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ABSTRACT

A Numerical Study on the Effect of Flow Channel Modification
on Temperature Profiles, Mass Transport Characteristics, and

Performance of PEM Fuel Cell

Department of Mechanical Engineering

Binyamin

This study investigates innovative design approaches to enhance mass transport, the
performance, and temperature profiles of proton exchange membrane fuel cells (PEMFCs)
by employing tapered flow field (TFF) models and streamlined imitated water drop blocks
(WDBs) configuration of flow channels with considering porous medium thickness (PMT),
thermal contact resistance (TCR), interface contact resistance (ICR), and GDL face
permeability variations. A three-dimensional multiphase fuel cell model in ANSYS Fluent
using SIMPLE solver was utilized to quantify the impact on oxygen mass transport, water
removal, and overall cell performance by experimental data validation combined with an
artificial neural network-genetic algorithm (ANN-GA). By employing the tapered flow field
(TFF) models, results demonstrate superior performance to conventional FFCs, with a 68.74%
reduction in pressure drop, a 7.57% increase in current density, and a 12.63% improvement
in power density. Meanwhile, the streamlined imitated water-drop blocks (WDBs) model,
considering suitable ICR and GDL face permeability, outperforms the conventional model
by achieving higher current density (6.94%), power density (12.27%) and improved water
removal (7.18%) at 0.4 V. The additional findings highlight the necessity of considering
TCR and GDL face permeability to optimize temperature distribution and cell efficiency.
The proposed combined artificial neural network-genetic algorithm (ANN-GA) method
effectively identifies optimal operating conditions and predicts fuel cell performance.
Overall, these innovative design strategies provide insights into optimizing PEMFC

performance, guiding future developments in low-temperature PEMFC design.

Keywords: PEM fuel cell, thermal contact resistance, tapered flow field configurations,
imitated water-drop block, ANN-GA.
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NOMENCLATURES AND ABBREVIATION

Nomenclature

A : area, (m?)

Aget : activation area, (m?)

a : water activity

Ain : inlet area, (m?)

A : a specific area of the catalyst layer, (m™)

C; : gas molar concentaration, (molem™)

Cp : specific heat capacity, (Jemol oK)

D : coefficient of diffusion, (m?es™)

Die I : effective gas species diffusion coefficient, (m?es™!)

E, : reversible voltage

EW : equivalent weight of PEM

F : Faraday’s number 96,487 (Cemol™!) or mass flux (kgem?es™)

h : coefficient of heat transfer

s : reference current density, (Aem™)

J : electrochemical reaction rate, (Aem™)

Jion : ionic current density, (Aem™)
ng : anode reference exchange current density, (Asm™)
g,if : cathode reference exchange current density, (Aem™)

K : intrinsic permeability, (m?)

k : relative permeability

kst : effective thermal conductivity, (Wem'eK!)

m : mass flow rate, (kges™)

ng : electro-osmotic drag coefficient

P : pressure (Pa) or power density, (Wecm™?)

XV



psat : water saturation pressure, (Pa)

P. : capillary pressure, (Pa)

R : universal gas constant, 8.314 (Jemol'eK™")
RH : relative humidity

S : source term of governing equations, (kgem>es™)
s : liquid water saturation

T : temperature, (K)
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1. INTRODUCTION

Proton Exchange Membrane Fuel Cells (PEMFCs) have emerged as promising
electrochemical devices for clean and efficient energy conversion. By directly converting
the chemical energy of hydrogen and oxygen into electrical energy, PEMFCs offer
significant potential for addressing global energy challenges, including reducing greenhouse
gas emissions, mitigating climate change, and enhancing energy security. In this chapter, the
research background of the work undertaken is introduced. An overview of the trends and
challenges of PEM fuel cell research on flow field configurations is produced by correlating
the relevant literature and the recent progress of the author's laboratory. The research
objectives and scope are presented at the end of this chapter, followed by the organization

of the thesis.
1.1. Background

Over the past few years, there has been a significant increase in the quantity of depletion that
has taken place due to the extraction and usage of fossil fuels. One of the most prominent
strategies for solving this dilemma is the development of new energy technologies, which
have emerged as a consequence. The automobile industry, small-scale portable power
generation, and power generation distribution are only some of the businesses that have used
fuel cells, a cutting-edge energy technology that has been employed in a range of industries
[1]. Oil consumption has been continuously increasing over the previous three decades, as
shown in Fig. 1.1. This trend has been seen with increasing frequency. As of 2022, it is
anticipated to reach 4.39 billion metric tonnes, which is an increase from the 4.26 billion
tonnes it reached in 2021 [2]. From the financial crisis that occurred in 2008-2009 until the
coronavirus pandemic that occurred in 2020, this drop was an isolated occurrence between
those two events. Throughout the past few years, there has been a consistent rise in the price

of crude oil.
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Fig. 1.2 Annual global greenhouse gas (GHG) emissions by sector from 1990 to 2022 (in a

million metric tons of carbon dioxide equivalent) (Adapted from ref. [3])

Fig. 1.2 illustrates the progression of worldwide greenhouse gas (GHG) emissions from 1990
to 2022. The emission patterns for the primary sectors of activity, such as the power industry,
industrial combustion and processes, transport, buildings, agriculture, waste, and fuel
extraction, are also shown. The COVID-19 pandemic led to a substantial reduction in global

emissions in 2020, in contrast to the previous year, so interrupting a long-standing trend of
2



consistent growth over the past decade. Global greenhouse gas (GHG) emissions increased
in 2022 after the COVID-19 pandemic, reaching a level of 53.8 gigatonnes of carbon dioxide
equivalent (Gt CO2eq). That signifies a 2.3% surge compared to the Fig. 1.2 from 2019 and

a 1.4% growth compared to the numbers from 2021.

Cars Cause Biggest Share of
Transportation CO, Emissions

Estimated share of CO, emissions in the transportation
sector worldwide in 2022, by transport type
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Fig. 1.3 Estimate shared of CO; emissions in the transportation sector worldwide in 2022

by transport type (adapted from [4])

Fig. 1.3 displays the projected distribution of CO> emissions in the global transportation
sector in 2022, categorized by different modes of transport. Statista analyzed International
Energy Agency statistics to find that cars and vans accounted for 48% of worldwide transport
carbon dioxide emissions in 2022 [4]. The subsector was the most polluting mode of
transport worldwide. The accompanying infographic demonstrates that vehicle and van
emissions were four times more than international shipping (10%) and air travel (11%).
Despite being a smaller share of vehicles, medium and heavy freight vehicles accounted for
25% of transportation emissions last year. The transportation sector emits almost seven

billion metric tons of CO; annually.

The PEM fuel cells represent a cutting-edge advancement in sustainable energy
technology, marking the fifth generation of fuel cells [5]. The device is compact, operates at
a low temperature, and is highly portable. Due to its ability to transfer the chemical energy
of the reactants directly into electrical energy, the PEM fuel cell eliminates the requirement
for the Carnot cycle. It uses hydrogen as fuel and oxygen as oxidizer, leading to negligible

3



environmental consequences. The byproducts of this process are only water and a small
amount of heat [5]-[7]. Integrating fuel cells with photovoltaic arrays and grid-connected
technologies has the potential to improve energy management [8], [9]. Given the
environmental impact, the long-term viability of urban areas, and the restrictions on
renewable energy sources. PEM fuel cells have become a promising alternative for tackling
these difficulties, providing a clean and efficient source of energy. However, the PEM fuel
cell has faced challenges in terms of durability and cost, which have slowed its widespread

adoption and commercialization [10].

