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Abstract

Most generally used flow channel designs in a polymer electrolyte membrane fuel cells
(PEMFCs) are serpentine flow designs as single channels or as multiple channels due to their
advantages over parallel flow field designs. But these flow fields have inherent problems of high
pressure drop, improper reactant distribution, and poor water management, especially near the U-
bends. The problem of inadequate water evacuation & improper reactant distribution become more
severe as these designs become worse at higher current loads (low voltages) and higher active
areas. A novel flow field layout named as ‘enhanced cross-flow split serpentine flow field
(ECSSFF) having unique feature of induced cross-flow at preferential locations was proposed by
Suresh et al. (2011) to address the above problems. Its advantages of less pressure drop and more
cross-flow in the flooding prone regions leading to better reactant distribution were
computationally demonstrated by considering only hydrodynamics without reactions on one half
of the cell. A detailed full-scale performance study of the PEMFC with this potential ECSSFF
using electrochemistry, multi-component and multi-phase phenomena are not available in the
literature. A systematic analysis of effect of channel to rib width ratio of ECSSFF design on the
cell performance and parametric study of different operating conditions was also not done. This
forms the basis for the current study.

In the present work, a detailed performance analysis of ECSSFF design for both rectangular
and square cross-sectional PEMFCs has been conducted using a three-dimensional (3-D)
multiphase, steady state, computational fluid dynamic (CFD) model. The ECSSFF design is used
on cathode side of the cell because of the sluggish oxygen reduction reaction kinetics and a parallel
flow field is used on the anode side of the cell. Air and pure hydrogen are used as reactants on
cathode and anode side respectively. The performance of PEMFC with 3-channel ECSSFF has
been compared with the performance of single serpentine and parallel triple serpentine flow designs
on cathode side by keeping all other parameters and anode side flow field design similar. The best
ratio of channel width to rib width for the flow fields are also found. The performance is evaluated
in terms of their polarization curves. A detailed parametric study is also carried out by varying

different operating conditions, viz, reactant flow rates, cell operating temperature, pressure and



reactant humidities. The effectiveness of the ECSSFF design has also been evaluated for higher

active areas.

It has been shown that the ratio of channel to rib widths of 2:1 gives the best results for
rectangular shaped ECSSFF layout. The performance displayed by ECSSFF design is found to be
on-par with that of single serpentine flow field design for the same flow rates with almost 30 times
lesser pressure drop. ECSSFF has exhibited superior performance in terms of offering high currents
and low pressure drops compared to both single serpentine flow field design and triple serpentine
flow field design. The percentage increase in the net power output with ECSSFF design over triple
serpentine flow field design increases from 4.5% to 13.5% with increase in cell area from 50 cm?
to 200 cm?. The percentage drop in net power density with increase in active area for ECSSFF

design is almost 55% less compared to that with triple serpentine design.

Finally, the concept of ECSSFF channel layout is extended to a square cross-sectional PEM
fuel cell to find its applicability. A detailed parametric study including the channel and rib width
dimensions for square shaped ECSSFF channel design is carried out. This layout has also been
evaluated for its efficacy at higher active areas up to 200 cm?. The CW to RW ratio of 1:1 resulted
in peak performance at cell operating pressure and temperatures of 200 kPa and 70 °C for fully
humidified anode reactants and 50% humidified cathode reactants. The performance of the square
PEMFC with 4-channel ECSSFF design on cathode side is found to be superior to that with five
parallel serpentine design and the proposed design is also found to be effective for higher active

areas.

This study establishes that the ECSSFF layout is more beneficial when a PEM fuel cell
needs to be operated at higher current densities and a potential flow field design to be considered

for higher active area cells/stacks for large scale power production.
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Introduction



Introduction

World’s population is estimated to rise by 2 billion in next 30 years, from present 7.7 billion
to 9.7 billion by year 2050. It is projected that India will overtake China by 2027 making it most
populated country in the world [1]. India’s percentage in total primary energy demand globally is
estimated to be almost doubled by 2040, due to its population growth and economic development.
India’s net CO2 emissions are set to be doubled by year 2040 to 5 Gt, meaning its share of global
emissions increases from 7% (2018) to 14% by 2040 [2]. Transport sector as a whole was
accountable for 24% of overall CO, emissions worldwide in 2016, out of which road transport
alone is responsible for 72% emission [3]. One of the best alternatives to reduce the CO2 emissions
from road transport is to use fuel cell powered vehicles. The most suitable type of fuel cell, which
can be used to power the varying loads of vehicles is polymer electrolyte membrane (PEM) fuel
cell. These cells can also be used for stationary power applications.

1.1 Fuel cell as a power generation system — Working principle

Fuel cells are electro-chemical devices which convert stored chemical energy of the fuel
into electrical energy by redox reactions. In a typical PEM fuel cells, hydrogen gas as fuel is sent
to anode side, which gets oxidized in the presence of a catalyst, releasing electrons and protons.
These generated electrons flow through the external circuit doing the work and reach the cathode
side. The generated protons will pass through electrolyte reaching the cathode side. The electrolyte
will allow only the protons to pass through it. Oxygen is sent on cathode side, where it combines
with electrons coming from external circuit and protons coming through electrolyte in presence of
catalyst, forming water as final product. This is a exothermic reaction releasing some waste heat.

The overall process of power generation from hydrogen gas using PEMFC is shown in Figure 1.1.

Following are the two half-cell reactions taking place in a typical hydrogen based PEM fuel cell.

Anode side reaction:

Ho > 2H* + 2¢ Eo=0V



Cathode side reaction:
% Oz + 2H* + 2" & H,0 +Heat E,=1.229 V
Overall Reaction:

H2 + % O2 = H20 + Power + Heat E,=1.229 V

9

Anode i Cathode
H 1

( Hydrogen @ °

=P (  Oxygen
{ ]
>
- ° Electron (¢) @ Hydrogen (H,)
g o ° Oxygen (O,)
. e Proton (H")
- ® Water (H,0)
y °
( ]
Hydrogen ° - .Water + Oxygen
Flow
‘—I Fl
Channel - Catane Catalyst — Cha?1vr\1’el
Gas Diffusion Layer Layer Gas Diffusion
Layer Layer

Proton Exchange Membrane

Figure 1.1 Schematic of the functioning of a typical PEM Fuel Cell.

1.2 History and Types of Fuel cells

The idea of a fuel cell had been effectively demonstrated by Humphry Davy in the early

19" century. This was followed by pioneering work on what were to become fuel cells by the

scientist Christian Friedrich Schonbein in 1838. The invention of fuel cells are credited to William

Grove, a chemist and physicist, who developed the fuel cell in 1839. Grove had conducted a series

of experiments, showing the generation of electric current from an electro-chemical reaction

between oxygen and hydrogen in presence of platinum catalyst, which he termed as “gas voltaic

battery”. Charles Langer and Ludwig Mond were the first to propose the term “fuel cell” in 1889,

who used coal gas as a fuel for fuel cells [4].



Professor Francis Bacon altered Mond's and Langer's equipment in 1932, to develop first
alkaline fuel cell (AFC). It took almost 27 years for the development of, first practical 5 kW fuel
cell system by Bacon in 1959. In the same year, Harry Karl Ihrig fitted a modified Bacon cell of
15 kW to an Allis-Chalmers agricultural tractor. NASA partnered with industries in late 1950s and
early 1960s for developing fuel cell generators for manned space missions. NASA’s partnership
with General Electric (GE) resulted in the invention of first Polymer Electrode Membrane Fuel
Cell (PEMFC) unit by Willard Thomas Grubb. Another researcher from GE Leonard Niedrach,
modified Grubb's PEM Fuel Cell by replacing catalyst with platinum, which is still the best catalyst
for PEMFCs. The Grubb-Niedrach cell was further improved in collaboration with NASA, and was
used for Gemini space program in 1960s. UTC Power developed an AFC of 1.5 kW capacity for
Apollo space mission. This cell provided both electrical power as well as drinking water. UTC
Power successively developed AFC of 12 kW to provide power to onboard systems on all space
flights.

Commercialization of fuel cells for various applications began in 2007. In particular, direct
methanol fuel cell (DMFC) and PEMFC were used as auxiliary power units (APU) in campervans
and boats, similarly fuel cell units were also sold in portable sector such as educational kits and
toys. These fuel cells were also used for providing power to communications and surveillance
equipment for military purposes. The requirement of a reliable off-grid or on-grid stationary power
in developing countries, reliable APU units for telecom networks during rescue operations further
imputes the usage of fuel cells for stationary power generation. The need of reliable on-grid or off-
grid stationary power in developing countries further boosted the fuel cell technology. In late
2000s, PEM fuel cell units powered by natural gas and hydrogen gas were sold in east Africa and

India as backup or primary power units of telecom poles.

Fuel cells are also being deployed for transport applications, they are majorly being used in
material handling segment in warehouses to arrange the goods. Buses powered by fuel cells were
successfully demonstrated but, due to high cost and lack of hydrogen infrastructure made these

buses to be available only in limited numbers. Many car manufacturing companies are also



venturing to invest in fuel cell powered cars in the future, which will hopefully reduce the cost of

fuel cell powered vehicles [5].

Classification of Fuel Cells:

There are several types of fuel cells that have been developed. They are usually classified
on the basis of the type of electrolyte used, as the electrolyte limits the functioning temperature and
type of fuel that can be used. Different types of fuel cells are briefly discussed here and various

features of these cells are presented in Table 1.1.

Polymer Electrolyte Membrane Fuel Cells (PEMFCs):

These are usually operated at low temperatures i.e., around 50 to 90 °C due to the limitation
on the thermal stability of the polymer membrane electrolyte used in the cell. The PEMFC is highly
susceptible to carbon monoxide poisoning which reduces the performance by several percent, if
contaminated fuel is used. Because of waste heat generation, these fuel cell systems require cooling
systems and also produced water is to be evacuated properly. Efficiencies of 60 percent may be

attained with these cells, when used in transportation vehicles.

Alkaline fuel cells (AFCs):

These fuel cells have an aqueous solution of potassium hydroxide or sodium hydroxide as
electrolyte. This cell also uses hydrogen gas as fuel with pure oxygen (or oxygen present in air) as
oxidizer. AFC operates below 100 °C and are built from metal and plastics. Carbon and metals
such as nickel are used for electrodes. The water produced must be removed by evaporation. The
efficiencies of these cells vary from 30 to 80 percent, depending on the type of fuel and oxidizer

used.

Phosphoric acid fuel cells (PAFCs):

The PAFCs use ortho-phosphoric acid as electrolyte, which allows them to operate up to
200 °C. Because of this high operating temperature, contaminated hydrogen fuel with oxygen cane
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be used in PAFC. The electrodes comprise of catalyzed carbon and are organized in pairs, set back-
to-back to create a series circuit. The mounting structure for this assembly of cells is made of
graphite. These PAFCs were tested for local municipal power generation on a limited scale and
also in remote-site power generation. Efficiencies of up to 40 percent may be attained with these

cells.

Molten carbonate fuel cells (MCFCs):

The electrolyte of a MCFC is made up of molten carbonate salt suspended in a porous
ceramic matrix. Carbonated salts like potassium, lithium and sodium are commonly used. These
fuel cells operate at high temperatures around 650 °C. Because of these high temperatures, the
reaction Kkinetics are high and usage of noble metal catalyst is not required to improve the
performance. These fuel cells can also work with varies types of fuels such as methane or natural
gas, including coal derived fuels gas, eliminating the pre-reformation of the fuel. Efficiencies of

50 percent may be attained, where fossil fuels are used.

Solid oxide fuel cells (SOFCs):

The Solid oxide fuel cells work at very high temperatures, around 800°C - 1,000°C. The
electrolyte of SOFCs is made up of solid ceramic, like zirconium oxide stabilized with yttrium
oxide, instead of membrane or liquid. As this fuel cell operates at high temperature, pre-reforming
of the fuel is not required. SOFC can also be used with various kinds of hydrocarbon fuels because
of high operating temperatures. These fuel cells are also resistant to minor quantities of sulphur
impurity in the fuel. SOFCs have an efficiencies of over 60% when used for only electricity

generation and when they are used for CHP applications, the efficiency jumps to over 80%.



Table 1.1 Types of Fuel Cell [6].

Fuel Cell Type PEMFC AFC PAFC MCFC SOFC
Common Perfluoro sulfonic | Aqueous Phosphoric Solution of Yttria
Electrolyte acid solution of acid soaked Lithium, stabilized
potassium in a matrix sodium, and/or | zirconia
hydroxide potassium
soaked in a carbonates,
matrix soaked in matrix
Operating 50 -100 °C 90 - 100 °C 150 — 200°C | 600 — 700°C 600-1000°C
Temperature
Efficiency Transportation — 60 % 40 % 50- 60 % 50- 60 %
60%
Stationary
Applications- 35%
Applications | e Backup power |e Military Distributed | e Electric utility | e Auxiliary
e Portable power |e Space generation e Distributed power
o Distributed generation o Electric
generation utility
e Transportation e Distributed
o Specialty generation
vehicles
Advantages ¢ Solid electrolyte |e Cathode e High e High ¢ High
reduces reaction is temperature efficiency efficiency
corrosion & faster in enables CHP | e Fuel flexibility | e Fuel
electrolyte alkaline e Increased e Canusea flexibility
management electrolyte, tolerance to variety of e Canuse a
problems leads to high | fuel catalysts variety of
e Low temperature | performance impurities e Suitable for catalysts
e Quick start-up  |¢ Low cost CHP e Suitable for
components CHP &
CHHP
o Hybrid/GT
cycle
Challenges e Expensive e Sensitiveto @ Ptcatalyst |eHigh e High
catalyst COzin fuel e Long startup | temperature temperature
e Sensitive to fuel | and air times corrosion and corrosion
impurities o Electrolyte |, Sensitivity breakdown of | and
management cell component | breakdown
e Long startup of cell
time component
e Low power e High
density temperature
operations

requires long
startup times
and limit

shutdowns




1.3 Operation and Components of PEM fuel cells

PEM fuel cells consist of several components which are made up of different materials. The
main parts of a PEM fuel cell are, the membrane electrode assembly (MEA) which is the heart of
PEM fuel cell and consists of membrane and catalyst layers, gas diffusion layers , bipolar plates,

current collectors and end plates.

Polymer Electrolyte Membrane (PEM):

The polymer electrolyte membrane also called as proton exchange membrane, is usually
poly[perfluorosulfonic] acid with polytetrafluorethylene (PTFE) back bone, which conducts only
positively charged ions and blocks the electron’s. The PEM is the most important component of
the fuel cell, that creates a potential difference between anode and cathode, which is the driving
force for the electron to flow externally from anode to cathode.

Catalyst Layers (CLs):

Catalyst layers are added on both sides of the membrane—the anode layer on one side and
the cathode layer on the other. These catalyst layers include high-surface-area carbon in which
nanometer-sized particles of platinum are dispersed. This mixture of carbon supported platinum
catalyst is mixed with an ionomer and sandwiched between the membrane and the GDLs. On the
anode side, hydrogen molecules are split in to protons and electrons in presence of the platinum
catalyst. On the cathode side, oxygen is reduced on the platinum surface by reacting with the
protons and electrons, producing water. The ionomer mixed in the catalyst layers creates the
pathways for the proton to travel through these layers and reach the catalyst sites.

Gas Diffusion Layers (GDLSs):

The GDLs lying between the catalyst layers and the bipolar plates on both sides facilitate
the transport of reactants into the catalyst layer, as well as removal of produced water from the CLs
to the channels of the flow field. GDLs are made up of carbon paper or carbon cloth, in which the



carbon fibers are coated with polytetrafluoroethylene (PTFE). Gases diffuse rapidly through the
pores of GDL. The water buildup in the GDL can reduce the quantity of reactants diffused to the
catalyst layer. As the GDLs are made up of carbon materials, they have good electrical conductivity
allowing the generated electrons to conduct through them.

Bipolar Plates (BPs):

Bipolar plates are generally made up of graphite material and they have good electrical
conductivity for electrons and also provide good physical strength to the cell. They also act as flow
field plates as flow channels designs are typically grooved on to their surface. These channel
designs help in proper distribution of the reactants through the entire cell active area. Figure 1.2
shows the three basic types of flow channel designs - parallel, serpentine and interdigitated. Many
more designs are developed based on the variations and / or combinations of these basic designs.
Some of these are discussed in the Chapter 2. In stacks, some additional channels are also provided

on these plates for the circulation of the coolant.

(a) Parallel (b) Serpentine (c) Interdigitated

Figure 1.2 Basic types of flow channel designs [7].

Gaskets:

When MEAs in a fuel cell are sandwiched between two bipolar plates, gaskets are required
to be added around the edges of the MEA to prevent leakage of the reactant gases. These gaskets
are generally made of a rubbery polymer.



Current collectors (CCs):

Current collectors are mostly made up of copper because of its high electron conductivity.
The electrons which are generated on anode side pass through catalyst layer, GDL and bipolar
plates to reach the current collectors. On the other hand the electrons pass from the current
collectors to catalyst layer via bipolar plates and GDL on cathode side. These current collectors on
anode and cathode sides are connected externally to close the circuit and helps in the flow of the

generated electrons from anode to cathode.

End Plates:

End plates which are kept at the back end of the anode and cathode sides help in keeping
all the fuel cell components in place. These plates are mostly made up of aluminum, because of its
good thermal conductivity. These plates help in the dissipation of the waste heat generated during

the operation of the fuel cell to the surroundings.

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

The output voltage of a single fuel cell is dependent on working conditions such as applied
load, temperature and reactant flow rates. The standard measure for performance of a fuel cell is
the polarization curve, which shows the behavior of voltage against current density. Even though
the theoretical potential of a single fuel cell is 1.229 V, the open circuit voltage (OCV) drops to a
lower value during the actual operation of the fuel cell due to the thermodynamic limitations. The
polarization curve shows the drop in output voltage with current density. Polarization curves are
typically obtained with a galvanostat/potentiostat, which draws current and measures the output

voltage of the cell. A representative polarization curve is shown in Figure 1.3.
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Figure 1.3 Polarization curve of a PEMFC [8].
In general, three distinct regions can be seen in the polarization curve of the fuel cell:

In the lower current density region, the drop in cell potential is due to activation

In the moderate current density range, the fuel cell potential drops linearly with output
current due to ohmic losses.
In the high current density or at low voltage region, the drop in potential is more drastic

mainly due to concentration polarization.

Activation polarization is the voltage over-potential required to overcome the activation

barrier for the electro-chemical reaction to happen on the surface of catalyst. The reactions involve
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complex 3-phase issue, as gaseous fuel, solid catalyst and electrolyte must make a contact. The
voltage loss happens in both anode and cathode sides however, oxygen reduction requires much
higher over-potential, because of sluggish electrode kinetics than hydrogen oxidation. The total
activation over-potential reduces almost 0.1 to 0.2 V from the theoretical voltage making the OCV

below 1 V. At low current densities activation polarization is predominant.

Ohmic Polarization:

Conductors have an intrinsic property to resist the flow of charged particles, which results
in reduction of cell voltage. This phenomenon is called “ohmic polarization,” and it constitutes of
two resistances, one is electronic (Reiec) resistance and other is ionic (Rionic) resistance. The
electronic (Relec) resistance occurs due to the resistance to the electron flow in the cell components.
The cell components which contribute for the electrical resistance are catalyst layer, gas diffusion
layer, bipolar plates, interface contacts and terminal connections. The ionic (Rionic) resistance
mainly occurs due to the resistance to the flow of protons through the membrane. This over-
potential increases almost linearly with voltage and is more predominant in moderate voltage range.

The ohmic losses are mostly dependent on the material properties.

Concentration Polarization:

In a fuel cell, reactants must be supplied continuously to produce electricity and the formed
products should also be removed continuously to run the fuel cell at maximum efficiency. The
concentration of the reactant and product on the catalyst surface determines the conversion of fuel
to products. Concentration polarization occurs when the reactant concentration is not replenished
at the catalyst surface as fast as the reactants are consumed, which happens due to mass transport
limitation. This results in the drop in the output voltage. The mass transport in fuel cell electrodes
is dominated by diffusion. To minimize the concentration loss, mass transport in fuel cell electrodes
should be improved. One of the best way is to optimize the flow filed structure. The concentration
losses are strongly dependent on the operating conditions of the cell. The drop in output voltage
can also occur because of fuel cross-over and electric short-circuit if there are any punctures in the

membrane and leaks in the assembly.
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1.5 Technical challenges and targets

Many research groups and companies are working hard to develop better, more efficient
and safe hydrogen based fuel cells so that they can become viable alternative to fossil fuels.
However, Hydrogen fuel cells are facing the following challenges which are delaying their release

on full scale into the energy market.

Quite Expensive:

Due to utilization of platinum catalyst and Nafion membrane (benchmark membrane as of
today) in hydrogen fuel cells, the cost of the power production is still high compared to that from
the fossil fuels. Even though in long run this high expense will be paid of, it is becoming difficult
to scale up for commercialization due to this high upfront cost.

Not Very Robust:

Compared to coal, oil and gas, hydrogen fuel cells are not robust due to delicate electrolyte
and intricate workings of the fuel cell. Fuel cells are more sensitive to environment, fuel
contamination and temperature. Due to these limitations, fuel cells cannot be used in very hot or
very cold conditions.

Safety:

The major application of hydrogen fuel cells is to replace internal combustion (IC) engines
in cars. Real problem is the issue of safety with hydrogen gas. This gas is highly flammable and is
harder to contain than oil. This means that cars fitted with a hydrogen fuel cells need to have extra
layer of protection for hydrogen gas compared to conventional fuels. This safety issue is one of the

major problem to have fuel cells powered cars as on today.
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Fuel Flexibility:

Fuel cells must be developed to be capable of variations in fuel composition and operate
without harmful impact to the environment or cell itself. The capability of using renewable and
waste fuels is critical to capture market opportunities for fuel cells. The primary fuel used in a fuel
cell is hydrogen, which is obtained from natural gas, gasoline, coal-gas and other fuels having
hydrocarbons. Increase in the fuel flexibility of the fuel cells will make it possible to use them with

the existing fuel infrastructure.

Innovative break-Through:

Fuel cell industries need to find break-through in key areas like, finding alternative catalyst
for expensive platinum, finding better materials to reduce the intrinsic losses, increase the

utilization of the fuel.

Targets:

Targets set by Department of Energy (DOE), USA specifically for integrated PEM fuel cell
power systems operating on direct hydrogen for light duty transportation applications are listed in
Table 1.2. DOE targets for hydrogen based PEM fuel cell backup power systems of range 1-10 kWe
are listed in Table 1.3.

