided by Kim et al. [16] is

used to generate empirical results. Two different sets of reactant gases were considered

in their correlations. In the first set, air is used as the cathode gas and hydrogen as the

fuel and in the second set, oxygen is used as the cathode gas and hydrogen as the fuel.

In the empirical correlations, the experimental results were curve-fitted with an empirical

equation for a PEM fuel cell with distinct terms of open circuit potential, activation

overpotential, and ohmic overpotential. This empirical correlation eventually allowed us

to incorporate their experimental estimates of ohmic resistance to obtain the total cell

polarization. In addition, Kim et al. [16] provided another empirical relation that included

mass-transport overpotential as an exponential function of the current density. The mass-

transport overpotential is significant at higher current densities, particularly at close to the

limiting current density. For comparison purpose, mass-transport term is also incorporated

with one set of present model data. Finally, the cell voltage is calculated using the following

relation, with the activation overpotential derived in Section 6.2:

Ecell = Er −
RT

αcnF
cosh−1

[
1

2κ

(
αcnFJδCL

RTσeff
m

)2

+ 1

]
−R

′′

totalJ − a exp(bJ)− Emixed

(8.1)
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Table 8.1: Parameters used to model the data from Kim et al. [16]

Parameter Value

Cell width, W (cm) 7.07

Cell length, L (cm) 7.07

Electrode (GDL) thickness, δGDL (µm) 250

Catalyst layer thickness for O2 as the cathode gas, δCL (µm) 12.3

Catalyst layer thickness for Air as the cathode gas δCL (µm) 0.26

Void fraction of the cathode electrode, ϵGDL 0.4

Membrane fraction in the catalyst layer for O2 as the cathode gas, fm 0.4

Membrane fraction in the catalyst layer for Air as the cathode gas, fm 0.1

Catalyst loading per unit area, mPt (mg/cm2) 0.3

Percentage of platinum on the carbon support for O2, %Pt (%) 20

Percentage of platinum on the carbon support for Air, %Pt (%) 100

Mixed electrode potential for 1 atm of pressure, Emixed (V) 0.17

Mixed electrode potential for 5 atm of pressure, Emixed (V) 0.16

where a and b are the mass-transport coefficients [16].

Figure 8.1 depicts a comparison of the total polarization with the empirical results of

Kim et al. [16] for air as the cathode gas in part (a), and oxygen as the cathode gas in part

(b). Here, both lines represent the results of the present investigation for cell operating at

1 atm of pressure and 70 ℃; and symbols represent the corresponding empirical results. For

both cases (with mass-transport overpotential and without mass-transport overpotential),

the total cell potential is calculated using the identical parameters as provided in the

literature with appropriate water flooding parameters [82]. The ohmic overpotential and

the mass-transport overpotential are obtained directly using the equivalent internal ohmic

resistance (R
′′

total) and the mass-transport coefficients (a and b in Eq. (8.1)). These values

are available in Ref. [16] and the cell design parameters used in the model calculation are

listed in Table 8.1. The comparison with the empirical results for cell operating condition

of 5 atm of pressure and 70 ℃ is illustrated in Fig. 8.2. All parameters are the same as in

Fig. 8.1 except the water flooding parameter, which is taken from Baschuk and Li [82] for

the 5 atm and 70 ℃.
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Figure 8.1: Comparison of the present analytical estimates of the cell polarization operat-
ing at 1 atm and 70 ℃ with the empirical data of Kim et al. [16] for (a) air as the cathode
gas and hydrogen as the anode gas, and (b) oxygen as the cathode gas and hydrogen as the
anode gas. The lines represent the analytical results of the present investigation whereas
the symbols represent the empirical results for without mass-transport overpotential and
with mass-transport overpotential as indicated in the figure.
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Figure 8.2: Comparison of the present analytical estimates of the cell polarization operat-
ing at 5 atm and 70 ℃ with the empirical data of Kim et al. [16] for (a) air as the cathode
gas and hydrogen as the anode gas, and (b) oxygen as the cathode gas and hydrogen as the
anode gas. The lines represent the analytical results of the present investigation whereas
the symbols represent the empirical results for without mass-transport overpotential and
with mass-transport overpotential as indicated in the figure.
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The model results presented in Figs. 8.1 and 8.2 show that there is an excellent agree-

ment between the empirical data and the estimates of the analytical model when water

flooding of the cathode electrode is incorporated, particularly at intermediate current den-

sities. In all the cases, the cell potential is slightly overestimated by the analytical model

at lower current densities when J < 0.1 A/cm2. Whereas the cell potential is slightly

underestimated at higher current densities (J > 0.6 A/cm2 for air and J > 1.0 A/cm2

for oxygen). This is probably due to the assumption made for the analytical formulation.

Here a constant oxygen concentration is assumed in the catalyst layer, which is giving

lower activation overpotential in the CCL. Also the mixed electrode potential in the ana-

lytical model is estimated by matching the ohmic resistances at the intermediate current

density. It has been found that the mixed electrode potential is approximately 0.17 V for

1 atm pressure and 70 ℃, and 0.16 V for 5 atm pressure and 70 ℃. The main reasons

why an excellent agreement has been observed between the empirical data and analytical

estimates are smaller cell dimension, high reactant flow rate, and activation overpotential

(exists at low current density only). For a smaller cell with high reactant flow rate and

at low current density, the variation of oxygen concentration inside the CCL is small (or

negligible) that lies within the assumptions used in the analytical formulation.

It should also be noted that the water flooding data is not available for low current

densities, and zero flooding has been assumed for those cases. This is also a reason

for the slight overestimation of the cell potential at low current densities. Conversely,

Kim et al. [16] reported various open circuit voltages, which imply various mixed electrode

potentials involved in their experiments. Here, only the cathodic activation overpotential

has been considered along with the ohmic overpotential and iterative estimates of mixed

electrode potential. The anodic overpotential has been neglected, which might be another

reason for this slight overestimation. Further, at higher current densities, the estimated

oxygen concentration is lower than the real fuel cell’s concentration as only 1D linear decay

of oxygen profile has been considered. Oxygen concentration might not decay that rapidly

in the test fuel cell due to the 3D distribution of the liquid water in the GDL. Hence,

a high activation overpotential value has been estimated at a large current density and

lower cell potential. Nonetheless, these comparisons reveal the robustness of the present

analytical formulation.

8.1.2 Comparison with Experimental Data

In the second set of comparison, the present model predictions are compared with the

experimentally determined cell performance data. Figures 8.3 and 8.4 show the comparison

between the model predictions and the experimental results of Ballard’s BAMr Composite
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Figure 8.3: Comparison between the present analytical predictions and the experimental
results of Ballard’s BAMr Composite cell operating at 3.02 bar and 80 ℃ for air as the
cathode gas and hydrogen as the anode gas [181] for two types of ohmic resistances (a)
constant ohmic resistance, and (b) variable ohmic resistance calculated using Eq. (6.46)
taken from Ref. [14, 15], originally developed for Markr IV fuel cells.
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Figure 8.4: Comparison between the present analytical predictions with the experimental
results of Ballard Markr IV fuel cell system operating at 70 ℃ using 30 psig H2 and 30
psig O2 [14].

fuel cell [181] and Ballard Markr IV fuel cell [14], respectively. The Ballard BAMr

Composite cell data were from a cell being operated at 3.02 bara pressure, 80 ℃ and

using air as the oxidant. The Ballard Markr IV fuel cell system data were taken from

a cell operating at 30 psig pressure, 70 ℃ and using oxygen as the oxidant. The cell

design parameters used for fitting these experimental data are listed in Table 8.2. For

the Ballard BAMr Composite cell data, two techniques in ohmic overpotential calculation

have been considered. In Fig. 8.3a, the ohmic resistance is estimated directly from the

slope of the experimental polarization curve; whereas in Fig. 8.3b, the total internal ohmic

resistance is obtained using Eq. (6.46) taken from Ref. [14, 15], originally developed for the

Markr IV fuel cells. Both sets of the model predictions and the experimental results show

good agreement like the empirical results shown in the previous section. The empirical

formulation for internal ohmic resistance provides a slight underestimation of the cell

potential for higher current densities (Fig. 8.3b). This underestimation could easily be

explained by comparing the ohmic resistance variations with current density, as ohmic

resistances are higher for higher current densities in Fig. 8.3b compared to the ohmic

resistance in Fig. 8.3a. The ohmic resistance in Fig. 8.4 is considered as constant and

calculated directly from the experimental data. For illustration purpose, the activation

polarization curve is also included in Fig. 8.4. It has been seen that the present model also

agrees with Markr IV fuel cell data, like the comparison with Ballard BAMr Composite

cell.
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Table 8.2: Cell design parameter used to model Ballard BAMr Composite cell and Ballard
Markr IV cell data

Parameter Value

BAMr Markr IV

Electrode (GDL) thickness, δGDL (µm) 200 200

Catalyst layer thickness, δCL (µm) 10 10

Electrode void fraction, ϵGDL 0.4 0.4

Membrane fraction in catalyst layer, fm 0.65 0.4

Catalyst loading per unit area, mPt (mg/cm2) 0.332 0.3

Platinum percentage on the carbon support, %Pt (%) 40 20

Mixed electrode potential, Emixed (V) 0.243 0.189

8.1.3 Comparison with Numerical Results

Figure 8.5 demonstrates the present model predictions and the 1D numerical results of

Rowe and Li [33] for a PEM fuel cell running with 3 atm and 80 ℃ air as the cathode

gas and hydrogen as the anode gas as the third set of comparison. Using the parameter

values listed in Table 8.2, the predicted polarizations based on the analytical formulation

are compared with the numerical data for 20%wt of Pt/C catalyst loading. The solid

line depicts the total polarization curve for constant ohmic overpotential, and the dashed

line represents the total polarization with variable ohmic overpotential (using Eq. (6.46)),

whereas the dashed-dot-dot line shows the corresponding activation polarization curve.

Here symbols are showing the numerical predictions of Rowe and Li [33]. It is seen from

this comparison that the proposed analytical model is also capable of producing the iden-

tical results of numerical model developed earlier in literature. Both the constant ohmic

overpotential case and the variable ohmic overpotential results agree well with the nu-

merical result up to J 60.6 A/cm2. Once again, variable ohmic overpotential model

underestimates the cell potential for large current densities like Fig. 8.3b. Unlike Fig. 8.4,

here more common trend has been noticed in the cell polarization that the activation

overpotential is larger than the ohmic overpotential.

The results provided in the previous subsections elucidate a considerable insight about

the proposed analytical model and its robustness. It should also be noted that no ad-

justment to the reactive surface area, Av, or the reference exchange current density, JO2
0 ,

117



CHAPTER 8. RESULTS AND DISCUSSION

0 0.2 0.4 0.6 0.8 1.0
0

0.2

0.4

0.6

0.8

1.0

1.2

Total Polarization

Activation
Polarization

 

 

Current Density (A/cm2)

C
el

l P
ot

en
tia

l (
V)

Figure 8.5: Polarization curve estimated by the present analytical model with the 1D
numerical model of Rowe and Li [33] for a PEM fuel cell operating at 3 atm and 80
℃ with air as the cathode gas. Solid line represents the analytical polarization curve for
constant ohmic overpotential, the dashed line is for variable ohmic overpotential (using
Eq. (6.46)), and symbols represent the numerical results of Rowe and Li [33]; whereas
dashed-dot-dot line shows the corresponding activation polarization curve.

is required to achieve the level of agreement shown in Figs. 8.1–8.5 as all the parameter

values are taken directly from the literature. However, the results shown in Section 8.1.2

for the comparison with the experimental results, the reactive surface area, Av, and the

exchange current density, JO2
0 , have been assumed similar to the value used in Fig. 8.1 as

no such data were reported by Amphlett et al. [14]. In addition, fraction of Pt-loading

in the catalyst layer has also been assumed in modeling the experimental results due to

missing information in the literature.

The model predictions have also been tested by changing the fraction of Pt-loading,

and that does not show any significant effect on the total cell polarization. For instance,

for the Ballard BAMr composite fuel cell changing the %Pt between 30% to 50% provides

almost identical results as shown in Fig. 8.3. The only parameter that has been adjusted

during these comparisons is the mixed electrode potential (Emixed). Even for Ballard

BAMr composite fuel cell, it has been observed that without using Eq. (6.42) one can

generate identical results of Ballard’s experimental results by taking Eoc = Ecell for J → 0

from their experimental curve. Also noted here, the adjustment on the mixed electrode

potential does not change the behavior of the polarization curve as Emixed is independent of
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Table 8.3: Parameters used to model the data of Rowe and Li [33]

Parameter Value

Electrode (GDL) thickness, δGDL (µm) 200

Catalyst layer thickness, δCL (µm) 7

Electrode void fraction, ϵGDL 0.4

Membrane fraction in the cathode catalyst layer, fm 0.45

Catalyst layer flooding (%) 99

Platinum percentage on the carbon support, %Pt (%) 20

Specific reaction surface area, Av (cm2/cm3) 1×105

Reference current density, JO2
0 (A/cm2) 9.5×10−8

Membrane conductivity, σm (S/cm) 0.15

Mixed electrode potential for 1 atm of pressure, Emixed (V) 0.158

cell parameters as well as independent of current density. Hence, the analytical formulation

can be used in the performance and optimization study with proper ohmic overpotential

formulation avoiding complicated numerical computations or expensive experiments to

predict the polarization of PEM fuel cell. Moreover, this method is not only as simple as

shown in Eq. (6.24) but also as accurate as experimental predictions.

8.2 Cell Performance and Optimization

A comprehensive comparison of the present analytical model predictions with the various

data available in literature has already been provided in the previous section. In this

section, a performance and optimization analysis will be carried out based on the analytical

formulation developed in this thesis. In the following section, the results are given using

the analytical expression given in Eq. (6.24) and the ohmic overpotential is calculated

using the ohmic resistance given by Eq. (6.46) in all subsequent results.

8.2.1 Effect of Operating Conditions

Figure 8.6 depicts the effect of operating temperature on the cell potential for air as the

cathode gas (Fig. 8.6a), and oxygen as the cathode gas (Fig. 8.6b). Here an un-flooded
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Figure 8.6: Effect of temperature on the performance of PEM fuel cell with a flooded CCL
operating at 3 atm with (a) air as the cathode gas, and (b) oxygen as the cathode gas for
the base case.

120



CHAPTER 8. RESULTS AND DISCUSSION

electrode and fully-flooded catalyst layer has been considered to model these results. De-

tailed description of the base case operating and physical parameters used in the present

model calculations are given in Table 8.4. The present model predictions show almost

negligible temperature effect on the cell polarization curve for both air and oxygen based

fuel cells. However at large current densities, a slight increase in cell potential is observed

as temperature is increased. For instance, at J = 0.8 A/cm2 cell potential is about 10

mV higher for 80 ℃ compared to the cell potential at 50 ℃. Ideally, the cell polarization

decreases with an increase in the cell operating temperature due to better electrochemi-

cal reaction at higher temperatures. Here only small difference has been observed since

the reversible cell potential decreases with the temperature as well. However, the Ballard

Power Systems suggest that there is approximately a 30% increase in cell potential when

the temperature is increased from 30 ℃ to 80 ℃, no such improvement has been observed

here like Marr and Li [80]. This is largely due to the fully-flooded catalyst layer, where

temperature has less effect on the cell potential than the partially flooded catalyst layer.

A better explanation of such temperature effect might be possible by investigating the

response of the activation polarization with temperature. Figure 8.7 shows the variation

of the activation overpotential with current density for air as the cathode gas (Fig. 8.7a),

and oxygen as the cathode gas (Fig. 8.7b) for three different temperatures as indicated

in the legend. For both cases, similar trend has been observed in the activation overpo-

tential as it increases with the temperature. Further, Fig. 8.8 illustrates how the ohmic

overpotential varies with the current density when temperature changes. Similar to the

activation overpotential, ohmic overpotential also decreases with increasing temperature.

Hence, temperature always reduces the total losses for PEM fuel cell, though cell perfor-

mance did not improve accordingly due to the reduction of reversible cell potential. As

seen from the present result, reversible cell potential decreases about 27 mV; and the ac-

tivation and the ohmic overpotential decrease about 16 mV and 21 mV, respectively, at

J = 0.8 A/cm2 for an increase of temperature from 50 ℃ to 80 ℃.

The effect of operating pressure on the cell potential for an un-flooded electrode and

fully-flooded catalyst layer of PEM fuel cell is shown in Fig. 8.9. These results are mod-

eled using the identical parameters as used in Fig. 8.6. It is seen that the cell potential

increases with the cell operating pressure, and are consistent with the results reported in

literature [80]. As the empirical correlation of the ohmic overpotential is independent of

cell operating pressure, these changes are purely due to the reduction in activation over-

potential with pressure. However, in reality, pressure will affect the water flooding, and

hence, the ohmic overpotential. The corresponding variations of activation overpotential

with pressure are shown for air in Fig. 8.10a, and for oxygen in Fig. 8.10b. These results

suggest that by increasing pressure from 1 atm to 5 atm, it is possible to attain almost 20%

121



CHAPTER 8. RESULTS AND DISCUSSION

0 0.2 0.4 0.6 0.8 1.0 1.2
0

0.1

0.2

0.3

(a) Air

 T = 50 °C
 T = 70 °C
 T = 80 °C

 

 

Current Density (A/cm2)

Ac
tiv

at
io

n 
O

ve
rp

ot
en

tia
l (

V)

0 0.2 0.4 0.6 0.8 1.0 1.2
0

0.1

0.2

0.3

(b) Oxygen

 T = 50 °C
 T = 70 °C
 T = 80 °C

 

 

Current Density (A/cm2)

Ac
tiv

at
io

n 
O

ve
rp

ot
en

tia
l (

V)

Figure 8.7: Variation of the activation overpotential with current density for the base case
with (a) air as the cathode gas, and (b) oxygen as the cathode gas for three different
temperatures.
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Table 8.4: Base case operating and physical parameters used in the present model calcu-
lations.

