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ABSTRACT

Hot spot formation is one of the most critical factors contributing to the membrane
layer deterioration and, hence, fuel cell performance degradation. When local hot spot patches
develop, the long-term endurance of a Proton Exchange Membrane Fuel Cell (PEMFC) catalyst
and membrane layer is dramatically reduced. In this work, a simulation study is carried out on
a 3D geometry of the cathode side of a single-cell, PEM fuel cell since the cathode reaction is
the limiting step. The oxygen and nitrogen mass fraction in the inlet feed on the cathode side
are varied as well as the total feed flow rate consisting of traces of water vapor. The worst-case
scenario of no-cooling i.e., with an insulated bipolar plate is assumed to test the maximum
thermal effect on the membrane. The flow, heat, and mass transfer multiphysics phenomena in
the gas diffusion layer and catalyst scaffold layer were simulated using a simplified geometry
in COMSOL Multiphysics software. The electrochemical reaction of oxygen reacting with
hydrogen is considered instantaneous reaction at the catalyst surface. It is optimized for the
purpose of determining the optimum oxygen mass fraction in feed and net feed flow rate that

gives long life thermally and low operating cost of a PEMFC.

In this numerical study, it has been shown that a hot spot would be formed close to the
entrance of the PEM fuel cell cathode side near the membrane layer. COMSOL Multiphysics
was used to conduct time-dependent simulations on a 2D model of the cathode portion of the
PEM fuel cell. The start-up dynamics show that hot spot build-up and its extent are time taking
processes. Two strategies are proposed to mitigate hot spots - first, introducing bumps in the
reactive gas flow channel and, secondly, supplying a higher fraction of nitrogen relative to
oxygen on the cathode side of the straight flow channels. Parametric studies on both techniques
were conducted by varying the size of the bump, the amplitude of the cyclic nitrogen gas
composition, and the Pt catalyst fractional coverage. Both strategies significantly decrease hot
spot temperature, which affects the membrane layer endurance. Finally, an approach that

combines the two proposed techniques is also analysed.

The thermal model has been further extended to cathode side with more rigorous 3-D
reconstructed porous gas diffusion layer for better prediction of hot spot temperatures. The

effect of different geometric shapes of the flow channel on the hot spot mitigation is also studied

vii



by considering bumped, diverging, converging, wavy, variable wave-A and variable wave-B
type channels. Among the different shapes of the channels considered, diverging channel has
been found to be effective with respect to mitigation of hot spots by reducing the maximum
temperature as well as pressure drop offered. The effect of oscillatory flow inlet of nitrogen
and oxygen at the inlet on the mitigation of hot spot temperature is also studied on the
conventional flow channel along with the above-mentioned shapes of the flow channels. The
oscillatory nitrogen gas supply strategy significantly reduces the local hot spot temperature in
different flow channel designs.

This study establishes the importance of hot spot identification and its mitigation for

extending the durability of the membrane and membrane electrode assembly of the PEM fuel
cell.
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Nomenclature

Species molar heat capacity (J moltK?)

Mass diffusion coefficient for species i (m?s?)
Thermal diffusion coefficient (m?s?)

Fick’s diffusivity of oxygen gas (m?s™?)

Fick’s diffusivity of nitrogen gas (m?s™)

Fick’s diffusivity of water vapor (m?s™)

Heat of the reaction of water vapor formation (J mol™)
Identity matrix (Dimensionless)

Mass flux of each species (kg m?s?)

Oxygen mass flux (kg m2s?)

Thermal conductivity (W m?K™)

Average molecular weight (kg kmol™)

Molecular weight of each species (kg kmol™?)
Molecular weight of each species (kg kmol™)

Total flux of species ‘i’ (mol m?s™?)

Pressure field (Pa)

Heat source at catalyst wall surface (W m2)

Universal gas constant (J kmolK™)

Reaction rate of each species in bulk (kg m3s?)
Operating temperature (K)

Velocity vector field (m s™)

Mass fraction of the i" component

Mass fraction of species i

Mole fraction of species i

Greek & Other Symbols

Amplitude of cyclic supply of the oxygen and nitrogen
Fractional coverage of the platinum catalyst

Gradient or divergence operator (m™)



U Dynamic viscosity (Pa. s)
p Gas mixture density (kg m™)

Abbreviations
AFC  Alkaline Fuel Cell
CFD  Computational fluid dynamics
CL Catalyst layer
DMFC Direct Methanol Fuel Cell
FEM  Finite volume methods
F Faraday constant, C/kmol
GDL  Gas diffusion layer

LBM Lattice Boltzmann method
MCFC Molten Carbonate Fuel Cell
MEA Membrane electrode assembly
MW  Molecular weight

PAFC Phosphoric acid fuel cells
PEM  Polymer electrolyte membrane

SOFC Solid Oxide Fuel Cell
T Operating Temperature, K
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Chapter-1

Introduction

According to projections, the planet's population is expected to expand by 2 billion in the next 30
years, from 7.7 billion today to 9.7 billion around the year 2050. By 2027, India will be expected
to exceed China's population, making it the most populated nation on the planet [1]. Because of its
population expansion and economic development, it is expected that India's share of the world's
primary energy consumption will almost double by 2040 compared to current levels. India's net
CO2 emissions are expected to more than double by 2040 to 5 GT, increasing its proportion of
global CO; emissions from 7 % in 2019 to 14 % in 2040 and becoming India the world's second-
biggest source of CO, emissions by 2040 [2]. In 2021, global CO2 emissions will increase by
roughly 5%, nearing the 2018-2019 high. Carbon dioxide emissions surged by 60% in slightly
over two generations, from 22.70 billion metric tons in 1990 to 36.44 billion metric tons in 2021.
Carbon dioxide is a major contributor to global climate change and is a significant source of
greenhouse gas emissions. The rise in CO2 emissions and other greenhouse gases during the
industrial revolution raised the global mean temperature by around 0.8 °C compared to pre-

industrial levels [3].

Many countries have enacted strict emission caps and carbon-neutral targets on their way to
combating global warming and depleting the world's fossil fuel supply. In the battle against climate
change, some scientists believe hydrogen-powered fuel cells might be an alternative to fossil fuels.
According to fuel cell technology experts, the high-power density, high energy conversion
efficiency, and low operating temperature of Proton Exchange Membrane Fuel Cells (PEMFCs)
make PEMFCs one of today's most appealing technologies. These fuel cells may also be used as a

stationary power source [4].

1.1 Fuel cell

By definition, a fuel cell is an electrochemical device that can convert the chemical energy of the
fuels (i.e., hydrogen and oxygen) into electrical energy. It is employed in the generation of
electrical energy. The process is very efficient, with some occurrences attaining thermodynamic

efficiencies of more than 80% in certain circumstances [5]. Using waste heat to increase overall
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efficiency can be very beneficial. In a PEM fuel cell, oxygen acts as an oxidant on the cathode,
while hydrogen is fuel at the anode. The reactant gases are fed into various compartments separated
by a solid electrolyte, a polymer membrane. The compartments may include catalyst material on
electrodes connected to an external circuit that will, for example, contain an electric motor, bulb
etc. The hydrogen supplied decomposes into hydrogen ions (protons) and electrons (Oxidation
reaction, Eq. 1.1) at the anode and the oxygen combines with the protons and the electrons to form
water at the cathode (reduction reaction, Eq. 1.2). The polymer membrane can conduct protons,
but it is impervious to the reactant gases. These two half-cell reactions occur due to the separation,
which prevents the reactants from reacting with regular combustion. When electrons are
transferred from the internal circuit to the external circuit, a current is generated that can be used
to power the device. Protons (hydrogen ions) must be transferred across the membrane to complete

the process. Figure 1.1 illustrates the flow of work through the whole process.

e \§
- -
H; Inlet H—> «— O O; Inlet
—— 20 e ——
2e - I
| 2H+ {
S N
2H" 2
E— O
H> Outlet +— I——> 2H" 2 — 0,, H,O Outlet
Anode Electrolyte Cathode
Figure 1.1 Schematic of PEM fuel cell.
The electrochemical reactions that occur in a typical PEM fuel cell are:
Anode side half-reaction
Hao(g) ——» 2H%(aqg) +2¢ E=0V [1.1]

Cathode side half-reaction
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% 02(g)+2H*(ag)+2e" —> O Eo=1.229 V [1.2]
Overall electrochemical reaction:
Ha(g) + 5 Oa(g) —>H20(liq) +Electricity +Heat  Eq=1.229 V [1.3]

1.2 Types of fuel cells

Table 1.1 presents the six primary types of fuel cells. They operate at various temperatures, have
varying tolerances for contaminants in the fuel, and have distinct performance characteristics. The
fuel cells are named after the respective electrolytes, including alkaline, polymer, phosphoric acid,
molten carbonate and solid oxide. Furthermore, direct fuel cells, which electrochemically
transform (liquid) fuels such as methanol, ethanol, or hydrazine at the anode, are termed after the

fuel; for example, direct methanol fuel cells or direct hydrazine fuel cells.

Table 1. 1 Different types of fuel cells [6].

Cell types | AFCs PEMFCs DMFCs PAFCs MCFCs | SOFCs
Common KOHzq Cation Cation Con. Alkaline |Y-stabilized
Electrolytes exchange exchange phosphoric Metal ZrO;
membrane membrane acid carbonate
lonsinthe | OH H* H* H* COz> 0%
electrolyte
Operating |60 to 80°C| 60 t0100°C | 60 to 100°C |180to 220°C| 600 to 700 to
Temperature 660°C 1000°C
Fuels H> H> CH30OH H2 Ha, CO, Ha, CO,
(CO2 free) | (CO<50 ppm) (CO<1%) (CH4) (CHy)
Application | Military, |Transportation|Transportation,| Distributed |Auxiliary power, naval,
fields Space | cogeneration, [portable power| generation | Distributed generation,
and maritime Electric utility,

1.2.1 Polymer Electrolyte Membrane Fuel Cells (PEMFCs)

The proton exchange membrane fuel cell (also known as polymer electrolyte membrane fuel cell,
PEMFC or solid polymer fuel cell, SPFC) is lightweight and compact in addition to having a high-

power density. PEM fuel cells comprise three major components: an anode with a negative charge,
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a cathode with a positive charge, and a solid electrolyte (i.e., the membrane layer) between the two
electrodes. In order for PEM fuel cells to work properly, hydrogen gas must be supplied on the
anode side, and oxygen gas must be provided on the cathode side of the fuel cells. Proton ions are
transferred from the anode side to the cathode side electrode via the electrolyte membrane, and
electrons are transported through an external circuit, which is represented by the charge, resulting
in electricity being generated. In fuel cells, a solid membrane is used to separate the fuel and
oxidant compartments from one another. This allows for efficient ion transport while also

maintaining charge balance in the fuel cell.

These fuel cells operate at temperatures below 100 °C and have a production efficiency of around
50% when employed. They may get a start-up fast due to the low operating temperature. These
cells offer a wide range of applications and are used in small and medium-sized automobiles and
stationary systems. PEMFCs may generate anything from a few 0.001MW to 10 MW [6].

1.2.2 Alkaline Fuel Cells (AFCs)

An electrolyte is a solution of aqueous alkali potassium hydroxide contained in a matrix. This cell
also runs on hydrogen gas and pure oxygen (or oxygen present in air). These fuel cells have an
operating temperature range of between 150 to 200 °C. Alkaline fuel cells have a power range of
300 W to 5000 W. Their working temperature is restricted to 80 °C to 90 °C at atmospheric
pressure, with a yield of 50% at this temperature. However, when running under pressure and with
a highly concentrated electrolyte, this temperature may be raised to 250 °C. The National
Aeronautics and Space Administration has implemented alkaline fuel cells (AFCs) on space

missions because they can attain a power production efficiency of up to 70% [7].

1.2.3 Phosphoric acid fuel cells (PAFCs)

The ortho-phosphoric acid used as an electrolyte in the PAFCs allows them to operate at
temperatures of up to 200 °C, which is very high. Carbon monoxide (CO) poisons the platinum in
the catalyst when it is exposed to low temperatures. The temperatures at which they function range
from 150 to 300 °C. During the operation, the temperature ranges between 180 °C and 210 °C. If
the electrolyte is exposed to low temperatures, it becomes a poor conductor and solidifies at 40 °C.
PAFC cell technology is the most advanced in terms of research and commercialization. Indeed,
permanent installations with capacities of up to 50 MW have been established. These PAFCs were

tested for local municipal power generation on a limited scale and for remote-site power
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generation. The phosphoric acid fuel cells (PAFCs) have a power production efficiency of 40%

and can produce up to 100 kW of electricity [8].

1.2.4 Molten carbonate fuel cells (MCFCs)

When MCFC cells (such as those used in SOFC cells) operate at a high enough temperature, carbon
monoxide (CO) may be used as a fuel. This is one of the cells distinguishing properties. This cell
functioning is more complex than the processes used in PEMFCs, AFCs, or PAFCs. lonic
conduction is the passage of carbonate ions from the anode to the cathode via an electrolyte of
molten carbonates, which guarantees that carbonate ions migrate from the anode to the cathode. It
is important to note that carbon monoxide is a poison for cells that operate at low and medium

temperatures. This is a possibility as a consequence of the hydrocarbon reforming procedure [7].

At the anode, it is possible that two electrochemical reactions may occur. The first is the main
reaction, which is responsible for converting the energy contained in hydrogen into electrical
energy. A second reaction may occur when carbon monoxide (CO) is present in the fuel (as
opposed to when pure hydrogen is supplied to a fuel cell), and this second electrochemical reaction
is beneficial to the fuel cell since it may create electricity.

Air conditioning, for example, is a common stationary use for MCFCs. In the United States, a
2 MW natural gas mini-plant that has been in operation for over 4,000 hours is an example of what
may be achieved from 500 kW to 10 megawatts (MW), electricity is available with an efficiency
of 55% [7].

1.2.5 Solid oxide fuel cells (SOFCs)

Solid oxide fuel cells (SOFCs) are used in large, high-capacity power facilities, such as those used
in manufacturing in the industrial sector. Solid oxide cells are typically composed of a solid
ceramic component that contains solid zirconium oxide and a trace of yttria, which replaces the
liquid electrolyte in the system. Solid oxide cells can be used in a variety of applications. These
solid oxide fuel cells have an operating temperature of up to 1,000 °C. When cogeneration is used
and the output power reaches 100 kW, their efficiency may approach 60 to 85%. The temperature
ranges between 800 °C and 1,000 °C during operation. lonic conductivity is very high in ceramics
at this temperature because of its composition. SOFCs are mostly used in stationary applications;

however, due to their ability to work on a wide range of fuels, some automotive manufacturers
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believe that these fuel cells may be used in automobiles in the future. Solid oxide fuel cells can
generate between 1 kW and 10 MW of power. These fuel cells are also impervious to trace amounts
of sulphur impurity in the fuel [8].

1.2.6 Direct methanol fuel cells (DMFCs)

Because of the huge potential for small applications of fuel cells, there has been considerable
interest in developing a fuel cell that can only operate on methanol. Direct methanol fuel cells
(DMFCs) generate electricity using the same polymer membrane as PEM fuel cells to convert

methanol into energy.

DMFCs use methanol as their fuel rather than hydrogen as their fuel. Methanol is used as a fuel,
and it passes through the anode, where it is broken down into protons, electrons, water, and carbon
dioxide. Methanol has many benefits, including that it is readily accessible worldwide and may be
quickly converted from hydrocarbon or biomass.

Even though its energy density is just one-fifth that of hydrogen per unit weight, it offers more
than four times as much energy per volume as hydrogen in the presence of 250 atm of pressure.

1.3 Components of PEM fuel cells

PEM fuel cells comprise many components built from various materials, all of which work
together to generate electricity. PEM fuel cells are used to generate electricity. The membrane
electrode assembly (MEA) is the heart of the PEM fuel cells and is composed of a membrane and
catalyst layers on either side of the membrane. The cell also contains gas diffusion layers, bipolar

plates, current collectors, and endplates on both sides of the MEA.
1.3.1 Polymer Electrode Membrane (PEM)

It is often constructed of a polyperfluoro sulfonic acid with a polytetrafluorethylene (PTFE)
backbone, which transmits exclusively positively charged ions and blocks the passage of electrons.
Since it creates a potential difference between the anode and the cathode, the PEM is the most
important component of the fuel cell. This potential difference works as a driving factor for

electrons to flow externally between anode and cathode.

1.3.2 Electrolyte (Membrane) Layers
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The electrolyte layer is at the heart of a fuel cell (also known as an electrolytic polymer membrane).
Protons are drawn into the membrane, permitting them to move through while retaining their
proton state. The electrons travel via the outer circuit to reach the other half of the fuel cell. The
hydrogen protons pass through the electrolyte layer and reach the cathode electrode, where they
combine with the oxygen and the electrons to form water. Because the membrane is an interlink
polymer, it must possess the following characteristics: it must be a strong ionic conductor and acts
as an electronic insulator. It must be impermeable to gas, and it must be mechanically and

chemically stable [6].
1.3.3 Catalytic Layers (CLS)

The anode and cathode half-cell reactions in the fuel cell take place at the catalyst layers (CLs), of the anode
and the cathode electrodes. The hydrogen is split into electrons and protons at the anode side electrode.
Hydrogen ions, electrons and oxygen recombine at the cathode, resulting in the formation of liquid water.
It is necessary to use a catalyst if the working temperature is kept low (frequently T<100 °C) since the
electrochemical reactions are sluggish at low temperatures. Despite other available alternatives, platinum
is still the most frequently used catalyst on both anode and cathode electrodes in PEMFCs.

1.3.4 Gas Diffusion Layers (GDLs)

GDLs are fibrous porous media that serve two primary purposes: ensure a uniform distribution of
reactive gasses on the electrode surfaces and transport electrons to and from the outer electrical
circuit. The GDLs contain a fibrous porous structure made of thin carbon fibers and are generally
made hydrophobic by suitable coating with PTFE. The width of these fibers is within 250 to 400
microns and the size of the aperture or holes is between 4 and 50 microns. Another important
function of the gas diffusion layers is facilitating the evacuation of any water molecules from the
catalyst layer to the channel, which would otherwise restrict the electrochemical reaction from
happening [7].

1.3.5 Bipolar plates (BPs)

Bipolar plates, constructed of graphite or metal, assign the fuel and oxidant to the fuel cell cells
equally. They also conduct the electrons between the GDLs and current collectors. When it comes
to single-cell fuel cells, there is no bipolar plate; instead, there is a single-sided plate that allows

electrons to pass through the cell. In fuel cells with more than one cell, there is at least one bipolar
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plate (in which flow control patterns are present on both sides of the plate) to regulate fuel/oxidant
flow. When used in fuel cells, bipolar plates perform various tasks such as distributing fuel and
oxidant inside each cell; isolating and separating cells; collecting the electric current generated,
evacuating the water from each cell; humidifying the gasses, and chilling each cell individually.
Bipolar plates also contain channels that enable reactants (fuel and oxidant) to flow through either
side of the plate. They are located on opposing sides of the bipolar plate, forming the anode and
cathode compartments. The reactive gas flow channels may be designed in various ways; they can

be straightforward, serpentine, parallel, comb-like, or equally distributed, as shown in Figure 1.2.
1.3.6 Gaskets

The addition of gaskets to the edge of the MEAs in a fuel cell to avoid leakage of gases is necessary
when MEAs are sandwiched between two bipolar plates. These gaskets are typically composed of

rubbery polymers that are flexible.
1.3.7 Current collectors (CCs)

Copper is widely utilized in current collectors because of its superior electron conductivity.
Electrons generated on the anode travel via the catalyst layer, GDL and bipolar plates before
arriving at the current collectors. On the other hand, electrons go from the current collectors to the
catalyst layer through the cathode's bipolar plates and GDL. Externally attached current collectors
on the anode and cathode sides complete the circuit and help with the flow of electrons from the

anode to the cathode.