Table 1.2 DOE Targets for 80 kW, integrated transportation PEM fuel cell power systems with
hydrogen [9].

. . 2015 2020 Ultimate
Characteristic Units Status Targets Targets
Cost $/KWhet 53 40 30
Durablllt_y in automotive hours 3900 5,000 8000
drive cycle
Start-up/shutdown durability | cycles - 5,000 5000
Peak energy efficiency % 60 65 70
Power density WI/L 640 650 850

14




Table 1.3 DOE Targets for 1-10 kWe range hydrogen based fuel cell backup power systems [9].

- . 2015 2020
Characteristic Units Status Targets
Cost $/KW 6100 1000
Durability hours 8000 10000
Lifetime years 10 10000
Energy efficiency % 50 60
Ambient temperature range °C -20 to 40 -50 to 50
Start-up time Seconds 60 15

1.6 Motivation for the study

Although the PEM fuel cell technology has seen noteworthy progress over the last two
decades, its commercialization with low cost and high performance is not yet seen. Major issues
affecting the performance of the low temperature PEM fuel cells are improper water management
and maldistribution of the reactants in the flow channels and on the catalyst layer. One of the most
effective solutions to address these issues is found to be the suitable design of the flow field. To
make the technology more cost-effective, it is essential to use flow designs which allow the fuel
cells to operate at as high current/power densities as possible and effective for large active area
cells. Hence, the present study is aimed to identify a suitable flow field design to address the above
issues and conduct a systematic full scale three dimensional computational simulations to establish
the advantages and efficacy of the selected flow field design for different operating conditions and
higher active areas. The detailed study can be used as basis for the design of fuel cell as well as

scale up of the cell for large scale power production.

1.7  Organization of thesis
The overall thesis is organized as follows.

Chapter 1 explains the theory, types, working principle and major losses in a fuel cells. It also

includes the challenges in the present field.
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Chapter 2 presents the extensive literature review based on the works available on the important
modeling and experimental aspects on PEM fuel cells. It presents status of the research in the field
of flow field designs development and the experimentation. This chapter concludes by highlighting
some gaps in the literature and formulating the objectives and scope of the study, which have

guided the definition and conduct of the present research work.

The problem formulation and detailed modeling methodology are presented in the Chapter 3. The
governing equations solved, boundary conditions applied and the simulation strategy used along
with the model validations are detailed in this chapter.

The results obtained from the present work are detailed and discussed in Chapters 4, 5, 6 and 7.
Chapter 4 presents the performance comparison of the rectangular cross-sectional PEM fuel cell
with ECSSFF design against that with triple serpentine flow field. A detailed parametric study on
the rectangular shaped ECSSFF is also presented. Chapter 5 discusses fuel cell performance
simulation results obtained with single serpentine flow field in comparison with ECSSFF. A
parametric study and best ratio of channel to rib widths of the flow field design of the fuel cells is
also presented in this chapter. The performance evaluation of ECSSFF design for higher active area
cells is discussed in Chapter 6 with detailed discussion of the results. The extension of concept of
ECSSFF to square shaped PEM fuel cells is carried out and the cell performance predicted with

the proposed ECSSFF design for square cross-sectional cells is detailed in chapter 7.

Finally, Chapter 8 presents the overall conclusions drawn from the present study along with scope
for future work. At the end, the research publications based on the thesis are listed.
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Chaprer 2

Literature Review
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Literature Review

Polymer electrolyte membrane fuel cell technology is a potential alternative for energy
needs of automobiles and portable electronic appliances because of its lower operating temperature
range between 50 °C to 90 °C, quick start-up and ability to work well under varying load conditions.
These are also eco-friendly as the by-products are only water and heat along with electricity, if
hydrogen gas is used in pure form as the fuel. It has the potential to satisfy the ever-increasing
demand especially in automotive sectors [10]. Because of these reasons, large research interest is
going on to boost the efficiency of the PEM fuel cell systems. Among all the parts in a PEM fuel
cell, bipolar plate is a crucial component because of its multi-functional capability -such as
delivering oxidant and fuel to the reactive sites, removal of products like unreacted reactants and
water, transferring generated current, and providing mechanical support to the cells. Moreover, the
BP contributes up to 88% in the total weight of the PEMFC. Therefore, designing the BP with
optimum dimensions not only improves performance greatly but also reduces cost and weight [11].
The main objective of optimizing the BP design is to improve reactant distribution and reduce flow
channel pressure drop [12]. This chapter presents a systematic review of the important works on
different types of flow field layouts and variants in serpentine design available in the literature.
Studies on the optimization of the channel dimensions, effect of operating conditions on the cell

performance and the studies on higher active area cells are also reviewed in this chapter.

2.1 Studies on flow field designs

In general, there are four desirable properties of the gas flow channel (GFC) [13]. It has to
(i) distribute reactants uniformly to the catalyst sites to minimize hot spots, (ii) remove excess
water to prevent flooding and also to keep the membrane hydrated, (iii) provide a large contact area
between the GDL and BP for transport of produced electrons and (iv) offer less pressure drop to
reduce parasitic losses. The land area between channels is used for the transmission of generated
electrons to the current collector. It also conducts the heat produced in the catalyst layer (CL) due
to the electrochemical reactions to the end plates, where it is dissipated to the surroundings. Higher
channel width helps in improving water removal and delivery of reactants, it also results in less

pressure drop thereby reducing the parasitic losses [14]. On the other hand, broad land area results
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in better electrical and thermal conduction and also increases mechanical stability [15]. There are

quite a few numerical studies on the optimization of channel width-to-land width ratio.

Modelling has been widely used in addition to experimental approach in exploring different
designs and understanding the effect of various parameters on the performance of the fuel cells.
Among various modelling approaches and tools existing, computational fluid dynamics (CFD) is
especially interesting, because of its powerful capability to optimize and evaluate fuel cell
performance [16]. Numerical modelling is a cost-effective and efficient way to optimize the design
and operating parameters of a PEMFC, as it reduces significantly the time and cost which are
associated with trial-and-error approach of experiments [17]. Designing a bipolar plate having
innovative and variant layouts with optimized channel dimensions experimentally is tedious as it
requires plenty of time and resources, whereas computational methodology is an effective approach
to optimize the flow channel design to acceptable accuracy [18]. The cathode half reaction is the
limiting reaction in a PEMFC, so better distribution of the oxygen will aid the conversion. Cathode
flow channel helps in evacuating the water produced besides supplying air to the reaction sites.
Hence, proper design of the cathode flow channel is important to maintain proper water
management by keeping the membrane sufficiently hydrated and removing the excess water. It
should also offer less pressure drop, which effects the compressor power consumption and thereby
effecting the overall efficiency of the fuel cell system [19]. Uneven water management and high
pressure drop along the channel will lead to poor performance of PEMFC [20]. The non-uniform
distribution of reactants will result in non-uniform production of water and current [21]. These non-
uniformities in the distribution of current density create local hot-spots, which effect the durability
and longevity of the membrane in the PEMFC. Flooding of the cell and membrane dehydration
both have a great impact on the lifespan of PEMFCs [22]. Kerkoubet al. [23] analysed the influence
of channel design and flow field dimensions on fuel cell performance. Serpentine, interdigitated
and parallel designs were considered in their study. Ghanbarian et al. [24] experimented on various
parameters viz., rib width between two neighbouring channels, height and width of the channel,
numbers of serpentine turns and parallel channels to examine the transport characteristics in
PEMFC. Wang et al. [25] numerically and experimentally studied the impact of varying channel

cross-section area and rib to channel width ratio of parallel-serpentine flow design on PEMFC
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performance. They concluded that, the channel dimensions have a profound effect on the water
removal and cell performance. El- Carcadea et al. [17] developed a comprehensive multiphase,
3- D and non-isothermal model to examine the outcome of parallel flow design on the power output
of a PEM fuel cell. Improvement in the fuel cell performance was noticed with decrease in the size
of the channel. This is due to increase in reactant velocity with smaller channel widths, which aided
in the oxygen availability at the catalyst layer and liquid water removal. Chowdhury et al. [26]
concluded that, current density generated from a PEM fuel cell was influenced by both channel
width and rib width. Zeng et al. [27] developed a non-isothermal 3-D model along with a genetic
algorithm to optimize the flow channel configuration. Cooper et al. [28] experimented on
interdigitated flow design by varying channel aspect ratio (AR). Their findings indicated that net

power density improved with decreasing AR when pump losses were considered.

Manso et al. [29] studied the influence of channels design on power output of PEMFC and
concluded that homogeneous distribution of reactant gases in the flow fields provide uniform
current density distribution across the cell active area. Uniform distribution of temperature in
PEMFC reduces the mechanical stresses on the membrane electrode assembly (MEA) and
increases life-time of PEMFC. Ferng et al. [30] examined different flow filed designs to study their
impact on the PEMFC performance. They concluded that the modified parallel channel having
step-wise depth significantly improved the PEMFC performance. Henriques et al. [31]
experimentally and numerically investigated the fuel cell performance with a parallel transversal
channel layout. The utilization of this channel layout has improved the efficiency by 26.4%.
Khazaee and Ghazikhani [32] experimented on a triangular channel design at different reactant and
operating temperatures. Their results showed that the performance was improved by 20 % with the
increase in reactant gases temperature from 40 to 65 °C and the improvement in performance was
18 % with increase in cell temperature from 45 to 65 °C. Wan et al. [33] designed an M-like channel
for cathode bipolar plate in a PEM fuel cell and compared its performance with wave-like channel
computationally. The results showed that the maximum power density of the cell with M-like
channel was 21.3 % higher compared to that of cell with wave-like channel. Kuo et al. [34]
computationally studied the effect of wave- like surface on the gas flow characteristics, the

electrochemical reaction efficiency, the temperature distribution and the electrical performance of
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the PEM fuel cells. They found that this channel design provided an improved convective heat
transfer performance, a more uniform temperature distribution and a higher gas flow velocity

compared to those in a straight flow channel.

Roshandel et al. [35] proposed a flow layout inspired by biological pattern and matched its
performance with conventional serpentine design. The pressure distribution and reactant
concentration were found to be more homogeneous in this flow field, compared to conventional
serpentine design. Badduri et al. [36] investigated the fuel cell performance with triple serpentine,
lung and leaf flow channel designs numerically and experimentally. Their study showed that, the
leaf channel design performed better than the other channel layouts. Monsaf et al. [37] studied the
geometrical factors to analyze their effect on the performance of a PEMFC with spiral flow filed.
From the analysis, they reached to a conclusion that, reactant distribution was better in wider
channels. The obtained results showed that the performance of PEMFC was enhanced due to
induced centrifugal motion of the reactants in a spiral design. Atyabi and Afshari [38] designed a
cathode channel layout similar to honey comb and named the new design as honeycomb flow filed.
The numerical results showed that this flow field displayed uniform local current density and less
pressure drop across the channel. Zhang et al. [39] designed a constructal tee-shaped mini-channel
network pattern, which contains two branches having channels with shrinking cross-sectional area
at a fixed rate, and observed lower pressure drop and power consumption of the pump compared
to those with serpentine pattern. Dong-Hui et al. [40] suggested a new flow design named as novel
intersectant flow field using bionics, fractal theory, and Murray’s law to reduce the drag force for
product and reaction medium. They showed improved performance with their design against single
serpentine design. Damian-Ascencio et al. [41] computationally developed four different tree-like
channel design configurations based on the veins of the leaves of various trees for PEM fuel cell.
Their results showed that the configuration having two levels of bifurcation at an angle of 37° was
more efficient at removing water and resulted in improved current density. It was also observed
that with the increase in the number of bifurcations, the PEM fuel cell performance improved. Kang
et al. [42] conducted a study to investigate the performance of PEM fuel cell of 25 cm? active area
using the bipolar plate having a flow field design that mimics the leaf veins. They also studied the

fuel cell performance with serpentine, parallel, and net leaf flow fields mimicking ginkgo and
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dicotyledonous leaves. The results showed that the maximum power density was 7% lower with
ginkgo design when compared to serpentine design, but they showed almost 40% higher

performance than that with parallel design.

Dosoky et al. [43] proposed a corrugated gas channel design to improve the removal of
condensate water droplets that are formed on the channel walls. They modelled different types of
corrugated designs such as semicircle, rectangular dent, and saw-tooth corrugation for the removal
of sessile droplets from channel walls. They showed that the condensate removal time was much
smaller in a corrugated channel when compared to an un-corrugated channel. This type of flow
design was shown to be more advantageous at low inlet velocities. Zehtabiyan et al. [44] studied
the influence of cross-section area by using divergent and convergent channels in parallel channel
design. Their findings showed that two adjacent divergent channel were fed by a single convergent
channel due to the pressure difference. This effect increases the utilization of the catalyst under the
rib portion, thereby improving the overall power output. Xing et al. [45] presented a novel single
channel design on cathode side featuring multi- inlets and outlets along the channel to mitigate the
effect of flooding and enhance the cell power output. Wang et al. [46] designed a cathode flow
channel with three sub-channel inlets in parallel flow field and experimentally analyzed the new
channel layout in PEM fuel cell. The proposed design effectively eliminated water from the fuel
cell and increased the maximum power density by 13.2% compared to the conventional parallel
design. Fan et al. [47] designed two innovative cathode channel designs with multi-plates structure
channel & integrated structure channel and investigated them using numerical model. The results
showed that cell with 30° angle, 0.5 mm width and 6.0 mm distance of air-guide plates displayed
the best performance. Compared with the conventional channel design, the novel designs were
found to be more capable of forcing oxygen towards CL which improved the electrochemical
reaction rate. In addition, they also displayed higher liquid water removal capability from the cell,
thereby effectively avoiding the water flooding. The simulation results showed that, the maximum
improvement of PEM fuel cell net power densities for the multi-plates structure and integrated
structure were 4.7% and 7.5%, respectively. Dehsara and Kermani [48] investigated a 3-D
configuration of flat, semi-circular and wavy shaped channel beds. They showed an improvement
up to 18-22% in fuel cell performance due to increase in the reactant gas penetration in to the
catalyst layer. Wang et al. [49] studied a 3-D multiphase fuel cell model with Forchheimer’s inertial
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effect in the porous electrode to better simulate the convective flow induced due to baffle plates.
They analysed conventional parallel flow field, staggered trapezoid baffle plate and parallel
trapezoid baffle plate in this study. The staggered trapezoid baffle plate and parallel trapezoid baffle
plate designs resulted in the peak net power enhancements of 6.39% and 2.54%, respectively

compared to the parallel flow design.

Heidary et al. [50] studied the effect of staggered and in-line blockage configurations within
a parallel flow field and compared the results with the parallel design. Their results indicated that,
with staggered blockage the cell performance was improved by 28% over the baseline case, and
about 18% when compared with in-line blockage. Perng and Wu [51] numerically investigated the
effect of baffles of trapezoid shape placed in single channel on PEMFC performance. Their study
showed an improvement of 90% in net power with 60° angle and 1.125 mm height baffles. Heidary
et al. [52] analysed numerically the performance of a PEM fuel cell with four corrugated channel
beds configuration which include trapezoidal, rectangular, triangular and wavy (sinusoidal) shape
for PEMFC and direct methanol fuel cell. They analysed the effects of Reynolds number, shape
boundaries, triangle block number and amplitude on the fuel cell performance. Thitakamol et al.
[53] developed a mid-baffle interdigitated flow field, which is a variation of interdigitated flow
field for PEM fuel cells. Their experimental results indicated that the modified interdigitated flow
field produces about 1.2 to 1.3 time’s higher power than the conventional flow field. However, its
high flow resistance due to baffles resulted in large parasitic losses. Figure 2.1 shows some of the

different flow field designs studied by various groups in the literature.

(@) M like Channel [33] (b) Wave like Channel [34] (c) Leaf Channel [36]
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(d) Spiral Channel [37]

(e) Honey Comb Channel [38]
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Figure 2.1 Different Flow Field Designs available in the literature.

2.2 Studies on variants in Serpentine flow field designs

The serpentine flow channel design was introduced to improve the non-uniform distribution

of reactants and water management in PEMFCs. Reactant gas is forced to flow through a single or

multiple channel paths that are skewed to the edge of the entire active area. A serpentine flow field

has a higher pressure drop than parallel channels due to the friction of the wall and the turning

channel, and the increased pressure drop enhances the purging of accumulated water from the

channel. This enhances the uniform distribution of the reactant over the entire active area, leading

to uniform distributions of current density and water [54]. Consequently, PEMFCs have longer life

spans due to decreased mechanical stress on the MEA [55]. Taccani and Nicola [56] examined

parallel and serpentine channel designs. Their findings showed that serpentine design offered
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higher presser drop than parallel but it showed better power density. Liu et al. [57] experimented
on different flow field configurations such as serpentine, interdigitated, parallel and pin-type. They
concluded that out of all these flow channel designs, serpentine flow design is the best for PEMFC.
Wang et al. [58] analysed the impact of design parameters such as number of channels, number of
bends and channel width of a serpentine channel design on the fuel cell performance. Khazaee and
Sabadbafan [59] developed a 2-phase 3-D model of PEMFC with 1-serpentine and 4-serpentine
channels to analyze the effect of direction of flow and humidity of reactant gases for water
management. Their results showed improvement in performance with increasing relative humidity
at low voltages for 4-serpentine channel design and for all voltages in case of 1-serpentine. When
both the fuel cells were operated at ideal conditions 4-serpentine channel showed better

performance than 1-serpentine.

Rostami et al. [20] numerically investigated the effect of U bend size in a serpentine channel
on the fuel cell performance. They considered the bend sizes of width 0.8 mm, 1 mm and 1.2 mm.
Their results showed that the power density of the fuel cell increased by 1.78% with 1.2 mm bend
compared to the cell having channels with 0.8 mm bend size. Kang et al. [60] suggested a novel
way to supply air in a triple serpentine channel design. They examined the fuel cell with dual air
supply and compared with the cell with single air supply. The maximum power of the fuel cell with
dual air supply was found to be increased by 8% compared to that of fuel cell with conventional
single air supply. Alizadeh et al. [61] proposed a cascade type serpentine flow field for PEMFC
and numerically investigated the cell performance at various channel widths & depths and rib
widths. They concluded that the cascade type serpentine flow field displayed uniform local
stoichiometry and current density as well as an improved water management at optimized channel

dimensions of 1.2, 0.8 and 0.8 mm of channel width, rib width and depth respectively.

Baz et al. [62] modified single serpentine flow field design into 5 different configurations
by varying the location of inlet and outlet, to increase the power output of the fuel cell. Their
numerical studies showed that convection-enhanced serpentine flow field (CESFF)-4- 3 showed
an improvement of 22.6 % in power density compared to conventional single serpentine design.

Han et al. [63] compared the performance of a 300cm? active area PEMFC with serpentine, parallel
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and branch designs in a CFD environment. Their analysis showed that, parallel design performance
is greatly affected, when the active area is increased due to flooding. Fuel cells with serpentine and
branch design performed almost similar but the pressure drop of branch layout is less, giving this
design advantage over serpentine, when net power output is considered. Li et al. [64] designed a
novel cathode channel named Waved Serpentine Flow Field (WSFF) to improve the water
management compared to conventional parallel serpentine flow field. The modelling studies
revealed that WSFF design is better in removing liquid water and promoting oxygen transport
though the diffusion layer than the conventional serpentine channel. Experimental studies have
shown an improvement of 17.8% in peak power density with WSFF compared to conventional

serpentine design.

Vazifeshenas et al. [16] proposed a compound channel layout by combining the parallel
and serpentine layouts and studied the performance in a PEMFC numerically. The study
demonstrated superior water evacuation capabilities of the compound design. The power output of
the PEMFC with compound layout was higher compared to parallel layout but not much difference
was observed when compared with cell having serpentine design. Limjeerajarus et al. [65]
conducted a numerical investigation on hybrid serpentine-interdigitated (HSI) design and
compared the performance with the single serpentine design. The cell with HSI design showed
higher performance compared to the cell having single serpentine at 0.6 V. Number of inlets and
outlets for HSI were also analyzed and concluded that, 2 inlet and 2 outlet HSI had shown the best
performance with less pressure drop and uniform reactant distribution. Esbo et al. [66] investigated
various modified parallel serpentine designs to reduce the chances of flooding in the terminal
region of the channel. Their studies showed that, 2-1serpentine design has improved local
stoichiometry at the terminal region. This effect reduced the possibility of flooding and slug flow
in flow channels. This design outperformed other channel designs at low operating voltages.

A variation of serpentine design named as Enhanced Cross-flow Split Serpentine Flow
Field (ECSSFF) was proposed by Suresh et al. [67,68] This field design was developed based on
the splitting of the channel with enhanced cross-flow in selected regions that are more prone to
localized flooding. The layout was designed in such a way that all the U-bends of the split
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serpentine channels were taken care by the nearest feeder channels. Its principal hydrodynamic
features were demonstrated using CFD analysis in their study. It showed lower pressure drop,
enhanced cross-flow along with better reactant distribution. However, the full scale fuel cell
performance simulation study with the ECSSFF design was not performed. Saco et al. [69]
numerically analyzed the performance of 225 cm? active area PEMFC with the straight parallel,
serpentine parallel, straight zig-zag, and serpentine zig-zag paths. The study revealed that, straight
zig- zag design had better reactant consumption with uniform distribution of water on the
electrolyte improving the proton conductivity. This design also offered less pressure drop
compared to other designs used in their study. Chowdhury and Timurkutluk [70] modified the
conventional single serpentine flow field into convergent and divergent design and investigated
numerically. The modified convergent serpentine design was found to be superior compared to the
divergent serpentine and conventional serpentine due to its ability to offer uniformity in current
density, pressure distribution & oxygen transport and also showed reduced water concentration in
the CL. Their study indicated an increase of 2% better oxygen mass fraction and 3.3% reduction
of water content at CL for the modified convergent serpentine flow field compared to conventional

single serpentine.