The flow channel's geometry significantly impacts the transport of reaction gases in
PEM fuel cells. The flow field's precise arrangement enhances reactants' effective movement
in the active region, facilitating increased involvement of surplus reactants. Optimize the
power density of the Proton Exchange Membrane Fuel Cell (PEMFC) by precisely adjusting
the use of reaction gases. Uncover the enigmas of optimizing flow channel configuration
through meticulous scientific inquiry. In their work, Wang et al. [11] examined the impact
of a staggered trapezoid block on the flow channel. In their research, Song et al. [12]
presented a dedicated multi-passages cooling plate designed for PEM fuel cells. The findings
demonstrated that the design had the highest level of efficiency in gas distribution. Tardy et
al. [13] did a study on a novel sinusoidal channel that integrates various input temperatures
in order to enhance the power density of cells. Shen et al. [14] examined the optimal spacing
between square blocks within a channel. Yang et al. [15] developed a numerical model to
calculate the dimensions of the elliptical bulge in the M-shaped flow passage. In their
research study, Liu et al. [16] utilized a multi-objective evolutionary algorithm to improve
energy efficiency and output power. This was achieved by optimizing operating
circumstances, channel input, and outlet height. In a previous study conducted by Zeng et al.
[17], a genetic algorithm was utilized to determine the optimal cross-section channel. Based
on a thorough analysis, it was determined that the area maximizing of a trapezoidal channel
is influenced by two main factors: a bottom edge width of 1.2874 mm and a top edge width
0f 0.8886 mm. In their study, Chen et al. [18] conducted a numerical analysis of the porous-
blocked baffles in a PEMFC. The baffles were positioned at a vertical displacement of
1.125mm from the reference point and sloped at an angle of 60 degrees. By incorporating
baffles, the channel had a significant 90% enhancement in the optimum net power, as

compared to a passage without baffles.



Ding et al. [19] conducted a study to evaluate the criteria used to quantify the flow channel
in PEM fuel cells, focusing particularly on entropy generation. The study demonstrated that
the current density reaches its peak value with a wavelength of 2 mm and an amplitude of
0.4 mm, resulting in a 10.40% enhancement against to the waveless design. Xu et al. [20]
examined the impact of wave-shaped flow passages and grooved models in the Gas
Diffusion Layer (GDL) of Proton Exchange Membrane (PEM) fuel cells. The results suggest
that the flow field containing a groove in the GDL has remarkable efficiency due to its wave-
shaped design. The ideal flow channel exhibits a sinusoidal pattern with an amplitude of
0.643 mm and undergoes 9 undulating cycles. The groove is positioned at a location of 9.5
mm and has a depth of 0.05 mm. Moreover, the net power density can be enhanced by 2.64%.
In their investigation, Liu et al. [21] implemented the serpentine flow field (SFF) and the
parallel flow field (PFF) to enhance the mass transport of PEM fuel cells. The findings
demonstrated a significant improvement in the distribution of oxygen in the PFF with a
variable diameter (PFF@VD), leading to a noteworthy 26% increase in peak power. Park et
al. [22] examined the mass transfer characteristics of a metallic Bipolar Plate (BP) for
stationary applications in a PEM fuel cell by studying the flow field and Gas Diffusion Layer
(GDL). The study revealed that the flow characteristics of the metal foam resulted in a 6.55%
enhancement in water drainage. The fuel cell's performance experienced a notable
enhancement, resulting in a 9.33% rise. The fuel cell's efficiency was greatly improved by a
gas diffusion layer with a high porosity and permeability level, resulting in a significant
improvement of 14.67%. In their study, Wan et al. [23] utilized a metal foam flow field to
effectively regulate the dissipation of heat and retention of water. Upon comparing the
parallel flow fields of varied widths (case 1, case 3, and case 5), it was seen that case 6
significantly improved net output performance and reduced compression work. The net
output performance of case 6 showed a corresponding rise of 3.4%, 8.8%, and 55.1%, while
the compression work decreased by 69.7%, 38.3%, and 64.4%, all at a specific temperature
of 50°C.

In the mentioned studies, many researchers conducted numerically, and some experimentally
investigated the flow field configurations at bipolar plates. However, very few researchers
have investigated the effect of modification of flow field designs without considering
variations of porous medium thickness (PMT), thermal contact resistance (TCR), interface

contact resistance (ICR), GDL face permeabilities, GDL properties on temperature profiles,
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mass transport and performances of PEM fuel cell. Moreover, a single PEM fuel cell
contains very small flow fields of bipolar plates, making it more difficult to visualize and
analyze experimentally. Because of this, a comprehensive inquiry to enhance comprehension
of the flow features, temperature profiles, and performances mainly based on the
modification of flow channel configurations and variations of porous medium thickness
(PMT), thermal contact resistance (TCR), interface contact resistance (ICR), GDL face
permeabilities, GDL properties on bipolar plates of PEM fuel cell is needed. Lastly, this
work is expected to act as a basis for visualization of bipolar plate flow field and optimizing

mass transport and performance of proton exchange membrane fuel cell.

1.2. Challenges and Strategies for mass transport and cell performance

improvement on PEMFC

To achieve the highest possible levels of efficiency and reliability with this technologys, it is
vital to have a solid understanding of the strategies that may be utilized to optimize mass
transfer and improve cell performance in proton exchange membrane fuel cells (PEMFCs).
It is essential to identify innovative methods to overcome these challenges, as it has been
acknowledged that restrictions in mass movement are a significant element that affects the
performance of PEMFCs [24]. PEMFCs have been the subject of extensive study,
highlighting the significance of fine-tuning flow field patterns to maximize mass transfer
efficiency and overall cell performance [25]. Both the performance of PEMFCs and the
transport of reactants are improved when flow channels with baffles are incorporated into

the design [26], as seen in Fig. 1.4.

Addressing the challenges and implementing effective strategies to increase mass
transport and enhance cell performance in Proton Exchange Membrane Fuel Cells (PEMFCs)
are critical focal points of current research. Identifying mass transfer limitations is crucial in
understanding the performance challenges faced by PEMFCs [24]. It is essential to address
these limitations to maximize fuel cell systems' efficiency and reliability. Research has
emphasized the significance of flow field patterns in addressing mass transport limitations
and enhancing the performance of PEM fuel cells [25]. Optimizing flow field design is a
crucial strategy that significantly impacts mass transfer within PEMFCs, enhancing cell

performance [27].
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structures under different cathode RHs (Adapted from ref. [26]).

In addition, researchers have explored using a traveling-wave flow field to enhance the
performance of PEMFCs by enhancing mass transport efficiency [28]. This novel approach
shows great potential in addressing the obstacles associated with mass transfer limitations in
fuel cell systems. In addition, optimizing flow channels by incorporating features such as
baffles has demonstrated promising results in improving reactant transfer and enhancing the

overall performance of PEM fuel cells [29]. Strategies that aim to enhance cell performance
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by focusing on transient mass transport have been extensively studied to ensure a sufficient
oxygen supply for fuel cells [30]. These strategies focus on tackling the ever-changing
challenges of mass transport under different operating conditions, which ultimately leads to
enhanced efficiency and stability in PEMFC operation.

Ultimately, researchers are tirelessly working to find new ways to address the obstacles
related to mass transport limitations and increase the overall efficiency of Proton Exchange
Membrane Fuel Cells. Through optimizing flow field design, exploring innovative flow field
patterns, and examining transient mass transport dynamics, researchers strive to unleash the

complete potential of PEMFC technology for sustainable energy applications.

1.3. Objectives of the study

This study focuses on the combination of both simulation and experimental validation
literature methods to investigate the flow field configurations that take into account variation
of porous medium thickness (PMT) thermal contact resistance (TCR), interface contact
resistance (ICR), GDL porosity, and GDL face permeability effect on mass transport and

cell performance of PEM fuel cell. The objectives of this study are given below:

(1) Setup a single PEM fuel cell based on ANSY'S Fluent Fuel Cell and Electrolysis Model
to simulate the PEM fuel cell mass transport characteristics and cell performance with
various flow field channels.

