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ABSTRACT

This thesis presents a compendium of work related to performance analyses
of a proton electrolyte membrane (PEM) fuel cell with two novel design
configurations. The finite element based numerical analysis has been carried out to
solve the numerical transport models involved in a PEM fuel cell coupled with the
flow in a porous medium, charge balance, electrochemical kinetics and membrane
water content. The scope of this research work focuses on improving the
performance of the PEM fuel cell by optimizing the thermo-fluid properties of the
reactant species instead of analysing the complex electro-chemical interactions.
Two new design configurations have been numerically analyzed; in the first design
approach, a perforated-type gas flow distributor is used instead of a conventional
gas flow distributor such as a serpentine, straight or spiral shape; the second design
approach examines the effect of reactant flow pulsation on the PEM fuel cell
performance. Results obtained from the numerical analyses were also compared

with the experimental data and a good agreement was found.

Performance of the PEM fuel cell with a perforated-type gas distributor was
analyzed at different operating and geometric conditions to explore the merits of
this new design configuration. Two-dimensional numerical analyses were carried
out to analyze the effect of varying the different operating parameters; three-
dimensional numerical analyses were carried out to study the variation of different
geometric parameters on overall performance of the new design configuration of the
PEM fuel cell.

The effects of the reactant flow pulsation on the performance of PEM fuel
cell were analyzed using a two-dimensional numerical approach where both active
and passive design configurations were numerically ssmulated to generate the
pulsations in the reactant flow. The results showed a considerable increase in

overall performance of the PEM fuel cell by introducing pulsationsin the flow.
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CHAPTER 1

1 Introduction

1.1 Background

Increasing levels of pollution and possible anthropogenic global warming
resulting from the combustion of fossil fuels have urged scientists to consider
aternative energy conversion and power generation systems that could satisfy the
global energy demands in more environmental-friendly ways. Wind, tidal, solar and
hydrogen based renewable energy systems are some of the potentia areas in this
regard [1, 2]. Hydrogen-based renewable energy systems such as fuel cells offer a
promising pathway with the prospect of low- to zero-emissions during power
generation for sub-watt to megawatt applications in transportation, manufacturing
and communications [3-5]. The combination of high efficiency, environmental
benefits and versatility make fuel cells a suitable power generation device for both
terrestrial and space applications. Despite these potential benefits, the commercial
deployment of fuel cells faces many challenges such as; high operating cost and a
lack of existing hydrogen infrastructure [6, 7].

The fuel cell was first demonstrated by Lawyer-cum-inventor William Grove
in 1839, but no further significant research was carried out in this field until the late
1940s [8]. The first commercial application of afuel cell was in space and military
systems [9]. Among the different types of fuel cells, the polymer electrolyte
membrane (PEM) fuel cell is considered a promising approach due to its low

operating temperature and ssmple design configuration [10, 11].

The basic operating principle of a fuel cell is simple, but involves the
coupling of complex transport phenomena such as species transport by convection

and diffusion, heat transfer, charge balance and electrochemical kinetics. These



transport phenomena lead to certain efficiency losses in the fuel cell that affect its
overall performance. The performance of a fuel cell can be investigated in two
ways, either by experimental techniques or by numerical simulations. Experimental
methods have limitations when investigating the complex interaction of transport
phenomena taking place inside the fuel cell, whereas numerical modelling provides
a better insight into the problem [12, 13]. Furthermore, it is not possible to perform
detailed in-situ measurements of a fuel cell during its operation because of its
reactive environment [14, 15]. The complex experimental setup of the fuel cell
system has stimulated efforts to develop sophisticated numerical models of the fuel
cell that can simulate and predict the coupled transport of reactant and product

species, heat transfer and charge balance along the fuel cell domain.

The performance of a PEM fuel cell can be improved by improving the
reaction rate and the species distribution along its domain [3]. The reaction rate is a
function of the electro-chemical properties of the catalyst layer and distribution of
the reactant species. The electro-chemical properties of the catalyst layer depend
upon the material and chemical composition, whereas the distribution of the
reactant species can be improved by certain changes in the PEM fuel cell design.
Therefore, innovative fuel cell designs are required to improve the distribution of
reactant species along the fuel cell domain and particularly aong the catalyst layer
[16]. Numerical modelling can provide detailed information into the effects of
design changes on the overall distribution of the reactant species and can contribute

to significantly shortening the design and optimization cycle.

The present research was carried out at the 'Energy and Environmental
Technology Applied Research Group, Faculty of Engineering and Computing,
Coventry University, UK'. It primarily focuses on computational fluid dynamics
(CFD) based multi-physics numerical modelling of the coupled transport
phenomena that occur in two novel design configurations of the PEM fuel cell. In
the first design approach, a perforated-type gas flow distributor is examined instead
of a conventional type of gas flow distributor (such as serpentine, spiral or parallel
flow channels). The second design approach studies the effects of reactant flow
pulsation on the distribution of the reactant and product species along the PEM fuel

cell domain. These numerical analyses have been carried out using both two- and
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three-dimensional numerical modelling techniques, and the results obtained from
the numerical analyses have been compared with experimental data to validate the

method, numerical model and the design concept.

1.2 Aim and Objectives

This research work primarily aims to enhance the performance of a PEM
fuel cell by improving the distribution of reactant/product species aong its domain
by simplifying the design configuration and by optimizing the behaviour of the
thermo-fluidic parameters aong its domain [17]. To date, most research and
development activities examining PEM fuel cells have focused on the electro-
chemistry, and in particular on the membrane electrolytes. However no major
research activity has been carried out to study the thermo-fluidic properties of the
PEM fuel cell [18].

This research work also aims to reduce the manufacturing efforts and cost of
the PEM fuel cell by ssmplifying its design configuration through optimizing the
design of the gas flow channels and the use of less exotic materials. The electrode
plates, usually termed as bipolar/end platesin fuel cell literature, are very important
components of the PEM fuel cell which significantly contribute towards its total
weight and cost. As such, attention has been paid in this research work to select the
optimum materials for these electrode plates as well as simplifying their design

specifications.

The main objectives of this research can be described as follows:

1) To understand and numerically model the coupling of complex transport

phenomena taking place inside the PEM fuel cells.

2) To reduce the manufacturing cost of the PEM fued cells by selecting
optimal materials for the electrode plates and simplifying their gas flow

channel design configuration.



3) To improve the performance of PEM fuel cells by enhancing the
distribution of reactant species aong their domain instead of dealing
with the complex electro-chemical properties of the membrane electrode
assembly. For this purpose, two new design configurations of the PEM

fuel cell are analyzed and discussed in this research work:

a) In the first design approach, a perforated stainless steel gas
distributor is used instead of the conventional serpentine or
parallel shaped gas flow distributor based on graphite. The
perforated-type gas distributors significantly reduce the
manufacturing effort and cost as they are readily available on
the market and can be readily customized without any extra

machining cost.

b) In the second design approach; the concept of cathode flow
pulsations is introduced to improve the diffusive properties
and overall distribution of reactant and product species inside
the PEM fuel cell domain.

1.3 Outline

Thisthesis consists of seven chaptersin addition to the introduction in chapter
1. Chapter 2 is a review of the recent published literature on this field of the fuel
cell science, where the current state of knowledge and existing literature concerning
PEM fuel cells are examined; this includes the basics of typical PEM fuel cell
design and fuel cell numerical models used by different researchers. The numerical
methodology and governing transport equations used for the numerical simulation
are presented in Chapter 3 while a case study used for the validation of the
numerical model in comparison to experimental data is discussed in Chapter 4.
Chapter 5 introduces a parametric study of the effects of different operating
conditions and geometric parameters on the performance of a perforated-type PEM
fuel cell. Chapter 6 describes the transient numerical analyses involving the effect
of cathode flow pulsations on the performance of PEM fuel cells having a straight-
type gas flow channel. In Chapter 7 the important findings of this study are



discussed, and finally the conclusions and recommendations for future work are
presented in Chapter 8.

1.4 Summary

The performance of a fuel cell can be analysed using both numerical and
experimental techniques. In this work numerica techniques were used to conduct
the performance analyses of a PEM fuel cell and experimental data were used to
validate the numerical model. The primary focus of this research work isto improve
the performance of PEM fuel cells by improving the distribution of reactant species
instead of enhancing the complex electro-chemical properties of the membrane
electrode assembly. Further aims and objectives of this research work have been

described earlier to clearly define the basis and direction of this research.



CHAPTER 2

2 Literature Review

2.1 Introduction

A fuel cell is an electro-chemical conversion device that directly converts the
chemical energy of reactants into electricity without combustion [8]. In spite of the
complexities involved in the manufacturing of afuel cell system, the basic operating
principle of a fuel cell is relatively simple. A typica fuel cell consists of two
electrodes (anode and cathode) separated by a conducting ionised electrolyte. At the
anode side, the incoming hydrogen gas atoms are oxidised into positively charged
protons and negatively charged electrons. The positively charged protons travel
through the electrolyte membrane while the negatively charged electrons travel
through an external circuit to the cathode side, where they chemically react with

reduced oxygen atoms, forming heat and water as a by-product [19].

A fuel cdl is different from a battery as it is only an energy conversion
device, whereas a battery is an energy storage device. The electrode of a battery is
consumed during the reaction that eventually stops the delivery of power from the
battery. However, in a fuel cell the energy conversion and storage functions are
separated from each other, such that the fuel cell can operate as long as reactants are
supplied. The overall composition of a fuel cell itself remains unchanged during the

whole electro-chemical process|[9].

The fuel cell systems are superior to existing conventional power generation

systems in many regards; for example:

i. Fue cells operate in an environmental friendly manner as they do not

produce any harmful by-products like most conventional power generation
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systems. Conventional power generation systems use different types of fuels
such as coal, petrol and diesel that result in the emission of harmful by-

product gases that pollute the atmosphere.

ii. In comparison to other conventional power generation systems, fuel cell
systems produce far less noise during their operation. The noise level at 30
meters from a fuel cell power plant has been measured at only about 55 db
[20].

iii.  Fuel cellsdo not cause any significant thermal pollution as only avery small
amount of heat is produced in the electro-chemical reaction. The low
amount of heat generated by afuel cell means that the heat can be exhausted
directly into the air rather than into a specialised heat sink, such as water.

iv.  Fuel cell systems do not have a striking visual impact, as no smokestacks or
cooling towers are required. It is possible to enclose afuel cell systeminside
a small building without the extensive special arrangements required by
conventional energy generation methods [19].

v. Fuel cels are safer and more reliable when compared to other conventional
power generation systems. The US aerospace programme has proven the
reliability of fuel cells for steady, uninterrupted power generation, as not a

single failure of a fuel cell system has occurred in NASA programmes [19].

vi. Maintenance of a fuel cell system is simple because a fuel cell is
mechanically static, and as such there are no moving parts. Due to this, the
maintenance of the fuel cell system is required only at infrequent intervals.
Moreover, fuel cells can be used for unmanned operations with automatic or
remote dispatch of generated electricity [19].

As well as the above mentioned benefits of a fuel cell system, there are some

fundamental drawbacks such as;



The slow reaction rate leads to low current outputs and power densities. This
problem can be dealt with by the selection of proper materia composition
for the membrane electrode assembly and catalyst layer and optimizing the

design of the fuel cell gas flow channels

Hydrogen fuel is not readily available and a completely new infrastructure is

required for the hydrogen distribution.

Like other emerging power generation systems, fuel cells are limited by
current materials technology, but this problem is much less critical than

those associated with magneto-thermodynamics and nuclear fusion [19].

Figure 2-1: Basic operating principle of afuel cell [21]



2.2 Typesof Fud Cdll

Different types of the fuel cell systems have been investigated by researchers
to improve their performance and promote their commercialisation. Currently, five
classes of fuel cells have emerged as viable power systems for the present and near-
future applications. Each type of fuel cell has some merits and drawbacks. A brief

description of the mgjor types of fuel cellsis presented in the following sections.

2.2.1 Polymer Electrolyte Membrane (PEM) Fuel Cell

The polymer electrolyte membrane (PEM) fuel cell is regarded as one of the
most promising types of fuel cells due to its simplicity and low operating
temperature. This type of fuel cells generally operate between 50 to 100 °C, which
makes them suitable for automotive and mobile applications [8]. In thistype of fuel
cells, the electrolyte is a solid polymer which contains mobile protons. The major
drawback of the low operating temperature of PEM fuel cells is the low electro-
chemical reaction rate, which can be addressed using sophisticated catalysts and

electrodes.

2.2.2 Alkaline Fue Cdl

The alkaline fuel cell is one of the most developed types of fuel cells which
was used by NASA moon missions in the late 1960s [8] . This type of fuel cells
produces power through a ‘redox’ reaction between hydrogen and oxygen. The
anode and cathode are separated by a porous matrix saturated with an agueous
akaline solution of potassium hydroxide (KOH). Pure oxygen reacts with the
potassium hydroxide to make potassium carbonate as a by-product. This potassium
carbonate causes a blockage of pores that slowly reduces the performance of this

type of fuel cells.

Alkaline type fuel cells operate at fairly high temperatures ranging between
50 to 200 °C and they have higher efficiency when compared to the PEM fuel cells.

Alkaline fuel cells also have an edge over PEM fuel cells due to their low activation



overpotentia at the cathode, but conversely they need pure hydrogen and oxygen to

achieve optimum performance which makes their operation costly [8, 22].

Figure 2-2: Operating principle of alkaline type fuel cells[8]

2.2.3 Phosphoric Acid Fuel Cell

This type of fuel cells uses liquid phosphoric acid as an electrolyte.
Hydrogen is introduced at the anode side and is oxidised to produce positively
charged protons and negatively charged electrons. The ionic conductivity of the
phosphoric acid is low a low temperatures. Furthermore, it solidifies at
temperatures below 40 °C, which makes the initial start-up difficult and restricts the

continuous operation of thistype of fuel cells[23].

Phosphoric acid fuel cells operate at a temperature of around 220 °C and can
tolerate carbon monoxide, which is not acceptable for many other types of fuel
cells. Moreover, In this type of fuel cells, the hydrogen fuel problem can be solved
by reforming natural gas (CH,, methane) to hydrogen and carbon dioxide, but the
equipment required for this adds considerable cost, complexity and size to the fuel
cell system [22].
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2.2.4 Solid Oxide Fuel Cell

Solid oxide fuel cells are made up of four layers, three of which are ceramic.
Ceramics do not become ionically active until they reach at very high temperature
and therefore the solid oxide fuel cell is only operational in the region of 800 —
1200°C. Oxygen gas enters at the cathode side while fuel enters at the anode side.
Light hydrocarbon fuels such as methane, propane and butane are mostly used as
fuels in this type of fuel cell. Oxygen is reduced into oxygen ions at the cathode
side. These oxygen ions then diffuse through the solid oxide electrolyte to the anode

where they electro-chemically oxidize the fuel.

This type of fuel cell is generally suitable for large industrial applications
because of its high operating temperature range. Due to such high temperatures, a
fast reaction rate can be achieved without using any expensive catalysts.

Figure 2-3: Operating principle of solid oxide fuel cells[8]
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2.2.5 Molten Carbonate Fuel Cell

The electrolyte of a molten carbonate fuel cell is a mixture of molten alkali
metal carbonates; usually a binary mixture of lithium and potassium, or lithium and
sodium carbonates. To melt the carbonate salts and achieve high ion mobility
through the electrolyte, this type of fuel cell operates at around 650 °C [24]. Due to
the high temperatures, the alkali carbonates form a highly conductive molten salt
with the carbonate (COs?)ions, providing ionic conduction [8]. Unlike other types
of fuel cells, molten carbonate fuel cells do not require any externa reformer to
extract hydrogen from energy-dense fuels. Due to the high operating temperature,
the fuels are converted into hydrogen within the fue cell itself by internal
reforming.

Figure 2-4: Operating principle of molten carbonate fuel cells[25]
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2.3 PEM Fue Cdll: Description

Polymer electrolyte membrane (PEM) fuel cells are a relatively new
technology within the fuel cell community. This type of fuel cell was first
developed by General Electric in the USA in the 1960s for use by NASA on its
manned space vehicles [26]. The development of PEM fuel stagnated in the 1970s
and early 1980s. However, in the second half of the 1980s there has been a
renaissance of interest in this type of fuel cell. Rapid development during the past
decade has now brought the PEM fuel cell significantly closer to commercial
reality.

PEM fuel cells consist of three major components: a negatively charged
electrode (cathode), a positively charged electrode (anode) and a membrane
electrode assembly. The membrane electrode assembly consists of a current
collector, a porous gas diffusion layer, a catalyst layer and an electrolyte membrane.
The operating principle of a PEM fuel cell is simple and can be considered to be the
opposite of electrolysis. In electrolysis, an electric current is passed through water
to produce hydrogen and oxygen, whereas in a PEM fuel cell, hydrogen and oxygen
gases are passed at either side of the polymer electrolyte membrane where hydrogen
is split into its elementary constituents - the positively charged proton ions and the
negatively charged electrons.

The potential difference between anode and cathode attracts the protons from
anode to cathode causing them to travel through the electrolyte membrane, whereas
the electrons travel first through an external circuit and then to the membrane
catalyst layer interface at the cathode side where they react with the reduced oxygen
atoms, following this, the reduced oxygen atoms react with the protons diffusing
through the membrane to produce heat and water as by-products [27]. The electro-
chemical reactions for the PEM fuel cell can be stated as follows:

13



Anode Reaction: 2H, > 4H" +4e €
Cathode Reaction: O,+4H" +4e" —2H,0 (b)

Overall Reaction: O,+2H, —»2H,0 (©)

The following figure explains the basic operating principles of the PEM fuel

cell and highlights its important components.

Figure 2-5: Schematic view of a PEM fuel cell and its operating principles[3]

2.4 PEM Fue Cdl Components

A PEM fud cell consists of four magjor components. The following sections

briefly describe these components and their role in the operation of the fuel cell.
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2.4.1 Polymer Electrolyte Membrane

The polymer electrolyte membrane isthe heart of aPEM fuel cell. It hastwo
main functions; firstly, it works as a gas separator, preventing the reactant gases
from directly reacting with each other; secondly, it acts as the proton conductor.
Typically, the electrolyte membrane consists of a Perfluroinated polymer backbone
with Sulphonic acid side chains [28]. Nafion® membranes by Du-Pont are typically
used as the defacto standard for most of the polymer electrolyte fuel cells.
However, there are also other variants of electrolyte membranes, such as Flemion®
and Aciplex® membranes, which are well known in the fuel cell industry [27, 29,
30].

Membranes have to be hydrated so as to sustain their protonic conductivity.
It is therefore necessary for the membrane to retain a certain amount of water
content so as to maintain its ability to transfer protons. This depends on two
phenomeng; firstly, that of the chemical affinity for water in hydrophobic regions of
the membrane, which enables the membrane to absorb and retain water; secondly,
that of the electro-osmotic drag phenomena, whereby each hydrogen ion is
accompanied by one or two molecules of water [30, 31]. The requirement to keep
the membrane hydrated restricts PEM fuel cell operation at higher temperatures. In
general, to achieve high efficiency, the membrane must possesses the following

properties [32, 33]:

a) High proton conductivity to support high currents with minimum
resistive losses and zero electronic conductivity.

b) Adequate mechanical strength and durability.

¢) Chemical stability under operating conditions.

d) Extremely low fuel or oxygen by-pass to minimise crossover current.

e) Reasonable production cost which is compatible with intended

application.
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2.4.2 GasDiffusion Layer (GDL)

The gas diffusion layer enables efficient distribution of the reactant and
product species aong the fuel cell domain. The gas diffusion layer is made up of a
sufficiently porous and electrically conductive material. Materials of a typical gas
diffusion layer include carbon paper or carbon cloth with typical thicknesses of 100-
300 um [34]. The GDL isintentionally porous to increase the wetted surface area by

hundreds and even thousands times the geometric surface area [26, 27].

The gas diffusion layer is characterized by its thickness, hydrophobic nature
and dry resistance to flow and electric properties [35]. Performance of the PEM fuel
cell isimmensely influenced by the reactant/product species distribution along the
gas diffusion layer since it can lead to issues such as water flooding and poor
concentration distribution. To facilitate excess water removal from the fuel cell and
minimize water flooding, the hydrophobicity of the GDL is increased by
impregnating it with a hydrophobic material. The amount of hydrophobic agent
used isa sensitive parameter as excess impregnation can result in the blockage of

surface pores and thus a reduction of the GDL porosity [36].

Figure 2-6: Microscopic image depicting the random fibre structure of a GDL, formed of Toray
carbon paper [3]
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2.4.3 Catalyst Layer

A fine layer of catalyst, usually the noble metal platinum (Pt), is applied to
both faces of the electrolyte membrane. A catalyst loading of 0.1-0.3 mg/cm? per
membrane catalyst layer is typically used. The thickness of the catalyst layer is
usually in the range 5-15 pum [37]. Due to the high cost of platinum, it must be used
sparingly in order to reduce the overall cost of the PEM fuel cell [38]. The catalyst
layer breaks the bonds between the atoms of the reactant species and promotes
higher reaction rates. At the anode side, the hydrogen molecules are absorbed onto
the surface of the catalyst and the bonds between the hydrogen atoms are stretched
and weakened so that they eventually break. A similar mechanism occurs on the
cathode side where the reduction of oxygen is promoted by the action of the catalyst
[30].

Figure 2-7: TEM Image of fuel cell catalyst (black specks show the platinum catalyst particles finely
divided over the carbon paper) [8].

2.4.4 Bipolar / End Plates

The interconnection between the fuel cells in a stack is achieved using
conductive plates. When machined on both sides, they are normally called bipolar
plates. Plates which are fitted at the edges of the fuel cell stack and are machined on

one side only are termed end plates. The term electrode plates will be used here to
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refer to the bipolar and end plates. [30]. These plates are an important component of
any fuel cell system because they assist the supply of fuel and oxidant to the
reactive sites, remove reaction products, collect produced current and provide
structural support [39]. Conventionaly, when the electrode plates are made of
graphite; they constitute around 60 % of the total weight, 30% of total cost and 80%
of the total volume of afuel cell; the weight and cost of a fuel cell can be reduced
significantly by improving the design of these plates. The essential requirements for
the electrode plates are [34]:

= High values of electronic and thermal conductivity;
= High mechanical strength;

= Impermeability to reactant gases;

= Resistanceto corrosion;

= Low cost of production.

Bipolar plates are usually constructed from graphite. However, graphite is
porous, fragile, and needs to be thick for the required strength, leading to an
increase in weight, size and cost. As such, alternative materials have been under
intense study by various researchers [40-43]. Different design topologies, i.e.
straight, serpentine or spiral shapes have been used by the researchers to achieve the
aforementioned functions efficiently with the aim of obtaining high performance
and economic advantages. Around a 50% increase in fuel cell performance has been

reported just by improving the distribution of the gas flow fields[44].

Bipolar/end plates typically have fluid flow channels stamped on their
surfaces. Flow channel geometry at both the anode and cathode sides can be
different from each other depending on their design requirements. The essential
requirements for the bipolar plates with respect to physio-chemica characteristics
are the uniform distribution of the reactant species over the active surface of the
electrode to minimize the concentration overpotential. The choice of flow field
configuration strongly affects the performance of a PEM fuel cell, especialy in
terms of water management and distribution of reactant species. Due to this, the

effective design and optimization of the gas flow fields and the bipolar plates

18



remains a very important issue for cost reduction and performance improvement of
the PEM fuel cell. The different types of flow field configurations that have been

used by researchers are discussed in the following sections.

24.4.1 Serpentine Shaped Gas Flow Channel

The serpentine shaped gas flow channel configuration is a common option
for many fuel cell designers. In this design configuration, only one flow path exists
for the reactant gases across the flow field plate and any liquid water accumulating
in the channel is quickly pushed out of the cell. Watkins et al. [45] studied the
optimization of serpentine shaped flow channels. This type of flow field
configuration results in high pressure losses and therefore needs a high pressure

flow.