Parameter Value

Operating temperature, T (℃) 80

Operating pressure, P (atm) 3

Length of the cell, L (cm) 5

Width of the cell, W (cm) 5

Electrode thickness, δGDL (µm) 250

Catalyst layer thickness, δCL (µm) 10

Void fraction of the cathode electrode, ϵGDL 0.4

Fraction of membrane in the cathode catalyst layer, fm 0.4

Catalyst layer flooding (%) 100

Catalyst loading per unit area, mPt (mg/cm2) 0.3

Platinum percentage on the carbon support, %Pt (%) 20

Membrane conductivity, σm (S/cm) 0.17

Density of platinum, ρPt (g/cm
3) 21.5

Density of carbon black, ρC (g/cm3) 2.0

Reference oxygen concentration, cO2,ref (mol/m3) 1.2

Transfer coefficient, αc 0.5

Mixed electrode potential, Emixed (V) 0.175

reduction in activation overpotential at J = 0.8 A/cm2. The analytical expression derived

for the activation overpotential does not have any pressure term; hence, these reductions

are mainly due to the change in oxygen concentration with pressure. Also higher pressures

represent higher diffusion coefficients of oxygen through the electrode and enhance cell

performance. It is also evident from these results for the effect of the operating conditions

that both pressure and temperature have significant effect on the activation overpotential,

whereas the ohmic overpotential is only affected by temperature. Therefore, to improve

the cell performance or to reduce the cell polarization, it is always important to optimize

the activation losses than the ohmic losses. In the following subsections, the optimization

of cathode catalyst layer, particularly Nafion content, Pt-loading and CCL thickness, and

their optimization for optimum cell performance are presented.
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Figure 8.8: Variation of the ohmic overpotential with current density for the base case for
three different temperatures.

8.2.2 Optimization of Platinum Loading

As mentioned earlier, one of the barriers to the commercialization of PEM fuel cell is

its cost. This is largely due to the high Pt-loading, which is used as the catalyst in the

cathode catalyst layer to promote the slow oxygen reduction reaction. Therefore, it is

essential to reduce the amount of platinum in the catalyst layer while ensuring sufficient

catalyst to enhance oxygen reduction reaction. In this section, the effect of Pt-loading

on the cell potential as well as its optimization will be considered. Figure 8.11 shows the

variation of cell potential with current density with air as the oxidant in part (a), and

oxygen as the oxidant in part (b), for five different Pt-loadings as indicated in the legend.

The parameters used in this figure are listed in Table 8.4.

The effect of Pt-loadings on the cell potential shows that an increase in the Pt-loading

increases the cell potential for mPt ≤ 0.2 mg/cm2, while the cell potential drops with an

increase in the Pt-loading for mPt > 0.2 mg/cm2 for both air and oxygen. For instance,

in Fig. 8.11a, the cell voltages are 0.7852 V, 0.7842 V, and 0.7817 V at 0.5 A/cm2 for

Pt-loadings of 0.2 mg/cm2, 0.25 mg/cm2, and 0.3 mg/cm2, respectively. It is evident

that increased amount of Pt-loading in the catalyst layer did not improve the oxygen

reduction reaction or the cell performance for mPt > 0.2 mg/cm2. This is largely due to

the reduction in oxygen diffusion, due to the high Pt-content in the catalyst layer that

blocks the passage for diffusion. In addition, excessive platinum does not always imply
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Figure 8.9: Effect of pressure on cell performance for a fully-flooded cathode catalyst layer
for the base case with (a) air as the cathode gas, and (b) oxygen as the cathode gas.
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Figure 8.10: Variation of the activation overpotential with current density for the base
case with (a) air as the cathode gas, and (b) oxygen as the cathode gas for three different
pressures.
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Figure 8.11: Variation of the cell potential with current density for the base case with (a)
air as the cathode gas, and (b) oxygen as the cathode gas for different platinum loadings.
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Figure 8.12: Optimum platinum loading as a function of current density at a cell potential
of 0.8 V for (a) air as the cathode gas, and (b) oxygen as the cathode gas.
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effective use of Pt-catalyst. It also reduces the reactive surface areas for oxygen reduction

reaction that eventually reduces the cell performance at higher catalyst loadings.

Figure 8.12 depicts the optimum Pt-loading as a function of the current density at

a given cell potential of 0.8 V. Two parts of this figure represent the results of air as

the cathode gas and oxygen as the cathode gas as mentioned in the figure. It is found

that at the highest current density, the amount of Pt-loading is about 0.195 mg/cm2

for both air and oxygen. It is close to the conclusion of Song at el. [182], though they

found 0.21 mg/cm2 of optimum Pt-loading for the given electrode potential of 0.6 V with

completely different parameter values. It also reveals that for 0.4 mg/cm2 of Pt-loading,

the cell power output decreases by about 20% for air and about 13% for oxygen compared

to the optimum Pt-loading case. Clearly, optimization not only reduces the cost of the

fuel cell but also improves the performance. Once again, Song at el. [182] obtained their

results using complicated agglomerate model, which also requires numerical solution to

a set of governing equations; whereas the present analytical model is easier for practical

applications.

8.2.3 Effect of Nafion Fraction

The effect of the various amounts of Nafion fractions in the cathode catalyst layer is shown

in Fig. 8.13 for air and oxygen as the cathode gas as indicated in the figure. In these figures,

the amount of Pt-loading is used as 0.2 mg/cm2 and all other parameters are the same

as listed in Table 8.4. The results shown in these figures indicate that an increase in the

membrane content in the catalyst layer increases the cell potential for both air and oxygen.

This is due to the reduction in the resistance to proton transport to the reaction sites,

consequently reducing the activation overpotential with higher membrane contents in the

catalyst layer. Here an empirical formulation is used for the ohmic overpotential that is a

function of current and cell temperature only. Hence, changing the amount of membrane

did not change the corresponding ohmic overpotential. Generally, higher Nafion fraction

reduces resistance to proton transport but would increase resistance to oxygen transport

- a balance gives the “best” or “optimal” Nafion fraction in the CCL.

8.2.4 Optimization of Catalyst Layer Thickness

Conflicting observations have been reported in literature for the effect of CCL thickness

on the cell potential. It has been claimed that a thicker catalyst layer can generate a

higher current [87] as well as the polarization of PEM fuel cell increases with the increase

of the catalyst layer thickness because of the limited rate of mass diffusion [6]. It seems
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Figure 8.13: Effect of ionomer fraction in the catalyst layer on the cell potential with (a)
air as the cathode gas, and (b) oxygen as the cathode gas for a Pt-loading of 0.2 mg/cm2.
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the second statement will be more appropriate as the mass diffusion rate is reduced with

the catalyst layer thickness. In this section, the effect of catalyst layer thickness on the

cell performance using the present analytical formulation will be investigated. Figure 8.14

shows the effect of catalyst layer thickness on the cell output for air and oxygen as the

cathode gas with a Pt-loading of 0.2 mg/cm2. Five different catalyst layer thicknesses

are considered as indicated in the legend. All other parameters are the same as listed in

Table 8.4.

For a given Pt-loading, it has been observed that the cell potential increases rapidly

with the increase of CCL thickness for δCL ≤ 10 µm. For δCL > 10 µm, the results are

completely opposite as the cell potential decreases slowly with the increase of the catalyst

layer thickness due to the limited rate of mass diffusion in the catalyst layer as well as

lower active surface area per unit volume. One might also question that the increase of

CCL thickness will also increase the ohmic overpotential, and hence it is almost impossible

to obtain better cell performance with thicker catalyst layer like Wang et al. [87] found. It

is also noted that the ohmic overpotential formulation used in this study is independent of

catalyst layer thickness. Therefore, the changes observed in the cell potential are purely

due to the change of activation overpotentials. When the catalyst layer thickness increases,

it decreases the catalyst reactive surface area per unit volume since the Pt-loading per unit

area is constant; and hence increases the activation overpotential.

To provide clearer evidence how the catalyst layer thickness affect the cell potential,

the cell current density is plotted as a function of catalyst layer thickness. Figure 8.15

shows the variation of current density with catalyst layer thickness for a given electrode

potential of 0.8 V for air (Fig. 8.15a) and oxygen (Fig. 8.15b) as the cathode gas. Here three

lines represent different Pt-loadings as indicated in the legend and all other parameters

are identical to the conditions for Fig. 8.14. It is seen again that with the increase of

the catalyst layer thickness, initially the cell current density increases rapidly and then

decreases slowly after reaching a certain catalyst thickness for both the air and the oxygen

cases. The thickness corresponding to highest current density is the optimum thickness

of the catalyst layer for that Pt-loading. It is found that the optimum thicknesses are

10.5±1 µm, 13±1.5 µm, and 15.75±1.75 µm for mPt= 0.2 mg/cm2, 0.25 mg/cm2, and

0.3 mg/cm2, respectively. It also implies that the higher the Pt-loading the wider the

optimum zone of the catalyst layer thickness and the higher the optimum catalyst layer

thickness. Therefore, it is always desirable to design PEM fuel cells in the vicinity of

optimum zone that will eventually decrease the cost with better cell performance.
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Figure 8.14: Variation of the cell potential with current density for (a) air as the cathode
gas, and (b) oxygen as the cathode gas with a Pt-loading of 0.2 mg/cm2 for different CCL
thicknesses.
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Figure 8.15: Current density as a function of CCL thickness at a cell potential of 0.8 V
with (a) air as the cathode gas, and (b) oxygen as the cathode gas for different Pt-loadings
in mg/cm2.
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8.3 Analytical Model of Liquid Water Transport

In the following subsections, the results are presented for both hydrophilic and hydrophobic

CCLs that are estimated using the analytical solutions of liquid water transport given in

Eqs. (6.64) and (6.65) in Chapter 6. The analytical expressions for the liquid water distri-

bution, however, require several physical and electrochemical parameters as well as liquid

water saturation at the CCL/GDL interface, oxygen concentration at the reaction site,

and cathode activation overpotential. The required physical electrochemical parameters

are listed in Table 8.5, while the analytical expressions are already provided in Chapter 6

for liquid water saturation at the CCL/GDL interface, oxygen concentration at the re-

action site, and cathode activation overpotential, respectively. It is worthwhile to note

that the proposed analytical expressions for liquid water distribution in the CCL do not

involve any complicated numerical modeling or solutions to several simultaneous transport

equations except the expressions provided in Chapter 6.

8.3.1 Liquid Saturation Profile in Cathode Catalyst Layer

The liquid saturation profiles obtained from the 1D analytical solution of liquid water

transport in the CCL are shown in Fig. 8.16 for two different current densities as indicated

in the figure. Both hydrophobic and hydrophilic cases are considered, where the solid lines
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Figure 8.16: Liquid saturation profile across the CCL of a PEM fuel cell predicted by 1D
analytical model for two different current densities as indicated in the legend.
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represent the profile in a CCL having contact angle of 80◦ and the dashed lines depict the

profile for contact angle of 100◦ for the case when the electro-osmotic drag is significant

than the back-diffusion at the membrane/CCL interface. As observed from Fig. 8.16, the

hydrophilic CCL shows higher liquid saturations than the hydrophobic CCL. It should be

pointed out that for both cases, the GDL is considered as hydrophobic with a contact

angle of 100◦. The GDL properties are identical of Ref. [63] that are listed in Table 8.5.

In Fig. 8.16, the higher liquid saturation level near the membrane/CCL interface for a

hydrophilic CCL than a hydrophobic CCL suggests slower liquid water transport from the

CCL to the GDL if the catalyst layer is hydrophilic. This situation might be favorable for

the proton transport in the CCL. At the same time, the higher liquid saturation at the

membrane/CCL interface also implies that the higher level of water transport from the

membrane to the CCL that might eventually dry out membrane. Further, the higher level

of liquid accumulation in the CCL, particularly in a hydrophilic CCL, will require a better

water management in the GDL.

Table 8.5: Electrochemical and transport properties used by Pasaogullari and Wang [63]

Description Value

Cell temperature (K) 353

Liquid water density (kg/m3) 971.8

Liquid water viscosity (Pa·s) 3.56×10−4

Surface tension (N/m) 0.0625

GDL porosity 0.5

GDL permeability (m2) 6.875×10−13

GDL thickness (m) 300×10−6

8.3.2 Effect of Surface Wettability

Figure 8.17 depicts the effect of contact angle on the liquid water distribution in the CCL

for a current density of 0.8 A/cm2. All the parameters are identical to those for Fig. 8.16,

except the CCL contact angles that are indicated in the legend. It is observed that the

contact angles have significant influence on the liquid water distribution inside a fuel cell

catalyst layer. In a hydrophilic catalyst layer (θc < 90◦) as shown in Fig. 8.17a, the CCL

having a contact angle of 89◦ shows significantly higher liquid saturation than the CCL

having lower contact angle or higher surface wettability. It is mainly due to the capillary
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pressure. Since the capillary pressure drives the flow of liquid water in the CCL and the

capillary pressure reduces significantly with contact angle, the hydrophilic CCL with high

contact angle shows higher liquid saturation. Conversely, in a hydrophobic catalyst layer

(θc > 90◦) as shown in Fig. 8.17b, lower contact angle shows a higher liquid saturation. As

the hydrophobicity increases, the liquid saturation in the catalyst layer decreases rapidly.

This result also implies that a hydrophobic catalyst layer would enhance water transport

from the catalyst layer, whereas a catalyst layer has to be hydrophilic in nature for better

proton transport. Hence, a balance between the hydrophlicity and hydrophobicity might

be desirable for a PEM fuel cell catalyst layer for better water transport as well as a higher

cell performance.

The reason why a lower contact angle or highly hydrophilic CCL (Fig. 8.17a) shows

low liquid saturation can be justified if we notice the experimental measurements of the

functional dependence of capillary pressure on the liquid saturation that is provided by

Ustohal et al. [183] for a porous media with hydrophilic pore wettability for an air-water

system. It has been observed that the liquid saturation decreases for an air-water system

with the increases of wettability of the medium or the pressure difference between the

phases [183]. Hence, the results presented in Fig. 8.17 are consistent with what Ustohal

et al. [183] observed experimentally. The results in Fig. 8.17 also show that the liquid

saturation for hydrophilic CCL could be as high as 22% at the membrane/CCL interface

and about 20% for hydrophobic CCL, even for the case of no liquid saturation in the gas

channel and with a hydrophobic GDL. In other words, the liquid water transport will

be significantly reduced due to the lower hydrophilicity of a hydrophilic CCL. Whereas

highly hydrophilic CCL (low contact angle) shows lowest liquid saturation, hence better

water transport from the CCL to the GDL. Therefore, this study reveals that the higher

wettability increases the water transport from a hydrophilic CCL and will reduce the

liquid saturation. Therefore, a highly hydrophilic CCL would be quite capable of keeping

the reaction site wet enough for favorable electrochemical reaction and proton transport

even with low liquid saturation due to the higher surface wettability. Practically, the

liquid water saturation at the GDL/GFC interface is higher than zero, hence, the water

saturation at the membrane/CCL interface could be significantly higher than the values

observed in Fig. 8.17. The trends observed in Fig. 8.17 seem to remain similar even for a

higher saturation at the GDL/GFC interface.

The common perception that a highly hydrophilic surface means higher liquid satura-

tion seems not correct. A highly hydrophilic surface represents high wettability, and due to

high wettability, less amount of liquid water is required to wet a surface than the amount

of water required to wet the same amount of low-hydrophilic surface. In highly hydrophilic

pores, the volume of liquid water will be less compared to the liquid water volume in low
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Figure 8.17: Liquid saturation profile across the dimensionless distance along CCL thick-
ness predicted by 1D analytical model of liquid water transport for different CCL contact
angles.
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Figure 8.18: Effect of contact angles on the liquid phase volume over a solid surface.

hydrophilic pores that will eventually provide less water saturation for low contact angles

and high wettability. This phenomenon can be further explained by considering a liquid

droplet over a solid surface and changing its contact angle as shown in Fig. 8.18. Here, the

four sub-figures show how the volume of liquid water over a surface changes with contact

angles. The top-left figure represents the hydrophobic case and other three figures depict

the hydrophilic cases. Although the hydrophobic and hydrophilic cases have the same liq-

uid volume over the solid surface (except the bottom-right figure), the surface wettability

becomes higher for the hydrophilic cases. The top-right figure represents a hydrophilic

case with higher contact angle when the liquid phase did not wet the surface completely.

The bottom-left figure represents the intermediate contact angle case but the liquid phase

completely wets the solid surface (surface 1). For both cases, the liquid phase volume over

the solid surface is the same. Considering a further lower value of contact angle than the

bottom-left figure, as shown in bottom-right part, eventually reveals that the liquid phase

is drained out from the solid surface due to the lower contact angle or higher hydrophilicity.