Belchor et al. [71] compared the performance of fuel cell having parallel-serpentine with
and without baffle channels experimentally. They concluded that the better performance was
exhibited by the fuel cell having parallel-serpentine with baffle because of higher water retention,
when the cell is operated at low RH conditions. Karthikeyan et al. [72] experimented on the effect
of Zig-zag positioned porous carbon inserts in a serpentine flow channel on cathode flow plate.
The results showed an improvement of 11.5% and 7% in power density and current density
respectively with the zigzag positioned porous (80 - 90% porosity) inserts in the flow channel when
compared to the conventional serpentine flow channel. Ebrahimzadeh et al. [73] studied the effect
of different obstacle sizes (with 0.5, 1, 1.5 and 2 mm heights & 0.9, 1.8, 2.7 and 3.6 mm widths)
and shapes (including square, triangular, trapezoidal and cylindrical) in a serpentine channel
design. Their simulation results showed that the width of 3.6 mm and the height of 1.5 mm had the
highest impact on the fuel cell performance in terms of species consumption, current density and

pressure drop. Out of the four obstacle shapes, triangular and square obstacles were found to
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perform better in improving the cell performance. The experimental results showed that the current
density was increased with triangular obstacle by more than 50% compared to unobstructed

channel. Figure 2.2 shows some of the variants proposed in serpentine flow field in the literature.
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(a) Compound Channel [16]

(b) Branch type Channel [63]

(d) Hybrid Serpentine-
Interdigitated Channel [65]

(e) 4-3 Serpentine Channel
[66]

(c) Waved Serpentine
Channel [64]

(f) Enhanced Cross-flow Split
Serpentine Channel [68]

(9) Serpentine zig-zag
Channel [69]

(h) Serpentine Divergent
Channel [70]

(i) Cascade type Serpentine
Channel [61]

Figure 2.2 Variants in Serpentine design from literature.
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As can be seen above, most of these works try to mitigate the inherent problems of
serpentine channel designs such as high pressure drop, improper reactant distribution and poor
water management. Out of the several studies on different channel designs available, a particular
design proposed by Suresh et al. [68] named as Enhanced Cross-flow Split Serpentine Flow Field
is appealing because of its quadruple advantages over serpentine channels. The special arrangement
of the single serpentine channels in the ECSSFF design has resulted in uniform reactant distribution
over the entire cell active area; low overall pressure drop, thereby reducing the parasitic power
losses; effective liquid water evacuation in the U-bends; and more oxygen replenishment in the
oxygen-deficient portions. This design is more promising than other designs like bio-inspired
design and other variations in serpentine designs because of its simplicity & can mitigate most of
the draw backs of serpentine design. Hence, ECSSFF has been chosen as the flow field design on

the cathode side in this study.

2.3 Features of ECSSFF design

The ECSSFF design shares the advantages of the serpentine design and mitigates its disadvantages.

Following are some of its important features [74]:

(1) Different serpentine channels in different layouts with a common inlet and outlet are
arranged on the flow field plate, instead of a single channel running throughout the
plate. This arrangement offers lower pressure drop because of the lower flow rate

through each flow path.

(i)  These split serpentines are arranged in such a way that the pressure drop in each
serpentine channel is almost same as in the others. This results in almost uniform flow

split among the channels.
(iti)  The channels are placed in such a manner that most of the U-bends in the serpentines

get fed from the adjacent feeder channel via cross-flow through the porous diffusion

layer. This reduces the possibility of localized flooding.
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(iv)  The feeder channels are planned in such a way that higher cross-flow occurs in the
tail-end channels, which generally suffer from the lower reactant concentrations. This
selective replenishment of the reactant to the more oxygen-depleted areas will

improve the cell overall performance.

Figure 2.2(f) shows the arrangement of the three split serpentine channels arranged in
ECSSFF fashion on a rectangular bipolar plate. It can be seen that all the U-bends could derive the
benefit of induced cross-flow through the GDL/CL underneath the rib.

2.4 Studies on effect of operating parameters on the cell performance

This section reviews important studies available in the literature on the effect of various
operating parameters such as RH and stoichiometry of the reactant gases, temperature and pressure
on the performance of the fuel cell. HSing and Futerko [75] worked on a 2-D model by considering
mass transport, fluid flow and electrochemistry in PEMFC. The model also considered the
alterations in membrane water diffusion coefficient. Kim [76] studied the effect of percentage
relative humidity (%RH) of the reactants and stoichiometry on the PEM fuel cell performance
using a 2-D model taking the effect of formed liquid water on reactant transport into consideration.
His results indicated that at a fixed anode RH of 100%, lower cathode RH was sufficient enough
for better cell performance. Further, he reported that a low anode side RH not only provides more
hydrogen but also increases water back diffusion from the cathode side reducing the possible
flooding chances. Xing et al. [77] designed a 2-D model to explore the impact of RH, channel
length and flow ratio on the power output of PEMFC. Peclet number was used, for evaluating the
contribution of diffusion and advection on liquid water & heat transfer. They concluded that higher
RH on anode side is required for improved fuel cell performance. Zhang et al. [78] investigated the
effects of cathode RH on the fuel cell at various loads. They also simulated the fuel cell start-up
process and concluded that an increase in the cathode inlet humidification improved the start-up

performance and reduced the time required to reach steady state of a PEM fuel cell.

In general, studies have shown that the PEMFC performance largely depends on the

reactants RH and their variation may show a negative or positive influence on the fuel cell power
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output depending on the operational parameters [79]. The work of Kim et al. [80] has shown that,
the decrease in the reactants humidity level can increase or decrease the fuel cell power output
depending on the Nafion ionomer content of the MEA. The studies of Iranzo et al. [81] showed
that the fuel cell performance is mainly effected by the cathode RH when compared to anode
humidification. The studies of Neyerlin et al. [82] on the effect of RH on oxygen reduction reaction
(ORR) Kkinetics, revealed that, when the reactants RH is above 50 %, the ORR Kkinetics is
independent of RH. If the reactants RH is below 30%, a loss of 20 mV is observed in ORR Kinetics.
Wang et al. [83] numerically studied the effect of reactant RH’s on the local transport phenomena
in a PEM fuel cell with interdigitated and parallel flow field designs. Their studies showed that,
fully humidified cathode and low RH anode or vice versa, the PEMFC power output increases.
Kulikovsky [84] investigated the diffusion of liquid water in to the membrane of a PEMFC by
means of a quasi-three-dimensional model. Lee and Chu [85] created a 3-D model to spot the
liquid-gas interface at different humidity conditions in the cathode GDL. Only cathode side of the
cell was simulated in the study to decrease the computational requirement. They showed that the
RH has a profound influence on cell performance. Hu et al. [86] concluded that humidification of
reactants on cathode is important for an interdigitated channel design to perform better than parallel
flow channel design. Janga et al. [87] studied the problem of water management and humidity
effect of both reactants on the PEMFC work. The results divulge that, while modelling for lower
voltages, liquid water effect is compelling and higher inlet humidity enhances fuel cell
performance. Kahveci and Imdat [88] modelled a PEMFC having single serpentine channel using
3-D single-phase steady state model and found that for increasing the performance of the cell,
humidity of the reactant gases is important. When the fuel cell is operated at lower voltages,
decreasing the RH of cathode side reactants improves cell performance because of mass transport
limitations on cathode side. They also examined the influence of GDL porosity and RH on a single-
serpentine fuel cell using 3-D modelling [89]. Modelling results proved that higher GDL porosity
is preferable for better cell performance. As RH on anode side increased there was an improvement
in the cell performance but the performance was found to be deteriorated with increase in cathode
RH. Sun et al. [90] studied the influence of humidification of reactants and concluded that,
humidified reactants are to be used for achieving the best cell performance. Too low or too high

humidification may cause irregular spreading of current density locally.
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Chen et al. [91] studied the consequence of clamping pressure and humidification
temperature on the cell performance. They proposed that, when the cell is operated above 0.65V,
humidification temperature should be 5 °C above cell temperature and when operated below 0.65V,
temperature should be below 5 °C of cell temperature. Zhang et al. [92] used a 3-D lattice
Boltzmann model to predict oxygen diffusion and water transport in GDL of a PEMFC. This model
is used for exploring the influence of micro porous layer (MPL) on cell output. The results
evidently showed that the liquid water content diminished with the use of MPL which improved
current density. Molaeimanesh et. al. [93] analyzed the water droplet behaviour in the GDL at
various cell compression by Lattice-Boltzmann method (LBM). Their results showed that, due to
compression, the pore size in CL reduces, resulting in better air velocity in the GDL. This improved
air velocity helps in removal of stagnant water from the GDL. Suresh and Jayanti [94] presented
detailed analysis of cross-flow in the GDL through CFD simulations and quantified the cross-flow

using Peclet Number.

Ozen et al. [95] studied the fuel cell performance at different operating temperature and
relative humidities. Their results showed that, the increase in reactant RH and operating
temperature have positive effect on fuel cell power output. Song et al. [96] analyzed the power
output in a PEM fuel cell with increase in operating temperature. Their results indicated that, the
performance of a PEM fuel cell improves with the increment in the operating temperature because
of improved reaction Kkinetics of the reactants. Coppo et al. [97] inspected the effect of operating
temperature on a PEMFC. Their findings showed that the transport of liquid water from the GDL
surface plays a vital role in determining the appropriate operating temperature of the fuel cell.
Santarelli and Torchio [98] experimented on single PEMFC at varies operating conditions. They
have concluded that the increase in cell temperature improves the fuel cell performance when both
the reactants streams are sufficiently humidified. Yan et al. [99] analysed the PEM fuel cell
behaviour at different operating conditions. The results showed that, when all other parameters are
constant, the fuel cell performance improved till operating temperature of 75 °C and from there it

reduced.
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Several studies [12,99-102] have shown that, the increase in the reactant stoichiometry
have positive effect on the PEM fuel cell performance. Higher flow rates will not only increase the
reactant concentration on the catalyst layer but also, will improve the water evacuation capabilities.
Wang et al. [103] studied the effect of cross-flow in sub-rib in single and parallel serpentine designs
on the power output of PEMFC using a 3-D model. They established that at high current densities,
the increased gas velocity at low aspect ratio of flow channel helped in the elimination of liquid
water, thereby improving the cell performance. Morin et al. [104] examined the impact of reactant
flow direction on water management in a fuel cell. Their studies showed that, the counter current
flow is more preferable over co-current flow as, counter flow has shown good membrane hydration,
which increases the proton conductivity thereby improving the cell performance. In the literature,
there are various studies available [17,105-108] on the effect of operating pressure on the fuel cell
performance. The increase of operating pressure increases the overall performance of the fuel cell.
In general, to send the air at higher pressures, air blower or compressor are used. These utilities
increase the system power consumption greatly, reducing net power output [109]. Hence,
optimizing the operating pressure reduces the system’s power consumption, effectively increasing

the overall system efficiency.

2.5 Studies on higher active area cells

For large scale power applications like decentralised power production, hydrogen powered
buses, UPS systems etc., the use of stack made of small active area PEM fuel cell make them bulky
and difficult to maintain due to more number of single cells. In such cases, it is effective to use less

number of higher active area cells for large scale power production.

Shimpalee et al. [110] presented a study showing the performance and reactant transport in
a large area PEMFC of 200 cm? with serpentine layout. They concluded that local issuance of
current density, temperature and water content became more uniform when shorter channel lengths
were used. A numerical study was conducted by Wang et al. [111] on the effect of active areas on
the PEMFC performance with parallel, interdigitated and serpentine channel designs. They

observed that the performance of fuel cell with parallel flow field decreased with increase in active
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area, whereas that with serpentine channel improved. In case of PEMFC with interdigitated flow
design, increase in active area had little influence on the performance. The areas considered in their
study were only 11 x 11 mm? and 41 x 41 mm?, Li et al. [112] analyzed five different fuel cells of
active areas 50, 100, 200, 300 and 441 cm?for checking the possibility of scaling up of the PEMFC.
Their results showed that, the serpentine design could be used in higher active area fuel cells
without much flooding of the channel. Shimpalee et al. [113] modelled a PEM fuel cell of active
area 480 cm? using parallel computing. They considered J.A. Rock patented flow-field as cathode
channel design. Their modelling results showed that by using dry cathode reactant in this flow
design, the pressure drop was reduced by 30% without effecting the performance. They also
concluded that with proper combination of flow-field design and operating conditions, PEMFC can

give a high performance with optimization of water management.

2.6 Gaps identified in the literature

From the above literature review, the following gaps are observed on the identified potential flow
field design, ECSSFF.

(i) Though enhanced cross-flow split serpentine flow field has got lot of potential to be an
efficient flow field design for PEM fuel cells, it is not well explored. Only one study [68]
is available on this rectangular cross-sectional flow field layout. It is also limited to
hydrodynamic considerations as the reaction chemistries and proton/electron transport
phenomenon were not considered. Detailed full-scale performance study of the PEM fuel
cell with ECSSFF is not available in the literature. The effect of various operating
parameters on the cell performance with ECSSFF is not explored. Full scale fuel cell
performance comparisons among ECSSFF and other flow fields such as parallel serpentine

and single serpentine are also not available.
(i) The reactant distribution, water evacuation and pressure drop in flow channel are

dependent on the ratio of channel width to rib width. This best ratio of the channel and rib
widths is not found for the ECSSFF design.
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(iii) The work of Suresh et al.[68] on ECSSFF was limited to a small active area cell. Whether
the ECSSFF layout is effective for higher active areas when compared to standard parallel
serpentine designs is not explored. This information will be useful when designing a scaled
up fuel cell stack for commercial purposes.

(iv) As the ECSSFF design was originally developed for rectangular cross-sectional cells, it
will be interesting to see whether ECSSFF layout is also effective for square cross-sectional
PEM fuel cell, as square shaped fuel cells are also being widely used.

These gaps lead to the formulation of the following objectives of the present study.
2.7 Objectives and scope of the present work

The overall objective of this study is to conduct a detailed computational performance
analysis of the PEM fuel cell with Enhanced Cross-flow Split Serpentine Flow Field on the cathode
side and establish the efficacy of the flow field by comparing the cell performance with other
serpentine flow field designs. Towards this, following are identified as the sub-objectives of the

present work.

1) To simulate and compare the performance of a rectangular cross-sectional fuel cell with
ECSSFF design against that with Triple Single Serpentine Flow Field design by considering
all the multi-physics involved including the reaction chemistries in a typical PEM fuel cell.

2) To study the effect of channel width to rib width ratio of the ECSSFF design layout on the

performance of the rectangular type PEM fuel cell.

3) To compare the performance of PEM fuel cell with ECSSFF layout against that with Single
Serpentine Flow Field design.

4) To study the efficacy of ECSSFF layout for higher active area PEM fuel cells.

5) To propose ECSSFF channel layout for square cross-sectional PEM fuel cells and compare

its performance with regular parallel serpentine design.
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The above stated objectives are achieved by developing a three dimensional, multiphase,
isothermal steady state model for solving the multi-physics associated with the PEM fuel cell.in
CFD environment using academic version of ANSYS®17.2. The computational domains are
discretized into small hexahedral cells which do not form highly skewed cells. The flow,
electrochemistry and species balance equations are solved using in-build Fuel cell add-on module.
The scope of the study is limited to the computational analysis of the fuel cell having ECSSFF
design for rectangular and square cross-sectional PEM fuel cells with different active areas. The
detailed modelling equations and solution strategies used to simulate the PEM fuel cell

performance are described in the next chapter.
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Modelling methodology

The main objective of the present study is to evaluate the PEM fuel cell performance by
employing ECSSFF, an unconventional flow channel design on cathode side. The study aims to
simulate the performance of a rectangular cross-sectional PEM fuel cell with a 3-channel ECSSFF
design and compare against the performance obtained with triple serpentine flow field design and
single serpentine flow field design. It is also aimed to extend the ECSSFF layout to square cross-
sectional cell and evaluate its performance. Another objective of the study is to evaluate the
efficacy of this design to higher active area cells for large scale power applications. Computational
analysis is performed in this study to achieve the above objectives (also mentioned in section 2.7
of Chapter 2). For computational analysis, a PEM fuel cell is required to be simulated completely
including the hydrodynamics, reaction chemistries, multi-component, two-phase flow and electron
and ion transport. This is carried out systematically in a simulation environment using Academic
version of ANSYS®17.2. The detailed description of the modelling equations and solution

strategies along with the computational domains are discussed in this chapter.

3.1 Problem formulation and Modelling equations

The PEM fuel cell comprises of different physics involving coupled phenomena, which
include mass transport of species such as hydrogen, oxygen, water and nitrogen, heat transfer,
electrochemical reactions and fluid flow. These phenomena are modelled as partial differential
equations describing species, energy, mass conservation, electrical charges and momentum. A
three dimensional, multi-phase, multi-component, laminar flow through the computational domain
containing different parts of the PEM fuel cell is studied using an inbuilt fuel cell module in
ANSYS®17.2 to analyse the cell performance. A rigorous 3-D computational fluid dynamic
modelling methodology, which solves species transport equations, Navier-Stokes equations, mass
and energy conservation equations and electrical potential equations coupled with the Butler —
Volmer (BV) equations to define electro-chemical reactions on the surface of catalyst is used in
this study. The effect of various operating parameters on the cell performance is studied. The effect
of pressure drop is also realized in present work to make the results more relevant to actual

operating conditions.
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Governing equations

The following steady state transport equations are solved in this computational study:

Continuity equation
V.(pei) =0 €y

Momentum conservation equation

. . €*ul
V.(peuu) = —eVP + V. (ueVu) + k (2)

where, W is dynamic viscosity (Pa.s), 1 is velocity vector (m/s), P is pressure (Pa), ¢ and k
are porosity & permeability (m?) of porous media and p is mixture density (kg/m?3).

In the flow channel, ¢ and k are set as 1 and o, respectively, and the assumptions of
laminar gas flow and incompressible are used. Darcy term is exempted in Navier- Stokes
and continuity equations. Darcy source term is applied for the flow of reactants through
porous media such as GDL, CL and membrane layers. The Darcy drag force is imposed on

the fluid by the pore walls which leads to pressure drops across the porous layers.

Species conservation equation

The species equation which defines the mass transfer in the PEM fuel cell is given by:

V. (epti¥;) = V. (oD VY,) + S, ©)

where, Y is the mass fraction of the it species
ivi=1 4)
Dieff = £15p; (5)

where, Dl.ef Tis the effective gas diffusivity (m?/s). The effect of the tortuosity and porosity
of the porous media on the gas diffusion coefficient (Di) is given by Bruggeman
correlation [114].

Gas phase species diffusion coefficient is computed by

D; = (1-s)D? (P—")V” (1)” (6)

P T,
where, D/ is the mass diffusivity at reference pressure (Po) and temperature (To). These

reference values and the exponent of pore blockage (rs) as well as the exponents (yp and y)
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are taken as To = 300 K, P,=101325 Pa, rs=2.5, yp =1 and y: =1.5 and are defined in user
defined functions (UDFs).

The species volumetric source terms Sc (kg/m3.s) for species conservation are
obtained from Equations 7 and 8 for hydrogen and oxygen respectively. Equation 9 is used

for finding the total water content that can be generated if all reactants are consumed [115].

My,

SHz = = ZFHZ Ran (7)
My,

SOZ = _TOZRcat (8)
My,

SHZO = 21;20 Rear 9)

where, parameters R denote the exchange current densities (A/m?) at the cathode, and
anode respectively and M is the molecular weight of species (kg/kmol), which are
calculated using BV equations [116]

Yan
; [4] _
Ron = (Zan](:re;f ([A]ref) (e“anFnan/RT —e acatFnan/RT) (10)

.ref [C] Yeat +agnFncat/RT —catFNcat/RT
Rcat: ((Cat]cat) [C]ref (—e anf'Tlcat +e catt'lcat )(11)

where, ( is the specific active surface area (1/m), j is the reference exchange current
density per active surface area (A/m?), [ ] & [ ]rer are local species concentration and its
reference value (kmol/m?®), A & C refer to the anode side reactant, H> & cathode side
reactant, O respectively, a is the transfer coefficient, y is the concentration dependence
coefficient, #a and 7 are the cathode & anode over potentials (V), respectively, R is the

universal gas constant (J/mole.K) and F is the Faraday constant (C/kmol).

Proton and electron transport equations
Electrochemistry is computed by calculating the reaction rates of anode and cathode
reactions. The difference between the phase potentials of solid and membrane is the driving
force for the electrochemical reactions. The electron transport in the conducting medium is
solved by Equation 12 while Equation 13 solves the protonic transport in the membrane.
Proton equations are:
V. (0501VPso1) + Rsor = 0 (12)
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V. (OmemVPmem) + Rmem = 0 (13)

where,

¢ = electric potential (volts)

o = electrical conductivity (1/ohm-m)

R = volumetric transfer current (A/m?)
dmem 1S the membrane phase potential, ¢soi is solid phase electric potential and omem denote
protonic conductivity for the membrane and os01 denote electrical conductivity for solid
phase. The source terms Rmem and Rsor indicate the volumetric exchange currents for the
membrane and solid phases, respectively. These source terms are non-zero inside the
catalyst layers and are applied in solid phase as, Rsoi = — Ran for anode and Rsol = +Rcat for
cathode. In membrane phase, Rmem = — Rcat for cathode side and Rmem = +Ran for anode side.
These sources terms are computed from Butler-VVolmer equations as presented in Equations
(10) and (11).

The potential gained because of electron transfer from anode to cathode is
calculated by deducting open circuit voltage (OCV) on cathode electrode. Cathode and

anode overpotentials are calculated from Equations 14 and 15.