1.3.8 End Plates

End plates, which are located at the back end of both the anode and cathode sides, help to keep all
of the fuel cell components in place. Because of its excellent heat conductivity, aluminium is
frequently used to construct these plates. These plates aid in dissipating waste heat generated

during fuel cell operation to the environment.
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Figure 1. 2 Standard bipolar plate designs [9] (a) Serpentine; (b) Parallel; (c) Interdigitated; (d)
Pin

1.4 Performance of PEM fuel cells (Polarization losses and 1V curve)

Operating factors such as applied load, temperature and reactant flow rates affect a single fuel cell
output voltage. The polarization curve, which depicts the behavior of voltage versus current
density, is the standard criterion for fuel cell performance. Even though the theoretical potential of
a single PEM fuel cell is 1.229 V, the open-circuit voltage (OCV) dips to a lower value during the
actual fuel cell operation owing to thermodynamic limitations. The deviation from this reference
condition is because of the unavoidable "losses”. The polarization curve depicts the decrease in
output voltage with current density. Polarization curves are commonly acquired using a
galvanostatic / potentiostat, which pulls the current while measuring the cell output voltage. Figure

1.3 depicts a typical polarization curve.
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Figure 1. 3 Typical polarization curve of PEM fuel cells [10].

On the polarization curve of the fuel cell, there are often three separate visible zones.

o Inthe first zone, the activation polarization of the cell is responsible for the decline in cell

potential in the lower current density area.

o Inthe second zone, the fuel cell potential decreases linearly with output current due to the

fuel cell's ohmic losses in the moderate current density region.

o In the third zone, due to the concentration polarization in the high current density or low-

voltage zone, the decrease in potential is more dramatic.

1.4.1 Activation Polarization

The voltage overpotential necessary to overcome the activation barrier and allow the

electrochemical reaction to occur on the catalyst surface is called activation polarization. As the

gaseous reactants, solid catalysts, protons and electrons must into contact with each other, the
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reactions entail intricate three-phase difficulties. Voltage loss occurs on both the anode and
cathode sides; however, oxygen reduction causes significantly greater overpotential due to slower
electrode kinetics than hydrogen oxidation. The total activation overpotential amounts to about 0.1
to 0.2 V, which results in lowering the OCV to less than 1 V. Activation polarization predominates

at low current densities [11].
1.4.2 Ohmic Polarization

Conductors have an inherent characteristic that resists the movement of charged particles, resulting
in a decrease in cell voltage. This phenomenon is known as "ohmic polarization,” and it is made
up of two resistances. The first is electrical resistance (Reiec), and the second is ionic resistance
(Rionic). The electrical resistance (Relec) develops due to electron flow resistance in cell components.
Catalysts, gas diffusion, bipolar plates, interface contacts, and terminal connections contribute to
electrical resistance. lonic resistance (Rionic) IS caused primarily by resistance to proton transport
across the membrane. This overpotential essentially linearly raises with voltage and is more
prevalent in the moderate voltage range. The material quality mainly determines the ohmic losses
[11].

1.4.3 Concentration Polarization

To operate a fuel cell efficiently, reactants must be continuously supplied to generate power, and
the product must be continuously removed. The concentration of reactants and products on the
catalyst surface controls fuel conversion to products. Concentration polarization occurs when the
reactant concentration at the catalyst surface is not restored as quickly as it is used owing to mass
transport limitations. As a consequence, the output voltage drops. Diffusion is the dominant mode
of mass transport in fuel cell electrodes. Mass transport in fuel cell electrodes should be enhanced
to reduce concentration loss. One of the most effective approaches is to improve the flow field
shape. The concentration losses are highly dependent on the cell's operating parameters. If there
are any punctures in the membrane layers or leaks in the assembly, the output voltage may be
reduced owing to fuel crossover and an electric short-circuit [11].

1.5 Thermal management of PEM fuel cells

Thermal management is another critical issue to be taken care along with water management in
the operation of PEM fuel cells. High temperature is one of the key causes of performance

degradation and membrane failure of the proton exchange membrane fuel cells. The hot spot is
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generally defined as localized high temperature region resulting from the thermal effect of the
instantaneous electrochemical reaction on the catalyst layer, which does not entirely dissipate the
heat into the surrounding area. Nonuniform reactants distribution within the fuel cell is the
predominant cause of local hot spot generation throughout the operation. When fuel cells are in
operation, the local hot spot and erratic temperature distribution may cause severe deterioration of
the membrane and catalyst layers. However, because of the catalyst layer's high heat release rate
and low thermal conductivity, dynamic scenarios such as acceleration, deceleration, and overload
running, which are common in heavy truck operation (for instance), can still result in local hotspots
in the catalyst layer, which can reach dozens of degrees higher than the coolant temperature. The
emerging hot spots accelerate membrane deterioration, Pt aggregation, and carbon corrosion [12,
13]. Furthermore, pinholes in the membrane may occur, accelerating hydrogen crossing from the
anode to the cathode. Permeated hydrogen catalytically combusts at the cathode, accelerating
membrane breakdown and eventually leading to PEMFC failure. Furthermore, unequal
temperature distribution at each location in the PEMFC causes several issues, such as membrane
impairment and cell breakdown owing to thermal stress [14, 15]. As a result, heat transport inside
the PEMFCs should be investigated to provide adequate thermal management and durable PEMFC

functioning.

1.6 Motivation for the present study

Despite significant advancements in PEM fuel cell technology over the past few decades,
commercialization of the technology at a low cost and with excellent performance for a longer
lifespan is yet to be realized. The two most significant issues affecting the performance of low-
temperature PEM fuel cells are inadequate water and thermal managements. These two are in fact
linked and the improper thermal management may lead to dehydration of the membrane and/or
flooding of the cell. Hence, a better understanding of the transient heat transport phenomena in the
PEM fuel during its start-up and operation would help in identifying the formation of hot spots
and their ill effects on the cell performance. Although several theoretical and experimental studies
are available on the aspects related to water and thermal management as discussed in the Chapter
2, a very few studies were focused on transient studies showing hot spot formation and their
purging through different channel configurations. This served as motivation for the current study
and accordingly the thesis objectives were formulated after thorough review of the relevant

literature.
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1.7 Outline of the thesis

Chapter 1 explains the fundamental theory, types, working principles, and significant losses in a

fuel cell. It also includes the challenges in the present field.

Chapter 2 presents thorough literature review on the existing theoretical models of PEM fuel cells.
It depicts the current state of research in 1D, 2D, and 3D modeling of cathode side of the cell and
also full-scale fuel cell. This chapter concludes by addressing specific gaps in the literature and
developing the objectives and scope, which have driven the formulation and execution of the

current research activity.

Chapter 3 presents the problem definition and comprehensive modeling methods. This chapter
describes the governing equations that were solved, the boundary conditions that were employed,

the simulation approach that was used, as well as the validation.

The results obtained from the present work are detailed and discussed in Chapters 4, 5, 6, and 7.
Chapter 4 demonstrates the optimal supply and usage of pure oxygen in relation to the different
inflow mass factions and inlet velocity. A comprehensive single-cell parametric examination for
the computation of performance factors. Chapter 5 compares the fuel cell performance factor
simulation findings obtained with a single-cell straight channel flow field to those obtained with a
bumping channel. This chapter also includes a local hot spot formation and parametric examination
of the flow field design using 2D simulations. Mitigation strategies of local hot spot are discussed.
In chapter 6, hot spot identification and purging using 3D simulations by reconstructing the
randomized 3-D gas diffusion layer (carbon paper) into the single cell cathode model are presented.
In Chapter 7, further investigation on hot spot mitigation using alternate flow channel topologies

is done.

Finally, Chapter 8 presents the overall conclusions drawn from the present study and the scope for

future work.
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Literature review
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Chapter- 2
Literature review

Replacement of fossil-fuel-powered engines by PEM fuel cells is imperative. PEM fuel cells are
generally assembled in a stack to generate a high voltage for heavy vehicles. The basic principles
of PEMFCs functioning are well established and shown to be dependable. Governments across the
globe are actively encouraging and subsidizing the use of PEMFCs in a broad range of power
production applications. Future market competition may require further optimization of the
hydrogen fuel and oxidant used to prolong the lifespan of PEMFCs, especially the membrane, to
maintain or improve their performance. However, the conversion or usage of hydrogen and oxygen
may differ based on the design form of the fuel cell. Several studies including modelling and
experimental were carried out over the past three to four decades on the performance enhancement
and cost reduction, which can be witnessed by the large number of review articles published in the
literature [16-22]. Some of the important literature pertaining to 1-D, 2-D and 3-D modelling of
PEM fuel cells using cathode side alone and full-scale cell level, are reviewed in this chapter.

2.1 Studies on thermal management

It has been suggested in the literature that a low working temperature (range 60—80 °C) should be
maintained since the production of water vapor is associated with the generation of heat, which
may be detrimental to the membrane layers [23]. If excessive heat is generated, the membrane may
be destroyed. Consequently, maintaining the resultant temperature below the threshold value for
membrane layer stability is critical, resulting in high oxygen conversion and power density. The
stack functioning of the PEMFC was deemed sensitive to variations in feed flow rates in a review
on PEMFC because the membrane tolerates only a tiny deviation in design temperature, and hence
the usage of different cooling methods was developed [24]. On the cathode side, pure oxygen was
examined experimentally as a substitute for air in the subsurface, where the air is absent [25]. This
chapter provides a comprehensive overview of the key publications in the literature on the various
flow field layouts and modifications in isothermal and non-isothermal models. Studies on channel
dimension optimization, the influence of operating circumstances on cell performance, and thermal
control are also discussed. The models discussed in the next section are given chronologically and

are classified based on their time and space and the relevant region of the fuel cells investigated.

26



2.2 Review of 1-D models

2.2.1 Studies based on cathode side modeling

Bernardi et al. [26] presented one of the earliest and most innovative 1-D and time-dependent
models of PEMFCs, in which a numerical model for PEMFCs was built to explain the cathode
side of the MEA and predict the cell potential, water transport, and catalyst electro-activity. A
technique known as Newman's method was used to solve equations. Furthermore, this specific
study gives critical information about the catalyst layer (CL) and the transport model for the
portions of the electrolyte and electrodes that are not covered by the general work. This model
assumes that the CLs are thin layers where the reactive gases diffuse. The electrolyte and CLs'
spatial fluctuation of total overpotential in the electrolyte and CLs for various current densities
were examined. The overpotential was projected to be 0.6 V, at a current density of 0.88 A/cm2,
with 0.41 V representing activation overpotential and 0.19 V representing ohmic losses owing to
membrane ionic resistance. The polarization behavior was compared to that reported by Ticianelli
et al. [27], and the findings showed that they were in excellent agreement. Springer et al. [28]
developed a 1-D constant temperature model, accounting for the losses caused by interfacial
kinetics at the Pt/ionomer interface, transport of gas, limitations of ionic conductivity in the
catalyst layer and gas transport in the cathode side of the PEMFCs. The governing equations were
solved using Newman’s method. The model predictions were compared with experimental data
for various gas compositions. In order to investigate the kinetics of the ORR on a Pt/c cathode
electrocatalyst, Gloaguen et al. [29] devised a non-isothermal one-dimensional model. The macro-
homogeneous and the agglomeration models were used in this inquiry, which was conducted
utilizing two different methodologies. The Runge-Kutta approach solved the overpotentials
associated with mass transfer, ohmic resistance, and activation. The results revealed that the
macro-homogeneous model could simulate the oxygen reduction reaction (ORR) but not the
operation of the porous gas diffusion cathode, as was previously thought. It was determined that
the agglomeration model was valid even though the active layers were assumed to be thin and
devoid of PTFE. The consistency between the experimental and calculated Tafel plots showed this.

A 1-D, adiabatic model of the cathode side of the PEMFCs, was developed by Fukada [30] to
evaluate the rate of ORR and water production rate in the cathode gas diffusion electrode. An

important assumption was that the Pt catalyst loading would be deposited in the active layer at the
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area where the ORR occurs, which turned out to be correct. The Stefan-Maxwell equation was
proposed for solving the associated equations of the catalyst layer, and the results were published
in the journal Science. The polarization characteristic of the PEMFC was compared to the data
provided. Researchers discovered that when the agglomeration radius was more than 2 um, the
diffusion of both oxygen and hydrogen via the catalysts was significantly increased, increasing the
cell's voltage and current density. The findings obtained by the model were considerably different
from those obtained by Ridge et al. [31]. The relationship between cathode potential and current
density was first described by Hsuen [32] using a 1-D, constant temperature model. All losses due
to electrical resistance, transport limits, oxygen diffusion constraints, proton migration, electron
conduction, and oxygen reduction in the catalyst layer are considered in the calculations. Parabolic
and piecewise linear regression proposed two methods for predicting the catalyst layer's ionomer
and catalyst potential profiles. The numerical solutions to the algebraic problems were obtained
using Newton's methods. It was shown that using piecewise linear regression, the potential losses
due to electron conduction and proton migration could be estimated more accurately. To further
understand the PEMFC cathode catalyst layer, Jeng et al. [33] created a 1-D and constant
temperature model. The governing equations were non-dimensionalized to simplify the catalyst
layer phenomena and three dimensionless variables were included. The three dimensionless
variables represent oxygen concentration, reaction rate, and current density. PEMFC cathode
catalysts can be optimized using a 1-D and constant temperature model proposed by Song et al.
[34]. The goal of this study was to increase the cathode catalyst layer's current density at a specific
electrode potential. The Nafion content, platinum loading, catalyst layer thickness, and porosity
were all considered. When designing the cathode catalyst layer, one or two of the four previously
mentioned parameters were considered. The study found that using any of the four parameters as
an optimization parameter always results in a better solution. Overall, the thickness of the catalyst
layer was the most important factor in determining the catalyst layer's performance. The findings

were compared to those of Qi and Kaufman [35], who had performed similar experiments.

According to Du et al. [36], a 1-D and constant temperature model for a cathode catalyst layer was
developed to compare the performance of a conventional active layer with an ordered active layer
in PEMFCs. The catalyst layer was modeled using the agglomeration model, which was applied
to it. The equations presented in the model take into account the Tafel kinetics of ORR, proton

migration, and oxygen diffusion in the electrolyte and catalyst layer. The Newton-Raphson
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technique was used to solve the equations, and the C programming language was used to write the
code. The results supplied by the model revealed that the performance of the PEMFC with the
ordered active layer had greatly improved compared to the performance of traditional CLs with
low platinum loadings, according to the model. The reduced concentration polarization of the
ordered catalyst layer (which has a highly orientated structure and may be used as a substitute for
the traditional active layer) is attributed to the improved performance of the ordered catalyst layer.
Additionally, the precise kind of CLs used allows for a more even dispersion of oxygen throughout
the surface of the catalyst layer. For the record, the modeling findings were in excellent agreement
with the experimental data from the literature supplied by Brokk et al. [37] in their conclusion. For
the cathode catalyst layer of a PEMFC, Gerteisen et al. [38] developed a 1-D, constant temperature
model to analyze the AC impedance spectra and, therefore, the polarization curves. The
agglomeration model was performed by the CLs, assuming it was composed of scattered Pt/C
filled with electrolytes. The differential equations used in this model can account for the Fickian
diffusion of nitrogen, oxygen, water vapors, and Tafel kinetics for the ORR, proton migration, and
ohmic losses double-layer charging in the electrode. The comparison shows that the agreement
between the observed and simulated polarization curves was excellent. To characterize the events
at the cathode catalyst layer of the PEMFC, Liu et al. [39] created a 1-D and constant temperature
model based on a constant temperature assumption. In turn, the iterative solution approach found
a solution for the non-linear and connected algebraic equations under relaxation. The conventional
Thomas algorithm was used to solve each stage of the iteration process. Besides that, the CLs were
modeled as a distinct computational domain characterized as a macro-pseudo-homogeneous
structure in which solid conductive material, catalyst, electrolyte, and empty space were all evenly
distributed throughout. The model was verified using the research findings conducted by Hicker
MA et al. [40], and the results showed a statistically significant-excellent agreement. According
to Eikerling et al. [41], for the investigation of the cathode catalyst layer, they constructed a macro-
homogeneous 1-D model under constant temperature circumstances, which included the
agglomeration model. The impacts of reaction kinetics, double layer capacitance at the catalyst-
electrolyte interface, proton conductivity, and oxygen transport via the gas-pore region were all
considered in this investigation. The findings identified the contribution of CLs concerning the
contributions of the other layers of the fuel cell and gave quantifiable information. It was

determined whether or not the findings obtained by the created model were comparable to those
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supplied by Lee et al. [42]. To optimize the structure of the cathode CLs in PEMFCs, Marr and Li
[43] constructed a 1-D and constant temperature model. The processes of electrochemistry and
mass transfer were also considered. The Runge-Kutta technique was used to solve the fourth-order
set of transport equations. The ideal void fraction for attaining larger current densities was also
investigated in this study. According to the research findings, greater current densities result in a
reduction in the efficiency of the platinum catalyst layer. As a result, smaller platinum loadings
may be more practicable at greater current densities than larger platinum loadings.

2.2.2 Studies based on modeling of both anode and cathode sides

To better understand the effects of various geometries and operating conditions on the performance
of a PEM fuel cell, Rowe and Li [44] developed a 1-D, non-adiabatic model of a PEM fuel cell to
be used in their research. The CLs area in both the anode and the cathode was assumed to be a
mixture of the membrane, the catalyst layer, and the void space. They used the Fan and White [45]
approach to solve the non-dimensionalized governing equations and get the solution. Ticiauelli
and Derouin [46] study was taken into consideration, and the experimental findings obtained by
the model were found to be in great agreement with those obtained by reading the literature. Based
on the findings of Rowe and Li [44], they discovered two essential criteria for improving cell
polarization: a high platinum loading while keeping large electro-reactive surfaces and a high
porosity while increasing permeability of gas to the reactive surface, as detailed in the paper. For
the PEMFC, Ramousse et al. [47] created a 1-D constant temperature model that allows them to
analytically incorporate the essential processes that affect the performance of the PEMFC while
considering the whole MEA and bipolar plates. Several independent explanations of heat and mass
transmission processes were included in the developed model. An electrolyte was used to create a
homogeneous mixture of catalyst and carbon powder, then submerged in the electrolyte.

Using a 1-D, non-adiabatic model, Hu et al. [48] evaluated the influence of various catalyst settings
and operating scenarios on the performance of the PEM fuel cell on both the anode and cathode
sides of the device. A thin polymer film representing the catalyst layer was created using the
agglomeration model to represent the catalyst layer. The governing equations were solved with the
help of COMSOL Multiphysics. In order to evaluate how different catalyst structural parameters,
such as Pt-loading and agglomeration radius, affect the overall performance of a fuel cell, many

experiments were conducted. According to the findings of the previous research, the shape of the
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catalyst layer, in conjunction with optimal operating conditions, can significantly improve the

performance of a PEM fuel cell.

Figure 2.1 shows the distribution of the 1-D models found in the literature under the categories of
isothermal and non-isothermal as well as cathode side and both anode & cathode side models. It
can be noted that majority (73.3 %) of the 1-D models evaluated were created under constant
temperature parameters, while about one-fourth were created under non-adiabatic conditions. 1-D
models of the reactant gas fluxes and concentrations were used to investigate the interaction of
transport phenomena occurring at each layer of the PEM fuel cell to understand better the interplay
of transport phenomena occurring at each layer of the PEM fuel cell. Furthermore, the cathode
side models occupy about 80 % of the 1-D models, while 20% of the studies looked at both the
anode and cathode sides, demonstrating that the electrochemical performance of PEM fuel cells
was the major emphasis at the time. A further point to mention is that the majority of the research
produced under 1-D consideration occurred in the early years of modeling PEM fuel cells, with an
emphasis placed on improving the conditions under which ORR occurs in order to identify factors
that can be used to optimize the related transport and electrochemical processes.