(i1) To investigate the influence of tapered flow field configurations on improving PEM fuel
cells' mass transport and cell performance. The primary data are polarization curves,
temperature distributions, mass fractions (oxygen, hydrogen, and water), mass transport
distribution, gas velocity, and pressure drops.

(111) To investigate the consideration of porous medium thickness (PMT), thermal contact
resistance (TCR), interface contact resistance (ICR), and GDL face permeability on
mass transport and cell performance.

(iv) To optimize the operating parameters of voltage, GDL face permeability, and thermal
contact resistance on cell performance.

(v) To investigate the influence of water-block drop models on bipolar plate flow fields on

mass transport characteristics, temperature profiles, and cell performances.

A brief explanation of the flowchart strategy is seen in Fig. 1.5 to obtain the above targets.
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1.4. Scope of the study

The thesis will mainly focus on modeling and simulating a PEM fuel cell with a single flow

field on both the anode and cathode sides to provide a specific good accuracy method to

determine optimal numerical modeling of flow filed design of PEM fuel cell on mass

transport and cell performance.

The scopes of the study include:

1. The ANSYS Fluent Fuel Cell and Electrolysis Model has been exclusively used to run the

simulations.

2. Flow field models used are parallel, tapered (Li/0.7; Li0.8; Li0.9; Li1.0; Lisl.1; Lis1.2), and

five models of imitated water drop block configurations.

3. The single flow field of bipolar plates is used on both the cathode and anode sides for

numerical simulation.

4. Applicable element numbers were used for the grid independence verification study,

ranging from 496,000 to 592,000.

5. The utilization of the SIMPLE algorithm is prevalent in the pressure-velocity coupling,

and the component is Least Squares Cell-based.
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6. The simulation validation of the polarization curve is taken from the experimental
results of the literature.

7. The parameters used for validation are operating pressure 1 atm, operating temperature
70°C, open-circuit voltage 0.95V, and other parameters in Table 3.6.

8. Analysis results of current density (polarization curve), power density, temperature
profiles, mass transport characteristics (oxygen, hydrogen, and water mass fractions),

velocity magnitude, and pressure drops.

1.5. Thesis outline

The thesis comprises seven chapters organized into four main sections, as illustrated in Table
1.1. The first consists of Chapter 1 and Section 2. Chapter 1 gives a brief introduction of the
thesis, a general topic area of the flow field configuration effect on mass transport and cell
performance, an explanation of how vital flow field configuration can influence the mass
transport and performance of PEM fuel cells, a brief introduction the efficacious solution
which researches specific objectives and scopes of the research. Meanwhile, Chapter 2 gives
a short literature review of the research objectives most closely related to the work, such as
the arrangement of three-dimensional flow fields (parallel, serpentine, and irregular models)
effect on mass transport distribution, temperature distribution, gas flow rate, current density
distribution and output performance of various PEM fuel cells. A brief review of previous
research related to this area has been done. Highlight the gap in the study on the flow field
structures, which considers thermal and interface contact resistances, GDL porosities, and
permeability variation that has not been researched or solved. This thesis work will fill up

the gap.

The second section is Chapter 3, which describes the research methodology, PEMFC model
development, material properties, boundary conditions, initial condition, governing

equations for the analysis, grid-independent verification, and model validation.

The third section consists of Chapter 4 and Chapter 5. Chapter 4 presents the results and
discussion of temperature distribution, mass transport, and cell performance, emphasizing
GDL face permeability and thermal contact resistance (TCR) parameters with a combined
artificial neural network algorithm (ANN-GA) method to identify the optimum powers and
their operating conditions in six cases in PEM fuel cells. Chapter 5 presents the tapered flow

field numerical results and discusses mass transport distribution and cell performance of
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PEM fuel cells in detail. This chapter will comprehensively study the effect of tapered flow

field structures considering porous medium thickness (PMT) and thermal contact resistance

(TCR) variation on mass transport distribution, temperature distribution, velocity

distribution, and cell performance.

The fourth section, Chapter 6, presents results and discussion of various flow channel

streamlined water-drop block configurations that influence mass transport characteristics

and PEM fuel cells' power performance.

The final section of this thesis is Chapter 7, which comprises the summary of this research,

the contribution to the research field, and the additional information in the references and

appendices.

Table 1.1. Thesis consists of seven chapters organized into four main sections

Research objectives and
literature review

Chapter 1. INTRODUCTION

Key point: background, challenges, objectives, scope

Chapter 2. LITERATURE REVIEW

Key point: flow field designs, mass transport, cell performances

Research platform

Chapter 3. RESEARCH METHODOLOGY
Key point: models development, governing equations, numerical
model, and model validation

Research on mass
transport characteristics,
cell performance, and
optimization operating
parameters

Chapter 4. EFFECT OF GDL FACE PERMEABILITY AND
THERMAL CONTACT RESISTANCE ON TEMPERATURE
DISTRIBUTION, MASS TRANSPORT, AND PERFORMANCE OF
PEM FUEL CELL

Key point: porous medium thickness, thermal contact resistance,
ANN-GA optimization

Chapter 5. EFFECT OF TAPERED FLOW  FIELD
CONFIGURATION TO IMPROVE MASS TRANSPORT AND
PERFORMANCE OF PROTON EXCHANGE MEMBRANE FUEL
CELL

Key point: tapered flow field, porous medium thickness, thermal
contact resistance

Chapter 6. EFFECTS OF WATER DROP BLOCK
CONFIGURATIONS ON TEMPERATURE PROFILES, MASS
TRANSPORT CHARACTERISTICS, AND PERFORMANCE IN
PEM FUEL CELL

Key point: water-drop block, mass transport, temperature profiles, cell
performances

Research outcomes

Chapter 7. CONCLUSION AND CONTRIBUTION
Key point: conclusion, contribution
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2.LITERATURE REVIEW

2.1. Introduction

This chapter comprehensively explains the previous research endeavors relevant to the
current investigation. Additionally, a comprehensive summary of additional pertinent
research studies is also included. This review is organized chronologically to provide an
understanding of how previous research endeavors have established the basis for subsequent
studies, including the current research effort. This review offers a comprehensive analysis
to inform the design of future research efforts by including the existing body of literature
and considering the scope and direction of this study. The initial section will elucidate the
fundamental principles of a PEM fuel cell, while the subsequent segment will delve into the
design aspects of bipolar plate flow fields. This chapter also provides a detailed discussion
of mass transport characteristics within a PEM fuel cell. At the conclusion of this chapter,
detailed explanations are provided for some of the reviews undertaken by past researchers

that are relevant to this study.

2.2. PEM Fuel cell

A proton exchange membrane (PEM) fuel cell is an electrochemical cell that utilizes an
electrochemical reaction to transform the chemical energy from hydrogen and oxygen into
electrical energy. PEM fuel cells possess notable attributes such as superior power density,
low operational temperatures (60~80°C), rapid starting durations, and very few emissions
[31]. Consequently, they have great potential for a wide range of applications, including
automobile vehicles, stationary power production, and portable electronics. Recent
developments in PEM fuel cell technology have prioritized enhancing crucial performance
factors, including efficiency, durability, cost-effectiveness, and operational flexibility.
Research has focused on creating new materials for catalysts, membranes, and electrode
architectures in order to improve cell performance and lower expenses. Furthermore,
researchers have explored novel system designs and control methodologies to enhance the
efficiency of fuel cell operation in different circumstances and address challenges such as

water management, fuel crossover, and catalyst degradation.
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2.2.1.PEM Fuel cell layout and operation