Recalling the definition of capillary pressure in the porous CCL, it can be immediately

recognized that the lower contact angles also represent higher capillary pressures. Since the

capillary pressure is the gas phase pressure minus the liquid phase pressure for a hydrophilic

medium, the liquid phase pressure will decrease with the capillary pressures. Hence, the

gas phase will push away the liquid phase from a hydrophilic pore, and eventually reduces

the volume of liquid water over the solid phase. Conversely, the reaction site needs to

be well hydrated for better electrochemical reaction that can even be achieved with less

liquid water if the surface wettability is higher. A balance of liquid saturation and surface

wettability is desirable as the high liquid saturation may block pores that will eventually

hinder the oxygen transport to the reaction site, while the low liquid saturation may cause
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dry out of the reaction site and membrane that will hinder the proton transport to the

reaction site.

8.3.3 Effect of Electro-osmotic Drag and Back-diffusion

The significance of water transport from the anode side to the cathode side of a PEM fuel

cell due to the electro-osmotic drag and its effect on the catalyst layer liquid saturation are

also investigated. Figure 8.19 shows the liquid saturation profile across the CCL thickness

predicted by 1D analytical model for several electro-osmotic drag coefficients as indicated

in the legend. Here, the liquid saturations are estimated in a CCL having a contact

angle of 80◦ for a current density of 0.8 A/cm2. All other parameters are identical to

those for Figs. 8.16 and 8.17. The level of liquid saturation increases when the electro-

osmotic transport is higher than the water transport by back-diffusion (α > 0), while the

higher back-diffusion (α < 0) causes the reduction of liquid saturation in the CCL. To

be specific, the liquid saturation would be increased by about 5% at the membrane/CCL

interface for the most widely used electro-osmotic drag coefficient (α = 0.25) compared

to when a balance exists between water transport by the electro-osmotic drag and the

back-diffusion process (α = 0). Although the variations observed in Fig. 8.19 is much

lower than the variations observed in Fig. 8.17 for different contact angles, nonetheless,

the significance of water transport from the anode to the cathode side of a PEM fuel cell

due to electro-osmotic drag is crucial for proper water balance in the CCL. For instance,

the total variation observed at the membrane interface is about 13% while varying the

electro-osmotic drag coefficients from −0.25 to 0.5 that seems significant to reduce the

performance of a PEM fuel cell.

8.3.4 Effect of Flooding on Performance

It has been widely investigated how the performance of a PEM fuel cell degrades due

to the liquid water flooding in the GDL [63, 116, 166]. Flooding in the GDL hinders

oxygen transport, whereas flooding in the CCL not only hinders the oxygen transport

but also reduces the fuel cell performance by covering electrochemically active site with

liquid water. Therefore, flooding seems to be more sensitive to the CCL than the GDL

resistance to oxygen transport. Since most of the electrochemical reaction occurs near the

membrane/CCL interface, the effect of water flooding in the CCL has been investigated by

assuming a uniform liquid saturation that is approximately equal to the liquid saturation

observed near the membrane/CCL interface.

Figure 8.20 depicts the activation overpotentials as a function of current density for
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Figure 8.19: Effect of electro-osmotic drag and back-diffusion on the liquid saturation pro-
files across the CCL thickness predicted by 1D analytical model of liquid water transport.

five different liquid saturations at the CCL as indicated in the legend. Here, four parts

of Fig. 8.20 represent four cases of the active area reduction by liquid saturation, namely,

q = 1, 2, 5, and 8. In these results, the resistance to oxygen transport to the CCL in-

cludes both the GDL and CCL resistances. The CCL and GDL resistances to the oxygen

transport is estimated using the formulations given in Sections 6.3.1 and 6.3.2, while the

effective oxygen diffusivity in the CCL is estimated using the formulation given in Chap-

ter 5. Surprisingly, the effect of water flooding on the cathode activation overpotential

shown in Fig. 8.20a for the case of linear reduction (q = 1) of active reaction area by liquid

saturation does not show significant variation. Clearly, with 50% liquid saturation, the

activation overpotential only increases by about 5% compared to the activation overpo-

tential estimated for 10% liquid saturation at 0.8 A/cm2. However, it has been observed

in literature of high cathode overpotential due to GDL water flooding [63], which includes

activation, ohmic, and concentration overpotentials together. Here, we have only shown

the activation losses at the CCL. It seems that there might be a threshold limit for the

cathode activation overpotential in the CCL, which is less sensitive to the liquid saturation

when a linear reduction of active reaction area with liquid saturation is considered. Even

for the quadratic reduction of active reaction site with liquid saturation shows only a small

variation in the activation potential in catalyst layer as shown in Fig. 8.20b. For the higher

order reduction of active reaction area (Figs. 8.20c and 8.20d), the liquid saturation shows

significant effect on the cathode activation potential. For instance, activation overpoten-

tial at the cathode cathode catalyst layer would be 34% higher at a current density of 1.0
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Figure 8.20: Effect of liquid saturation on the cathode activation overpotential for a current
density of 0.8 A/cm2 for different values of saturation exponent, q.
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A/cm2 when the liquid saturation increases from 0.1 to 0.5 as observed in Fig. 8.20d.

Clearly, the approximation of linear reduction of active reaction area due to the liquid

saturation might not be a good approximation. Since the catalyst particle has high surface

area to volume ratio, the linear reduction of reaction surface area with the liquid water

volume in the CCL would always overestimate the active reaction area and underestimate

the effect of water flooding on the cell potential. It is worthwhile to note that the resistance

to the oxygen transport has been estimated using a linear approximation. If a pore in the

GDL is completely blocked by liquid water, then oxygen needs to be dissolved to the

liquid water before continuing to diffuse that will encounter a higher resistance to the

transport process compared to the resistance estimated considering a diffusion mechanism

only. Nonetheless, the results presented in Fig. 8.20 show that the liquid saturation will

eventually reduce the fuel cell performance and a higher order approximation for the active

area reduction should be considered.

8.3.5 Effect of Time Constants

Figure 8.21 shows the variation of liquid water saturation in the CCL of a PEM fuel cell

with different values of “dimensionless time of first kind” as indicated in the legend for

a current density of 0.8 A/cm2. Since the dimensionless time of first kind (Π1) depends

on several geometrical and physical properties of the CCL that will eventually affect the

other time constants, the dimensionless time of second kind (Π2) and third kind (Π3)

were kept constant while investigating the effect of the dimensionless time of first kind.

The dimensionless time of second kind (Π2) and third kind (Π3) were estimated with

the parameter values listed in Tables 8.5 and 8.6. As expected, for the higher values of

time constant, the liquid saturation becomes very high in the CCL. Physically, the higher

values of Π1 represent the slower capillary diffusion process or the faster electrochemical

production. The maximum liquid saturation in a two-phase situation, which is physically

possible to reach in the CCL, is shown by the uppermost curve when Π1 = 1. The

dimensionless time of first kind of unity means the time requires to produce one unit of

liquid water and the time requires to diffuse the same amount of liquid water across the

CCL by the capillary diffusion process are the same at that maximum saturation level for

a steady-state condition. In other words, the moment the liquid water generated in the

CCL, it will be instantly diffused away to the GDL or to the membrane. The liquid water

will not be able to occupy further volume in the porous catalyst layer than the saturation

shown for Π1 = 1 due to the presence of gas phase.

Theoretically, the time constant can be higher than unity. At the values higher than

unity, however, the entire CCL will be flooded with liquid water that might eventually
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Figure 8.21: Effect of dimensionless time constant, Π1, on the liquid saturation inside the
CCL of a PEM fuel cell for a current density of 0.8 A/cm2. Each line represents different
values of the “dimensionless time of first kind”.

stop the electrochemical reaction, hence the fuel cell operation, as there will be no gas

phase present in the CCL. In such case, the entire two-phase process will be transformed

into a single-phase process, hence the two-phase formulation proposed in this study will

not be valid for Π1 > 1. Conversely, the liquid saturation will be close to zero when the

dimensionless time constant goes to an infinitely small value. However, for a steady fuel

cell operation, liquid water has to be present in the CCL. It is always desirable to have

a certain liquid saturation that will provide a stable liquid film over the catalyst surface

for better proton transport. Even with a high surface wettability, the liquid film can be

unstable if the liquid saturation is low due to insufficient liquid water. The discontinuous

liquid film or low liquid saturation will then hinder the proton transport, hence reduces

the cell performance. Therefore, the lowest possible time constant can be in the order of

10−5 as observed from Fig. 8.21 if we assume the CCL has modest wettability.

Figure 8.22 depicts the variation of liquid saturation in the CCL of a PEM fuel cell

for the second dimensionless time constant, Π2 (ratio between capillary diffusion time to

phase change time). Here, the dimensionless time of first kind (Π1) and third kind (Π3) are

estimated with the parameter values listed in Tables 8.5 and 8.6, and kept constant while

varying the second dimensionless time constant. Similar to Π1, the liquid saturation profile

for the second time constant also shows similar trend. However, the order of magnitude

is found to be very small compared to the first time constant. For instance, it has been
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Table 8.6: Parameters used in the model calculations of liquid water transport in CCL

Description Value Source

Gas pressure (atm) 3 [-]

Relative humidity (%) 100 [-]

Cell width (cm) 7.07 [7]

Cell height (cm) 7.07 [7]

Flow channel width (mm) 1 [63]

Flow channel height (mm) 1 [63]

Liquid saturation in gas channel 0 [63]

Catalyst layer thickness (µm) 20 [7]

Reference oxygen concentration (mol/m3) 1.2 [94]

GDL contact angle (◦) 100 [63]

Drag coefficient, α 0.25 [116]

Condensation rate constant (/s) 100 [116]

Platinum loading (mg/cm2) 0.3 [7]

%wt of platinum (%) 20 [7]

%wt of Nafion (%) 30 [7]

Membrane conductivity (S/cm) 0.17 [116]

Platinum density (kg/m3) 21.5×103 [116]

Carbon density (kg/m3) 2.0×103 [116]

Nafion density (kg/m3) 1.9×103 [116]

estimated to be in the order of 10−14 for the parameter values listed in Tables 8.5 and 8.6,

while the order for the first time constant is about 10−5. As observed from Fig. 8.22 at the

practical range (Π2 ≈ 10−14), the effect of dimensionless time of second kind on the liquid

saturation in the CCL is negligible compared to the contribution of liquid saturation from

the electrochemical process (comparing Π2 = 10−10 and 10−15). Physically, the higher

values of second time constant represent slower capillary diffusion or faster phase change

process. Therefore, the results shown in Fig 8.22 further imply that the capillary diffusion

process is much faster than the liquid water production from a condensation process.
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Figure 8.22: Variation of the liquid saturation in the CCL of a PEM fuel cell with the
“dimensionless time of second kind” for a current density of 0.8 A/cm2.
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Figure 8.23: Variation of the liquid saturation in the CCL of a PEM fuel cell with the
“dimensionless time of third kind” for a current density of 0.8 A/cm2.
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For the “dimensionless time of third kind”, the results are shown in Fig. 8.23 for a

current density of 0.8 A/cm2. Here, the variation of liquid saturation across the CCL

thickness are shown for several values of third time constant as indicated in the legend,

while the dimensionless time of first kind (Π1) and second kind (Π2) were kept constant.

Since the order of magnitude for the dimensionless time of third kind is found to be 10−5

using the parameters listed in Tables 8.5 and 8.6, the result for the dimensionless time

of third kind are presented only for the values lower than or equal to 10−5. The liquid

saturation profiles across the CCL thickness are found to be almost independent of the

time constant for lower values of Π3. This is mainly due to the fact that the time requires

for water transport across the CCL by the capillary diffusion. Physically, the higher values

of third time constant represent a slower capillary diffusion or a faster electro-osmotic drag

and back-diffusion process. Therefore, the time requires for liquid water transport by the

capillary diffusion is small compared to the time requires for the electro-osmotic drag

and back-diffusion process at smaller Π3. It should be pointed out that for the practical

range of third time constant, 10−5 to 10−6, the effect of the third time constant on the

liquid saturation in CCL is significant. Hence, the electro-osmotic drag and back-diffusion

process should always be considered during the water management in PEM fuel cell.

8.4 Numerical Model of Agglomerate Catalyst Layer

The structure of a catalyst layer is widely presumed macroscopically as “macro-homogenous”

and microscopically as “agglomerate” structures. In reality, the CCL has a complex com-

bination of ionomer membrane, platinum particle, carbon support, and void region that

perhaps is not possible to be adequately described by considering either macro-homogenous

or agglomerate structures. A combination of macro-homogenous and agglomerate struc-

tures would be more realistic. These two cases, however, can provide the lower and upper

bounds for the effect of the catalyst layer structures on the cell performance. Therefore,

this study focuses on the specific CCL structures and their impact on the PEM fuel cell

performance. Here, a 3D agglomerate model of CCL in a PEM fuel cell is developed to

study the activation overpotential in the CCL. The effect of agglomerate arrangements on

the activation overpotential of PEM fuel cell has been investigated for three different types

of agglomerate arrangements, namely, in-line agglomerate arrangement as Case-I, and two

staggered agglomerate arrangements as Case-II and Case-III. The catalyst layer geometry

is generated assuming that the agglomerates are aligned along the thickness of the catalyst

layer in the first case and then by considering staggered arrangements in the subsequent

cases. All the three arrangements are simulated for typical operating conditions inside the

PEM fuel cell in order to investigate the oxygen transport process through the cathode

catalyst layer, and its impact on the activation polarization.
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Figure 8.24: A schematic of agglomerate catalyst layer.

In this part of investigation, air is considered as the cathode gas and the concentration

of oxygen in the cathode flow channel is considered uniform. The GDL is considered

dry; hence, the oxygen diffuses through the un-flooded electrode void region to reach

the CCL/GDL interface. In addition, the catalyst agglomerates are considered partially

hydrated and water in the void region around the agglomerates is considered in gaseous

phase to simulate the un-flooded scenarios. The thickness of the catalyst layer in this part

of present study is considered as 10 µm and the agglomerate diameter is considered as

5 µm. Typically, the thickness of the catalyst layer and the agglomerate size depend on

the amount of catalyst loading and the fabrication methods. It is found in our earlier study

that for the typical operating conditions and physical parameters, the optimum catalyst

thickness ranges from 10 µm to 15 µm [7]. Further, the scanning electron micrograph

(SEM) of membrane electrode assembly shows that the catalyst layer thickness is around

10 µm to 20 µm and the mean agglomerate diameter is about 6 µm [85].

The catalyst agglomerate is assumed as a mixture of Nafion membrane, supported

catalyst, and void space, which is also surrounded by void spaces as shown in Fig. 8.24.

Generally, the sizes of the agglomerates are not equal and the arrangement of catalyst

agglomerates inside the catalyst layer is also random. In the present study, it has been

assumed that the sizes of the agglomerates are equal. The schematic of the agglomerate

arrangement in the cathode catalyst layer and the computational domain for the three
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(a) and the computational domain in part (b). Case-I represents in-line agglomerate
arrangement, Case-II represents staggered arrangement in y-direction, and Case-III depicts
staggered arrangement in both y- and z-directions.
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cases used in the present investigation is shown in Fig. 8.25. Here, Case-I represents

in-line agglomerate arrangement, whereas Case-II and Case-III depict two staggered ar-

rangements (uni-directional and bi-directional staggered arrangements). The orientation

of the catalyst agglomerates in the catalyst layer for different agglomerate arrangements

are listed in Table 8.7. Here, staggered arrangement is considered in y-direction for Case-

II, and for Case-III, both y- and z-directions have staggered arrangements of the catalyst

agglomerates. For all the cases, x-direction is considered as in-line arrangement to keep

symmetry between these cases. Due to the symmetry in x-direction, all the results are

presented along the centerline between the two agglomerates lied on the x-axis. In the

following sections, the numerical model results are presented for the three agglomerate

arrangements, while the operating parameters and the physical properties used in this

numerical computation are listed in Table 8.8.

Table 8.7: Agglomerates orientation in different directions for the cases considered in the
present investigation

x-direction y-direction z-direction

Case-I in-line in-line in-line

Case-II in-line staggered in-line

Case-III in-line staggered staggered

8.4.1 Model Validation

The agglomerate model described in the previous section is the first of its kind and none

of the previous studies has considered such 3D agglomerate arrangements; hence, direct

comparison of the numerical results is not possible. Rather a limiting case of agglomerate

model has been invoked for the validation of the accuracy of 3D numerical calculation,

where agglomerates are considered in a cylindrical computational domain. The advantage

of using such 3D domain is that it can be solved as 2D axi-symmetric problem; hence, the

accuracy of the 3D calculation can easily be verified with 2D calculation. The thickness

of the catalyst layer is chosen as 10 µm and the agglomerate diameter as 5 µm, i.e. two

agglomerates can exist along the thickness of the catalyst layer. A schematic diagram of

the 3D computational domain and corresponding axi-symmetric computational domain

used for the validation is shown in Fig. 8.26 along with the coordinate systems. Here, the

number of agglomerates was kept as two; however, to maintain sufficient contact between

the agglomerates, between the agglomerates and GDL, and between the agglomerates and

149



CHAPTER 8. RESULTS AND DISCUSSION

Table 8.8: The operating and physical parameters in the present model calculations [6, 7]

Parameter Value

Operating temperature, T (℃) 50 and 80

Operating pressure, P (atm) 1 and 3

Electrode thickness, δGDL (µm) 250

Catalyst layer thickness, δCL (µm) 10

Agglomerate diameter (µm) 5

Void fraction of the cathode electrode, ϵGDL 0.4

Membrane fraction in agglomerate, fm 0.4

Liquid water fraction in agglomerate, fl 0.5

Catalyst loading per unit area, mPt (mg/cm2) 0.2

%wt of platinum (%) 20

Catalyst surface area per unit mass of catalyst, As (m2/g) 112

Membrane conductivity, σm (S/cm) 0.17

Solid catalyst conductivity, σs (S/cm) 727

Density of platinum, ρPt (g/cm
3) 21.5

Density of carbon black, ρC (g/cm3) 2.0

Anodic transfer coefficient, αa 0.5

Cathodic transfer coefficient, αc 0.5

membrane, the size of the each agglomerate has been increased by 2% keeping the centers

of the agglomerates fixed. Boundary conditions for both the 2D axi-symmetric model and

the 3D model are identical as described in Chapter 7.