Figure 2-8: Serpentine shaped gas flow channel configuration

24.4.2 Paralle/Straight Shaped Gas Flow Channel

Pollegri et al. [46] introduced the concept of a parallel/straight type gas flow
channel configuration. This type of flow field has an advantage over the serpentine
shaped channels due to the lower pressure losses, on the other hand, a maor
drawback is that different paths exist across the bipolar plate for the reactant gases,
potentially causing ineffective water removal because of the uneven flow
distribution of the reactant flow through the fuel cell domain.
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Figure 2-9: Paralléel gas flow channel configuration

2.4.4.3 Discontinuous Type Gas Flow Channel

The discontinuous type gas flow channel configuration has been proposed as
a solution to the problem of low diffusion rates along the gas diffusion layer in a
fuel cell. Discontinuity of the gas channel passively forces the reactant species to
diffuse along the gas diffusion layer and facilitates the removal of water. In thistype
of flow channel configuration, the transport of the reactant species in the gas
diffusion layer isforced instead of relying on free convection [47].

Figure 2-10: Discontinues flow field configuration
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24.4.4 Spiral Shaped Gas Flow Channel

Kaskimies et al. [44] proposed a spiral shaped gas flow field configuration.
This configuration combines the effective water removal of the single channel
geometry with the advantage of having channels containing fresh and depleted
cathode gas side by side, leading to better distributions of oxygen and water.
However, the manufacturing cost of this type of flow field configuration is

significantly higher.

Figure 2-11: Spiral flow field configuration

2.5 Review of Numerical Modelling of PEM Fuel Cell Transport
Phenomena

Fuel cells are increasingly viewed as a future power source. Researchers are
actively enhancing PEM fuel cell numerical models to improve the understanding of
the complex transport phenomena involved, and to use these numerical models to
optimize fuel cell performance. The fundamental numerical model of a PEM fuel
cell consists of governing equations for mass, momentum and energy conservation
and the charge balance in order to model the flow in porous media and the electro-
chemical kinetic reactions. The transport phenomena of PEM fuel cells are coupled

to solve the multi-species transport model and have a significant effect on issues

21



related to the fuel cell performance, such as thermal and water management, and

mass transport limitations [48, 49].

Numerical modelling of PEM fuel cell transport phenomena is not straight
forward because of the diversity and complexity of the electrochemical processes
involved. In spite of significant numerical and model developments, the underlying
physics of the PEM fuel cell transport process is not fully understood [50].
Common issues with most numerical models of the PEM fuel cells involve the
uncertainties associated with the specifications of boundary parameters that affect

these transport processes,

Rational models based on the fundamental chemical processes and calibrated
with experimental observations are commonly used as essential tools to gain an
understanding of PEM fuel cell operation. Initial efforts towards the devel opment of
a numerica model for PEM fuel cells were focused on single phase, one
dimensional (1D) numerical models. However, recent developments in
computational technology have made it possible to simulate more accurate two
phase and three dimensional computational models that account for fluid, thermal

and electrical transport phenomena.

Initial numerical models of PEM fuel cells were developed in early 1990s by
Springer et al. [51] and Bernardi et al. [52]. These were one dimensional,
isothermal, single phase numerical models that considered only the mass, continuity
and electro-chemical kinetics. These models provided a fundamental framework on
which more advanced multi-dimensional numerical models of PEM fuel cells were
built. As an extension of their previous work, Bernardi [6, 52] published another
numerical model of a PEM fuel cell where he also focused on the calculation of
activation overpotential, membrane resistance loss and Ohmic losses in the gas
diffusion layer. Initial models by Springer et al. [52] used empirical relations for
calculating the membrane conductivity based on water content in the membrane.
Bernardi and Vebrunge implemented the Butler-Volmer equation to model the
electro-chemistry and Schlogl’s equation for the membrane transport behaviour.
Broka and Ekdunge [53] made efforts to develop one dimensional agglomerated
modelsfor the catalyst layer of the PEM fuel cell.
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In 1993 Nguyen et al. [6, 54] presented a two dimensiona steady state
numerical model of a PEM fuel cell that accounted for the mass transport of water
across the membrane by electro-osmosis and diffusion. This model also accounted
for the varying activation overpotential as afunction of the local current density and
oxygen partial pressure along the longitudinal channel by integrating the solution at
different points along the fuel cell domain. The electro-osmotic drag coefficient of
water across the membrane in this model was calculated based on empirical
relations of water vapour pressure activities given by Springer et al. [51].
Lampimen and Fomino [55] introduced entropy changes in their two dimensional
numerical model to calculate the heat transfer in aPEM fuel cell.

Newman and Fuller developed 2D numerical models of PEM fuel cells to
study water effects and issues related to the thermal management. They used a
concentrated solution theory for transport in the membrane [56]. Nguyen and White
investigated and demonstrated the importance of water and heat management in
order to maintain high performance of PEM fuel cells [57]. In 1998, Gurau et al.
[58, 59] developed a two dimensional numerical model of a PEM fuel cell with
different flow channel configurations and membrane types. This model fully
accounted for the mass transport of reactant species that had been simplified in
earlier models. Later, Yi and Nguyen formulated a two dimensional model of a
PEM fuel cell to explore the hydrodynamics and multi-component transport on the
cathode side with an inter-digitised flow field configuration [60].

Dutta et al. [61] described a three dimensional numerical model of a PEM
fuel cell that included solutions of the governing equations of fluid flow (the Navier
Stokes equations) for straight flow channels and discussed how the mass consumed
in the electro-chemical reactions affected the momentum transport equation. Later,
Baghdadi et al. [62, 63] presented a 3D numerical model for a PEM fuel cell in
which they quantified the effects of operating, design and material parameters on
fuel cell performance. Later Braden et al. [64] employed a novel method to reduce
the computational effort required to simulate a pseudo three dimensional solution by
implementing a hybrid numerical model. In this model, the membrane and anode

were not considered, and the catalyst layer was modelled as a boundary condition
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with the flux determined from a first order reaction expression. Um and Wang
extended this work and studied the effect of varying flow channel geometries and
overall layouts [65-67].

Earlier numerical models of PEM fuel cells by different researchers did not
include descriptions of the two phase flow that actually takes place in the PEM fuel
cell domain. In two phase models, the liquid and gas phases travel at different
velocities, a the same time, the interfacial tension effects and GDL wetting abilities
can be modelled, the later phenomena are essential to the operation of a PEM fuel
cell. Advances in the numerical modelling of PEM fuel cells have spurred
significant progress in two phase modelling of transport phenomena. Yu and Liu
[68] and Natargian and Ngyuen [69] presented two phase models of the PEM fuel
cell in which they neglected the anode side of the PEM fuel cell and analysed the
performance by modelling the cathode side only. Later, Djillali et al. [70] and Hu et
al. [71, 72] developed full scale, three dimensional models of PEM fuel cells, taking
into account two phase flow effects.

The internal temperature distribution has a significant effect on the amount
of water that undergoes phase change and consequently on the overall performance
of the PEM fuel cell. For this reason, the assumption of isothermal conditions can
lead to results that are not physicaly representative when phase changes are
accounted for. In PEM fuel cells, heat is generated by the entropic heat of reaction,
the irreversibility of the electro-chemical reaction and the Ohmic resistances. The
irreversible reaction, entropic and joule heating account for approximately 55%,
35% and 10% of the total heat released respectively [49]. Membrane hydration is
aso strongly effected by the temperature distribution along the fuel cell domain.
Initial efforts to numerically model this heat transfer phenomenain PEM fuel cells
was carried out by Nguyen et al. [73] and Newman et al. [74]. Nguyen developed a
two dimensional model of the PEM fuel cell with heat transfer in the flow direction,
while Newman developed pseudo-two dimensional models with heat transfer
effects. These initial models did not include temperature variations in the
membrane. Djilali and Lu [75] developed a three dimensional model of the PEM
fuel cell including heat transfer. Later, Berning et al. [48] presented a three
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dimensional model of a PEM fuel cell which included the irreversible and entropic
heat source terms in the catalyst layer and joule heating in the membrane.

Three primary processes (electrochemical double-layer discharging, gas
transport through the channel and hydration of the GDL and membrane) govern the
time response of a PEM fuel cell. The time dependant constant for the double-layer
discharging is fairly small (in the range of milliseconds) and thus can be ignored.
The time dependant constant for the gas transport through the channel and hydration
of the GDL ranges from 0.1 to 1s[49]. Finally, membrane hydration is the slowest
process in PEM fuel cell operation and its time constant is around 25 seconds. Um
et al. [67] was the first researcher to study the transient behaviour of PEM fuel cells
and developed a 2D transient model to study the transport phenomena in the fuel
cell domain at different time intervals; however, they did not include the membrane
hydration process in their model. Their work was extended by Wang et al. [49] to

include the effects of transient membrane hydration processes.

Despite of the extensive work done by different researchers, the numerical
modelling of PEM fuel cells is still under intense development. Different
computational tools are used for this purpose that allow systematic simulation and
design optimization of fuel cell systems, and facilitate the integration of advances
which can reduce the reliance on hardware prototyping, hence, reducing the
development cycle time [3]. These ‘computational fuel cell engineering tools
(CFCE) require the robust integration of numerical models that represent a variety
of complex multi-physics transport processes such as fluidic, ionic, eectronic and
thermal transport in concert with the electro-chemical reactions. Coupling of such
models with modern CFD and multi-disciplinary optimization methods allows the

creation of powerful CFCE tools.

The following sub-sections provide a comprehensive overview of the
numerical models developed by different researchers for the analysis of coupled
transport phenomena in each section of the polymer electrolyte membrane (PEM)
fuel cell.
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2.5.1 GasFlow Channd

Flow characteristics in the PEM fuel cell gas flow channels are strongly
influenced by the geometric configuration. Different gas flow channel design
configurations, such as straight, parallel, U shaped, spiral and serpentine shaped
have been studied by the researchers to explore their effects on the distribution of
reactant/product species and the overall performance of the PEM fuel cells. Ming
[76] investigated the effect of different flow channel design configurations on the
performance of a PEM fuel cell. Hadi et al. [77] studied the effect of varying gas
flow channel dimensions (channel width and shoulder size) on the performance of
the PEM fue cell finding that increasing the gas channel width improves the
limiting current density. Li and Sabir extensively reviewed different configurations
of PEM fud cell gas channels and their effects on fuel cell performance [39].

Due to the small amounts of reactant gases entering the fuel cell, the
velocity of flow is fairly low, hence laminar flow is assumed for the numerical
modelling of the reactant fluids in PEM fuel cell gas flow channels. Different types
of transport phenomena take place in the PEM fuel cell gas flow channels and the
conservation equations for momentum, mass and energy can be applied to the fluid
flow. These transport phenomena have been numerically modelled by various

researchers using the following forms of the governing equations [6, 62, 78]:

Continuity Equation (Conservation of Mass)

dI(pu) . 9(pv)  d(pW) _ (2-1)
oX ay 0z

Navier Stokes Equations (Conservation of Momentum)
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Where p is the reactant flow mixture density and u, v, w, are the flow
velocities in the X, y, and z directions respectively. Density p of the mixture can be

calculated using the following formula

_ 2 %MW (23
p=ST—p

Mass transport of the reactant species in the PEM fuel cell gas channel can
be described by the divergence of mass flux through diffusion and convection using
the following form of the steady state species transport equation:

N VM VM \%
V{—pwi D, {M—(ij +w, M—j+(xj —w, )—p}+wjpu}=0 (2-4)
a1 - Y

j j

Here, i represent the oxygen at the cathode and hydrogen at the anode sides,
while j is the water vapour on both sides of the PEM fuel cell. Dj; is the binary-
diffusion coefficient of the reactant species and can be calculated using Maxwell-
Stefan diffusivity relation, which is a good approximation for multi-component

diffusion in gases at low density [79].

5 - T/ M, +1/ M)
i~ P((kai)ll3+(zvkj )1/3)2 (2-5)
k k

Vjj is the atomic diffusion volume of reactant species and its quantity can be
obtained from work done by Cussler [80]. The molar fraction of each speciesin the
PEM fuel cell gas channel is calculated using the following relation [81]:
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(2-6)

Where w; is the mass fraction of species i, while M; is the molecular weight of
Speciesi.

Temperature variation aong the PEM fuel cell gas channel plays an
important role in the behaviour of flow. Therefore, so as to increase the accuracy of
a numerical anaysis, variations in temperature must be taken into consideration.
Due to the chemical reactions along the cathode membrane/catalyst layer interface,
heat is generated and transported to the gas channel. A form of the energy equation
based on the first law of thermodynamics is typically used to calculate the energy
transfer in the gas flow channel in a PEM fuel cell. The following expression
represents the energy conservation in the gas flow channel by conduction, species
diffusion and viscous dissipation [ 78, 82]:

V.(V(pE+ p)) = V(keﬁVT _Zhj D, + (7 .V)J+ S,

(27)

E is the total energy, ke is the effective therma conductivity of the bipolar
plate material, Dy is the diffusion flux of reactant species, h is the enthalpy, 7 is the

stress tensor and S, is the source term per unit volume per unit time.

2.5.2 GasDiffusion Layer (GDL)

The gas diffusion layer (GDL) of a PEM fuel cell consists of an anisotropic
fibrous structure either in the form of paper or woven cloth that alows the
distribution of the reactant gases through the porous structure and the collection of
current through the fibres [3, 78]. Different researchers have investigated the
numerical modelling of transport phenomena taking place inside the GDL of a PEM
fuel cell.
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William et al. [83] investigated the effect of cross-flow on fuel cell
performance using a GDL with distinctively different gas permeability. Dohle et al.
[84] examined flow homogeneity in the GDL using flow visualization to find the
optimal permeability value. Benziger et al. [85] investigated the water flow in the
GDL and their effects on fuel cell performance, while Inoue et al. [86] optimized
the thickness of the GDL using the numerical modelling techniques. Lee et al. [87]
and Jordan et al. [88] used these models to optimize the performance of fuel cells
using different parameters such as GDL porosity, permeability and thickness. It was
found that a thin GDL with a small porosity resulted in a good electrical
conductivity; however, efficient mass transport required larger porous holes.
Hontanon [12] investigated the effect of permeability of the gas diffusion layer on
the consumption of reactant gases in the electrodes. Rismanchi et al. [89] presented
a three dimensional model of a PEM fuel cell where they studied possible dead
zones that can exist between the gas channel shoulder and the GDL, where the

performance of the catalyst layer surface decreases to a minimum.

The governing equations that describe species transport in the gas diffusion
layers are similar to those used for the gas flow channels, but with the addition of
porosity effects. Numerica models of the porous media in PEM fuel cells consist
of an extra momentum sink term that takes into account the loss terms for viscosity
and inertia, which are added to the standard fluid flow equation. Inertia terms can
typically be neglected because of the low velocity of the reactant species [62]. The
following form of the steady state fluid flow equation can be used to numerically
model the fluid flow in the porous gas diffusion layer of the PEM fuel cell [78]:
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Where € and k, are the porosity and permeability of the GDL
respectively. Darcy’s law is used to model flow behaviour in a porous medium with
a pressure gradient as the driving force. This law is based on the homogenization of
porous and fluid media into a single medium and does not require a detailed
geometrical description of the pore structure [65]. The velocity vector in the porous

media using Darcy’s law can be described as,

(2-9)

Similarly, for the species mass transport in porous media, the steady state
species transport equation takes the following form, where Dj;; can be calculated
using the Maxwell Stefan relation [62, 78]:

. VM VM Vp
Vi-opw > D.{—| Vw. +wW, —— |+(X. —wW. | —++wW.pu |[=0
{p|jz_;, ”{M-( IRy ] (J J)p} Jp:| (2-10)

J

D. = TY@/M, +1/M j)l/2 (2-11)
ij p((z Vki)1/3 + (Z ij)1l3)2
k k

In order to account for the geometric construction of holes of the porous
media, the diffusivities of reactant species can be corrected using the following

form of the Bruggemann correction relation [52, 90].

ID”éf — ID” Xgl.S (2-12)

D" is the effective binary diffusion coefficient of the reactant species that
takes into account any additional drag by irregular shapes and the actual length of
the pores in comparison to the bundle of straight parallel capillaries with a constant
diameter [91]. The Maxwell-Stefan equation and Darcy’s law are coupled through
the velocity vector (u), and density (p) [65]. Energy transport in the porous media of
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PEM fuel cells can be calculated using effective thermal conductivity that is the
average conductivity of a fluid and solid assuming the thermodynamic equilibrium
[78, 92]:

(2-13)

K...=(1-¢)k,

s, eff

Ks isthe thermal conductivity of the solid media. The overall heat transfer in
the gas diffusion layer of the PEM fuel cell can be calculated using the following
relation [90];

V.(peuh) = V.(k,  €VT) = €S, (2-14)

Here, §; isthe source term for heat exchange to and from the solid matrix of

the porous media.

2.5.2.1 Effect of GDL Pore Design on Water Flooding

Water management is one of the most critical and widely studied issues in
proton electrolyte membrane fuel cells. Excessive water flooding leads to fuel
starvation and performance losses [93], while on the other hand, the polymer
electrolyte membrane must be fully hydrated to ensure good proton conductivity
[75]. Therefore, water management in the fuel cell is referred to as: balancing

membrane hydration while avoiding flooding [49].

At the cathode side of the PEM fuel cell, water is generated by the
electrochemical reactions along the membrane/catalyst layer interface. Water exists
in both vapour and liquid form along the fuel cell domain and significantly hinders
reactant flow access to the catalyst layer as water droplets block the pores of the
GDL [94, 95]. Such clogging of porous holes in the GDL by water droplets can
retard the electrochemica reaction aong the cathode catalyst layer and
consequently affect the overall performance of the fuel cell [96].
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The gas diffusion layer of a PEM fuel cell is commonly treated with PTFE
(Teflon®) to make the GDL hydrophobic and force water droplets to agglomerate at
the free surface of the GDL. Hydrophobic Nafion-type electrolytic membranes
adjacent to the catalyst layer absorb and retain liquid water. Water produced by the
electrochemical reaction diffuses through the GDL to the gas channels of the fuel
cell, whereit isthen evaporated by the excess air [97].

One magjor issue in the numerical modelling of this phenomenon is the
necessity to rely on empirical correlations and experimental observations obtained
from soil and sand sample-media with a structure that differs significantly from
fibrous or woven GDLs. Djilali et al. [93] investigated dynamic liquid water
transport through the GDL into the gas channel flow, with an ex-situ experimental
setup. Kui and Biao [98] numerically investigated the water flooding problem by
using three innovative GDLs. Wang [99] made a comprehensive overview of water
management in afuel cell. Coppaet al. [1] developed athree dimensional numerical
model to describe liquid water removal from the GDL surface by advection due to
the interaction of water droplets and the gas stream in the gas flow channel. This
model was validated for a wide range of temperatures in order to study the effect of
temperature-dependant parameter variations on fuel cell performance, and
concluded that both liquid water transport within the GDL and liquid water removal
from the surface of the GDL play acritical role in determining the variationsin fuel

cell performance.

To simplify the mathematical modelling of this process, a single phase (gas)
model is used by most researchers. In the PEM fuel cell electrode, the capillary
number (ratio of viscous and interfacial tension forces) is small and liquid transport
is dominated by the capillary diffusion. Thus, the momentum equation for a single

phase model is of the form [65]:

k (2-15)
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Extending this single phase momentum eguation for a two phase system
yields the following:

kg
Ug = —#—Vpg
g (2-16)
u, = _ﬁvg
H,

In recent years, many two phase models of PEM fuel cells have been
published by the researchers that accurately predict the amount of water flooding
inside the fuel cell and the effect of liquid water on the performance of the fuel cell
[100-102]. Most of these two phase models have not considered interface tracking
between liquid water and gas. Jiao [98] investigated the effect of water management
by considering three different micro structures (circular, cubic and trapezoidal) of
the GDL by assuming serpentine shaped gas flow channel configuration. Analysis
showed that a trapezoidal micro structure had a better water removal ability as it
enhanced the airflow inside the catalyst layer and had a minimum area facing the
gas channel. Results showed that in the case of U-shaped or serpentine shaped gas
flow channels where a secondary flow exists at the corners, there was more chance
of water flooding in those areas, but with an improved design of the GDL structure;
better water draining was possible. The literature shows that keeping the maximum
area of the porous holes facing the catalyst layer results in better water drainage
[98].
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Figure 2-12: Shapes of GDL pores; a) cubes, b) holes, c) trapezoids [98]

2.5.3 TheCatalyst Layer

A catalyst layer is treated as a thin porous interface between the GDL and
the membrane where sink and source terms of the species are implemented. Due to
the very small thickness of the catalyst layer, the source terms are actually
implemented in the last grid cell of the porous media of the GDL for numerica
modelling purposes49]. Most researchers have assumed the catalyst layer as a thin

boundary between the GDL and the membrane for the ease of numerical modelling.

Local volumetric sources and sink terms associated with the electrochemical
reactions along the cathode catalyst layer are proportional to the local current
density and can be described as. [62, 78]

ky _ My,
SHZ( SmS) - 2F Ia
ki M., .
SOZ( %m3) - 4;2 c (2-17)

k M, . .
Suno (V) = 222,



The above mentioned source terms need to be included in the species mass
transport equations for numerical modelling of the fuel cell current density
calculation. The Butler-Volmer equation has been used by researchers for the
calculation of current density along both anode and cathode catalyst layers [52, 53,

62]
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Where ‘ i, is the exchange current density, ‘» * is the local activation over-

(2-18)

potential, ‘R’ isthe universal gas constant and ‘«’ is the asymmetry parameter that
is determined empirically to be between 0 and 1 [103]. The exchange current
density depends on the cell temperature that can be described using the relation of
Parthasarathy et al. [74]:

. . AE 1 1
Io = Io(Tre )exp _( - _):| (2-19)
f [ R Tref T

Where ‘E’ is the activation energy (E= 73.2 kimol™) and ‘T« is the
reference temperature. Activation overpotential needs to be taken into account when
the electro-chemical reactions are not sufficiently fast to maintain equilibrium in the
system. In most numerical models of PEM fuel cells, the local activation over-
potentials at the cathode and the anode are calculated by [78]:

nact,cathode = ¢s - ¢m _Voc
nact,anode = ¢s - ¢m

(2-20)

Voc IS the thermodynamic open circuit voltage and can be calculated using the

following form of Nernst equation [104]:
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V,, =1.229-0.9x10°%(T — 298.15) + 2.3%Iog( PZ,Po,) 2D

This expression gives the thermodynamic potential for the hydrogen/oxygen
fuel cell in terms of temperature and pressure of the reactant gases. For simplicity,
this expression can be reduced to:

(2-22)
V. =0.2329+0.0025T

Useful work from the fuel cell is obtained only when a current is drawn.
Current is drawn due to the potentia difference between the anode and cathode
electrodes. Actual cell potential decreases from its equilibrium thermodynamic
potential because of irreversibility. Such irreversibility occurs due to the activation,
Ohmic and concentration potential losses. The following relation provides the value
of actual operating cell potential:

Eoell :Voc Nt catrode ~ Tomic ~ Thventorane ~ Thoorcentration (2-23)

The fuel cell potential Ecq drops below the reversible Vo when the current
starts flowing through the fuel cell. This potential drop is due to the several types of
over-potentials including activation, Ohmic and concentration over-potentials
described in equation 2-23. In addition to these typical electrochemical over-
potentials, PEM fuel cells aso suffer from other losses, such asinterna currents and

fuel crossover [6]. A brief description of these potential lossesis given asfollows:

1) Ohmic overpotential occurs due to the resistance to eectron transport through
the electrodes and proton transport through the electrolyte membrane. The
magnitude of this potential loss depends upon the material properties of the

electrodes and the membrane and operating conditions [6].
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2) Activation overpotential occurs due to driving the electrochemica reaction
from the equilibrium state. It depends upon the material properties of the electrodes,
ion-ion interaction, ion-solvent interactions and characteristics of the electric

double-layer at the electrode-electrolyte interface [6].

3) Concentration over potential is due to the mass transport loss of reactant gases
at the cathode and the anode when the fuel cell is operated at high current density.