A PEM fuel cell is composed of a proton exchange membrane (PEM) that is positioned
between two electrodes, namely the anode and the cathode. Hydrogen gas is introduced to
the anode, where it performs electrochemical redox reactions to generate protons and
electrons. The protons migrate through the Proton Exchange Membrane (PEM) towards the
cathode, whereas the electrons traverse an external circuit, producing electrical power. At
the cathode, the oxygen present in the air reacts with the protons and electrons, resulting in
the formation of water, which is the sole consequence of this process. Fig. 2.1 depicts the
PEM fuel cell's specific structure adapted from the ANSY'S Fluent Fuel Cell and Electrolysis
Model [32]. There are three primary justifications for utilizing hydrogen. Out of all the many
types of fuels, such as methanol, ethanol, and formic acid, hydrogen fuel has the highest
weight-based energy density, measuring 33.3 Wh/g. Furthermore, of all the available fuels
(including fluidized solids, liquids, vapors, and gases), hydrogen exhibits the highest ease of
oxidation under temperature and pressure conditions close to the surrounding environment.
One additional factor is that if the cathode utilizes air, particularly oxygen, in the air, the fuel
cell process can be emission-free (without greenhouse gases or pollution) as the only
byproducts are electricity, heat, and water. PEM fuel cells may only be considered zero-
emission if there is no hydrocarbon consumption during the entire process or if an equal

amount of hydrocarbon production balances off the consumption.

Cooling Channel(s)
1 Gas Channel (Hz) Anode Collector
-
- Anode Gas Diffusion Layer (Electrode)
- Ancde Micro Porous Layer (MPL)
2H? - dH*+de” -=+—+—— Anode Catalyst Layer (TPB)
£

04 +4e — 2H,0 - Cathode Catalyst Layer (TPB)
= —— Cathode Micro Porous Layer (MPL)

- Cathode Gas Diffusion Layer (Electrode)

G as Channel {air) Cathode Collector
Cooling Channel(s)

Fig. 2.1. Schematics of a PEM fuel cell (Adapted from ref. [32])
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Fig. 2.2. Polarization curve of proton exchange membrane (PEM) fuel cell (Adapted

from ref. [122]).

Three types of voltage losses can occur in fuel cells. These include activation loss, also
known as activation polarization. Ohmic loss, also known as ohmic polarization, and finally,
concentration losses, also known as concentration polarization. At low levels of electric
current, the area where the cell voltage decreases owing to activation polarization
experiences a significant drop. This dip is mostly caused by the slow kinetics of the oxygen
reduction reaction (ORR), as depicted in Fig. 2.2. Ohmic resistance refers to the resistance
encountered by protons flowing through the electrolyte and electrons flowing through the
electrode, resulting in voltage losses at intermediate current densities in the ohmic
polarisation area. The cell's performance significantly declines in the concentration
polarisation zone because the mass movement of the reactant gas is restricted across the gas
diffusion layer, pore structure, and catalyst layer. This restriction leads to the creation of

gradients of concentration at the reactive sites.

14



2.2.2.PEM Fuel cell electrochemistry

The proton-exchange membrane fuel cell, sometimes called a PEM fuel cell, can produce
electricity through an electrochemical process between hydrogen and oxygens. These are the

most essential electrochemical processes:
1. Reaction at the Anode

At the anode, hydrogen gas undergoes a catalytic process that results in the separation of

protons and electrons [33]:

H, » 2H* + 2e~ (hydrogen oxidation reaction) (2.1)

2. Membrane

In order to generate an electrical current, the protons (H") go through the polymer electrolyte
membrane and arrive at the cathode side. Meanwhile, the electrons move through an external

circuit to generate voltage.

3. Reaction at the Cathode
At the cathode, oxygen from the air undergoes a reaction with the protons and electrons,

which results in the formation of water [33]:

1 . -
502 + 2H* +2e~ - H,0 (oxygen reduction reaction) (2.2)

4. Overall Reaction

The total electrochemical reaction can be described as follows [33]:

1
H, + 502 — H,0 + Electrical Energy + Heat (2.3)

Hydrogen gas (H>) combined with half oxygen (O>) results in the formation of water (H20),
electrical energy, and heat. The reactions take place at the triple-phase boundaries, which
are the points of intersection of the electrolyte, the catalyst (usually platinum), and the

reactant gases.

In recent years, researchers [33]-[36] have been concentrating on lowering platinum loading,

enhancing membrane conductivity, optimizing electrode topologies, and inventing long-
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lasting catalysts made of non-precious metals to achieve improved energy efficiency and
cost-effectiveness. The polymer electrolyte membrane, which carries protons while
insulating electrons, and the catalyst layers on each side of the membrane, which accelerate

the electrode reactions, are the essential components that make electrochemistry possible.

2.2.3.Membrane Electrode Assembly (MEA)

The Membrane Electrode Assembly (MEA) is the core component of a proton exchange

membrane fuel cell (PEMFC), comprising a proton exchange membrane (PEM), catalyst

layers (CLs), and gas diffusion layers (GDLs). The PEM acts as an electrolyte, facilitating

the passage of protons while impeding the movement of electrons. The CLs comprise

catalyst particles facilitating hydrogen oxidation and oxygen reduction electrochemical

processes. The GDLs serve as conduits for gas transfer and electron conduction while

providing mechanical support for the system.

Components:

a. Proton Exchange Membrane (PEM): The PEM is a semipermeable membrane that
facilitates the movement of protons while inhibiting the flow of electrons. Usually, it
consists of perfluorosulfonic acid polymers (see Fig. 2.3), such as Nafion or similar

substances, because of their excellent proton conductivity and chemical stability.

Fig. 2.3. A pictorial illustration of Nafion Membrane (Adapted from ref. [37])

The proton-conducting membrane typically has a polymer backbone based on PTFE, to
which sulfonic acid groups are affixed. The proton-conducting membrane is effective for

fuel cell applications due to the efficient movement of H+ ions from one SOs site to another
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within the material. The H+ ions pass through the membrane and appear on the opposite side.
In order for the membrane to conduct protons, it must maintain a sufficient level of hydration.
The working temperature of PEMFCs is restricted to a level below the boiling point of water,

which necessitates a focus on water management in the development of PEMFCs. Fig. 2.3

depicts the locations of the SO3 spots within the Nafion membrane.
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Fig. 2.4. Membrane Transport Phenomena (Adapted from ref. [37])

The phenomena examined within the membrane include energy transfer, potential
conservation, and the transport of water and protons. Modeling water transport can be
challenging due to the involvement of many forces, including convection, osmosis (i.e.,
diffusion), and electricity. The forces acting within the membrane arise from a difference in
pressure, a difference in concentration, and the movement of protons from the anode to the
cathode, which in turn affects the dipole water molecules. Proton transport can be defined as
the movement of protons, which includes both a protonic current caused by the protons
themselves and a convective flux caused by the flow of water in the membrane driven by

pressure. Fig. 2.4 depicts the transport processes of protons occurring within the membrane.
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b. Catalyst Layers (CLs): CLs are located on both sides of the PEM and consist of catalyst
particles distributed on a conductive substrate, usually carbon black. These catalysts,
frequently composed of platinum, promote the electrochemical processes of hydrogen

oxidation at the anode and oxygen reduction at the cathode, as shown in Fig. 2.5.
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Fig. 2.5. Transport pathways in a cathodic catalyst layer (Adapted from ref. [34])

c. Gas Diffusion Layers (GDLs): GDLs are permeable conductive substances positioned
next to the CLs, facilitating the movement of gases (hydrogen and oxygen) and the
conduction of electrons. Additionally, they play a vital function in water management by

allowing water extraction from the cell, for more detail can be seen in Fig. 2.6.
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Fig. 2.6. Gas diffusion layer (GDL) unit cell (Adapted from ref. [38])

2.2.4.PEM Fuel cell bipolar plates

A hydrogen fuel cell is a device that produces electrical energy through the chemical reaction
between hydrogen and oxygen. The bipolar plate shown in Fig. 2.7 is a crucial structural
component in a hydrogen fuel cell. The bipolar plate efficiently transports hydrogen and
oxygen to the reaction zone of the cathode and anode, respectively, while effectively
isolating the reaction gases in each chamber. Within the reaction zone, hydrogen on the
cathode undergoes decomposition into protons (positively charged hydrogen ions) and
electrons (negatively charged) with the assistance of a catalyst. The protons can reach the
cathode by passing through a polymer electrolyte membrane (PEM), while the electrons can
flow to the anode through an external circuit. At the anode, oxygen reacts with protons and

electrons, facilitated by a catalyst, to produce water and generate electrical energy.
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Fig. 2.7. Bipolar plate of PEM fuel cell (Adapted from ref. [39])

2.3. Review of previous studies on flow field configurations at bipolar

plate effect on mass transport and performance

This sub-chapter summarizes prior and current studies on flow field design structures on
mass transport characteristics, temperature profiles, and cell performance of PEM fuel cells.