Nan = Psot — Pmem (14)

Neat = Psot = Pmem — Voc (15)
The membrane conductivity (omem) is @ function of its water content, A and temperature,

which is calculate as [117]

Omem = (0.5141 — 0.326)e126%(5577) (16)

The membrane water content is associated with the electro-osmotic phenomena,
which depends on the osmotic drag coefficient. The work of springer et al. [118] shows
that an average of 2.5 water molecules are dragged by each proton from the anode to the
cathode electrode through the electrolyte, which is expressed as

2
ng = 2.52 a7
When there is a large liquid water gradient between cathode and anode sides, the

produced water on the cathode will back diffuse to anode through the membrane. The back

diffusion flux can be expressed as:
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W) = =B Moo DVA (18)

where, Mm and pm are the equivalent weight of the dry membrane and density respectively
and membrane water diffusivity (Di) can be expressed as a function of 4

D, = F(W)e?*¢wsr) (19)
and the water content, A is given by:
A=14+14(a—-1) (a>1) (20)
A =0.043 + 17.18a — 39.85a% + 36a3 (a < 1) (21)
Here, a is the water activity that can be determined by
a= ;’Lt +2s (22)

where, Py is the water vapour pressure and is calculated based on the molar fraction of the
vapour yH20 and the local pressure:
Pyy = Xuz0P (23)
The water saturation pressure is calculated, as
10g10Psqr = —2.1794 + 0.02953(T — 273.17) — 9.1837 x 10~5(T — 273.17)?
+ 1.4454 x 1077(T — 273.17)3 (24)

Liquid water formation

As the operating temperature of the fuel cell is relatively low (< 90°C), the formed
water stays in the liquid state, which helps in hydrating the membrane, thereby improving
the proton conductivity. In present study, saturation model is used for calculating
production and transport of liquid water. In this model, formation of liquid water and its
transportation are governed by conservation equations (Equation 25) for the volume

fraction of liquid water, s

% + V. (plvls) =17, (25)
where, subscript ‘I’ refers to the liquid water and rw is the condensation rate which is

modelled as:

PWV_PSG.
o = ¢ max ([(1 - o) Pty ] ) (29)
Condensation rate, ry is considered only in CL and GDL because the formed water
will stagnate in flow channels if it is not appropriately evacuated. The condensation rate
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constant (cr) is fixed at 100 s™*. The presence of water in liquid form will block gas diffusion
layer’s pores which in turn will reduce the interaction between reactants and catalyst
surface. The rate at which the formed water vapour is condensed is called as condensation
rate, rw. As the pores are finer in the diffusion layer, movement of water through the porous
layer will not happen by diffusion but by capillary action. Hence, inside the porous zones,

the capillary diffusion term replaces the convective term in Equation 25 as follows

XD 4 V. [ = Levs] = 7, (27)

Equation 27 models processes such as vaporization, condensation, surface tension
and capillary diffusion. The flooding of the reaction surface and blockage of the porous
media are modeled by multiplying the active surface area and the porosity by (1-s). The
capillary pressure is computed using s (Leverett function), which is dependent on wetting

phase as shown in Equation 28.

acos@c

—5 (1.417(1 = 5) — 2.12(1 — 5)* + 1.263(1 — 5)%) 6. <90° (28)

)

P, =

P. =

acos@c
"

where, o is the surface tension (Pa), ¢ is the porosity, K the absolute permeability and 6 is

< (1.417s — 2.12(s)? + 1.263(s)3) 6, > 90° (29)

the contact angle.

Energy conservation
The steady state energy conservation equation adopted is:
V.(peCyT) = V. (kepsVT) + sy, (30)
where, C, is the specific heat capacity (J/kg.K) and ke is the effective thermal conductivity
(W/m.K) accounting for the contribution of the fluid phase and solid matrix of porous media
expressed as:
kerr = eke + (1 — &)ks (31)
The ks and k¢ are the thermal conductivities of the solid and fluid phases of the
porous media, respectively, and mixture Kinetic theory is used to calculate the thermal

conductivity of the gaseous mixture. Additional volumetric sources to the thermal energy
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equation are used because of the irreversibilities of the processes which hinder the total
conversion of chemical energy released in the electrochemical reactions to electrical work.
The total source term in the thermal energy equation (that is, enthalpy) is:

Sh = Mreact — RancatNan,cat + I?Ropm + hy, (32)
where, Rancatan.cat IS the product of the transfer current and the overpotential in the anode
or the cathode (Triple Phase Boundary), hreact is the net enthalpy change due to the
electrochemical reactions, he is the enthalpy change due to condensation/vaporization of
water and Ronm is the ohmic resistivity of the conducting media.

Assumptions

Following are the assumptions considered in this study:

1.

10.

The PEMFC is operating under steady state condition and its temperature is maintained at
the operating temperature.

The pure form of hydrogen and air are used for the simulation and these gasses follow the
ideal gas law.

Both the reactant gases flow in the laminar region in flow channels.

They are incompressible due to low pressure gradients and small velocities.

Catalyst layers, gas diffusion layers and membrane are homogeneous and isotropic

materials.
The membrane is impermeable to gasses i.e., there is no leakage current.

The ohmic potential drop is very low in electrically conductive parts like bipolar plates,

catalyst layers and gas diffusion layers.
There are negligible contact resistance and minimum swelling of the membrane.

The mass flow rate is constant at the inlet of the channel and channel outlet is at constant

pressure.

In the gas flow channels, the liquid water droplets are assumed in fine mist form and hence

liquid water velocity is equivalent to the gas velocity inside the gas channel.
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3.2 Computational domain and boundary conditions

PEM fuel cell assembly consists of 7 different parts such as membrane and a set of catalyst
layers, gas diffusion layers and current collectors on both cathode and anode sides. The 3-D
geometry of PEM fuel cell consisting of all the fuel cell parts which is created in solid works® 2010
and a representative image of the assembly is shown in Figure 3.1. The created geometry is
imported to Design Modeller 17.2 for the generation of computational domain. For achieving the
objectives of the present study, rectangular fuel cells of active area 55.55 cm?, 50 cm?, 100 cm?,
150 cm? and 200 cm? are generated. The fuel cell dimensions used in this work are listed in Tables
3.1and 3.2.

3

1= Anode Bipolar Plate; 2= Cathode Bipolar Plate; 3= Cathode Flow Channel; 4= Anode Flow
Channel; 5 Cathode Gas Diffusion Layer; 6= Anode Gas Diffusion Laver; 7= Membrane;
8> Cathode Catalyst Layer; 92 Anode Catalyst Layer.

Figure 3.1 Computational model of fuel cell assembly.

Table 3.1 Dimensions of the fuel cells considered in this study.

Area. cm? Rectangular fuel cell
’ Length, cm | Width, cm
55.55 5.5 10.1
50 5.5 9.1
100 7 14.3
150 8.2 18.3
200 10 20
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Table 3.2 Thickness of different components in fuel cell assembly.

Component Thickness, cm
Membrane 0.0125
Anode Catalyst Layer 0.0005
Cathode Catalyst Layer 0.0005
Gas Diffusion Layer 0.025
Bi-polar Plate 0.2

Flow field layouts considered in the study

Throughout this study in all the simulations, ECSSFF layout is used on the cathode side,
while a parallel flow field design is used on the anode side. To compare the performance of the
cells with ECSSFF design on cathode side against the cells with other flow field designs such as
triple serpentine flow field and single serpentine flow field designs are modelled and all the flow
filed designs generated are shown in Figure 3.2. Typical channel dimensions of the different flow

field designs used in the present study are presented in Table 3.3.

Table 3.3 Typical channel dimensions of flow field designs.

Dimensions of the flow channel in
Type of flow field design Rectangular Cell
Height, cm Width, cm
SSFF 0.1 o
TSFF 0.1 o
ECSSFF 01 02
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Computational mesh generation

The geometry created is imported to ICEMCFD®17.2, for discretizing the flow domain into
small computational cells. Hexahedral mesh is used for the mesh generation as they do not form
highly skewed cells and helps in getting stable and accurate solution [119]. The entire geometry is
divided into discrete elements, and volume of each element is controlled by the number of nodes
in each part of the fuel cell. Edge sizing for all the edges is used in the mesh generation. This gives
a good control on the mesh elements as it can be ensured that significant number of elements are
present in all parts of fuel cell. Number of nodes in Z-direction (thickness direction), X - direction
(length direction) and Y- direction (breadth direction) are varied for carrying out the grid
independence studies. For instance, 105 divisions in X-direction, 193 divisions in Y-direction and
- 22 divisions for bipolar plates, 10 divisions for each GDL, 8 divisions for cathode side catalyst
layer, 6 divisions for the anode side catalyst layer and 5 divisions for membrane in Z-direction for
a 50 cm? active area fuel cell with ECSSFF design resulted in mesh having 2.11 million number of
cells. As oxygen reduction reaction is slower compared with hydrogen oxidation reaction, finer
mesh is used in the cathode catalyst layer compared with anode catalyst layer to capture the profiles
properly. Similar procedure is followed for meshing other geometries in the present study.
Figure 3.3 shows the computational mesh for a typical 50 cm? PEM fuel cell with ECSSFF flow
field. The grid independent study and the final meshed used for various geometries are discussed

in the next section, 3.3.

Boundary conditions

Temperature, mole fraction of the species and mass flow rate are defined at inlets of the
anode and cathode flow channels. The mole fractions of Y2 & Yh2o at the anode inlet and Yoz &
Y20 at the cathode inlet are determined by using operating percentage of relative humidity (RH)
and operating p ressure. Pressure outlet condition with atmospheric pressure is applied at the outlet
of the flow channels. Counter current flow is applied in the present study as it produces higher
current density compared to other flow patterns [120]. No slip boundary conditions are applied on

all the solid surfaces and external walls are defined as isothermal.
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Anode Gas Diffusion
Layer
Anode Catalyst Layer
embran

Cathode Catalyst Layer

Cathode Gas Diffusion
Layer

Anode Current
Collector
Cathode Curren
Collector

Figure 3.3 (a) Mesh generated for the computational domain of a typical 50 cm? area fuel cell

(b) Mesh generated on the flow channel.

Zero flux boundary condition is applied for membrane phase potential, ¢mem on all the
boundaries as ionic current does not go out of the cell from any external boundary. On the external
sides of the current collectors, electrical potentials ¢so are applied. The potential at anode side is
set as 0 V while, the operating voltage is set as the cathode potential. The current generated from
the redox reactions only flows through these two boundaries. On all the remaining boundaries, the
electric potential ¢sol is set as zero. Material properties considered for the present simulations are
taken from lIranzo et al. [121] and are listed in Table 3.4. The operating conditions used in the

simulation work presented in Table 3.5.
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Table 3.4 Materials properties used in present work (Iranzo et. al., 2010) [121].

Parameter Units Value
Density kg/m3 1990
BP Specific Heat Capacity JI(kg K) 710
Thermal Conductivity W/(m K) 120
Electric Conductivity 1/(QQ m) 92,600
Density kg/m?® 321.5
Specific Heat Capacity JI(kg K) 871
Porosity - 0.82
Permeability m? 1012
GDL Thermal Conductivity W/(m K) 10
Electric Conductivity 1/(© m) 280
Viscous Resistance (Anode) 1/m? 1.0x10%2
Viscous Resistance (Cathode) 1/m? 3.86x10%
Wall Contact Angle deg 110
Density kg/m?® 1980
Specific Heat Capacity JI(kg K) 2000
Membrane | Thermal Conductivity W/(m K) 0.16
Electric Conductivity 1/(Q m) 1076
Equivalent Weight kg/kmol 1100
Density kg/m?® 2719
Specific Heat Capacity J/(kg K) 871
Thermal Conductivity W/(m K) 10
CL Electric Conductivity 1/(Q m) 5.0x10°
Porosity - 0.5
Permeability m? 10712
Surface-to-volume ratio m2/m?® 1.25x10’
Open Circuit Voltage \Y/ 0.98
Voltage at Anode terminal \Y 0
Voltage at Cathode terminal \Y/ 0.95-0.3
H, Diffusivity m?/s 8.0x10°
O Diffusivity m?/s 2.0x10°
H,O Diffusivity m?/s 5.0x107°
Pore Blockage Saturation Exponent - 2.0
Concentration Exponent (Anode) - 0.5
Concentration Exponent (Cathode) - 1.0
Charge Transfer Coefficient (Anode) - 1.0
Charge Transfer Coefficient (Cathode) - 1.0
Reference Exchange Current Density HA/cm?p; 448x10°
(Anode)
Reference Exchange Current Density HA/cm?p 448

(Cathode)
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Table 3.5 Operating conditions in present study.

Parameter Units Value

Operating Temperature °C 50, 60, 70 and 80

Operating Pressure kPa 100, 200, 300 and 400

Fuel Cell Current Density Alcm? 1

Anode Gas Flow rate kgls 1,1.5,2 and 2.5 times of stoichiometry

Cathode Gas Flow rate kgls 1,2,3 and 4 times of stoichiometry

RH of Inlet Gas Anode - 0%, 50%, 80% and 100%
Cathode - 0%, 50%, 80% and 100%

3.3 Simulation Strategy

The system of partial differential equations governing the entire PEM fuel cell physics is
solved using built-in fuel cell module of ANSYS Fluent® 17.2 [122]. While carrying out the
simulations, different options available in the module have been used to consider the heat effects
and predict different aspects of the fuel cell. Joule heating effect is enabled to consider the
generation of heat in the fuel cell due to the resistance to electron flow through the gas diffusion

layers, catalyst layers, bipolar plates and protons flow through the membrane. When joule heating

is activated, 1°R term is added in Equation 32. Reaction heating considers heat generated due to
electrochemical reactions including the product of transfer current, heat of reaction and the over-
potentials in the energy term of Equation 32. Electrochemistry sources option is used to consider
electrochemistry effects. The transfer currents on the surface of the catalyst are calculated using
BV equation. Membrane Water Transport option is used to compute water diffusion across the
membrane. The multiphase option is considered for calculating the liquid transport in the gas
diffusion layer in the present study. To calculate the gas species mass diffusivity, full
multicomponent diffusion method is opted. Fuel cell working pressure is kept constant at
200000 Pa.

The present studies are carried out at constant boundary conditions by varying operating

temperatures and relative humidity of inlet reactant gas. Flow rates are calculated by assuming a

51



current density of 1A/cm? with stoichiometric ratios of 3 and 1.5 on cathode and anode sides
respectively. All the relevant equations are solved in F-Cycle using BCGSTAB (Bi-Conjugate
Gradient Stabilize method). 100% pure hydrogen gas is considered on anode side in the present
study. The various operating conditions used in this study are given in Table 3.5. The criteria for
termination of the multi-grid cycles in solution control is used as 0.001 for species and saturation
equations and 0.0001 for potential equations. The solution also depends on under-relaxation factors
as it may lead to divergence if proper values are not used. The default under relaxations factors for
water saturation, protonic potential and water content were changed to 0.95, pressure to 0.7 and
momentum to 0.3. The criteria for convergence is taken from the literature [123-125] in which it
is shown that, monitoring of the residual alone is not sufficient to check the convergence. So,
convergence is checked in three ways in the present study and they are - residual monitoring of the
species, evaluation of the calculated current from the amount of mass consumed and consistency
of the calculated voltage with number of iterations. In the present study, convergence criteria for
species residual is set as 10 [26]. The computational mesh used for the entire fuel cell domain is
decided based on the grid independence study, which is discussed in the next section. The modeling

methodology explained till now is represented in the form of flow chart as shown in Figure 3.4.

Create 3D geometry of PEMFC in any CAD software

]

Import PEMFC geometry to ANSYS Software

|

Create Fluid Domain using ANSYS Geometry

]

p— Create Mesh using ANSYS ICEM CFD

|

Mesh Quality
Not up to Standard

Satisfied

Name the inlet and outlets of the geometry in ICEM CFD

|

52



Import the mesh file to ANSYS Fluent

|

Load the Fuel Cell module using Text User Interface (TUI)

!

Select the Fuel cells & Electrolysis Model

]

In the Fuel cells & Electrolysis module, edit the parameters
and also properties of MEA (Membrane Electrode
Assembly)

|

In the Fuel cells & Electrolysis module, select the cell
active area and connect the Terminals in report tab

|

Enter the Inlet and Outlet parameters in
Boundary conditions section

|

Initialize

| |

Enter number of iterations and run the solver |

]

Solve momentum conservation equations

]

Solve mass continuity equations

|

Solve energy equation

!

Solve species transport equations

|

Solve electrochemistry equations

Check

Increase number
of iterations

Convergence
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Analyze the results and plot contours

Figure 3.4 Flow chart of solution procedure.

3.4 Grid independent and Iteration independent studies

The multiphysics involved in PEM fuel cell require computational cells of high quality to
reach a converged solution. To achieve this converged solution with minimal computational power
and time, grid and iterative independence studies are needed to be carried out [126]. Grid
independent studies are conducted to find the optimum grid size with the available computational
resources while the iterative independent studies are conducted to find the minimum number of
iterations to reach the final solution within the acceptable error limit. These studies are carried out
at an operating temperature of 70 °C, reactant relative humidity of 100 % and operating pressure
of 200 kPa.

Figure 3.5 (a) and (b) show the results of grid and iterative independence studies performed
for 50 cm? active area at an operating voltage of 0.5 V. The total number of grid elements are varied
by changing the distance between the adjacent nodes along the channel, through plane and in-plane
in the fuel cell. For instance, a total of 6 different grid sizes with number of elements as 0.29
million, 1.022 million, 1.795 million, 2.113 million, 3.978 million and 7.82 million respectively
are generated for 50 cm? active area. Figure 3.5 (a) shows the variation of current density estimated
at 0.5 V with the number of grid elements. It can be observed that, the corresponding percentage
improvement in current density is (i) 10.12% for the mesh size increase from 0.29 million to 1.022
million (ii) 6.74% for mesh increase from 1.022 million to 1.7935 million, (iii) 1.92 % for
increment of elements from 1.7935 million to 2.113 million, (iv) 0.3015% and 0.3 % for the mesh
size increase from 2.113 million to 3.978 million and further to 7.82 million respectively. Hence
for present analysis, the mesh size of 2.113 million elements is chosen for 50 cm? area cell because
the improvement in current density is less than 2% in higher meshes. In the same way, the suitable
mesh which gives grid independent solution is identified for other active areas. The higher mesh
sizes of 5.264 million, 7.727 million and 9.898 million cells have resulted in less than 2%
difference in the current density at 0.5 V compared to the meshes of 3.8 million, 5.7 million and
7.5 million cells for 100cm?, 150 cm? and 200 cm? active area fuel cells respectively. These
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simulations were performed using HP — DL 380 G8P Server with 128 GB RAM and 16 core Xeon
E5-2650 processor. Table 3.6 lists the final meshes obtained after grid independent study for

various geometries considered in the present study. These meshes have been used for further

studies carried out with these fuel cell assemblies.
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Figure 3.5 (a) Grid independent and (b) Iterative independent studies at VV=0.5V for 50 cm?

active area cell with ECSSFF design.

Table 3.6 Finalized computational meshes of different fuel cell assemblies after grid independent

study.
Fuel cell assembly with cathode | Computational mesh (in million elements)
side flow field specification obtained after grid independent study

55.55 cm? Fuel cell with TSFF 141
55.55 cm? Fuel cell with ECSSFF 1.39
55.55 cm? Fuel cell with single 137
serpentine FF
50 cm? Fuel cell with ECSSFF 2.11
50 cm? Fuel cell with TSFF 2.14
100 cm? Fuel cell with ECSSFF 5.26
100 cm? Fuel cell with TSFF 5.29

2 i 7.72
150 cm< Fuel cell with ECSSFF
150 cm? Fuel cell with TSFF 7.75
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200 cm? Fuel cell with ECSSFF 9.89

200 cm? Fuel cell with TSFF 9.91

The final output value in case of an iterative solution is sensitive to the number of iterations
as it reaches close to the true value. The time required to obtain the solution will increase with the
increment in number of cells and iterations [119], so for the present study, the number of iterations
are fixed when the percentage improvement in current density is below 1% compared to the
previous 500 iterations. Current density value is noted down for every 500 iterations. Figure 3.5(b)
displays the graph between numbers of iterations vs current density at 0.5V for 50 cm? active area
cell with ECSSFF design, it can be witnessed that the percentage improvement in current density
is decreasing as the number of iterations are increasing. The percentage improvement is 1.55 % in
case of 2000 iterations compared to 1500, 0.75 % for 2500 iterations compared to 2000 and is
0.04% for 3000 iterations compared to 2500. In the same way, the percentage improvement in
current density with number of iterations at 0.5V was determined for other active areas. From this
study, number of iterations is fixed at 2500 as the improvement in current density is found to be

below 1% above 2500 iterations for all the cases considered.

3.5 Pressure drop and net power calculations

When the reactants flow through channels in a PEM fuel cell, there will be a loss of pressure
due to friction and presence of water. For compensating this pressure drop, reactants are needed to
be sent at an elevated pressure which requires energy. This excess energy required to maintain the
pressure high enough for the reactants to flow through channel is called parasitic power loss.
Parasitic power loss due to pressure drop is calculated by multiplying the pressure drop with
reactant flow rate (Eq. 33) as suggested by Heidary et al. [50]. Net power output is the useful power
output from the PEM fuel cell after subtracting the parasitic power loss, which incur during the
operation of the fuel cell from its gross power output. In general, when air is used as cathode
reactant, compressor is employed to pump air into the fuel cell. Han et al. [127] showed that the
compressor power takes a large chunk of total system power consumption. The realistic power
output from a PEM fuel cell operation can be calculated after subtracting the compressor power
requirement from the produced cell power. The power required for the compressor to pump air at
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higher pressures is calculated as suggested by Tirnovan and Giurgea [19] using equation (34). The
overall efficiency of the compressor is assumed to be 0.8. To know the practical usable power
produced from a PEM fuel cell, the power losses due to pressure drop across channel and power
required by the compressor are to be subtracted from the Gross Power (equation (35)).

P=qx% (33)

Weomp = (34)

where, q is flow rate (m®/s), p is air density (kg/m®), Ap is pressure drop across channel (Pa), i1 is

air mass flow rate (kg/s), ¢, is specific heat capacity (J/kg.K) and k is heat capacities ratio.
Net power = Gross power output — Power loss due to pressure drop — compresor power
(35)
3.6 Model Validation

The accuracy of a modelling approach can be verified by validating the proposed model
with the available experimental data. The experimental results of Limjeerajarus et al. [123] and
Iranzo et al. [121] have been utilized to validate the modelling methodology used in present study.
In the first validation study, a 5 cm? active area fuel cell having parallel channel design has been
simulated and compared with the experimental resutls of Limjeerajarus et al. The material
properties used from Limjeerajarus et al. are listed in Table 3.7. In the second validation study, a
fuel cell having active are of 50 cm? with 5-path serpentine channel design has been simulated and
the results are compared with the experimental results presented in Iranzo et al. The material
properties used for this study are taken from Iranzo et al. as shown in Table 3.4. The operating
conditions of both the validation studies are listed in Table 3.8 as per the two experimental works.
Figure 3.6 shows the numerical validation against the experimental studies of Limjeerajarus et al.
and Iranzo et al. As can be observed from Figure 3.6, there is a good agreement between the
experimental IV curve and IV curve obtained from CFD simulations. The percentage error between
experimental and simulation results is found to be less than 3%. This validates the followed
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modelling methodology and simulation strategy and shows that they can be used to simulate the

performance of the PEM fuel cell with ECSSFF design and conduct further studies.

Table 3.7 Materials properties of Limjeerajarus et. al. [123].