The oxygen concentration profiles across the catalyst layer thickness along the cen-

terline of the agglomerates (line OO′ in Fig. 8.26) for two current densities are shown in

Figure 8.27a. The operating pressure and temperature of the fuel cell is considered as

3 atm and 80 ℃, respectively. The numerical procedure for the 3D models is similar as

described earlier. However, for axi-symmetric model, the advantage of adaptive mesh re-

finement technique has been employed for better accuracy. Conversely, Fig. 8.27b depicts

the activation polarization for the 3D model and the axi-symmetric model. As observed in

Fig. 8.27 for both current densities, numerical solution of the 3D model shows good agree-

ment with the axi-symmetric model results. Further, the activation polarization results

also show excellent agreement.

150



CHAPTER 8. RESULTS AND DISCUSSION

CCL/GDL

interface

Membrane/CCL

interface

xz

y

O O�x = 0 x = 10 µm

Agglomerate - 1 Agglomerate - 2

Void space

x

r

M
e

m
b

r
a

n
e

/
C

C
L

i
n

t
e

r
f
a

c
e

C
C

L
/
G

D
L

i
n

t
e

r
f
a

c
e

(a) (b)

Figure 8.26: Schematic of the computational domains: (a) three-dimensional domain, (b)
two-dimensional axi-symmetric domain.

The accuracy of the 2D finite element model using adaptive mesh refinement with

commercial software, like COMSOL Multiphysicsr, is well established [184, 185]. Fur-

thermore, the 2D numerical model requires less number of grids to represent the curve

surfaces. Whereas, the 3D model requires significantly large number of gird for proper

representation of spherical surfaces that is limited by computer memory. This limitation

of computer memory eventually lowers the accuracy of the 3D numerical calculation. Since

the comparisons shown here provide a good agreement with each other, it can easily be

concluded that the 3D model results computed in this study are sufficiently accurate for

studying the effect of catalyst layer structures on the performance of PEM fuel cell. Once

again, these results show the accuracy level of 3D numerical computation, whereas the

accuracy of the mathematical formulation has already been established in Ref. [7].

8.4.2 Model Results: In-line Arrangement

Figure 8.28 shows the profiles of oxygen concentration with different current density values

for the in-line arrangement, which is referred as Case-I in Fig. 8.25. Each of these profiles

is plotted inside the reference agglomerates along the x-axis that is identical of line OO′

as shown in Fig. 8.26. Five different current density values are considered as indicated in

the legend. In both figures, the symbols represent the oxygen concentration profile along

a line parallel to the x-axis at y = 0 and z = 2.5 µm (equal to agglomerate radius) for

Jδ = 0.1 A/cm2, i.e. along the interface between two agglomerates on xz-plane. The

simulation parameters used to estimate the oxygen concentration are listed in Table 8.8.

Two parts of this figure depict two different combinations of operating parameters, namely,

T = 50 ℃ and P = 1 atm, and T = 80 ℃ and P = 3 atm. Here x = 0 represents

the membrane/CCL interface and x = 10 µm represents the CCL/GDL interface. It is
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Figure 8.27: Oxygen concentration profile in the cathode catalyst layer across the thickness
and activation polarization of a PEM fuel cell operating at 80 ℃ and 3 atm. The lines
represent the 2D axi-symmetric model results, whereas the symbols depict the 3D model
results.
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observed that the oxygen concentration decreases along the centerline from the CCL/GDL

interface to the membrane/CCL interface.

For low current densities, the variation in the concentration is less whereas for high

current densities an oscillatory behavior is observed in the profile. As expected, the mini-

mum oxygen concentration is observed at the center point of the agglomerate and the two

undulations in the profiles represent the two agglomerates. Although the concentration

profile shows a decreasing behavior, significant amount of oxygen concentration still exists

in the membrane/CCL interface due to the fast oxygen diffusion through the void region

around the catalyst agglomerates. Further, an ideal case scenario is considered when there

is no flooding outside the catalyst agglomerates, whereas the catalyst agglomerates are

considered partially flooded. Hence, oxygen diffusion across the dry void region dominates

over the diffusion through the partially flooded catalyst agglomerates as shown by sym-

bols in both figure for Jδ = 0.1 A/cm2. Here, the oxygen concentration is almost constant

in the void region along x-axis due to the favorable oxygen transport. Only variation

is observed at the contact surfaces between the reference and surrounding agglomerates.

Since no variation is observed in the oxygen concentration profile, in subsequent figures,

results in the void region have not been reported. It is also evident from Fig. 8.28 that in

the agglomerate, oxygen is transported in two ways; first oxygen diffuses along the axial

direction or the thickness of the catalyst layer in the void region, then from the void re-

gion, oxygen diffuses in the radial direction towards the center of each agglomerate. The

contour plot of oxygen concentration shows the diffusion of oxygen in both the radial and

axial directions in Fig. 8.29.

In Fig. 8.30, the cathode activation overpotential is plotted as a function of spatial

coordinate x in the catalyst layer for different current density values as indicated in the

legend. Similar to Fig. 8.28, two parts show two different combinations of the operating

parameters as indicated in the figure. Each line corresponds to the activation overpotential

for the oxygen concentration shown in Fig. 8.28. Identical to the concentration profile,

the variation of the activation overpotential in the CCL is small at low current densities,

whereas the activation overpotential decreases rapidly from the membrane/CCL interface

to the CCL/GDL interface for the higher current densities. For all the current densities, the

activation overpotential is higher for lower pressure and temperature than the activation

overpotential for higher pressure and temperature. This is mainly due to the fast oxygen

transport in the catalyst layer at 80 ℃ and 3 atm.

Figure 8.31 illustrates the variations of reaction rate in the CCL corresponding to

the oxygen concentration and the activation overpotential shown in Figs. 8.28 and 8.30,

respectively, for five different current densities. Here, the lines represent the results for T
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Figure 8.28: Oxygen concentration profile inside the CCL along the center line (x-axis
in Fig. 8.25) of the agglomerates for Case-I in a PEM fuel cell operating at (a) T =
50 ℃ and P = 1 atm, and (b) T = 80 ℃ and P = 3 atm. Each line represents result
of different current density values as indicated in the legend, while the symbols show the
oxygen profile along a line parallel to x-axis at y = 0 and z = 2.5 µm for Jδ = 0.1 A/cm2.
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Figure 8.29: Contour plot of oxygen concentration showing the variation of oxygen concen-
tration from the membrane/CCL interface (x = 0) to the CCL/GDL interface (x = 10 µm).

= 50 ℃ and P = 1 atm, and the symbols are for T = 80 ℃ and P = 3 atm. Surprisingly,

changing the operating condition does not show any significant effect on the reaction rate.

However, slightly higher reaction rate is observed for T = 80 ℃ and P = 3 atm at the center

of the agglomerates for high current densities. These similarities show that the rate of the

electrochemical reaction is not responsible for the difference observed in the activation

overpotential in Fig. 8.30 for different operating conditions, which is solely due to the

variation of oxygen concentration in the catalyst layer. Although the reactions are faster

at higher temperatures and pressures, here it has not been significantly observed since a

higher operating temperature and pressure is known to reduce the activation overpotential

which is the driving force for the electrochemical reactions occurring in the fuel cells.

8.4.3 Model Results: Uni-directional Staggered Arrangement

For the staggered arrangements of catalyst agglomerates, two cases are considered. In

the first staggered arrangement, agglomerates are considered as staggered in y-direction,

i.e. uni-directional staggered arrangement, as shown in Fig. 8.25 as Case-II. To maintain a

similarity with Case-I, the thickness of the catalyst layer is kept 10 µm. Here, the reference

agglomerates (lied on the x-axis) are considered as spherical, whereas the surrounding

agglomerates can be either spherical or hemispherical to maintain the thickness of the
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Figure 8.30: Distribution of the activation overpotential in the cathode catalyst layer for
Case-I corresponding to the oxygen concentration shown in Fig. 8.28. Each line represents
different current density values as indicated in the legend while part (a) for T = 50 ℃ and P
= 1 atm, and part (b) for T = 80 ℃ and P = 3 atm.
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Figure 8.31: Variation of the reaction rate in the cathode catalyst layer along x-axis for
Case-I. The lines represent the results for operating conditions of T = 50 ℃ and P = 1
atm, and the symbols depict the corresponding results for T = 80 ℃ and P = 3 atm.

catalyst layer same for all cases. All the model results for this case (Case-II) are also

presented along the centerline of the two middle agglomerates, i.e. along the x−axis. The

oxygen concentration profile in the catalyst layer for Case-II is shown with different current

density values in Fig. 8.32. All the simulation parameters are identical of Case-I. Results

of two different combination of operating parameters, namely, T = 50 ℃ and P = 1 atm,

and T = 80 ℃ and P = 3 atm are shown in Figs. 8.32a and 8.32b, respectively.

The oxygen concentration at the CCL/GDL interface for similar temperature and pres-

sure are equal for both Case-I and Case-II. A smaller oxygen concentration value is ob-

served at the membrane/CCL interface for Case-II. This is reasonable, since in Case-II,

agglomerates are staggered in y-direction. Hence, Case-II has less void space around the ag-

glomerates compared to Case-I, which eventually prevents faster oxygen diffusion through

the constricted void spaces. The undulatory profile in the oxygen concentration profile is

more prominent in this case. Qualitatively, oxygen concentration profile for both pressure

and temperature combinations show similar behavior except their magnitudes. Further

inspection on the values of oxygen concentration at the CCL/GDL interface shows that

at higher temperature and pressure, concentration is higher than the smaller temperature

and pressure combination. This is mainly due to the faster transport processes through

the un-flooded GDL at higher pressure and temperature, though oxygen concentration in

the gas channel is less for T = 80 ℃ and P = 3 atm due to the higher fraction of water
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Figure 8.32: Oxygen concentration profile in the CCL along x-axis for Case-II in a PEM
fuel cell operating at: (a) T = 50 ℃ and P = 1 atm, and (b) T = 80 ℃ and P = 3 atm.
Each line represents result of different current density values as indicated in the legend.
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Figure 8.33: Activation overpotential distribution in the CCL for Case-II corresponding to
the oxygen concentration shown in Fig. 8.32. Each line represents different current density
values as indicated in the legend while part (a) for T = 50 ℃ and P = 1 atm, and part
(b) for T = 80 ℃ and P = 3 atm.
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vapor. Irrespective to the magnitude of the oxygen concentration in the catalyst layer,

temperature and pressure do not show any significant effect on the profile of oxygen con-

centration in the catalyst layer. The variations observed here is mainly due to the catalyst

layer structures, or in the other words, operating conditions dictate the quantity in the

transport process whereas agglomerate structures dictate the quality of the diffusion in

the transport processes.
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Figure 8.34: Variation of the reaction rate in the CCL along x-axis for Case-II. The lines
represent the results for operating conditions of T = 50 ℃ and P = 1 atm, and the symbols
represent the corresponding results for T = 80 ℃ and P = 3 atm.

Similar to the Case-I, the results of Case-II for T = 50 ℃ and P = 1 atm show higher

activation overpotential than the corresponding overpotential for T = 80 ℃ and P = 3 atm

as shown in Fig. 8.33. Comparing Fig. 8.33 with Fig. 8.30 reveals higher activation loss for

staggered agglomerate arrangements, since lesser path available for the oxygen transport

due to the staggered agglomerate orientation in the catalyst layer. The variation of the

reaction rate in the CCL for the Case-II is shown in Fig. 8.34. Here, the lines represent

the results for T = 50 ℃ and P = 1 atm, and the symbols depict the results corresponding

to T = 80 ℃ and P = 3 atm for five current densities as indicated in the legend.

In Fig. 8.33, a distinct difference is observed in the reaction rate profile for two operating

conditions. For higher temperature and pressure, the rate of reaction is higher nearby the

center of the agglomerates at high current density values. An undulatory nature has been

observed in the reaction rate profile, while a crest exists at the interface between the two
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reference agglomerates. This undulatory behavior is more prominent in higher operating

parameters values and higher current densities. Further, in some instance, higher current

density shows lower reaction rate at the centers of the agglomerates for T = 50 ℃ and P = 1

atm, which might be due to insufficient oxygen available on the surface of the agglomerates

or slow diffusion towards the center of the agglomerates at higher current densities.

8.4.4 Model Results: Bi-directional Staggered Arrangement

In the second type of staggered arrangement, the arrangements of catalyst agglomerates are

considered as staggered in y- and z-directions, i.e. bi-directional staggered arrangement,

as shown in Fig. 8.25 as Case-III. Like the other two cases, all the results are presented

along the centerline of the two reference agglomerates that is along x-axis (see Case-III

in Fig. 8.25). Figure 8.35 shows the variations of the oxygen concentration with different

current density values as indicated in the legend for T = 50 ℃ and P = 1 atm (Fig. 8.35a),

and T = 80 ℃ and P = 3 atm (Fig. 8.35b).

In Fig. 8.35, the oxygen concentration profiles show almost identical behavior like Case-

II. However, at the center of the agglomerates, oxygen concentration is slightly higher than

the Case-II. Since the Case-III has staggered structures of agglomerate arrangements in

two directions, the diffusion around the agglomerates is non-uniform. This non-uniformity

eventually provides favorable environment for the oxygen diffusion in the radial direction

of the agglomerates for Case-III. Further, better oxygen diffusion also reduces the acti-

vation overpotential for the Case-III as shown in Fig. 8.36 for both operating conditions

compared to the Case-II. This can be better explained by visualizing the agglomerate ar-

rangements. For Case-II, staggered arrangement exists in one direction, therefore, oxygen

diffusion outside the agglomerates is faster in the direction where in-line arrangements

exist, and slower in the staggered direction. When it comes to the agglomerates surface,

then more oxygen is available in certain areas, whereas not all oxygen can diffuse inside

the agglomerate through the radial direction.

The aforementioned phenomenon can be visualized by plotting oxygen concentration

in the void region for Case-II and Case-III. Figure 8.37 shows oxygen concentration profile

outside the agglomerates along a line parallel to the x-axis at y = 0 and z = 2.5 µm for

T = 80 ℃ and P = 3 atm. Here, the lines depict results for Case-II and the symbols

for Case-III for different current density values as indicated in the legend. As observed

in Fig. 8.37, the oxygen concentration on the catalyst surface for Case-III is higher than

Case-II at the interfaces between two agglomerates (2 µm < x < 3 µm and 7 µm < x <

8 µm) for all the current density values. Therefore, more oxygen available for Case-III

to diffuse in the y-direction that is due to the staggered arrangements in the z-direction.
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Figure 8.35: Oxygen concentration profile in the cathode catalyst layer along the x-axis
for Case-III in a PEM fuel cell operating at: (a) T = 50 ℃ and P = 1 atm, and (b) T =
80 ℃ and P = 3 atm. Each line represents the result of different current density values as
indicated in the legend.
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Figure 8.36: Distribution of the activation overpotential in the cathode catalyst layer
for Case-III corresponding to the oxygen concentration shown in Fig. 8.35. Each line
represents different current density values as indicated in the legend while part (a) for T
= 50 ℃ and P = 1 atm, and part (b) for T = 80 ℃ and P = 3 atm.
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Figure 8.37: Oxygen concentration profile inside the CCL along a line parallel to x-axis
at y = 0 and z = 2.5 µm for T = 80 ℃ and P = 3 atm. The lines represent the result for
Case-II, while the symbols represent Case-III for five different current density values.

Further, due to the higher oxygen concentration in certain areas, diffusion will be faster

for Case-III in y-direction.

It has been observed that the less oxygen available in certain areas on the agglomerate

surface for Case-II due to the in-line arrangements in two directions, whereas the capacity

of diffusion through the radial direction is more. When it comes to the diffusion through the

individual agglomerate, all the geometries have same composition inside the agglomerate;

hence, the entire diffusion processes is control by the amount of oxygen available at the

surface of the agglomerates and how the concentration is distributed over the agglomerate

surfaces. In other words, capacity of the diffusion is higher than the amount of oxygen

available on the agglomerate surfaces for Case-II. Combining these effects eventually lower

the oxygen concentration at the agglomerate center in Case-II (see Fig. 8.32). For Case-

III, since staggered structures exist in two directions, available oxygen on the surface of

the agglomerates is higher in the y-direction than Case-II. This eventually enhances the

diffusion process in the radial direction due to the higher oxygen availability and lowers the

activation overpotential as shown in Fig. 8.36. It might be questionable, though Case-III

has higher non-uniformity in the catalyst arrangements then why Case-III show better

diffusion results. The simple answer will be it provides better passage in the void region

in z-direction due to the staggered arrangements.

In the reaction rate of Case-III, similar behavior is observed like Case-II. The plot of
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Figure 8.38: Variation of the reaction rate in the cathode catalyst layer along x−axis for
Case-III. The lines represent the results for operating conditions of T = 50 ℃ and P = 1
atm, and the symbols represent the results for T = 80 ℃ and P = 3 atm.

the reaction rate for Case-III is shown in Fig. 8.38 for T = 50 ℃ and P = 1 atm as lines,

and for T = 80 ℃ and P = 3 atm as symbols. For all the current densities, the reaction

rates are higher for higher operating parameters and lower for lower operating parameters.