® [sothermal = Non-Isothermal = Cathode = Anode/Cathode

Figure 2.1 Categorization of studies based on 1-D modes [16].
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2.3 Review of 2-D models

2.3.1 Studies based on the cathode side modeling
A 2-D, adiabatic model of a PEMFC’s cathode side, was developed by Sun et al. [49]. The cathode

catalyst layer was modeled by a sequence of catalyst agglomerates coated by a thin polymer
electrolyte layer in the model. The model allowed for the mobility of an electron, an ion, and
chemical species inside the catalyst layer. The model was simulated using the software FEMLAB,
developed by the University of California at Berkeley. Also noted was the inaccurate assumption
of constant overpotential while studying the PEMFCs functioning under real operating conditions,
which may have resulted in an overestimation of the device's current density. The model also
revealed that both electron transport and proton migration play a role in influencing the electrode
response rate for oxygen diffusion, which is consistent with previous findings. Finally, the model
investigated the performance of PEMFCs under a variety of structural conditions, including Nafion
and platinum loading and distributions, among others. Acosta et al. [50] created a 2-D, non-
adiabatic model using finite element analysis for the cathode side of a PEM fuel cell. The transport
model was simulated using MUFTE UG. On the other hand, the catalyst layer was seen as a thin
layer in which oxygen is depleted, resulting in the formation of water and heat. Finally, the model
was able to precisely predict the transport processes on the cathode side of the PEM fuel cell

system.

In a study by Secanell et al. [51], an adaptive finite element formulation was utilized to develop a
2-D and constant temperature cathode electrode model that considers voltage losses between the
electrolyte and solid phases. The model provides an extremely versatile multivariable toolkit to
optimize current densities at a given electrode potential. According to the current thinking, the
catalyst layer is considered to be made up of a mixture of carbon-supported platinum, ionomer
membrane electrolyte, and empty space. The results of the optimization research revealed that
increasing the platinum loading in the catalyst layer and reaching a Nafion mass fraction of 20-30
weight % in the catalyst layer increased the performance of PEM fuel cells. The model results
were compared to Kulikovsky et al. [52]. In examining the cathode catalyst layer of a PEMFC and
assessing overall fuel cell efficiency, Kamarajugadda and Mazumder [53] developed a 2-D,
constant temperature model for use in research and development. The agglomeration model was

used to manage the catalyst layer, which assumed a spherical ionomer-coated carbon-platinum
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agglomerate as the starting point. When it came to solving the diffusion and reaction equations,
the finite volume approach came in handy. In the study, researchers discovered that agglomerates
within a small radius of 200 micrometers did not affect the overall performance of a fuel cell
system. On the other hand, aggregates with a large radius have been demonstrated to be essential,
especially at high current densities, agglomerates with a large radius. A previous study conducted

by Kamarajugadda and Mazumder [54] validated the 2-D model.

A 2-D, constant temperature model was developed by Roshandel and Ahmadi [55] to explore the
effect of catalyst loading in PEMFCs at the cathode electrode. The agglomerate catalyst served as
the foundation for the model. Initially, the approach for solving the model relied on the
determination of cell voltage as a boundary condition, then iterated for the current and
overpotential distributions. Once convergence was achieved, the iterative procedure was repeated.
The fuel cells were subsequently put through their paces, and experiments confirmed the results.
The experimental technique contributed to optimizing the CL and, consequently, the overall
performance of the PEM fuel cells. The study findings revealed that the distribution of catalyst

loading significantly impacts the amount of catalyst used.

Also considered was the use of additional catalyst loading to increase power density in areas where
high reaction rates occur. This was a significant feature that was carefully investigated. Fofana et
al. [56] developed a 2-D, constant temperature model that considers electrochemical processes,
momentum, species, and charge conservation equations, among other things. Finite element
techniques were used in COMSOL Multiphysics to numerically solve the governing equations,
which were then solved numerically. Three different types of catalyst cathodes were used to assess
the model's performance. Experimentation was used to verify the polarization curves, and it was

discovered that the best performance was obtained using a three-Pt sputtered layer cathode.

Centibas et al. [57] developed a 2-D, constant temperature model using the spherical agglomerate
approach in which the cathode catalyst layer was investigated. It was discovered that a more exact
approach for determining the effective agglomerate surface area could be devised and
implemented. The agglomeration model equation was modified to better correctly estimate the
agglomeration surface area due to overlapping particles in the agglomeration. According to the
results, the model is more accurate than earlier studies in comparison to other methods of

prediction. Furthermore, the model's predictions for the optimal Pt loading, ionomer loading, and
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Pt/C ratio were found to be in good agreement with the most recent experimental results reported
by Secanell et al. [58].

2.3.2 Studies based on modeling of anode and cathode sides

Xing et al. [59] proposed a 2-D, non-adiabatic model for the catalyst layer that used the
agglomeration model. CFD commercial package, with the help of COMSOL Multiphysics, was
used to solve the transport model equations. According to the findings, heat builds inside the
cathode catalyst layer underneath the channel. Furthermore, increasing the temperature of the PEM
fuel cell increases overall performance owing to improved Kinetics. Under the non-adiabatic
model, Gurau et al. [60] studied the whole MEA as well as CLs and GCs. Their study contains all
of the equations needed to describe the events at each layer, especially the catalyst layer on both
the anode and cathode sides. The governing equations were solved numerically using the SIMPLE
algorithm. Furthermore, electrochemical equations were used to determine the polarization curves
under various operating circumstances. Singh et al. [61] created a 2-D, constant temperature model
to simulate the transport phenomena in PEM fuel cells. Because the catalyst layer is considered to
be much thinner than either the GDL or the membrane, the CL is regarded as a thin interface on
both the anode and cathode electrodes of the cell. The PDEs were solved using the FVM, while
the algebraic sets of discretized equations were solved using an iterative block methodology. The
porosity of the electrode was investigated, resulting in porosity variations that substantially
impacted the mass transport of reactant gases. In contrast, when compared with the experimental
results given by Bernardi and Verbrugge [62], the model findings showed a high degree of

consistency.

Anode and cathode CLs were investigated in a 2-D and non-adiabatic model of a PEM fuel cell
created by Siegel et al. [63]. The model included species movement, electrochemical Kinetics,
energy transfer, current distribution, and water absorption at the anode and the cathode CLs. The
differential equations for the whole structure, including the gas channel, GDL, and catalyst layer
for the anode and cathode, were solved using a FEM. The agglomeration model was used to mimic
the catalyst layer areas in the simulation. Furthermore, the PDEs were implemented using the
CFDesign CFD solver, a computational fluid dynamics solver. The findings demonstrated that the

shape of the catalyst layer had a significant impact on the performance of the fuel cell. The relative
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volume fraction of catalyst pores and membrane-enclosed inside the active area were the factors

that influenced the performance of the PEM fuel cell system.

Anode and cathode CLs were included in the CFD model developed by Sahraoui et al. [64]. The
model was 2-D with non-adiabatic for steady-state conditions. It accounted for electrochemical,
mass, and heat transport processes in the whole model of the PEM fuel cell, including the anode
and cathode CLs. The FVM, which is based on the semi-implicit method for pressure-linked
equations algorithm, was used to solve the set of PDEs in question. The catalyst layer was
described as a volume area rather than an interface between the GDL and membrane. Furthermore,
factors like temperature, pressure and the porosity of the pore structures were studied to determine
how the performance and efficiency of the PEM fuel cell were impacted. The model findings for
current density were compared with those of the experimental data given by Siegel [63], and they

were found to be in excellent agreement.

Jung et al. [65] introduced a 2-D numerical model for PEM fuel cells that included the anode and
cathode CLs under constant temperature conditions. The governing equations and boundary
conditions were solved with the help of the commercial CFD software ANSYS Fluent, which is
based on the FVM. The catalyst layer was created using the agglomeration model. The model's
findings were compared to different experimental data from the literature, and the agreement was
substantially high. Several factors, including the composition of Pt/C, Nafion, and void space in

the catalyst layer, were also examined for their effect on cell polarization.

Ameri and Oroojie [66] created a 2-D, constant temperature model to examine the performance of
a PEM fuel cell at different operating voltages. In addition, mass transport, velocity map of the
reactive gases, current density map, and polarization curve of the reactive gases were also studied
in detail. Additionally, the agglomeration model was used to describe the electrochemical
processes occurring at the anode and cathode sides of the cell. The final results were obtained by
solving the transport equations using the FEM in COMSOL Multiphysics to get the final results.
The findings were acquired at various operating voltages to develop a strategy for increasing the

performance of PEM fuel cells while also lowering the cost of the devices.

A 2-D and constant temperature model for a PEM fuel cell was developed by Xing et al. [67]. The
catalyst layer was addressed using an agglomeration model in which water and ionomer occupy

the void space, forming a carbon-ionomer-liquid water agglomerate, as shown in Figure 2.1. The
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FVM was utilized to solve the fully coupled equations in COMSOL Multiphysics, with the
numerical solution of all equations based on the finite element method. A mathematical model was
also developed in which both film thickness and current density were considered to be related.
Furthermore, the polarization curve for the agglomerate with a thin coating showed considerable
excellent agreement with other experimental results while not overestimating the current density.
Yan et al. [68] collected the empirical data used to validate their model. PEMFC models have been
presented by Liu et al. [69], who suggested a 2-D and constant temperature model for the device.
The model considers the electrochemical processes on the anode and cathode catalyst layers and

GDLs and GCs. The equations in their study were solved using analytical methods.

Additionally, Tao et al. [70] compared the findings given by the model with those found in the
existing literature and found that they were in excellent agreement. As anticipated, the oxygen
concentration on the cathode side of the catalyst layer dropped as the current density increased.
The concentration polarization occurred mainly on the cathode side of the catalyst layer.
According to Hosseini et al. [71], they established a 2-D, non-adiabatic, and agglomerate model.
CFD software was applied to solve the species transport equations. At both the anode and cathode
CLs, the impact of different operating factors, such as the stoichiometric coefficient, the operating
temperature, pressure, and relative humidity, on the performance of the PEM fuel cell was
investigated. Rao et al. [72] compared the model findings with those obtained from various
previously published techniques. Moreover, it concluded that the agglomerate model had superior

accuracy.

Gurau et al. [73] developed a steady-state and constant temperature, 2-D a PEM fuel cell numerical
model in which the cell was divided into three regions: an anode, a cathode, and PEM. They
investigated the effects of liquid water on fuel cells under the assumption that liquid water was
generated in the membrane electrode of the cell. The study found that (1) fuel cell performance
improves with increased cathode and anode entry speeds and temperatures, and (2) liquid water is
likely to transmit from cathode to anode in low current density, or else liquid water is likely to
transmit from anode to cathode in high current density, was found to be effective. It was shown
that numerical simulation of simultaneous flow, heat transfer, and electrochemical reaction, single-
phase is possible for PEM fuel cells by Qi & Zhang [74]. The distribution of temperature, oxygen,

and water vapor on the cathode side of the PEM fuel cell was obtained. The LBM is transient-
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state, 2-D, and temperature-dependent, emphasizing the ACL with reconstructed microstructures.
FVM was used to solve the macro-scale model, while LBM was used to solve the pore-scale model.
The pore-scale CL modeling was then combined with a macro-scale simulation of the air channel
and GDL and experimentally validated using a 3.5 cm? dehumidifier. The results revealed that the
CL microstructure substantially impacts the air output characteristics of PEM dehumidifiers,

particularly in the initial stage.

2.4 Review of 3-D models

2.4.1 Studies based on the cathode side modeling
Das et al. [75] developed a 3-D, adiabatic model of the CCLs of a PEM fuel cell, in which they

employed a multi-agglomerate model to explore the activation polarization and current densities
of the specific layer under investigation. The transport equations and boundary conditions were
solved using the COMSOL Multiphysics software. A further investigation into three different
agglomeration topologies was carried out in order to establish the oxygen transport pathways and
the influence of activation polarization in the CCL. Overall, the model provided insight into the
agglomerate arrangement, which was useful in designing the PEMFC and optimizing its overall
performance. Das et al. [76] conducted a previous investigation that confirmed the accuracy of the
3-D model.

Obut and Alper [77] created a 3-D, non-adiabatic PEM fuel cell model. When the characteristics
of the CCL were changed, the model could be used to determine the performance of the fuel cell
system. The CLs were also considered spherical agglomeration models, which was another
consideration. In order to study the performance of the PEM fuel cell, several cathode catalyst
layer configurations were tested (e.g., the catalyst layer thickness, agglomerate size, porosity, and
ionomer film thickness). The researchers employed the ANSY'S Fluent CFD software to solve the
governing equation. The data also indicated that the mobility of species, electrons, and protons
inside the CCLs significantly influenced the performance of the PEM fuel cell in the final analysis.
Chang et al. [78] utilized experimental data from their prior work to validate the 3-D model they

developed.

Xie et al. [79] constructed a 3-D, non-adiabatic model of the cathode catalyst layer, and an
enhanced agglomerated sub-model was generated as a result of their work. The model was created
using the commercial computational fluid dynamics (CFD) tool ANSYS Fluent. Furthermore, the

37



model considered the influence of platinum loading on oxygen transport and, as a result, on overall
fuel cell performance. The simulation produced findings that were consistent with the experimental
data. Aside from that, the researchers discovered that ionomer resistance rose dramatically when
Pt loadings were less than 0.1 mg/cm, which they attribute to mass transport restrictions inside the
fuel cell. According to Owejan et al. [80], the generated polarization curves were then compared

to experimental data to determine more accuracy.

A 3-D and time-dependent, constant temperature numerical model for simulation studies on the
cathode of fuel cells was developed by Natarajan and Nguyen [81], which described gas mass
transfer with a multiplexed diffusion equation and the capillary action of liquid water with Darcy's
law within a porous material using Darcy's law. In order to investigate different transients of fuel
cells under varying operating parameters, design parameter effects, and cathode overpotential, the

results of the simulations were compared to actual data collected from field experiments.

2.4.2 Studies based on both anode and cathode sides modeling

A 3-D, non-adiabatic model of a PEMFC was developed by Berning and Djilali [82], taking into
account the MEA and GCs' anode and cathode sides. The CL was implicit in being a thin interface,
and the study results validated this assumption. In order to create a CFD model, the UDFs provided
crucial information such as reactant concentrations, current densities, and temperatures. PEM fuel
cell performance was evaluated by Berning and Djilali [83] in light of the effects of several
operational parameters, including the two CLs. The thickness and porosity of gas diffusion
electrodes and other geometric and material properties were considered. According to the

researchers, the results proved the model's usefulness as an optimization and design tool.

Wang et al. [84] have constructed a 3-D and constant temperature model of a PEM fuel cell. Tests
were conducted under varied operational conditions. Using mass, Navier-Stokes, heat, and species
concentration equations, various fuel cell layers were studied. The governing equations were also
solved using ANSY'S Fluent. In addition, chemical reaction kinetics were related to the membrane
and catalyst layer potential phase equations. The performance of the fuel cell was affected by
cathode humidification and temperature, explicitly at high current densities, whereas the anode
had no effect. In addition, it was found that boosting the fuel cell's operating pressure improved
performance. The findings also indicated substantial-excellent agreement compared to other 3-D

models in the literature.
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Meng and Wang [85] used finite volume analysis to develop a 3-D and constant temperature model
of PEMFCs. The conservation equations for mass, momentum, and species were intertwined with
the electrochemical transport processes and equations throughout the fuel cell structure. In
addition, source terms were used to account for electrochemical oxidation and reduction processes.
CFD software STAR-CCM+ was used to solve the transport phenomena equations. According to
the findings, catalyst layers cannot be ignored when modeling PEM fuel cells because of the ohmic
losses caused by proton transport.

PEM fuel cells with straight and interdigitated gas flow channels were studied by Um and Wang
[86], who developed a 3-D constant temperature model better to understand the interaction
between mass transport and electrochemical kinematics. A Pt/C ionomer was mixed with an
ionomer at the active CLs (anode/cathode). The finite volume approach was used to build the
model, then tested using commercial computational fluid dynamics software. By enhancing water
removal from the catalyst layer and the delivery of oxygen to active layers, interdigitated flow
fields improved fuel cell efficiency. A 3-D and non-adiabatic model incorporating electrochemical
and transport equations was provided by Ju et al. [87]. Anode and cathode compartment
membranes are included in the model, as are GDLs (anode/cl) and CLs (both anode/cl). STAR-
CCM+ was also used for these simulations. The simulation indicated that the thermal effect of
PEM fuel cells is more significant at high current densities. A 3-D, non-adiabatic PEM fuel cell
model, was constructed by Sivertsen and Dijilali [88]. Dispersed heat generation from

electrochemical processes in the cathode and anode catalyst layers was included in the model.

A more precise prediction of local current density was achieved thanks to the model's ability to
accurately compute the ionic and electric potentials and the local overpotentials. In-house CFD
package ANSY'S Fluent solved the numerical model equations. The model's output was compared
to Wang et al. experimental results [84]. An isothermal model developed by Chiang and Chu [89]
was used to study transport processes and how they affect PEM fuel cell performance. The
simulation took species, momentum, and current transfer conservation equations into account. The
anode and cathode CLs were mimicked using porous media. Anode and cathode reactions were
also described using electrochemical phenomena. A commercial CFD-ACE+ algorithm based on
the SIMPLE approach was used to build the model, and the findings were compared to those of
Um et al. [86].

39



Sadiq et al. [90] proposed 3-D and non-adiabatic PEMFC models. This model took into account
convection and dissipative heat transfer, mass transfer, and electrode kinetics were all considered
in the model. They were able to discretize and solve the governing equation using a general-
purpose CFD code. They developed a precise model for computing local activation overpotentials,
enhancing their calculation capabilities, and better estimating the local current density distribution.
In addition, the catalyst layer was seen as a thin interface with the words "source” and "sink"
included in the concept. The PEMFC's performance was investigated in various working
conditions, providing insights into complex processes that are difficult to investigate

experimentally.

Rismanchi and Akbari [91] created a 3-D, constant-temperature PEM fuel cell model. Mass,
momentum, species, energy, and charge transfer equation used in the PEMFC design were taken
into consideration in the modeling and electrochemical kinetics. The agglomeration model was
used on the catalyst layer to simulate the process. As well as describing the flow and current
distributions, the model may also contain information about other cell characteristics, such as
voltages between the anodes and cathodes of bipolar plates, the electrolyte in general, as well as
GCs and CLs. In order to numerically solve the governing equations, the FVM approach solves

them.

A good agreement between the Wang and Liu [92] findings and the fuel cell's polarization curve
were found, as was the polarization curve of another fuel cell under consideration. An isothermal
PEM fuel cell model created by Yuan et al. [93] was used to investigate the behavior of the cell
under different operating conditions, including pressure, temperature, humidity, and the
stoichiometric ratio of reactant gas mixtures in the cell. On both the anode and cathode sides, the
model comprises current collectors and flow channels, as well as a GDL, a CL (anode/copper),
and a memory Fluent, were used to generate the model, which was built using the finite volume
method. Only modest deviations between numerical predictions and actual polarization curves
were found compared to previous experiments. Rizvandi and Yesilyurt [94] developed models for
both sides of the PEM fuel cell. The velocity field in the channels was calculated using Navier-
Stokes equations and corrected for porous media using Brinkman correction. For the diffusion and
advection of gas species, Maxwell-Stefan equations were used. Anode electrochemical processes

were modeled using Butler-Volmer equations, while cathode kinetics were modeled using the
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agglomeration model. The governing equations were solved using COMSOL Multiphysics, a
commercial finite element tool. Compared to Nandjou et al. [95], the simulation results showed a
good match. PEM fuel cells with a dead-ended anode channel were studied by Peng et al. [96] in
3-D and a non-adiabatic model. Anode and cathode-side transport equations were analyzed for
continuity, Navier-Stokes, heat, species, and charge. In addition, they employed the Butler-Volmer
equation 3D model to build the transport equations. Comparing the current density at different fuel
cell voltages validated the computational model [84]. In addition, the fuel cell's performance was

assessed under various operating conditions, both with and without a purging mechanism.

To study the effects of liquid water on fuel humidification, proton exchange membranes, and
porous electrodes, as well as heat generation and transmission in cells, Berning et al. [97]
constructed a 3-D steady-state and non-adiabatic PEM fuel cell model. According to the results,
better water management will impact PEM fuel cell efficiency by preventing proton exchange
membrane dehydration or liquid water accumulation that causes overflow. Ge and Yi [98]
developed a 2D and steady-state isothermal PEM fuel cell numerical model with anode and
cathode to investigate the variables of different operation conditions, such as exchange membrane
thickness and two entries of parallel flow or cross-flow, to determine how much water is
transferred and distributed, as well as the effect of ohmic resistance on performance, in order to
determine how much water is transferred and distributed. While conducting research, it was critical
to study the transfer of water between the gaseous phase and the liquid phase in cathode diffusion,
where the transfer of water in the exchange membrane was preceded by diffusion, convection, and

electro-osmosis.