Parameter Units Value
Density kg/m3 321.5
Porosity - 0.6
GDL Electric Conductivity 1/(Q m) 280
Wall Contact Angle deg 110
Density kg/m?® 1980
Membrane | Thermal Conductivity W/(m K) 0.16
Equivalent Weight kg/kmol 1100
CL Porosity - 0.4
Surface-to-volume ratio m2/m?® 1.227x107
Open Circuit Voltage \Y/ 1.05
Anode Voltage \Y 0
Cathode Current density Alcm? 0.0025- 1.80
Pore Blockage Saturation -
2.0
Exponent
Concentration Exponent (Anode) - 1.0
Concentration Exponent (Cathode) - 1.0
Charge Transfer Coefficient - 10
(Anode & Cathode) '
Reference Exchange Current A/m?-Pt 717
Density (Anode) '
Reference Exchange Current A/m?-Pt 5
Density (Cathode) 71710
Table 3.8 Operating conditions for Model validation
) Units Limjeerajarus et. al.
Variable Iranzo et. al. [121]
[123]
Operating Temperature °C 60 60
Operating Pressure kPa 100 400
Fuel Cell Current Density Alcm? 1 1
Anode Gas Flow rate kg/s | 1.1 times of stoichiometry | 1.5 times of stoichiometry
Cathode Gas Flow rate kg/s | 2.2 times of stoichiometry | 3 times of stoichiometry
Anode - 90% 60%
RH of Inlet Gas
Cathode - 90% 60%
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Figure 3.6 Model validation against the experimental works of (a) Limjeerajarus et. al. [123]

with parallel flow field and (b) Iranzo et al. [121] with 5- path serpentine flow field.
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Superiority of ECSSFF design over Triple serpentine flow
field design

The first objective of the present study is addressed in this chapter by conducting a detailed
performance analysis of a rectangular cross-sectional PEM fuel cell with a 3-channel ECSSFF flow
field on cathode side. The performance of the cell with ECSSFF design is also compared against
the performance obtained from triple serpentine flow field design. The cell performance is
simulated using a 3-D multiphase CFD model and the modelling methodology and simulation
strategy followed are detailed in Chapter 3. The performance is evaluated in terms of their
polarization curves at different cell operating temperatures and inlet reactants relative humidity.

The simulation results are discussed in detail in the following sections.

4.1 Description of cases and geometries considered

In the present work, performance comparison of two cases is presented using CFD
modelling of full-scale PEM fuel cell. 3-D model of PEM fuel cell is developed in Solid works®
2010 and ANSYS® 17.2. The two cases studied are — (i) Fuel cell having ECSSFF flow filed design
on cathode side and parallel flow filed on anode side and (ii) Fuel cell with Triple serpentine
channel design on cathode and parallel flow channel on anode side. The performance of both the
fuel cells are compared by their polarization curve by varying operating temperature and relative
humidity of reactant gasses.

This work has been inspired from the study by Suresh et al. [68] and extended it for the
detailed analysis on the ECSSFF design using full-scale fuel cell modelling. Hence, PEM fuel cell
with active area of 55.55 cm? with the same flow channel and rib dimensions of 1 mm x 1 mm
(used in Suresh et al. [68]) is considered for this part of the work. The dimensions of the cell
considered are given in Table 3.1 and Table 3.2. The reactants entry into channels is considered in
counter current direction. Another cell of the same active area with TSFF channel design having
same channel and rib dimensions is simulated for performance comparison. The layouts of the two
flow field designs, TSFF and ECSSFF are shown in Figure 3.2 (c) and (d). Both the fuel cells have
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parallel flow design (Figure 3.2 (a)) on anode side. The generated PEM fuel cell geometry is
meshed using cartesian grid. Grid & iterative independence studies are carried out as explained in
Chapter 3. Figure 4.1 shows the variation in the simulated power density for different grid sizes
and number of iterations. The mesh size finalized has 1.39 million elements and the number of

iterations are fixed at 2500 after these grid and iterative independence studies.
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Figure 4.1 Grid and Iterative independence studies with ECSSFF design on cathode side
atV=0.5V.

4.2 Operating conditions

The present studies are carried out at constant boundary conditions by varying operating
temperatures and relative humidity of inlet reactant gas. 100% pure hydrogen gas is considered on
anode side in the present study. Material properties considered for the present simulations are taken
from Iranzo et al. [121] and are listed in the Table 3.1 of previous chapter. The best combination
of reactant flow rates in terms of anode stoichiometry (Sa) and cathode stoichiometry (Sc) is found

by following the below procedure.

The performance of a fuel cell is largely dependent on the reactant availability at catalyst
sites. To get an optimum PEMFC performance, it is desirable to have optimum reactant flow rates.
Too little flow reduces the performance due to high concentration polarization resulting from lower
available reactant concentration. On the other hand, too much flow also leads to lower performance

due to increase in the ohmic loses resulting from higher water evacuation. In the present work, the
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reactants stoichiometry is systematically analysed by fixing the anode stoichiometry (Sa) at 1 and
varying the cathode stoichiometry (S¢) from1 to 4, with an increment of 1. The same procedure is

followed for other values of S; of 1.5, 2 and 2.5.

Table 4.1: Operating Conditions used in the present study

Variable Units Value
Fuel cell temperature °C 50, 60, 70 and 80
Operating pressure kPa 200
Fuel cell current density Alcm? 1
Anode gas flow rate kg/s 1.38x10°
Cathode gas flow rate kg/s 5.96x10%°
RH of inlet gas on anode and cathode sides - 100%, 80%, 50% and 20%

Figure 4.2 shows the polarization and power curves of the PEM fuel cell with ECSSFF
design on cathode side at different anode and cathode stoichiometries, along with the maximum
current and power densities (Figure 4.2(e) & (f)) generated at different Sa and Sc. These are obtained
at the cell operating temperature of 70 °C, 2 atm operating pressure and fully humidified reactants.
It can be observed from Figures 4.2 (a) to (d) in general that the cell performance increases for any
value of Sa with the increase in Sc because of supply of higher oxygen flow. As the ORR is the
limiting reaction in a PEMFC, with higher O, concentration, more conversion takes place, which
results in improved power output. Higher air flow rates also improve the water evacuation in the
cell. The performance improvement is noticed till S¢ increases to 3, beyond that the performance
started decreasing. This trend is observed because, very high values of S¢ (>3) reduces the residence
time of the reactant in the cell and causes drying of the membrane, which ultimately deteriorates
the cell performance [128]. Higher flow rates also increase the parasitic losses, which reduce the

net power output [101].

63



1 0.9
B 08
09 e TS,
ﬁ"‘g‘ - . “\ 07
s 08 P T A .
«g .- . Py a 06 g
= =07 —8—Su/Sc-1.5/1 ® —a—Sa 05 5
£ P Sa/Sc-1.53  —a— T E
i S -e-Su/Se-151 -a é
a 206 -8-S/Sc-1.53 04 a
0s .2
f‘ 02
04 e
01
&
03 . - 0
0 0.25 05 0.75 1 1.25 1.5 1.75 0 025 05 0.75 1 125 L5 1.75 2 225
Current Density, A/em? Current Density, A/em?®
(@)
T 09 T
oo .
0.9 - -*" ‘_:;,'. IR T os o
L N e:q\ 07 08
08 el - N ‘\ B T e
o k 5 T
= 07 S = 06 =
o o z 2
) 03 i 052
Zo6 -G a A
a,"' S\ E o Tg
05 ‘,,fJ’?at © & 03 &
&” 0.2
02
04 'd
. 0.1 0.l
&
03 0 > 0
0 025 05 0.75 1 125 15 175 2 o 025 05 075 1 125 L5 1
Current Density, A/em® Current Density, A/em?
(0) (@
22 0.90 2.1 0.90
o b
E A = ! LT e mmm———— 085 %
22! oss E| |2 10 k=
. : § < 080 =
gL/ TS | |2 075
g L oso &l |5 17 E
=1 ¥ 7]
A4 gl la 070 %
I al | = [a}
5} 075 = 2 15 065
g 18 —e— Current Density g 5 —e— Current Density 060 2
- & = Power Density 0.7 ;;E Q13 - & - Power Density
€7 g E 0.55
= £ £
g gl | & 050 -Z
216 065 El | 11 %
p= £l 1= 045 =
15 1 0.60 09 0.40
1 1.5 2 25 2 3 4
Anode Stoichiometry Cathode Stoichiometry
(e) ®

Figure 4.2 Polarization and power curves at different cathode stoichimetries (S¢) and anode
stoichiometry (Sa) of (a) 1, (b) 1.5, (c) 2, (d) 2.5 and plots of (¢) maximum current density and
peak power density at 0.3 V obtained at various (€) Sa and (f) Sc.

Similarly, same was observed for hydrogen flow rate also, where the cell power output
increased from S, from 1 to 1.5 and then onwards, the performance decreased. The optimum set of

stoichimetries for hydrogen and air can be clearly observed from the plots of maximum current
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density at 0.3 V and peak power density generated at different anode and cathode stoichimetries as
shown in Figures 4.2 (e) & (f). It can be noticed from this study that the maximum power density
and maximum current density at 0.3 V are obtained at the optimum set of Sa = 1.5 and S¢ = 3.
Hence, the stoichiometry of 1.5 times for anode and 3 times for cathode is selected for further
analysis. These results are in consistent with the studies of Badduri et. al [129] and Zhenzhong et.
al [130]. Hence, flow rates of inlet gases are used as 3 times of stoichiometry which is equal to
5.96x10 kg/s in case of air and 1.5 times which is equal to 1.38x10 kg/s for hydrogen gas in
further studies. The various operating conditions used in this study are given in Table 4.1.

4.3 Performance comparison between the PEM fuel cells with ECSSFF design
and TSFF design

The performance analysis of PEM fuel cell using ECSSFF design on cathode side, in terms
of the polarization curves, contour plots of the oxygen and water mass fractions in the catalyst layer
and channels, contours plots of membrane water content and current flux density, pressure drop
and net power output, is obtained for different operating temperature and relative humidity ranges
used for the reactants in practical situations. The performance is also compared against that of the

cell using Triple serpentine flow design on cathode side.

4.3.1 Polarization curves

For comparing the performance of flow field designs, the polarization curve (IV) and IP
curve of the two fuel cells are compared. Both the fuel cells are operated under similar operating
conditions and all the material properties are same for both the cells except the cathode side flow
field designs. Figures 4.3(a) and (b) show the IV and IP curves of both the fuel cells with ECSSFF
and TSFF on cathode sides operated at a relative humidity of 20 % for both the reactants with
varying operating cell temperatures. It can be observed that at lower current densities, the fuel cells
with ECSSFF and TSFF show similar performance and at higher current densities, ECSSFF shows
better performance at lower relative humidity of 20% of the reactants. At lower current densities,
formation of the water is less and hence both the flow fields show the same performance, whereas
at higher current loads, formation of water is high and ECSSFF gives better performance because

of its better water management capability. Decrease in the cell performance with increasing the
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temperature can also be noted at this lower humidification of the reactant gas streams from
Figure 4.3 (a) and (b). As the cell temperature increases, humidification of the gases on anode and
cathode and the water formed may not be sufficient to keep the membrane sufficiently hydrated,
resulting in higher ohmic losses and hence displays reduction in the performance.
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Figure 4.3 Comparison of (a) IV and (b) IP curves between fuel cells with ECSSFF and TSFF at
RH =20 % on both sides and different cell temperatures.

Figures 4.4 (a) and (b) illustrate the polarization curve and IP curves of PEMFC with
ECSSFF and TSFF at constant RH of 50 % on both anode and cathode sides and varied cell
temperatures. Fuel cell with ECSSFF performed better than that with triple serpentine at higher
current densities at RH of 50%. But when operated at lower current densities both flow channels
performed alike. At this humidification level on both sides, the increase in cell temperature
improves the performance and an extended current density values at lower voltages can be seen.
This is because of the better water management capability of the ECSSFF design over TSFF.

Figures 4.5(a) and (b) show the 1V and IP curves of the fuel cells with the two different
cathode side flow field designs operated at constant RH of 80 % on cathode and anode sides and
varying cell temperatures. Similarly, the performance comparison curves corresponding to cathode

and anode side relative humidity of 100% are shown in Figures 4.6(a) and (b).
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Figure 4.4 Comparison of (a) IV and (b) IP Curves between fuel cells with ECSSFF and TSFF at

RH =50 % on both sides and different cell temperatures.
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Figure 4.5 Comparison of (a) IV and (b) IP Curves between fuel cells with ECSSFF and TSFF at
RH = 80% on both sides and different cell temperatures.

In all these cases, it can be clearly observed that ECSSFF exhibits better performance than
TSFF, when higher currents are drawn from the cell at lower voltages. It can also be observed that
the rise in cell temperature beyond 70°C slightly has a detrimental effect on the performance of cell
at higher operating relative humidities of the reactant gases and higher current densities. This could

be because of more generation of water at high temperatures and higher % RH of the gases on both
sides.
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Figure 4.6 Comparison of (a) IV and (b) IP Curves between fuel cells with ECSSFF and TSFF at

RH = 100% on both sides and different cell temperatures.

It can be observed from Figures 3 through 6 that the difference between the values of
highest current density in ECSSFF and triple serpentine is increasing as the relative humidity of
reactant gasses is increased. In general, all these trends of effect of % RH and temperature on the
cell performance are qualitatively in consistent with the studies reported by Ozen et al. [95],
Carcadea et al. [17] and Zhang et al. [131].

Figures 4.7(a) and (b) show the IV & IP plots of the PEM Fuel Cell with both flow field
designs used on cathode side operated at a constant temperature of 70 °C and different % RH of
the reactant gas streams. It can be clearly seen from these figures that the ECSSFF exhibits superior
performance especially at lower voltages in extending the power of drawing more current load.
Hence, these figures demonstrate that ECSSFF is very useful flow field design to be used on
cathode side, if one wants to draw higher current densities at all humidification conditions. This is
mainly because of better water removal capability and good hydration of the membrane leading to
better water management within the cell and better reactant distribution resulting from enhanced
cross-flow of the reactant to the reactant-lean areas in case of the fuel cell with ECSSFF layout on
cathode side as compared to that with TSFF design. Similar behaviour is observed for all other cell
temperatures (50°C, 60°C & 80°C) considered in this study.
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Figure 4.7 Comparison of (a) IV and (b) IP Curves between fuel cells with ECSSFF and TSFF at
cell temperature of 70°C and different % RH of the gas streams.

4.3.2 Contour plots

The superiority of ECSSFF design over TSFF design in extending range of current densities
can be clearly elucidated by observing the contour plots of water mass fraction, oxygen mass
fraction in catalyst layer and flow channels; water content in the membrane and membrane protonic
conductivity; and current density distribution in the cathode catalyst layer. These are shown in
Figures 4.8 to 4.11 for the operating condition of 80% relative humidity and 70 °C temperature at
0.5 V. Mid-planes in the thickness direction are created for cathode side flow field, cathode catalyst

layer and membrane for observing the contours of the above parameters.

Figures 4.8(a) and (b) display the contours of water mass fraction at the mid-plane of
cathode catalyst layer and cathode flow channel in the fuel cells with ECSSFF and triple serpentine
flow field respectively. It can be observed from the water mass fraction contours in the cathode
catalyst layer and flow channel of cell with TSFF that, there are some areas which are colored
green indicating higher water mass fractions in the catalyst layer and also about 40% of the flow
channels region is having higher water content. On the other hand, the water mass fraction profiles
in case of ECSSFF shows lesser water content throughout the cell area and only less than 10% of

the flow channels is having higher water content compared to other areas. This shows the
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superiority of ECSSFF over TSFF in water evacuation capability because of its enhanced cross-

flow of the reactant to the flooding prone zones in the cell.

Figures 4.9(a) and (b) show the contours of oxygen mass fraction at the mid-plane of
cathode catalyst layer and cathode flow channel in the fuel cells with ECSSFF and triple serpentine
flow field respectively. From these contour plots, it can be observed that there are more areas in
the catalyst layer and flow channels with high mass fraction of oxygen in case of ECSSFF
compared to TSFF. This shows that oxygen is more evenly distributed and oxygen lean areas are
replenished with fresh oxygen from the enhanced cross of the reactant because of the arrangement
of the channels in the ECSSFF layout. This leads to an improved performance of the cell

particularly at higher current loads.

Figures 4.10(a) and (b) represent the contours of membrane water content and membrane
proton conductivity (S/m) at the mid-plane of the membrane. As the membrane proton conductivity
of perfluorinated ion-exchange membrane such as Nafion is a strong function of its water content,
higher the water content in the membrane reduces the dehydration of the membrane and increases
its protonic conductivity. As can be observed from Figure 4.10(a), the water content in the
membrane is high in case of ECSSFF compared to TSFF and hence higher and better distribution
of proton conductivity is observed in case of cell with ECSSFF compared to that of Triple

serpentine channel, as shown in Figure 4.10(b).

The contours of the current density at mid-plane of the cathode catalyst layer are shown in
Figure 4.11. It can be noticed that the current flux density is higher at the U-bends in case of
ECSSFF than the other portions because of cross-flow from the adjacent feeder channels into the
U-bends. Overall, there are more such areas with higher current density flux in cell with ECSSFF
compared to that of triple serpentine channel. This results in improvement in overall power output
of ECSSFF.
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Figure 4.8 Contours of water mass fraction at the mid-plane of (a) Cathode catalyst layer and (b)

Cathode flow channels in the cell.
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Figure 4.9 Contours of oxygen mass fraction at the mid-plane of (a) Cathode catalyst layer and
(b) Cathode flow channels in the cell.
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Figure 4.10 Contours of (a) Membrane water content and (b) membrane proton conductivity
(S/m) at the mid-plane of the membrane in the cell.
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Figure 4.11 Current flux density contours at cathode catalyst layer in the cell with (a) ECSSFF
and (b) TSFF on cathode side.

4.3.3 Comparison of pressure drop and net power output

The pressure drop for the flow of air in the two cathode side flow fields is computed and a
comparison of the pressure drops in the flow fields at different relative humidities and cell
temperatures is shown in Figure 4.12(a). It can be observed from Figure 4.12(a) that, pressure drop
is increasing with increasing % RH and operating cell temperature. The increase in temperature
improves the reaction kinetics, thereby forming more water and increase in %RH also increases
the water content in the cell. This leads to higher pressure drops across the flow field. These trends
are in agreement with the study of effect of relative humidity by Zhang et al. [131]. Under all the
conditions of relative humidities and cell temperatures, it can be clearly observed that the pressure
drop incurred in ECSSFF design is less (~ 20-23%) compared to that in TSFF. This is another
important advantage of ECSSFF design as it reduces the parasitic losses, thereby improving the net
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power output from the PEM Fuel cell. The calculation of parasitic (excess) power required for
compensating the pressure drop is calculated as discussed in section 3.5 of chapter 3. The net power
output from the cell is then calculated by subtracting the parasitic power from the gross power
output. Figure 4.12(b) shows the effect of flow field design on the gross and net power outputs.
The calculated pressure drop and the parasitic power for both the flow field designs at 100% RH
of the gases, 80°C cell temperature and 0.5 V operating voltage are also shown in Figure 4.12(b).
This clearly shows that higher power output is obtained with ECSSFF compared to TSFF. Total
pumping power required for the supply of air with these pressure drops is also calculated and found
to be 4.36 W for ECSSFF and 4.5 W for TSFF at voltage of 0.5 V. Though this difference seems
to be small, it can be noted that it will be much significant when the cell area increases (55.55 cm?
cell area is only considered in this study) and for more number of cells as in case of a stack. Finally,
the percentage improvement in power output by ECSSFF over TSFF at all operating conditions at
0.5V is calculated and shown in the Table 4.2. As it can be seen, ECSSFF showed improved
performance over TSFF under all the operating conditions except at low % RH and high cell
temperature. The improvement in the overall power output is still higher at lower voltages with
ECSSFF compared to TSFF. Hence, this study demonstrates the superiority of ECSSFF
performance over TSFF for the range of operating conditions considered in the PEM fuel cell

operation.

Table 4.2 Percentage improvement in the cell power density with ECSSFF over TSFF for
different operating temperatures and % RH at 0.5V.

Temperature, °C | Percentage improvement with ECSSFF over TSFF

RH =100% | RH=80% | RH=50% | RH=20%
80 7.51 6.18 4.08 -1.96
70 6.27 5.63 421 1.41
60 5.81 4.87 4.11 1.48
S0 5.55 3.47 3.92 3.09
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4.4 Summary

A complete 3-dimensional, two-phase CFD model of rectangular cross-sectional
PEM fuel cell was used for comparing the performance of fuel cells using enhanced cross flow
split serpentine flow field and triple serpentine flow field designs on cathode side. Detailed
comparative analysis of the distribution of oxygen and water concentrations (in terms of mass
fractions), membrane water content and protonic conductivity and current density were shown for
both the flow field designs. The performance evaluation of ECSSFF and TSFF designs were carried
out by varying the operating cell temperature and relative humidity of the inlet reactant gases. The

key findings from present work can be summarized as,

e ECSSFF exhibited superior performance over TSFF under all operating conditions because of
its inherent layout advantages of enhanced cross-flow in the flooding prone areas of U-bends
in serpentine channels and oxygen replenishment in the oxygen lean areas of the cell.

e Membrane proton conductivity is better in ECSSFF compared to TSFF because of better water
management.

e Parasitic losses are less in ECSSFF than TSFF due to less pressure drop and hence the net
power output is high in the cell using ECSSFF on cathode side.

This study demonstrated the superiority of ECSSFF performance over TSFF for the
rectangular cross-sectional PEM fuel cell and hence suggests ECSSFF design as a more desirable
cathode channel layout over TSFF. The influence of channel and rib dimensions, especially channel
width to rib width ratio, on the performance of the fuel cell is not studied in this chapter. This has
been carried out in the next chapter. In addition, the performance comparison of the cells having
ECSSFF design and single serpentine flow filed design under the identical operating conditions is
also presented in the next chapter.

77



Ghaptor 5
Superiority of ECSSFF
Design over Single Serpentine

Flow Field Design

78



Superiority of ECSSFF design over Single Serpentine Flow
Field design

The ECSSFF design is shown to be favorable over TSFF design in terms of offering high
currents and low pressure drop, using detailed computational study conducted on the 55.55 cm?
rectangular PEM fuel cell in the previous chapter. The power output of a PEM Fuel cell depends
on the channel and rib dimensions, specifically ratio of channel width to rib width in the flow field
and the operating conditions along with reactants and material properties. The present chapter
focuses on the study of effect of ratio of channel width to rib width of ECSSFF design on the cell
performance. In addition, the performance of the cell with ECSSFF design is also compared against
the performance obtained with single serpentine flow field (SSFF) design. The SSFF design is
chosen for comparison as it is one of the most widely used flow channel designs in commercial
fuel cells. A parametric study is also carried out to find the best operating conditions for these
channel designs. The performance of the cells with both the channel designs are compared using
polarization curves for all the operating conditions to show the superiority of the ECSSFF channel
design. Henceforth, the second and third objectives of the present study as listed in Chapter 2

(section 2.6) are addressed in this chapter.