The review focuses on the bipolar plate design based on flow field structure configurations.

The construction of renewable energy resources is imperative, prompted by the exhaustion
of traditional energy sources and the environmental obstacles associated with the utilization
of fossil fuels. In recent years, there has been an increasing worldwide fascination with the
remarkable power density and low emissions of PEM fuel cells. PEMFC is environmentally
benign as it solely generates heat and water. PEMFC applications encompass a range of uses,
with the most prevalent ones being hybrid automobiles, portable power sources, and

distributed power generation [1-3].

The flow field's geometry considerably impacts the transportation of reaction gases in the
PEM fuel cell. The complex configuration of the flow field can enhance the movement of
the reactants inside the active region, facilitating increased involvement of surplus reactants.
Optimize the power density of the PEMFC by precisely adjusting the use of the reaction gas.
Explore the complexities of flow field configuration optimization through comprehensive
research. In their study, Wang et al. [11] examined the impact of a staggered trapezoid block

on the flow channel. Song et al. [12] presented a multi-channel cooling plate designed for
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PEM fuel cells. The results demonstrated that the model attained the utmost level of gas
distribution efficiency. Tardy et al. [13] examined a novel sinusoidal channel by adjusting
input temperatures to improve cell power density. Shen et al. [14] examined the optimal
spacing between square blocks in a channel. Yang et al. [15] developed a mathematical
model to calculate the dimensions of the circular bulge in the M-shaped flow channel. In
their study, Liu et al. [16] utilized a multi-objective evolutionary algorithm to improve
energy efficiency and output power by optimizing the operational state, channel input, and
outlet height. In a previous study conducted by Zeng et al. [17], a genetic algorithm was
utilized to determine the optimal cross-sectional channel. The researchers discovered that
the most effective proportions for a trapezoidal channel to maximize a specific area were a
bottom edge width of 1.2874 mm and a top edge width of 0.8886 mm. Chen et al. [18]
performed computational research to examine the influence of porous-blocked baffles on a
PEM fuel cell. The baffles were positioned at a height of 1.125mm and tilted at a 60-degree
angle. The addition of baffles led to a significant 90% enhancement in the channel's net

power output compared to a channel without baffles.

By utilizing more efficient PEM fuel cells, the diffusion of reactants into the catalyst layer
during the electrochemical process is projected to improve significantly [26, 27]. Building
traditional flow channels is relatively straightforward; however, there is potential for
boosting their effectiveness in transporting mass. One way to accomplish this is by
optimizing the flow's input and exit areas, altering the ribs' width, or integrating blocks of
varying sizes. Straight-flow channels are frequently employed in production due to their
simplicity [28, 29]. In addition, bionic design has been utilized to optimize flow channels,
going beyond the unique flow fields mentioned earlier. Scientists have explored new ideas
from nature to create flow fields with distinct characteristics. The previous discussion
included examples that demonstrated the characteristics of artificial lungs [30], flow
channels resembling bionic leaves that adhere to Murray's law regarding branching widths,

and squid fins [30-32].

PEM fuel cells can efficiently convert the chemical energy of fuel into electricity, unlike
heat engines. Due to its distinctive attributes, it is capable of producing power with an
efficiency ranging from 40 to 60% [31]. Creating a model to accurately predict the overall

performance of PEM fuel cells is essential for successfully implementing these cells in
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commercial applications [41]. After evaluating the performance of PEMFCs, scholars can
apply targeted modifications to improve performance in different operating parameters [29],
[48], [49]. Nevertheless, a disadvantage of conventional modeling is that fuel cells
encompass numerous physical processes. A comprehensive comprehension of the fuel cell
process parameters and the fundamental physical processes is required in order to properly
employ traditional fuel cell modeling methodologies, including analytical and mechanistic

models [50].

The flow block improved the transport efficiency of reactants within the Gas Diffusion Layer
(GDL). Chen et al. [51] suggested using channels with a wavelength of 2 millimeters and a
depth of 0.45 millimeters to improve current density and mass transmission. Yan et al. [52]
constructed a model that accurately represented the geometric characteristics of a canal with
an undulating slope. Oxygen concentration was significantly augmented upon transitioning
from the flow field to the catalyst layer (CL). As a result, there was an increase in the
concentrations in the natural environment and a decrease in the polarization of the
concentration. Dong et al. [53] conducted an analysis that found that the use of geometric
flow blocks led to a substantial enhancement in the efficiency of fuel cells. It was observed
that these blocks had a significant effect on the nozzle. The utilization of a trapezium block
was found to improve both the flow of reactants and the efficiency of water distribution, as
discovered by He et al. [54]. In their research, Li et al. [55] used a genetics-based
methodology to determine the optimal height and number of blocks for the straight flow
field. As a result, they achieved the utmost precision in obtaining the outcome. The flow
block tended to increase progressively instead of remaining at a constant height over time.
Yin and colleagues [56] conducted a study to examine how the angle of the trapezoid block
inside the channel affects its overall performance. According to the investigation's findings,
it was concluded that the best oxygen transfer performance was attained by generating a 45-

degree angle between the front and back surfaces.

In their study, Vaisala et al. [57] conducted research to determine how the presence of
serpentine flow fields in three different channels affected the productivity of PEM fuel cells
in their field of study. The performance of a single channel is optimum, according to research
that relies on both computational and experimental methods. Increasing the cross-sectional

area of the channel will result in a more significant fraction of the surface area of the reactant
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coming into direct contact with the Gas Diffusion Layer (GDL) for the first time. Ghasabehi
et al. [58] conducted a study where they investigated several designs aimed at enhancing
electrochemical performance and minimizing power loss. The study examined various
configurations, including a conical block placed at the manifold, a conical flow field, and a
straight flow field [59]. The researchers examined how the height, width, and aspect ratio of
the flow channel affect the performance of PEM fuel cells. Zhang et al. [60] conducted a
study that produced four separate serpentine flow patterns. The flow fields displayed a

variety of curvatures and flow directions for their components.

Cai et al. [61] integrated bionic squid fins into the flow block and utilized neural algorithms
to precisely adjust the amplitude and frequency of the waveform center. They successfully
attained the most favorable outcomes for their research. Upon thorough examination, it was
determined that the optimal values for the center amplitude and wave cycle are 0.305 mm
and 3.52 mm, respectively. The bionic flow channel demonstrated exceptional gas
distribution uniformity by using a structure and design inspired by nature. Suo et al. [62]
conducted a thorough analysis of the transportation of oxygen in metal foam flow fields
using a three-dimensional multi-species lattice Boltzmann model. The results suggest that
using a metal foam flow field improves the efficiency of oxygen mass transfer to the catalyst
layer and facilitates a more even distribution of oxygen. They were increasing the density of
pores in the metal foam, and the compression ratio resulted in a higher oxygen mass transfer
rate. This effect gets more pronounced as the velocity of the inflow increases. Zhang et al.
[63] conducted a study to investigate the influence of the metal foam flow field on the
transport phenomena. The study revealed that the metal foam architecture significantly
improves fuel cell performance under high current density conditions. Although the
collection area at the GDL surface is smaller in the metal foam flow field, the increase in
Ohmic loss will not be considerable. The enhanced conductivity is attributed to the metal

foam's intricate pore structure, facilitating improved physical contact.