Thislossis most significant at the cathode side in comparison to the anode side [6].

4) Crossover-potential is due to fuel cross-over from the anode to the cathode
through the membrane without being oxidized at the anode catalyst layer. This loss
has alow value and generally can be ignored.

Figure 2-13: Ideal and actual cell voltage/current characteristics of PEM fuel cells [105]

Figure 2.13 (the polarisation curve) shows the variation of operating fuel
cell voltage with respect to the fuel cell current density. This figure shows that the
open circuit voltage is less than the theoretical thermodynamic cell voltage (1.23

Volts), indicating that there is aloss in the fuel cell voltage even when no current is
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drawn. This loss can be attributed to 'fuel cross over and internal currents through
the electrolyte'. The electrolyte membrane should only transport ions, but a small
amount of the fuel and an even lesser amount of electrons will be conducted
through the electrolyte membrane, which will have a reducing effect on the open

circuit voltage.

As the current moves away from the zero current, a rapid initial drop in the
cell voltage is observed. This drop is due to the slow rate of the electro-chemical
reaction and is known as. the activation overpotential. Moving to the higher current
densities, the voltage loss become more linear and falls very slowly. Such loss in
the fuel cell potential is caused by resistance to the flow of electrons offered by the
cell electrode. Such loss is known as the '‘Ohmic overpotential’. The final region of
the above mentioned polarisation curve at higher current densities shows the
potential drop due to mass transport limitations of the fuel cell. Such losses are

known as ‘ concentration overpotential’.

Heat generation in the PEM fuel cell is generally due to the entropy changes
as well as irreversibility due to the activation overpotential. Both charged and
uncharged species must be considered to calculate the heat generation in the fuel
cell, which is caused by electrochemical reactions at the membrane/catalyst layer
interface at the cathode side. Lampinen et al. [55] presented a numerical model for
the calculation of heat generation due to the electrochemical reactions at the cathode
catalyst layer of PEM fuel célls:

o {w

+nad,cj|ic (2-24)

Where T is the local temperature, A4S is the entropy of the electrochemical
reaction and ne is the number of electrons transferred per mole of hydrogen. Djilali
et al. [78] assumed the entropy changes at a standard state with platinum catalyst as
AS=0.104 Jmol K™ for the anode and AS = -326.36 Jmol *K™* for the cathode [106,
107]. Heat generated by the chemical reaction at the catalyst layer is then
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transferred to the GDL and to the gas channels, which can then be calculated using

the following relation:

V.(pstuT — Koot VT ) =B (Teia = T) (2-25)

p is the heat transfer coefficient that accounts for the convective heat
transfer, while C, is the specific heat capacity of the fluid.

Figure 2-14: Transport of reactant and product species along a PEM fuel cell cathode] 3]

2.5.4 Polymer Electrolyte Membranes (PEM)

The polymer electrolyte membrane provides a key function by conducting
protons from the anode to the cathode, preventing any reactant cross over. It acts
primarily as a gas barrier between the anode and cathode reactants. A polymer
electrolyte membrane consists of a micro-phase separated structure that comprises
hydrophobic polymer chains and hydrophilic-Sulphonic acid groups [3]. The most
widely used numerical model to date for determining membrane conductivity in
large scale fuel cell models was published by Springer et al. [51]. This model relies
on empirical correlations obtained for Nafion-type electrolyte membranes only. In

practice, this model does not perform well under low humidity conditions.
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Theoretically, an electrolyte membrane in contact with either saturated
vapour or liquid water should have the same water content. However, experimental
studies reported different water absorption from liquid water in comparison to
saturated water vapour [65]. This phenomena was first reported by Schroeder in
1903 and thus is called Schroeder’s paradox [49]. The lonic conductivity of the
electrolyte membrane depends upon its water content. For a fully humidified
membrane, values of membrane water content vary from 14 to 17 [108]. The water
content 2 in a membrane depends upon the water activity a, diffusion coefficient
and electro-osmotic drag coefficient [31, 109]. A linear relation is assumed between

the membrane water content and water activity in numerical modelling.

a= X H20 P
Psal
A=A+Aa-Aa’+Aa’ for O<a<1 (2-26)
=14+1.4(a1) forl<a<3

A =0.043,A =17.18, A, =39.85,A, =36
log,, P, =—2.1794+0.02953(T — 273.15) —9.1837x107°(T — 273.15)°
n,=BA+B A-B;

n,l (2-27)

a=—+%-D,VC,
F

B, =0.0028, B, = 0.05, B, = 3.5x10*

The above relations show that the molar flux of water in the membraneis a
function of membrane water diffusivity D,, and water concentration C,,. These two

parameters can be calculated using the following relations [110, 111]:

40



C — pmem,dry ﬂ,

" M mem,dry
D, =D, exp 2416(L—EJ
303 T
where
Dl — 10710 Z<2 (2'28)
D, =101+ 2(1 - 2)) 2<1<3
D, =10"°(3-1.67(4 —3)) 3<1<45
D, =1.25x107%° 1>45

A potential difference exists between the anode and cathode sides of the

membrane that can be computed using the following relation [52]:

V(6.Vé )=0 (2-29)

om 1S the membrane potential and oy, is the membrane conductivity, whichis
a function of membrane water content 1. Membrane conductivity oy, is a function of
the local temperature that can be correlated as[65, 112]:

o, = exp{1268[3—(1;3 - %ﬂ O30

(2-30)
04, =0.51394 — 0.326

The above relation clearly indicates the strong dependence of the membrane
ionic conductivity on water content. Several studies have been carried out to analyse
the relation between membrane ionic conductivity and the water content [113-115].
Mass flux of water in an electrolyte membrane is governed by the electro-osmotic
drag due to the flow of protons, diffusion due to the concentration gradient and
convection due to the pressure gradient [78]. Numerically, these three processes can
be described as[111]:
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(2-31)
N, = % -D,Vc,-cu,

w

The balance between electro-osmotic drag of water from anode to cathode
and back diffusion from cathode to anode yields the net water flux through the
membrane. Variation of the water content and water activity 'a’ affect the overall
performance of the membrane. The permeability of the membrane for all species
except water is assumed to be of the order of 10, which is very low, and can be
assumed to be zero [114]. The consumption of reactants and the formation of
products due to electrochemical reactions at the cathode catalyst/membrane
interface are obtained by coupling the flux of reactant species to the local current
density. The current flux at the cathode boundary between the electrode and the

membrane can be given by the following expressions [65];

n(-o.,Vog,)=Ii (2-32)
n(-o, . Vo¢_)=-i,

2.6 Material Characterization of a PEM Fuel Cdll

Accurate characterization of PEM fuel cell materials used in numerical
modelling cannot be over-emphasized because numerical predictions of a fuel cell
model can only be as accurate as the initial material properties supplied to the
model. The material properties of a PEM fuel cell can be organized asfollows [49];

1) Electro-kinetic datafor the catalyst layer;
2) Gasdiffusion layer properties;

3) Bipolar plates properties.

Electro-kinetic data of the catalyst layer affects the rate of oxidation and
reduction along the membrane/catalyst layer interface. This affects the rate of the
electrochemical reaction. Platinum is mostly used as the catalyst layer although, due
toits high cogt, it is used sparingly.
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The bipolar plate is one of the mgjor components of a fue cell both in terms of
cost and weight, as it constitutes around 30% of the total cost and 60% of the total
weight of a PEM fuel cell. Its material properties play an important role in terms of
cost reduction and better performance of PEM fuel cells. It is the only part of a
PEM fuel cell whose material can be chosen by the user or manufacturer, as
material selection for other parts of the fuel cell are very limited. The maor
requirements for the bipolar/end plate material are: good electric and thermal
conductivity, gas tightness, sufficient mechanical strength and chemical stability in

both oxidizing and reducing conditions.

Several materials have been identified by the researchers that can be used for
bipolar plates. The following are some common materials that are typically used in
the manufacture of PEM fuel cell bipolar/end plates [116]:

Metals/ Alloys Stainless steel 316/L, nickel-chromium alloy,
aluminium alloy

Coatings Gold, nickel, tin, carbon

Composite Materials Cu alloy with carbon fibres, graphite/carbon

composites

Table 2.1: PEM fuel cell bipolar/endplate materials

Dense solid graphite is used as the typical materia for PEM fuel cell bipolar
plates. Graphite is porous, fragile and prone to damage during manufacturing and
handling. Therefore, bipolar plates constructed from graphite are treated at high
temperatures so as to make them denser, but this leads to porosity issues in these
plates. These porosity effects can be minimized using special resins. However, the
treatment with resins leads to higher manufacturing costs and forces designers to
select graphite plates of greater thicknesses so that they can withstand the
machining stresses and tightening torque in the fuel cell. Moreover, the flow
channels on graphite bipolar plates are usually made by machining with different
configurations that can increase the machining cost, depending upon the complexity
of the topological design of the flow channel.
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Use of metal as a bipolar plate material has several advantages over the
commonly used graphite plates, such as reductions in cost, weight and
manufacturing time. Steel alloys such as stainless steel can be a good alternative to
standard graphite for bipolar plate material due to itslow cost, high strength, ease of
manufacture and improved power/volume ratio [117]. Bipolar plates constructed
from stainless steel are mechanically durable and very thin in size when compared
to typical graphite plates. Moreover, stainless steel is less expensive when compared
to graphite, and is readily available in the market. The most commonly used
stainless steel alloy for PEM fuel cellsis SS316.

The main drawbacks of using stainless steel as a bipolar plate material include
high contact resistance due to an oxide layer on the surface of the metal that can
lead to possible corrosion in the long term. The effect of this oxide layer can be
minimized by applying specia coatings such as tin, chromium or nickel on the
stainless steel bipolar plates [118]. Davies et al. [119] successfully tested the
endurance of stainless steel bipolar plates for 3000 hours. Similarly, detailed
performance analyses were carried out at the University of Alabama, using stainless
steel SS316L as a fuel cell bipolar plate material, and the fuel cell stack was
operated for over 1000 hours without any appreciable drop in the cell voltage [116].

2.7 Summary

This chapter reviewed the existing literature on PEM type fuel cells, mainly
focusing upon the important components and mathematical models of the different
transport phenomena taking place inside its domain. Numerical modelling of the
PEM fuel cell is a complex process as it involves the coupling of flow in porous
media, charge balance and electro-kinematics. In this chapter, mathematical models
of these transport phenomena for each section of the PEM fuel cell have been
discussed separately to provide a good understanding of the coupling of these
transport phenomena. Different materials for bipolar/end plates were also discussed
in this chapter. It was described that stainless steel is used as a material for the gas
distributor and bipolar plates due to lower required thickness, good mechanical

strength and cost effectiveness.



CHAPTER 3

3 Numerical Modelling Configuration

3.1 Introduction

This chapter describes the numerical modelling used for the analysis of a
PEM fuel cdl in this research work. To solve for multi-species transport, a
numerical model of the PEM fuel cell coupled with the flows in porous media,
charge balance, electrochemical kinetics and membrane water content, a finite
element numerical modelling technique is used. It can aso account for the
distributed overpotential at the catalyst layer, as well as the convective and diffusive
transport of reactant and product species in the PEM fuel cell domain. Results
obtained from this numerical study have been compared with experimental data to

validate the accuracy of the numerical model.

For experimental analysis of the PEM fuel cell with a perforated-type gas
flow distributor, an experimental test facility (rig) was designed and assembled
locally at the Energy and Environmental Technology Applied Research Group
(EETRG), Coventry University. For the experimenta study, a PEM fuel cell was
constructed with an effective area of 25 cm?, having the stainless steel perforated
gas flow distributor and electrodes [120]. To validate the numerical model of the
PEM fuel cell with the pulsating flow, performance trends obtained from the

numerical analysis were compared with the experimental work done by Kim et al.

[17].
3.2 Computational Fluid Dynamics (CFD)

Computationa fluid dynamics (CFD) is 'The analysis of systems involving the

fluid flow, heat transfer and associated phenomena such as chemical reactions by
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means of computer based numerical ssimulations [121]. CFD numerical techniques

have several unique advantages over experimental methods, such as:

i.  Substantial reduction of lead times and costs of new designs,
ii.  The ability to study systems where controlled experiments are difficult to
perform;
lii.  The ability to study systems under hazardous conditions at and beyond their

normal performance limits.

Aside from the above mentioned advantages of CFD, numerically modelling of
the transport phenomena using CFD is not straightforward; a good understanding of

the real problem and the underlying physicsis vital.

3.2.1 Discretization Methods

The mathematical models describing the underlying physics of a physical
problem is a core part of numerical modelling. The mathematical model describing
fluid flow behaviour is a set of partial differential equations and their associated
boundary conditions [122]. Selection of a suitable discretization method is essential

to solve the mathematical model describing the underlying physics.

A discretization method can be defined as, ‘A method of approximating the
differential equations by a system of algebraic equations for a variable at some set
of discrete locations in space and time'. There are three main approaches of
discretization, a) finite difference b) finite volume c) finite element. For this
research work, a finite element based discretization technique is used for the

numerical modelling of the coupled transport phenomena of the PEM fuel cell.

3.2.1.1 Finite Element Method

In the finite element discretization approach, the computational domain is
divided into a set of discrete finite elements and the governing equations are
multiplied by a weighting function before they are integrated over the flow domain
[122]. The numerical solution in this approach is approximated by a linear shape-
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function within each element in a way that guarantees continuity of the solution
across element boundaries. Such shape-functions can be constructed from their
values at the corners of the elements. The approximation is then substituted into the
weighted integral of the conservation equation, and the equations to be solved are
derived by setting the derivative of the integral with respect to each nodal value
equal to zero. This corresponds to selecting the best solution within the set of
allowed functions (the one with the minimum residual).

3.3 Multiphysics Numerical M odelling

Multiphysics numerical modelling involves the coupling of multiple physical
models or multiple simultaneous physical phenomena. Traditional computer aided
analyses are based upon different continuum phenomena such as computational
fluid dynamics (CFD), computational structural mechanics (CSM), computational
electro-mechanics (CEM) and computational acoustics (CA). Multiphysics
numerical analyses involve and closely couple all phenomena under study. Thereis
no generic approach to model the complex physical interactions in multiphysics
modelling as the level and nature of the physical coupling required to accurately
model such processes is problem dependant, and may range from relatively
straightforward multidisciplinary processes requiring low coupling to strong two
way coupling requiring mesh compatibility [123].

To numerically model the coupled transport phenomena of the PEM fuel cell
during this research work, a commercial finite element multiphysics numerical
solver (COMSOL v 3.4) was used. COMSOL Multiphysics has an integrated
modelling environment by linking well known *application modes transparently.
Its extended multiphysics capability provides coupling between logically distinct
domains and models that permit simultaneous solutions of the complex physical
problems [124]. COMSOL Multiphysics is fully compatible with the MATLAB

which enables user defined programming for advanced modelling.

3.4 Numerical Model Description

The numerica modelling of coupled transport phenomena taking place

inside the PEM fuel cell involves species transport, heat transfer, charge balance
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and electrochemical kinetics. All these transport phenomena are coupled with each
other. Governing equations for mass, momentum and energy conservation and
charge balance are used to numerically solve the flow in porous media and electro
chemical kinetics. The following section briefly describes the set of governing
transport equations used for the numerical modelling of the PEM in this work.

3.4.1 Governing Equations

The set of governing transport equations used for the numerical modelling of
coupled transport phenomena are given below. This form of governing transport
equations were selected after examining the work done by different researchers

which was reviewed in chapter 2.

The fluid flow in the gas channel is laminar and is assumed to be
incompressible, giving a constant density. Reactant fluid flow behaviour in the PEM
fuel cell gas channel is governed by the continuity equation to ensure mass
conservation and to numerically describe the momentum conservation of Newtonian
fluids, the following form of the incompressible Navier Stokes equation is used in
the PEM fuel cell gas channels [62]:

ou )
pg—v.n(Vu+(Vu)T)+p(u.V)u+Vp=0 1)
Momentum conservation in the gas diffusion layer (GDL) is described using
the Brinkman equation, which is an extension of the Darcy’s law and couples the
flow in free and porous media by taking into account viscous effects. The following
form of the Navier Stokes equation, coupled with the Darcy's law is used to study

the flow behaviour in the porous gas diffusion layer of the PEM fuel cell [125]:

LM v Lyus (V) )+ Lu+vp=0  ©?
g ot £ k,

ko denotes the permeability of the porous medium and ¢ isthe GDL porosity.
Reactant species transport in the PEM fuel cell domain is described by the
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divergence of mass flux through diffusion and convection of the reactant species
using the following form of the Maxwell-Stefan convection and diffusion equation
[49]:

Subscript ; denote the oxygen concentration at the cathode and hydrogen at
the anode sides, while; is the water vapour at both sides. Dj; is the binary diffusion
coefficient and R is the reaction rate. The reaction rate is zero for the gas flow
channel and gas diffusion layer, whereas along the cathode catalyst layer the rate of
electrochemical reaction is quite high. The mixture density p is the function of

mixture components and is described by the following equation:

D %MW (3-4)

Here, X is the mole fraction, R is the universal gas constant, M is the
molecular weight and w; is the mass fraction. At the cathode side, the species
transport equation is solved only for two species as the third species can be obtained
from the following form of the mass balance equation:

Wy, = 1- Wo, =W 20 (3-5)

On the other side, the hydrogen mass transport equation is solved first and
then the mass fraction of water is calculated using the following form:

W0 =1- Wy, (3-6)

Binary diffusion coefficients of the reactant species are important for species
mass transport. The binary diffusion coefficients for the gas channel are calculated

using the following empirical relation based on the kinetic theory of gases [62]:
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5 - TS/ M, +1/ M )"
1) p((zvkl )]J3+(ZV|<J' )JJB)Z (3-7)
k k

In order to account for the geometric constraints of the porous media in the
gas diffusion layer, the binary diffusion coefficients of the reactant species are

corrected using the following form of the Bruggemann correction formula[15, 62]:

Di?ff — DIJ % 81.5 (3-8)

Water management in the PEM fuel cell is critical and plays a vital role in
its performance. In addition to the molecular diffusion and electro-osmotic drag in
the electrolyte membrane, water is also generated due to oxygen reduction reactions
at the cathode catalyst layer of the PEM fuel cell. For these analyses, a fully
humidified Nafion-117 membrane is used. Water transport and charge balances are

the mgor transport phenomena taking place inside the electrolyte membrane.

Water transport depends upon the membrane water activity and the water
content. The molar flux of water o, of a PEM fuel cell membrane is based upon the
electro-osmotic drag coefficient ng, the water content A and the water activity a of
the electrolyte membrane. Membrane water content A depends on the water activity
aand can be numerically modelled using the following relation [90, 126]:

a= XH ZOP
Psat
A=A+Aa-Aa"+A@’ for 0<a<1 9
=14+1.4(a1) forl<a<3

A =0.043,A =17.18, A, =39.85,A, =36
Saturated vapour pressure Py, the electro-osmotic drag coefficient ng and

the molar flux of water a aong the e ectrolyte membrane depends on the membrane

water content and can be numerically modelled using the following relations [109]:
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log,, P, = —2.1794+0.02953(T — 273.15) —9.1837x10°°(T — 273.15)?

n,=BA+B A-B,
B, =0.0028, B, =0.05, B, = 3.5x10™"*
(3-10)

a="de_pyc
F

The membrane water diffusivity D,, and water concentration C,, across the
membrane can be calculated by [110, 111]:

C — pmem,dry 2

" M mem,dry
D,=D,exp 2416(i—ij
303 T
where
D,=10"" A<2
1 (3-11)
D, =101+ 2(1 - 2)) 2<1<3
D,=10"(3-1.67(4 - 3)) 3<1<45
D, =1.25x107"° A>45

The charge balance in the membrane causes the movement of protons from
anode to cathode and is calculated by the following form of the continuity relation
[65]:

-V.(o,Vg,)=0 (3-12)

Where ¢ is the membrane potential and o iS the membrane ionic
conductivity. The membrane ionic conductivity depends upon the membrane water

content and is calculated by the following empirical expression:

On= exp{lZGS(% - %ﬂ O30 313

04 = 0.51391 — 0.326
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A potential difference exists between the anode and cathode side of the PEM
fuel cell that causes the movement of electrons and proton ions from anode to
cathode [127]. The current flux at the cathode boundary between the electrode and

the membrane is calculated using the following equation of charge conservation
[65]:

n'( seffv¢ ) (3-14)
n( meffv¢ )

At the anode side, this current flux is calculated by:

n. ( seffv¢ )
n'(_o-m,effv¢s): la

(3-15)

The following form of the Butler-Volmer equation is used to express the
relation between the local transfer current densities (i), the reactant concentrations
(c) and the phase potentials along the membrane/catalyst layer interface at both
anode and cathode sides of the PEM fuel cell [53]:

. ox o,F
OC C c:gf nact C p RT nact C
1
a C,:e; RT nact,a RT nact a

For the above mentioned Butler-Volmer equation the activation
overpotential 7. at the cathode and the anode are calculated by [83]:
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77a11,c = ¢s - ¢m _Voc

where
V. =0.2329+0.0025T (Reduces form of Nernst law)

while
naa,a = ¢s _¢m

During these analyses, the catalyst layer is treated as a thin boundary
interface, where sink and source terms for the reactants are implemented. Local
volumetric sources and sink terms associated with the electrochemical reactions are
proportional to the local current density [58, 62]. At the cathode catalyst layer,
oxygen consumption is modelled as a sink term based on the cathode local current
density:

Soz - _%i &40

The production of water is modelled as a source term based on the loca
current density:
M H 20 (318)

S
H 20 >F

At the anode catalyst layer, hydrogen is oxidised to produce electrons and
protons. Consumption of hydrogen is modelled as a sink term by the following
relation:

Mo, (3-19)

S _H2
H?2 2F

The total potential loss in the PEM fuel cell is a function of activation,
Ohmic and concentration over-potentials. For this research work, these three

different potential losses are calculated using the following expressions:
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Nopmic = VCL _Vref
Merotonic = VCL, c _VCL, a (3-20)
77act = Erev-EceII - 77ohm'c - 77Prot0nic

VcL is the potentia at the catalyst layer; Vi« is the reference potential set at
the interface between gas diffusion layer and the bipolar plate. Ee, is the reversible
cell potential and E.q isthe input parameter based on the desired loading condition.

Heat generation in the PEM fuel cell is due to entropy changes and
irreversibility related to the phase changes in both charged and uncharged reactant
species. During this research work when considering non-isothermal conditions,
heat generation is assumed to be predominantly due to the electrochemical
reactions, while heat generation due to Ohmic losses is neglected. Lampinen et al.
[55] proved that the heat generation from the anode reaction is considerably smaller
and can be ignored in comparison to the cathode reaction. Therefore, only cathodic
heat generation is considered for non-isotherma numerical analyses [90]. For this
study the entropy change at standard states with a platinum catalyst were taken as
AS = 0.104 Jmol-K for the anode side and AS = -326.36 Jmol-K for the cathode
side[78]:

(3-21)

o _ T(_AS)
q _[ nF

+ nactivation:| ic

Heat generated at the cathode membrane/catalyst layer interface is then
transferred to the fuel cell domain by convection and conduction, increasing the
overall operating temperature of the PEM fuel cell.
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Figure 3-2: Cross sectional view of the PEM fuel cell domain highlighting the major governing
equations involved in each section
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34.2

Boundary Conditions

The boundary conditions for this numerical model are specified at all

external boundaries, as well as boundaries for mass transport and the scalar

equations inside the computational domain of the PEM fuel cell. The following

points highlight the boundary conditions used for this numerical study:

34.3

At the anode and cathode gas flow channel inlets, boundary conditions for
velocity, temperature and species mass fractions are specified, whereas at
the outlets, the atmospheric pressure and convective flux boundary
conditions are specified for species and energy transport equations;

A no-dip boundary condition is specified at the gas flow channel outer
walls, which are also impervious to the species flow and thermally insul ated;
A continuous boundary is assumed between the gas flow channel and
perforated gas flow distributor open channels. In the solid section of the
perforated gas flow distributor, the wall is used as a boundary condition
between the gas channel and the perforated gas flow distributor;

At the gas diffusion\catalyst layer interface, continuity is assumed as a
boundary condition;

The flux of the reactant and product species is used as a boundary condition
at the membrane\catalyst layer interface for both the anode and cathode
sides due to the electro-chemical reactions;

The solid phase potentia is arbitrarily set to zero as areference at the anode,
while at the cathode side the cell potential is set to Ecyi — Erev, Where Ecq iS
the desired cell potential and E., = 1.14 V, which is the reversible cell
potential. The cell potential gradient is set to be zero a both catalyst
layer/membrane interfaces since there exists no solid phase current in the

membrane.