The local variation in the reaction rate observed here mainly due to the local change of

oxygen concentration observed in Fig. 8.35 for different operating conditions. Like the

activation overpotential, the rate of reaction is also lower for Case-III compared to Case-II

as shown in Fig. 8.39.

In Fig. 8.39, the reaction rates are plotted for all the three cases along the x-axis for Jδ
= 0.6 A/cm2 for the fuel cell operating at T = 80 ℃ and P = 3 atm. For the entire CCL

thickness, the reaction rate is highest for the Case-II and lowest for the Case-I. This might

be another possible cause for the lower oxygen concentration observed at the center of the

agglomerates for Case-II (cf. Fig. 8.32) compared to Case-III. In addition, concentration,

reaction rate, and activation overpotential are coupled; therefore, it is required to opti-

mize those variables in order to find better cell performance and design. Nonetheless, the

results obtained from this investigation reveal a considerable insight on how the governing

parameters for a PEM fuel cell change with the structures of the catalyst layer as well as

with the operating conditions. Like the Case-II shows highest reaction rate that means

the speed of the chemical reaction is faster, hence less catalyst will be required to pro-

mote the electrochemical reaction. Conversely, Case-II also shows higher activation losses.
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Figure 8.39: Comparison between the reaction rates at Jδ = 0.6 A/cm2 for the fuel cell
operating at T = 80 ℃ and P = 3 atm.

Therefore, the results presented in these sections providing information, and the direction

when and where the optimization is possible or at what extent it is possible.

8.5 Two-dimensional Numerical Model

In this section, the results of a two-dimensional (2D) numerical model of transport phe-

nomena in PEM fuel cell catalyst layer are presented. The computational domain used in

the 2D numerical simulation is shown in the previous chapter (Fig. 7.1) along with grid

independency test results (Fig. 7.3). Although the grid independency test of a numerical

simulation ensures that the results are independent of grid sizes, it does not ensure an

accurate estimation if the governing equations are not implemented properly. Therefore,

a numerical validation is an essential part of a numerical simulation. In the following

sections, the numerical simulation results are first validated and then the results of a

parametric study are presented.

8.5.1 Numerical Validation

The most popular approach to validate the numerical results for a PEM fuel cell is to

compare the polarization curve with experimental data. The 2D numerical model results

presented in this thesis for a half cell of a PEM fuel cell, hence it is required to estimate
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the ohmic and concentration overpotentials as well as the mixed potential to generate

an accurate polarization curve. As mentioned in Section 8.1 that the experimental re-

sults reported in various PEM fuel cell literature lack information on several physical and

electrochemical parameters. In some cases, it has been found that replicating published

results is very difficult because of the missing information or parameter values. Hence,

the comparison with an experimental polarization curve does not always ensure numerical

validity unless all the physical and electrochemical parameters involved in the experiment

are known.

In this thesis, a different approach has been employed to validate the numerical model

results than the typical polarization curve approach. Here, the numerical results are com-

pared with the analytical model of liquid water transport in the CCL of a PEM fuel cell

that has also been developed during this thesis research. It is worthwhile to note that the

analytical model is based on a 1D approximation that does not include the concentration

variation of the reactants along the flow channel or along the GDL/GFC interface. Fur-

ther, the analytical model needs an accurate estimation of reactant concentration at the

CCL/GDL interface. Therefore, the 2D numerical simulation is first performed to obtain

the oxygen concentration and liquid saturation at the CCL/GDL interface. Then the nu-

merical data of oxygen concentrations and liquid saturations at the CCL/GDL interface

are used in the analytical model to obtain the water saturation profile inside the catalyst

layer. Although a theoretical approach is provided in this thesis to estimate the oxygen

concentration in various layers of a PEM fuel cell, the use of numerical data will provide

better estimation.

Figure 8.40 depicts the comparison of the numerical results with the analytical model

results for two different current densities as indicated in the legend. Here the liquid

water saturations are plotted across the CCL thickness at two different locations along the

CCL/GDL interface, namely y = w/2 and y = w from the line of symmetry as shown in

Fig. 7.1. The lines represent the analytical model results of liquid saturation across the

CCL thickness and the symbols represent the numerical simulation results for a catalyst

layer having a contact angle of 80◦. All the parameters used in the numerical simulations

are the same as the base case except the GDL properties. The values of GDL thickness,

porosity, and contact angle are considered as 300 µm, 0.5, and 100◦, respectively, while

the base case parameters are listed in Table 8.9.

As seen in Fig. 8.40 for high current density (top figure), the analytical model estimates

higher liquid saturation than the numerical model. This discrepancy is mainly due to

the assumption made in the analytical model and one of the assumptions was constant

oxygen concentration across the CCL thickness. In reality, the oxygen concentration varies
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Figure 8.40: Validation of the numerical model results with the analytical model results.
The lines represent the analytical results of liquid saturation across the CCL thickness at
two different locations under the flow channel as indicated in the legend and the symbols
represent the numerical simulation results. The GDL properties, thickness, porosity, and
contact angle, are considered as 300 µm, 0.5, and 100◦, respectively.
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significantly across the CCL thickness at higher current densities and it will be lower at

the membrane/CCL interface than the oxygen concentration at the CCL/GDL interface.

Since the reaction rate is also a function of oxygen concentration, an assumption of higher

oxygen concentration at the membrane/CCL interface implies higher reaction rate; hence

the liquid water production from the electrochemical reaction is also higher. Therefore,

the analytical expression of liquid water saturation at the CCL of a PEM fuel cell will

always overestimate liquid saturation at higher current densities.

At low current density (J = 0.2 A/cm2), the variation of oxygen concentration in the

CCL is relatively low. Hence, the assumption made during the analytical formulation of

liquid water profile in the CCL makes the analytical expression valid for the low current

densities. The bottom part of Fig. 8.40 shows almost identical liquid saturation profile

for both the numerical simulation and analytical estimation. Although a small variation

between the numerical and analytical results is still visible near the membrane/CCL inter-

face, it can be again attributed to the assumption of uniform oxygen concentration in the

analytical formulation. Nonetheless, it is reasonable to claim that the numerical results

are accurate and the comparison shown in Fig. 8.40b will serve as the validation of the

numerical results presented in this thesis.

8.5.2 Effect of Water Density

The mathematical model of liquid water transport developed in thesis is derived from

the fundamental conservation equations using a volume-average technique as described in

Chapters 3 and 4. It has been observed that the PEM fuel cell literatures confuse the

superficial and intrinsic water densities and eventually present a wrong result of the liquid

water saturation in the PEM fuel cell [186, 187]. Most of these numerical models are im-

plemented on commercial software Fluentr using a wrong interpretation of water density.

Here a comparison between the result obtained using the mathematical formulation of liq-

uid water transport given in Fluentr user guide [186] and the mathematical formulation

developed in this thesis has been provided. For both cases, the parameter values are iden-

tical of that are listed in Table 8.9. For convenience, the results of Fluentr formulation is

referred as “Case 1” and the results of present formulation is referred as “Case 2”. To be

specific, the Case 1 represents the results of Fluentr formulation when the water density

in the liquid water equation is interpreted as intrinsic density [187]. Conversely, the Case

2 represent the results based on Eq. (4.51), which is a volume-averaged equation.

Figure 8.41 shows the liquid water profile along the CCL and GDL thicknesses from the

membrane/CCL interface (x = 0) to the CCL/GDL interface (x = 220 µm) at y = 3w/4

from the bottom line of symmetry in Fig. 7.1, which is under the flow channel along a line
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Table 8.9: Parameters used in the numerical simulation for the base case

Parameter Value

Channel width, w (mm) 1

Channel height, h (mm) 1

Operating temperature, T (℃) 80

Operating pressure, P (atm) 3

Operating current density, J (A/cm2) 0.8

Relative humidity (%) 100

Liquid saturation in gas channel 0

Drag coefficient, α 0

GDL thickness, δGDL (µm) 200

GDL contact angle (◦) 110

GDL porosity, ϵGDL 0.6

CCL contact angle (◦) 80

CCL thickness, δCL (µm) 20

Catalyst loading per unit area, mPt (mg/cm2) 0.3

CCL platinum content, %Pt (%) 20

CCL Nafion content, %N (%) 30

Permeability, K (m2) 8× 10−12

Membrane phase conductivity, σm (S/cm) 0.17

Solid phase conductivity in CCL, σs,CL (S/cm) 0.9

Solid phase conductivity in GDL, σs,GDL (S/cm) 12.5

Carbon density, ρC (g/cm3) 2

Nafion density, ρm (g/cm3) 1.9

Platinum density, ρPt (g/cm
3) 21.5

Reference oxygen concentration, cO2,ref (mol/m3) 1.2

Anodic transfer coefficient, αa 0.5

Cathodic transfer coefficient, αc 0.5
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Figure 8.41: Liquid water saturation profile along the thickness from the membrane/CCL
interface (x = 0) to the GDL/GFC interface (x = 220 µm) under the flow channel at
y = 3w/4. The solid line represents the numerical results obtained using the liquid water
equation given in Fluentr user guide with intrinsic liquid water density as Case 1, while
the dashed-dot line depicts the results obtained using the volume-averaged formulation
developed in this thesis as Case 2.

parallel to the line of symmetry and channel wall. The solid line represents the numerical

results obtained using the formulation given in Fluentr user guide as Case 1 that can

be interpreted by Eq. (4.52) if we remove the liquid phase volume fraction (i.e. using

constant superficial density) [187]. For example, the superficial water density is considered

as 970 kg/m3 in Ref. [187] that seems inappropriate. Conversely, the present formulation

utilized the appropriate transformation as described in the volume-averaged formulation

in Chapter 4, while replacing the superficial quantity with a intrinsic or phase-averaged

quantity. As mentioned earlier, the intrinsic quantity is the measurable quantity; hence

the intrinsic liquid water density is considered constant not the superficial water density.

The results of the present formulation is depicted by the dashed-dot line in Fig. 8.41 as

Case 2. Clearly, the results are completely different and the estimation based on the

Fluentr formulation with intrinsic water density (Case 1) significantly under-estimate the

liquid water saturation. At the membrane/CCL interface, the liquid water saturation is

about 55% lower than the estimation of based on the volume-averaged formulation that is

developed in this thesis.

A comparison between the liquid water distribution inside the CCL and GDL for
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(a) (b)

Figure 8.42: Distribution of the liquid water inside the CCL and GDL of a PEM fuel cell
estimated for (a) Case 1 (using intrinsic liquid density) and (b) Case 2 (using superficial
liquid density or present volume-averaged formulation). The minimum liquid saturation
is at the GDL/GFC interface, while the maximum liquid saturation presents near the
membrane/CCL interface under the bipolar plate.

Case 1 and Case 2 are shown in Fig. 8.42. These figures show the entire map of liquid

water saturation for both cases, where the leftmost interface of each figure represents

the membrane/CCL interface and the rightmost interface has two parts: the top-half is

under the flow channel (GDL/GFC interface) and the bottom-half is under the land area

(GDL/BP interface) as indicated in Fig. 8.42. Comparing the maximum liquid saturation

that occurs near the membrane/CCL interface under the land (the bottom-left corner

in each figure), we see exactly similar estimation, which is about 55% lower for Case

1 compared to Case 2 (present volume-averaged formulation). Hence, it can be easily

claimed that the liquid water saturation is significantly under-estimated that is about

50% to 55% for the catalyst layer. These results also reveal that why the PEM fuel cell

experiments show high liquid saturation and the numerical models predict only a small

liquid saturation, which is in the order of 0.05 to 0.1 [187].

Similarly, the reactant concentration estimates based on the above-mentioned two cases

are also compared. In this case, the oxygen mass fraction distributions are compared as

shown in Fig. 8.43. Although a significant difference observed in the liquid saturation
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(a) Case 1 (b) Case 2

Figure 8.43: Distribution of the oxygen mass fraction inside the CCL and GDL of a PEM
fuel cell estimated for (a) Case 1 (using intrinsic liquid density) and (b) Case 2 (using
superficial liquid density or present volume-averaged formulation). The highest oxygen
mass fraction is at the GDL/GFC interface, while the lowest oxygen mass fraction presents
near the membrane/CCL interface under the bipolar plate.

distributions, the oxygen mass fraction distributions show about 13% lower estimate for

the present under-estimate formulation compared to the Case 1 (Fluentr formulation with

intrinsic water density) when we compare the lowest values of oxygen mass fraction. It

seems a small liquid saturation that is observed in Case 1 is sufficient to hinder the oxygen

transport. A significant increase of liquid saturation, in this case from 0.07 to 0.14, only

has a negligible effect on the oxygen transport. This is probably due to the fact that the

additional liquid water accumulates in the pores those are already hindering the oxygen

transport. Therefore, the additional liquid water only increase the amount of saturation

inside the pores and it does not further hinder the oxygen transport unless it occupies a

dry pore.

The variation observed in the oxygen mass fraction can also be attributed to the ef-

fective diffusivity formulation. The effective diffusivity expression provided in Chapter 5

considers a random liquid water film that only reduces or partially covers the reaction sur-

face area inside the catalyst layer. Therefore, a 50% increase of liquid saturation, shown

in Fig. 8.42, does not block the reaction surface completely. It can be further concluded
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that a mobile liquid saturation of 0.14 is insufficient to significantly hinder the oxygen

transport for a current density of 0.8 A/cm2 that is already hindered by a small liquid

saturation. If the immobile saturation is included to the mobile saturation, we might

see a significant reduction in the oxygen transport due to the liquid water. Nonetheless,

the results presented in this section provide enough evidence that the model based on

the Fluentr formulation will significantly under-estimate the liquid water saturation and

will eventually over-estimate the oxygen transport if the water density is interpreted in-

correctly. Conversely, the volume-averaged approach does not confuse the intrinsic and

superficial densities as they are well-defined.

8.5.3 Effect of Gas Density

The results shown in the previous section encourage investigating how the gas phase density

will affect the oxygen transport if the intrinsic term is confused by the superficial term

or vice versa. Therefore, the effect of intrinsic and superficial gas densities on the oxygen

transport has been investigated in this section. There different cases are considered. The

first case (Case 1) represents a case when the gas density is considered as an intrinsic

density in the Stefan-Maxwell (SM) module in COMSOL Multiphysicsr. The second case

(Case 2) represents the gas density as a superficial density; hence the intrinsic density

is multiplied by the gas phase volume fraction before providing the input for the Stefan-

Maxwell equation. As mentioned in Chapter 7, the diffusivity of reactant is also a function

of liquid water saturation in the CCL and GDL of PEM fuel cell. The effective diffusivity of

the reactants in the SM module should be defined such a way so that it is also a function of

liquid water saturation. Therefore, a correction should be made to the effective diffusivity

that is represented by Case 3.

Figure 8.44 depicts the oxygen mass fraction profile along the entire CCL and GDL

thickness at y = 3w/4 for the above-mentioned three cases for a current density of 0.8

A/cm2. All the parameters used in these calculations are identical of Fig. 8.41. For the

case of intrinsic density (Case 1), the result shows an over-estimation compared to the

case of superficial density. If the intrinsic density is used in the governing equation, the

gas phase density inside the CCL and GDL is assumed higher compared to its real value

because of the two-phase flow and the fact that part of the pores are filled with liquid water.

Once we consider the gas phase density as a superficial density and corrected with the gas

phase volume fraction before plugging into the SM module in the COMSOL Multiphysicsr,

the mass fraction of the oxygen decreases significantly inside the porous layer as shown by

the dashed line (Case 2). These two cases are presented without correcting the effective

diffusivity with the mobile liquid water saturation. Once the liquid water saturation is

incorporated to the effective diffusivity term, further reduction in the oxygen mass fraction
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Figure 8.44: Variation of the oxygen mass fraction along the thickness from the mem-
brane/CCL interface (x = 0) to the GDL/GFC interface (x = 220 µm) under the flow
channel at y = 3w/4 for various cases.

has been observed that is shown as Case 3 in Fig. 8.44. The variations observed between

Case 1 and Case 2 are purely due to the gas phase densities, while the differences observed

between the Case 2 and Case 3 are due to the lower diffusion coefficients for the Case 3.

The variations of the oxygen mass fraction are clearer if we compare the contour plots of

oxygen mass fraction for these cases. The contour plots of oxygen mass fraction are shown

in Fig. 8.45. As observed, the difference between the highest and lowest oxygen mass

fraction is almost double for the Case 3 (Fig. 8.45c) compared to the Case 1 (Fig. 8.45a).

The symbols in Fig. 8.44 depict a case when the gas phase density in the MS module

is corrected with the gas phase volume fraction but the gas density in the Darcy module

is not corrected. Surprisingly, we did not see any differences between the results of when

the gas phase densities are corrected in all the gas phase governing equations (Case 2) and

when the densities are corrected only in the Stefan-Maxwell transport equation. Hence,

it is clearly indicating that the Darcy equation has almost negligible effect on the gas

transports. In other words, this result shows that the diffusion is the dominant transport

mechanism inside the porous CCL and GDL of PEM fuel cell. This comparison (the

dashed line and the symbols in Fig. 8.44) also raises the concern whether the assumption

of a uniform gas pressure in the catalyst layer (as considered in the analytical formulation

of liquid water transport in Chapter 6) is accurate and how it will affect the estimation of

liquid water saturation based on the analytical expressions provided in this thesis.
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(a) (b) (c)

Figure 8.45: Distribution of the oxygen mass fraction in the cathode catalyst and gas dif-
fusion layers of a PEM fuel cell for (a) intrinsic gas density, (b) superficial gas density, and
(c) superficial gas density with diffusivity correction used in the Stefan-Maxwell transport
equation. The highest oxygen mass fraction is about 0.209, which is at the GDL/GFC
interface (top-right part in each figure).