Jourdani et al. [99] used COMSOL Multiphysics to create a 3D simulation study of a PEM fuel
cell based on the varied transport phenomena in the PEM fuel cell, which plays a key influence on
overall cell performance. This model was built on the assumptions of an isothermal, steady-state,
perfect gas, and constant density flow. According to the investigation, the performance of a PEM
fuel cell is determined by the characteristics of the membrane, gas diffusion layer, catalyst, and
operating parameters such as operating pressure, cell operating temperature, relative humidity, and
the mass flow rate of the feed gasses, channel geometries, and stack design. The results
demonstrate that a thinner membrane corresponds to a greater current density, hydrogen and

oxygen consumption, and higher water generation.
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Abdulla and Patnaikuni [100] compared the performance of greater active area fuel cells with
enhanced cross-flow split serpentine flow fields and triple serpentine flow fields using a 3-D, two-
phase computational fluid dynamic full-scale fuel cell model. In modeling fuel cells with active
surfaces of 50 cm?, 100 cm?, 150 cm?, and 200 cm?, the ECSSFF design was used as the cathode
channel and the parallel design as the anode channel. The performance of these cells is also
compared to that of cells with a triple serpentine flow design on the cathode side. According to the
findings, ECSSFF surpasses all other active locations in greater currents, lower pressure drops,
and higher power generation. In cell areas ranging from 50 cm? to 200 cm?, the percentage
improvement in net power output generated using the ECSSFF design over the TSFF design ranges
from 4.5 % to 13.5 %. As the active area of the ECSSFF design expands, the percentage loss in
net power density increases, but the percentage loss in net power density almost doubles as the
active area of the triple serpentine design develops. According to the findings, the ECSSFF is a
potential flow field designed to investigate the development of high-area fuel cell devices for large-

scale power generation.

Stack operation of the PEMFC was considered sensitive to changes in flow rate of feed, as the
membrane can tolerate only a small deviation in design temperature and hence the use of various
cooling technologies was suggested by Kandlikar and Lu [24]. On the cathode side, pure oxygen
as a feed instead of pure air was also evaluated experimentally in the submarine context, where
the air is not available [25]. Computer simulation off ers a platform for inexpensive optimization
of the design. Simulation of transport models in the gas diff usion layer and the catalyst layer was
proposed, taking water formation on the cathode side also into consideration [101]. A study on
PEM fuel cells by modeling and simulation found that water as a cooling fluid shows a higher
ability than air-cooling of the bipolar plate. A 3D numerical model was also used to study the
above aspects [102]. In another study on water removal in PEM fuel cells, the eff ect of humidity
in the feed was studied by experiments [103]. An attempt was made to model the transport
processes in the GDL and CL, and the effect of pore level transport properties and microscopic
properties in GDL has been investigated by a stochastic model [104]. In another study, the
applicability of the continuum model for momentum, heat, and mass transport in fuel cells at a
microscale was analyzed and suggested to be applicable [105]. A new mass transport model was
proposed to deal with both the macroscopic diff usion in GDL and Knudsen regimes in the porous

catalyst layer [106].
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Similarly, a model applicable to the porous catalyst layer embedded in the gas diff usion layer was
proposed [107]. It has been identified that heat and mass transfer are to be coupled while modeling
the phenomena in fuel cells, and the concept of reaction boundary was introduced [108]. The
reaction is that of oxygen with an H+ ion on the cathode Pt catalyst layer. In a very recent study,
the multi-objective optimization regarding the operating condition of isothermal temperature in
the PEM fuel cell has been explored [109].

It has been suggested that the 3D simulation of complicated flow channels is difficult [110]. It was
attempted to simulate the mass and heat transfer using various structures of the cathode catalyst
layer [111]. Attempts were made to modify flow channels to obtain uniform temperature in GDL
[112]. The GDL is modeled as a porous layer [113]. Oxygen transport was modeled by an eff ective
diff usivity approach across the catalyst layer [114]. The entire mass and heat transport model was
taken up, but the porous layer flow in the catalyst layer was considered [115]. The eff ect of catalyst
loading was studied and found that more than 30% of the coating of the Pt is insignificant in
improving the power density [116]. COMSOL was used to simulate it, but an isothermal operating
condition was used [117]. OpenFOAM, an open-source CFD program that operates on the C++
framework, was also employed as an alternate tool for PEM fuel cell single and multiphase
modeling purposes [118]. In another study, a simulation based on a single-phase assumption was
developed [119]. Oxygen reduction is not the limiting step, as per one of the studies [120]. Water
transport in the cathode side of GDL is also a bottleneck in the simulation of PEM fuel cells [121].
A 60°C temperature was recommended to be the optimum maximum for a long life of membrane
in PEMFCs [122]. A complete simulation was performed, assuming a porous layer GDL [123].
Proton transport across the membrane was not found to be a limiting step in power generation by
PEMFCs [124]. CFD models for fuel cell stacks were available in the literature to obtain
temperature distribution, but hot spots were not reported [125]. The steady-state and dynamic
simulation was carried out using MATLAB and DAE solver (diff erential algebraic equation) along
flow direction [126]. Experiments with pure oxygen on the cathode side were carried out [127]. In
another relevant work, pure oxygen should have been used on the cathode side instead of air to
limit the cathodic reaction since this would have reduced the cathodic reaction. It was observed
that MEA aged more quickly when fed pure oxygen, which was most likely due to corrosion of
parts in the system assembly. The oxygen percentage varies as 21%, 50%, and 100%, with balance

as nitrogen on the cathode side [128]. Current density increased monotonically with increasing the

43



inlet oxygen mass fraction. These current density values can be transformed into power density

produced using the literature correlation or the polarization characteristics of PEMFCs [129].

The 3-D models created are useful for giving a more realistic and comprehensive picture of PEM
fuel cells performance, taking into account both electrochemical and transport processes. As can
be observed from Figure 2.2, the number of research works looking at both the cathode and anode
sides of CLs has risen. There are quite a good number of works involving 3D modeling of non-
isothermal PEMFC systems as well as full cell level simulations. The increased computational
power has enabled solution of more complex problems involving various transport and
electrochemical phenomena, allowing for the investigation of the precise spatial distribution of
current density, temperature, chemical species, and current. This has allowed for more accurate

conclusions about the operation and performance of PEM fuel cells to be reached.

= Isothermal = Non-isothermal = Cathode = Anode/Cathode

Figure 2.2 Distribution of 3-D computational models [16].

2.5 Gaps identified

From the above literature review, the following gaps are observed with regard to the formation
and mitigation of hot spots, concerning the thermal stability of a PEMFC.

1. The gas diffusion layer is commonly modeled as porous media in majority of the studies

instead of microscopic flow past discrete carbon fiber. The heat generated from the
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electrochemical reaction at the membrane catalyst (Platinum) surface on the cathode side
is not modeled as a surface heat flux. Commonly the temperature is assumed to be constant
and uniform in the entire fuel cell, particularly in GDL. In reality, the temperature is not
uniform in a fuel cell. Therefore, the actual model and simulation should provide detailed
temperature distribution in and around the membrane so that the location of hot spots, if

any, can be identified.

2. In particular, the oxygen percentage at the cathode inlet less than that of the air (21%) was
not explored in the literature, which is very relevant for submarine applications. The
composition of the feed inlet on the cathode side containing pure oxygen and pure nitrogen
is not optimized for safe thermal operation.

3. Although many studies have been reported on numerical simulations of gas flow field
channels and catalyst loading using computational fluid dynamics, the key concern
pertaining to hot spot minimization is still unanswered. One of the main problems is how
to find the hot spot by numerical simulation, and once detected, how to mitigate it. Not
many studies are focused on this, and there is scope for developing the hot spot mitigation

strategies.

4. Most of the simulation studies reported in the literature considered GDL as a simple porous
zone and did not consider the 3D randomized fibrous structure while accounting for heat
transfer, hot spot generation, and identification. Many numerical modeling investigations
into the 3D gas diffusion layer, whether carbon fabric or paper, have solely used the
isothermal condition. However, the actual porous GDL contains random arrangement of
carbon fibres and show significant effect on the reactant flow and heat transfer. This is not
explored in the thermal management studies reported in the literature.

5. The effect of geometric shape of the channels in a flow field on the hot spot mitigation is

not explored.

The above identified gaps in the literature led to the formulation of the following objectives for

the present study.
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2.6 Objectives and scope of the present work

The overall aim of this study is to identify the formation of hot spots and propose strategies to

mitigate their formation using computational analysis of the cathode side of the PEM fuel cell. The

following are identified as the objectives of the present work.

1.

6.

To simulate the hot spot occurrence using steady state simulation of the cathode portion
of PEM fuel cell.

To obtain the optimum mass fraction of oxygen in the feed with respect to the

performance of the fuel cell.

To study the local hot spot mitigation on a bumped channel design using transient 2-D

simulation of the cathode.

To study the effect of an oscillatory (cyclic) supply of oxygen and nitrogen in the inlet

gas stream to the conventional straight channel on the hot spot mitigation.

To study the hot spot occurrence in the conventional straight channel using transient 3-

D simulation of the cathode side of the cell with random porous GDL structure.

To study the effect of shape of the of flow field channel on the hot spot mitigation.

The above stated objectives are achieved by developing a 2-D and 3-D, single-phase, non-

isothermal transient models incorporating the multi-scale, multi-physics associated with the PEM

fuel cell in the CFD environment using the academic research version of COMSOL Multiphysics

4.4a. The scope of the study was limited to computational analysis of the fuel cells having different

shapes of the flow channels with and without the oscillatory supply of the nitrogen gas. The

detailed modeling equations and solution strategies used to simulate the cathode side of the
PEMFC are described in the next chapter.
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Chapter- 3
Modeling Methodology
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Chapter- 3
Modeling Methodology

One of the primary objectives of the study is to optimize the supply and utilization of pure oxygen
and nitrogen on the cathode side of a PEM fuel cell to improve thermal stability without taking
into account the optimal temperature of the catalyst and membrane layers. The computational
model is tailored to estimate the optimal oxygen mass fraction in feed and net feed flow rate,
resulting in long thermal life and low operating cost. It also aims to extend the single-layer cathode
side of a PEM fuel cell to identify the local hot spot patch near the reactive gas flow channel
entrance. Another study aims to mitigate the local hot spot patch on the catalyst and membrane
layer by introducing an oscillatory nitrogen supply in a time-dependent analysis. The effect of
shape of the gas flow channel on the mitigation of the hot spots is also analysed in one of the

objectives.

To perform computational analysis, the cathode-side PEM fuel cells has been appropriately
modeled, including fluid flow, heat transfer, mass transfer, and the movement of concentrated
species. This is done step by step, methodically in a simulation environment employing the
COMSOL Multiphysics 4.4 software package and performed parameter optimization. This chapter
provides a complete overview of the modeling equations and the computational domains used in

the simulations.

3.1 Problem formulation and modeling equations

PEM fuel cell physics includes mass movement of species (such as hydrogen, oxygen, water, and
nitrogen), heat transfer, and electrochemical reactions. Partial differential equations that explain
species, energy, mass conservation, electrical charges, and momentum transfer are used to express
these processes numerically. The present study employs a rigorous 2-D and 3-D computational
fluid dynamics modeling technique using novel boundary conditions. Probably, the best utilization
of hydrogen (fuel) and oxidants (oxygen) would be necessary to increase the lifetime of PEM fuel
cells, particularly the catalyst and membrane layer. Figure 3.1 demonstrates that, in general,
hydrogen is supplied by the individual pure gas storage cylinder, while oxygen is supplied by air
from outside the storage cylinder (21% O2 & 79% N2). However, the conversion of hydrogen and
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oxygen depends on many designs and operating parameters of the fuel cell. Furthermore, according
to the literature, different thermal management aspects contribute to maintaining a low operating
temperature (60-80°C) since the creation of water vapor is associated with high heat generation,
which may injure the membrane layer [131]. The effect of a local hot spot patch on the catalyst

membrane layer on cell performance will be examined and determined.
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Figure 3. 1 Schematic diagram of a PEM fuel cell.

The schematic representation of a PEM fuel cells is illustrated in Figure 3.1. It features a proton
exchanging membrane as the core layer is sandwiched between two catalyst layers (anode and
cathode), gas diffusion layers (anode and cathode) and bipolar plates as its outside layers. As it is
well-known, hydrogen is passed in pure form on the anodic side of the cell. At the anodic catalyst
layer, the hydrogen is catalyzed to split into H* ions (protons) and electrons. The H+ ions pass
through the membrane (electrolyte) to the cathode side, where oxygen combines with this proton
and electrons coming through the external load and resulting in the formation of water vapor. Both
of the above are electrochemical reactions, and the heterogeneous electrochemical reactions

generate heat when water vapor formation takes place on the cathode side. The AHr for water
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formation is —286,000 J/mol of water produced. The — ve sign shows that the process is exothermic.
To go into the specifics of the gas diffusion layer, it comprises carbon fabric coated with a Pt-
catalyst layer. Since accurate modeling of fluid flow, heat transfer, mass transfer, and
instantaneous electrochemical reaction are complicated, a simplified version is assumed, as shown

schematically in Figure 3.2.
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Figure 3. 2 2D schematic of the cathode section used for the present simulation study.

Only the cathode side of the PEM fuel cell is considered to simulate and predict the worst-case
scenario of temperature distribution in the different parts of the cathode side of the fuel cell. The
extreme side of the bipolar plate is assumed to be thermally insulated in the proposed model,
whereas the other side is not. A thin layer of pt-catalyst is thought to have been applied sparingly
to the catalyst surface. At this surface, the electrochemical cathode reaction of water formation
occurs at this contact and the surface heat flux is generated by the AHRr (heat of reaction of water

production). A novel geometry and boundary conditions for simulating flow, heat, concentrated
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species diffusion, and instantaneous surface reactions that result in heat generation in a fluid flow
system are proposed. There are several types of physics at work in this proposed model, including
heat transfer in solids in a bipolar plate, heat transfer in a gas flow channel, and heat transfer in a
carbon fiber manifold (gas diffusion layer). The transport of concentrated species in a gas flow
channel and laminar flow through a carbon fabric is represented by an array of micron-sized solids
circular, as shown in Figure 3.2, which can be referred to for a zoomed schematic of the model.
The computational geometry contains cathode side of the cell consisting of bipolar plate section,
single gas flow channel and three-layered gas diffusion layer represented by an array of micron-
sized cylindrical solids. The dimensions of these parts are shown in Figure 3.2. A modified
program that solves steady-state and transient state partial differential equations using the
COMSOL Multiphysics 4.4 software simulates these transport phenomena.

3.2 Governing equations of the model

3.2.1 Model assumptions

Following are some of the assumptions considered to establish the model foundation.
1. The fluid in gas channels and diffusion layers behaves identically to an ideal gas.
2. The pressure at the outlet of the gas channels is equivalent to the pressure in the surrounding
environment.
Fuel and electron crossover through the membrane are not considered.
Cell temperature is non-isothermal
The fluid is compressible
Due to the low velocity of the gasses, flow is laminar everywhere
The membrane is impermeable to the gases

© N o o B~ w

The effect of gravity is ignored.

9. Water in the vapor phase is considered.
Regarding the preceding assumptions, it should be emphasized that water and heat transfer are
linked, and the process in the channel is quite complicated when the gas-liquid interface is
followed. Because many water transport activities, such as phase change and liquid water transit
in the channel, and liquid water entering the channel from GDL, are accompanied by heat
exchange. When considering the flow pattern of liquid water, it is challenging to explain heat

transmission due to its complexity effectively.
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3.2.2 Gas diffusion layer equations
The continuity equation (mass conservation) for laminar flow containing the temporal term is
FHV(pu) [3.1]

The time-dependent Navier-Stokes equation for compressible flow describing the momentum

conservation of the fluid was used for modeling with zero gravitational force.

p% +pu-V)u=V- [—pl + u(Vu + (Vu)7) — %M(V ) “)1] [3.2]

Density is defined as per the ideal gas law in Equation [3.3]

_ PMavg
T RT [3.3]

A transient equation that describes the heat transfer in the inlet gas flow channel: [128.129].
pCp -+ pCpu - VT = V - (kVT) [3.4]

The transport of concentrated species (oxygen, nitrogen, and water vapor) is modeled by modified
Fick’s law [128], where the steady-state governing equations for each of them are represented in
Eq. [3.5a-3.5c].

awi

P ot +Vil +p(uV)a)l = Ri [35&]
Ni = ii + pUwW; [35b]

Where, the diffusive flux ji is represented as in Equation [3.5b]

. VMp, VT

ji = — (pDF¥w; + pw;Df 32 + DT ) [3.5¢]

Where, concentrated species diffusion and Soret (thermal) diffusion are considered. Here the mean
molecular weight M, is given in Equation [3.5c].

M, = 3 () [3.5¢]

M;j
In the above equations Df is the concentration-based diffusion coefficient in the above equations,
and DI is the thermal diffusion coefficient. The expressions for Df and Dfare given in Equations

3.6 (a—d) for oxygen, nitrogen, and water vapor [129, 130].

D§, =3.2x 1075 (:E)l's (=) [3.6a]
DE, =3.2x 1075 (%)1'5 (&P‘)"O) [3.6b]
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3.2.3 Bipolar plate

The heat transfer in the bipolar plate of Figure 3.2 is modeled by unsteady-state heat conduction

in the solid’s equation (Laplace Equation) which

PCo ol + pCou - VT = V- (kVT) [3.7]

3.2.4 Carbon fibre manifold

The heat conduction in the carbon fiber manifold of Figure 3.2 is also modeled by unsteady-state

heat conduction in the solid’s equation (Laplace Equation), which is

PCo ol + pCou - VT = V- (kVT) [3.8]

3.3 Boundary conditions

The above presented partial differential equations are the governing equations. In order to solve
the entire problem, appropriate boundary conditions are required. The boundary condition shown
in Figure 3.2 will be used as a novel approach in the ensuing investigation, described in detail
below. The feed is assigned a normal inflow velocity (Vin) in the range of (1 mm/s to 1 m/s). The
feed consists of various proportions of oxygen, nitrogen, and water vapor. The water vapor mass
fraction in the feed is kept at 1%, and the mass fraction of oxygen (W21,W22, Wo213) is varied from
20% (corresponding to the air) to as low as 1%. Thus, the remaining part of the feed is nitrogen,
an inert gas that carries heat and does not participate in the reaction. The outlet boundary condition
has zero reference pressure. The flow is assigned as a no-slip boundary condition on the all-circular
carbon fiber surface on the carbon fiber in the gas diffusion layer (GDL) on a micro-scale. At the
wall, a no-slip boundary condition is applied based on the assumption of laminar flow in the
PEMFC.

Similarly, the adjacent Pt interface on the membrane and bipolar interface are assigned no-slip
boundary conditions for flow (implies temperature is the same at the interface in the two
neighbouring domains). Temperature is assigned a continuity condition wherever the gas domain

is in contact with other phases such as carbon fibre, Pt surface, and bipolar surface. On the Pt
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surface, the water vapor formation reaction takes place by the electrochemical reaction and is
assumed as an instantaneous reaction. This requires that oxygen concentration equals to zero at the
Pt surface. Since zero assignment of mass fraction leads to non-convergence of the solution, it is

assumed as a small value of 0.001 mass fraction.

All the remaining interfaces in the gas flow channel are assigned impervious to the nitrogen gas.
The left boundary of the bipolar plate, top boundary, and bottom boundary are assigned thermal
insulation to simulate a work case no-cooling system. Similarly, the Pt catalyst surface on the right
side of Figure 3.2 is also assigned a heat flux boundary to represent that the entire heat generated

from water formation is only passed into the cathode side.