Some interesting flow fields are shedding light on the subject. The study conducted by Yin
et al. [64] investigated the implementation of unique wavy flow fields in the metallic bipolar
plate, using an inverse phase for both the anode and cathode. The researchers discovered that
the coolant channels, which are arranged in two layers and crisscrossed, improve the

movement of heat by convection. This leads to the formation of secondary flow between the
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layers, with a velocity that is 25% of the primary flow. Tan et al. [65] proposed a novel flow
field based on the design principles of Murray's Law, as revealed in their investigation. The
researchers discovered that utilizing this new flow field resulted in an average increase of
1.35 percent in the output power density of the PEMFC Wang et al. [66] improved the
performance of PEMFC by optimizing the flow field structure through the implementation
of a design that includes serial impediments in the channel. The addition of barriers was
shown to enhance the movement of reactant gas toward the Gas Diffusion Layer (GDL) and
broaden the range of current density at which the system can operate. Huang et al. [67]
introduced a serpentine flow field with a gradually decreasing slope and assessed its
effectiveness using visualization tests. The data clearly demonstrate that the design of the U-
shaped corner in the tapered-slope serpentine flow field is essential in maintaining the shape
of droplets, reducing splashing, and limiting droplet breakage resulting from contacts with
the channel wall. Consequently, the time required for the drainage process was lowered by

a substantial 62.3% when compared to a traditional serpentine flow field.

In addition, there is ongoing research on bionic flow fields. Huang et al. [68] created an
innovative bionic flow field that was influenced by the anatomical characteristics of the
higher mesenteric artery and its branches in the human body. Their study revealed that the
implementation of the bionic flow field significantly improves the transmission properties
of droplets, reduces droplet aggregation at bends, shortens the duration of droplets within
the flow field, and increases the droplet removal rate by 36.3%. Hie et al. [69] conducted a
comparative analysis of several flow field configurations. It was discovered that the ginkgo
flow field had a slightly lower maximum power density compared to the serpentine flow
field but was substantially more significant than the parallel flow field. Nevertheless, the
ginkgo tree only required a minimal 3% of the air-feeding capacity that the serpentine tree
needed. Badduri et al. [70] performed an experimental study investigating the influence of
flow field designs inspired by natural structures, like lungs and leaves, on bipolar plates. The
leaf channel design was found to have the highest power density output among the various
flow channel designs that were investigated. The power density of the Proton Exchange
Membrane Fuel Cell (PEMFC) utilizing the interdigitated leaf channel design showed a 6.72
percent increase compared to the non-interdigitated leaf channel structure. Liu et al. [71]
assessed the performance of fuel cells by examining the impact of two bionic flow channels
with different orientations. The results suggest that the performance of PEMFC with a bionic
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flow field is significantly influenced by gravity. There are significant differences in PEMFC
performance when comparing symmetrical and asymmetric bionic flow channels. PEMFCs
with asymmetric bionic flow channels demonstrate superior performance when oriented

perpendicularly.

Optimizing the structure of baffles can improve the performance of PEMFC. Through
numerical analysis, Guo et al. [72] found that different baffled flow channels affect mass
transport and cell performance in PEMFC. The study revealed that the rectangular baffle had
the most significant improvement in reactant transfer and cell performance. However, it also
resulted in the highest power loss among the baffled flow channels. Zhang et al. [73]
introduced a single-channel PEMFC with wedge-shaped fins in the cathode channel. They
measured the effects of different fin parameters, including volume, number, and porosity, on
the GDL. It was found that using wedge-shaped fins significantly improved the performance
of PEMFCs. As the fin volume increased, there was a noticeable decrease in the distributions
of oxygen mass fraction in the cathode channel output area. Heidary et al. [74] conducted a
numerical analysis of the effects of different blockage arrangements in a parallel flow field.
The results show that the staggered layout significantly boosts maximum net power,
considerably surpassing the base case and the in-line scenario. In the staggered design, the
pressure loss is reduced by 70% compared to the in-line instance due to over-rib convection,
which is not present in the design. In their study, Huang et al. [75] examined five different
flow channel architectures with baffles. They utilized a CFD approach to analyze and
compare the mass transport and cell performance of PEMFCs with these various baffled
channels. Based on the data, it is evident that the PEMFC with a cylinder-cutting baffle
showcases the most impressive performance, with an output current density of 1.82 A/m?
and a voltage of 0.4 V. Optimizing the design of baffles can enhance the efficiency of gas

transport and increase the concentration in the channel.

2.4. Review of previous studies on PEM fuel cell performance predictions

An artificial neural network (ANN), which draws inspiration from the biological networks
of neurons, is renowned for efficiently solving. The artificial neural network (ANN)
structure, resembling the human brain, allows replicating the brain's ability to process
information in parallel. This establishes complex and highly nonlinear relationships between

input and output data [67, 68]. An accurately trained artificial neural network (ANN) can
25



serve as an approximation representation of a sophisticated physics-based model capable of
handling arbitrary functions [78]. The Genetic Algorithm (GA) is a selection algorithm based
on Darwin's principle of natural survival [79]. Optimization problems can be effectively
addressed using this method, as it avoids the common issue of becoming stuck at local
minima, which can cause other conventional search methods to fail unless they are well
handled. This algorithm demonstrates the principle of natural selection, in which the most
adapted chromosomes are selected to generate their progeny. The process of natural
inheritance involves three operations: selection, crossover, and mutation [79]. These
activities entail the exchange of traits between parents and successfully transferring these
characteristics to their offspring through crossover. Mutations will introduce additional
characteristics to the offspring. Through this method, certain offspring are anticipated to
possess a superior fitness score compared to their parents, and these offspring will be chosen
to generate the subsequent generation. The chromosome with the highest fitness value will

be identified over a series of iterations.

Multiple endeavours have been undertaken to suggest artificial neural network (ANN)
models as substitutes for intricate three-dimensional multiphysics models in analyzing
proton exchange membrane (PEM) fuel cells. Pang and Wang [80] utilized a Convolutional
Neural Network (CNN) to examine neutron radiography images to detect spatial variations
in water distribution under various operational settings. Additionally, they investigated the
spatial inconsistencies in fuel cell segments 5 and 10. The findings indicate that picture pre-
processing significantly enhances the accuracy of convolutional neural networks, resulting
in a remarkable 96.6% success rate. At a relative humidity of 50%, liquid water becomes
visible downstream at a rate of 55%. However, when the humidity reaches 100%, the entire
cell undergoes a two-phase flow. The accuracy of the convolutional neural network findings
1s 91.8%, which is consistent with the data obtained from pixelation image processing. Wang
et al. [81] conducted research on optimizing deformed GDLs in PEM fuel cells using a
combination of multi-physics and machine-learning surrogate modeling. They compared the
usage of Response Surface Machine (RSM) with artificial neural network-based machine
learning. The utilization of M5 greatly enhances the effectiveness and efficiency of GDL
optimization. The current density and standard deviation of oxygen distribution experienced
a respective increase of 20.8% and 74.6% at a voltage of 0.4 V. The Pareto front optimizes

the trade-off between cell efficiency and the uniformity of oxygen distribution. Increasing
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the standard deviation of oxygen distribution by 26.0% results in a 20.5% increase in current
density. Mehrpooya et al. [82] developed an Artificial Neural Network (ANN) consisting of
two hidden layers. The ANN was trained and validated using 400 data points, while 60 data
points were reserved for testing. Measurements were conducted experimentally using
different inlet humidities, temperatures, and oxygen and hydrogen flow rates. The training
and testing data exhibited strong correlation values (R2) of 0.982 and 0.972, respectively.
Kheirandish et al. [79] constructed an Artificial Neural Network (ANN) with two hidden
layers to forecast the efficiency of a Proton Exchange Membrane (PEM) fuel cell bicycle.
The first hidden layer comprised 17 neurons, while the second layer included four neurons.
The inputs comprised five parameters: relative humidity, stack current oxygen flow rate,
stack temperature, hydrogen flow rate, and voltage output. On the other hand, the outputs
were limited to two: voltage output and efficiency. Following the training, the mean square

errors for voltage and efficiency were decreased to 0.0118 and 0.0314, respectively.