Figure 8.46 depicts the comparison of the liquid water saturation for the cases discussed

in previous paragraphs. Similar to the oxygen mass fraction profile in Fig. 8.44, the results

are plotted along the CCL and GDL thicknesses from the membrane/CCL interface to the

GDL/GFC interface at y = 3w/4 and all the parameters are identical. Surprisingly, the

liquid water profiles for these cases are identical throughout the thickness. Even in the

catalyst layer, the differences between the Case 1 result and the Case 3 result are less than

0.2%. Hence, it is reasonable to claim that the assumption of uniform gas phase pressure

made in the analytical formulation of liquid water transport in Chapter 6 is appropriate

to predict the liquid water saturation inside the CCL of PEM fuel cell using the analytical

expressions developed in this thesis.

8.5.4 Effect of CCL Porosity

As mentioned earlier while investigating the liquid water transport in the CCL using

the analytical solution of liquid water transport equation that the catalyst layer surface

wettability has significant effect on the overall liquid water transport from the CCL of
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Figure 8.46: Liquid saturation profile along the thickness from the membrane/CCL inter-
face to the GDL/GFC interface at y = 3w/4 for various cases.

a PEM fuel cell. In addition, it has been shown in Section 8.4 that the catalyst layer

structure has significant effect on the reactant transport. Here a parametric study has

been conducted to investigate how the catalyst layer structure and its wettability influence

the liquid water transport. Since the catalyst layer is considered as a macro-homogenous

layer, the physical structure of the CCL is quantified by its porosity. Obviously, the pores

inside a CCL are random and it is not possible to physically quantify a random structure.

Hence, it is assumed that the CCL porosity is sufficient to describe the physical nature

of a catalyst layer. Since the catalyst layer porosity depends on the platinum and Nafion

contents in the CCL, the results are presented as the functions of Nafion content and

platinum loading.

Figure 8.47 shows the variation of liquid water saturation with different Nafion contents

(%wt of Nafion) in the catalyst layer along the through-plane direction of CCL and GDL

at y = w/4 for a current density of 0.8 A/cm2. The parameter values used in these

calculations are identical of that are listed in Table 8.9. For low Nafion contents (%N ≤
30%), the variations of liquid water saturation with the Nafion contents are negligible for

the entire thickness of the CCL and GDL. For high Nafion contents (%N > 30%), the

Nafion content increases the liquid saturation inside the catalyst layer. For the entire

range of Nafion contents shown in Fig. 8.47, the liquid saturation remains almost identical

throughout the GDL thickness. Since the Nafion content is inversely proportional to the

CCL porosity, it seems that the CCL porosity does not have any significant effect on the
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Figure 8.47: Variation of the liquid water saturation with Nafion contents along the
through-plane direction of CCL and GDL under the land of bipolar plate at y = w/4.

liquid water saturation inside the GDL. If the oxygen concentrations for the various Nafion

contents are compared, we see a variation in the oxygen mass fraction.

The variations of the oxygen mass fractions are shown in Fig. 8.48 for different Nafion

contents as indicated in the legend. At the membrane/CCL interface, the variation is about

10% between the highest and lowest Nafion contents. Since the effective oxygen diffusivity

decreases with the catalyst layer porosity, at higher Nafion contents, the effective oxygen

diffusivity is lower. Hence, the oxygen transport is hindered by the higher Nafion contents.

Conversely, the production of liquid water inside the catalyst layer is significantly dictated

by the electrochemical reaction, hence by the activation overpotential.

The local activation overpotential profiles along the catalyst layer thickness for different

Nafion contents are shown in Fig. 8.49. Clearly, the local activation overpotential decreases

with the Nafion contents near the membrane/CCL interface. Since local activation over-

potential is highest at the membrane/CCL interface, the value at the membrane/CCL

interface will be the fuel cell’s activation loss. Hence, the value at the membrane/CCL

interface is simply referred as “activation overpotential” and the value along the CCL

thickness is referred as “local activation overpotential”. For the higher Nafion contents,

the effective protonic conductivity increases significantly that provides lower membrane

phase potential inside the catalyst layer and hence, reduces the activation overpotential

(maximum value in the activation overpotential profile). As the activation overpotential
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Figure 8.48: Oxygen mass fraction profile with Nafion contents along the through-plane
direction of CCL and GDL under the land of bipolar plate at y = w/4.
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Figure 8.49: Local activation overpotential profile along the CCL thickness at y = w/4 for
different Nafion loadings.
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Figure 8.50: Variation of the liquid water saturation with Pt-loadings (mg/cm2) along the
through-plane direction of CCL and GDL at y = w/4.

goes down, the electrochemical reaction rate reduces. Therefore, the production of liquid

water is low for the higher Nafion content. Hence, the variation of the liquid water sat-

uration profile observed (Fig. 8.47) is the net increase of liquid water saturation due to

the porosity reduction and the activation overpotential reduction. At the same time, the

results shown in Figs. 8.47 and 8.48 indicate that the optimum performance of a PEM fuel

cell should be obtained when a Nafion content of about 30% is considered for the catalyst

layer.

Figure 8.50 shows the variation of liquid water saturation along the through-plane

direction of CCL and GDL for five different Pt-loadings in mg/cm2 as indicated in the

legend. The parameter values used in these calculations are identical of that are listed in

Table 8.9. For low Pt-loadings (mPt ≤ 0.3 mg/cm2), the variations of liquid water satu-

ration with Pt-loadings are almost negligible for the entire GDL thickness that is almost

identical behavior what has been observed for the various Nafion contents in Fig. 8.47.

For high Pt-loadings (mPt > 0.3 mg/cm2), Pt-loading increases liquid saturation signifi-

cantly inside the CCL but the variation of liquid saturation is relatively small inside the

GDL. This is due to the fact that the Pt-loading changes the CCL porosity, while the

CCL porosity does not have any significant effect on the liquid water saturation inside the

GDL.

Similarly Fig. 8.51 depicts the variation of oxygen mass fraction along the through-plane
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direction of CCL and GDL under the bipolar plate’s land for five different Pt-loadings as

indicated in the legend. Unlike Fig. 8.48, the oxygen mass fractions with various Pt-

loadings show a significant variation throughout the CCL and GDL thicknesses. The

variation is even more prominent inside the catalyst layer. Comparing Fig. 8.51 with

Fig. 8.48, we observe about 30% reduction of the oxygen mass fraction when the Pt-

loading changes from a value of 0.1 mg/cm2 to 0.5 mg/cm2. It is worthwhile to mention

that Fig. 8.48 is plotted as a function of %wt of Nafion, while Fig. 8.51 shows the results as a

function Pt-loading in mg/cm2. Therefore, the highest value of the Pt-loading corresponds

to a different porosity than the porosity corresponds to the highest value of Nafion content.

Nonetheless, Figs. 8.50 and 8.51 depict that the optimum Pt-loading should be in the range

of 0.3 mg/cm2 or lower. In fact, the analytical model results provided in Section 8.2.2

indicate that the optimum Pt-loading is about 0.2 mg/cm2 for the parameter values listed

in Table 8.4. Hence, the numerical results shown in this section provide similar insight

that is predicted by the analytical model developed in this thesis.
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Figure 8.51: Oxygen mass fraction profile with Pt-loadings (mg/cm2) along the through-
plane direction of CCL and GDL under the land of bipolar plate at y = w/4.

The local activation overpotential profiles along the CCL thickness with the five differ-

ent Pt-loadings are shown in Fig. 8.52. The activation overpotentials decrease significantly

with Pt-loadings that are mainly due to the better electrochemical reaction. Although the

higher Pt-loading reduces porosity and hinders the oxygen transport, it provides better

transport of electrons and protons. It should be mentioned here that these results are

calculated by changing Pt-loadings only. Both the %wt of platinum and %wt of Nafion
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were kept constant. Therefore, the higher Pt-loading also represents the higher volume

fraction of Nafion membrane, which provides a higher effective protonic conductivity for

the membrane phase in the catalyst layer. Although a 26% reduction in the activation

overpotential is possible to achieve by increasing Pt-loading from a value of 0.1 mg/cm2

to 0.5 mg/cm2, it might not be favorable for the PEM fuel cell due to the cost associated

with platinum catalyst. Therefore, an optimum Pt-loading is always desirable.
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Figure 8.52: Local activation overpotential profile along the CCL thickness under the land
of bipolar plate at y = w/4 for different Pt-loadings in mg/cm2.

8.5.5 Effect of CCL Contact Angle

Figure 8.53 shows the variation of liquid water saturation with different CCL contact angles

at various locations of CCL and GDL along the through-plane and in-plane directions for a

current density of 0.8 A/cm2. Here Fig. 8.53a represents the liquid water saturation profile

under the flow channel (y = 3w/4) and Fig. 8.53b represents the liquid water saturation

profile under the land area (y = w/4), respectively. Conversely, Fig. 8.53c shows the result

along the in-plane direction inside the CCL at two different locations. The lines represent

the results near the membrane/CCL interface at x = 1 µm and the symbols represent the

results near the CCL/GDL interface at x = 19 µm. The last part of Fig 8.53 shows the

variation of liquid water saturation along the in-plane direction at the middle of the GDL

(x = 120 µm). The parameter values used to estimate the results shown Fig. 8.53 are

listed in Table 8.9, except the CCL contact angles that are indicted in the legend.
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Figure 8.53: Variation of the liquid water saturation with CCL contact angles along the
through-plane direction (part a and b), in-plane direction of CCL (part c), and in-plane
direction of GDL (part d) for a current density of 0.8 A/cm2.
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The contact angles for a hydrophilic CCL do not have any effect on the liquid water

saturation in the GDL under the flow channel (y = 3w/4). For the CCL, the contact

angles show a change in the liquid saturation values. The higher the contact angles,

the higher the liquid saturations. The variation in the liquid saturation profile is small

compared to the variation observed during the study based on the 1D analytical expressions

of liquid water saturation for the CCL (shown in Fig. 8.17). However, the trend in the

saturation profiles remains identical in both Figs. 8.53 and 8.17 for the CCL. As mentioned

in Section 8.5.1, the analytical expressions of liquid water saturation at the CCL always

overestimate the liquid saturation at the higher current density. The variations observed

between the numerical (Figs. 8.53) and the analytical results (Fig. 8.17) inside the catalyst

layer can be attributed to the assumptions used in the analytical formulation and the

current density value used in the numerical simulation (J = 0.8 A/cm2). Conversely, the

liquid saturation profile under the bipolar plate’s land (y = w/4) shows almost identical

trend in both CCL and GDL for low contact angles. For the higher contact angles, the

variations are more prominent inside the CCL. Since the catalyst layer needs to be well

hydrated for better electrochemical reaction and the oxygen transport can be hindered

by the higher liquid water, it seems a hydrophilic catalyst layer with lower contact angles

(θc ≤ 70◦) would perform better as it provides a smoother transition for the liquid transport

at the CCL/GDL interface (x = 20 µm).

In the in-plane direction inside the CCL, the liquid water saturation profiles are shown

in Fig. 8.53c. Here the lines are showing the results near the membrane/CCL interface

and the symbols are showing the results near the CCL/GDL interface. For both cases,

the contact angles do not show any significant effect on the liquid saturation for θc ≤ 70◦.

For a higher contact angle (θc > 80◦), a higher liquid saturation near the membrane/CCL

interface than the CCL/GDL interface has been observed. In fact, the capillary pressure

is less for the higher contact angle; hence, the driving force for the liquid water is also

less that eventually reduces the liquid water transport. Since the liquid saturation profile

inside the CCL remain almost unchanged for θc ≤ 70◦, it can be concluded again that a

CCL with lower contact would perform better for both the electrochemical reaction and

oxygen transport. Like the through-plane direction under the flow channel, the liquid

saturation profile remain independent of the CCL contact angles in the in-plane direction

inside the GDL as illustrated in Fig. 8.53d.

Although the catalyst layer contact angles show a distinct effect on the liquid water

saturation inside the CCL, the oxygen mass fractions remain unchanged for all these

contact angles. The contour plots of oxygen mass fraction inside the CCL and GDL are

shown in Fig. 8.54 for the two extreme contact angles as indicted in the figure. As seen in

Fig 8.54 for two extreme contact angles, the contour of oxygen mass fraction are exactly
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(a) θc = 85◦ (b) θc = 60◦

Figure 8.54: Distribution of the oxygen mass fraction inside the CCL and GDL of a PEM
fuel cell for two CCL contact angles.

the same even inside the catalyst layer. The main reason why we do not see any significant

variation in the oxygen mass fraction is the effective oxygen diffusivity. The amount of

variation observed in liquid saturation in the CCL (Fig. 8.53a) is unable to further hinder

the oxygen transport or the effective transport properties. It is believed that the reactant

transport will only be affected if the pores are completely blocked by the liquid water. The

effective property formulations are developed based on the assumption that if the pores

are partially filled by liquid water, it will only reduce the effective oxygen diffusivity but

the order of magnitude will remain the same. Hence, a significant change will be observed

between the dry-case and flooded-case. Once the cell is flooded, the oxygen concentration

will only be further hindered if the liquid water saturation is extremely high.

Figure 8.55 depicts the local activation overpotential profile along the CCL thickness

for different contact angles as indicated in the legend. Although the liquid water saturation

changes about 6% under the flow channel and about 3% under the land when the CCL

contact angle changes from 60◦ to 85◦, the activation overpotentials remain exactly the

same for different contact angles. Recalling the result shown in Fig. 8.20, we can immedi-

ately recognize that the linear reduction of active reaction area with the liquid saturation

used in the numerical simulation is the main reason for the identical activation overpo-

tential profiles observed in Fig 8.55. This result also raises the concern that whether the
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Figure 8.55: Local activation overpotential profile along the catalyst layer thickness at
y = w/4 for different CCL contact angles.

linear reduction of active reaction area with the liquid saturation should be sufficient for

the PEM fuel cell modeling, although it has been widely used over the last decade. At the

same time, the numerical results prove that the analytical model developed in this thesis

has the same capability as the numerical model to predict the cell performance.

8.5.6 Effect of GDL Porosity

Figure 8.56 shows the variation of liquid water saturation along the through-plane direction

of CCL and GDL at y = 3w/4 (under the flow channel) and y = w/4 (under the bipolar

plate’s land) for three different values of GDL porosity as indicated in the legend. The

parameter values used in these calculations are identical of those are listed in Table 8.9. At

y = w/4, the liquid saturation profiles are almost uniform throughout the entire thickness

but the liquid saturation decreases with GDL porosities. Hence, the water transport is

hindered by the lower GDL porosity. Similar saturation profiles are observed under the

flow channel (y = 3w/4). Here the liquid saturation is sharply decreased at the GDL/GFC

interface indicates the removal of liquid water through the flow channel. These results also

indicate that the higher GDL porosity will keep the liquid water saturation low inside the

CCL.

Figure 8.57 depicts the variation of oxygen mass fraction along the through-plane direc-
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Figure 8.56: Variation of the liquid water saturation with GDL porosity along the through-
plane direction of CCL and GDL at y = 3w/4 (under the channel) and y = w/4 (under
the land) as indicated in the legend.
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Figure 8.57: Oxygen mass fraction profile with GDL porosity along the through-plane
direction of CCL and GDL at y = 3w/4.
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tion of CCL and GDL at y = 3w/4 for three different GDL porosities. Similar to Fig. 8.56,

the oxygen transport is also hindered by the lower GDL porosity. Although the oxygen

mass fraction profiles under the flow channel show that the oxygen concentration decreases

significantly with the increase of GDL porosity near the membrane/CCL interface, there

is sufficient oxygen concentration still available for the electrochemical reaction to take

place. Therefore, it would be worthwhile to investigate whether the oxygen available over

the entire catalyst layer is sufficient to run the fuel cell below its concentration polarization

limit. The contour plots of oxygen mass fraction for the GDL porosity values of 0.5 and 0.7

are shown in the two part of Fig. 8.58 for a current density of 0.8 A/cm2. These contour

plots clearly indicate that the oxygen concentration is significantly low under the land area

near the membrane/CCL interface for the porosity value of 0.5 (part a) compared to the

value of 0.7 (part b). Hence, the fuel cell operated at 0.8 A/cm2 with a GDL porosity

of 0.7 can even operate at a higher current density, while the cell with GDL porosity of

0.5 is susceptible to the concentration polarization at 0.8 A/cm2. The results shown in

Figs. 8.56–8.58 also suggest that the higher GDL porosity is always favorable for the re-

actant and water transports as well as it would be possible to run the fuel cell at a higher

current density without the concentration polarization losses.

(a) ϵGDL = 0.5 (b) ϵGDL = 0.7

Figure 8.58: Distribution of the oxygen mass fraction inside the CCL and GDL for two
different GDL porosities at a current density of 0.8 A/cm2.
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The local activation overpotential profiles along the catalyst layer thickness for three

different GDL porosities are shown in Fig. 8.59. Since the activation overpotential is seen

to be a maximum value under the land of the bipolar plate, the profiles shown in Fig. 8.59

are plotted along the line of symmetry under the land (at y = 0 in Fig. 7.1). It has been

observed that the changing GDL porosity from 0.7 to 0.6 causes about 7.4% reduction of

activation loss, while the reduction of activation loss is about 2.7% when the GDL porosity

changes from 0.6 to 0.5. Since the higher GDL porosity shows better cell performance in

terms of the reactant and water transports, it seems that the GDL porosity near a value of

0.6 would provide the optimum performance without sacrificing significant amount of cell

output. At the same time, the higher GDL porosity would reduce the GDL’s mechanical

strength.
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Figure 8.59: Local activation overpotential profile along the catalyst layer thickness under
the land of bipolar plate at y = 0 for different GDL porosities.