The heat source is at the Pt surface of Figure 3.2 since water vapor formation by the
electrochemical reaction is a surface phenomenon where the heat of reaction evolved is given as
inward surface heat-flux at the Pt catalyst layer as in Figure 3.2. The expression for heat flux source
at Pt surface is shown in Equation [3.9].

qQw = —2&5AHR jo, [3.9]
where, jo2 Is the mass flux of oxygen flowing towards the Pt surface where it is instantaneously
consumed by the protons coming from the other side and resulting in the formation of water vapor,
&s 1s the fractional coverage of the Pt on the catalyst layer and AHr is the heat of reaction in the
formation of water vapor. In chapter 4, the fractional coverage of the Pt loading on the catalyst
layer is varied.

3.4 Simulation strategy

The simulations are executed using COMSOL Multiphysics 4.4 software. Initially, geometry is
created as per the schematic in Figure 3.2. It consists of three distinct domains by type of material.
It consists of solid bipolar plates, a gas flow channel, and an array of micro-sized carbon cylindrical
solids to represent the scaffold of carbon cloth used as a porous structured gas diffusion layer
(GDL). There are five Multi-physics phenomena, namely: (1) laminar flow in the gas flow channel
(compressible up to Mach number 0.2), (2) transport of concentrated species in the gas flow
channel, (3) heat transfer by convection and conduction in the gas flow channel, (4) heat transfer
by conduction in bipolar plate, (5) heat transfer by conduction in each of the solid cylinder in

carbon fiber array representing the porous gas diffusion layer (GDL). The dimensions of the entire
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cathodic portion are of a magnitude similar to the literature [132]. Although the gaps between
carbon fiber are only a few micrometers, Knudsen diffusion is not imposed, but continuity is

assumed and simulated successfully.

The initial velocity for laminar flow physics in the gas layer is assumed to be zero for all locations.
The program was also found to converge on such an initial guess. The inlet velocity (Vin) of the
gas layer is assigned four different values: 0.001 m/s, 0.01 m/s, 0.1 m/s, and 1 m/s. These are
chosen to see the effect of low and high convection in the gas flow channel. The composition of
inlet feed comprises oxygen, nitrogen, and water vapor (humidity). Since the concentrated species
transport equation uses modified Fick's law restricts that none of the three components can be
mathematically zero in numerical simulation, at the inlet for all the simulations, the water vapor
mass fraction in the feed is kept as 0.01 (1% by Wt.). The oxygen mass fraction in the air is
approximately 20%, and the rest is nitrogen. In the first part of the present study (presented in next
chapter), the oxygen mass fraction varies below its value in ambient air and the chosen mass
fractions of oxygen gas in the feed inlet are 0.2, 0.1, 0.05, and 0.01. The selection of this operating

condition in the feed stoichiometry is a novel work as compared to the literature [18].

The modified Fick’s law-based transport of concentrated gaseous species has an additional term
in the form D] .This accounts for the Soret effect, implying that there can be mass flux due to the
temperature gradient. In the mathematical model, the density, thermal conductivity, and heat

capacity of the gas phase are given as a function of temperature in Equation 3.10 (a-c).

b1

RT]

P = Wi Wiy Wiz [310&]
ETRETIEETE

k = W21 X k1 + W22 X kz + W213 X k3 [310b]

Cp = W21 X Cpl + W22 X sz + W213 X Cp3 [31OC]

Where, w,; represents oxygen mass fraction, w,, represents nitrogen mass fraction, wy;3

represents the water vapor mass fraction used in the simulation study.

The solid phases of the bipolar plate and gas diffusion layer fibre are assigned constant

p, k, cyvalues. They are represented in Table 3.1.
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Table 3. 1 Properties of GDL carbon fiber structure (carbon cloth) and bipolar plate [133, 134].

Material Property Value
Carbon fiber | Thermal conductivity | 180 W/ (m.K)
Density 1780 kg/m?®

Specific heat capacity | 1520 J/ (kg. K)

Bipolar plate | Thermal conductivity | 24 W/ (m.K)
Density 2250 kg/m3
Specific heat capacity | 690 J/ (kg. K)

Table 3. 2 Initial and boundary conditions of a steady-state and time-dependent study.

Parameters Symbol Value
Inlet velocity Vin 0.001,0.01,0.1,1(m/s)

Inlet mass fraction W21 0.01,0.05,0.10,0.20

Inlet temperature Tin 80 °C
Outlet pressure Po 1x10° Pa
Catalyst loading € 0.05,0.10,0.15,0.20
Amplitude 8 0.01,0.02,0.03,0.04
Time Period Tc 20s

3.5 Solving methodology

A commercial finite element method (FEM) based software COMSOL Multiphysics (COMSOL
Multiphysics 4.4a) was used to solve a three-dimensional coupled fluid flow, transient heat
transfer, and mass transfer equations (Transport of Concentrated Species model). All the
simulations were carried out on an HP workstation with two 3.10 GHz Xeon CPUs and 32 GB
RAM running Windows 7 64-bit. The stages in the simulation are shown in Figure 3.3. Very fine
mesh was created in the gas diffusion layer and the gas flow channel to ensure the accuracy of
temperature distribution. Other components of the system were meshed using tetrahedral meshes
of conventional size. The mesh size was determined based on the convergence research when the

temperature differences between subsequent computations were less than 0.1%. This
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investigation's beginning and maximum time steps were set to 0.01 and 0.01 seconds, respectively.

It took around 72 hours to finish each simulation.

4

Figure 3. 3 Flow chart of COMSOL Multiphysics simulation processes.

The numerical calculations were done using tetrahedral, triangular, edge, and vertex elements,
assuring independent mesh outputs. The MUMPS solver (Multifrontal Massively Parallel Sparse
Direct) was used to solve the iterative matrix solution, enabling the solution of massive systems.
One iterative Newton technique was devised with an initial damping factor of 1 and a minimum
damping factor of 0.001. By default, all other numerical parameters were retained.

3.6 Meshing and Grid independent studies

The chosen meshing scheme is physics controlled, which means that COMSOL internally assigns
small to large triangular meshes depending on location in the domain, whether close to Dirichlet,
Neumann, or Robin boundary conditions. Out of the available options for mesh as coarse, normal,
and fine, the normal mesh size is chosen because it is sufficient to resolve the temperature and

concentration gradients even at the microscale in the carbon fiber (gas diffusion layer).

Since the phenomena in PEFC are very complex, a high quality of the computational cells is
needed to receive a converged solution. Studies must be conducted to reach this convergent
solution with low computational power and temporal grid independence. The balance between
accurate results and computational time has to be carefully considered. Therefore, the primary
analysis, such as grid-independent analysis, has to be done initially to ensure the quality of the
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results [134]. These studies are carried out at an operating temperature of 60 °C, reactant relative

humidity of 1%, and operating pressure of 1x10° Pa.

Table 3.3 shows a list of the three different meshes (coarse, normal, and fine mesh) used for grid
independence study for various geometry considered in the present study. Figure 3.4 illustrates
three different types of mesh: coarse, normal and fine. Figure 3.5 shows the grid-independent
studies performed for cathode side PEM fuel cells. The total number of grid elements is varied by
changing the distance between the adjacent nodes along the channel, plane, and in-plane in the fuel
cell. There is a 0.078% change in the oxygen mass fraction at the outlet noticed with a change in
mesh count by 40% (i.e., normal 65 lakhs to fine 1 crore). These simulations were performed using
an HP-DL 380 G8P Server with 128 GB of RAM and a 16 Core Xeon E5-2650 processor. As a

result, the normal mesh was taken into consideration for the rest of the simulations.
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Figure 3.4 (a) Coarse (b) normal and (c) fine mesh of the cathode side of PEM fuel cell
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Table 3.3 Complete mesh details

Mesh type Coarse Normal Fine
Tetrahedral elements 1135437 6591450 16622812
Triangular elements 255264 888682 1520760

Edge elements 53702 102202 140294
Vertex elements 3016 3016 3016
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Figure 3.5 Grid independence study showing the variation of oxygen mass fraction at the outlet

with different mesh sizes

3.7 Model validation

The validation of the modelling methodology was carried out by modelling a single cell with a
straight channel design using COMSOL and comparing the results of the simulation against the
experimental work reported by Alex [142.] The boundary conditions employed in the simulation
are listed in Table 3.4 and Table 3.5 lists various operating conditions used for the validation of
the modelling methodology. A very good agreement between the experimental results of Alex
[142] and the COMSOL simulation can be seen from the comparison of the respective polarization
curves as shown in Figure 3.6. The maximum deviation between the model results and the

experimental results noticed is less than 3%. Therefore, the modelling methodology and simulation
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strategy are considered as validated and the same has been used for the modelling of local hot spot

formation and developing strategies for mitigation of the hot spots in PEM fuel cells.

Table 3.4 Boundary conditions

Domain | Temp. Molar Wt. | Electric potential | Gas composition at inlet
T (K) (kg/mol) V)
Inlet-a 333K 0.032 O2 mass fraction 0 %
(Anode) | (g0 oc) 0.002 H. mass fraction 0.743%
0.018 H20 mass fraction 0 %
Inlet-c 333K 0.032 O2 mass fraction 0.228 %
(Cathode) | (g0 oc) 0.002 Hz mass fraction 0 %
0.018 H20 mass fraction 0.023 %
QOutlet-a | 333K
Qutlet-c | 333K
Terminal-a | 333 K 0
Terminal-c | 333K 09V

Table 3.5 Operating parameters

Parameter Value
GDL porosity 0.4
GDL permeability 1.18x107t (m?)
GDL electric conductivity 222 (S/m)
Anode inlet flow velocity 0.4 (m/s)
Cathode inlet flow velocity 0.2 (m/s)
Anode viscosity 1.19x10° (Pa.s)
Cathode viscosity 2.46x107 (Pa.s)
H>-H20 binary diffusion coefficient 1.055%10™* (m?/s)
N2-H20 binary diffusion coefficient 2.95x107° (m?/s)
02-N2 binary diffusion coefficient 2.75x10° (m?/s)
02-H20 binary diffusion coefficient 3.23x107° (m?/s)

Cell operating temperature

333.15 K (60 °C)
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Reference pressure 101x103 (Pa)
Cell voltage 0.9 (V)
Oxygen reference concentration 40.88 (mol/m?)
Hydrogen reference concentration 40.88 (mol/m?)
Membrane conductivity 9.82 (S/m)

--m--Experimental (Alex,2015)
—e— COMSOL Simulation

0 0.2 04 0.6 0.8 1
Current density, (A/cm?)

Figure 3.6 Validation of the modelling methodology by comparing the results of COMSOL model
against the experimental results of Alex, 2015 [142].
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Chapter — 4
Optimum supply and Utilization of Pure Oxygen

This chapter addresses the first and second objectives of the current study using a 3D geometry of
the cathode side of a proton exchange membrane fuel cell (PEMFC) since the cathode reaction is
the limiting step. The oxygen and nitrogen mass fraction in the inlet feed on the cathode side is
varied as well as the total feed flow rate consisting of traces of water vapor. The worst-case
scenario of no-cooling with an insulated bipolar plate is assumed. This is to test the maximum
thermal effect on the membrane layer. The flow, heat, and mass transfer multi-physics phenomena
in the gas diffusion layer and scaffold layer are simulated using a simplified geometry in COMSOL
Multiphysics 4.4 software. The electrochemical reaction of oxygen reacting with protons (H*) and
electrons (e”) at the Pt catalyst surface is considered an instantaneous reaction at the catalyst
surface. A performance factor comprising power density generated, the maximum temperature and
oxygen utilization is defined. It is optimized to determine the optimum oxygen mass fraction in
feed and net feed flow rate that gives long life thermally and low operating cost of a PEM fuel cell.
Hot spot occurrence is noticed in the results. The results obtained from the simulation are discussed

in detail in the following sections.

4.1 Description of the case and the geometry considered

This simulation work assumes that the inlet gases on the cathode side of the PEM fuel cell consist
of oxygen and nitrogen supplied from independent storage cylinders. Hence, oxygen percentage
could vary over a wide range. In particular, oxygen percentage below air (21%) was not explored,
which is very relevant for submarine applications. In this work, the oxygen fraction in the cathode
side inlet is modified, and only the cathode side of a PEM fuel cell is modeled and simulated for
optimization. The assumptions are that the worst-case scenario of the thermally insulated bipolar
plate and the entire heat generated due to water vapor formation being transferred into the cathode
side gas diffusion layer is considered, as shown in Figure 4.1(a) below. The effect of water vapor
condensation is not taken into consideration. The performance parameter is proposed to be
measured in terms of oxygen conversion, maximum temperature, and power density. Below are

descriptions of the findings, a model of the cathode side, and simulations.
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Figure 4.1 (a) Cross-sectional view of the cathode side of a PEM fuel cell (b) used for simulation

in this study.

PEM Fuel cell with the cathode side containing bipolar plate, gas flow channel, and gas diffusion
layer represented as three layers of orderly arranged micron-sized solid cylinders, as shown in
above Figure 4.1 (b) is considered as the computational domain. The dimensions of various parts
of the domain are as follows: bipolar dimensions (1.5mmx10mmx1mm), an inlet gas flow channel

(Immx10mmx1mm), and a gas diffusion layer (0.25mmx10mmx1imm).

4.2 Operating conditions

The present studies are carried out by varying oxygen inlet velocity and mass fractions. Instead of
pure oxygen gas, atmospheric air is considered on the cathode side in the present study. Material
properties considered for the present simulations are listed in Table 3.1 (previous chapter). The
following procedure found the best combination of reactive gas flow velocities and oxygen mass

fractions in terms of the optimum performance factor. The inlet oxygen mass fraction is determined
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for each simulation based on the total nitrogen and water vapor gases, and additional parameters
are shown in Table 4.1. This study examines the performance factor of PEM fuel cells by changing

the oxygen mass fraction from 20% to as low as 1%.

Table 4. 1 The operating parameters and boundary conditions used in this current study.

Parameters Symbol Value

Inlet velocity Vin 0.001,0.01,0.1,1 (m/s)
Inlet temperature Tin 80 °C

Outlet pressure Po 10° Pa

Catalyst loading € 0.20
Oxygen mass Wy 0.01,0.05,0.10,0.20
fraction at the inlet

Reactant availability at the catalyst surface has a significant impact on the performance of a fuel
cell. Pure oxygen mixed with nitrogen must be supplied and used on the cathode side of PEMFCs
in order to ensure thermal stability, velocity and oxygen mass fraction without waste. The reactant
feed velocities and mass fractions are varied in the present work while running at constant

operating temperature, pressure, and percentage of Pt-catalyst coverage.

4.3 Temperature distribution for different feed velocity and oxygen mass fraction

The temperature slice maps obtained from a steady-state simulation of the above cathode portion

of the PEM fuel cell are shown in Figure 4.2.

It can be noticed from the above Figure 4.2 that the highest temperature or hot spot patch occurs
close to the entrance near to catalyst layer. Nevertheless, as the feed velocity of the reactive gas is
increased, this local hot spot gets spreads along the length of the gas flow channel close to the Pt-
catalyst surface and carbon fiber layer (GDL). It is essential to record maximum surface
temperature so that the operating condition can be suitably selected. The maximum temperature is
below the safe operating temperature of the membrane layer, which is present immediately
adjacent to the Pt surface, as in Figure 4.1(a). The obtained maximum surface temperature for

various feed oxygen compositions and feed velocity at the inlet is plotted in Figure 4.3.
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Figure 4.3 The maximum surface temperature in the gas flow channel for various oxygen mass
fractions in the inlet.
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The relationship between the oxygen mass fraction and the feed velocity at the inlet is shown in
Figure 4.3. The maximum surface temperature obtained for the inlet feed velocity is 1 (m/s), and
the oxygen mass fraction is 0.2. When a higher oxygen mass fraction is fed, the oxygen availability
will increase, and hence, oxygen consumption also increases. The overall surface temperature rise
was owing to electrochemical reactions at the catalyst-membrane layer interface, which consumes

a greater amount of the available oxygen.

4.4 Oxygen conversion percentage

Color maps of oxygen concentration distribution at a steady-state in the flow channel for various
feed flow rates and inlet oxygen concentrations of 0.2 mass fractions (corresponding close to the

air) are presented in Figure 4.4. As expected intuitively, more oxygen is consumed for lower feed

Wo, (outlet)

velocities. The conversion of oxygen is calculated as 1 — . This conversion in terms of

W, (inlet)

percentage is plotted in Figure 4.5 for various inlet oxygen mass fractions and feed velocities.
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Figure 4.4 Color map of the oxygen mass fraction in the gas flow channel and gas diffusion layer

for an inlet oxygen mass fraction of 0.2.
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inlet and various feed flow rates.

It can be noticed that the conversion percentage of oxygen is the highest for low inlet feed
velocities, which can be explained by the fact that for low velocities, there is sufficient residence
time for the oxygen to diffuse through the carbon fiber layer and be consumed at the Pt surface.
Hence, the conversion is high for low feed velocities this result is also important towards
characterizing the performance of PEMFC because less wastage of fuel increases the economic
viability of this novel energy source. Another variable to be evaluated is the current produced by
the fuel cell for various feed conditions. Since the oxygen consumption at the Pt surface is assumed
to be an instantaneous electrochemical reaction, the mass fraction of oxygen at the Pt surface is
assumed to be negligible but as a small mass fraction of 0.001. If it is assigned exactly zero, the
simulation does not converge owing to the appearance of a mass fraction of oxygen (and all
species) in the denominator of some of the expressions used to evaluate the thermodynamics and
transport properties. Hence, the convergence of the COMSOL Multiphysics 4.4 code is achieved
by the present approach. The flux of oxygen at the Pt surface is proportional to the current density.
To examine the performance of the PEMFC in terms of current generated, oxygen flux at the Pt
surface is plotted against the mass fraction of oxygen in the inlet for various feed velocities as in

Figure 4.6.
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Figure 4.6 Average consumption rate or mass flux of oxygen at Pt-catalyst layer for various

oxygen mass fractions in the inlet and various feed velocities

It can be noted from Figure 4.6 that current density increased monotonically with increasing the
inlet oxygen mass fraction. These current density values can be transformed into power density
produced using the literature correlation or the polarization characteristics of PEM fuel cell as in
Figure 4.7 [129].

4.6 Contour plot of performance factor

It shows that there is a maximum performance factor possible, and it is in the regime of medium
feed velocities and medium oxygen mass fraction in the feed. Thus, the modeling and simulation
results of the present work have provided a greater insight into selecting the operating conditions
on the feed of fuel on the cathode side for higher performance, optimization, and intensification of
PEMFC. Thus, there are three performance variables namely maximum temperature, oxygen

conversion, and electrical power density at Pt surface. Optimum temperature was assumed as 333

69



K, beyond which the membrane becomes deteriorates. Based on their direct or inverse

proportionality, an overall fuel cell performance factor is defined as in Equation [4.1]

Power density X Oxygen conversion at the outlet [4 1]

Performance factor =
ABS(Maximum Temperature—Optimum Temperature)

This performance factor is evaluated for various inlet feed gas velocities and oxygen mass fractions
in feed and is plotted in Figure 4.8 as a contour map. Figure 4.8 shows the maximum performance
factor possible of the PEM fuel cell is high, and it is in the regime of medium feed velocities of

0.01 m/s and medium oxygen mass fraction (0.1-0.14) in the feed.
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Figure 4.7 The polarization characteristics of a PEM fuel cell [129].
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4.7 Comparison of the simulation with experimental data

The experimental findings of the literature reference [130] are found to be suitable for comparing
the simulation results of the present work. The authors in the reference paper [130] have conducted
experiments on the PEMFC by varying hydrogen flow rate, oxygen flow rate, current density, and
temperature. By doing so, the voltage obtained from the PEMFC was tabulated [130]. These
findings are reframed in terms of performance factor, defined as below in Equation [4.2].

Power Density [4 2]

Performance Factor =
EXpt. ™ ABS(Temperature—70°C)+H, flow rate=O, flow rate

This performance factor from experiments [130] is represented against operating temperature for
various hydrogen and oxygen flow rates at the current density of 1 (A/cm?) in Figure 4.9.