Numerical Procedure

The numerical modelling of transport phenomena taking place inside a PEM

fuel cell is not a straight forward process. It involves the coupling of non-linear

systems of equations. A finite element based commercial multiphysics numerical
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solver (COMSOL v 3.4) was used to solve the non-linear coupled transport
equations describing the PEM fuel cell operation. The governing transport equations
were discretized based upon the finite element method into a system of algebraic
equations, which are then solved by an iterative algorithm. The PEM fud cell
computational domain is divided into a finite number of elements using a second
order Lagrangian approach. The chemical engineering module of COMSOL is used
for these analyses and the following physics application modes of the COMSOL
chemical engineering module are used for solving the governing transport equations
and respective dependant variables:

1. The incompressible Navier-Stokes application mode for simulating the
Newtonian reactant fluid flow behaviour in free media of the fuel cell
domain;

2. The incompressble Navier-Stokes mode coupled with Darcy's law
(Brinkman Equation) for simulating the reactant fluid flow behaviour in the
porous media;

3. The Maxwell-Stefan multi component diffusion and convection module for
the species transport of reactants and products along the PEM fuel cell
domain;

4. The conductive media DC application mode for charge balance in the fuel
cell domain;

5. Genera heat transfer application mode for heat transfer in the fuel cell
domain by convection and conduction.

A stationary non-linear numerical solver together with a direct linear solver
(UMFPACK) was used, since the source terms of charge conservation make the
problem non-linear. The relative tolerance for the error criteria was set at 1x10™.
For parametric analysis, the parametric solver of COMSOL was used, where the
parametric variables were defined with a specific range of analyses. Performance
polarisation curves were obtained by varying the cell potential using the parametric
solver of COMSOL. The parametric solver uses an iteration loop to change the

variable values in the specified range.
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The convergence behaviour of this non-linear problem is highly sensitive to
the initial estimation of the solution. Therefore, to accelerate the numerical
convergence of this non-linear problem, the incompressible Navier-Stokes
equations and the Brinkman equation are initially solved together to give a better
initial estimation of the convective viscous properties of the reactant flow, before a
fully coupled solution involving all the physics modes is solved using these values
as an initial guess. This solution technique is used to avoid possible numerical
instability of the convective terms in small channels of the gas flow distributor
because numerical modelling of the flow behaviour in such small channels can lead
to fluctuations near the walls, which can lead to numerical instabilities and result in

asimulation crash.

To minimize the numerical instabilities in such small flow channels, the
concept of artificia diffusion is used here. Streamline diffusion is used with a
tuning parameter value of 0.25. Streamline diffusion introduces stabilizing terms
into the incompressible Navier Stokes equations to reduce the numerical

instabilities in the streamline direction of the fluid flow.

The results from the convective fluid flow model were also compared with the
solution of the incompressible Navier Stokes equations using another commercial
CFD solver called FLUENT. The incompressible Navier Stokes equations were
solved in FLUENT at the same operating and geometric conditions, using different
values of relaxation factors ranging from 0.4 to 0.8. The relaxation factors in
FLUENT are used to stabilise the numerical solution. The main purpose of this
small comparison study was to understand and analyse the numerical solution of the
flow behaviour in such small flow channels with a focus on the numerical

instabilities in the convective predictions of the reactant flow.
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Figure 3-3: Solution Procedure used in COMSOL

3.4.4 Solution Algorithm

Most numerical models of the PEM fuel cell assume a constant activation
overpotential for ease of the numerical procedure, but the numerical algorithm used
for this research work calculates the activation overpotential for each cell voltage,
as this method has the capability of calculating the current density from the input
operating cell voltages.

The numerical solution begins by computing the reactant flow velocities and
the pressure distribution along the free and porous media of the PEM fuel cell. Once
the flow field is solved, the mass transport equations are then solved for the mass
fraction of the species. Heat transfer and the charge balance equations are solved to
calculate the temperature and cell potential distribution along the fuel cell domain.
After solving the cell potential equations, the activation over-potential is obtained
from the solution of equation 3.20. The local current density is then solved by the
Butler-Volmer equation, which uses the activation over-potential and species
concentration as inputs. The convergence criteria are then compared with the
residual of each variable and the procedure is repeated until convergence is
achieved.

59



Both 2D and 3D numerical simulations have been carried out for the
detailed performance analyses. For the 2D numerical simulations, a computer with
an AMD® 1.6 GHz CPU and 1.25 GHz RAM was used, whereas the 3D numerical
simulations were carried out using an Intel Pentium® 2.6 G Hz quad core CPU with
8 GB RAM. Figure 3.4 is aflow chart showing the solution algorithm used for this
research work. For the isothermal 2D numerical analyses, the computational time to
solve each problem was approximately 18 minutes, while for 2D non-isothermal
type numerical analyses the computational time was around 26 minutes. For the 3D
full scale isothermal numerical anayses, the computational time was about 38

hours.

3.45 Modeling Assumptions

A PEM fud cel system involves both macroscopic and microscopic
geometric features, coupled transport processes and electrochemical reactions.
Numerical models of the PEM fuel cell are usually based upon empirical relations
and the experimental observations, requiring simplifying assumptions to be made.
During this research work, both isothermal and non-isothermal analyses were

carried out to consider the effect of the following modelling assumptions:

a) Ideal gas mixtures with incompressible laminar flow due to a low Reynolds
number;
b) Single phase model where the water product was assumed to only exist in

the vapour form;
¢) Isotropic and homogenous el ectrodes and membranes;

d) Negligible contact resistance, whereby the spatial variation due to

compression caused by the end plate structure was ignored,;
€) Negligible membrane swelling;

f) Assumption of athin reactive boundary layer on the catalyst layer;

g) Ohmic heating in the bipolar plates and in the gas diffusion electrodes is
neglected due to the high conductivity values.
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3.4.6 Modelling Parameters

The selection of correct modelling parameters is important in establishing
the validation case of the numerical model in comparison to the experimental
results. During this research work, two different design configurations of the PEM
fuel cell were analysed. For the PEM fuel cell with the perforated gas flow
distributor, the numerical results were validated with the experimental data obtained
from work carried out by Mustafa [120] using a stainless steel perforated gas flow
distributor, whereas the numerical model results of the PEM fuel cell with the
cathode flow pulsations were validated with the experimental work performed by
Kim [17].

To validate the numerical model with the experimental data, the PEM fuel
cell with a stainless steel perforated gas flow distributor is used as a base-case. The
modelling parameters used in the experiments by Mustafa [120] are used for the
numerical modelling of the base case.

Parameter Value Unit
Gas Channel length 0.05 m
Gas Channel width 0.05 m
Gas Channel Height 0.005 m
Perforated sheet Thickness 0.00055 m
Perforated Hole Diameter 0.003 m
GDL Thickness 0.0002 m
Membrane Thickness 0.00018 m

Table 3-1: Geometric Properties of the PEM fuel cell computational domain
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Parameters Value Unit |Reference
Oxygen Inlet Mass Fraction | 0.226 [65]
Water Inlet Mass Fraction 0.0934 [65]
Hydrogen Inlet Mass Fraction| 0.844 [65]
Operating Temperature 333 K [120]
Inlet Pressure 101325 Pa [120]
Relative Humidity, Air 70% [120]
Relative Humidity, H2 92% [120]
Table 3-2: Operating conditions for the base case
Parameter Value Unit  |Reference)
Electrode electronic conductivity 120 S/m [65]
Membrane ionic conductivity (Nafion 117) 17.69 S/m [48]
Transfer Coefficient, cathode side 0.5 [77]
Transfer Coefficient, anode side 0.5 [77]
Cathode reference exchange current density| 1.0E-02 | A/cm2
Anode reference exchange current density |1.00E+04| A/cm2
Gas diffusion layer (GDL) porosity 50%
GDL Hydraulic Permeability 1.79e-11 m? [65]

Table 3-3: Electrode properties for the base-case
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Parameter Value Unit
Electrical Receptivity 7.493e-7 Q-m
Thermal Conductivity 15 W/m-K

Heat Capacity 502 J/IKg-K
Co-efficient of thermal
expansion 1.6e-5 1/K
Density 7889 Kg/m®

Table 3-4: Material properties of stainless steel, SS316L

3.5 Summary

This chapter described the numerical modelling configuration and the
governing transport equations used for this research work. These governing
equations were selected on the basis of the literature review of the work done by
different researchers. A finite element based commercial multiphysics numerical
solver (COMSOL v 3.4) was used to numerically model and solve the governing

transport equations. Numerical modelling techniques, solution procedure and the

agorithm used for this research work were discussed in detail.




CHAPTER 4

4 Model Validation and Perfor mance Analyses of
Perforated type PEM Fuel Cell

4.1 Introduction

This chapter describes the base case model validation with the experimental
data and the performance analysis of a PEM fuel cell with a perforated gas flow
distributor. The main purpose of analyzing this new design approach is to improve
the performance of the PEM fuel cell by optimizing the reactant flow behaviour
along its domain. Among the different parts of the PEM fuel cell, the bipolar/end
plate is important both in terms of performance and cost. The effective weight and
cost of a PEM fuel cell can be reduced significantly by simplifying the gas flow
channel design configuration. The gas flow channels stamped on the bipolar/end
plates play avital role towardsimproving the distribution of reactant species and the
overall performance of the PEM fuel cell. Different design topologies of the fuel
cell gas flow channels such as straight, serpentine or spiral-shaped have been
studied by the researchers to achieve the aforementioned functions efficiently with
the aim of obtaining high performance and economic advantages. A 50% increasein
the PEM fuel cell performance has been reported just by improving the distribution

of the reactant species along its domain [44].

This chapter describes the design validation and performance analysis of a
new design of PEM fuel cell which has a stainless steel (SS316L) perforated gas
flow distributor instead of the more conventional graphite electrode plates. The
experimental setup used for this research work [120] is briefly discussed here to
highlight important assemblies and the working principles. Figure 4.1 shows a 3D
CAD model of the perforated plate used as the gas flow distributor in this new
design of the PEM fuel cell.
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Figure 4-1: 3D CAD model of the perforated gas flow distributor

This new design approach is more compact than the standard graphite
electrode fuel cell due to the lower thickness and greater robustness of the stainless
steel plates. In this design approach, the membrane and stainless steel electrodes can

be assembled as a single sealed unit which facilitates easier replacement.

Figure 4-2:3D CAD model of the membrane electrode assembly (MEA) with perforated stainless
steel gas flow distributors

66



Figure 4-3: 3D full scale CAD model of the perforated type PEM fuel Cell

4.2 Experimental Setup

The basic operating principle of a PEM fuel cell is simple, but the
experimental configuration required estimating its performance is complex. The
major problems in PEM fuel cell operation, particularly when testing a fuel cell
stack, is the control of membrane humidity and the reactant flow rates. The
reactant flow of a PEM fuel cell is a function of temperature, pressure and
humidification. The experimental setup used for this research work was initially
designed by Mustafa [120] to perform the following main tasks:

e To provide a controllable apparatus for the conditioning of reactant gasesin
terms of flow rate, temperature, pressure and humidity;
e To measure the output conditions of the PEM fuel cell such as voltage,

current, outflow rates and humidity of the gases at the outlet.
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4.2.1 Experimental Test Rig

The PEM fud cell system used for the experimental rig comprises two
functionaly identical, but independent gas flow circuits; one for the anode
(hydrogen) and the other for the cathode (air). Each one of these circuits is
composed of measurement and control apparatus. Figure 4.4 shows a schematic

view of the test rig designed and used for this research work.
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Figure 4-4: Schematic view of the experimental test rig [120]

The schematic diagram shows the different components of the test rig.
Hydrogen, which is supplied from a compressed gas cylinder, enters at the
hydrogen supply point where the flow is controlled by the flow control valve.
Temperature, pressure and the volumetric flow rate of the hydrogen gas are
recorded at this stage to calculate the mass flow rate. Hydrogen gas then enters a
heating process where heat is added using a rope heater and a heating coil. The flow

of gasisthen routed to the humidifier.

In the case of hydrogen, the gasis by default bubbled through distilled water
in the humidifier continuously; however, more moisture can be added to the flow
when the ultrasonic vaporiser is on. For the air supply, the flow passes through the

humidifier without bubbling and passes over the distilled water in the humidifier
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where it can carry a slight amount of moisture. Humidity, temperature and pressure
of the flow are recorded at this point. The gases are then directed to the PEM fuel
cell where they react and the excess gases are vented out through a back pressure
valve to control the pressure of the cathode and anode. The PEM fuel cell is treated

asa‘black box’ where only the external measurements are considered.

Magor components of this experimental test rig include the flow
measurement equipment, sensors and the data acquisition system, which are
described briefly below:

Flow M easurement

Two standard floating ball flow meters are used for each of the reactant
gases to measure the inflow and outflow rates. The difference between the two
measurements indicates the amount consumed by the PEM fuel cell, including the
fuel cross-over in the membrane.

Temperature M easurement

A set of K-type thermocouples is used to measure the temperature at the
inlet and outlet sections. These thermocouples are used together with afour channel
K-type thermocouple amplifier unit, specially designed to interface with the data
acquisition systems.

Humidity Control and M easurements

A stainless steel cylinder equipped with an ultrasonic vaporiser powered by
a 24V DC and a water level float sensor is used as a humidification chamber.
Reactant gases pass through the chamber and carry water vapour as they go
through. In the case of hydrogen, the gas stream is forced to bubble through the
distilled water by default, while ar just passes through the chamber without
bubbling. Humidity measurement is performed using an electronic sensor.
Pressure M easurement

The experimental test rig is equipped with a pressure transducer which can
measure pressure in the rangel-5 atmospheric pressures. This records the inlet and

outlet gas pressures for both hydrogen and air. Pressure control is achieved via
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check valves at the outlet ports of the PEM fuel cell and by adjusting the flow
control valves on the gas cylinders themsel ves.
Data Acquisition System

The data acquisition system used for the test rig comprises a data logger and
the associated software. A USB analogue and a digital input/output unit (Labjack
U12) was used for data logging, data acquisition, measurement and control. The
LabView application represents virtually the experimental setup and displays the
test results to aid the understanding of the performance of this experimental test rig
under different conditions. Figure 4.5 shows the front panel of the LabView

application highlighting the main measurements at different points.
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Figure 4-5: Front panel of the LabView application [120]
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Figure 4-7: Experimental models of the perforated stainless steel electrodes PEM fuel cell
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4.2.2 Experimental Procedure

For the experimental analysis, the perforated-type PEM fuel cell module was
connected to the test rig and the data acquisition system. Humidified hydrogen was
supplied to the anode side of the PEM fuel cell by bubbling the hydrogen gas in the
humidification chamber through distilled water, which is a built-in feature of the
test rig. In order to achieve the required level of performance, the reactant gases
were preheated to the desired temperature (T = 333K) and then passed to the
perforated PEM fuel cell for some time to remove the air residues from the PEM
fuel cell channel and to give the fuel cell enough time to reach the desired operating

temperature.

The PEM fuel cell was run open ended at atmospheric pressure. After this
initial stage, the fuel cell was connected to the variable resistive load and voltage
readings for different resistances were recorded by the data acquisition system. The
current output of the PEM fuel cell was calculated using Ohm's law as the resistance
and voltage were both known values. A standard technique was followed in the
recording of the readings. The PEM fuel cell was given afew minutes to stabilize at
open circuit voltage each time the resistive load was varied. A group of readings
were logged to the data acquisition system each time the resistive load was changed.
The average voltage reading was then taken and recorded against the respective
resistance value and then a ssmple function of Ohm's law was used to calculate the

current output.

4.3 Model Validation

This section presents the results of three dimensional, base-case numerical
model validation in comparison with the experimental results provided by Mustafa
[120]. Both numerical and experimental studies were carried out at operating and
geometric conditions specified in Tables 3.1 to 3.4. The experimental setup used for

this comparison study was described in the section 4.2.
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At this point it should be noted that the polarisation curve is the most
commonly used way of comparison between experimental and numerical data
Strict validation would require detailed comparison of data including the local
distributions of current densities and the species concentrations along the fuel cell
domain, but such data is very difficult to obtain from experiments. Therefore, for
comparing the results obtained form the numerical and experimenta study, the
polarisation curve is used in this work. For the base-case numerical model, the 3D
computational domain of the PEM fuel cell is divided into seven sections. the gas
channel, the perforated gas flow channel and the gas diffusion layer for both anode
and cathode, and finally a sandwiched membrane between anode and cathode.

Figure 4.8 shows the computational domains used for this base case study.

Anode Perforatesl Gas Distributor Cathede Gas Channel

Cathode Inlet

PEM Assembly

Cathode Outlet

Anode Gas Channel -
Anode Inlet

Figure 4-8: 3D computational domain of the perforated type PEM fuel cell
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Figure 4-9: Cross sectional view of the perforated-type PEM fuel cell domain
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The polarisation curves of the fuel cell potential versus fuel cell current
density, for both numerical and experimental models of the perforated PEM fuel
cell, showed good agreement. The Isothermal numerical analyses were carried out

assuming T= 333K as the operating temperature of the PEM fuel cell.
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Figure 4-10: Comparison of numerical model and experimental polarisation curvesat T = 333K

Figure 4.10 shows a small difference in the values at low and high current
densities. This difference in current density values is mainly due to limitations in
defining the electrochemical properties of the catalyst layer and the single phase
assumption used for the numerical modelling. The results show high values of
activation potential loss in the numerica results at low current densities. This is
mainly due to the limited knowledge of the electrochemical material properties used
in the numerical analysis. With better knowledge and definition of the electro-
chemical material properties, it is expected that the numerical results can be

improved.
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The low concentration potential losses in the numerical results at higher
current densities are mainly because of the single phase assumption. For the
numerical modelling during this research work, the water content in the fuel cell
domain is assumed to be in the vapour phase, whereas in actual fact water existsin
both liquid and vapour forms. At higher current densities, due to the higher
electrochemical reaction rates, the production of water as a by-product of the
electrochemical reaction is high and leads to possible flooding of the cell. Such
water flooding causes the blockage of the GDL pores and reduces the permeability
of the reactant and product species through the pores of the GDL. This increases the
concentration potential losses. Due to the single phase assumption, the numerical
model does not accurately calculate the concentration losses due to the blockage of
GDL pores, resulting in numerical predictions showing low values of concentration

losses at the higher current densities.

Overall, these assumptions do not significantly affect the results, which is
why they are used by most researchers for the numerical modelling of transport
phenomena taking place inside PEM fuel cells. In comparison to the above
mentioned polarisation curve, the predicted numerical model power density curve
shows a good agreement with the experimental data. At high current densities, the
predicted numerical values are higher than the experimental values as expected.
Overall, agood agreement is found between the experimental and numerical results.
Figure 4.11 shows the power density curve of the perforated-type PEM fuel cell for
both numerical and experimental results, again demonstrating good agreement

between the numerical model and the experimental results.
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Figure 4-11: Power density curves for experimental and numerical models T = 333K

4.4 Base Case Numerical Results

In addition to the performance polarisation curve, the numerical study also
provides important information and a detailed picture of the transport phenomena
taking place inside the domain of the perforated-type PEM fuel cell, which is not
possible with the experimental study. The distribution of reactants and product
species concentrations, local current densities and over-potentials aong the PEM
fuel cell domain can be seen in the numerical study. The following sections provide
a comprehensive overview of the variation of these transport phenomena aong the
perforated PEM fuel cell domain at isothermal conditions, i.e. T =333K.

4.4.1 Velocity Profile

The numerical analysis of the velocity distribution along a perforated PEM
fuel cell shows that fuel and oxidant follow the shortest possible path from inlet to
outlet in the PEM fuel cell gas channel. Results show a high velocity magnitude in

the centre of the fuel cell gas channel, whereas a low velocity magnitude is
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observed at the corners of the gas channel, possibly leading to dead zones at the
corners of the fuel cell domain. The following figures show the velocity streamlines

and velocity vectors along the perforated type PEM fuel cell domain.

Outlet

Figure 4-12: Streamline velocity profile along the fuel cell domain

(Near Outlet) (Near Inlet)

Figure 4-13: Velocity vectors near the inlet and outlet sections of the PEM fuel cell

The velocity profile affects the distribution of reactant and product species
in the fuel cell domain; therefore, further investigations were carried out to
understand and analyse the velocity variation aong the gas channel and the
perforated plate in the fuel cell. For these analyses, the velocity distribution is
studied along a cross-section at the centre of the perforated PEM fuel cell domain.
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Figure 4-15: Velocity Profile at a cross section near theinlet of the PEM fuel cell gas channel
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The anaysis shows a parabolic velocity profile along the cross section,
leading to a higher velocity at the centre of the gas channel. The parabolic velocity
profile leads to a thick wall boundary layer that increases the residence time of the
reactant species along the flow channel, passively forcing the fuel and oxidant to
pass through the perforated holes of the gas distributor. Analysis also shows that the
perforated holes of the gas distributor result in some frictional lossesin the flow. To
analyse the effects of the perforated holes size and shape, a detailed parametric
study is carried out, which is presented in section 5.4.

4.4.2 Oxygen and Water Distribution along the Cathode Side

Oxygen and water distributions along the cathode side of the perforated-type
PEM fuel cell domain have significant effect on the overall performance. Therefore,
it is important to study and analyse the distribution of oxygen and water. The
species distribution along the fuel cell domain depends upon the design
configuration. In the perforated PEM fuel cell, the oxidant enters the straight
rectangular gas channel and freely moves from the inlet to the outlet. Meanwhile,
the oxidant passively passes through the holes of the perforated gas distributor
attached to the gas channel and then diffuses through the pores of the GDL towards
the catalyst layer where it chemicaly reduces at the membrane/catalyst interface
and then chemically reacts with the protons and electrons travelling through the

electrolyte membrane, generating heat and water.

The water generated by the electrochemical reaction moves from the catalyst
layer to the gas channel where it evaporates in the excess reactant air.
Transportation of water from the catalyst layer region to the gas channel takes place
through the gas diffusion layer. This results in the blockage of the GDL pores
during high rates of electro-chemical reactions, leading to possible water flooding.
Such water flooding can be minimised by optimising the design of the PEM fuel
cell in order to maximise the availability of reactant air to enhance water
evaporation. In the case of the perforated type gas flow distributor, the passive
diffusion of the reacting oxidant and removal of water product depends also upon

the perforated holes diameter and shape.
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Analysis of oxygen and water mass fraction distributions along the cathode
side of the perforated type PEM fuel cell at different operating cell voltages show
high values of oxygen mass fraction just below the inlet section that reduces near
the outlet section due to its consumption through the fuel cell domain. Such a low
value of oxygen mass fraction near the outlet section leads to a high water mass
fraction near the outlet section, which is mainly due to the blockage of GDL pores
and the reduced availability of reactant air to evaporate the water produced by the
electrochemical reaction. Figure 4.16 and 4.17 show the distribution of oxygen and
water mass fractions along the cathode side of the PEM fuel cell domain at two

different operating cell voltages.
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Figure 4-16: Oxygen mass fraction distributions along the cathode side at different load conditions
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(V =05 Volts) (V=0.4 Volts)

Figure 4-17: Water mass fraction distributions a ong the cathode side at different load conditions

Results show that the oxygen mass fraction decreases gradually from inlet to
outlet due to its consumption along the cathode catalyst layer. The consumption of
oxygen is high at low cell voltages because of the high electrochemical reaction
rate. This behaviour is quite clear in figure 4.16 where the consumption of oxygen
islow a V = 0.5 volts while at V = 0.4 volts the consumption of oxygen is high.
There are also some concentration |osses when the oxidant passes through the GDL
along the cathode side of the PEM fuel cell. These concentration losses are more
prominent at low cell voltages and high current densities due to the blockage of the

GDL pores, caused by high water flooding at these load conditions.