Numerous studies have utilized GA optimization to determine the most favourable
parameters for PEM fuel cells. Lan et al. [83] created an artificial neural network (ANN)
surrogate model to simulate high-temperature PEM fuel cells. They then validated this model
using an isothermal physical model. A genetic algorithm (GA) was utilized to optimize the
shape of the flow channel, resulting in a 10.54% increase in current density and a 3.93% gain
in power. Wang et al. [84] employed a support vector machine (SVM) based surrogate model
in conjunction with Genetic Algorithm (GA) to determine the ideal composition of the
catalyst layer for achieving the highest power output. The optimal results yielded a
maximum power output of 1.2647 (W/cm?2), deviating by 1.4% from the prediction made by
their physical model. Li et al. [55] utilized a combined genetic algorithm (GA) and three-
dimensional (3D) physical model to optimize the design of a blocked channel for proton
exchange membrane (PEM) fuel cells, including blocked channels resulted in a significant
increase of around 10.9% in the maximum power output compared to channels without
blocks. Furthermore, the results obtained from the GA analysis indicated that the cell voltage
and power exhibited an initial increase till reaching the maximum power output, followed
by a subsequent reduction as the block number grew. The peak power output was achieved
by introducing 16 blocks into the flow channels. Zhang et al. [36] utilized a support vector
machine (SVM)--based surrogate model to enhance the efficiency of designing a 3D mesh
porous media flow field, encompassing the mesh spacing and rod dimensions. A 3D physical
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model was utilized to generate the data for support vector machine (SVM) training and

subsequently validate the findings obtained from the Genetic Algorithm (GA).

2.5. Summary

This chapter gives an introduction to PEM fuel cells and a literature review regarding bipolar
plate flow field configuration's effects on mass transport characteristics and performance of
PEM fuel cells. All previous studies have focused on modified bipolar plate flow channels'

influence on mass transport characteristics and performances of PEM fuel cells.

Using non-carbon fuels such as hydrogen is a promising way to reduce oil consumption and
greenhouse gases produced by conventional internal combustion engine vehicles. In order
to minimize these problems, the utility of fuel cells such as PEM fuel cells is one appropriate
strategy. Previous studies have demonstrated that creating modified flow channel
configurations affects the amount of mass transfer to the gas diffusion layer (GDL) and
performance in PEM fuel cells. Besides that, there are still challenges to modified flow field

channels and a lack of consideration for other parameters.

Therefore, this study examines novel design strategies to improve the efficiency and
temperature distribution of proton exchange membrane fuel cells (PEMFCs) by analyzing
tapered flow field configurations (FFCs), streamlined water block configurations, and
different baffle shapes in the flow channels. The investigation takes into account variations
in parameters such as porous medium thickness (PMT), thermal contact resistance (TCR),
interface contact resistance (ICR), and GDL face permeability. A three-dimensional
multiphysics fuel cell model utilizing the SIMPLE solver was employed in ANSYS Fluent.
The purpose was to assess the effects on mass transport (specifically oxygen and hydrogen
mass fractions), water removal, velocity flow, pressure drops, and overall cell performance.
This assessment was achieved through a combination of literature experimental validation
and the application of an artificial neural network-genetic algorithm (ANN-GA) in PEM fuel

cells.

28



3.RESEARCH METHODOLOGY

3.1. Numerical model

The other goal of this study is to conduct numerical simulations for the bipolar plate flow
field structures on mass transport characteristics (oxygen, hydrogen, and water mass
fraction), temperature profiles, gas velocity, pressure drops, and PEM fuel cell performance.
Computing bipolar plate flow field configuration requires a detailed mathematical
description of all significant properties of the process utilizing solving some algebraic
equations. Using computational fluid dynamics (CFD) and multiphysics software such as
ANSYS-Fluent for studying modeling PEM fuel cell consists of geometry creating
(SpaceClaim), mesh generation, setting up physical sub-models, solving algebraic equations,

and post-processing resulting data.

3.1.1.PEMFC models development

This work constructed a three-dimensional computer model to simulate the unobstructed
flow of a single PEM fuel cell. The channel dimensions were as follows: length of 40 mm,
width of 1 mm, height of 1 mm, and rib width of 1 mm. For further information, please refer
to Table 3.1. This study will consist of three sequential parts. Initially, the bipolar plate of a
PEM fuel cell with a straight channel design will be examined. Furthermore, the flow
channels of bipolar plates can be altered by adjusting the angles and block form models.
Finally, other parameter modifications, including porous medium thickness (PMT), thermal
contact resistance (TCR), interface contact resistance (ICR), GDL faces permeability and
GDL porosity, were incorporated into the simulated instances. Fig. 3.1 (a) displays a PEM
fuel cell schematic with a straight flow channel model. This model comprises bipolar plates
for the anode and cathode, flow channels for the anode and cathode, gas diffusion layers for

the anode and cathode, catalyst layers for the anode and cathode, and a membrane.

Fig. 3.1 (b) transforms the chemical energy produced by the electrochemical process
between hydrogen and oxygen into electrical energy instead of directly burning hydrogen
and oxygen gasses to generate heat energy. The anodic component of the membrane
electrode assembly (MEA) is continuously supplied with a hydrogen flow. At the anode, the
material undergoes catalytic dissociation into protons and electrons. The protons that were
just produced disperse throughout the polymer electrolyte membrane and go toward the
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The electrochemical reaction:
R,:H; - 2H* + 2e~

1
R.:2H" + 2e~ +502 - H,0

1
Overall: H, + EOZ - H,0
+ Electrical Energy + Heat

Flow
Channel Membrane
H:, H20

(b)
Fig. 3.1. Schematic of the straight flow field of PEM Fuel Cell (a) and its operating

principle (b).

cathodic area. A current output is produced by the fuel cell as a result of electron flow that
occurs through an external load circuit and towards the cathode side of the membrane
electrode assembly (MEA). The cathodic region of the membrane electrode assembly (MEA)
receives a steady flow of oxygen simultaneously for maximum efficiency. When oxygen

molecules combine with protons that travel through the polymer electrolyte membrane and
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electrons that come through the external circuit, water molecules are produced at the cathode.

This reaction takes place at the cathode site.