In Figure 4.9, the performance is high for low flow rates of hydrogen and oxygen rather than for
high flow rates. Another experimental investigation on the effect of oxygen flow rate on PEMFCs
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performance is presented in Figure 4.10 [132]. It can be noticed from Figure 4.10 that a maximum
power density is possible at a certain oxygen flow rate on the cathode side of the PEM fuel cell.
Thus, the present modeling and simulation efforts of PEM fuel cells have opened up new areas for

an investigation to optimize PEM fuel cells for longevity.
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Figure 4.9 Performance factor as per Equation [4.2] from experimental data [130]
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According to Khazaee and Ghazikhani [132], a higher power density may be produced on the
cathode side when the purity of the oxygen is higher; nevertheless, the temperature penalty on the
membrane will be larger. Hence the present work discloses the possibility of high performance of
a PEM fuel cell which can be verified by an experimental study with an oxygen percentage less

than the air on the cathode side.
4.8 Summary

In this study, a single-cell straight channel cathode side of the PEMFCs was first simulated
in the 3-D model using COMSOL Multiphysics, and the results were compared to those obtained
from experimental data published in the literature. Based on this simulation analysis, the following

conclusions can be summarized:

e Asimplified geometry and boundary conditions were considered for simulating flow, heat
transfer, concentrated species transport and instantaneous surface reactions on the cathode
side of a PEM fuel cell.

e The temperature maps obtained from a steady-state simulation of the cathode portion of
PEMFC show that the highest temperature or hot spot occurrence close to the entrance.

e As expected intuitively, oxygen is converted or utilized more effectively for lower feed
velocities because of high residence time. By combining multiple factors of low-
temperature requirement, high conversion of oxygen, and high-power density at a catalyst
surface, the mass fraction of oxygen in feed should be less than that in the air for achieving
better performance of the PEM fuel cell.

e According to the literature [132], higher power density may be produced on the cathode
side when the purity of the oxygen is higher; nevertheless, the effect of hot spots on the
membrane will be severe. Hence, the present work discloses the possibility of high
performance of a PEM fuel cell, which can be verified by an experimental study with an
oxygen percentage less than that of air on the cathode side.

e The study (as shown in Figure 4.8) reveals that an inlet velocity of 0.01 m/s for the reactant
gas is ideal for avoiding excess use of pure oxygen and nitrogen mass fractions, while an
oxygen mass fraction of 0.1- 0.12 is optimal for the PEM fuel cell to operate appropriately.

¢ Inthe entrance region, hot spot patches are detected in the gas diffusion layer (GDL), close
to the membrane layer. The optimal oxygen and nitrogen mass fractions of 0.14, 0.85, and
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e (.01 for water vapor (relative humidity) are calculated to produce better performance of
PEMFC.

According to the performance factor parameter, this study showed that the cathode-side of the
PEM fuel cell operates at its best when using pure oxygen, with the optimal velocity of the inlet
reactant gas being 0.01 m/s. The optimized mass fraction and inlet velocity values are obtained by
comparing various inlet mass fractions and inlet velocity values. The local hot spot occurrence was
also shown in this chapter using the developed non-isothermal model. The present 3-D model has
been reduced to a 2-D model, and transient simulations have been conducted in the next chapter
to identify the formation of the hot spot and propose different strategies for mitigating the hot

spots.
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Chapter -5

Hot spot identification and mitigation using 2D simulations

It was shown in the previous chapter that a hot spot was formed close to the entrance of the PEM
fuel cell cathode side near the membrane layer. The present study aims to identify local hot spot
patch as well as propose mitigation strategies. COMSOL Multiphysics was used to conduct time-
dependent simulations on a 2-D model of the cathode portion of the PEM fuel cell. The start-up
dynamics show that hot spot build-up and its expansion are time taking processes. In the present
chapter, two strategies are proposed to mitigate hot spots: first, introducing bumps in the reactive
gas flow channel and, secondly, supplying a higher fraction of nitrogen relative to oxygen on the
cathode side of the straight flow channels. Parametric studies on both techniques were conducted
by varying the size of the bump, the amplitude of the cyclic nitrogen gas composition and the Pt-
catalyst fractional coverage. Both strategies significantly decreased hot spot patch temperature,
enhancing membrane layer endurance. Finally, an approach that combines the two proposed

techniques is also analyzed.

This chapter addresses the third objective of hot spot mitigation using bumped channel design and

the fourth objective of use of cyclic inlet on the hot spot removal.

Oxygen is consumed at the Pt catalyst surface, where it reacts with hydrogen ions to form water
vapor along with the heat of the reaction at the cathode compartment [144]. A 2-D model
containing the bipolar plate, gas diffusion layer (GDL), scaffolds of carbon cloth and the platinum
catalyst fraction, the effect of operating variables such as the oxygen mass fraction in the inlet
stream and the velocity of the gas mixture on the development of local hot spots (localized high-
temperature regions) on the GDL were investigated (Chapter 4). In this investigation, an
operational strategy is introduced and applied for the first time, potentially being used to offset the

detrimental influence on the membrane.

5.1 Description of the case and the geometry considered

When PEM fuel cells operate for a long time, a local hot spot patch develops near the entrance of

gas diffusion, catalyst, and membrane layers. This damages the membrane layer and causes it to
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rupture. One of the leading causes of the breakdown of the PEM fuel cell is polymer electrolyte

membrane deterioration.

One of the main problems is finding the local hot spot patch temperature by numerical simulation
and how to mitigate it once detected. In the first part of this work, a two-dimensional cathode side
PEM fuel cell geometry similar to the previous chapter shows how start-up thermal dynamics can
be used to find the local hot spot patch. In the second part of this work, two approaches to
mitigating the local hot spot temperature are proposed. The first approach involves using a straight
gas flow channel with bumps in the flow path to reduce the hot spot temperature. In the second
approach, using an oscillatory oxygen and nitrogen gas stream in the straight gas flow channel is

proposed to reduce the hot spot temperature.
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Figure 5.1 (a) Scﬁwematic of a PEM fuel cell (b) 2D computational mcg%l with dimensions of the
cathode side of a PEM fuel cell.

The base value of the composition and velocity of the oxygen-nitrogen gas mixture is taken from
the previous Chapter 4. The Pt catalyst coverage fraction at the interface varies. The heat source
at the wall is due to the surface reaction between the oxygen, protons, and electrons to produce

water vapor. There are two distinct parameters, namely, the amplitude (6) of the oxygen and
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nitrogen gas mixture oscillatory composition at the inlet and the catalyst coverage fraction (&) at
the catalyst interface are varied to study the local hot spot patch temperature. After obtaining the
Tmax Or the hot spot temperature over a time period of, i.e., 20 sec, a performance factor is defined
to find the optimum values of the amplitude (8) and catalyst coverage fractions (&). The numerical
modeling methods, findings of the bumping channel design, oscillatory composition supply, and
insights gained from the time-dependent model are detailed in the sections that follow.

5.2 Operating conditions

The present studies are carried out at boundary conditions as specified in section 3.3.7 of Chapter
3. The feed velocity in this chapter is 0.01 m/s, and the operating temperature of 333.15 K (60°C)

was used as the reference temperature.

5.3 Constant composition and cyclic supply

At the inlet boundary (Figure 5.1 b), a gas mixture of specified composition (weight fraction) of
oxygen (0.14), nitrogen (0.85), and a minute amount of water vapor (0.01) is fed at a velocity of
0.01 m/s. A lower oxygen composition than atmospheric air was chosen based on the study's
conclusions reported in Chapter 4. This constant composition boundary condition is used to depict
hot spot formation and the first hot spot mitigation strategy proposed in this study. In the second
strategy, cyclic inlet gas mixture composition is introduced as a novelty. The inlet nitrogen and
oxygen weight fractions are assigned as the cyclic composition as Equation 5.1 (a) -5.1 (b). This
is to pass gas with higher nitrogen frequently enough to purge the hot spot in the GDL. When the
higher composition of the nitrogen gas flow is supplied, it does not react, and the oxygen will be
less available at the Pt surface and hence reduces the reaction rate, which in turn reduces jo. the
flux towards the Pt surface and finally reduces the wall heat flux (as mentioned in the previous
chapter). The inlet mass fraction of the water vapor (relative humidity) at the catalyst is kept at a

value of 0.01 for all the simulations.

N; =0.9+8+8+sin(>-) [5.1a]
C

0, = 0.09 — § — & * sin(3) [5.1b]

H,0 =0.01 [5.1c]
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The equations 5.1(a) -5.1(c) represent the sinusoidal or oscillatory inflow composition of the three
gaseous components in the inlet of the cathode side. These are framed so that the sum of the three
fractions of oxygen, nitrogen and water vapor equals 1 at any point in time. Here, & is the amplitude
of nitrogen and oxygen oscillatory compositions. In the inlet boundary conditions, the amplitude
of the oscillatory composition (8) ranges from 0.01 to 0.04. The time-period (T.) has been taken
as 20 seconds in the present simulation. Table 3.1 in Chapter 3 shows the material properties

considered in the current model.

5.4 Grid Independent Study

In order to present results that are not grid-sensitive, the grid-independent study was conducted by
considering three different sizes of the computational mesh, such as 150918, 157534, and 208066,
as the number of elements. The oxygen mass fraction at the outlet is observed with all three
different mesh sizes, and it can be observed from Figure 5.2 that the maximum % change in the
oxygen mass fraction is less than 1%. Hence, a computational mesh of 157534 domain elements
and 10250 boundary elements corresponding to the grid-sensitive solution has been used for

further simulations in the present study.
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Figure 5.2 Grid independent study showing the variation of oxygen mass fractions at outlets with

different mesh sizes
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5.5 Hot spot formation in conventional straight channels

Initially, the temperature dynamics in the gas diffusion layer (GDL) during start-up were obtained
from simulation. The entire gas diffusion layer of the 2D geometry is assigned the same
composition of gases as that in the inlet. The inlet composition taken is in weight fractions such as
oxygen: 0.14, nitrogen: 0.85, and water vapor: 0.01. The initial temperature of the entire gas
diffusion layer is 298.15 K. The transient model for straight channel incorporating the equations
mentioned in the modeling section is simulated using COMSOL Multiphysics 4.4 software. The
results of temperature maps at 1 second, 10 seconds, and 100 seconds are shown in Figure 5.3 (a),

along with a color indication for the straight channel.
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Figure 5.3 (a) Temperature distribution in cathode side GDL for constant inlet composition. (b)

The start-up dynamics for maximum or hotspot temperature versus time.

Figure 5.3 (a) shows that the hot spot (in the red color) is formed near the entrance and on the
catalyst surface on the cathode side of the gas diffusion layer. The hot spot is nothing but the
thermal effect of the instantaneous electrochemical reaction on the catalyst layer, which does not
entirely dissipate the heat into the surrounding area. Nonuniform reactants distribution within the

fuel cell is the predominant cause of local hot spot generation throughout the operation. A
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maximum temperature of 420 K is observed in 100 seconds. The heat generated at the catalyst-
coated surface can be carried away by either convection along the channel or by conduction
towards the bipolar plate, as also observed by Li et al. [145]. Because of this, a local hot spot patch
appears around the catalyst surface and the inlet of the gas flow channel as a consequence of the
heat produced. A similar trend in the requirement of a lower coolant temperature for the location
close to the channel entrance was observed to maintain isothermal conditions on the cathode side
of a PEM fuel cell by Chinannai et al. [146]. Nitrogen is the major carrier gas, which helps in
convective cooling of the proton exchange membrane (on which the catalyst is coated), whereas
oxygen is consumed in the electrochemical reaction. It is best when the entire oxygen content of

the inlet gas is utilized in the reaction resulting in the electric current generation.

5.6 Approaches to mitigate hot spot temperatures

Two methods are presented in this work to avoid excessive local hot spot patch temperature in the

catalyst and membrane layers.

5.6.1 Using bump channel design model

First, as illustrated in Figure 5.4, the gas flow channels are amended by inserting bumps in a pattern
on the inner surface of the channel in the flow direction. Three different bump designs were created
inside the gas channel using bumps of 0.25, 0.5, and 0.75 mm in radius. The edge-to-edge spacing
of 0.5 mm between the bumps is maintained constant for all three cases. In this simulation analysis,
the computational mesh after the grid sensitivity test consists of 156460 finite triangular elements

and 10339 boundary elements.

For different bump sizes, the transient behavior of maximum temperature on the Pt surface for the
same gas inlet velocity is shown in Figure 5.5. Unlike the flow in straight channels, the reactant
gases (air) entering through the flow channel will have a constrained area in the case of bumped
channel designs. Because of this, there is a considerable increase in the velocity in the bumped
channels compared to the straight channel without bumps. This aids in the convective removal of
the heat generated on the cathode side, which reduces the cell's hot spot temperature. As can be
seen from the temperature contour plots in the flow channel without bumps (Figure 5.3 a) and with
bumps (Figure 5.5), both the magnitude of the maximum surface or hot spot temperature and the
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region of high-temperature decrease in the case of the bumped channel case. It can also be seen in

the contour map; the temperature of the gas flow channel is also very low for all bumped channels.

T

LN

T

T

N

(a; (b)

Figure 5.4 (a) A 2D model created with a 0.5 mm radius bumps into the gas flow channel, and (b)

finite element mesh is used in the simulation.

The maximum hot spot temperature observed with time near the entrance of the gas flow channel,
the GDL, and the membrane interface for the conventional straight channel without bumps and
with different size bumps are shown in Figure 5.6. This can be clearly noted from these start-up
dynamics, where the highest hot spot patch temperature is observed in the bump-free channel, and
the development of hot spot patch temperatures is reduced with bumped flow channel designs.
Initially, all four cases had the same temperature, and with time, the hot spot temperature increased
and stabilized at different temperatures. The maximum hot spot temperatures observed are 423 K,
416 K, 404 K, and 394 K for the straight channel without bumps, with bump radii of 0.25 mm, 0.5
mm, and 0.75 mm, respectively. Hence, it is clear that the bump channel design helps in lowering
the hot spot patch temperature. Though increasing the bump size mitigates the hot spot patch
formation, a large bump of 0.75 mm radius highly restricts the reactant flow in the channel and

results in a high-pressure drop.
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Figure 5.5 Transient temperature distribution in cathode side GDL in bumped channels with the

constant inlet gas composition oxygen: 0.14, nitrogen: 0.85, and water vapor: 0.01 by weight fraction.

Figure 5.7 depicts the comparison of the pressure drop in the straight channels without bumps and

with bumps. It can be seen that the pressure drop varies depending on the size of the bumps in the

gas flow direction. The maximum pressure drop is observed in the case of a bump of 0.75 mm in

radius, which is 20 times more than without bumps. The pressure drop in the case of channels with

bumps of 0.5 mm radius and 0.25 mm radius is four times and two times the pressure drops in the

case of channels without bumps, respectively. The pressure drop in the flow field is one of the

important parameters in the design of fuel cells and stacks. The flow field channels that do not

result in high-pressure drops are desirable to increase the life span of the delicate membrane, MEA

of the cell and decrease the auxiliary power losses.
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Figure 5.6 Start-up dynamics for local hot spot patch temperatures for different bump sizes.

Based on Figures 5.6 and 5.7, the bump channel design with a bump size of 0.5 mm can be taken
as optimum as it offers a comparatively lower pressure drop while reducing the hot spot
temperature considerably from that of a straight channel without bumps. Corrosion of bipolar
plates is another essential factor to be considered while selecting a suitable channel design in the
bipolar plate for PEM fuel cells besides pressure drop. Although the proposed bump channel
design mitigates hot spot formation, the introduction of bumps may act as corrosion points and
affect the life of the bipolar plates. As the corrosion rate is usually high at the sharp corners of the
bumps in the channel adjacent to the bipolar plate, chamfering the sharp edges of the flow
geometry and the corners are required. Hence, it is suggested to have bumped channel designs with
chamfering of the sharp edges when preparing the bipolar plates for real applications.

5.6.2 Using a cyclic supply of the gas in the inlet of the straight gas flow channel

In an effort to reduce the local hot spot temperature, a cyclic supply of the gas at the inlet of the
straight gas flow channel without bumps is proposed as a second mitigating strategy. The CFD

simulation is carried out for a cyclic inlet, with the amplitude of the inlet composition being varied
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as 6 =[0.01, 0.02, 0.03 & 0.04] in Equation 5.1(a-c) and the fractional coverage of the Pt catalyst

as s =[0.05, 0.10, 0.15 & 0.02]. Figure 5.8 shows the maximum surface temperature obtained on

the surface of the membrane-catalyst layer interface for different amplitude () values of the cyclic

supply and different fractional coverage of the Pt catalyst (&s).
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Figure 5.7 Pressure drops as a function of the size of the bumps in the gas flow channel.

It can be noticed from Figure 5.8(a) that for catalyst coverage of ;= 0.2, initially, the maximum

membrane layer temperature is 298.15 K and gradually increases to as much as 375 K by 17

seconds, and then decreases to 365 K by 27 seconds. From this point of time onwards, a cyclic

temperature variation is observed. Due to an increase in the mass fraction of nitrogen in the inlet

composition cyclically, the temperature of the membrane layer drops. This strategy ensures the

durability of the membrane layer. Similar trends can be seen for different Pt-catalyst fractional

coverages, and with an increase in &s, the hot spot temperature also increases as more reaction

happens to the availability of the catalyst. Similar results for maximum membrane surface

temperature versus time are obtained and plotted in Figures 5.8 (b) to (d), corresponding to

amplitudes of 0.02, 0.03, and 0.04 for different catalyst fractional coverage fractions.
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Figure 5.8 Maximum surface temperature in the straight channel on the membrane-catalyst layer

interface for various Pt catalyst fractional coverage (&) with nitrogen oscillatory amplitude as (a)

§=0.01, (b) & =0.02, (c) & = 0.03, (d) & = 0.04.

In Figures 5.8 (b) to (d), the temperature response is also visible, which is cyclic for all inlet cyclic

compositions. There does not seem to be any instability leading to a runaway situation like the

temperature shooting up.

Similar to the temperature of the local hot spot, the current density generated or power density of

the PEM fuel cell can also be inferred as proportional to the oxygen flux reaching the Pt catalyst.

The average mass flux of oxygen for the nitrogen cycle with an amplitude of 6 =0.01 and for
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various catalyst coating fractions is shown in Figure 5.9 (a). It can be noted that the oxygen flux

does not vary much with variation in catalyst coating in the range of values of €,=0.05 to 0.20.

Similarly, another factor to be considered is the conversion of the oxygen gas supplied. In Figure
5.9 (b), the average oxygen mass fraction at the exit of the gas diffusion layer/channel is plotted
against the time for the nitrogen gas inlet amplitude of § = 0.01 and the catalyst coverage fraction
of &, =0.05 to 0.2. The 0 to 5 seconds data points are not presented because of the steep descent
from the initial value.
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Figure 5.9 Time variation of (a) mass flux of oxygen at the Pt catalyst layer (b) oxygen mass
fractions at the outlet for the cyclic nitrogen supply and for various catalyst coverage fractions in

the straight channel.

In addition, the temperature of the hot spot during the second cycle of the oscillatory supply, i.e.,
from the time 20 seconds to 40 seconds, is tabulated in Table 5.2 for various values of the
amplitude (8) of the inlet composition and catalyst coverage (&g). Similarly, the time-averaged
values of the oxygen weight fraction at the outlet are presented in Table 5.3, and the time-averaged
oxygen flux at the catalyst layer is shown in Table 5.4. It can be noted that the oxygen weight
fraction at the outlet is the same and negligible for the varied parameters of & ande;. A
performance factor is defined as the ratio of oxygen mass flux to [Thotspot - 333.15|. As the
performance factor is proportional to the oxygen flux at the catalyst, it can be treated as an indicator
of the current generated in the cell. The operating temperature of 333.15 K (60 °C) is considered
the reference temperature, where the hot spot patch is minimum. As shown in Table 5.5, the
predicted performance factor is high at this temperature. There is a penalty for a high or low hot

spot temperature in the performance factor.
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Table 5.1 The maximum temperatures (K) are recorded during the second cycle of the oscillatory

nitrogen supply for various amplitudes (8) of inlet composition and catalyst coverage (&s).