Figure 4.18 and 4.19 show the distribution of oxygen and water mass
fractions above and below the GDL surface at the cathode side. Results show that
the maximum value of the oxygen mass fraction above the GDL surface is 0.14 and
reduces to 0.1 below the GDL surface. Similarly, the minimum value of the water
mass fraction above the GDL surface is 0.4 and increases to 0.5 below the GDL
surface. This decrease in the oxygen mass fraction and increase in the water mass
fraction is mainly because of the concentration losses due to blockage of the GDL

pores.
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Figure 4-18: Distributions of oxygen mass fractions above and below the GDL, V = 0.5 volts
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Figure 4-19: Distributions of water mass fractions above and below the GDL, V = 0.5 volts
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The anaysis shows that at the corners of the perforated PEM fuel cell
domain, the rate of water removal is quite low due to the presence of less reactant
air. This leads to water flooding in these areas. Similarly, below the solid regions of
the perforated plate, the oxygen mass fraction is observed to be quite low, due to

high amounts of water flooding below these solid areas.

The meshed area of the perforated gas distributor is an important factor that
can improve gas distribution in these areas. For this study, a perforated plate with a
55% open area is used, meaning that 45 % of the area is not accessible for the
reactant species in the gas channel to reach the porous media. Therefore, oxygen is
not present below these solid areas of the perforated plate. This leads to the
presence of excess water in these areas. Although increasing the meshed plate open
area increases the chances of reactant species reaching the catalyst layer, it also
affects the membrane life, as the membrane can rupture due to lower structural

support from the electrode.

To study the distribution of oxygen and water along the perforated plate,
detailed numerical analyses have been carried out at a cross-section of the
perforated PEM fuel cell. These analyses provide a broader picture of the
distribution of oxygen and water mass fractions along the cathode catalyst layer and
their resultant effects on the PEM fuel cell performance. Figures 4.20 and 4.21
shows the distribution of oxygen and water mass fractions along the cathode

catalyst layer in the cross-section of the PEM fuel cell at different cell voltages.
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Figure 4-20: Oxygen mass fraction distribution in a cross section of the fuel cell along the cathode

catalyst layer at different cell voltages
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Figure 4-21: Water mass fraction distribution in a cross section of the fuel cell aong the cathode

catalyst layer at different cell voltages
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4.4.3 Hydrogen Distribution along the Anode Side

The distribution of hydrogen along the anode side of the PEM fuel cell is
important to study in order to improve the performance. Humidified hydrogen is
used at the anode side of the PEM fuel cell to keep the e ectrolyte membrane wet.
The water content at the anode side diffuses to the electrolyte membrane. 3D
numerical analyses studying the distribution of hydrogen and water along the anode
side of the perforated PEM fuel cell show a decrease in hydrogen and water mass
fraction from the inlet to the outlet section. Figure 4.22 shows the distribution of
hydrogen mass fraction along the anode side of the perforated PEM fuel cell at V =
0.5 volts.
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Figure 4-22: Hydrogen mass fraction distribution along the anode sideat T = 333 K, V = 0.5 volts

Results show that the high consumption of hydrogen and water at the anode
side of the PEM fuel cell at low cell voltages leads to a need for more water to
diffuse to the electrolyte membrane to keep it wet. To analyse the distribution of
hydrogen and diffusion of water to the electrolyte membrane, detailed numerical
analyses have been carried out through a cross-section of the PEM fuel cell domain
at the anode side. Figure 4.23 shows the distribution of hydrogen mass fraction

aong the anode catalyst layer in the cross section of the PEM fuel cell.
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Figure 4-23: Hydrogen mass fraction distribution along the anode catal yst layer in a cross section of
the fuel cell, T = 333K

Analyses show a high consumption of hydrogen at low cell voltages; this
means that higher amounts of water are absorbed at low cell voltages to keep the
membrane wet. At low cell voltages, electrochemical reaction rates at the cathode
side are high, meaning that more protons are required to pass through the electrolyte
membrane. Each proton carries some membrane water molecules with it
(approximately one to three water molecules accompany each proton) as it passes
through the membrane. This can lead to the possible membrane dryness at these low
cell voltages. Therefore, humidified hydrogen is used at the anode side to keep the
membrane wet. Detailed numerical analyses were carried out to explore the
behaviour of the membrane water content at different cell voltages. Figure 4.24 and
4.25 show the variation of water activity and membrane water content along the

cathode catalyst layer at different cell voltages.
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Figure 4-24: Membrane water activity along a cross-section of the perforated PEM fuel cell at
different cell voltages, T = 333K
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Figure 4-25: Membrane water contents along a cross-section of the perforated PEM fuel cell at
different cell voltages, T = 333K
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4.4.4 Ohmic Over-potential Distribution along the Cathode Side

The Ohmic over-potential is the potential loss caused by the resistance to
electron transport in the PEM fuel cell electrode and gas diffusion layer. For agiven
load condition, the magnitude of the Ohmic over-potential depends upon the path
travelled by the electrons. The longer the path, the larger the potential drop. In the
perforated gas flow channel design configuration, numerical analysis shows that
Ohmic losses are considerably higher below the open holes of the perforated plate
while underneath the solid area of the perforated plate, the losses are low. Figure
4.26 shows the ohmic over-potential distribution along cathode side of the PEM fuel
cell at V = 0.5 volts.
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Figure 4-26: Variation of Ohmic over-potential along the cathode side of the fuel cell, V = 0.5 volts
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4.4.5 Activation over-potential Distribution along the Cathode Side

The activation over-potential is due to driving the electrochemical reaction

from an equilibrium state. It mainly depends upon the material properties and the

availability of reactant species along the cathode catalyst layer. For this particular

design configuration, the distribution of the activation over-potential is uneven

aong the fuel cell domain; it has a high value below the solid region of the

potential is observed below

perforated plate, while a low value of activation over

the open channels. This is mainly due to the availability of reactant oxygen just

below the open channels, whereas under the solid area of the perforated plate, the

electro-chemical reaction islow due to limited access of reactant species, leading to

high activation over-potential. Figure 4.27 shows the distribution of activation over-

potential along the cathode side of the perforated-type PEM fud cell.
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Figure 4-27: Variation of activation over-potential (volt) along the cathode side of the PEM fuel cell
av
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4.4.6 Current Density Distribution along the Cathode Catalyst L ayer

Current density is a function of oxygen concentration and activation over-
potential along the cathode catalyst layer. The value of activation over-potential
varies with the operating cell voltages; therefore, the value of current density is
different at different cell voltages. Figure 4.28 shows the current density distribution
aong the cathode catalyst layer of the perforated type PEM fuel cell at two different
load conditions.
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Figure 4-28: Current density distribution along the cathode catalyst layer at different load conditions

Results show that with the decrease of operating cell voltage, the overall
value of current density increases along the cathode catalyst layer. There is no
significant variation in the current density along the cathode catalyst layer at high
cell voltages, which is mainly due to the low consumption of oxygen at these load
conditions and high activation over-potential. For the perforated-type design
configuration, analyses show that the value of current density is higher beneath the
open areas of the perforated plate, whereas below the solid area of the perforated

plate the value of current density is quite low.
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4.5 Non-lsothermal Analysis

The actual operating principle of a PEM fuel cell is non-isothermal due to
the heat generated as a by-product of the electrochemical reactions along the
cathode catalyst layer. This heat is transferred to the PEM fuel cell domain and
increases the overall operating temperature. Such increase in the operating
temperature affects the overall performance of the PEM fuel cell. On one hand, it
increases the rate of electrochemical reaction, but on the other hand it increases the
chances of membrane dehydration which consequently affect the proton
conductivity of the electrolytic membrane. Non-isothermal analyses of the
performance of the PEM fuel cell provide a broader picture as these analyses can be
used to find methods to counter the effect of temperature variation and its

distribution along the fuel cell domain.

The temperature distribution aong the fuel cell domain depends upon its
material properties and design. The material properties can affect the thermal
conductivity, whereas the design of the PEM fuel cell affects the distribution of
reactants along the fuel cell domain, consequently affecting the convective rate of
heat transfer from the fuel cell domain to the excess reactant air. The PEM-type fuel
cell iswell known for its low operating temperature range (293 - 363 K), therefore,
a better fuel cell design is essentia to improve the rate of heat removal from the

PEM fuel cell domain to keep the operating temperature in the desired range.

This section presents the non-isothermal numerical analysis of the PEM fuel
cell performance at different cell voltages. Two-dimensional steady state numerical
analyses have been carried out in this regard. The temperature variation due to
electrochemical reaction rates along the cathode catalyst layer and the resulting heat
transfer to the fuel cell domain (gas channel) were studied closely to understand
their effect on the overall performance. The effect of preheating the inlet air at the
cathode side of the fuel cell was also analyzed to study its effect on the performance

of the fuel cell in terms of water management and heat transfer.
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The non-isothermal analysis shows a continuous increase in the PEM fuel
cell operating temperature along its domain. In the case of a stainless steel gas flow
distributor, the thermal conductivity of the stainless steel (SS316 L) is quite high,

such that heat losses due to the thermal conductivity are not significant.

Results show that the solid areas of the perforated plate do not allow air to
pass below them, resulting in the high operating temperatures observed in these
solid regions. Moreover, frictiona losses caused by the perforated holes are aso

noticeable in this design configuration. These effects vary the operating temperature
aong the domain of this perforated type PEM fuel cell. Figure 4.29 shows the

temperature distribution along a cross section through the PEM fuel cell.
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Figure 4-29: Temperature distribution aong a cross section of the fuel cell at V = 0.45 and T, = 298
K
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Figure 4-30: Temperature variation along the cathode catalyst layer at different voltages; To = 298 K

The results show a continuous increase in temperature along the PEM fuel
cell domain at all cell voltages. This increase in temperature is more prominent at
low cell voltages because of high and stable electro-chemical reaction rates. The
analysis shows high temperatures near the outlet section of the fuel cell which are
mainly caused by the blockage of the GDL pores, leading to low permeability of the
reactant species through the GDL.

The heat generated at the cathode catalyst layer is transferred to the
electrodes and gas channels of the fuel cell, where the excess reactant air absorbs
the heat and takes it away from the fuel cell domain. Heat transfer from the catalyst
layer to the gas channel depends upon the heat transfer coefficient which is a
function of fuel cell material (porous media and electrode). In this particular design
configuration, the temperature distribution aong the fuel cell domain is
significantly influenced by the effective open area of the perforated gas distributor
and its thermal conductivity. Figure 4.31 shows the non-isothermal performance

polarisation curve of the fuel cell at an inlet temperature of 298 K.
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Figure 4-31: Performance polarisation curve aong the cathode catalyst layer under non-isothermal
conditions; T, =298 K (25 C°)

4.5.1 Effect of Preheating thelnlet Air

Pre-heating of the inlet air is a viable method to increase the reactant air
moisture handling capacity. Although this increases the moisture handling capacity
of the reactant air, it also raises the operating temperature of the PEM fuel cell.
Such an increase in the operating temperature affects the membrane life and
performance, as it can lead to dehydration of the membrane which could reduce its
protonic conductivity, consequently affecting the overall performance of the PEM
fuel cell. This section presents the non-isothermal numerical study concerning the
effects of inlet temperature variation on the temperature distribution in the fuel cell

domain and on the overall performance of the fuel cell.

Two-dimensional steady state numerical analyses were carried out at
different inlet air temperatures ranging from 298 K to 313 K (25 to 40 °C) to study
their effects. Results show an increase in fuel cell performance with the increase of
inlet air temperature, but on the other hand it also increases the amount of heat

generated due to higher electrochemical reaction rates which increase the operating
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temperature of the fuel cell. Figure 4.32 shows the effect of preheating the inlet air
on overall temperature distribution along the cathode catalyst layer at operating cell
voltage=0.5V.
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Figure 4-32: Effect of inlet temperature variation along the cathode catalyst layer at V = 0.5V

Analysis of the temperature variation shows an increase in the operating
temperature along the cathode catalyst layer of the PEM fuel cell with increasing
inlet air temperature. Preheating the inlet air increases the overall temperature of the
fuel cell and speeds up the electrochemical reactions. Overadl, the fuel cell
performance increases with preheating the inlet air. Figure 4.33 shows the fuel cell

polarisation curve for two different inlet air temperatures.
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Figure 4-33: Effect of preheating the inlet air temperature on the overall performance of the PEM
fuel cell

4.5.2 Findings

Following is a summary of the important findings based upon the two

dimensional non-isothermal numerical study described previously:

i. The analyses show that the perforated-type PEM fuel cell operating
temperature variation is more prominent on the cathode side whereas at the
anode side there is no significant variation in operating temperature and it
remains almost constant.

ii.  The fuel cell temperature reaches its maximum near the exit of the cathode
side. Such an increase in temperature is mainly due to the blockage of GDL
pores by product water.

iii.  Preheating the inlet air improves the air moisture handling capacity, but on
the other hand it increases the operating temperature of the PEM fuel cell

due to the increased rate of € ectrochemical reaction.
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4.6 Comparison Study of PEM Fue Cédl Performance with
Perforated-Type and Serpentine Shaped Gas Flow Channels

This section presents a numerical comparison study of two different design
configurations of the PEM fuel cell. Performance of the conventional PEM fuel cell
with a serpentine shape is compared with the PEM fuel cell with a perforated-type
gas flow distributor. Attention was focused primarily on the distribution of reactant
species in both configurations. Steady state isotherma numerical analyses were
carried out to compare their performances. A fuel cell with an effective area of 25
cm? is used in both cases. The operational and electrochemical properties used for
this comparison study are similar as mentioned in Tables 3.2 and 3.3, while the
geometric properties for both fuel cells are outlined below. The analysis was carried

out under atmospheric pressure conditions.

Parameter Perforated Serpentine | Unit

Gas Channel length 0.05 0.05 m

Gas Channel width 0.05 0.05 m

Gas Channel Height 0.003 0.003 m

Perforated sheet Thickness 0.00055 - m

Perforated Hole Diameter 0.003 - m
Serpentine flow channel 0.003

width - m

GDL Thickness 0.0002 m

Membrane Thickness 0.00018 m

Table 4-1: Geometric properties of perforated and serpentine PEM fuel cell domains

The main purpose of this study isto compare the performances of perforated
PEM fuel cells with a conventional PEM fuel cell design. Detailed analyses were
carried out to analyze the flow behaviour and the distribution of the reactant species

along the PEM fuel cell domain in both design configurations. Figure 4.34 shows
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vector presentations of the velocity distributions along the fuel cell domainsin both

design configurations.

(Serpentine Type) (Perforated Type)

Figure 4-34: V ectors showing the vel ocity distribution along the fuel cell domain with serpentine and
perforated gas flow channel configurations

Figure 4.34 shows a top view of the fuel cell domains for both design
configurations. The results show that in the case of a serpentine shaped gas flow
channel, a secondary flow exists at the corners of the flow channel that can lead to
possible dead zones. In the case of the perforated-type gas flow distributors, it is
observed that the velocity vectors are following the shortest possible path from the
inlet to the outlet of the gas channel.

In the case of the perforated gas channel, the flow enters into the
rectangular gas channel domain and is then allowed to move freely from the inlet to
the outlet section. The reactant flow passively diffuses through the perforated holes
while moving from the inlet to the outlet section. An examination of the velocity
distribution shows secondary flows at the corners of the PEM fuel cell domain, but
the effect of those secondary flows in the case of a perforated design configuration
is not significant when compared with the serpentine type design configuration. At
standard operating conditions, the overall distribution of velocity vectors along the
fuel cell domain is better in the perforated type gas flow distributor than that of the

serpentine shaped gas flow channel configuration.
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The velocity distribution considerably influences the diffusion of reactant
species aong the gas diffusion layer. For perforated gas flow channels, the reactant
flow enters from the inlet and spreads freely out along the gas channel and passes
through the perforated holes, whereas in case of serpentine shaped gas channel, the
flow is not free to move around. The flow moves through narrow gas channels
where the side wall effects on the flow are considerable. These side wall effects do
not allow the reactant flow to move smoothly from the inlet to the outlet section.
Most of the reactant species get consumed near the inlet section when operating at
atmospheric pressure conditions which leads to an uneven distribution of the
reactant species along the serpentine PEM fuel cell domain. To overcome such
issues, a high pressure flow can be used in a serpentine gas flow channel to move
the reactants from the inlet to the outlet; another method is to increase the size of

the gas channel, but this can add additional manufacturing costs.

Detailed numerical analyses were carried out during this comparison study
to analyse the distribution of the reactant species. Analyses of the distribution of
oxygen aong both the fuel cell domains in both configurations indicated higher
rates of oxygen consumption near the inlet section in the case of the serpentine
design as compared to the perforated electrode design. This leads to reduced mass
fractions of oxygen in the centre and outlet sections. Figure 4.35 shows the
distribution of oxygen mass fraction along the cathode side of the fuel cell. In both
cases, the operating cell voltage wasV = 0.5 volts.
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Figure 4-35: Oxygen mass fraction distributions along the cathode sides of the PEM fuel
cell in serpentine and perforated gas flow channel configurationsat V = 0.5 Volts, T = 333K

The results show that in the case of a serpentine shaped gas channel, most of
the oxygen is consumed near the inlet section of the fuel cell and very little oxygen
reaches the outlet section, whereas in the case of the perforated gas distributor, a
much better distribution of oxygen is observed. Such distributions of oxygen also
significantly affect water management along the fuel cell domain. Figure 4.36
shows the distribution of water mass fractions along the cathode sides of the PEM
fuel cell for both types of gas channel configurations.

Figure 4-36: Water mass fraction distributions along the cathode sides of the PEM fuel cell in

serpentine and perforated gas flow channel configurationsat V = 0.5 Volts, T = 333K
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Figure 4.36 shows a high water mass fraction near the outlet section of the
PEM fuel cell in the case of the serpentine shaped gas flow channel. Thisis mainly
because of a lower availability of oxygen and reactant air near the outlet section,
whereas in the case of the perforated-type gas flow distributor, a more even

distribution of water mass fraction is observed.

0.9
8
08 & ——@—— Perforated Type
1 i Serpentine Type
0.7

0.6

/
/

Cell Voltage (V)

05 T

03 F |

0.2 :' - T
01 f

0.05 0.1 0.15 0.2 0.25 0.3 0.35
Current Density (Alcm2)

(=]
o

Figure 4-37: Performance comparison of PEM fuel cellswith perforated and serpentine gas flow
channels configurationsat T = 333 K

The performance polarisation curves of the PEM fuel cell with both types of
gas channel configurations show that the fuel cell with a perforated gas flow
channel illustrated better performance in comparison to the fuel cell with a more
conventional serpentine gas flow channel at standard atmospheric pressure. The
main reason for such an improved performance in the case of the perforated gas
distributor is the better distribution of reactant species aong the fuel cell domain.
Also, for the perforated gas flow channel, no high pressure flow is required to move
the reactants along the fuel cell domain, whereas in the case of the serpentine
shaped gas flow channels, a high pressure supply is required to move the reactants
aong the fuel cell domain. Moreover, the design configuration of the perforated-
type fuel cell is simple when compared to the serpentine type, and no additional

manufacturing efforts are required for the perforated gas flow channels. Overall, the
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results show that the fuel cell with a perforated gas flow channel performs better
than that with a serpentine shaped gas flow channel at atmospheric pressure

conditions.

4.7 Summary

This chapter described the numerical modelling based performance analysis
of a PEM fuel cell having a stainless steel perforated gas flow distributor. The fuel
cell numerical design and experimental setup used for this novel configuration were
discussed and explained. Results obtained from the base-case 3D numerical model
were validated with the experimental data and a good agreement was found.
Following the numerical modelling techniques used for the base-case model,
detailed performance analyses of the perforated-type PEM fuel cell were carried out
to gain an insight into the different transport phenomena taking place, such as

species distribution, heat transfer and electrochemical kinetics.

Both isothermal and non-isothermal numerical analyses were carried out to
understand the distribution of reactant and product species and their effect upon the
electrochemical reaction rates along the domain of a PEM fuel cell with a perforated
plate, something which is not easily possible with experimental techniques due to
the reactive environment of the fuel cell domain. These performance anayses
highlighted some design-related issues which can be examined to improve the
performance of perforated PEM fuel cells, such as varying the effective open area
of the perforated plate and the gas channel height. These issues are discussed in
Section 5.4. A comparison study was also carried out to compare the distribution of
species and the overall performance of the perforated PEM fuel cell with a standard
fuel cell configuration that had a serpentine shaped gas flow distributor. Results
showed that a perforated-type PEM fuel cell illustrated better performance at

standard atmospheric pressure conditions.
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CHAPTER 5

5 Parametric Performance Analysis of Perforated-Type
PEM Fuel Cdl

5.1 Introduction

This chapter describes the numerical base parametric study concerning the
effect of different operating and design (geometric) parameters variation on the
distribution of reactant/product species and the overall performance of the
perforated PEM fuel cell. The numerical modelling techniques used for the
validated base model at isothermal conditions were used for this parametric study.
The PEM fued cell performance at different operating and geometric conditions
were compared using the polarisation curves and assessments of reactant/product

species distribution along the perforated PEM fuel cell domain.

5.2 Selection of Parameters

PEM fuel cells are difficult to numerically model due to their complex non-
linear multivariate nature. A large number of geometric and operating factors
contribute to the performance and final output voltage of a PEM fuel cell. This
motivates a 'Design of Experiment’ (DOE) approach for the selection of such
parameters to improve the performance of a PEM fuel cell [120]. The parameters
that influence the performance of a PEM fuel cell can be grouped into two
categories. geometric and operating parameters. It is not possible to change the
geometry in real-life application of the PEM fuel cell without manufacturing
multiple rigs, leaving the operating conditions as the only variable that can be
changed. Nevertheless, the use of numerica modelling techniques alows the
geometric variables to be changed easily to analyse their effects on the PEM fuel

cell performance at different operating conditions.
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The main concern of this research work is to improve the distribution of the
reactant species and the performance of the PEM fuel cell by smplifying the gas
flow channel design which will result in reducing the manufacturing cost. For this
purpose, a detailed parametric study was carried out to analyse the performance of
the perforated-type PEM fuel cell at different operating and geometric conditions.
The operating and geometric parameters used for this parametric study were
selected based on the literature review and analyses of the species distribution along
different sections of the perforated fuel cell domain from the base case numerical

model, discussed in the previous chapters of thisthesis.

The operating parameters for this study were mostly selected from the
literature review [1, 2, 6, 62, 65, 78, 92]. These parameters were selected based
upon their effect on the flow behaviour and electrochemical reaction rates in the
PEM fuel cell. The operating temperature, gas diffusion layer porosity and the
exchange current density were selected as operating parameters to be analysed
during this parametric study. The reactant flow behaviour and its distribution can be
influenced by the operating temperature and GDL porosity, whereas the exchange
current density directly influences the rate of oxidation and reduction along the

catalyst layers.