5.1  Description of cases and geometries considered

Two full scale fuel cell geometries are considered one with ECSSFF design as cathode flow
channel and another with SSFF design keeping anode side channel as SSFF for both the cells. All
the geometries are created using SolidWorks® 2010 and then imported to ANSYS® 17.2. The active
area of both the fuel cells is 55.55 cm?. The dimensions of the cell considered are given in Table 3.1
and Table 3.2. The reactants entry into channels is considered in counter current direction. The
ECSSFF channel design and SSFF designs are shown in Figure 3.2. Both the fuel cells have SSFF
design (Figure 3.2 (b)) on anode side. The PEM fuel cell geometry is meshed using Cartesian grid
in ANSYS ICEM CFD®17.2 and the grid for running the simulations is selected after grid

independence study as explained in Chapter 3.
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5.2 Operating conditions

Mass flow rates of the reactant gases are specified at the inlets by calculating them
corresponding to a current density of 1 A/cm? with stoichiometric ratios of 3 and 1.5 times on
cathode and anode sides respectively. The reactant flow rates are kept constant at 1.38x10% kg/s
for 100% pure hydrogen gas and 5.96x10°% kg/s for air throughout the present work. The relative
humidity of the reactants is fixed at 100%. Firstly, the channel to rib width ratios for both ECSSFF
and SSFF channel layout are varied stepwise to find the best ratios of channel width to rib width.
Then the channel layouts of ECSSFF and SSFF are designed with these best ratios and a parametric
study of the fuel cells is carried out at different operating temperatures (60, 70 and 80°C) &
pressures (100, 200 and 300 kPa). The performances obtained by fuel cell with ECSSFF and SSFF
are compared using polarization curves. The properties of the materials used in the present study
are specified in Table 5.1 and the Table 5.2 lists the parameters which are used for the current
study. The simulation strategy followed for obtaining the converged solution is as described in
Chapter 3.

Table 5.1 Properties of the materials.

Property Membrane  CL & GDL  Collector  Terminals
Density (kg-m) 1980 [132] 2719 [132] 2719 2719 [122]
[132]

Specific Heat (J-(kg-K)1) 2000 [132] 871 [132] 871 [132] 871 [122]
Thermal Conductivity(W-(m-K)?) 2 [132] 10 [132] 100 [132] 202.4[122]
Electrical Conductivity (ohm-m)?1  10°[132] 5000 [132] 1x10° 3.541x10’

[132] [122]
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Table 5.2 Parameters used in the current simulation study

Parameters Value
) Anode 10,000 [132]
Reference current density (A/m?)
Cathode 20 [132]
) Anode 1[132]
Reference concentration (kmol/m?)
Cathode 1[132]
_ Anode 0.5[132]
Concentration exponent
Cathode 1[132]
o Anode 2 [132]
Exchange coefficient
Cathode 2 [132]
Reference diffusivity - 3x107°[132]
Viscous resistance of porous zone (1/m?) 1012[132]
Porosity CL & GDL 0.5[133]
Permeability (m?) CL & GDL 1012[70]

5.3 Effect of Channel width to Rib Width ratio of flow field designs on the cell performance

Cathode side pressure drop is generally higher than anode side pressure drop and is more
sensitive to channel width to rib width ratio [26]. Hence in the present work, the effect of cathode
channel dimensions is studied at operating temperature of 70 °C, pressure of 200 kPa with 100 %
humidified reactants. Simulations are carried out systematically, by varying the channel width
(CW) from 0.5 mm to 3 mm, while keeping the rib width (RW) constant at 1 mm for both SSFF
design and ECSSFF design. The IV and IP curves of the fuel cell with SSFF design and ECSSFF
design for different ratios of CW to RW are presented in Figure 5.1 with zoomed portion of the
polarization curves to show the variation in ohmic loss region. It can be noticed that the
performance of the fuel cell with SSFF is increasing with increase in CW to RW ratio from 0.5 mm
to 1 mm and then it is decreasing for CW to RW ratios from 1 mm to 2 mm.

In the case of fuel cell with ECSSFF design, the improvement in performance is observed

till CW to RW ratio of 2 mm and then it started decreasing with increase in CW to RW. The narrow
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channel width increases the gas velocity which causes drying of the membrane near the channel
inlet. This can be evidenced from the contour plots of membrane water content drawn at the mid-
plane of the membrane for both the flow field designs as shown in Figure 5.2. The average
membrane water content is lower for narrow channels and is improved for wider channels. This
effects the proton transport and hence the ohmic losses are high for narrow channels. But with
further increase in channel width, the reactant gas velocity decreases. At lower voltages, more
water will be generated and should be evacuated to avoid flooding of the cell. The lower gas
velocities have lower water evacuating capacity and hence causes flooding & results in higher
concentration polarization. High CW will also result in low contact area between rib and GDL,

which will affect the electron transport reducing the performance.

From Figure 5.1 (a), it can be perceived that for SSFF design, the maximum ohmic losses
is observed for CW of 0.5 mm whereas the highest concentration losses is observed for CW of
2 mm. CW to RW ratio of 1 (CW=RW=1 mm) exhibited the best performance among all other
channel widths considered for SSFF design. In case of ECSSFF design (Figure 5.1(b)), the CW to
RW ratio of 2 (CW=2, RW=1) displayed the best performance compared to other channel ratios.
This is because of the inherent characteristics of ECSSFF design such as induced cross-flow and
better water evacuation capability [68], which help in reducing the water logging in the channels
at higher CW to RW ratios up to 2 mm. The dimensions of the flow channel for the fuel cell should
be selected in such a way that, the channels are neither too small which may cause hotspots and
local drying of the membrane, nor too large which will significantly reduce the convective flow
between channels [17]. CW by RW of 1mm by 1mm and 2 mm by 1mm displayed the best
performance for SSFF design and ECSSFF design, respectively. The SSFF and ECSSFF channel
designs with these CW by RW are used for further study. These results are in agreement with the
observations made by [26] for SSFF design.
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Figure 5.1 IV and IP curves of the fuel cell with (a) SSFF and (b) ECSSFF on cathode side.
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Figure 5.2 Contours of membrane water content for different CW at the mid-plane of membrane
in the cell at 0.7V for (a) SSFF and (b) ECSSFF.

Figure 5.3 shows the variation of pressure drop with channel width on a semi-log scale for
SSFF and ECSSFF designs at cell voltage of 0.4 V. In SSFF design, a single channel is running
through the entire active area, hence the channel is long and all the reactant gases are forced through
this long channel. Because of the lengthier channel and number of bends, the pressure drop due to
friction is high. In case of the ECSSFF design, the flow gets split into three channels and they run
through the entire active area as per the layout given in Figure 3.2 (d). The length of each channel
and the reactant flow rate through each channel is less compared to the single channel in SSFF
design and hence the pressure drop is one order of magnitude less for ECSSFF design. At lower
channel widths of 0.5 mm, both the channels displayed highest pressure drop (245.23 kPa for SSFF
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and 18.91 kPa for ECSSFF) as shown in Figure 5.3. About 70% decrease in pressure drop is
observed for the increase in CW from 0.5 mm to 1 mm and 50% decrease in pressure drop for
increase in CW from 1mm to 1.5 mm. With further increase in CW, the reduction in pressure drop
decreases. High pressure drop causes more parasitic power losses and hence reduces the net cell
power output. Too low pressure drop is also not advantageous as this will lead to very low cross
flow, which causes flooding of the cell. At the CW to RW ratio of 1 for SSFF and 2 for ECSSFF,
the pressure drops offered by these flow field designs are 56.7 kPa and1.5 kPa, respectively.
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Figure 5.3 Pressure drop at different channel widths at operating voltage of 0.4V for SSFF and
ECSSFF.

5.4 Performance comparison between fuel cells with ECSSFF design and SSFF design

The fuel cell IV and IP curves are obtained with the above finalized channel dimensions
(CW to RW ratio of 1 for SSFF and 2 for ECSSFF) at 70 °C temperature, 200 kPa pressure and
100 % humidified reactants of both the flow field designs for performance comparison, which is
shown in in Figure 5.4. It can be observed that the performance with ECSSFF design is almost
similar to that with SSFF design, except only at low voltages, where the SSFF design could extend
little more in offering the current densities. This difference is mainly because of the fact that entire

reactant gas is entering through the single channel running throughout the domain causing less
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mass transport losses at low voltages compared to ECSSFF, where the flow is divided into three
channels. But this slight increase (average improvement is less than 2%) in the IV performance is
at the expense of increased pressure drop with the SSFF. Hence, the pressure drop offered by the
flow design, which is an important parameter in performance comparison is computed and
compared in Figure 5.5.

The high pressure drop reduces the mass transport losses at the cost of increased parasitic
losses. Parasitic loss is the excess power required to maintain the operating conditions. The actual
useable power output from the fuel cell will be reduced with the increase in the parasitic losses.
Figure 5.5(a) shows the pressure drop incurred in both SSFF and ECSSFF designs at different cell
voltages and Figure 5.5(b) shows the corresponding parasitic losses. The method for finding the
parasitic power loss due to pressure drop is same as discussed in section 3.2. It can be observed
from Figure 5.5 that, the pressure drop in case of SSFF design is 30 times higher than that of

ECSSFF design and results in greater parasitic losses (~20 times higher).
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Figure 5.4 1V and IP curves of fuel cell with ECSSFF and SSFF at 70 °C operating temperature,
200 kPa pressure and 100% relative humidity.
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ECSSFF, with almost one third of flow rate in each channel, is showing almost equal
performance (as shown in Figure 5.4) compared to the SSFF with full flow rate of reactants in the
single channel by offering very less pressure drop and parasitic power (as shown in Figure 5.5). To
further demonstrate the competitiveness of ECSSFF with respect to SSFF, two cases are
investigated — (i) with same flow rate through each channel of ECSSFF as that of SSFF and (ii)
maintaining equal pressure drop through ECSSFF and SSFF.

60 BECSSEF

Pressure Drop, kPa
w

0.7 0.6
Voltage, V

(@)

BECSSFF

Parasitic Power, W

0.7 0.6
Voltage, V

(b)
Figure 5.5 (a) Pressure drop and (b) Parasitic power loss of SSFF and ECSSFF at 70 °C

operating temperature, 200 kPa pressure and 100% relative humidity.
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5.4.1 Under same flow rate

In the first case, simulations are carried out by maintaining one third of the flow rate in
SSFF, which is same as the flow rate through each channel of ECSSFF. Figure 5.6(a) shows the
polarization and IP curves of the fuel cell and the pressure drop incurred is presented in
Figure 5.6(b) for this case with the two flow fields. The limiting current density as well as peak

power shown by ECSSFF are higher by around 145% and 70% compared to that shown by SSFF.
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Figure 5.6 Comparison of (a) IV and IP curves and (b) pressure drop variation of fuel cells
having equal air flow rate through SSFF and each channel of ECSSFF at 70 °C operating
temperature, 200 kPa pressure and 100% relative humidity.
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On the other hand, the pressure drop offered by ECSSFF is almost 10 times lower compared
to that of SSFF, even though the flow rate in ECSSFF is 3 times that of SSFF. ECSSFF outperforms
SSFF both in terms of extending to higher current densities and offering low pressure due to its
inherent advantages of improved reactant cross-flow in the flow channel and higher tolerance to

flooding.

5.4.2 Under same pressure drop

For the second case, simulations are carried out to observe the improvement in power output
when the pressure drop in the fuel cell with ECSSFF is matched with the pressure drop of SSFF
(Figure 5.7b). This is achieved by increasing the air flow rate by 10 times in case of ECSSFF when
compared to that of SSFF. Figure 5.7 shows the polarization and IP curves of the cell with ECSSFF
and SSFF flow fields and the pressure drops incurred for this case at operating temperature of
70 °C, pressure of 200 kPa with 100 % humidified reactants. It is evident from Figure 5.7(a) that
the fuel cell with ECSSFF design does not experience mass transport losses even at low operating
voltage of 0.3 V, and the maximum current density has been pushed by almost 100% more
compared to that of SSFF. This is because of high flow rate of air, which improves the distribution
of oxygen in the catalyst layer besides increasing the water evacuation capacity of the channel,
thereby reducing the chances of flooding in the flow channel. ECSSFF could attain this higher

current density by offering almost the same pressure drop as that of SSFF.

In general, the pressure drop that can be handled by a PEMFC is dependent on the capacity
of the membrane/MEA to withstand the pressure difference before puncturing. So the fuel cells can
only be operated within that pressure drop range to have better performance and also higher life
span. The proposed ECSSFF channel is showing minimal pressure drop even when operated at
high flow rates and better performance for the same pressure drop. From this comparison, it can be
established that, ECSSFF channel layout is a better choice over SSFF layout.
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Figure 5.7 Comparison of (a) IV and IP curves and (b) pressure drop for fuel cells having air
flow 10 times more with ECSSFF compared to that with SSFF at 70 °C operating temperature,
200 kPa pressure and 100% relative humidity.

5.5 Effect of parameters on the performance

Effect of Temperature:

To examine the effect of temperature on the fuel cell power output with the two flow field
designs, both the cells are operated at a fixed pressure of 200 kPa and relative humidity of 100%.
Temperature of the cell is varied from 60 °C to 80 °C with an increment of 10 °C. Figure 5.8(a)

shows the polarization and IP curves of SSFF and ECSSFF at various cell operating temperatures.
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It can be noticed that the maximum power density of both the fuel cells improves as the operating

temperature is increased.
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Figure 5.8 (a) IV and IP curves and (b) pressure drop of fuel cell with ECSSFF and SSFF for

different operating temperatures at 200 kPa pressure and 100% relative humidity.

This trend is observed because, the reaction kinetics improves as the operating temperature

increases[134]. This improvement in reaction kinetics is advantageous only up to the operating

voltage of 0.7 V because, the water produced from the reaction is less. When the fuel cells are

operated below 0.6 V, more water is produced. As the fuel cells are being operated at fully

humidified condition, the excess water will result in flooding of the channel which will hinder
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diffusion of reactant gases to the reaction sites, increasing the mass transport losses[83]. So a drop
in the fuel cell performance with both the flow fields below 0.7 V is observed at low current
densities with the increase in operating temperature. As discussed earlier, the performance of
ECSSFF and SSFF is very close for all the temperatures. However, the pressure drop offered by
ECSSFF is much lower compared to that of SSFF at all the temperatures as shown in Figure 5.8(b).
So, the net power output from the cell with ECSSFF is higher than that with SSFF.

Effect of Pressure:

To explore the effect of the operating pressure on the performance, fuel cells with both the
flow fields are operated at fixed RH of 100% and a temperature of 70 °C. The operating pressure
is varied from 100 kPa to 300 kPa. Figure 5.9(a) shows the IV and IP curves of SSFF and ECSSFF
at different operating pressures. It can be observed that the power output of both the fuel cells are
improving as the operating pressure is increased which is consistent with the findings of Kahveci
and Taymaz 2018[89].

This is due to the augmentation of mass transfer of gas reactants to catalyst layers. The
higher operating pressure increases the reactant diffusivity, which decrease the mass transport
resistance [105]. The reactant partial pressure and concentration upturns with increase in the
operating pressure. The pressure drop incurred in a fuel cell increases as the operating pressure is
increased which can be observed from pressure drop variation plot for the SSFF and ECSSFF in
Figure 5.9(b). The performance displayed by the ECSSFF is on-par with that of SSFF with very
low pressure drop even at high operating pressures. As can be seen from Figure 5.9, with increase
in operating pressure from 100 kPa to 200 kPa, the performance improvement in terms of offering
high currents is prominent compared to that from 200 kPa to 300 kPa. In addition, the increase in
pressure drop with change in operating pressure from 100 kPa to 200 kPa is less compared to that
with 200 kPa to 300 kPa. Hence, in view of operating with low compressor pumping power, it is
preferable to operate the cell at the operating pressure of 200 kPa than 300 kPa.
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Figure 5.9 (a) IV and IP curves and (b) pressure drop of fuel cell with ECSSFF and SSFF for

different operating Pressures at 100% Relative Humidity and 70 °C Temperature.

5.6 Summary

This study demonstrated the effectiveness of enhanced cross flow split serpentine flow field
over the single serpentine flow field using three-dimensional, multiphase, full scale CFD
simulations. In this work, the ratios of channel width to rib width for ECSSFF and SSFF designs
which show the best performance are found and the performance of both the flow field designs are
compared at different operating pressures and temperatures. From the present study, the following

conclusions are drawn
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= CW by RW of 1 mm by 1 mm for SSFF design, while 2 mm by 1 mm for ECSSFF design are

found to display the best cell performance.

=  The performance displayed by ECSSFF design through IV and IP characteristics is on-par with
that of SSFF design with almost 30 times lesser pressure drop. If the same pressure drop is
maintained across both the flow fields, the fuel cell with ECSSFF does not show concentration

polarization and the maximum current density offered is 100% more than that of SSFF.

= Cell temperature of 70 °C and 200 kPa pressure are found to be the best operating conditions
for both the flow field designs with 100% humidified reactants. Results showed that ECSSFF
performing is almost similar to SSFF at all the operating temperature and pressure conditions

used in present study.

= ECSSFF design has shown superior performance compared to SSFF by offering lower pressure
drop even at high flow rates of the reactants. As less pressure drop increases the life span of the
delicate polymer membrane and MEA in a PEM fuel cell, ECSSFF channel design is a better

choice over SSFF for building fuel cell stacks.

The area of the fuel cell considered in this study is also 55.55 cm? similar to the cell area
considered in the previous chapter. In general, PEM fuel cells can be made in any size and shape
depending on the application. The reactant distribution becomes more non-uniform as the active
area of the cell is increased. Hence, the efficacy of ECSSFF design needs to be evaluated for higher
active area cells, in order to project it as more reliable and robust flow field design for the
application in PEM fuel cells. So in the next chapter the performance of the fuel cell with ECSSFF
design on cathode side is evaluated for different active areas viz. 50, 100, 150 and 200 cm? at fixed

operating temperature of 70 °C and relative humidity of 100%.
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Efficacy of ECSSFF design for higher active areas

The pre-eminence of the ECSSFF design over single serpentine and parallel serpentine was
demonstrated and discussed using a 55.55 cm? rectangular cross-sectional fuel cell in the previous
two chapters. As the PEM fuel cells can be made in any size and shape depending on the
application, the ECSSFF layout should be effective even for higher active area cells, in order to
stand as the favorable option for flow fields. As the increase in the power output and pressure drop
are not linear with increase in the area, it requires a separate study and is thus interesting to see
how effective is the ECSSFF lay out for higher active areas when compared to standard parallel
serpentine designs. This information will be useful when designing a scaled up fuel cell stack for
commercial purposes. The fourth objective of the study (as listed in Chapter 2) i.e. to investigate
the efficacy of the 3-channel ECSSFF design for higher active area rectangular shaped PEM fuel
cells is addressed in this chapter. Performance of these higher area cells have been further compared
with performance of the cells obtained with triple serpentine flow field (TSFF) design. The power
output from the cells and the pressure drop incurred in the cells have been evaluated and a detailed

performance comparison analysis with increase in the active area is presented in this chapter.

6.1 Description of cases and geometries considered

The present study has been carried out systematically by simulating the performance of fuel
cells having active areas of 50 cm?, 100 cm?, 150 cm? and 200 cm? with three channel ECSSFF
design on cathode side and parallel flow field on anode side. Performance of these larger area cells
have been further compared with performance of the cells with triple serpentine flow field (TSFF)
design on cathode side and parallel flow field on anode side. Hence, for each active area, two
PEMFC configurations - one with ECSSFF channel layout and second with TSFF channel layout
on cathode sides are generated using SolidWorks® 2010 and then exported to ANSYS® 17.2.
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(a) ECSSFF: Channel Width — 0.2 cm
Rib Width — 0.1 cm

ECSSFF Channcl ECSSFF Channel
- 150 cm? - 200 cm?

ECSSFF Channcl
- 50 cm? - 100 cm?

ECSSFF Channcl

(b) TSFF: Channel Width — 0.1 cm
Rib Width — 0.1 cm

TSFF Channel TSFF Channel TSFF Channel TSFF Channcl
~ 50 cm? - 100 cm* - 150 em® - 200 cm

Figure 6.1 Patterns of (a) ECSSFF and (b) TSFF channel designs for 50 cm?, 100 cm?,
150 cm? and 200 cm?.
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Figure 6.1 shows the patterns of the ECSSFF channel and TSFF channel used in this study
for different active areas. Dimensions of all the fuel cells and their individual components are
detailed in Tables 3.1 to 3.3 of Chapter 3. The channel to rib width dimensions of 2 mm by 1 mm,
which are found to be the best channel to rib width ratio for ECSSFF in the previous chapter have
been used for the ECSSFF design for all the active areas. All these geometries are meshed in the
same way as described in section 3.2 of Chapter 3. The grid and iterative independence studies are
conducted as described in section 3.4 of Chapter 3. The finalized grids for all the cases used in the
present simulations after the grid independence study are also listed in Table 3.6. The solution

methods and simulation strategy used in the present simulations are also discussed in Chapter 3.

6.2 Operating conditions

The present studies are carried out at constant boundary conditions as specified in the
section 3.2 of Chapter 3. As in previous chapters, flow rates are calculated by assuming a current
density of 1 A/cm?with optimum stoichiometric ratios as obtained in the previous Chapter of 3 and
1.5 times on cathode and anode sides respectively. The relative humidity of both the reactants is
fixed at 100%. Optimum operating temperature and pressures of 70 °C, and 200 kPa as obtained in

the previous chapters are used in this analysis.

6.3 Performance comparison between fuel cells with ECSSFF design and TSFF

design

Performance comparison of PEMFC with ECSSFF and TSFF channel layouts at different
active areas is carried out by comparing the polarization (IVV) curves and IP curves. The
performance evaluation and comparative studies are conducted for the two flow field designs for

different cell active areas — 50 cm?, 100 cm?, 150 cm? and 200 cm? at fixed operating conditions.

6.3.1 Polarization curves

Polarization (IV) and IP curves for different cell active areas with ECSSFF layout and TSFF

layout at RH 100 % for both reactants, 200 kPa of operating pressure and operating temperature of
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70 °C are shown in Figure 6.2. At higher operating voltages (>0.7 V), as can be observed from the
Figure 6.2, the difference in the cell power output obtained from both the flow field designs is not
significant and hence the lines coincide. This is mainly because of lower currents drawn at higher
voltages resulting in lower rate of electrochemical reaction, which requires limited amount of
reactants (hydrogen and oxygen) at the catalyst sites to generate power. So the effect of reactant
distribution and water evacuation capability have less prominence on the performance of PEMFC
at high voltages. At lower voltages, rate of electrochemical reaction will be high and results in
higher consumption of reactants. So the reactant distribution and water evacuation capacity have
predominant impact on the PEMFC performance. Both reactant distribution and water evacuation
strongly depend on the flow channels design. The difference in performance is clearly evident from
Figure 6.2 for the two flow field designs - ECSSFF and TSFF below 0.7 V operating voltage.