8.5.7 Effect of GDL Contact Angle

Figure 8.60 shows the variation of liquid water saturation with GDL contact angles at

two different locations along the through-plane direction of CCL and GDL for a current

density of 0.8 A/cm2. The parameter values used in these calculations are identical of

that are listed in Table 8.9 except the GDL contact angles that are indicated in the

figure legend. Unlike the effect of CCL contact angles on the liquid saturation (Fig. 8.53),

the GDL contact angles show a large variation on the liquid saturation throughout the
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entire CCL and GDL thicknesses for both locations. It also indicates the highest liquid

saturation will always be under the land area due to the longer transport path for water to

be removed through the GDL to the GFC. It is also clear that the higher the GDL contact

angle (hydrophobicity), the lower the liquid saturation. Hence, the GDL hydrophobicity

enhances the liquid water removal from the CCL to the GFC.
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Figure 8.60: Variation of the liquid water saturation along the through-plane direction of
CCL and GDL at y = 3w/4 (under the channel) and y = w/4 (under the land) with GDL
contact angles.

The variations of oxygen mass fraction with GDL contact angles inside the CCL and

GDL are illustrated in Fig. 8.61 along the through-plane direction at y = 3w/4 and

y = w/4 as indicated in the legend. Although a significant change in liquid saturation has

been observed with the GDL contact angles, it seems that the amount of liquid saturation

observed in Fig. 8.60 does not hinder the oxygen transport, particularly under the flow

channel. However, it does show that the oxygen transport is hindered by the liquid water

under the land area. Since the liquid saturation decreases with GDL contact angles, the

oxygen mass fraction also decreases with GDL contact angles under the bipolar plate’s

land (y = w/4).

Figure 8.62 depicts the local activation overpotential profile in the catalyst layer along

the CCL thickness for different GDL contact angles as indicated in the legend. Similar to

the effect of CCL contact angles on the activation overpotential, the GDL contact angles

also do not show any significant effect on the activation overpotential. In fact, the acti-

vation losses (highest value at the membrane/CCL interface) for all of the contact angles
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Figure 8.61: Variation of the oxygen mass fraction with GDL contact angles along the
through-plane direction at y = 3w/4 (under the channel) and y = w/4 (under the land)
for the entire CCL and GDL thicknesses.
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Figure 8.62: Local activation overpotential profile along the catalyst layer thickness under
the land of bipolar plate at y = 0 for different GDL contact angles.
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remain almost constant. The GDL contact angles, however, show local variations that

can be attributed to the local variations of oxygen concentration. Although the liquid

water saturation reduces about 30% under the land (y = w/4) when the GDL contact

angle changes from 100◦ to 150◦, the activation overpotentials remain identical at the

membrane/CCL interface. As mentioned earlier that the widely used linear reduction of

active reaction area by the liquid saturation is insufficient to capture the effect of liq-

uid saturation on the activation overpotential, Fig. 8.62 is again providing the evidence.

Figures 8.60–8.62 indicate that the higher GDL contact angles enhance the liquid water

removal without hindering the oxygen transport and without increasing the activation

losses, hence a higher GDL contact angle will always improve the fuel cell performance.

However, a higher hydrophobicity requires higher PTFE loading for the GDL that may

reduces the GDL’s electronic and thermal conductivity. Hence, a proper measure is re-

quired to find the optimum PTFE loading for the GDL. Since the model developed in this

thesis did not consider PTFE loading for the GDL, it is not possible to optimize the GDL

hydrophobicity. Nonetheless, the results shown in Figs. 8.60–8.62 provide enough insight

how the GDL hydrophobicity will impact the cell performance and transport processes.

8.6 Three-dimensional Numerical Model

In this section, the results of a three-dimensional (3D) numerical model of transport phe-

nomena in PEM fuel cell catalyst layer are presented. The computational domain used

in the 3D numerical simulation is shown in Fig. 7.1. The parameters used in the 3D

simulations are identical of that are listed in Table 8.9 for the 2D case except the chan-

nel dimension and boundary conditions for the liquid water equation. Instead of using

a 1 mm × 1 mm channel, a smaller channel is considered for the 3D case to reduce the

computational load. In addition, a non-zero boundary condition is adopted for the liquid

water equation at the GDL/GFC interface. At the membrane/CCL interface, the water

drag coefficient is considered to be 0.5 and the liquid water saturation at the GDL/GFC

interface is considered to be 10−3 to avoid singularity in the liquid water equation. These

parameters are listed in Table 8.10. It is worthwhile to note that the main objective for

the 3D simulation is to implement the volume-averaged mathematical formulations for 3D

geometry so that it can be used for future studies.

8.6.1 Numerical Accuracy of Three-dimensional Model

To ensure the numerical accuracy, a 2D model with parameters listed in Table 8.10 is also

simulated. A comparison of the liquid water saturation along the through-plane direction

192



CHAPTER 8. RESULTS AND DISCUSSION

of CCL and GDL is shown in Fig. 8.63 for a current density of 0.8 A/cm2. Here the 3D

results are plotted in a plane at the flow channel inlet and in the 2D model, the boundary

conditions are considered similar to the inlet conditions of 3D model. It has been seen

that the 3D numerical results are almost identical of the 2D numerical results when the

liquid water saturation is plotted under the flow channel at a location of y = 3w/4. The

differences between the results are about or less than 2% throughout the entire thickness.

The liquid saturation profile under the bipolar land (y = w/4) shows slightly higher

discrepancy with the 2D numerical model results. The deference between the 3D and 2D

results for y = w/4 is about or less than 4%.

Table 8.10: Parameters used in the 3D numerical simulation

Parameter Value

Channel width, w (mm) 0.5

Channel height, h (mm) 0.5

Channel length, L (mm) 15

Liquid saturation in gas channel 10−3

Drag coefficient, α 0.5

The differences between the 2D and 3D cases observed in Fig. 8.63 can be attributed

to the boundary conditions and the gas phase velocities in the flow channel. In the 2D

model, the boundary conditions at the GDL/GFC interface are considered to be identical

of inlet conditions that are artificial conditions. In addition, the pressure for the Darcy

equation is considered constant and to be the same as the operating pressure. Conversely,

the inlet concentrations and velocities are assigned at least 5mm away from the channel

entrance to avoid entrance effect in the 3D model. Hence, the boundary conditions at

the GDL/GFC interface in the 3D model are true boundary conditions. Further, the

convection effect due to high gas velocity in the GFC is not involved in the 2D model,

while the convection due to the velocity along the flow channel is significant for the 3D

case. Furthermore, the reactants are diffusing in x- and y-directions only for the 2D case

while the diffusion process is a true three-dimensional process for the 3D case. Due to the

z-velocity in the flow channel, the diffusion of oxygen towards the CCL will be lower for

the 3D case than the 2D case as the gradient of oxygen concentration along the thickness

is less. This phenomenon can be shown by plotting oxygen mass fraction along the CCL

and GDL thicknesses for these two cases. Figure 8.64 shows the variation of oxygen mass

fraction along the CCL and GDL thicknesses under the flow channel for 2D and 3D cases.

Clearly, the oxygen mass fraction inside the CCL is lower for the 3D case due to the
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Figure 8.63: Liquid water saturation profiles along the thicknesses of CCL and GDL under
the flow channel (y = 3w/4) and under the land of bipolar plate (y = w/4) for a current
density of 0.8 A/cm2. The lines depict the results of a 2D numerical model and the symbols
represent the 3D numerical results at the plane of channel inlet (z = 0).
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Figure 8.64: Variation of the oxygen concentration along the thicknesses of CCL and GDL
under the flow channel (y = 3w/4) for a current density of 0.8 A/cm2. The line depicts
the 2D numerical model result and the symbols represent the 3D numerical results at the
plane of channel inlet.
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(a) No-slip GDL/GFC Interface (b) Slip GDL/GFC Interface

Figure 8.65: Distribution of the oxygen mass fraction for (a) no-slip GDL/GFC interface
and (b) slip GDL/GFC interface for a current density of 0.8 A/cm2. The bottom slice
represents the plane at the channel inlet and the oxygen mass fraction at the GFC inlet is
about 0.209, while the top slice represents the plane at the channel outlet.

diffusion towards the z-direction that is absent in the 2D case. Hence, the comparison

in Fig. 8.63 shows the numerical accuracy for the 3D simulation and the comparison in

Fig. 8.64 depicts why the liquid water saturation shows 4% discrepancy under the bipolar

plate’s land.

8.6.2 Boundary Conditions at GDL/GFC Interface

The results shown in the previous section indicate that an artificial boundary condition

at the GDL/GFC interface can introduce errors in the numerical estimation. In addition,

the PEM fuel cell module presented in COMSOL Multiphysicsr uses a no-slip boundary

condition at the GDL/GFC interface [180], which is an artificial condition. Although the

gas phase velocity inside the porous CCL and GDL is significantly lower than the gas

phase velocity in the GFC, we cannot ignore the convection effect inside the porous CCL

and GDL, particularly in the two-phase model. Hence, a comparison between no-slip and

slip boundary conditions at the GDL/GFC interface is provided in this section.
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Figure 8.65 shows the oxygen mass fraction distribution inside the CCL, GDL, and

GFC for a current density of 0.8 A/cm2 for a no-slip boundary condition at the GDL/GFC

interface in part (a) and for a slip boundary condition in part (b). As observed, the oxygen

concentration decreases for both cases along the flow channel (from bottom to top slice)

due to the consumption of oxygen in the electrochemical reaction at the CCL. At the

channel inlet (bottom slice), the oxygen mass fraction distributions are identical for both

the no-slip and slip boundary conditions. At the channel outlet (top slice), a significant

variation has been observed between these cases, particularly under the land of bipolar

plate inside the CCL. For no-slip condition, which is an artificial condition, the convection

effect at the GDL/GFC interface has been neglected. Therefore, the oxygen is only allowed

to diffuse from the GFC to the GDL. Conversely, the convection effect is counted in the

slip boundary condition. A higher oxygen mass fraction in the CCL, shown in the top

slice of Fig. 8.65b, indicates that the oxygen simultaneously diffuses and convects through

the GDL/GFC interface. If we compare the lowest values of the oxygen mass fractions, it

has been observed that the oxygen concentration is about 10% lower in the CCL for the

no-slip case. Hence, an artificial no-slip boundary condition at the GDL/GFC interface

would under-estimate the oxygen concentration and eventually the fuel cell performance.

8.6.3 Tetrahedral vs. Hexahedral Mesh

The use of hexahedral mesh will allow to solve a PEM fuel cell model faster as it require

less computational memory due to the less number of degrees of freedom. However, the

use of hexahedral mesh requires fairly regular-shaped geometries, while the tetrahedral

mesh can be used for irregular-shaped geometries. The catalyst layer structure in PEM

fuel cell is a combination of both agglomerate and macro-homogeneous. It should be kept

in mind that a tetrahedral mesh might need more time to solve a PEM fuel cell model but

it would allow modeling a real CCL. Since the objective of the 3D simulation is to open

avenues for future studies, a comparison between tetrahedral and hexahedral meshes for

PEM fuel cell modeling is also provided. Here the macro-homogeneous structure for the

CCL has been used to implement the mathematical model developed in this thesis; hence,

it is expected to generate identical result for both meshes.

Figure 8.66 shows the oxygen mass fraction distribution inside the CCL, GDL, and GFC

for a current density of 0.8 A/cm2 for a tetrahedral mesh in part (a) and for a hexahedral

mesh in part (b). Here the GDL is considered as hydrophobic and the CCL is considered as

hydrophilic. The contact angles for CCL and GDL are 80◦ and 110◦, respectively. Clearly,

both meshes show almost identical distribution of oxygen mass fraction. However, the

values for oxygen mass fraction are slightly different. The oxygen mass fraction under
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(a) Tetrahedral Mesh (b) Hexahedral Mesh

Figure 8.66: Distribution of the oxygen mass fraction using (a) a tetrahedral mesh and
(b) a hexahedral mesh for a current density of 0.8 A/cm2. The bottom slice represents the
plane at the channel inlet and the oxygen mass fraction at the GFC inlet is about 0.209,
while the top slice represents the plane at the channel outlet.

the bipolar plate’s land at the channel outlet is about 3% lower for the hexahedral mesh

than the tetrahedral mesh. Similarly, the liquid water saturation for tetrahedral mesh and

hexahedral mesh show exactly identical distribution inside the CCL and GDL of a PEM

fuel cell, except near the channel outlet. The distribution of liquid water saturation for

tetrahedral and hexahedral meshes are shown in two parts of Fig. 8.67, where the bottom

slice represents the plane at the channel inlet and the top slice represents at the channel

outlet. Unlike the distribution of oxygen mass fraction, both the minimum and maximum

values of liquid saturation are the same for both types of meshes.

A close inspection to the top slice under the bipolar plate’s land shows that the amount

of liquid water is higher for the hexahedral mesh as more area is occupied by the maximum

liquid water saturation. Since the oxygen concentration is slightly lower for the hexahedral

mesh at the channel outlet, the consumption of oxygen is higher and the production

of liquid water is also higher. Therefore, the amount of liquid water is higher for the

hexahedral mesh though the maximum values of the liquid water saturation are the same

for both meshes. Nonetheless, the comparisons shown here indicate that the types of
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(a) Tetrahedral Mesh (b) Hexahedral Mesh

Figure 8.67: Distribution of the liquid water for (a) tetrahedral mesh and (b) hexahedral
mesh for a current density of 0.8 A/cm2. The bottom slice represents the plane at the
channel inlet, while the top slice represents the plane at the channel outlet. The minimum
liquid saturation (10−3) is assigned at the GDL/GFC interface.

meshes are less important in terms of numerical accuracy. However, the type of mesh would

be important if the computational time is considered as a determining factor. A typical

simulation with hexahedral mesh takes about few days to a week, while the tetrahedral

mesh takes about a week to two weeks to run the PEM fuel cell model that is developed

in this thesis.

8.6.4 Effect of CCL Contact Angle

The oxygen mass fraction and liquid water distributions for a CCL contact angle of 80◦

are already shown in part (a) of Figs. 8.66 and 8.67. To investigate the effect of CCL

contact angles on the oxygen concentration and liquid water saturation, both the oxygen

mass fraction and liquid water distributions for CCL contact angle of 60◦ are shown in

Fig. 8.68. All the parameters are identical of that are used in Figs. 8.66 and 8.67 except

the CCL contact angle. Comparing Fig. 8.66a with Fig. 8.68a, it has been observed that

the consumption of oxygen is slightly better for the contact angle of 60◦. Therefore, the

electrochemical reaction is also improved with higher surface wettability of CCL or lower

contact angle. At the same time, the maximum value of liquid water saturation decreases
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for the contact angle of 60◦. Although the higher consumption of oxygen should produce

a higher amount of liquid water, the maximum value of liquid water saturation decreases

because of a better distribution of liquid water throughout the CCL and GDL volume as

shown in Fig. 8.68b. Therefore, the CCL surface wettability can be utilized to re-distribute

the liquid water within the volume of CCL and GDL without increasing the liquid water

saturation that would improve the fuel cell performance.

(a) Oxygen Mass Fraction (b) Water Saturation

Figure 8.68: Distribution of the oxygen mass fraction and liquid water saturation in a
catalyst layer having a contact angle of 60◦ for a current density of 0.8 A/cm2. The highest
oxygen mass fraction is at the GFC inlet (bottom slice in part a), while the minimum liquid
saturation (10−3) is assigned at the GDL/GFC interface.

8.6.5 Condensation/Evaporation of Liquid Water

It has been widely presumed that the PEM fuel cell performance is significantly affected

by the condensation/evaporation of water inside the CCL and GDL and this phase change

process can also affect the water management in the PEM fuel cell. Therefore, we compare

the production of liquid water from the electrochemical reaction with the production of

water from the condensation/evaporation process. Since a fully-humidified reactant stream

is considered in this study, it was anticipated that the condensation process will dominate
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over the evaporation process. In fact, the water saturation pressure is always lower than

the water vapor partial pressure inside the gas flow channel. Therefore, there will be no

evaporation process inside the flow channel for the fully-humidified gas stream. Inside the

porous CCL and GDL, the partial pressure of water vapor depends on the consumption of

oxygen. Hence, the phase change process is completely depending on the partial pressure

of water vapor not on the relative humidity of the reactant stream. It has been observed

that the water vapor partial pressure is lower than the saturation pressure inside the CCL

and GDL near the channel inlet. Along the flow channel inside the CCL and GDL, the

partial pressure of water vapor increases slowly and eventually becomes higher than the

saturation pressure. Hence, both the evaporation and condensation are happening inside

the porous CCL and GDL.

Figure 8.69: Distribution of the liquid water production (in kg/m3·s) from the phase
change process for a catalyst layer having a contact angle of 60◦ for a current density of
0.8 A/cm2. The bottom slice represents the plane at the GFC inlet, while the top slice
represents the plane at the GFC outlet.