The geometric parameters used for this parametric study were selected from
the analyses of reactant and product species distribution. The base-case numerical
model analysis provided an insight into the reactant/product species distribution
along the perforated PEM fuel cell domain and highlighted some design issues that
needed to be addressed in order to improve the distribution and the overall
performance of the perforated PEM fuel cell. Perforation hole diameter, perforation
hole shape, gas channel height, fuel cell inlet/outlet hole diameters and locations
were selected as geometric parameters for this parametric study. The main criteria
for the selection of the geometric parameters were to improve the distribution of

species without requiring any major design changes.
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Parameters Tested Range (Units) Reasons
Affects the rate of water
Operating temperature 313 - 353 (Kelvin) removal and
electrochemical reaction
Cathode exchange current Affects the rate of
density 1x10? - 5x10° (A/lcm?) | electrochemical reactions
Affects the reactant and
Gas diffusion layer - product species transport
porosity through GDL

Operating pressure Analyses performed at atmospheric pressure conditions
to avoid the extra cost of compression

Due to the very small amounts of hydrogen needed
Mass flow rate which is difficult to measure accurately considering the
available apparatus, this parameter was not analyzed

Table 5-1: List of fuel cell operating parameters considered during the parametric study

Parameters Reasons
Affects the diffusive transport of species
Perforated hole diameter and frictional losses
Perforated hole shape Affects the species distribution
Affects the residence time of reactant
Gas channel height species and diffusive flux
Affects the mass flow rate and
Inlet/outlet hole diameter distribution of reactant species
Affects the distribution of reactant and
Inlet/outlet hole location product species

Table 5-2: List of fuel cell geometric parameters considered during the parametric study

(These parameters were selected on the basis of their cost effectiveness and
likelihood of implementation without requiring amagjor design change for the perforated-

type design approach)
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5.3 Effect of Operating Parameter Variation

This section describes a two dimensional parametric study examining the
impact of varying different operating parameters on the overall performance of the
perforated-type PEM fuel cell. Detailed parametric analyses were carried out to
explore the effects of GDL porosity, operating temperature and exchange current

density on the overall performance of perforated-type PEM fuel cells.

5.3.1 Effect of GasDiffusion Layer Porosity

The gas diffusion layer is a thin porous media that efficiently distributes the
reactant species and collects the product species. Its performance depends upon the
porosity and permeability values of the material. The porosity of the GDL is the
ratio of pore volume to the total volume. Three different values of the GDL
porosities were examined, ranging from 0.3 to 0.5 (30 % to 50%). Attention was
focused on the analysis of their effects on the distribution of reactant species and the

collection of product species along the PEM fuel cell domain.

With a decrease in GDL porosity, it becomes increasingly difficult for the
reactant species to permeate through the GDL and reach the catalyst region.
Therefore, GDL porosity considerably influences the concentration of the reactant
species and water flooding characteristics in the PEM fuel cell. Increasing the GDL
porosity improves the diffusion of the reactant air through the GDL, which
improves the electrochemical reaction rates and the rate of water evaporation from
the fuel cell domain. Figure 5.1 shows a comparison of the water mole fraction
variation aong the cathode catalyst layer at two different values of the GDL

porosity.
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Figure 5.1: Variation of water mole fraction along the cathode/ GDL interface at two different values
of GDL porosity @) 30 %, b) 70% at T = 333K
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Figure 5.1 indicates that there exists a considerable difference in the mole
fraction of water along the cathode catalyst layer at two different values of GDL
porosity. The excess water flooding at higher electro-chemical reaction rates blocks
the GDL pores, which causes an additional obstruction which limits the reactant air
from permeating through the GDL. This behaviour is not considerable at high
values of GDL porosity, but at lower values, it is quite significant. Figure 5.1 also
showed an uneven behaviour of the mole fraction variation at the GDL/catalyst
layer interface, which is mainly due to the solid areas of the perforated gas
distributor. Just below the solid areas of the perforated gas distributor, high values
of water mole fractions were observed; those values are attributed to the limited
access of air in these regions. Thisis a design problem which can be minimised by
undertaking some design improvements such as changing the perforated holes
diameter and/or shape.

Overall, variation in the GDL porosity affects the concentration losses along
the PEM fuel cell domain. Results show that there is no significant influence of the
GDL porosity variation on the activation and Ohmic losses. Figure 5.2 shows the
performance polarisation curves of the PEM fuel cell at three different values of the
GDL porosity at T = 333 K.
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Figure 5.2: Perforated type PEM fuel cell polarisation curves at different values of GDL porosity. It
isindicated that the activation and Ohmic losses are not significantly influenced due to GDL
porosity variations

5.3.2 Effect of Operating Temperature Variation

The operating temperature can play an important role towards improving the
performance of a PEM fuel cell. An increase in the PEM fuel cell operating
temperature improves the rate of electrochemica reactions along the cathode
catalyst layer and also increases the rate of product water removal from the fuel cell
domain, as an increase in operating temperature improves the water handling
capacity of the reactant air. Such increases in the fuel cell temperatures also affect
the membrane performance and membrane life, as increases in temperature can
result in membrane dryness and rupturing. Therefore, a comprehensive parametric
study is essential to explore these effects and to find an optimum temperature for a
particular design and operating condition of the PEM fuel cell. This section presents
a parametric study examining the effect of operating temperature variation on the
overall performance of the perforated type PEM fuel cell.
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The numerical analyses show that an increase in PEM fuel cell operating
temperature increases the consumption of oxygen along the cathode catayst layer.
Thisis an indicator of an increase in the rate of the electro-chemical reaction. With
an increase in the electrochemical reaction rates, the amount of water generated as a
by-product of the electro-chemical reaction aso increases, which can lead to
flooding. Some amount of this water diffuses back to the electrolyte membrane
while most of it moves towards the gas channel and evaporates with the excess
reactant air.

An increase in the operating temperature of the reactant species (air) leads to
a change in the saturation pressure that consequently affects the heat absorbing
capability of the reactant air. This affects the overall performance of the PEM fuel
cell. To analyse this effect, a detailed parametric study was carried out at different
operating temperatures ranging from 313 k to 353 K (40 °C to 80 °C). Figure 5.3
shows the polarisation curves of a perforated PEM fuel cell at different operating
temperatures.
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Figure 5.3: The polarisation curves of a perforated type PEM fuel cell at different operating
temperatures
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Figure 5.3 shows an increase in the performance of the PEM fuel cell as the
operating temperature increases. Increases in the operating temperature mainly
affect the activation potential losses. Results a'so show a decrease in the activation
potential loss as the operating temperature is increased. Increasing the operating
temperature also affects the concentration over-potential, as the increase of
operating temperature improves the heat capacity of the reactant air, which in turn
reduces the chances of water flooding and blockage of the GDL pores, consequently
reducing the concentration losses and improving the performance of the PEM fuel
cell.

5.3.3 Effect of Cathode Exchange Current Density Variation

The exchange current density defines the rate of oxidation and reduction at
the electrode in terms of current. The magnitude of the exchange current density isa
function of material composition, surface roughness and electrode surface
impurities. In the case of the PEM fuel cell, exchange current density strongly
depends upon the material properties of the electrode and the presence of the
catalyst along the catalyst layer surface. The PEM fuel cell's performance can be
influenced by the exchange current density. This section presents a parametric
study about the effect of cathode exchange current density variation on the overall
performance of the PEM fuel cell at T = 333K. For this study, perforated type PEM
fuel cell performance at three different values of the exchange current density is
analysed. No particular numerical modelling is carried out regarding surface

roughness and the impurities on the electrode surface.

Results show that a change in exchange current density mainly affects the
activation potential losses. An increase in the exchange current density reduces the
activation losses by improving the rate of oxidation and reduction along the catalyst
layer. Overall, the parametric analysis shows that increasing the cathode exchange
current density results in a considerable increase in the PEM fuel cell performance.
Figure 5.4 shows the effects of exchange current density variation on the overal

performance of the PEM fuel cell.
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Figure 5.4: Effects of cathode exchange current density variation on the performance of the

perforated PEM fuel cell, T =333K

5.3.4 Findings

The following are some important findings based upon the results obtained

from the parametric study on the effect of varying different operating parameters on

the overall performance of the perforated type PEM fuel cell:

An increase in the operating temperature improves the rate of
electrochemical reaction and reduces the activation potential loss along the
cathode catalyst layer. The parametric study shows an overall increase in
PEM fuel cell performance with the increase in its operating cell
temperature.

An increase in the performance of the PEM fuel cell is observed in
conjunction with an increase in the GDL porosity, as increasing the GDL
porosity improves the efficiency with which the reactant species permeate
through the GDL.

An increase in exchange current density reduces the activation potential

losses and improves the overall performance of the PEM fuel cell.
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5.4 Geometric Parametric Study

This section presents a parametric study concerning the variation of different
geometric parameters of the perforated-type PEM fuel cell, such as perforated hole
diameter, perforated hole shape, gas channel height and the effect of inlet and outlet
port locations on the distribution of reactant/product species and overall
performance. These geometric parameters are selected on the basis of observations
obtained from the base case numerica and experimental models about the
distribution of reactant/product species. This parametric study is carried out using
both numerical and experimental techniques, where numerical analyses are carried
out at steady state isothermal conditions. The overall performances at these
geometric conditions are compared using the polarisation curves and the assessment
of the distribution of reactant species along the fuel cell domain. The following

sections describe the results obtained from this parametric study.

5.4.1 Effect of Perforated hole Diameter Variation

The effect of perforation holes diameter was analysed to examine its effect
on frictional losses and on the rate of diffusion of species through the holes. To
study the effect, two different hole diameters (2.5 mm and 5 mm) were used with a
constant gas channel (trough) height of 5 mm. For both cases, the effective open
area of the perforated plate used was 55 % and 63% respectively. Results obtained
from numerical analyses were compared with the experimental data and a good
agreement was found.

The main purpose of increasing the perforation hole diameter is to improve
the distribution of the reactant species along the fuel cell domain. Anincreasein the
effective open area of the perforated plate generally enhances the reactant species
concentration along the fuel cell domain, which was closely studied during the
analysis. Figures 5.5 and 5.6 show the distribution of oxygen and water aong the
cathode catalyst layer for the two different hole-diameters.
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a) Diameter= 2.5 mm, Trough Height=5 mm b) Diameter= 5 mm, Trough Height=5 mm

Figure 5.5: Effects of the perforated hole diameter variation on water mass fraction distribution
along the cathode catalyst layer at V = 0.5V
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a) Diameter= 2.5 mm, Trough Height=5 mm b) Diameter= 5 mm, Trough Height=5 mm

Figure 5.6: Effects of the perforated hole diameter variation on oxygen mass fraction distribution
along the cathode catalyst layer at V = 0.5V
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The above figures show a comparison of oxygen and water mass fraction
distributions along the cathode catalyst layer for two different perforated hole
diameters. Results show an increase in the oxygen mass fraction and a decrease in
water mass fraction with an increase in perforated hole diameter. An increase in
perforated hole diameter also reduces the frictional losses to flow while passing
through the perforated holes as effects of perforated holes side wall shear stresses
reduce to a certain extent with the increase in perforated hole diameter. All these
factors lead to an improved distribution of oxygen mass fraction along the cathode
catalyst layer that consequently improves the electrochemical reaction aong the
catalyst layer and reduces water flooding. Figure 5.7 shows the distribution of
current density along the cathode catalyst layer of a perforated type PEM fuel cell at
V =0.5volts.

25

a) Diameter= 2.5 mm, Trough height=5mm b) Diameter= 5 mm, Trough height=5 mm

Figure 5.7: Effect of perforated hole diameter variation on the distribution of current density along
the cathode catalyst layer at V = 0.5 volts

Figure 5.7 shows an increase in current density along the cathode catalyst
layer when the perforated hole diameter is increased. This increase in the value of
the current density is due to an improvement in the distribution of the reactant
species along the cathode catalyst layer when the perforated hole diameter is
increased.
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Figure 5.8: The effects of perforation hole diameter on the performance of aPEM Fuel cell at T =
333 K. Comparison of the numerical and experimental results.
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5.4.2 Effects of Perforated Hole Shape

The perforated hole shape is another interesting design feature that needs to
be addressed to identify its influence on the distribution of the reactant species and
the overall performance of the perforated-type PEM fuel cell. The perforated hole
shape affects the frictional losses, but at low Reynolds numbers these frictional
losses are not significant. Moreover, perforated hole shape aso affects the diffusion
of reactant species and the removal of product species from the membrane electrode
assembly to the gas channel. To explore the effects of the hole shape, two different
geometries (circular and trapezoidal) are considered. Figure 5.9 shows two cross
sectional views of the velocity profile at the centre of the fuel cell domain for two

different perforated hole shapes.

(Trapezoidal Holes)

Figure 5.9: Cross sectional views of the velacity profilesin the case of circular and trapezoidal holes
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The trapezoidal shaped perforated holes have a larger open area facing the
gas diffusion layer as compared to the circular holes. An increase in the open area
facing the GDL improves the removal of product water consequently reducing the
concentration losses. Results obtained from this study show that a small reduction
in concentration losses was observed, while no change in the activation and Ohmic
losses was observed when changing the geometry of the perforated holes from
circular to trapezoidal shape. Overall, the results show a small increase in the
performance of the PEM fuel cell in the case of trapezoidal shape perforated hole,
but this change is not very significant. The polarisation curves are shown in Figure
5.10 below:
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Figure 5.10: Polarisation curves for the perforated-type PEM fuel cell with two different perforated
hole shapesat T = 333 K
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5.4.3 Effect of Gas Channel Height Variation

The gas channel height is an important design parameter, asit can affect the
flow behaviour aong the fuel cell domain. In the perforated-type PEM fuel cell
design configuration, the reactant flow enters into the gas channel and moves freely
towards the outlet. The perforated plate is attached below the rectangular-shaped
gas channel. A change in the gas channel height effects the passive diffusion and
residence time of the reactant species along the fuel cell domain. Detailed
parametric analyses were carried out to analyse the effect of gas channel height on
the distribution of species and the overall performance of the perforated-type PEM
fuel cell.

The gas channel height also affects the boundary layer characteristics and
side-wall shear stresses that affect the residence time of the reactant gases; as well
as the convective and diffusive fluxes of the reactant species along the fuel cell
domain. This section presents a parametric study which examines the effect of gas
channel height variation on the overall performance of the fuel cell. To study this
effect, two different gas channel heights (2 mm and 5 mm) were taken into
consideration and the distribution of the reactant species was closely studied during

these analyses.

Results showed that with a decrease in gas channel height, the distribution of
reactant species along the fuel cell domain improved. The increase in the
performance was mainly attributed to a larger boundary layer thickness when
smaller gas channel heights were used. Such an increase in the boundary layer
thickness improves the diffusion rate and residence time of the reactant species and
aso passively forces the reactant species to pass through the perforated holes.
Figure 5.11 shows the distribution of oxygen and water mass fraction along the

cathode catalyst layer for two different gas channel (trough) heights.

120



a) Diameter= 5 mm, Trough height= 2 mm b) Diameter= 5 mm, Trough height=5 mm
(Water mass fraction distribution)

a) Diameter= 5 mm, Trough height= 2 mm b) Diameter= 5 mm, Trough height=5 mm

(Oxygen mass fraction distribution)

Figure 5.11: Effects of the variation of gas channel (trough) height on the oxygen and water mass
fractions distribution aong the cathode catalyst layer at V = 0.5V
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Figure 5.11 shows an increase in the oxygen mass fraction and a decrease in
the water mass fraction along the cathode catalyst layer when the gas channel height
is reduced. Those changes are due to changes in the residence time and the diffusion
rate of species. Overall, results show an increase in the performance of the PEM
fuel cell with a reduction in gas channel height. Figure 5.12 shows the fuel cell

polarisation curve for two different values of gas channel height.
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Figure 5.12: Effects of gas channel height variation on the fuel cell performance

5.4.4 Effect of Inlet Hole Diameter Variation

Changes in the inlet hole diameter generally affect the mass flow-rate of the
reactant speciesin the fuel cell domain. Increase in the mass flow-rate improves the
diffusive flux of the reactant species, which improves the water remova and heat
carrying capacity of the excess reactant air along the PEM fuel cell domain. This
section presents a numerical study addressing the effects of varying the inlet hole

diameter on the performance of the PEM fuel cell.
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Three different inlet hole diameters (6, 8 and 10 mm) are taken into
consideration. The outlet diameter is kept constant (6 mm) to improve the residence
time of the reactant flow in the fuel cell domain, so that an improved diffusive
concentration of the reactant species can be obtained. For this parametric study, the
perforated gas distributor with holes of 5 mm diameter and gas channel height of 2

mm was used.

The parametric results showed that when the inlet hole diameter was
increased, there was a significant improvement in the reactant species distribution
aong the PEM fuel cell domain. If the inlet hole diameter is increased whilst
keeping the outlet hole diameter constant, the residence time of the reactant flow in
the PEM fuel cell gas channel increases. This increase in the residence time
improves the passive diffusion of the reactant species through the perforated holes
of the gas distributor, which also improves the diffusive flux of the reactant species
through the gas diffusion layer. An increase in the diffusion of reactant species also
improves water and heat removal from the PEM fuel cell domain. Figures 5.13 and
5.14 show the distribution of oxygen and water mass fractions along the cathode

side of the PEM fuel cell for two different inlet hole diameters.
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a) Inlet hole Diameter = 6 mm, b) Inlet hole Diameter = 10 mm

Figure 5.13: Effects of inlet hole diameter variation on oxygen mass fraction distribution along the
perforated type PEM fuel cell domain; perforated hole diameter = 5 mm and trough height = 2 mm
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Figure 5.14: Effects of inlet hole diameter variation on water mass fraction distribution aong the
perforated type PEM fuel cell domain; perforated hole diameter = 5 mm and trough height = 2 mm

Analyses showed an increase in the oxygen mass fraction distribution when
the inlet hole diameter was increased. Such increases in the oxygen mass fraction
corresponded with a decrease in water mass fraction along the domain. With the
increase of inlet hole diameter, the effective wetted area of the perforated fuel cell
domain covered by the reactant species was also improved, which minimised water
flooding at the corners of the perforated-type PEM fuel cell domain. Although an
increase in inlet hole diameter gives an improvement in the distribution of
reactant/product species, one should also remember that excessive increases in the
inlet hole diameter can lead to potential membrane dryness. As results of this study
show; a decrease in water mass fraction along the PEM fuel cell domain occurs as
the inlet hole diameter is increased as this causes the water evaporation rate to
increase, which corresponds with an increase in mass flow rate. Overall, the results
show that with an increase in inlet hole diameter, the fuel cell performance
improves. Figure 5.15 shows the fuel cell polarisation curve for three different

values of inlet hole diameters.
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Figure 5.15: Effects of inlet hole diameter variation on the performance of the PEM fuel cell for a
perforated hole diameter = 5 mm and trough height = 2 mm

5.45 Effect of Inlet Hole Location

The above discussed parametric analyses provided a detailed overview of
the effect of various geometric parameters on the overall performance of a
perforated-type PEM fuel cell. For all of these analyses, the inlet and outlet hole
positions for the reactant gases (air and hydrogen) was assumed to be at the centre
of the fuel cell gas flow channel domain. Fluid flow aways tends to follow the
shortest possible route. In the case of a centralised inlet/outlet port location, the
reactant species follow the shortest possible way and subsequently do not cover the

full domain area.

In this section the analysis of the effect of varying the inlet/outlet hole
location on the distribution of reactant species and the overall performance of the
perforated-type PEM fuel cell is presented. Two different design configurations are
taken into consideration; in the first case, both the inlet and outlet ports are assumed

to be at the centre of the gas channel domain; in the second case, the inlet and outlet
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holes are assumed to be at opposite corners of the fuel cell domain at both cathode
and anode sides. The diameters of the perforated holes were 5mm, and the gas
channel height was 2 mm for these analyses. Both inlet/outlet hole diameters were
set at 6 mm.

Results indicated improved distributions of reactant species and a small
increase in the performance of the PEM fuel cell with the change of inlet/outlet hole
locations from the central position to the corners of the fuel cell gas channel
domain. Such an increase in performance is due to the increase in area covered by
the reactant species at both sides of the fuel cell domain. The analyses aso show
that in the case of the inlet/outlet holes positioned at the corners, the distribution of
oxygen is better as compared to the case where they were located at the centre, as
the reactant species covered more surface area which improved the performance of
the fuel cell. Figure 5.16 shows the oxygen mass fraction distribution along the
cathode side of the PEM fuel cell in both configurations.
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Figure 5.16: Effects of inlet\outlet hole locations on oxygen mass fraction distribution along the fuel
cell domain; perforated hole diameter = 5 mm, trough height = 2 mm; inlet and outlet diameter = 6
mm. It is noted that the distribution of oxygen is better in the case where inlet and outlet holes are

positioned at the corners

A change in the inlet/outlet hole locations affect the distribution of the
reactant species, but generally they do not have a significant effect on the
performance of the PEM fuel cell in the activation and Ohmic regions. A dlight

improvement is observed on the concentration losses when the holes are located at
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the corners. Figure 5.17 shows the performance polarisation curve for both of these

cases.

—
L |

0.9

r

0.8

Centre Location |
Comer Location

0.7

06

05 .
0.4 \

03

Cell Volateg (V)

0.2

0.1F

0 [ | | ! Il | . l | Il Il !
0 0.1 02 03 04

Current Densitv (Alcm2)
Figure 5.17: Effects of inlet and outlet hole locations on the PEM fuel cell performance; perforated

hole diameter = 5 mm; Trough height = 2 mm; Inlet and outlet diameters = 6 mm

5.4.6 Findings

The following are some important findings resulting from this geometric

parametric study:

i. Anincrease in perforated hole diameter improves the diffusive flux of the

reactant species and the overall performance of the PEM fuel cell;

ii. A change in the shape of perforation holes from circular to trapezoidal does

not significantly affect the fuel cell performance;

iii.  The performance of the PEM fuel cell is increased with a reduction in the
gas channel (trough) height, as an increase in gas channel height affects the
wall shear stresses and the thickness of the boundary layer in the gas channel

domain.
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iv.  Anincrease in the inlet hole diameter improves the mass flow-rate of the
reactant species, leading to an increase in the overall performance of the
PEM fuel cell;

v.  Changing the inlet/outlet port locations from the centre to the corner of the
fuel cell domain improves the distribution of the reactant species along the

fuel cell domain, effectively improving the performance of the fuel cell to

some extent.
Parameter Concentration Ohmic Over- Activation
Over potential potential Over potential
Increase in gas
diffusion layer Decrease No effect No significant
porosity effect
Increasein
operating Decreased, but not | No significant effect Decrease
temperature significantly
Increasein
exchange current | No significant effect | No significant effect Significant
density decrease
Geometric The geometric parameters discussed in this research work
parameters mainly affected the concentration and activation over-
potentials.

Table 5-3: Qualitative effects of operating and geometric parameters on the fuel cell potential 1osses

55 Summary

This chapter described the numerical parametric studies performed to
analyse the effects of varying different operating and geometric parameters on the
distribution of species and the overal performance of a perforated-type PEM fuel
cell. The operational and geometric parameters used for this study were selected
from the literature review and the analyses of species distribution from the base-
case model results. The main criterion for the selection of these parameters was to
improve the performance of the fuel cell without any major design change

reguirements to limit extra manufacturing costs.
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The parametric study examining the variation of the operating parameters
showed an improvement in the performance of the perforated-type PEM fuel cell
when the operating temperature, GDL porosity and the exchange current density
was increased. Variation of the exchange current density on the performance of the
fuel cell was found to be the most significant factor as it directly affects the rate of

oxidation and reduction of the reactant species.

The parametric study of different geometric parameters showed that changes
in perforation hole and inlet hole diameters had a significant effect on the
distribution of the reactant species and thus the overall performance of this new
design configuration. A decrease in the gas channel height improved the residence
time and passive diffusion of the reactant species, whereas analysis showed that the
effect of changes in the perforated hole shape and inlet/outlet port location on the
overall performance of the perforated-type PEM fuel cell were not very significant.
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CHAPTER 6

6 Effect of Cathode Flow Pulsations on the Perfor mance
of a PEM Fuel Cdll

6.1 Introduction

The performance of a PEM fuel cell can be considerably influenced by
customising the fluid flow behaviour along its domain. The gas flow channel design
configuration affects the thermo-fluid parameters of the reactant flow, such as the
flow-rates, operating pressure and temperature distributions along the PEM fuel cell
domain [17, 128]. The flow behaviour in the PEM fuel cell gas channel can be
disturbed by both passive and active methods. Active methods include the use of
electro-kinematics' devices, whereas passive methods include geometric changes in

the fuel cell design configuration, especially along the gas flow channel.