€,=0.05 | £,=0.10 €,=0.15 | &,=0.20
5=0.01 |318.06 |338.01 357.18 376.20
§=0.02 |317.07 | 335.78 354.45 372.61
5=0.03 | 315.93 | 333.88 351,51 368.09
5=0.04 |315.17 |331.48 348.30 365.19

Table 5.2 The average oxygen weight fraction at the outlet during the second cycle of oscillatory

nitrogen supply for various amplitudes (8) of the inlet composition and catalyst coverage (&s).

£,=0.05 £,=0.10 | £=0.15 | £,=0.20
5=0.01 | 1.0313E-3 | 1.0316E-3 | 1.0287E-3 | 1.0275E-3
5=0.02 | 1.0291E-3 | 1.0255E-3 | 1.0257E-3 | 1.0261E-3
5=0.03 | 1.0278E-3 | 1.0217E-3 | 1.0221E-3 | 1.0181E-3
5=0.04 | 1.0173E-3 | 1.0196E-3 | 1.0101E-3 | 1.0168E-3

Table 5.3 The average oxygen flux (kg/m2.s) at the catalyst-membrane interface during the second

cycle of oscillatory nitrogen supply for various amplitudes () of the inlet composition and catalyst

coverage (&;).

£,=0.05 | £,=0.10 |&,=0.15 | £,=0.20
5=0.01 |3.94E-4 |3.99E-4 |4.03E-4 | 4.08E-4
5=0.02 |3.43E-4 |3.46E-4 |352E-4 |3.54E-4
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6=0.03 | 2.90E-4 | 2.96E-4 2.98E-4 3.00E-4

5=0.04 | 2.44E-4 | 2.46E-4 2.46E-4 2.49E-4

Table 5.4 The performance factor of the PEM fuel cell was calculated as Oxygen mass flux/ABS
(Tmax-333.15) during the second cycle of oscillatory nitrogen supply for various amplitudes (3)

of the inlet composition and catalyst coverage (&;).

€,=0.05 | &=0.10 €,=0.15 £5=0.20
5=0.01 | 2.46E-5 | 7.96E-5 1.67E-5 9.44E-6
8=0.02 | 2.15E-5 | 1.24E-4 1.64E-5 8.94E-6
5=0.03 | 1.70E-5 | 3.36E-4 1.61E-5 8.55E-6
8=0.04 | 1.37E-5 | 1.62E-4 1.61E-5 7.74E-6
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Figure 5.10 Contour plot of performance factor for indicating the optimum values of various

amplitudes (5) of the inlet composition and catalyst coverage (&s).
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Figure 5.10 shows that the performance factor of the PEM fuel cell is high for an intermediate
value of the 6 (0.02 — 0.03) and & (0.1 — 0.15), where § is the amplitude of the nitrogen gas and
oxygen gas stream composition of the inlet stream, and (&) is the fractional coverage of the Pt

catalyst surface on the membrane layer.

Finally, a strategy combining cyclic gas inlet with the bumped flow gas channel is being studied
to mitigate the hot spot. Based on the above analysis of cyclic gas inlet through the straight gas
flow channel, § = 0.03 and €5 = 0.15 is considered for studying the effect of cyclic input on the
bumped channel design. Figure 5.11 shows the simulation analysis of the maximum hot spot
temperature for the different bump sizes compared to the straight gas flow channel for the cyclic
supply. The cyclic supply of nitrogen gas can reduce the hot spot temperature in all cases, but the
reduction in temperature was higher in the case of the bumped channel design compared to the
straight channel. This is advantageous for ensuring the membrane and MEA durability. Though
the lowest surface temperature of the membrane is achieved for the bump size of 0.75 mm, the
pressure drop associated with the design would be high and may limit its application in the actual
case. However, as seen in section 5.4.1 and as observed in Figure 5.11, a bump size of 0.5 mm
may be a better option for cyclic supply for an early and more significant reduction of local hot

spot temperature in fuel cells, which aids in the improved stability and durability of membranes.
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Figure 5.11 Comparison of maximum surface temperature on the membrane-catalyst interface for

€s=0.10 and cyclic input with amplitude of 5 = 0.03 for straight and bumped channel designs
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5.7 Summary

This study presents a transient, two-dimensional simulation on the cathode side of a PEM fuel cell
to identify hot spots in the catalyst-membrane interface. Two different techniques — using bumps
in the gas flow channels and giving cyclic input of the gas at the inlet of the channel, are proposed
for reducing hot spots in this study. The key findings of this work are summarized as follows:

e The gas stream with a constant inlet composition of oxygen and nitrogen results in local
hot spot formation on the cathode side close to the entrance and near the membrane layer
in a PEM fuel cell.

e Gas flow channels with bumps are shown to have much lower hot spot temperatures
compared to straight channels.

e Though an increase in bump size increases the reduction in the hot spot temperature, the
corresponding increase in pressure drop is found to be much higher. Hence, a bump size of
0.5 mm can be recommended from a hot spot temperature and pressure drop perspective.

e The second strategy of the cyclic supply of nitrogen gas and oxygen gas was also found to
reduce the local hot spots considerably. This can be attributed to convective cooling.

e The simulation analysis of the combination of the two techniques, i.e., cyclic input to the
bumped gas flow channel, has shown a further reduction in the hot spot temperature.

e The transient state simulation based on the assumption of the thermally insulated bipolar
plate, 2D geometry, and the net heat liberated into the cathode side as a worst-case scenario
has shown scope for optimizing PEM fuel cell operating conditions and prolonging the
durability of the membrane layer.

e The service life of the membrane is expected to be improved if the oxygen and nitrogen in

the inlet on the cathode side are supplied with a cyclic amplitude.

The gas diffusion layers (GDLs) are primarily made of carbon fibers and are available in various
forms, such as woven carbon fibers and carbon papers. However, the majority of the commercially
available GDLs are carbon paper, such as Sigracets by SGL Carbon [147] and Toray carbon paper.
The 2-D model considered in this chapter do not consider the random structure of the carbon fibres
in carbon paper. This limits the prediction of hot spot temperature. As a result, it would be
interesting to apply the notion of carbon paper in the gas diffusion layer model to the identification

and mitigation of local hot spot patches. The 3-D random structure of the gas diffusion layer as
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part of the computational domain is considered as the 5™ objective which is covered in the next

chapter.
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Chapter 6

Hot spot identification using transient 3-D simulation
of the cathode with random porous GDL structure
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Chapter 6

Hot spot identification using transient 3-D simulation of the cathode with

random porous GDL structure

Identification of hot spot and its purging strategies were proposed and shown in the previous
chapter using a 2-D simulation of the cathode side of a PEM fuel cell. The model considered GDL
as a structured array of cylinders placed in a regular arrangement. However, the actual carbon
paper, typical GDL used in the PEMFCs, consists of a highly random porous structure. This study
investigates the oxygen transport and hot spot formation in a procedurally generated three-
dimensional gas diffusion layer model. In this multi-scale simulation, a 3D reconstruction model
of the gas diffusion layer that closely mimics the SEM image of carbon paper is used to explore
gas transport mechanisms and the development of hot spot patches. Hence, this chapter addresses
the fifth objective of the current study. The results obtained from this transient study on the local
hot spot identification in the conventional straight channel using a 3D carbon paper with constant

feed composition at the inlet are discussed in the following sections.

6.1 Numerical model description

The 3D numerical model used in this study is based on the 2D numerical model presented in
previous chapter 5. Patnaikuni and Jayanti [153] established a method for recreating the
microstructure of the carbon paper GDLs and simulated the fluid flow through it. They verified
the application of Darcy's law and the Bruggemann correction to determine the permeability and
effective diffusivity of the GDL. The fluid, heat, and mass transport through this complicated
porous structure is critical in accurately anticipating local hot spots, localized flooding areas, and
reactant starvation zones. Most of the 3D simulation studies reported in the literature considered
GDL as a simple, porous zone and do not account for heat transfer, hot spot generation, and
identification in the reconstructed GDL structure. Many numerical modeling investigations into
the 3D gas diffusion layer, whether carbon fabric or paper, have solely used the isothermal

condition. The investigation of the local hot spot patch detection that was provided in the previous
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chapter considers GDL as three layers of circles in the two-dimensional computational domain of
the cathode side of a PEM fuel cell.

The current study is an extension of the previous work by considering the 3D computational
domain of the cathode side with a more realistic randomized porous structure for the GDL. This
simulation study explores the local hot spot patch identification using fluid, heat, species, and
energy transport in a new 3D reconstructed carbon paper GDL used in a single-phase, time-

dependent, non-isothermal model simulation using a conventional straight gas flow channel.

6.2 Computational geometry and mesh

The schematic representation of the PEM fuel cell consisting of various zones on the anode and
cathode sides of the cell is shown in Figure 6.1(a). The computational domain considered for the
present study is only the cell's cathode side, consisting of a bipolar plate, gas flow channel, and
gas diffusion layer. While the 3D geometry of the cathode side is shown in Figure 6.1(b), the 3D
geometry of the reconstructed GDL structure is displayed in Figure 6.1(c). The computational
geometry considered in this study is different from the previous chapter 5 in two ways:

Q) the three-dimensional geometry and

(i) the reconstructed three-dimensional randomized structure of GDL.
The construction of the reconstructed randomized 3D structure of carbon paper is inspired by the
actual microstructure of a typical carbon paper as observed from SEM images of its front and
cross-sectional views, as shown in Figure 6.2. GDL made of carbon paper is composed of
randomly superimposed fibrous layers. The porous architecture of the carbon paper GDL was
recreated using COMSOL Multiphysics, a commercial tool for multiphysics, i.e., heat, mass, and
transport species simulations. As it is not possible to exactly match the randomized porous
structure of a real carbon paper (as seen in the SEM pictures), the methodology presented by
Patnaikuni and Jayanti [153] has been adopted with the following assumptions for generating the
porous fibrous structure of GDL —

0] carbon paper in the GDL is cylindrical with a defined diameter,
(i) these cylindrical fibres are straight and very long,
(iii)  no fibres are aligned in the direction of the GDL thickness (to minimize the difficulty

of grid generation and to obtain the solution), and
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(iv)  carbon particles present in the GDL are not considered.
The base layer is formed by uniformly inserting several 60-micrometre diameter cylinders. It is
made by slanting a new layer on top of an old one and leaving a 20-micrometre gap between any

two layers.

This novel 3D gas diffusion layer (carbon paper) arrangement is designed for modeling purposes.
It is used in conjunction with the cathode side PEM fuel cell model to demonstrate the local hot
spot in the catalyst-membrane layer. To avoid simulation problems, the COMSOL model included
a surface reaction boundary condition to the gas diffusion layer rather than accounting for the
catalyst and membrane layer thickness. As stated in the model specification, a comprehensive
physics link was between the mass transfer at the cathode, the momentum transfer in the gas flow

channel, and the gas diffusion through the reconstructed gas diffusion layer.
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Figure 6.1 (a) A PEM fuel cell schematic is shown (b) computational model with a 3D gas

diffusion layer arrangement (carbon paper) (c) A zoomed-in view of the GDL.
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(a) (b)

Figure 6.2 (a) Microstructure of carbon paper GDL [154], (b) Cross-sectional view of carbon
paper [155].

)

Figure 6.3 (a) A novel GDL reconstruction arrangement, (b) mesh generation of the GDL
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Figure 6.4 (a) 3-D model of cathode side PEM fuel cell with GDL (b) computational domain
model.

6.3 Meshing and Grid independent studies

The CFD models were solved using a time-dependent solver with the direct MUMPS method using
a relative tolerance of 1 x 1073, It is essential that a fine computational mesh is selected in order to
achieve a satisfactory balance between the accuracy of the simulation results and the computational
runtime required. The simulations employed tetrahedral, triangular, edge and vortex elements with
1338444 elements in total and a mesh volume of 27.5 mm?3. Even though the grid skewness and
other conditions met the requirements, the number of grids at this location was increased to
represent changes in the local hot spot temperatures in the membrane and gas diffusion layer and

verify how the grids are interdependent.
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Table 6. 1 Complete mesh details of the mesh independent study

Mesh type Coarse Normal Fine
Tetrahedral 523851 1338444 7553276
Triangular elements 116208 234647 834940

Edge elements 37429 50070 99471

Vertex elements 1992 1992 1992

There are 1338444 grids that are suitable for simulation. Therefore, when the number of grids was
7553276, a maximum surface temperature of 396.703 at 100 seconds was calculated, which was
0.0000025 below the estimated maximum surface temperature of the previous grid numbers model
change range, which was not more than 1% lower. Figure 6.6 illustrates the essential changes made

to the grids to reduce computing load.
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Figure 6.5 (a) Coarse (b) normal and (c) fine mesh of the cathode side of PEM fuel cell
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6.4 Boundary conditions and Material properties

The boundary conditions of the current study are also based on our previous chapter. The gas
channel walls are subjected to a no-flux and no-slip condition. Temperature and heat flux
continuity is used at the interfaces between the bipolar plate, flow channel and the GDL. The same
boundary condition is used at the interface between the gas mixture and the fiber surface of the
GDL. The inlet reactant velocity on the cathode side is 0.01 m/s. The inlet reactant gas mixture
consists of 0.14 weight fraction of oxygen, 0.85 weight fraction of nitrogen, and 0.01 weight
fraction of water vapor. This composition has been considered based on the previous chapter. The
bipolar plate is insulated from the surroundings. The temperature of the cell is considered to be
333.15 K (60 °C), and the reference pressure is 101325 Pa. The wall heat flux is calculated based
on equation [3.9] in Chapter-3 has been applied at the face of the GDL facing the catalyst layer
[156]. The reactive gas density and viscosity are estimated as a function of pressure and
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temperature. The properties of the materials used as GDL (carbon paper) and bipolar plate are

presented in Table 3.1 of Chapter-3.

6.5 Results and discussion

Different simulations were carried out to observe the hot spot formation in the 3D cathode side
PEM fuel cell, having reconstructed porous GDL structure with straight, bumped, and wavy gas
flow channels. The results were analyzed to see how effectively the bumped and wavy type channel

designs mitigate the hot spot formation.

6.5.1 Hot spot formation in the PEM fuel cell cathode having 3D reconstructed GDL and

conventional straight flow channel

In the first simulation study, the temperature distribution in the cathode side regions of the straight
bipolar plate, gas flow channel, and the reconstructed GDL is obtained. Figure 6.7 shows the color
map of the temperature on the cathode side at different times and also the time variation of the
maximum temperature observed. It can be observed that the maximum temperature regions (hot
spot patches) are located at the GDL surface near the entrance of the gas flow channel, and the
maximum temperature keeps on increasing up to 397 K (124 °C) beyond 40 sec (Figure 6.7) in
case of conventional straight gas flow channel for the constant supply of species (O and N>)

composition.
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composition, (b) Start-up dynamics for maximum or hotspot temperature versus time.

Large amounts of heat are liberated because of the instantaneous electrochemical reaction near the
inlet, where the oxygen mass fraction is high. This may lead to increased local hot spot
temperatures. This slowly drops along the channel length as the oxygen concentration decreases
from the inlet to the outlet. It is consistent with the results reported in the previous chapter 2D
simulation study on the cathode side with the conventional straight channel and regular GDL
structure. However, the maximum temperature obtained in the 3D model study with reconstructed
randomized GDL structure is less by 23 K in 100 sec compared to that observed in the 2D study
with regular GDL structure. This could be because of the conductive heat transfer resistance
offered by the carbon cylindrical fibres considered in the randomized 3D GDL structure, which
would slow down the transfer of heat produced at the catalyst layers towards the channel. Figure
6.8 shows the streamlines of oxygen diffusive flux in the through-plane direction in the
reconstructed GDL as well as the temperature variation among the layers of fibres in the GDL.

Variation in the temperature of the fibres in the layers from the catalyst-coated end to the one
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facing the channel can be evidently seen; for instance, the temperature of the first layer of GDL

close to the catalyst and membrane layer is higher.

The electrochemical reaction between the catalyst and the gas diffusion layer generates heat and
produces water. The total heat, including the reaction heat, ohmic heat, and phase transition heat
of the water, will be carried away by either the diffused gas through the GDL or by convection
along the channel by the flow of inlet gas or by conduction towards the bipolar plate. This can be
observed from the temperature distribution along with the thermal diffusive flux vectors shown in
Figure 6.9. The heat flux vectors show the direction of heat flow by the diffused gas from the GDL
towards the channel. Bigger size arrows indicating higher thermal diffusive flux can be observed
near the gas feed entrance, where the local hot spot patch development begins. The reaction heat
that is not adequately evacuated will accumulate and result in a local hot spot close to the catalyst
surface and the channel entrance. These hot spots may result in drying up of the membrane, which
further causes puncture in the membrane and crossover of the gases. Hence, it is clear from the

start-up dynamics that the PEM fuel cell’s durability will be compromised if the hot spot formation

is not mitigated.

Figure 6.8 Streamlines of oxygen diffusive flux through the 3D reconstructed GDL and the
temperature variation of its fibre layers.
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In the previous chapter, 2D simulation analysis presented two strategies for mitigating the hot spot,
such as using bumps in the channel flow path and oscillating supply of nitrogen and oxygen. The
current 3D simulation study with the reconstructed porous structure is extended further by
proposing variant designs for local hot spot mitigation in the next chapter. The following section
presents the results obtained from the 3-D simulation study with the conventional straight channel

designs for an oscillatory nitrogen supply.

6.5.2 Using an oscillatory supply of the nitrogen gas in the inlet of the proposed channels

The previous chapter described the efficacy of using an oscillatory supply of nitrogen gas for the
conventional 2D straight flow gas channel in mitigating the local hot spot formation. The
sinusoidal or oscillatory inflow composition of the three gaseous components in the cathode side
inlet is represented by equations 5.1 [a-c] in chapter 5. These are set up such that at any moment

in time, the total of the three fractions of oxygen, nitrogen, and water vapor equals one. Here, & is
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the amplitude of nitrogen and oxygen oscillatory compositions. Based on the analysis of the cyclic
gas inlet through the 2D straight gas flow channel presented in the previous chapter, the optimum
value for the amplitude of the cyclic gas supply and the fractional coverage of the Pt catalyst is
considered as 6 = 0.03 and ¢ ¢ = 0.10 respectively, for studying the effect of cyclic input on the
3D straight channel geometric shapes of the channel designs. Figure 6.10 displays the simulation
analysis of the maximum surface or local hot spot temperature for the constant inlet compared with
that obtained with the cyclic input to a conventional straight gas flow channel. It can be clearly
noted from Figure 6.10 that the cyclic supply greatly reduced the hot spot temperature realized
with the constant inlet to the typical straight channel. This is advantageous for ensuring the

membrane and MEA durability, which aids in the improved stability and durability of membranes.
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Figure 6. 10 Comparison of maximum surface temperature on the membrane-catalyst interface

for £5=0.10 and cyclic inlet with amplitude of & = 0.03 for straight channel designs

6.6 Summary

This study provides a transient, three-dimensional simulation performed on the cathode side of a

PEM fuel cell using a reconstructed porous GDL structure to locate hot spots adjacent to the
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catalyst-membrane interface. The efficacy of oscillating nitrogen gas feed at the channel's inlet to
mitigate the local hot spot patch is also presented in this study. Here are the main conclusions that

can be drawn from the study:

» Local hot spot formation was simulated by incorporating the reconstructed 3D porous GDL

structure on the cathode side computational domain of the PEM fuel cell.

» The maximum surface or local hot spot temperature obtained in the straight channel during
the 100 seconds of operation is 397 K (123.85 °C). This temperature is observed to be less
by 23K compared to that noticed in the 2-D simulation of the cathode without considering

the random GDL structure.

* It has also been demonstrated that when the oscillatory nitrogen is supplied, with an
amplitude of 0.03 along with catalyst loading 0.1, the maximum temperature achieved is
325 K (54.85 °C) at 35 sec. Moreover, it can also be observed that there is a continuous
variation in the maximum temperature over time. This helps in maintaining a lower

operating temperature of the cell.