When Figure 6.2 is inspected closely in low voltage region (<0.7 V), the following
observations can be made: (i) the ECSSFF design exhibited a higher power output compared to
TSFF design for all the active areas; (ii) the cell performance with TSFF decreases with increase
in the cell area; (iii) the ECSSFF design shows better performance for 100 cm? cell area compared
to other areas and (iv) the decrease in cell performance with increase in active area in case of
ECSSFF is less compared to TSFF. Shorter path lengths in small area fuel cell will improve
reactant distribution, water content and have uniform current density distribution [24]. As the cells
having active areas of 50 cm? and 100 cm? have shorter channel lengths, the power output from
these cells is higher compared to 150 cm? and 200 cm?. In case of 100 cm? cell, the mass flow rate
is higher than that of 50 cm? and the channels length is not large enough to cause uneven reactant
distribution. Hence the performance is improved, when active area is increased from 50 cm? to
100 cm? in case of ECSSFF. For larger cell areas such as 150 cm? and 200 cm?, the channel lengths
are large which cause uneven reactant distribution and water stagnation in the lower sections of the
flow channels, finally resulting in reduced power output. In both flow channel designs the
maximum power density is observed for an active area of 100 cm?. These results are consistent
with the findings of Li et al. [112] where, the power output of single serpentine channel design
increases from active area of 50 cm? to 100 cm? and decreased for 200 cm? with TSFF.
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Figure 6.2 (a) IV curves and (b) IP curves for different active area cells with TSFF and ECSSFF
at 100 % RH and 70°C operating temperature.

The pre-eminence of ECSSFF channel design over TSFF channel design can be further
illustrated by line graphs of oxygen mass fraction and water mass fraction in Y- direction (breadth
direction) at operating voltage of 0.4V. In ECSSFF design, different channels cover different
sections of the active area, where as in case of TSFF design, three parallel serpentine channels
cover the entire active area (Figure 6.1). Hence three lines, each one in the middle of top section,
middle section and bottom section in the CL and GDL are drawn as shown in Figure 6.3. The mass

fraction values are taken at all three lines and average values are calculated, and the average mass
fractions are plotted in Figures 6.4-6.8.
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Figure 6.3 Lines drawn in the Cathode CL and GDL for the analysis.

Figure 6.4 presents the line graphs of oxygen mass fractions in cathode GDL along the Y -
direction. It can be observed that the average oxygen mass fraction of ECSSFF design is higher
compared to TSFF design for all active areas. In the initial portions along the breadth of the cells
containing fresh feed channels, the oxygen mass fractions in cathode GDL are high and almost
similar in both the designs. Later the average oxygen mass fraction is seen to be gradually
increasing in case of ECSSFF design because of induced cross-flow from oxygen rich regions to
the oxygen depleted regions due to the smart layout (arrangement) of the serpentines channels. In
case of TSFF design, the oxygen concentration decreases to a very low value along the width of
the flow field and this decrement is severe at higher cell active areas. On the other hand, significant
oxygen mass fractions can be seen at the tail end of the flow field even for higher active area cells
in case of ECSSFF design due to the maintenance of induced cross-flow. Because of the availability
of higher oxygen concentrations under the rib, dead zones in the cell area are very few in case of
ECSSFF.
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Figure 6.4 Line graphs of average mass fraction of oxygen in the cathode gas diffusion layer for

different active areas at 100 % RH, 70°C operating temperature and voltage of 0.4 V.

Similar trends can also be observed in Figure 6.5, which represents the line graphs of
oxygen mass fractions in the cathode CL. Because of the sharing of reactant between different
concentration regions due to cross flow, the average oxygen mass fraction is found to be less in the
middle part of the CL along Y-direction with ECSSFF design compared to that with TSFF.
However, throughout the catalyst surface, some minimum concentration of oxygen is maintained
in case of ECSSFF unlike TSFF, which has a very low oxygen mass fraction along the end portion
of the flow field. This makes the volume averaged oxygen mass fraction in the CL to be higher in
case of ECSSFF (see Figure 6.8). Higher availability of reactants on the catalyst surface, improves
the utilization of the available catalyst and the oxygen reduction reaction in case of cells with
ECSSFF design, thereby produces higher currents. This effect is observed to be more pronounced
with increase in cell area. Hence, fuel cell with ECSSFF design outperforms the cell with TSFF

design for all active areas, specifically at higher active areas, when operated under similar
conditions.
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Figure 6.5 Line graphs of average mass fraction of oxygen in the cathode catalyst layer for

different active areas at 100 % RH, 70°C operating temperature and voltage of 0.4 V.

Figures 6.6 and 6.7 display the line graphs of water mass fractions in the cathode GDL and
cathode CL respectively, along the Y- direction at 0.4 V. It can be noticed that the average water
mass fraction is less for ECSSFF design compared to TSFF design because of the induced cross-
flow, which evacuates the produced water effectively. This effective water evacuation capability
of ECSSFF design reduces the chances of water stagnation in the GDL compared to TSFF design.
Less water stagnation in the GDL and CL not only reduces the chances of flooding of the fuel cell
but also reduces the total cell pressure drop with ECSSFF design (as can be seen from Figure

6.10(a)). This ultimately results in producing high currents from the cell with ECSSFF design
compared to that with TSFF.
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In addition to the line graphs, volume averaged values of the oxygen mass fraction and
water mass fraction in the entire cathode catalyst layer and in the GDL have been calculated and
they are compared for the two flow field designs in Figure 6.8. It can be clearly noticed that, the
ECSSFF design has the better oxygen transport capability and water removal capacity than TSFF
design as ECSSFF shows maximum oxygen mass fraction and minimum water mass fraction in
the catalyst layer and GDL. For lower active areas such as 50 cm?, both the flow field designs are
comparable in terms of average mass fractions of oxygen in CL and GDL. But as the cell active
area increases, the TSFF takes the back seat while the ECSSFF keeps up to be the promising layout
by maintaining higher oxygen mass fractions in GDL and CL. In addition, ECSSFF design has

also maintained lower average water mass fraction values at higher active areas.
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Figure 6.8 Comparison of volume average (a) oxygen mass fraction and (b) water mass fraction
with the two flow field designs in the cathode catalyst layer and GDL for different cell areas at
100 % RH, 70°C operating temperature and 0.4V.

As shown in Figure 6.9, the superiority of ECSSFF channel design over TSFF channel
design at higher cell areas can be further illustrated by the contours of current flux density, plotted
at the mid-planes created in the thickness direction of cathode CL at a voltage of 0.4 V. Current
flux density can be noticed to be reducing with the increase in the cell area due to improper reactant
distribution at higher active areas in case of cells with TSFF design. On the other hand, this decrease
in current flux density with increasing cell area is less for the cells with ECSSFF design. Better
water evacuation and reactant availability due to induced cross flow in ECSSFF make most of the
fuel cell area to be active for the electrochemical reaction. In case of TSFF design, due to water
stagnation in the channels, GDL and CL, the amount of reactants reaching the catalyst sites is
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greatly affected. As the cell area increases, more channels are prone to flooding which reduces the
power output. So a higher drop in power output is observed in the cells with TSFF design compared
to cells with ECSSFF design at higher active areas.
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Figure 6.9 Contours of current flux density (A/m?) at the mid-planes of cathode catalyst layer for
different cell areas at 100 % RH, 70°C operating temperature and 0.4V,

6.3.2 Pressure drop and power output comparison

When the reactants flow through channels in fuel cell, there will be a loss of pressure due
to friction and presence of water. For compensating this pressure drop, reactants are needed to be

sent at an elevated pressure by using a compressor, which requires energy. This excess energy or
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power required by the compressor to maintain the pressure high enough for the reactants to flow
through channels is called parasitic power loss. With increase in the pressure drop in the fuel cell,
the power required by the compressor for the reactants increases. This increase in power
requirement of the compressor is measured in terms of parasitic power loss. Parasitic power loss is
given by the product of pressure drop and reactant flow rate [50]. Figure 6.10 shows the variation
in pressure drop across the channel and the corresponding parasitic power loss with TSFF and

ECSSFF designs for different cell areas at 0.4 V.
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Figure 6.10 Comparison of (a) Pressure drop and (b) Parasitic power loss in cells with ECSSFF
and TSFF designs for different active areas at 70 °C, 200 kPa and 0.4V.

With increase in the active area of the PEMFC and flow field, the length of the channels
also increases, which result in increase of the pressure drop. Even though the active areas are
similar for both the flow fields, ECSSFF channel design offers 70 % less pressure drop compared
to TSFF channel design. Having less pressure drop across the channel is advantageous as it results
in better distribution of the reactants, which leads to better temperature control and low mass
transport loss [20] in addition to increasing the life span of the membrane. As the pressure drop
increases with the cell active area, the parasitic power loss also increases, which can be seen from
the Figure 6.10 (b). It can also be noted that the parasitic power loss for ECSSFF channel design is

less compared to that with TSFF channel design.
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Net power output is the useful power output from the PEMFC after subtracting the parasitic
power loss, which incur during the operation of the PEMFC from its gross power output. To
evaluate the flow field performance for the practical utilization in cells or stacks, it would be more
reasonable to estimate this net power output. Because of higher pressure drop and parasitic power
loss in case of PEMFC with TSFF channel, the net power output decreases further compared to
that with ECSSFF channel design as shown in Figure 6.11(a) and this difference in the net power
output increases with increase in cell active area. The percentage increase in the net power output
with ECSSFF design over TSFF design increases from 4.5% to 13.5% with increase in cell area

from 50 cm? to 200 cm?.

The percentage drop in net power density in fuel cells with both the designs with increase
in the active areas is plotted in Figure 6.11(b). As seen from the IV and IP curves (Figure 6.3), the
power density has increased a bit with increase in cell area from 50 cm? to 100 cm? and then it
decreases with increase in cell active area as shown in Figure 6.11(b). The percentage drop in net
power density with increasing cell active area (from 100 cm? to 150 cm? and 150 cm? to 200 cm?)
in case of ECSSFF design is almost 55% less compared to that with TSFF design. The percentage
reduction in power density with increase in active area from 50 cm? to 200 cm? is only 6% for the
fuel cell with ECSSFF, while it is 15% in case of fuel cells with TSFF. Findings of Karthikeyan
et al. [2014] showed that, the power density is reduced by almost 40% when the active area of the
PEMFC with is increased from 25 cm? to 70 cm?[135]. It can be inferred from the comparison of
the results of current study with outcomes of Karthikeyan et al. [2014] that ECSSFF is a favorable

flow field layout for higher active areas.

The study shows that the overall power output of the cell with ECSSFF design is higher for
all cell active areas compared to that of the cell with TSFF design and ECSSFF design does not
lose its characteristics and quadruple advantages (as presented in Suresh et al. [68]) at higher active
areas. The present work demonstrates the superiority of the ECSSFF channel design over TSFF
channel design at high cell active areas. Hence, the ECSSFF is a potential flow field design to be

considered for higher area fuel cells and stack of such cells for large scale power production.
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Figure 6.11 (a) Variation of net power with active area and (b) Percentage drop in net power

density with increase in cell active area at 100 % RH, 70°C and voltage of 0.4 V.
6.4 Summary

This work demonstrates the efficacy of the ECSSFF channel design over TSFF channel
design rectangular cross-sectional cells having higher active areas. A comprehensive 3-D CFD
modelling of PEM fuel cell was utilized to demonstrate on the capability of ECSSFF design as the
better choice to be used on cathode side for higher active area cells over parallel serpentine flow
field design. This was established systematically by comparing the performance obtained with
ECSSFF design and TSFF design from PEMFC with four different active areas of 50 cm?, 100 cm?,
150 cm? and 200 cm?. The average mass fraction of oxygen in the cathode gas diffusion layer and
catalyst layer at higher active areas were found to be higher for the cells with ECSSFF compared
to those with TSFF, whereas the water mass fractions in those layers were lower in case of ECSSFF

because of the induced cross-flow and better water evacuation capability.

For all active areas considered in the study, the performance exhibited by the cells with
ECSSFF in terms of offering higher current density, lower pressure drop (70% less) as well as
higher net power is superior to that exhibited by the cells with TSFF. The drop in the net power
output with increase in the cell active area in case of ECSSFF is 55% less compared to that with

TSFF. These findings suggest that, use of ECSSFF design brings in lot of improvement in the total
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power output from the PEMFC stacks containing series of higher active area cells for large scale

power production.

Till now the study on ECSSFF channel design is confined to rectangular cross-sectional
PEM fuel cells. But, for commercial purposes, PEM fuel cells can also be made in a square shape
also. Hence, it would be interesting to extend the concept of induced cross-flow to get suitable
ECSSFF layout for square cross-sectional cells. It is also required to find out how the ECSSFF
layout, which displayed superior performance over parallel serpentine design in case of rectangular
shaped cells, will perform for square shaped cells. This is explored in the next chapter.
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Studies on ECSSFF design for Square cross-sectional PEM

fuel cells

Chapters 4 to 6 have shown that ECSSFF design is an effective and promising flow field
design to be considered compared to single and parallel serpentine flow fields for rectangular cross-
sectional cells, even for higher active areas. It will be interesting to see whether ECSSFF layout is
also effective for square cross-sectional PEM fuel cell, as square shaped fuel cells are also being
widely used. The distribution of reactant on the catalyst layer and the evacuation of water in a
square type fuel cell will be different from rectangular fuel cell because of the difference in number
of channel bends. In addition, the power output from the cells will not vary linearly with cell active
area. Hence, a separate analysis is required to study the efficacy of the well appreciated ECSSFF
layout in case of rectangular shaped fuel cells, when used in square cross-sectional PEMFCs. The
objective of this part of the study is to design a flow filed layout using the concept of ECSSFF for
a square cross-sectional cell and evaluate its performance computationally. The outcome of this
study would be very useful in designing commercial square shaped fuel cell stacks with an efficient
flow field designs for larger power applications. Hence, this chapter addresses the final objective

of the thesis work as presented in section 2.6 of Chapter 2.

7.1 Synthesis of ECSSFF layout for square type cell

The key concept of ECSSFF layout is to induce the cross flow to the U-bend portions of all
the split serpentine channels. This helps in removing the accumulated water near the U-bends and
replenish the reactants in the depleted regions. By ensuring this important concept/ feature, the
ECSSFF layout has been extended to square cross-sectional cell with four split serpentine channels
as shown in Figure 7.1(a). It can be clearly noticed that all the flooding prone areas are
preferentially taken care by the respective feeder channels in this layout. This has been used as the
cathode side flow field in the present study. The ECSSFF layout is firstly synthesized for a 50 cm?
area and a detailed parametric study is conducted.
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7.2 Description of cases and geometries considered

The current study presented here has been divided into four parts —

(1) Simulation and performance comparison of the square cross-sectional PEMFC having
ECSSFF layout on cathode side against that with 5-path serpentine flow field (as shown in
Figure 7.1(b)) reported by Iranzo et al. [121].

(2) Finding the best channel to rib width ratio for the proposed ECSSFF Layout.

(3) Parametric study on the square shaped PEMFC having ECSSFF design with optimized
channel and rib dimensions on cathode side.

(4) Evaluation of the ECSSFF design for large area square cross-sectional fuel cells.

Table 7.1 Fuel cell component dimensions.

Dimension of the component Value incm
Membrane 0.0175
Cathode CL 0.0012
Thickness
Anode CL 0.0006
GDL 0.042
Bipolar Plate 0.2
Channel Height 0.1
Channel Width 0.1
Flow field Length 7.2
Flow field Width 7.1
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In all the above studies, cathode channel is the proposed square ECSSFF layout and anode
channel is parallel layout. The ECSSFF layout synthesized for square cross-sectional cell is applied
firstly for a 50 cm? area PEM fuel cell and the performance is simulated. The performance of the
square shaped cell with ECSSFF is also compared with the performance of the cell with a 5- path
serpentine flow field (as shown in Figure 7.1(b)) for similar operating conditions. A 3-D geometry
of PEMFC having bipolar plate with gas flow channel, GDL, CL and membrane is created in
solid works® 2010. The dimensions of the fuel cell and channel and rib considered for the first part
of the study are taken from the work of Iranzo et al. [121], which are tabulated in Table 7.1. The
generated geometry is imported to ICEMCFD 17.2, for discretizing the geometry into small
computational cells. The hexahedral cells, which do not form highly skewed cells are used to have
stable and convergent numerical solution. Grid independence studies are carried out as discussed
in the Chapter 3 and the final selected grid has 2 million cells. The generated geometry with the
computational mesh is imported to ANSYS FLUENT®17.2 to solve for flow, electrochemistry and

species balance equations using Fuel cell add-on module.

t (@) ()

Figure 7.1 (a) ECSSFF layout for a square cross-sectional PEM fuel cell (b) Five -path
serpentine flow design used in Iranzo et al. 2010 [121].
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In the second part of the study, the effect of channel and rib widths on the cell performance
is analyzed by varying the channel width while keeping the rib width constant at 1 mm. The best
channel to rib width ratio is found with respect to maximum power density and peak power output.
Later, a detailed parametric study including the effect of operating temperature, pressure, relative
humidities and flow rates of the reactants on the cell performance with the synthesized ECSSFF
with obtained best channel dimensions on cathode side is carried out. Finally, the effectiveness of
the proposed ECSSFF layout is tested for higher active area square type cells by simulating the
performance with different active areas of 50 cm?, 100 cm?, 150 cm? and 200 cm?. The dimensions
of the cell for these areas are listed in Table 7.2 and the thicknesses of the cell components used in
these cells are same as listed in Table 7.1. The power output from the cells and the pressure drop
incurred in the cells have been evaluated and a detailed performance comparison analysis is
presented.

Table 7.2 Dimensions of the cell used for evaluation to higher active area cells.

Cell Area, cm? | Cell Length, cm | Cell Width, cm
50 7.2 7.1
100 9.7 10.1
150 121 121
200 13.9 141

7.3 Operating conditions

In the present study, the flow rates of the reactant are based on the stoichiometric numbers,
which are computed based on the reference current density of 1A/cm?. Reactants are sent into the
fuel cell in counter current flow as the distribution of current density and membrane water content
is more uniform than co-current flow [104]. A complete parametric study is carried out by varying
one operating parameter and fixing all the remaining parameters. The ranges of operating

conditions used for the third part of the simulation study are shown in Table 7.3. Material properties
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used in the present study are from Iranzo et al. [121] which are presented in Table 3.4 of Chapter 3.
Same modelling methodology and simulation strategy as discussed in Chapter 3 have been

followed for the current study also.

Table 7.3 Operating conditions in the present study.

Variable Units Value
Operating Temperature °C 50, 60, 70 and 80
Operating Pressure kPa 100, 200, 300 and 400
Fuel Cell Current Density Alcm? 1
Anode Gas Flow rate kals 1,1.5,2 and 2.5 times of stoichiometry
Cathode Gas Flow rate kals 1,2,3 and 4 times of stoichiometry
RH of Inlet Anode - 0%, 50%, 80% and 100%
Gas Cathode - 0%, 50%, 80% and 100%

The modeling methodology has been validated using the PEMFC with 5-path serpentine
channel flow field on cathode side and parallel flow field on the anode side and is already discussed
in the section 3.6 of Chapter 3. In the present work, grid independent study is conducted as
discussed in Chapter 3 by generating 5 different grid sizes (0.17 million, 1.25 million, 2.09 million,
4.83 million and 8.37 million elements) and the variation in current density with respect to grid
size at 0.5 V is observed. It is found that, the % change in current density obtained is 1% when the
grid size increases from 2.09 million to 4.83 million and hence to keep the requirement of
computational hardware minimal, the mesh with 2.09 million elements is selected for further study.
An iterative independence study is also carried out as discussed in Chapter 3 to fix the number of
iterations for all cases to get the final value within 1% error. The variation in current density with
number of iterations at 0.5 V is monitored and it is observed that, the % difference in current density
is less than 1% beyond 3500 iterations. Hence for further studies, the number of iterations are fixed

at 3500 to save time required for the simulations without affecting the accuracy of the results.
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7.4 Performance comparison of the fuel cells with ECSSFF design and 5-path

serpentine design

Performance of the square cross-sectional fuel cell with ECSSFF design (shown in Figure
7.1(a)) as cathode channel is simulated for the same operating conditions (RH 60%, Stoichiometric
factors 1.5/3.0 for anode and cathode, Temperature 60 °C, Pressure 400 kPa) and is compared with
the performance obtained with 5-path serpentine channel design. The polarization and power
density curves comparing the performance of the two cells with square ECSSFF design and 5- path
serpentine channel design are shown in Figure 7.2. It can be observed that the performance of both
the fuel cells is similar till 0.7 V as the reactant consumption is less at higher voltages and hence
the performance is not much effected by the type of flow design. Below the voltage of 0.7V, a
steady increase in the difference in performance can be observed, with the cell having square
ECSSFF design showing improved performance. 10% improvement in the current density at 0.3 V
and 6.5% increase in the peak power density are noticed with the ECSSFF layout. These
improvements are obtained with the channel and rib dimensions, which are same as that of the
dimensions used for 5-path serpentine channel in Iranzo et al. [121]. More improvements in the
performance may be possible by finding the best channel and rib dimensions for the ECSSFF layout
and operating conditions. The results of the study on the effect of channel and rib widths ratio on

the cell performance are presented in the next section.

Figure 7.3 shows the contour plot of oxygen concentration (mass fraction) on mid-plane of
the cathode CL of the two simulated PEMFCs with ECSSFF and 5-path serpentine flow fields at
the operating voltage of 0.4 V. It can be observed that, the reactant concentration is high and more
uniform in most areas of catalyst layer in case of cell with square ECSSFF design, while the
maximum reactant concentration can be observed only in the initial part of the channel, which
gradually decreases towards the end of the channel in the case of 5-path serpentine design. The
enhanced cross-flow feature of the square ECSSFF design improves the reactant concentration at
the middle portions on the catalyst surface, as can be seen from Figure 7.3(a). The availability of

higher reactant concentration on most parts of the catalyst surface enhances the conversion of the
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reactant leading to higher power output. This causes the cell having Square ECSSFF to display

better performance than the cell with 5-path serpentine (Figure 7.2).
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Figure 7.2 Comparison of (a) V-I curve and (b) P-1 curve obtained with 4-channel ECSSFF and
5-path serpentine flow field.
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Figure 7.3 Mass fraction of oxygen at mid-plane of cathode catalyst layer in the PEMFCs with
(a) Square ECSSFF and (b) Five-path serpentine at V = 0.4V.