Figure 8.69 depicts the distribution of liquid water production inside the CCL and

GDL from the phase change process for a catalyst layer having a contact angle of 60◦

for a current density of 0.8 A/cm2. Here the negative numbers represent the evaporation

and the positive numbers represent the condensation of water in kg/m3·s. As observed in

the bottom slice of Fig. 8.69 that is on the same plane of channel inlet, the entire plane

is under evaporation process. Conversely, the three middle slices are showing that the

entire plane is under condensation process. At the last slice that is along the channel
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Figure 8.70: Water production from the phase change and electrochemical processes for
a catalyst layer having a contact angle of 60◦ for a current density of 0.8 A/cm2 at three
different locations as indicated in the legend.
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outlet plane, the condensation processes is more prominent. Hence, the evaporation can

takes place even with a fully-humidified reactant stream near the channel inlet inside the

porous layer though the condensation process is dominated over a large volume. It has

been shown in Section 8.3.5 using a time constant analysis that the production of liquid

water from the electrochemical reaction is very large compared to the water production

for the condensation/evaporation process. Figure 8.70 shows the production of water

from condensation/evaporation process along the thicknesses of CCL and GDL and the

production of water from the electrochemical reaction at three different locations along

the flow channel as indicated in the figure legend, where z = 0 mm represents the plane

at channel inlet and z = 15 mm represents the plane at channel outlet. These profiles

are plotted under the flow channel at location of y = 0.4w. Clearly, the amount of

water production from the phase change process is significantly smaller than the water

production from the electrochemical reaction. Part (b) of Fig. 8.70 reveals that the water

production from the electrochemical reaction is independent of the location along the flow

channel. It also reveals that almost the entire amount of liquid water is produced near

the membrane/CCL interface. Therefore, the assumption of thin CCL or consider the

CCL as an interface might not be a good approximation while modeling a PEM fuel cell.

Conversely, part (a) of Fig. 8.70 reveals that the interface effect is significant when the

CCL and GDL contact angels are too far from 90◦. Hence, the interface effect should

also be considered in the numerical modeling of PEM fuel cell. At the same time, it is

believed that the use of micro-porous layer between the CCL and GDL would diminish the

interface effect and provide a smoother transition for the liquid transport from the CCL

to the GDL. Therefore, a future study with micro-porous layer can be done with this 3D

model.

8.7 Summary

In this chapter, the results using the mathematical model of PEM fuel cell that is de-

veloped using a volume-average technique are presented. Here, both the analytical and

numerical approaches have been adopted. The analytical approach is simple, fast, and

easy to implement. Conversely, the numerical model requires significant amount of com-

putational time depending on the type of meshes. It should also be mentioned here that

the analytical model can only provide an overview about the transport processes in the

PEM fuel cell. If the detailed of the transport processes are needed then the numerical

model would provide better results of the transport processes inside the PEM fuel cell.

Nonetheless, the results provided in this chapter show that both the analytical and nu-

merical models that are developed in this thesis would be useful in predicting the fuel cell

performance and its optimization, and for water management.
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Chapter 9

Summary and Future Work

This thesis presents a comprehensive general formulation for transport phenomena in PEM

fuel cell. The general formulation was derived by considering the fuel cell to be composed

of several co-existing phases. The transport of mass, momentum, and species within each

phase are governed by the fundamental microscopic conservation equations. The direct

solution of these microscopic conservation equations is impractical, and such a solution

may contain more information than is needed. Therefore, a multi-phase volume-averaging

method is applied to derive the macroscopic conservation equations. The interaction be-

tween various phases in a PEM fuel cell was also captured that is connected through the

source terms of the volume-averaged conservation equations.

The primary goal of this thesis research was to understand the two-phase transport

processes inside the CCL of a PEM fuel cell. Therefore, the volume-averaged conservation

equations were simplified for the CCL assuming the fuel cell was isothermal and operating

in steady-state. Also, the polymer electrolyte was assumed impervious to the gas phase

and liquid water was considered in a mist state that can be instantaneously removed by

the gas flow. It was also assumed that the production of water in the CCL is liquid

form only, and the GDL and CCL are isotropic and homogeneous. The inertia effect is

negligible in the porous GDL and CCL for the gas phase, i.e. the conservation mass and

momentum equations for the gas phase were simplified using the Darcy’s law. The liquid

phase mass and momentum equations were combined together by considering both the

capillary and convection effects. Since the liquid water flows opposite to the gas flow,

the gas flow velocities inside the porous layer will hinder the flow of liquid water. Hence,

the convection term in the liquid water equation cannot be neglected. The production of

liquid water from the condensation/evaporation process, and the transport of water due

to the electro-osmotic drag and back-diffusion were also considered. The charge transport

equations were simplified using the Butler-Volmer equation.
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The simplified model developed in this thesis research requires several effective trans-

port properties for the numerical implementation including relative permeability and cap-

illary pressure. Several correlations are available in literature for the relative permeability.

Each of these correlations has limitation. In this thesis research, the cubical relation was

adopted as it has been widely used for the PEM fuel cell GDL and CCL. Similarly for

the capillary pressure, several correlations are available in literature. A comprehensive

discussion on these correlations is provided in Chapter 5. It has been observed that none

of these correlations is a perfect fit for the numerical modeling of PEM fuel cell. Since

the Leverett function has been widely used for the PEM fuel cell, this thesis adopted the

Leverett function to be consistent with the majority of the PEM fuel cell literatures.

An accurate estimation of the effective properties in PEM fuel cell, e.g. effective conduc-

tivities and diffusivities in the CCL and GDL, is crucial for accurately predicting the fuel

cell performance and optimizing design parameters in the numerical modeling/simulation.

For the PEM fuel cell, the Bruggeman approximation has widely been used for estimating

the effective conductivity and diffusivity, which is based on the Bruggeman’s Effective

Medium Theory. It provides empirical correlation for the effective properties of a compos-

ite system; therefore, a unique correlation based on the Bruggeman approximation does

not always hold for the PEM fuel cell effective properties. Rather, the Bruggeman corre-

lation is a cell specific and experiment dependent correlation that depends on structure,

phase composition, water saturation, experimental parameters, etc. Further, this corre-

lation needs to be combined with other correlations to estimate the effective diffusivities.

Therefore, a set of mathematical expression has been developed for the effective transport

properties in PEM fuel cell.

The mathematical expressions of effective transport properties were derived from the

Hashin coated sphere model and have an exact mathematical foundation for effective

conductivities and diffusivities. The effective conductivity and diffusivity expressions were

also compared with the results available in literature for a limiting case. It has been

found that the proposed mathematical expressions for the effective transport properties

are quite capable of predicting reasonably accurate and comparable results. Further, the

complexities involved in using the Bruggeman approximation and Weiner models together

can be avoided by employing the effective diffusivity formulation developed in this thesis

research. Hence, these expressions are recommended for the numerical modeling of PEM

fuel cell. Although these expressions are derived focusing on the PEM fuel cell, the present

formulations for the effective transport properties are equally applicable for other hydrogen

fuel cells, porous media flow, and multi-phase composite systems.

For the PEM fuel cell performance optimization, it is required to estimate the re-
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versible cell voltage and various losses. Among the various losses,the ohmic and activation

overpotentials are the most significant in typical operating ranges of a PEM fuel cell.

The formulation of ohmic overpotential is well established and does not require compli-

cated mathematical formulation or numerical computation for fully-hydrated membranes,

while the activation overpotential formulation is rare in literature. Therefore, an analyt-

ical expression for the activation overpotential has been developed using the simplified

volume-averaged conservation equations.

The analytical expression of activation overpotential has shown an accurate predictive

capability when a proper estimates of ohmic overpotential was incorporated to the ana-

lytical formulation. It also provides an excellent agreement with available experimental,

numerical, and empirical results. Further, the analytical expression of activation overpo-

tential can be used for optimization studies. Using an optimization study, it is found that

catalyst layer performance is much more sensitive to the thickness of the catalyst layer

than the other parameters, particularly below the optimum thickness. It has also been

found that changing the catalyst layer thickness and Pt-loading can provide an optimum

value compared to the other operating and physical parameters. The optimum catalyst

loading is found to be 0.195 mg/cm2 for either air or oxygen as the cathode gas with a

Nafion fraction of 0.4 and 20% wt of Pt/C. The optimum catalyst layer thicknesses were

found to be 10.5 ± 1, 13 ± 1.5, and 15.75 ± 1.75 µm for 0.2, 0.25, and 0.3 mg/cm2 of

Pt-loadings, respectively, with a Nafion fraction of 0.4 and 20% wt of Pt/C in the catalyst

layer. Overall, the analytical expression developed in this thesis is easy to implement and

it can accurately predict the fuel cell performance.

The simplified volume-averaged conservation equations were also used to develop a

one-dimensional (1D) analytical model of liquid water transport across the CCL. The 1D

analytical solutions of liquid water profile have been derived for both hydrophilic and

hydrophobic CCLs. In-situ measurement of water flooding in the CCL is quite difficult

and the numerical simulation requires significant amount of computational time. There-

fore, the analytical expressions of liquid water saturation will provide a quick estimate

of liquid water transport in the CCL of a PEM fuel cell. These analytical solutions also

include the electro-osmotic transport, back-diffusion, condensation/evaporation of water,

and removal of liquid water through the GDL. Based on these analytical expressions, it

has been shown that the wetting properties of a CCL control the flooding behavior and

hydrophilic characteristics of the CCL can play a significant role on the cell performance.

Further, a novel dimensionless time-constant analysis has been provided to investigate the

liquid water accumulation and transport in the CCL due to the electro-osmotic drag and

back-diffusion, condensation/evaporation of water, and electrochemical production of liq-

uid water. Furthermore, the effect of water flooding on the activation overpotential has
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been found to be less sensitive if a linear reduction of active reaction area is assumed,

whereas the higher order reduction of active reaction area shows significant increase of

activation overpotential due to the liquid saturation. Hence, it has been concluded that

the widely used linear approximation of active reaction area reduction due to the liquid

water saturation seems to be under-estimation.

Finally, the volume-averaged two-phase model has been implemented numerically for

both the 2D and 3D geometries for a macro-homogeneous catalyst layer. Although an

investigation has been carried out to quantify the effect of catalyst layer structure on

the reactant transport and cell performance, it has been found that the computational

load is tremendous for an agglomerate catalyst layer. With the available computational

resources, an agglomerate catalyst layer structure can only be considered if the catalyst

layer is the only computational domain. In such situation, the boundary condition at

the CCL/GDL interface needs to be approximated and determined separately, which is

cumbersome. Nonetheless using an approximated boundary condition for the CCL/GDL

interface, the effect of an agglomerate catalyst layer structure has been shown and it

has been found that the catalyst layer performance can be improved by optimizing the

agglomerate arrangements.

The numerical simulation of the volume-averaged two-phase transport model were per-

formed using COMSOL Multiphysicsr, utilizing a finite element method to solve the

system of coupled partial differential equations. In order to ensure the numerical solu-

tions are grid independent, the governing variables are estimated in different grid sizes.

To validate the numerical models, the numerical results are compared with the analytical

model of liquid water transport in the CCL of a PEM fuel cell. It has been observed

that the numerical results have a good agreement with the analytical model results at low

current density and differ at high current density, which is mainly due to the fact that the

analytical expression of liquid water saturation at the CCL of a PEM fuel cell will always

over-estimate liquid saturation at higher current densities.

While implementing the volume-averaged two-phase transport equations in COMSOL

Multiphysicsr, it has been observed that some models available in literature represent the

liquid water equation erroneously, particularly those were modeled using the commercial

software Fluentr. A comparison between the mathematical model developed in this thesis

and the liquid water model available in Fluentr has also been provided. It has been

shown that the mobile liquid water saturation calculated using Fluentr model will always

under-estimate. This error is due to the conflict between the intrinsic (phase-averaged) and

superficial (volume-averaged) properties, particularly for the liquid and gas phase densities.

Hence, the model based on the Fluentr formulation will significantly under-estimate the
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liquid water saturation and will eventually over-estimate the oxygen transport if the water

density is interpreted incorrectly. Conversely, the present volume-averaged approach does

not confuse the intrinsic and superficial densities as they are well-defined and derived

directly from the volume-averaged conservation equations. Therefore, the mathematical

model developed in this thesis for the liquid water transport is recommended for future

studies.

Based on the 2D numerical simulation, it has been shown that the structure and surface

wettability of a macro-homogeneous CCL have significant effect on the liquid water and

reactant transports inside the CCL. The structure of a macro-homogeneous CCL was

considered to be quantified by its porosity, i.e. by the platinum (Pt) loading and Nafion

content. The liquid water saturation increases with the Nafion content, which also hinders

the oxygen transport to the CCL. However, a higher Nafion content can significantly lower

the activation overpotential for the PEM fuel cell. Similarly, a higher Pt-loading increases

the liquid water saturation and reduces the oxygen transport to the CCL but improve the

cell performance by reducing the activation overpotential. Since both the Pt-loading and

Nafion content reduce the CCL porosity, the increase in liquid water saturation is mainly

due to the low volume available to the liquid water.

The catalyst layer surface wettability (i.e. contact angle) shows no effect on the liquid

water saturation inside the GDL under the flow channel. Conversely, the liquid water

saturation in the GDL can be reduced under the bipolar plate’s land using a highly hy-

drophilic catalyst layer (low contact angle). The liquid water saturation inside the CCL is

always less for catalyst layer having a low contact angle. Although the CCL contact angles

show a distinct effect on the liquid water saturation inside the CCL and GDL, the oxygen

mass fractions remain unchanged for various contact angles. As concluded earlier that

the widely used linear approximation of active reaction area reduction due to the liquid

water saturation is an under-estimation, the variation of liquid water saturation due to

the contact angles are insufficient to further hinder the oxygen transport. It is worthwhile

to note that these liquid water saturations are mobile liquid water saturations. Once the

irreducible liquid saturation is added to the mobile liquid saturation, it might capture the

change in the reactant transport due to the liquid water saturation. Conversely, the GDL

porosity and wetting properties show significant effect on both the liquid water and oxygen

transports. A highly porous GDL not only reduces the liquid saturation but also provides

better transport of reactant gases. It also reduces the activation overpotential.

In the 3D numerical simulation, the major objective was to implement the mathe-

matical model developed in this thesis and investigate how the concentration variation

along the gas flow channel affects the water and oxygen transport inside the CCL. The
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3D numerical model were performed using COMSOL Multiphysicsr. Here the similar set

of conservation equations was used that was used in the 2D simulation, except the mass

and momentum equations for the gas phase inside the flow channel. Further, a true slip

boundary condition was applied at the GDL/GFC interface and compared with the no-slip

boundary condition that is most common in PEM fuel cell literatures.

The numerical accuracy of the 3D model was compared with the numerical accuracy

of the 2D model. Since the 2D model was validated with literature, the comparison of 3D

model with 2D model serves the numerical validation for the 3D model. Although the gas

velocity inside the porous GDL is negligible compared to the gas velocity inside the flow

channel, a no-slip boundary condition at the GDL/GFC interface would under-estimate

the oxygen concentration inside the CCL. Further, the 3D model was implemented using

both the tetrahedral and hexahedral meshes. The use of hexahedral mesh will allow to

solve a PEM fuel cell model faster as it require less computational memory due to the

less number of degrees of freedom. However, the use of hexahedral mesh requires fairly

regular-shaped geometries, while the tetrahedral mesh can be used for irregular-shaped

geometries. Both meshes show almost identical results. Therefore, the tetrahedral mesh

is recommended for the CCL model as it will allow considering the agglomerate or any

other complex structure for the catalyst layer. Since the oxygen concentration varies along

the flow channel, the actual oxygen concentration and liquid water saturation inside the

CCL are completely different than the 2D model. Clearly, a 2D model can capture the

inlet condition only. Since the flow channel in a PEM fuel cell can be straight, serpentine,

or interdigitated, the 3D numerical model will provide the true nature of the various

transport process in a PEM fuel cell. The effect of condensation/evaporation process on

the liquid water production was found to be negligible compared to the water production

from the electrochemical reaction. Furthermore, the 3D numerical model will also be

able to capture the condensation/evaporation process inside the porous CCL and GDL

that cannot be captured using a 2D model. It has also been noticed that almost the entire

amount of liquid water is produced near the membrane/CCL interface for a typical current

density from the electrochemical reaction. Therefore, the widely used assumption of thin

CCL or consider the CCL as an interface is not a valid approximation. A finite thickness

of CCL is always required to understand the true transport processes in the cathode of a

PEM fuel cell.

The 3D numerical model is only being implemented and validated but it opens the

opportunities to carry this thesis research forward. Further, the PEM fuel cell is considered

as isothermal. In reality, the PEM fuel cell is not isothermal. The temperature gradient

inside the CCL is significant that would change the condensation/evaporation process

inside the porous CCL and GDL. Therefore, there are several areas that are opened up
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for future studies. A brief summary for possible future studies are listed below:

◦ An agglomerate catalyst layer structure should be incorporated in the 3D model.

◦ Since the real flow channel can be straight, serpentine, or interdigitated, these ge-

ometries can be considered.

◦ The energy equation should be incorporated as the PEM fuels are not isothermal.

◦ The liquid water saturation at the GDL/GFC interface was considered negligible,

while almost the entire amount of liquid water that is produced from the electro-

chemical reaction is transported via GDL to the flow channel. Hence, a sophisticated

model is required that can estimate the liquid water saturation at the GDL/GFC

interface.

◦ Although a mathematical model has been developed for the effective transport prop-

erties, the empirical correlations for the relative permeability and capillary pressure

were taken from literature. Therefore, a fundamental mathematical formulation is

required for the relative permeability and capillary pressure.

◦ The present mathematical model can be used for a fuel cell stack.
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