This chapter describes a new method to improve the performance of a PEM
fuel cell by optimising the thermo-fluid properties of the reactant and product
species. Pulsations are introduced to the flow at the cathode side to improve the
diffusive properties and the overall performance of the PEM fuel cell. Research has
been carried out by various researchers to study the effects of flow pulsation on the
heat transfer and the fluid flow properties [17, 129, 130], and in genera they
showed that flow pulsation affects the fluid flow behaviour considerably. Based
upon this idea, a comprehensive numerical study has been carried out here to
analyse the effects of flow pulsation on the distribution of the reactant and product

species along the cathode side and the resulting performance of the PEM fuel cell.

Both active and passive design approaches were used here to numerically
analyse the effects of flow pulsations. For the active method, pulsations were

generated by assuming a woofer system at the cathode inlet, whereas the passive
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design configuration used rectangul ar-shaped obstacles, placed in the PEM fuel cell
gas flow channel domain to generate the pulsating effect in the reactant flow. The

following sections describe the results obtained from this numerical study.

6.2 Effect of Inlet Flow Pulsation: Active Approach

The diffusive properties of the reactant mixture significantly affect the
performance of the PEM fuel cell. One way of improving the diffusion of the
reactant species aong the fuel cell domain is to increase the flow-rate in order to
overcome the resistance of the gas diffusion layer, so that more reactants can pass
through the GDL and chemically react along the catalyst layer. This approach can
lead to possible dryness of the electrolytic membrane as the increased excess air
flow can carry more water away from the membrane. Another way of improving the
diffusive properties of the fluid along the fuel cell domain is to introduce pulsations
into the reactant flow passing through the gas flow channels. It has been well
reported by researchers that flow pulsation can increase the diffusion rate by up to
three or four orders of magnitude between two reservoirs that have a concentration

gradient, due to enhanced dispersion [131, 132].

For the active design approach, the pulsations are introduced by using a
system having a signa generator, signal amplifier and a woofer system. The signal
generator produces a signal that is then amplified. The amplified signal is then sent
to the woofer system, which generates pulsations in the air flow. Researchers from
University of Seoul, South Korea [17] used this active design approach to
experimentally analyse the effect of cathode flow pulsations on the performance of
the PEM fuel cell stack.

During the active design approach study, the same technique was followed
and the results were compared with experimental trends. As the numerical analyses
were carried out using a single PEM fuel cell in comparison to the experimental
analyses [17] which were carried out using a stack of 10 PEM fuel cells, the
experimental trends of different variables were compared instead of the

experimental data itself. In the numerical anaysis, it was not easy to model the
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active pulsation generation system, so a mathematical relation describing the time-
averaged pulsating velocity (Equation 6.1) was used to model the effects of the
pulsation generation system. This relation was defined by researchers from the
University of Seoul, South Korea [17] in their experimental work with the same

active system.

The flow pulsations were introduced at the cathode side of the PEM fuel cell
in the unidirectional reactant air flow. The magnitude of the flow pulsations was
controlled by its amplitude and frequency. The time-averaged pulsating velocity of
the reactant flow was defined at the cathode inlet. Thisis afunction of the pulsation
frequency and amplitude. The function defining the time average pul sating velocity
was previously described by Kim et al. [17]:

U. =U, +AIn2rft (6-1)
Where:
Un = Time-averaged inlet flow velocity
A = Amplitude of velocity pulsation
f = Frequency
t = Time

A series of transient two dimensional numerical analyses were carried out
assuming isothermal flow conditions (T = 333K) to study the effects of cathode
flow pulsations on the diffusive properties and overall performance of the PEM fuel
cell. A straight gas flow channel was assumed for this study instead of a perforated
gas flow channel to further smplify the design configuration. These numerical
analyses were carried out at the cathode side (i.e. the anode side was ignored) to

reduce computational requirements.
To numericaly model the woofer system at the cathode inlet, a
mathematical function (Equation 6.1) was used to numerically control the pul sating

flow behaviour, such as its frequency and amplitude. The role of the pulsation
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frequency and amplitude were studied individually to analyse their effect on the
overall flow behaviour. The following sections describe the results obtained from
the numerical study of the effects of pulsation frequency and amplitude variation on
the flow behaviour and the overall performance of the PEM fuel cell.

Parameter (Operating Condition) Value Unit
Oxygen inlet mass fraction 0.226
Water inlet mass fraction 0.0934
Hydrogen inlet mass fraction 0.844
Operating temperature 333 K
Inlet pressure 101325 Pa
Average inlet flow velocity 0.35 m/s

Cathode reference exchange current density | 1.0E-02 | A/cm?

Anode reference exchange current density | 1.00E+04| A/cm?

Electrode e ectric conductivity 120 Sm

Gas diffusion layer porosity 0.5

Table 6-1: Operating conditions used for the pulsating flow analysis

Par ameter Value Unit
Gas channdl length 0.05 m
Gas channel width 0.005 m
GDL thickness 0.0002 m
Membrane thickness 0.00018 m

Table 6-2: Geometric parameters used for the pulsating flow analysis

133



6.2.1 Effect of Pulsation Frequency Variation

This section presents the numerical analysis of the effects of pulsation
frequency variation on the diffusive properties and overall performance of the PEM
fuel cell. Three different values of the pulsation frequencies ranging from 0 to 30
Hz are analysed at constant pulsating amplitude of 0.15 and an inlet flow velocity of
0.35 m/s. These analyses are carried out assuming the operating and geometric
conditions specified in tables 6.1 and 6.2.

The results obtained from the 2D numerical study were compared with the
steady state flow analyses. The oxygen and water mass fraction distributions along
the fuel cell domain were analysed at different pulsating frequencies to study their
effect on the oxygen and water mass fraction distributions along the PEM fuel cell
domain. Figure 6.1 and 6.2 shows the distribution of oxygen and water mass
fraction along the cathode side of the PEM fuel cell when under the influence of a

variable frequency pulsating flow.

Pulsating Freguency = 0 Hz

0.19

0.18

Pulsating Freguency = 10 Hz

Pul sating Frequency = 30 Hz

0,14

Figure 6.1: Effects of pulsation frequency variation on oxygen mass fraction distributions along the
cathode side of the PEM fuel cell; V = 0.4 Volts, T = 333 K; Inlet air velocity = 0.35 m/s; Pulsating
amplitude = 0.1;t = 2 sec
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Figure 6.2: Effects of pulsating frequency variation on water mass fraction distribution along the
cathode side of a PEM fuel cell; V = 0.4 Volts, T = 333 K; Inlet air velocity = 0.35 m/s; Pulsating
amplitude = 0.1;t = 2 sec

Figures 6.1 and 6.2 show that the distributions of oxygen and water mass
fractions along the fuel cell domain are improved with increasing pulsation
frequency. Thisincrease is not very significant, but it does have some influence on
the overall performance. Generally, varying the pulsation frequency does not
significantly influence the flow behaviour. Figure 6.3 shows the effects of pulsating
flow frequency variation on the overall performance of the PEM fuel cell at T =
333K.
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Figure 6.3: PEM fuel cell polarisation curve for three different values of pulsation frequency at T =
333K

Figure 6.3 shows that the overall performance of the PEM fuel cell increases
by introducing the pulsations in the reactant air flow on the cathode side, but this
increase is not very significant. Numerical results obtained from studies on the
effect of pulsating frequency variation were compared with the experimental work
of Kim et al. [17]; a good agreement was found between the trends obtained from
both numerical and experimental studies. Kim et al. [17] performed experimental
work using a fuel cell stack of 10 fuel cells, and also found that the effect of

pulsating frequency variation is not significant on the PEM fuel cell performance.

6.2.2 Effect of Pulsating Amplitude Variation

This section describes the results obtained from the numerical study of the
effects of pulsating amplitude variation on the flow behaviour in the PEM fuel cell
domain. These analyses were carried out assuming the same operating and
geometric conditions as specified in Tables 6. & 6.2. Three different values of the
pulsating amplitude ranging from 0.5 to 2 at constant pulsating frequency (10 Hz),
and average inlet velocity (0.35 m/s) were used. As reported in the literature [17,

132], the pulsating amplitude significantly influences the rate of diffusion across the
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GDL; therefore, a parametric study was carried out to study the effects of pulsating
amplitude variation on the diffusive flux of reactant oxygen across the GDL/gas

channel interface. Figure 6.4 shows the results obtained from this numerical study.
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Figure 6.4: Effects of pulsating amplitude variations on the diffusive flux of oxygen along the gas
channel/ GDL interfaceat f =10 Hzand T = 333 K

Figure 6.4 shows that an increase in the pulsating amplitude gives an
increase in the oxygen diffusion flux along the gas channel/GDL interface. This
leads to an increase in the mass fraction of oxygen along the cathode catalyst layer,
which consequently improves the electrochemical reaction rate. Figure 6.5 shows
the distribution of oxygen mass fraction along the cathode side of the PEM fuel cell
at different pulsating amplitudes.
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Figure 6.5: Effects of pulsating amplitude variation on the oxygen mass fraction distribution along
the cathode side of PEM fuel cell at V = 0.4 volts; T = 333 K, inlet velocity = 0.35 m/s; pulsating
frequency = 10 Hz
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Figure 6.6: Variation of oxygen mass fraction along the cathode catalyst layer at different pulsating
amplitudes
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Figure 6.6 shows the distribution of oxygen mass fraction along the gas
channel/GDL interface of the PEM fuel cell at three different pulsating amplitudes.
Analysis shows a considerable increase in the oxygen mass fraction along the
cathode catalyst layer when the pulsating amplitude is increased, which increases

the rate of the electro-chemical reaction.

Such increases in the electro-chemical reaction rates lead to an increase in
the water mass fraction along the cathode catalyst layer, however, this effect is
counterbalanced by the diffusive flux of reactant air through the GDL, which
increases the water carrying capacity of the excess reactant air so that the higher
generation of water content is dissipated out with the excess air. Overall, low water
content is observed at high values of pulsating amplitude. Figure 6.7 shows the
variation of water mass fraction along the cathode side of the PEM fuel cell at three
different pulsating amplitudes.
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Figure 6.7: Effects of pulsating amplitude variation on water mass fraction distribution along the
cathode side of a PEM fuel cell; V =0.32 Volts; T = 333 K; inlet velocity = 0.35 m/s; frequency =
10 Hz
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Figure 6.8: Variation of water mass fraction along the cathode catalyst layer at different pul sating
amplitudes

Figure 6.8 shows a decrease in the water mass fraction along the cathode
catalyst layer with the increase in the pulsating amplitude of the reactant air at the
cathode side. Increasing the pulsating amplitude forces the reactant flow to pass
through the GDL and reach the catalyst layer. Overall, an increase in the pulsating
amplitude improves the diffusion rate of the reactant species along the GDL that
consequently improves the electro-chemical reaction rate. Figure 6.9 shows the
polarisation curves for the PEM fuel cell performance at different pulsating

amplitudes.

140



0.9¢
0.8+ S\
0.7 g f
0.6 N\
g 05 | | : '
E B \ - 15”0rl%&'w2? M
>0 N M /
> 04F — ] V4
8 [ [ = —T—EE]
03F
[ —a—— Amplitude = 1
0.2 [ —=——  Amplitude = 2
' B ——&—— Amplitude = 3
B —+a&—— Amplitude = 0
01F
OO 05 1 15
Current Density (A/lcm2)

Figure 6.9: Performance polarisation curves at different pulsating amplitudes

Results obtained from studies of the effects of pulsation frequency and
amplitude variation show that the effect of pulsating amplitude variation is more
significant when compared to the pulsating frequency. The trends obtained from
this numerical study are in good agreement with the experimental work done by
Kim et al. [17]. Only genera trends could be compared as Kim performed
experimental analyses using a fuel cell stack of 10 PEM fuel cells, while the

numerical work presented here only calculated the performance for a single PEM

fuel cell.
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6.3 Effect of Obstacle Placement in the Flow Domain: Passive
Approach

The results presented in the section 6.2 showed that flow pulsations improve
the performance of a PEM fuel cell, but to produce pulsations in the flow is not a
straight forward process. It requires a complete set of systems which will require
additional cost and effort. As mentioned earlier, one objective of this research is to
reduce the operational cost of PEM fuel cells using simpler design concepts;

therefore, to create the pulsationsin the flow, a passive design is preferred.

One way of creating pulsations in the reactant flow is to place obstaclesin the
gas channel flow domain. These obstacles disturb the fluid flow pattern, creating
pulsations. For this purpose, rectangular-shaped solid obstacles were used for this
study. This section presents a 2D numerical study concerning the effect of
rectangul ar-shaped obstacles in the flow domain on the flow behaviour. Figure 6.10

shows a schematic overview of the fuel cell domain under consideration.

Obstacles |
Flovt Inlet Channel Gas Channel
/ /- _
| I

\

Membrane Electrode Assembly

Figure 6.10: 2D schematic overview of the PEM fuel cell domain with two rectangular obstacles
placed in the flow domain

This numerical study describes the effect of varying the number of
obstacles, their position and angular placement in the flow domain on the overall
flow behaviour along the fuel cell domain. The following sections present the

results obtained from this numerical study.
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6.3.1 Effect of the Number of Obstacles

This section presents a parametric study of the effect of obstacle placement
on the flow behaviour in a PEM fuel cell gas channel. For the purpose of this
numerical study, the effects of three different geometric configurations were
analysed, where one, two and five obstacles were placed in the gas channel domain.
Anayses showed a significant change in the flow pattern with increasing the
number of obstaclesin the gas flow channel. It was observed that the main influence
was inflected on the pulsating frequency. Detailed analyses are carried out to
explore this behaviour. The following figures show the velocity streamlines aong
the cathode side of the PEM fuel cell for three different design configurations.

Figure 6.11: Velocity streamline patterns along the cathode side of the PEM fuel cell for three
different numbers of obstacles

Figure 6.11 shows that when increasing the number of obstacles, a
significant change in the flow pattern along the fuel cell domain arises. Increasing
the number of obstacles improves the pulsating frequency of the reactant flow.
These obstacles push the reactant flow downwards, and after passing below each

obstacle, the flow again rises up, which leads to a pulsating effect in the flow.
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The analysis also shows that the height of the obstacle plays an important
role in this regard, and a study of obstacle height is presented in Section 6.3.3.
Detailed analyses were carried out to study the effect of obstacle placement on the
diffusion rate of reactant species. Results show that increasing the number of
obstacles results in an improved oxygen mass fraction distribution. Figure 6.12
shows the variation of oxygen diffusion flux along the GDL/gas channel interface,
and the distribution of oxygen mass fraction along the cathode catalyst layer for
three different numbers of obstacles.
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Figure 6.12: Oxygen diffusive flux along the GDL/Gas channel interface for three different numbers
of obstaclesin the flow domain
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Figure 6.13: Distribution of oxygen and water mass fractions along the cathode catalyst layer for
three different numbers of obstaclesin the flow domain
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Figure 6.14: Variation of oxygen mass fraction along the cathode side of the PEM fuel cell for three
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With the increase in the number of obstacles, oxygen diffusive flux along
the gas channel/GDL interface increases, effectively enhancing the mass fraction of
oxygen along the cathode catalyst layer. One obvious effect of increasing the
number of obstacles is the increase in vortex shedding. On one hand, such vortex
shedding enhances the residence time and oxygen diffusion rate, but on the other
hand it increases the amount of water flooding in some areas of the fuel cell.
Although water flooding is reduced aong the porous media of the fuel cell, analysis
shows a high mass fraction of water in the areas behind the obstacles in the gas
channel. In these areas, vortex shedding results in the passage of reduced amounts
of air which are insufficient to remove the residual amounts of product water.
Figure 6.15 shows the distribution of water mass fraction along the fuel cell domain
for the three different numbers of obstacles.
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Figure 6.15: Variation of water mass fraction along the cathode side of the PEM fuel cell for three
different numbers of obstacles

Such variations of water mass fraction do not considerably affect the fuel
cell performance, as water flooding is considerably reduced along the porous media
of the PEM fuel cell with increasing numbers of obstacles. One solution to the
problem of high water accumulation behind the obstacles is to carry out a study to

examine the effect of different obstacle placement angles, as they can disturb the
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flow pattern to some extent. Keeping this issue aside, the overall analyses show that
the performance of the PEM fuel cell increases with an increasing number of
obstacles. Figure 6.16 shows the fuel cell performance polarisation curves for three

different numbers of obstacles.
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Figure 6.16: PEM fuel cell performance polarisation curves for three different numbers of obstacles.

Analysis of the effects of different numbers of obstacles in the fuel cell

domain identified two new areas for further research;

1. Effect of obstacle height;
2. Effect of obstacle angle.

The following sections present studies of the effect of obstacle height and

placement angle on the overall performance of the PEM fuel cell.
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6.3.2 Effect of Obstacle Placement Angle

This section describes a study of the effect of obstacle placement angle on
the flow behaviour in the fuel cell domain. The main purpose of this analysisisto
study the effect of obstacle angular placement on the vortex shedding pattern behind
each obstacle. All previous analyses have been carried out with an obstacle
placement angle of 90 degrees as this configuration is easy to produce. During this
study, two obstacles with a height of 3.5 mm each at three different angles; (60, 90
and 120 degrees) were placed in the two dimensional domain of the PEM fuel cell.
Detailed numerical analyses were carried out to study the flow behaviour. Figure
6.17 shows the velocity streamlines in the fuel cell domain at three different angles

of the obstacles.
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Figure 6.17: Velocity streamlines at three different obstacles anglesin the PEM fuel cell domain

Results show that variation of the obstacle angle changes the flow behaviour
in the fuel cell domain. At a 60 degree angle, (i.e. when the obstacle is tilted in a
forward direction) the flow behaviour is quite different from the case of a 120
degree angle (where the obstacle is tilted backward). There is considerable change
in the strength of the vortex shedding behind the obstacle with variation of the
angle. Such variation in the vortex shedding leads to changes in the overall

behaviour of the flow. Figures 6.18 and 6.19 shows the diffusion rate of oxygen
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aong GDL/gas channel interface and the resulting distribution of reactant species
along the cathode catalyst layer for these three different design configurations.
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Figure 6.18: Oxygen diffusive flux along the GDL/Gas channel interfaces for three different angles
of obstaclesin the flow domain
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Figure 6.19: Distribution of oxygen and water mass fraction a ong the cathode catal yst layer for three
different angles of obstacles in the flow domain
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It is also deduced from the analyses that increasing the obstacle angle causes
the diffusion rate of oxygen aong the porous media of the fuel cell to increase.
Analysis of the vortex shedding and especially the water accumulation behind the
obstacle show that the increase in obstacle angle reduces, to a certain extent, the
amount of water accumulation behind the obstacle. Figure 6.20 shows the
distribution of water along the cathode side of the PEM fuel cell.

Figure 6.20: Distribution of water mass fraction along the PEM fuel cell domain for three different
obstacle angles

6.3.3 Effects of Obstacle Height

This section presents a study of the effects of varying obstacle height on the
flow behaviour and on the overal performance of the PEM fuel cell. Two
dimensional numerical analyses were carried out using three different obstacle
heights;, 2.5, 3.5 and 4 mm respectively, at an angle of 90 degrees. Ve ocity
streamline profiles along the fuel cell domain at three different heights show that
varying the obstacle height results in a considerable change in flow behaviour.
Figure 6.21 shows the streamline vel ocity profile at three different obstacle heights.
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Figure 6.21: Velocity streamlines along the fuel cell domain for three different heights of obstacles

With increases in obstacle height, the length of the vortex shedding region
behind the obstacle increases, leading to improvements in the residence time of the
reactant species, as well as increasing their diffusion rate. Figure 6.22 and 6.23
show the analysis of the effects of obstacle height variation on the diffusive flux and
reactant species mass fraction distribution along the cathode catalyst layer. Results
show a significant improvement. An obvious disadvantage of increasing the
obstacle height is the increase of water accumulation in the vortex shedding region.
However, this problem can be solved to some extent by changing the placement

angle of the obstacles.
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Figure 6.22: Oxygen diffusive flux along the GDL/gas channel interface for three different heights of
obstacles in the flow domain
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Figure 6.23: Distribution of oxygen and water mass fractions along the cathode catalyst layer for
three different heights of obstaclesin the flow domain
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6.4 Findings

The following are some important findings based on the results of the

numerical study of the effects of flow pulsation generated by the placement of

different numbers of obstacles at alternative angles along the fuel cell domain on the

performance of PEM fudl cells:

vi.

The diffusion rate of reactant species can be improved by introducing a
pulsating effect in the flow, which consequently improves the overal
performance of the PEM fudl cell;

There is no significant influence of the variation of pulsation frequency on
the performance of the PEM fuel cell;

The performance of the PEM fuel cell significantly improves with an

increase in pulsation amplitude;

The placement of obstacles in the fuel cell domain affects the flow
behaviour; Increasing the number of obstacles mainly improves the

pulsating frequency;

Variation in the obstacle angle affects the vortex shedding pattern, but does

not significantly influence the overal performance of the PEM fuel cell;

Increasing the obstacle height increases the strength of vortex shedding; and
improves the pulsation amplitude, leading to an increase in the overal
performance of the PEM fuel cell.
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6.5 Summary

This chapter described the numerical analyses of the effects of cathode flow
pulsation on the diffusive properties of reactant species and the overall performance
of the PEM fuel cell. Both passive and active pulsation generation methods were
studied. Results obtained from the numerical study were compared with

experimental trends and a good agreement was found.

To actively generate flow pulsations, a time-averaged pulsating flow velocity
was assumed at the fuel cell inlet. This time-averaged pulsating flow velocity was a
function of pulsating amplitude and frequency. Analyses were carried out to study
the effect of pulsating frequency and amplitude variation, and results showed that
the effects of pulsating amplitude variation were more significant than the effects of

pulsating frequency variation.

To passively generate the flow pulsations, rectangular-shaped solid obstacles
were placed at regular intervals in the PEM fuel cell gas flow channel. A detailed
parametric study was carried out to numerically model this geometry, and the effect
of the number of obstacles, their placement angle and height on the pulsating
behaviour and overall performance of the PEM fuel cell were analysed. Increasesin
the number of obstacles improve the pulsating frequency, whereas the pulsating
amplitude improved with the obstacle height. Overall, the results showed that the
diffusive properties and overall performance of the PEM fuel cell was improved by

the introduction of flow pulsations.
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CHAPETR 7

7 Discussion

7.1 Introduction

This chapter discusses the important findings of this research work. Two
different design approaches has been analysed and discussed in the following
sections.

7.2 PEM Fuel Cdl with a Perforated-Type Gas Flow Distributor

The performance analyses of a PEM fuel cell with a perforated-type gas
distributor were categorised into three phases during this research work. In the first
phase, numerical analyses were carried out to understand the coupling of different
transport phenomena and the distribution of reactant and product species along the
perforated type PEM fuel cell domain. The performance analyses of this new design
configuration of the PEM fuel cell were initiated using a simple two dimensional
numerical model that provided a basic understanding of the coupling and transport
phenomena taking place inside the fuel cell. Later, the two dimensional model was
extended to a full scale three dimensional numerical model. The results obtained
from the three dimensional numerical analyses were compared with experimental
data and a good agreement was found. A comparison study was aso carried out
with a PEM fuel cell constructed with a serpentine-shaped gas flow distributor to
validate the performance of the proposed design.

After the initial numerical analysis and validation of the concept, a detailed

parametric study was carried out to explore the effects of varying different

operating and geometric parameters on the overall performance of the perforated-
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type PEM fud cell. The following sections summarise and discuss the important
findings of this study.

7.2.1 Preliminary Numerical Analysisand Model Validation

Initialy, a simple two dimensional model was used to numerically model
the transport phenomena of the PEM fuel cell. This provided a basis for further,
more detailed three dimensional numerical analyses. These numerical analyses
provided an insight into the distribution of reactant and product species along a
perforated-type PEM fuel cell domain, which was not possible through the
experimental techniques.