7.5 Effect of channel width to rib width ratio for square shaped ECSSFF design

on cell performance

The ratio of channel width (CW) to rib width (RW) effects the pressure drop in the flow
field. So to find the best cathode channel dimensions with least pressure drop, a study is carried
out by varying CW while keeping the RW constant at 1 mm in the present study. The fuel cell is
operated at RH 100%, Stoichiometric factors 1.5/3.0 for anode and cathode, Temperature 60 °C,
Pressure 200 kPa. These conditions are varied as the individual parameter is studied. The
polarization and power curves of the fuel cell with square ECSSFF design simulated for different
ratios of CW to RW are presented in Figure 7.4(a). It can be noticed that the power output from the
PEMFC is increasing with increase in CW to RW ratio from 0.5 to Imm and then it is decreasing
for CW to RW ratios from 1 to 2 mm.

The narrow channel width increases the gas velocity which leads to drying of the membrane
because of which the average membrane water content is lower for narrow channels and increases
as the channels get wider. This affects the proton conducting capacity of the membrane and

increases ohmic losses for narrow channels. But as the channel width increases, the reactant gas
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velocity decreases. At higher currents, water generation is more and need to be removed to avoid
flooding in the catalyst, GDL and channels of the cell. The evacuation of water will be difficult for
lower gas velocities and results in higher concentration polarization. High CW will also result in
low contact area between rib and GDL, which adversely affects the electron transport.
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drop at 0.5 V, for different Channel width to Rib width ratios.
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From Figure 7.4(a), it can be observed that for the ECSSFF layout for square type cell, CW
to RW ratio of 1 (CW=RW=1 mm) exhibited the best performance among all other channel widths
considered for the design. The dimensions of the flow channel for the fuel cell should be selected
in such a way that, the channels are neither too small which may cause local drying and hotspots
on the membrane, nor too large which will substantially reduce the convective flow between
channels [17]. The pressure drop across the channel is dependent on the channel width to rib width
ratios. Figure 7.4(b) shows the gross power, net power, parasitic power and pressure drop at 0.5 V,
for different CW to RW ratios. The method for finding the parasitic power loss due to pressure
drop is same as discussed in section 3.2. At lower channel width of 0.5mm, the flow field offered
highest pressure drop of 13 kPa. With the increase in CW, the pressure drop decreased to 0.7 kPa
for CW of 2 mm. High pressure drop causes more parasitic power losses and hence reduces the net
cell power output. Too low pressure drop is also not advantageous as there will be very low cross
flow, which causes flooding of the cell. Hence, the gross power and net power are higher for CW
of 1 mm compared to those with 1.5 mm and 2 mm, even though they offer less pressure drop
compared to CW of 1 mm case. As a result, the CW by RW ratio of 1mm by 1mm is considered
for further studies with the proposed ECSSFF layout, as this ratio resulted in best performance.

7.6 Parametric study on the performance of square shaped PEMFC having
ECSSFF design

7.6.1 Effect of Reactant Flow rates

The performance of a fuel cell is very much dependent on the availability of reactants. To
get maximum PEMFC performance, it is suggested that to have optimum reactant flow rates. As
too little flow reduces the performance due to non-availability of the reactant for participating in
reaction in some areas and too much flow will also lead to lower performance due to higher water
evacuation leading to membrane dehydration, which increases ohmic losses. To analyse the effect
of reactants stoichiometry, a systematic procedure is adopted. The performance of the fuel cell is
simulated by varying the cathode stoichiometry (S¢) froml to 4, with an increment of 1 at fixed

anode stoichiometry (Sa) of 1. This is repeated for other anode stoichiometries — 1.5, 2 and 2.5.
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Figure 7.5 Polarization and power curves at different cathode stoichiometries (S¢) and anode
stoichiometry (Sa) of (a) 1, (b) 1.5, (c) 2, (d) 2.5 and surface plots of () maximum current density
at 0.3 V and (f) peak power density at various Sz and S.

Figure 7.5 shows the polarization and power curves at different anode and cathode
stoichiometries, along with the maximum current and power densities (Figure 7.5(e) & (f))
generated at different S, and Sc. It can be observed from Figures 7.5 (a) to (d) in general that the
cell performance increases for any value of Sa with the increase in S¢ because of supply of higher
oxygen concentration. As the ORR is the limiting reaction in a PEMFC, with higher O2
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concentration, more conversion takes place, which results in improved power output. Higher air
flow rates also improve the water evacuation in the cell. The performance improvement is noticed
till S¢ increases to 3, beyond that the performance started decreasing. This trend is observed
because, very high values of S¢ (>3) reduces the residence time of the reactant in the cell and causes
drying of the membrane, which ultimately deteriorates the cell performance. Higher flow rates also
increases the parasitic losses, which reduce the net power output [101]. Similarly, same was
observed for hydrogen flow rate also, where the cell power output increased from S, from 1 to 1.5
and then onwards, the performance decreased. The optimum set of stoichimetries for hydrogen and
air can be clearly observed from the surface plots of maximum current density at 0.3 V and peak
power density generated at different anode and cathode stoichiometries as shown in Figures 7.5 (e)
& (f). It can be noticed from this study that the maximum power density and maximum current
density are obtained at the optimum set of Sa = 1.5 and S¢ = 3. Hence, the stoichiometry of 1.5
times for anode and 3 times for cathode is selected for further analysis. These results are in
consistent with the studies of Badduri et. al [129] and Zhenzhong et. al[130].

7.6.2 Effect of Operating Temperature

The PEM fuel cell performance is dependent on the operating temperature as the diffusivity
of gases, reaction kinetics and the membrane conductivity strongly depend on the temperature [97].
These parameters improve with the increase in operating temperature. The proton conductivity of
the Nafion® is dependent on the hydration level of the membrane, which reduces with increase in
the temperature due to reduced evaporation[95,136]. So, it is essential to run the PEMFC at an
optimum temperature such that, the membrane will be fully hydrated and also conductivity will be
high. In this work, the performance of the fuel cell is simulated for operating temperatures of 50 °C,
60 °C, 70 °C and 80 °C to find the optimum temperature.
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Figure 7.6 Polarization and Power curves for different operating temperature from 50 °C to
80 °C.

Figure 7.6 shows the power and polarization curves at various operating temperatures. It
can be noticed that the performance of the cell increased till the temperature of 70 °C and then it
reduced. The performance increase is due to increase in the gas diffusivity, membrane conductivity
and reaction kinetics with temperature. The adverse effect on the cell performance with further
increase in temperature beyond 70 °C is due to the reduced water content in the membrane owing
to the reduction in condensation and/or increased rate of water evaporation. The trends of these
results agree with the findings of yan et. al [99] and Badduri et. al[36]. So the operating temperature

is fixed at 70 °C for the remaining cases.

7.6.3 Effect of Operating Pressure

From the literature it is observed that operating pressure have great effect on the fuel cell
performance [137]. In general, when the operating pressure increases, the mole fractions of
individual reactants increase, which lead to higher reactant concentration in the CL. This increase
in pressure also helps in evacuation of water, which reduces the flooding probability. Hence, higher

operating pressure increases the limiting current density and the overall power output of the
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PEMFC. However, maintaining high pressure in the cell containing thin and porous structures is

not that easy and pumping power for the reactant gases will also increase.

Figure 7.7 (a) displays the polarization and power curves of PEMFC when operated at
pressures of 100 kPa, 200 kPa, 300 kPa and 400 kPa. It can be observed that the fuel cell
performance improves as the operating pressure increases, which is in line with the findings of
Carcadea et al. [17], Abdollahzadeh et al. [138] and other works [100,106,136,137]. In general,
when air is used on cathode side, compressor is employed to pump air to the fuel cell. Han et al.
[127] showed that the compressor consumes a large chunk of total system power consumption.
Even though operating the PEMFC at higher pressures is advantageous, it has two important
drawbacks which are - the pressure drop across the channel increases at elevated operating
pressures and the high power consumption by compressor, which needs to send the reactants at
high pressures. These increase the parasitic losses and consequently reduces the net power
generated from the cell. It is important to take note of channel pressure drop and compressor power

consumption before finalizing the operating pressure.

Figure 7.7 (b) shows the gross power, net power-1 and net power -2 at operating voltage of
0.5 V. Net power-1 is the output power after subtracting the parasitic power loss due to pressure
drop across cathode channel from the gross power output. The method for finding the parasitic
power loss due to pressure drop is same as discussed in section 3.5 of chapter 3. Net power -2 is
the net power output of the fuel cell after subtracting the compressor power from net power -1. The
power required for the compressor to pump air at higher pressures is calculated as suggested by

Tirnovan and Giurgea [19] using equation (34).

From Figure 7.7 (b), it can be observed that the gross power output increases with increase
in operating pressure even when the parasitic loss due to channel pressure drop is considered. But
when the total parasitic loss including both the power loss due to pressure drop and compressor
power are subtracted from the gross power produced, the net power output-2 started decreasing

after the operating pressure of 200 kPa, which is consistent with the findings of Zhao et al. [139],
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where peak power increased firstly and then decreased with further increase in pressure. From this

analysis, the operating pressure of 200 kPa is fixed for the further studies.
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7.6.4 Effect of Reactant Relative Humidities

The polymer membrane of a PEMFC should always be properly hydrated to facilitate the
protons transport from anode to cathode. This can be maintained by sending humidified reactants

to the fuel cell. Excessively humidified reactants (on both anode and cathode side) may result in
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flooding of the cell, which unfavorably affects the cell performance [95]. In present parametric
analysis, asymmetrical RH conditions have been applied by fixing RHa at one value and varying
RHc at 0 %, 50 %, 80 % and 100 %. RHa, is also varied among 0 %, 50 %, 80 % and 100 %.
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Figure 7.8 Polarization and Power curves at varies cathode Relative humidities (RH) at fixed
anode RH (a) RHa-0%, (b) RHa-50%, (c¢) RHa-80% & (d) RHa-100% and (e) Maximum current
density (A/cm?) & (f) Maximum power density (W/cm?) generated with increase in anode and
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Figure 7.8 (a to d) show the polarization and power curves of the PEMFC with ECSSFF
design on cathode side at various anode side RH (RHa) and cathode side RH (RH¢) conditions along
with the maximum current and power densities (Figure 7.8 (e) & (f)) at 70°C and 200 kPa. It can
be observed from Figure 7.8 (a) that the maximum current density at 0.3 V is increasing with
increase in RHc as higher RH. increases the membrane hydration, which reduces the ohmic losses,
thereby improving the cell performance. Worst performance is observed when both the reactants
are fed in dry condition, because of inadequate membrane hydration. With increase in the cathode
RH, membrane hydration gets improved due to back diffusion of water to the anode side. Similar
trend is observed for RHa of 50 % and 80 % (Figure 7.8 (b) & (c)), but when RHa is increased to
100 % (Figure 7.8 (d)), performance increased till RH. of 50 % and then started decreasing. This
behavior is observed mainly due to reduction of the back diffusion of water formed on cathode side
to anode side, when fully humidified anode reactants are supplied. So the formed water stays on
cathode side and if it is not evacuated properly, it leads to flooding of the CL, GDL and channels,
reducing the fuel cell performance. Same conclusion can be drawn from Figures 7.8 (e) & (f),
where the maximum current and power densities are plotted against the RH of anode and cathode
sides. These densities increased with the increase in anode RH, but when cathode RH is increased,
improvement is observed till RH. of 50 % only, from there the increase in RH. deteriorated the cell
performance. These obtained results support the findings of Wang et. al [79], in which cell operated
at RHa 100 %, RH: 50 % gave better performance after RHc of 25 %. Works of Wong et al. [140]
and Kahveci & Taymaz [89] also showed that, it is advantageous to use fully humidified anode
side reactants with less humidified cathode side reactants for optimum PEM fuel cell performance.
So the relative humidities of 50 % on cathode side and 100 % on anode side reactants are used for

the further study.
7.7 Evaluation of the ECSSFF design for higher active area square cross-
sectional fuel cells

PEM fuel cells are made of different sizes depending on the application and power
requirement. So a comparative study of the fuel cell performance at different active areas is

essential to find out whether the proposed ECSSFF layout is effective when used for large area
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square cross-sectional cells. The active areas considered in the present study are 50 cm?, 100 cm?,
150 cm? and 200 cm? with the cell dimensions as shown in Table 7.2. The best combination of the

operating conditions selected from the previous analysis are used in this comparison study.

The power and polarization curves of PEMFCs with different active areas having square
ECSSFF channel design are shown in Figure 7.9. It can be observed that the performance (peak
power as well as maximum current density) of the PEMFC is decreasing with the increase in active
area. This is mainly because of the fact that shorter path lengths of channels in smaller area cells
ensure uniform reactant distribution and better water removal, while the lengthy channels in case
of large area cells cause uneven reactant distribution and accumulation of water resulting in
reduction in the cell performance. Though there is a decrease in the performance for higher active
area cells, the % drop in the performance is only 12% for increase in area from 50 cm? to its four
times i.e., 200 cm? as can be observed from Figure 7.9 (b), which shows the variation of power
density at 0.5 V with active area. The power density is dropped by 3.9 % when the active area is
increased from 50 cm? to 100 cm? and is further reduced by 4.7% and 5.1%, when the area is

increased from 100 to 150 cm? and 150 to 200 cm? respectively.

It was shown in our recent work [141] that the ECSSFF layout is effective for rectangular
cross-sectional PEMFCs with less drop in power density with increase in active area. Figure 7.9 (c)
shows a comparison between the effectiveness of ECSSFF layouts for rectangular and square cross-
sectional cells at higher active areas. It can be seen that ECSSFF layout for square cross-sectional
cells is also effective for higher active areas as the drop in power density is less with increase in
area. Hence, the square cross-sectional ECSSFF layout is also an efficient flow field design to be

considered for scaling up of the square shaped PEMFCs for large power production.
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Figure 7.9 (a) Polarization and Power curves of different active area cells with optimum

operating conditions and (b) Variation of power density at 0.5 V with increase in active areas

(c) Comparison of drop in power density with increase in area between rectangular and square

shaped cells with ECSSFF layout.

7.8 Summary

In the present study, detailed performance analysis of enhanced cross-flow split serpentine

flow field layout for square cross-sectional PEM fuel cells was presented using complete 3-D, two

phase CFD model. The concept of ECSSFF layout, which was shown to be effective for rectangular

cross-sectional PEMFCs was extended to square shaped cells. The square cross-sectional PEMFC

with the proposed ECSSFF layout was shown to be performing better than the cell with the 5-path
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parallel serpentine flow field. A detailed parametric analysis was presented for the fuel cell with
square ECSSFF systematically to find the optimum operating conditions for obtaining the
maximum possible performance from the cell. Towards the end, the ECSSFF was also evaluated
for higher active areas at the optimum operating conditions. Based on the present computational

analysis, the following conclusions can be drawn:

e The optimal ratio of rib width to channel width was found to be 1:1, which displayed

maximum performance.

e The asymmetric analysis of stoichiometry showed that, the anode stoichiometry of 1.5

times and cathode stoichiometry of 3 times gave the best performance.

e The optimum operating temperature and pressure were found to be 70 °C and 200 kPa after

considering the power requirement by air compressor.

e The optimum set of relative humidities of the reactants were found to be 100% on anode

side and 50% on cathode side.

e The ECSSFF design for square cross-sectional PEMFC was shown to be effective even for

higher active areas.

Finally, from the present study, it can be concluded that Square ECSSFF design layout is a

potential channel design for square type PEM fuel cell even at higher active areas.
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8. Overall Conclusions

The conclusions drawn from the overall study and the scope for future work are presented
in this chapter.

8.1 Overall Conclusions

A detailed performance analysis of enhanced cross-flow split serpentine flow field design
for both rectangular and square cross-sectional PEMFCs using a full scale three-dimensional
multiphase steady state computational fluid dynamic model was presented in this work. The study
was conducted with air and pure hydrogen as reactants by using ECSSFF design on cathode side
of the cell because of the sluggish oxygen reduction reaction Kinetics and a parallel flow field was
used on the anode side of the cell. The performance of rectangular cross-sectional PEMFC with 3-
channel ECSSFF was simulated and compared against the performance obtained with single
serpentine and parallel triple serpentine flow designs under similar conditions. The performance
was evaluated in terms of their polarization curves and pressure drops. The effect of channel and
rib width ratio for the flow fields on the cell performance was also studied. A detailed parametric
study was also carried out by varying different operating conditions, viz, reactant flow rates, cell
operating temperature, pressure and reactant humidities. The effectiveness of the rectangular as

well as square cross-sectional ECSSFF designs were evaluated for higher active areas.

The key findings of the whole study presented in the previous chapters are summarized as follows:

e ECSSFF exhibited superior performance over TSFF under all operating conditions because of
its inherent layout advantages of enhanced cross-flow in the flooding prone areas of U-bends

in serpentine channels and oxygen replenishment in the oxygen lean areas of the cell.

e Parasitic losses are less in case of ECSSFF than TSFF due to less pressure drop, and hence, the
net power output is high in the cell using ECSSFF on cathode side.

e The channel width and rib width dimensions of 2 mm and 1 mm for rectangular cross-sectional

ECSSFF design is found to display the best cell performance.
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The performance displayed by rectangular ECSSFF design through 1V and IP characteristics is
on-par with that of SSFF design with almost 30 times lesser pressure drop. If the same pressure
drop is maintained across both the flow fields, the fuel cell with ECSSFF does not show
concentration polarization and the maximum current density offered is 100% more than that of
SSFF.

Cell temperature of 70 °C and 200 kPa pressure are found to be the best operating conditions

for the cell having rectangular ECSSFF design with 100% humidified reactants.

ECSSFF design has shown superior performance compared to SSFF by offering lower pressure
drop even at high flow rates of the reactants. As less pressure drop increases the life span of the
delicate polymer membrane and MEA in a PEM fuel cell, ECSSFF channel design is a better

choice over SSFF for building fuel cell stacks.

The average mass fraction of oxygen in the cathode gas diffusion layer and catalyst layer at
higher active areas are higher for the cells with ECSSFF compared to those with TSFF, whereas
the water mass fractions in those layers are lower in case of ECSSFF because of the induced

cross- flow and better water evacuation capability.

For all active areas considered in the study, the performance exhibited by the cells with
ECSSFF in terms of offering higher current density, lower pressure drop (70% less) as well as

higher net power is superior to that exhibited by the cells with TSFF.

The drop in the net power output with increase in the cell active area in case of rectangular
cross-sectional ECSSFF is 55% less compared to that with TSFF.

The concept of ECSSFF layout developed for rectangular cross-sectional cells is extended to
square shaped cells and the square cross-sectional PEMFC with the proposed ECSSFF layout
having 4-channels has shown superior performance compared to the cell with the 5-path

parallel serpentine flow field.
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e The optimal ratio of rib width to channel width is found to be 1:1 for square shaped ECSSFF.

e From the asymmetric analysis of stoichiometry, it is observed that the anode stoichiometry of
1.5 times and cathode stoichiometry of 3 times gives the best performance.

e The optimum set of relative humidities of the reactants are found to be 100% on anode side and

50% on cathode side.

e The ECSSFF design for square cross-sectional PEMFC is shown to be effective even for higher

active areas.

The key advantage of the proposed ECSSFF flow layout is the ability to produce higher
currents for the same flow rate with lower pressure drop compared to single and parallel serpentine
designs. This results in following benefits with respect to economics: (i) For the same cost of the
system, fuel cell/stack with ECSSFF design offers higher currents compared to that with other
serpentine designs. (ii) To draw the same current, the fuel cell/stack with ECSSFF design offers
lower cost compared to that with other serpentine designs and (iii) because of lower pressure drop
offered by the cell with ECSSFF, the life span of the delicate membrane increases, which will
reduce the overall annual cost of the fuel cell/stack. Due to these advantages, the usage of ECSSFF

layout in single or stack PEM fuel cell will be more economical.

This study established that the ECSSFF layout was more beneficial when a PEM fuel cell
needs to be operated at higher current densities and was a potential flow field design to be
considered for higher active area cells/stacks for large scale power production. The findings suggest
that ECSSFF design brings in good improvement in the total net power output from large area
cells/stack compared to the parallel serpentine flow field designs.
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8.2 Scope for future work

The present work theoretically through extensive computational studies, establishes that
ECSSFF channel layout is a promising design for application to PEM fuel cells compared to the
respective parallel serpentine designs. However, the present work can be further continued as there

is a good scope for future work on the following.

e A detailed experimental study using ECSSFF design on both rectangular and square cross-
sectional PEM fuel cells can be conducted to realize the findings of the present work. This
will help in understanding the effect of different parameters on the fuel cell performance
with proposed channel design. The optimized channel to rib dimensions and other operating
conditions can be verified experimentally. These experimental studies will help in finding
the best configuration and conditions to run a single PEM fuel cell. The experimental study
can also be extended to fuel cell stacks with optimized single cell configuration.
Humidification of the reactant gases and maintaining the cell temperature are some of the
important issues to be taken care in the experimentation. Uniform distribution of the
reactant gases among different cells of the stack is another important issue to be considered.
Proper air cooling or water cooling needs to be maintained to control the stack temperature

while experimenting with the stacks.

e The ECSSFF layout has been extensively studied for low temperature PEM fuel cell
applications in this study. When the PEM fuel cells are operated at high temperatures, the
handling of reactants and products is easier as they are in gas phase. Present work has shown
that the proposed layout has the ability to distribute the reactants evenly compared to single
and/or parallel serpentine layout. So it will be interesting to study theoretically and
experimentally PEM fuel cell with ECSSFF layout for high temperature PEM fuel cells.
The main issue in the operation of high temperature fuel cells is to raise the temperature of
the cell and maintain the temperature at a desired value. Proper thermal management is
essential to ensure that the cell temperature is neither too low (which may lead to low cell
efficiency) nor too high (which may damage the materials of the stack). The high heat
generation rate in high temperature PEM fuel cells, especially at high current densities
where it can exceed the total electric power output, poses a challenge to the thermal
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management of high temperature fuel cell stacks. This issue needs to be properly taken care

while extending the application of ECSSFF design to high temperature cells/stacks.
Scope also exists for extending the application of ECSSFF design with necessary

modifications to redox flow batteries. The reaction chemistries and handling of liquid

electrolytes have to be handled carefully in redox flow batteries.
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