The study of hot spot identification and mitigation with the 3-D random GDL porous structure has
been extended to different shapes of the channels in the next chapter. The effect of shape of the
channels on the mitigation of the hot spots are studied in detail with the developed 3-D model of
the cathode. Different shapes of the channel geometries also serve as another strategy for hot spot

mitigation apart from the use of the oscillatory nitrogen gas supply.
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Chapter 7

Further studies on hot spot mitigation using different channel configurations

Chapter -6 discussed the extension of the thermal model of the cathode side for identification of
the hot spots using the computational domain with 3-D random porous structure of the GDL. The
consideration of more realistic porous carbon paper as part of the computational domain resulted
in conservative values of the hot spot temperatures, which are less by 23 K compared to the
predictions from 2-D simulations in case of conventional straight flow channel. This chapter aims
to propose different geometric shapes of the channel configuration as a strategy with the 3-D model
for hot spot mitigation apart from the bumped channel design, which was discussed in Chapter-5.
The effect of shape of the channel on hot spot mitigation is studied by considering six different
variants, which include bumped, wavy, variable wavy A & wavy B, diverging and converging
designs. The results obtained from the simulation of these cases in terms of hot spot temperature
and pressure drop are discussed in detail in the following sections. Towards the end, the effect of
oscillatory input on these variants is also presented. This chapter covers the last objective of the
current computational study on the hot spot identification and mitigation.

7.1 Description of cases and geometries considered

This study is an extension of the work presented in the previous chapter on considering the 3D
computational domain of the cathode side with a more realistic randomized porous structure for
the GDL. This simulation study explores the local hot spot patch identification using fluid, heat,
species, and energy transport in a new 3D reconstructed carbon paper GDL used in a single-phase,
time-dependent, non-isothermal model simulation using different shapes of the flow channels.

Following channel shapes are considered in this regard.

Bumped flow channel
Wavy flow channel
Variable wavy channel A
Variable wavy channel B

Diverging flow channel

S oA

Converging flow channel
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It attempts to study how the channels of different geometric shapes would affect gas transport and
hot spot formation. No studies on the non-isothermal studies with hot spot identification using 3D
reconstructed GDL structure and the above channel configurations in the literature are available.
This chapter aims to fill this gap by exploring how reactive gases diffuse over a new 3D
reconfigurable carbon paper (GDL) in a single-phase three-dimensional transient model simulation
based on the methodology described in the previous chapter. The study also explores how the
geometric shape of the channel effects the hot spot temperature in the PEM fuel cell and thereby

helps in improving the durability of the membrane.

Figure 7.1 shows the different geometric shapes of the channel designs that were studied in order
to mitigate the development of hot spots. The design parameters for each of the channel shapes
can be found in Figure 7.1. In the Chapter-5, the bumped gas flow channel was studied in detail
with regard to the effect of bump size on the hot spot mitigation and pressure drop using a 2D
cathode domain with a regular GDL structure. However, for the comparative study, the bumped
channel design with a size of 0.5 mm radius and the spacing between the bumps as 0.5 mm (the
optimized dimensions as discussed in Chapter-5) was simulated again on the 3D computational
domain with reconstructed randomized GDL porous structure. The wavy flow channel was
constructed with six peaks and five troughs of height as 0.5 mm and by maintaining uniform
distance between two adjacent troughs and peaks as 1.8 mm. The variable wave channel A was
constructed with the peaks and troughs close to the outlet of the channel. At the same time, they
corresponded to the inlet position for the variable wave channel B [157]. In these variable wavy
types, A and B, the spacing between the adjacent peaks or troughs was not maintained uniform but
they were spaced with 10% increment in the spacing between the troughs/peaks from the outlet
(type A) or inlet (type B) as shown in Figure 7.1 (c) & (d). The divergent flow channel has an inlet
depth of 0.5 mm and an outlet depth of 1. mm. In convergent flow channels, the inlet depth is 1 mm,

and the outlet depth is 0.5 mm.

The computational domains with the above six types of channel configurations were meshed using
unstructured mesh. The domains were divided into the tetrahedral mesh elements using the multi-

region method. The details of the mesh count are presented in Table 7.1.
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Table 7.1 Mesh details of the computational domains with six types of channel shapes

Mesh type | Bumped | Wavy Variable A | Variable B | Diverging | Converging

Tetrahedral | 1418461 | 1358632 | 1442837 1441878 1309815 1309802
Triangular 246809 | 239353 244701 244609 233445 232609
Edge 5077 50469 50709 50709 50062 50055
Vertex 2022 2034 2034 2034 1992 1992

7.2 Numerical model description

The equations solved and the methodology adopted were discussed in detail in the previous
chapter-3 and this served as the foundation for the numerical 3D model used in this study. The
inlet boundary of the cathode was defined using the inlet velocity and humidity. The composition
of the inlet gas mixture was defined as (weight fraction) consisting of oxygen (0.14), nitrogen
(0.85), and a minute quantity of water vapor (0.01) and was fed at a velocity of 0.01 m/s. This
oxygen composition, which is less than that present in the ambient air was used as per the optimum
composition obtained in Chapter-4. Table 7.2 lists different operating conditions used in the
present study. The density and dynamic viscosity of the mixture of gases were given as operating
temperature and pressure-dependent properties. All exterior walls were defined as thermally
insulated domains. The cathode channel outlet was designated as a pressure (1 bar) outlet to
prevent backflow. On the surface of the Pt catalyst on the extreme layer of the GDL, it was assumed
that the wall convective heat flux was transported into the gas diffusion layer; Chapter-3 may be
referred for more information on the methodology and solution strategy.

Table 7.2 Operating conditions used in the present study.

Variable Units Value
Operating Temperature °C 80
Operating Pressure Pa 100,000
Cathode Gas Inlet m/s 0.01
Oxygen Mass fraction 0.14
Nitrogen Mass fraction 0.85
Water vapor Mass fraction 0.01
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7.3 Result and discussion

Different simulations were carried out to observe the hot spot formation in the 3D cathode side
PEM fuel cell, having reconstructed porous GDL structure with straight, bumped, different wavy
types, converging and diverging gas flow channels. The results were analysed to see how
effectively these different geometric shapes of the gas flow channel mitigate the hot spot

formation.

7.3.1 Hot spot formation in flow channels with different geometric shapes

The contours of the temperature distribution in the four-channel designs at different times are
shown in Figure 7.3. In all the cases, the maximum hot spot temperature was observed near the
entrance of the gas flow channel, the GDL, and the membrane interface. Unlike the straight flow
channel, the reactant gas has constricted area in its flow path, and this causes the fluid velocity to
be high. As opposed to the straight flow channel, the reactant gas has a constricted area in its flow
path in the case of these four-channel designs, and as a result, the fluid velocity is high. This assists
in removing heat generated on the cathode side by convection, thereby minimizing the hot spot
temperature in the cell. As can be seen from a comparison of Figures 6.7 and 7.3, both the
magnitude of the maximum hot spot temperature and the area of the hot spot patches decrease in
the channels having bumped and three waveform shapes compared to that of a straight gas flow
channel. Among the four-channel variants - bumped, wavy, variable wave A and variable wave B,
it can be observed that the wavy and variable wavy B channel offers more reduction in the

maximum surface or local hot spot temperature.

Figures 7.4 (a) and 7.5 (a) illustrate the highest surface (hot spot) temperature for diverging and
converging channels, respectively. Since the inlet size is smaller, the velocity in the diverging flow
channel is greater near the inlet boundary, as illustrated in Figure 7.4 (b). The total flux (convective
and diffusive) of oxygen mass fraction through the gas diffusion layer reduces due to the higher
velocity at the inlet boundary and diffusing less towards the catalyst layer surface, which is an
essential variable for electrochemical reaction. Figure 7.4 (a) above shows that the oxygen mass
fraction consumes completely at the inlet boundary close to the gas diffusion layer, where minimal
velocity can be noticed. Moreover, the heat production is decreased owing to the electrochemical
reaction at the catalyst layer due to low total diffusion toward the catalyst layer.
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The spatial location of the local hot spot patch in the divergence and convergence flow channel,
which is closed to the inlet boundary of the reactive gas flow channel, is also illustrated in Figures
7.4 (a) and 7.5 (a). As the operating duration progressively grows, the intensity of the local hot
spot patch near the inlet boundary grows more intense in the catalyst and membrane layer, as
illustrated in Figures 7.4 (a) and 7.5 (a). Consequently, the maximum surface temperature is
limited to 377 K (103.85 °C).

As shown in figure 7.5 (b), the inlet feed velocity of the air in a converging flow channel is less
than that of a diverging flow channel due to the increased area at the entrance boundary;
nevertheless, when reactant gas approaches the outlet boundary, the feed velocity accelerates. In
addition, there is a higher mass fraction of oxygen in the inlet region of the converging flow
channel than in the inlet region of the diverging flow channel. Moreover, the reactants have more
residence time at the entrance region; consequently, oxygen starts to be consumed faster at the
inlet boundary region. An electrochemical reaction occurs more due to more oxygen diffusion in
the catalyst layer because the reactive gases have a longer residence time than in the divergence
flow channel case at the inlet area in figure 7.5 (a). Contrary to diverging designs, it has been
shown that the converging channel helps to enhance the total diffusion of reactants. Consequently,
the maximum surface temperature is restricted to 392 K (118 °C) in the converging gas flow

channel. However, increasing gas velocity is due to a decreased area at the outlet boundary.

It can be clearly noted from the start-up dynamics shown in Figure 7.6 that the highest hot spot
temperature is observed in the straight gas flow channel compared to that observed with different
channel geometric shapes. The initial temperature corresponding to t=0 sec was the same for all
seven cases, and the hot spot temperature increased with time and stabilized at different
temperatures. The maximum hot spot temperature can be observed at 397 K for a straight flow
channel, whereas the lowest hot spot temperature within 100 seconds can be observed at 378 K
(104 °C) for a diverging flow channel. The stabilized hot spot temperatures noticed were 385 K,
383 K, 386 K, 383 K, 377 K and 392 K, respectively, for the bumped, wavy, variable wave A,
variable wave B, diverging and converging channels, which were lower than that observed (397
K) in the straight flow channel. Among all the different channel shapes, the diverging, bumped
and wavy flow channels are found to attain the maximum temperature quickly. It can also be

observed that the diverging channel design helps in lowering the hot spot temperature (377 K) to
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a larger extent than other designs. Next best channel shapes showing good reduction in the hot
spot temperature are the wavy and the variable wave type — B channels by around 383 K compared
to the straight flow channel. Though these shapes mitigate the hot spot formation, these designs
restrict the reactant flow in the channel and result in a high-pressure drop. Therefore, due care has

to be exercised in choosing the proper shape of the channel.
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Figure 7.6 Influence of channel shapes on the maximum hot spot temperature over time.

7.3.2 Pressure drop for all flow channel shapes

Figure 7.7 displays the pressure drop comparison among the different geometric shapes of the
channels considered. It is evident that the conventional straight flow channel which has no
constrictions in the flow path offers the lowest pressure drop compared to the bumped, wavy, wavy
A, wavy B, and converging channels. The maximum pressure drop noticed is 400 Pa with the wavy
channel B, which is eight times more than that in the conventional straight flow channel. The
pressure drops in the case of wavy, variable wave A, bumped, and converging channels are 2.6,
2.2, 2.2,and 2 times the pressure drop in the case of the straight channel (54 Pa) respectively, while
the pressure drop in case of diverging channel is found to be 49 Pa, slightly lower than the
conventional straight flow channel. It is desirable for the flow field channels not to result in high-
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pressure drops in order to extend the life of the delicate membrane, the MEA of the cell, and to
reduce the auxiliary power losses. Hence, flow field pressure drop is an important consideration
in the design of fuel cells and stacks. Considering the channel structure and the pressure drop
offered into account, the use of diverging shape would be a favorable design to mitigate the local
hot spot formation in the cell. It provides no increase or comparatively very less increase in
pressure drop while reducing the hot spot temperature considerably from that of a straight channel,
bumped channel, converging channel and other wavy channel designs. Although the bumped and
other wavy channel designs reduce hot spot temperature compared to that of straight flow channel,
there are chances for corrosion in these designs because of the presence of sharp corners and edges.
A diverging channel shape is advantageous in extending the life of bipolar plates by avoiding
corrosion, as corrosion is another essential characteristic of bipolar plates that must be considered
when selecting a suitable channel design for bipolar plates. The difficulty of manufacturing will

also be less for diverging design compared to the bumped and other variable waveforms.
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Figure 7.7 Pressure drop across the channel for different shapes of the gas channel designs
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7.3.3 Using an oscillatory supply of the nitrogen gas in the inlet of the proposed channels

The effectiveness of using an oscillatory supply of nitrogen gas for the typical 3D straight flow
gas channel in minimizing the formation of hot spot temperature was discussed in depth in the
previous chapter. This has been used in this case for the channels that have bumps, three distinct
waveforms, divergent and convergent flow patterns, and the outcomes of these have been
contrasted with those of the conventional straight channel. The sinusoidal or oscillatory supply
composition of the three gaseous components in the cathode side inlet is represented in the
previous chapter. These are set up such that at any moment in time, the total of the three fractions
of oxygen, nitrogen, and water vapor equals one. Here, & is the amplitude of nitrogen and oxygen
oscillatory compositions. According to the findings of the prior chapter's investigation of the cyclic
gas supply through the straight gas flow channel, the amplitude of the cyclic gas supply and the
fractional coverage of the Pt catalyst was effectively chosen as § = 0.03 and & = 0.10
respectively for the purpose of exploring the impact of the oscillatory supply on the various
geometric shapes of the channel design.
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Figure 7.8 Comparison of maximum surface temperature on membrane-catalyst interface for

€s=0.10 and oscillatory supply with amplitude, & = 0.03 for different channel designs.

120



Figure 7.8 shows the maximum temperature obtained for the oscillatory input for the six different
geometric shapes of the channels. For comparison purposes, maximum temperature obtained in
conventional straight flow channel with constant gas composition and oscillatory gas composition
at the inlet are also shown in Figure 7.8. It can be seen that the cyclic supply of nitrogen gas along
with oxygen at the inlet reduced the maximum hot spot temperature almost by the same extent i.e.,
72 t0 80 K (72 K in case of straight channel and 80 K in case of diverging channel) for all the
shapes of the channels when compared to hot spot temperature in straight flow channel with
constant gas composition at the inlet (i.e., 397 K). On the other hand, pressure drop across in these
shapes of the channels, except for diverging channel was higher compared to that of the straight
channel as illustrated in Figure 7.7. Hence, it can be inferred from this result that when the
oscillatory gas composition at the inlet is used as strategy for hot spot mitigation, applying it on
either straight flow channel or on diverging channel is effective rather than applying it on any other
geometric shape of the channel. In that case, the maximum temperature attained can be maintained
as low as 317 K (diverging with cyclic) or 325 K (straight with cyclic) for the oxygen and nitrogen
mass fractions considered in this study. This would ensure safe thermal operation of the fuel cell
as far as membrane durability is considered. It can also be concluded that the cyclic input at the
cathode inlet is an effective strategy to reduce the local hot spot temperature early and more
significantly, which ultimately contributes to the improved membrane stability and durability of
the PEM fuel cell.

7.4 Summary

The effect of geometric shape of the gas flow channel on the hot spot mitigation was studied by
considering bumped, wavy, variable wavy A, variable wavy B, converging, and diverging flow

channels in this work. The key conclusions from the study are summarized as follows:

» All the different shapes of the channels lowered the maximum surface temperature at the
cost of increased pressure drop, while the diverging channel helped in reducing the
maximum hot spot temperature to a greater extent (20 K) with low pressure drop compared

to that of the conventional straight flow channel.

* The cyclic (sinusoidal) input of oxygen and nitrogen with amplitude of 0.03 and time
period of 20s at the cathode inlet resulted in lowering of the maximum hot spot temperature
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to 317 to 325 K for different shapes of the channels including straight channel compared

to that realized in straight channel with constant input of gases.

* When the oscillatory gas composition at the inlet was used as strategy for hot spot
mitigation, applying it on either straight flow channel or on diverging channel was effective

rather than applying it on any other geometric shape of the channel.

122



Chapter- 8

Overall Conclusions and Scope for Future Work

123



Chapter- 8

Overall Conclusions and Scope for Future Work

This chapter presents the conclusions drawn from the entire study discussed in the previous

chapters and the potential scope for further investigation.

8.1 Overall Conclusions

The aim of this study was to come up with a simulation analysis of the cathode side of single-cell

PEM fuel cell for the identification and mitigation of the local hot spots. The CFD simulations

carried out in COMSOL Multiphysics 4.4 were able to effectively simulate the local hot spot

patches near the channel inlet regions. Two different strategies were proposed through simulations

to mitigate the hot spot formation — (i) using different shapes of the gas flow channels and (ii)

using cyclic input of nitrogen and oxygen at the cathode inlet. Following are the major conclusions

drawn from the entire study.

The temperature maps obtained from the steady-state simulation of the cathode portion of
PEMFC showed that the highest temperature or hot spot occurrence was close to the
entrance.

When the purity of the oxygen is higher, a higher power density may be generated on the
cathode side; nevertheless, the hot spots will be formed and effect the life of the membrane.
The study revealed that an inlet velocity of 0.01 m/s for the reactant gas was ideal for
avoiding excess use of pure oxygen and nitrogen mass fractions, while an optimal oxygen
oxygen and nitrogen mass fractions of 0.14, 0.85, and 0.01 for water vapor (relative
humidity) were shown to produce better performance of PEMFC.

2-D transient simulation study on the cathode side of the PEM fuel cell revealed that gas
flow channels with bumps were resulting in lower hot spot temperatures compared to
straight channels. A bump size of 0.5 mm was recommended from the hot spot temperature
and pressure drop perspective.

The strategy of the cyclic supply of nitrogen gas and oxygen gas was found to be effective
in the mitigation of the local hot spots significantly.

The simulation analysis of the combination of the two techniques, i.e., cyclic input to the

bumped gas flow channel, has shown a further reduction in the hot spot temperature.
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Local hot spot formation was simulated by incorporating the reconstructed 3D porous GDL
structure on the cathode side computational domain of the PEM fuel cell.

The maximum surface or local hot spot temperature obtained in the straight channel during
the 100 seconds of operation is 397 K (123.85 °C). This temperature is observed to be less
by 23K compared to that noticed in the 2-D simulation of the cathode without considering
the random GDL structure.

Different shapes of the channels (such as bumped, wavy, variable wavy A, variable wavy
B, converging and diverging) lowered the maximum surface temperature at the cost of
increased pressure drop, while the diverging channel helped in reducing the maximum hot
spot temperature to a greater extent (20 K) with low pressure drop compared to that of the
conventional straight flow channel.

The oscillatory nitrogen gas supply strategy significantly reduces the local hot spot
temperature in different flow channel designs, including straight, bumping, wavy, variable
A, variable wavy B, converging, and diverging channel designs.

The cyclic (sinusoidal) input of oxygen and nitrogen with amplitude of 0.03 and time
period of 20s at the cathode inlet resulted in lowering of the maximum hot spot temperature
to 317 to 325 K for different shapes of the channels including straight channel compared
to that realized in straight channel with constant input of gases.

When the oscillatory gas composition at the inlet was used as strategy for hot spot
mitigation, applying it on either straight flow channel or on diverging channel was effective

rather than applying it on any other geometric shape of the channel.

8.2 Scope for Future work

Through the computational fluid dynamic studies, the present work simulated the possibility of
formation of local hot spots at the membrane-catalyst layer interfaces near the entrance of the
channels under worst case scenario of no cooling conditions in PEM fuel cells. The study also
proposed different strategies for the mitigation of the local hot spots such as changing geometric
shape of the channels and employing cyclic supply of oxygen and nitrogen at the cathode inlet. It
is envisaged that the present work can be further continued as there is a good scope for future work

in the following areas:
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Experimental studies using the proposed channel designs on the cathode side of the PEM
fuel cell can be conducted to realize the findings of the present work.

Full-scale 3D simulation of the single-cell model with both anode and cathode sides to
examine the formation of hot spots.

Cooling strategies using water and other heat transfer fluids can be explored for mitigation
of the hot spot formation.

The present study conducted on low temperature PEM fuel cells can also be extended to

medium to high temperature PEM fuel cells operating at 100 to 180 °C.
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