The numerical results showed a parabolic velocity profile along the gas flow
channel domain at both anode and cathode sides, where the velocity near the wall
was very sow compared to the velocity in the centre of the gas flow channel. Such
velocity profiles passively force the reactant flow near the wall to pass through the
perforated holes of the gas distributor. The passive deflection of the reactant flow
towards the holes was not easily achieved when the flow velocity was high near the
walls of the domain; hence passive flow of the species through the perforation holes
and the gas diffusion layers under high velocities of flow was limited. Furthermore,
the flow behaviour in the fuel cell domain shows that the reactant flow follows the
shortest possible route from the inlet to the outlet of the PEM fuel cell domain.

The main purpose of using perforated-type gas flow distributors instead of
the more conventional types of gas flow distributors based on graphite was to
simplify the design configuration and to improve the distribution of reactant/product
species along the PEM fuel cell domain. In the case of conventiona types of fuel
cell gas flow distributors, pressurization of the flow is usually required to force the
reactant flow through the small channels between the inlet and outlet, requiring
additional compressor systems. Moreover, the manufacturing of such small gas flow
channels requires extra manufacturing cost and time, whereas in the case of a
perforated-type gas flow distributor, the need for pressurisation is eliminated and
manufacturing is simpler and less costly. All of the numerical analyses during this

research work were carried out at atmospheric pressure conditions.
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Numerical analyses of the flow behaviour in the perforated-type gas flow
channel showed that the flow passing through the holes of the perforated stainless
steel electrodes undergoes frictional losses arising from the side wall shear stresses
that results in a thick boundary layer in these holes. To address this issue in more
detail, a parametric study was carried out examining different shapes of the

perforated holes, and was reported in Section 5.4.

After passing through the perforated holes, the reactant species reach the gas
diffusion layer (GDL). The porous media of the GDL offers resistance to the flow
reactants that pass through it. This resistance is afunction of the GDL porosity. The
porous media of the GDL generally consists of a honey comb structure and plays an
important role in the distribution of reactant and product species along the catalyst
layer. Performance of the GDL decreases due to blockage of these porous holes by
water generated as a product of the electro-chemical reaction. Such blockage of
porous holes by water restricts the ability of species to pass through the GDL, which
negatively affects the overall performance of the PEM fuel cell.

After passing through the gas diffusion layer, the reactant species reach the
catalyst layer. At the anode side hydrogen atoms split into their constituents
(protons and electrons). Positively charged protons travel through the electrolyte
membrane, while the negatively charged electrons travel through an external circuit
to reach the cathode side. At the cathode side, electrons and protons coming from
the anode side react with the reduced oxygen atoms at the cathode catalyst layer to
generate heat and water in addition to the intended electrical current. The splitting
of hydrogen and Oxygen into their constituents along the cathode and anode
catalyst layers depends upon the amount of catalyst surface available. The
electrochemical reactions along the cathode catalyst layer also depend upon the rate

of oxidation and distribution of the reactant species.

The analyses showed a high value of oxygen mass fraction along the
cathode catalyst layer near the inlet section of the PEM fuel cell domain that
reduced towards the outlet section of the PEM fuel cell. Close to the inlet section,
the mass flow-rate of air and its effective diffusive flux was high, which lead to a
high mass fraction of oxygen along the cathode catalyst layer below this section.
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Such a high mass fraction of oxygen results in an increase in the electro-
chemical reaction rate, hence, more water is produced. Some of this water moves
back towards the electrolyte membrane to keep it wet, while the majority of the
water moves towards the gas flow channels in the PEM fuel cell. The porous media
of the GDL retains some of this water due to capillary action and surface tension,
which can lead to the blockage of the pores of the GDL, hence resulting in gas

concentration problems in the fuel cell.

Analyses of the activation and Ohmic over-potential distributions along the
perforated-type PEM fuel cell domain showed a high value of Ohmic losses and low
value of the activation losses below the open sections of the perforated plate.
Activation over-potential depends upon the material properties and availability of
the reactant species to activate the electro-chemical reaction. Numerical analysis
showed a low value of activation over-potential below the open section of the
perforated plate, whereas a high value of activation over-potential was observed

below the solid section of the perforated plate.

Polarisation curves were used to analyse the performance of the PEM fuel
cell. Results obtained from the numerical analyses were found to be in good
agreement with experimental data (Figure 4.10). Results showed that the numerical
analysis predicted higher values in comparison with the experimental data at high
current densities. Such variation is mainly due to the single phase flow assumption
used in the model. In actual fact, the water in a PEM fuel cell domain exists in both
liquid and vapour forms, but for the initial numerical analyses, the water was

assumed to be only in the vapour form.

The numerica analyses aso showed higher values of activation over-
potential when compared to experimental data. The increase in activation over-
potential was found to be mainly due to the limitations of the numerical modelling
with regards to material properties. Activation over-potential mainly depends upon
the material properties of the electrodes. Due to the complex chemical structure of
the fuel cell electrodes, accurate numerical modelling was not possible at this time.
However, despite the above mentioned variations, a good agreement was found

between both numerical and experimental results.
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To compare the performance of the perforated-type PEM fuel cell with a
conventional serpentine-type fuel cell, detailed numerical analyses were carried out.
Analyses showed a better distribution of reactant speciesin the case of a perforated-
type gas distributor when compared to a serpentine-type gas flow distributor.
Serpentine-shaped gas flow channels require a high pressure flow supply, whereas
in the case of the perforated type gas flow channels, such high pressures are not
necessary. Overall, the PEM fuel cell with the perforated-type gas distributor
showed a better performance when compared to the PEM fuel cel with the

serpentine-shaped gas channel at atmospheric pressure conditions.

7.2.2 Effect of Operating ParametersVariation: A Parametric Study

Two dimensional, steady state numerical analyses were carried out to
explore the effects of varying different operating parameters, such as gas diffusion
layer porosity, operating temperature and exchange current density on the overall
performance of the perforated-type PEM fuel cell. Two dimensiona numerical
analyses were carried out instead of three dimensional analyses for this parametric
study in order to reduce computational requirements, as the parameters studied were

not significantly influenced by the geometry of the fuel cell domain.

The parametric study of the effects of the gas diffusion layer (GDL) porosity
variation showed that increasing the GDL porosity resulted in an increase in the
performance of the PEM fuel cell. This increase in performance was mainly due to
the improved distribution of the reactant species aong the catalyst layer when the
GDL porosity was increased. The resistance offered by the gas diffusion layer to the
reactant species reduced to a certain extent when GDL porosity was increased,
leading to the presence of high mass fractions of reactant species along the catalyst
layer that effectively improved the rate of the electrochemical reaction and the
overall performance of the PEM fuel cell.

The numerical analyses of the effect of operating temperature variation on
the PEM fuel cell performance showed that increasing the operating temperature

improved the rate of the electro-chemical reaction and reduced the activation over-
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potential of the PEM fuel cell. However, increases in the operating temperature
could aso lead to possible dryness of the membrane that could reduce the
performance of the PEM fuel cell. A small amount of heat was aso produced as a
by-product of the electro-chemical reaction that also increased the operating
temperature of the PEM fuel cell.

The two dimensional non-isothermal study showed that for an inlet air
temperature of 298 K (25°C), the operating temperature of the PEM fuel cell rose to
312 K (42°C). This increase in operating temperature was mainly due to the heat
generated by the electro-chemical reaction along the cathode catalyst layer.
Increases in temperature can be controlled to some extent by increasing the
effective flow rate of the reactant air, and certain design changes can be used to
improve the diffusive flux of the air through the porous media. An optimum balance

is required between the operating temperature and the reactant flow rate.

The exchange current density is a function of material composition, surface
roughness and electrode surface impurities. Increasing the exchange current density
improves the rate of oxidation and reduction, which increases the rate of the electro-
chemical reaction. Activation over-potential is significantly reduced with increasing
exchange current density. No detailed analyses were carried out to explore this
behaviour, as it entirely depends upon the chemical composition of the material,
which is out of the scope of this research work. Overal, analyses showed that
increasing the exchange current density magnitude significantly improved the

performance of the PEM fuel cell.

7.2.3 Effect of Geometric ParametersVariation: A Parametric Study

Three dimensional numerical analyses were carried out to study the effects
of geometric parameters on flow behaviour and the overall performance of the
perforated-type PEM fuel cell. The effect of different geometric parameters, such as
perforated holes diameter, gas channel height, inlet hole diameter and its location
were analysed. The idea behind this parametric study was to identify and optimise
the performance of this new design of PEM fuel cell without any major design

changes.
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The perforated hole diameter is an important design parameter for this novel
design configuration. It determines the effective open area of the perforated plate.
Two different perforated holes diameters (2.5 and 5 mm) were studied. Analysis
showed that increasing the hole diameter resulted in an increase in the performance
of the PEM fuel cell. This occurs for two reasons; firstly, increasing the perforated
hole diameter results in a corresponding increase in the effective open area of the
perforated plate, which improves the distribution of reactant species along the PEM
fuel cell domain; secondly, such an increase in the perforated hole diameter reduces
the frictional losses of the reactant flow by side wall shear stresses. As a
consequence, the wetted surface area of the membrane electrode assembly

increases, which consequently improves the performance of the PEM fuel cell.

The perforated hole shape is another design parameter that affects the
effective flow rate of the reactant species along the fuel cell domain. Two different
shapes of perforated holes (circular and trapezoidal) were analysed during this
study. Analyses showed that the overall performance of the PEM fuel cell increased
with the trapezoidal hole shape at high load conditions. Such increases in
performance were mainly due to the increase in the effective open area of the
perforated hole adjacent to the GDL, and a reduction in side wall shear stresses due
to the trapezoidal shape of the hole. However, this performance increase was not

significant.

The gas channel height affects the flow behaviour in the fuel cell gas flow
channel. Increase in the gas channel height reduced the side wall shear stresses and
increased the convective flux of the reactive flow. Increase in the gas channel height
also reduced the diffusive flux of the reactant species. Numerical analyses showed
that an increase in gas channel height caused a reduction in the mass fraction of the
oxygen along the cathode catalyst layer. This indicated a reduction in diffusive flux
of the reactant species with an increase in gas channel height. Overall, the analyses
showed that increasing the gas channel height resulted in a reduction in the overall

performance of the PEM fuel cell.

Three different inlet hole diameters were taken into consideration to study

their effect on the species distribution and the overall performance of this new
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design of PEM fuel cell. Circular-type inlet/outlet ports were assumed for this
study. Analysis showed that an increase in the inlet hole diameter caused the
performance of the PEM fuel cell to increase. This increase in performance was due
to an increase in the effective mass flow-rate and Reynolds number of the reactant

Species.

Inlet/outlet port locations in the PEM fuel cell affect the distribution of
reactant species, as any change in the location varies the wetted area of the fuel cell
domain covered by the reactant species. During preliminary three dimensional
analyses, it was observed that in the case of centra locations of the inlet/outlet
holes, the fluid flow did not cover the full area of the perforated type PEM fuel cell
domain. The flow species did not reach the corners of the fuel cell domain. Due to
this behaviour, a small parametric study was carried out to understand the effect of
inlet/outlet hole locations on the performance of the fuel cell. Two different
locations of the inlet/outlet holes (centre and corner) were analysed during this
study. Results showed that in the case when the holes were located at opposite
corners, the performance of the PEM fuel cell increased, as reactant species covered
a larger area, but the overall influence on fuel cell performance was not very

significant.

7.3 Effects of Flow Pulsation on the Performance of the PEM Fuel
Cdl

Flow pulsation is a time-dependant phenomena, where the time-averaged
pulsating velocity is a function of pulsation frequency and amplitude. Flow
pulsations affect the diffusive/convective properties of the fluid flow. Kim et al.
[17] studied the effects of flow pulsation on the performance of the PEM fuel cell
using experimental techniques, but no numerical analysis has been carried out to
explore the effect of flow pulsation on the overall performance of the PEM fuel cell.
Numerical analyses were carried out during this research work to explore the effects
of flow pulsation and to identify the effects of different parameters such as pul sation
frequency and amplitude variation on the pulsating behaviour, and particularly on

the overal performance of the PEM fuel cell.
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One way of generating pulsations in the reactant flow is to use an electro-
kinematics device, while another way is by passive methods whereby pulsations are
induced by placing obstacles in the flow domain. Transient, two dimensional
numerical simulations were carried out to study the effects of flow pulsations by
both active and passive approaches. Results showed that by introducing pulsations
into the reactant flow, the diffusive flux of the reactant species increased along the
GDL/gas channel interface of the PEM fuel cell. This increase consequently
improved the performance of the fuel cell. To explore this behaviour further, a more
detailed parametric study was carried out to identify the parameters that
significantly influence the flow pulsation.

To study the effect of pulsating frequency variation, three different values of
pulsating frequencies (0, 10 and 30 Hz) were taken into consideration. Results
showed that increase in the pulsating frequency caused an increase in the diffusive
flux of the reactant species. Such increase in the diffusive flux increased the

performance of the fuel cell, but overall the effect was not significant.

To study the effects of pulsating amplitude variation, four different values of
pulsating amplitude (0 to 3) were taken into consideration. Analysis showed that
increasing the pulsating amplitude significantly affected the performance of the
PEM fuel cell. The diffusive flux of the reactant speciesincreased considerably with
an increase in pulsating amplitude, which improves the electro-chemical reaction
rate.

Studies into the effects of the number of obstacles in the fuel cell gas
channel when using passive pulsation showed that the increase in the number of
obstacles affected the flow behaviour along the fuel cell domain. Numerical
analyses were carried out assuming three different numbers of obstacles (1, 2 and
5). Analyses showed that varying the number of obstacles mainly affected the
pulsating frequency and the strength of vortex shedding behind each obstacle.
Increase in the vortex shedding strength increased the diffusive flux of the reactant

species along the porous media of the membrane el ectrode assembly.
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A major disadvantage of the increased strength of vortex shedding was the
increase in the water amount in the areas behind the obstacles. To overcome this
problem, some design changes were essential in terms of the placement and
dimensions of the obstacles placed in the PEM fuel cell gas channel. A further
parametric study was carried out to explore this phenomenon. Overdl, the
numerical analyses showed that the increase in the number of obstacles enhanced

the pulsating effect, consequently improving the performance of the PEM fuel cell.

Increasing the number of obstacles would increase the manufacturing cost
and complexity. To solve this problem, some alternative methods are required.
Simple design changes, such as a change in obstacle height and placement angle
were proposed by the author. Parametric analyses were carried out to explore the
effect of these design changes on the overall performance of the PEM fuel cell.

To study the effect of obstacle height, a fuel cell domain with two obstacles
was modelled, in which three different obstacle heights (2.5, 3.5 and 4 mm) were
analysed. Results showed that increasing the obstacle height improved the effect of
pulsating amplitude. Increasing the obstacle height resulted in the reactant flow
being deflected down sharply and during the recovery; it enhanced the strength of
vortex shedding. Both these phenomena increased the pulsating amplitude in the
domain, the matter which increased the diffusive rate of reactant species, and
effectively improved the performance of the PEM fuel cell.

Analyses showed that vortex shedding behind the obstacle was influenced
by the variation in the number of obstacles and their height. To an extent, such
increases in the vortex shedding improved the residence time and effective
diffusivity of the reactant species along the fuel cell domain. However, such
increases in the vortex shedding increased water flooding in the areas behind the
obstacle. To solve this problem, the angular placement of the obstacle needed to be
adjusted.

To study the effect of angular placement of the obstacles on flow behaviour

and water flooding in the fuel cell gas channel, three different obstacle placement
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angles (60, 90 and 120 degrees) were taken into consideration. Results showed that
by increasing the obstacle angle from 60 to 120 degrees, the flow behaviour behind
the obstacle was considerably disturbed, which affected the water flooding behind
the obstacle, but generally it did not significantly affect the performance of the PEM
fuel cell.

All of these analyses showed that the overall performance of the PEM fuel
cell could be increased by introducing pulsations into the reactant flow. Placing
obstacles in the flow is a good alternative method for generating pulsations in the
flow, instead of using complex and costly electro-kinematics systems. The
parametric examination of obstacles also showed that although increasing the
number of obstacles improved fuel cell performance, it also involved additional
manufacturing complexities; therefore, other aternative methods, such as changing

the obstacle height and placement angle were also analysed to study their effects.
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CHAPETR 8

8 Conclusions & Recommendations

This chapter summarizes the important findings based upon the performance

analyses of two new design configurations of the PEM fuel cell and

recommendations for future work are proposed.

8.1 Conclusions

8.1.1 Performance Analyses of Perforated-Type PEM Fuel Cells

Following are the important findings of this study based upon the performance

analyses of the perforated type PEM fud cell:

Perforated type gas flow distributors can be a good aternative to
conventional PEM fuel cell gas flow channels. Extra manufacturing effort
and cost is required for conventional gas flow channels, whereas perforated
gas flow distributors are easy to manufacture and are readily available in the
market. Moreover, perforated-type gas distributors can be easily customised

according to the requirements of the fuel cell design;

Compared to the serpentine-shaped conventional gas distributor, a better
distribution of reactant species along the fuel cell domain was shown with a
perforated type gas distributor. Results showed that for the serpentine-
shaped gas channels, a high pressure flow was required at the fuel cell inlet,
whereas for the perforated gas flow channel, no high pressure flow was
required and operation can be performed at atmospheric conditions. Overall,
the perforated type flow channels gave better performance compared to the

serpentine-shaped gas distributor at atmospheric pressure conditions;
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Analyses of the reactant species distribution showed high values of oxygen
mass fraction and low values of water mass fraction below the open areas of
the perforated gas flow distributor. Closer to the outlet section, this
concentration is reduced because of oxygen consumption. Similarly, at the
anode side, a high value of hydrogen and water mass fraction is observed
near the inlet section, which is continuously reduced closer to the outlet
section due to consumption of hydrogen and water. Hydrogen is split up into
its constituents while water is consumed to keep the electrolyte membrane
Wet;

Analysis of water generation along the membrane/catalyst interface at the
cathode side showed a high value of water content at low cell voltages. This
was due to an increase in the rate of electro-chemical reaction rates at these

low cell voltages;

The water content generated by the electro chemical reaction moves from
the membrane/catalyst interface to the gas channel. Some of this water gets
stuck in the pores of gas diffusion layer, causing an increase in concentration
losses of reactant species along the cathode GDL;

Increasing the operating temperature improves the rate of electro-chemical
reactions along the cathode catalyst layer, which leads to an increase in the
overall performance of the PEM fuel cell. This increase in operating
temperature can aso lead to the dryness and possible rupture of the
electrolyte membrane, but on the other hand, the increase in electro-
chemical reactions causes more water to be generated as a reaction by-
product. Some part of this waste water moves back to the membrane due to
back-diffusion and keeps the membrane wet. This behaviour is allowable up
to a certain temperature level, but at very high temperatures this can lead to

dryness and rupturing of the membrane;

The non-isothermal analyses show that heat is generated as a by-product of
the electrochemical reactions along the cathode catalyst layer. Such heat gets
distributed along the PEM fuel cell domain and increases the operating
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temperature of the PEM fuel cell. Results show that such heat generation is
more significant at the cathode side, while at the anode side there is no
significant variation in operating temperature, and the temperature remains
almost constant;

Increasing the GDL porosity improves the efficiency with which the reactant
species permeate the GDL. Overal, the performance of the PEM fuel cell

increases with an increase in GDL porosity;

The exchange current density affects the rate of oxidation and reduction at
the cathode and anode sides respectively. Activation over-potential is
significantly reduced with increasing the exchange current density. Overall,
the anayses show a significant improvement in the PEM fuel cell

performance when the cathode exchange current density is increased,;

The performance of the PEM fuel cell with a perforated-type gas distributor
is strongly influenced by the effective open area of the perforated gas
channel. There are two methods to increase the effective open area of the
perforated plate: either by increasing the number of perforated holes or
increasing the diameter of each hole. Increasing the number of holes means
extra manufacturing costs and added design complexity. Therefore, the
analysis carried out studied different diameters of perforated holes. Results
showed that with an increase in perforated hole diameter, the performance of
the PEM fuel cell increases. Thisincrease in performance was mainly due to
improved reactant species distribution along the fuel cell domain, and to
some extent a reduction in the side wall shear stress offered by each

perforated hole to the flow while passing through it;

Increasing the gas channel (trough) height affects the wall shear stresses in
the gas channel domain, which consequently affect the performance of the
PEM fuel cell. Anincrease in gas channel height reduces the residence time
of the reactant flow in the gas channel, which leads to an increase in the

convective flux. Analyses of the variation of the oxygen diffusive flux at
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different gas channel heights showed a considerable increase in the oxygen
diffusive flux when the gas channel height was decreased;

Increases in inlet hole diameter of the PEM fuel cell increases the effective
mass flow-rate, which leads to an increase in fue cell performance.
Analyses show that increasing the inlet hole diameter results in an increased

effective area of the fuel cell domain covered by the reactant species;

Changing the inlet/outlet port location from the centre to the corners
improved the reactant species distribution along the fuel cell, but generally

this change was not significant.

8.1.2 Effect of Cathode Flow Pulsation on PEM Fud Cell Perfor mance

The following are some important findings based upon the results obtained from

the numerical analyses of cathode flow pulsations on the species distribution and

overall performance of the PEM fuel cell:

Time-averaged pulsating velocity is a function of pulsating frequency and
amplitude. Analyses show that variations of pulsating frequency have no
significant influence on fuel cell performance, but the effect of pulsating

amplitude is significant;

A pulsating flow improves the diffusion rate of the reactant species which

consequently improves the performance of the PEM fuel cell;

The placement of obstacles in the fuel cell domain affects the flow
behaviour in the fuel cell domain; these obstacles passively induce a

pulsating effect into the reactant flow;
Increasing the number of obstacles improves the pulsating frequency, but

generaly does not improve the performance of the PEM fuel cell

significantly;
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Variation in the obstacle placement angle affects the flow behaviour behind
the obstacle, but overal it does not significantly affect the performance of
the PEM fuel cell;

The flow amplitude increases with an increase in obstacle height. Overal,

the performance of the fuel cell increases with an increase in obstacle height.

8.2 Recommendations for Future Work

The research work presented in this thesis mostly dealt with a parametric study

into the effects of varying different operating and geometric parameters on the

overall performance of two new design configurations for PEM fuel cells. This

research work was based upon some initial assumptions to ease the resources

required to conduct the numerical analyses. The following are proposed

recommendations suggested by the author for further research work in the future:

The numerical analysis in this research work has been carried out assuming
a single phase flow (vapour form) in the fuel cell domain. This assumption
has been taken into consideration to minimise computational reguirements
for the numerical simulation. In actual fact, the water in the PEM fuel cell
domain exists in both liquid and vapour form. Although this assumption
does not significantly influence the numerical results, more realistic
numerical analyses in the future should be carried out assuming two phase
flow in the fuel cell domain;

Most numerical analyses in this research work were isothermal. Although
some two dimensional, non-isotherma analyses were carried out, no full
scale three dimensional and non-isothermal numerical analyses were carried
out due to limitations in computational power. Therefore, full scale, three
dimensional non-isotherma numerical simulations should be carried out in
the future to explore the heat generation due to electro-chemical reactions

and temperature distributions along the fuel cell domain in a more realistic

way,
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Transient numerical analyses are generally more realistic and provide a
better picture of the overall scenario. Numerical analyses of the PEM fuel
cell with a perforated-type gas distributor were carried out under steady state
conditions because the main purpose of this study was to validate the model
and analyse the performance at different operating and geometric conditions.
For further research, some full scale, three dimensional and time dependant
numerical simulations are vital for a better understanding of the reactant
species and temperature distributions along the domain of this new design of
PEM fuel cell;

Improved knowledge of material properties plays an important role in
improving numerical analyses. Material properties of the membrane
electrode assembly (GDL), catalyst layer and electrolyte membrane are
complex. Continuous research is ongoing by researchers in order to gain
improved understanding of the membrane electrode assembly. It is
recommended by the author to use this knowledge in developing more
comprehensive numerical models of the fuel cell.

During this research work, a parametric study was carried out for different
operating and geometric conditions. This parametric study provided a basis
for the effect of different parameter variations. For further research, it will
be worthwhile to use these results as a basis and coupl e the numerical solver
with optimisation routines to predict an optimum value of these operational

and geometric parameters for specific conditions.
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