Table 3.1. PEMFC geometric parameters for the straight channel model
(adapted from Li et al. [31])

No. Parameters Value Unit
1 Channel length 40.0 mm
2 Channel height 1.0 mm
3 Channel width 1.0 mm
4 Rib width 1.0 mm
5 Cell width 2.0 mm
6 GDL thickness 0.3 mm
7 CL thickness 0.0129 mm
8 Membrane thickness 0.108 mm

The flow-filed channels (FFCs) of PEM fuel cells that are tapered parallel are depicted in
Fig. 3.2. These fuel cells are shown in schematic form. Electrodes at the anode and cathode,
bipolar plates (BPs), gas diffusion layers (GDLs), catalyst layers (CLs), a membrane (MEM),
and channels (CHs) are some of the components that make up the Proton Exchange
Membrane (PEM) fuel cell. All of these components work together to form the fuel cell.
There is a relationship between the tapered form of tapered parallel FFCs and the anode
electrode and the cathode electrode. Within the scope of this work, seven distinct variants of
tapered FFCs are developed. Each of these variants has a ratio of the intake side's length to
the output side's size that is different from the other variants. A numerical investigation into
six distinct varieties of tapered parallel FFCs will be carried out as part of this computational
research within the project's scope. Lyo 0.7, Lyo 0.8, L10 0.9, Lyo 1.0, Lyo 1.1, and Lyo 1.2
are some available options. There is no need to be surprised that the contact surfaces between

BPs and GDLs will vary substantially based on the tapered parallel FFCs that are utilized.
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CNT1 (Lir0.7) CN4 (Lio1.0)

CN2 (Lix0.8) CN5 (Liol.1)

CN3 (Li100.9) CNG6 (Liol.2)

Fig. 3.2. PEM fuel cell with six different flow field channel models

In the field of aerodynamics, the term "streamline" refers to the structural configuration of
objects that are distinguished by their sleek surfaces and contours. Consequently, this model
has the ability to decrease the resistance that the gas experiences during its flow. Fig. 3.3

illustrates the PEM fuel cell's specific structure and operating principle with a water drop
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block design. The study introduces five different iterations of water-drop blocks (WDB) that
include streamlined characteristics, labeled as WDB I (case 2), WDB 1I (case 3), WDB III
(case 4), WDB 1V (case 5), and WDB V (case 6). The 3D, top, and right views depicted in
Fig. 3.4 showcase the unique geometries of water droplet blocks. The basic construction of
the Model I and Model II blocks comprises a hemispherical form and a hemispherical water
droplet shape. The fundamental design of the WDB III, WDB IV, and WDB V models
consists of semi-elliptical, isosceles triangular, and spliced semi-elliptical geometries,
respectively. The diameters of the semicircle, the side length of the triangle, and the minor
axis of the ellipse are equal. The process of generating the WDB I, WDB II, and WDB 111

include implementing rotational modification to the fundamental shape.

Cathode (+)

CBP
CFC
CGDL
CCL
MEM
ACL
AGDL
AFC

ABP

Anode (-)

Fig. 3.3. Imitated water drop model description and operating principle of PEMFC.

Additionally, the WDB IV and WDB V blocks are obtained through the utilization of
extending techniques. The WDB has an inter-block spacing of 4.0 millimeters, which is
symbolized by the letter L. The flow channel being considered is designed with a mandated
spacing of 2.0 millimeters between the intake and the junction of the block nearest to it, as
stated in a reference that was quoted [14]. This distance corresponds to the distance that was

measured at the outflow. A comprehensive analysis of the simulated situations of the various
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WDB models that take into consideration both ICR and GDL face permeability is presented
in Table 3.5.

No WDB
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Fig. 3.4. Detail and schematic representation of WDB channel and their model structures.

3.1.2.Material Properties of the PEM Fuel Cell Components

The values of the material properties, such as density, elastic modulus, electrical
conductivity, thermal conductivity, coefficient of thermal expansion, and specific heat for

detail, are available in Table 3.2.

Table 3.2. Material properties of the PEMFC components, adapted from refs. [85],[86].

Parameters Unit BP GDL CL PEM
Density kgem 7930 1000 1000 1980
Elastic Modulus MPa 193,000 6.3 249 232
Electrical conductivity Sem’! 1.45x10° 300 300 9825
Thermal conductivity W/m.K 16.2 1 1 0.95
Coefficient of thermal K-! 16.3x107° 2.5x10°  3.7x10° 1.23x10™
expansion (20-100°C)
Specific heat (0-100°C) J/kgeK 500 568 3300 833

In order to ensure that the simulated and experimental polarisation curves are a good match,
the research that was carried out is utilized to construct a comprehensive and step-by-step
approach for calibrating the model for the first time. In addition, the ANSYS Fuel Cell and

Electrolysis Model is used to analyze the material properties of the PEM fuel cell current
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models. As can be shown in Fig. 3.5, Fig. 3.6, Fig. 3.7, and Fig. 3.8, the processes that are

utilized to establish the material properties of bipolar plates (BPs), gas diffusion layers

(GDL), catalyst layers (CLs), and electrolyte (membranes), respectively, are as follows.
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3.1.3.Boundary condition, initial condition, assumption, and numerical procedure

The scenarios used in calculating GDL face permeability and TCR between BPs and GDLS
are displayed in Table 3.3. These descriptions were utilized in the computation. The authors'
application applies to every simulated situation concerning the various GDL face

permeability and TCR on the PEM fuel cell.

Table 3.3. Description of the simulated cases regarding the various GDL face permeability

and TCR.

Case No. GDL face permeability (m2)  TCR (m2*K/W)

1 1.76E11 0

2 1.50E12 1.00E-04
3 2.25E12 2.50E-03
4 2.50E12 5.00E-03
5 3.25E12 7.50E-02
6 3.50E12 1.00E-01

Within the scope of this computational research, a numerical investigation will be conducted
into six different types of tapered parallel FFCs. These include Lyo 0.7, L0 0.8, L10 0.9, Lo
1.0, Lyo 1.1, and Lyo 1.2. It should come as expected that the contact surfaces between BPs
and GDLs will vary greatly depending on the tapered parallel FFCs that are used. There have
been a few studies [39, 40] that have discovered that TCR has a direct connection to the
contact area. As a consequence of this, it is necessary to take into account the variation in
TCRs for various tapered parallel FFC structures. In general, the TCR between BPs and
GDLs can be determined by applying the correlation that is shown in the following phrase
[89].

AT
Rryc=— (3.1)

where Rrc is the total interfacial TCR, AT is the temperature gradient, and q is the thermal
flux, respectively. The computed PMT and TCR between BPs and GDLs for numerous

tapered parallel FFCs and conventional parallel FFCs are shown in Table 3.4. Meanwhile,
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Table 3.5 describes the simulated scenarios pertaining to the different WDB models, ICR,
and GDL face permeability.

Table 3.4. For ordinary parallel and other tapered parallel FFCs, TCR dan PMT between

BPs and GDLs.
Case No. Description Inlet side Outlet side PMT (m) TCR

width (mm)  width (mm) (W/m2K)
1 Lyo 0.7 1.0 0.7 0.0 0.0
2 Lyo 0.8 1.0 0.8 1.50E-06 1.00E-04
3 Lyo 0.9 1.0 0.9 2.00E-06 2.50E-03
4 Lyo 1.0 1.0 1.0 2.50E-06 5.00E-03
5 Lyo 1.1 1.0 1.1 3.00E-06 7.50E-02
6 Lyo 1.2 1.0 1.2 3.50E-06 1.00E-02

Table 3.5. Description of the simulated cases regarding the distinct WDB models, ICR,
and GDL face permeability.

Case No. WDB models ICR (ohm.m?)  GDL face permeability (m?)
1 No WDB 4.50E-06 1.76E-11
2 4.00E-06 1.50E-12
3  350E-06 2.00E-12
4 : 3.00E-06 2.50E-12
5 2.50E-06 3.00E-12
6 . 2.00E-06 3.50E-12
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Table 3.6. Operating parameters for validation (adapted from ref. [31], [78], [90]).

No. Parameters Value
1 Operating pressure 1,2, and 3 atm
2 Operating temperature 60°C and 70°C
3 Open-circuit voltage 095V
4  Reference current density for cathode 5210 Aem™
5  Reference current density for anode 9x 108 Aem?
6  Relative humidity of inlet gases 100%
7  GDL porosity 0.4
8  CL porosity 0.5
9  Anodic transfer coefficient at the anode 0.5
10  Cathodic transfer coefficient at the anode 0.5
11 Anodic transfer coefficient at the cathode 2
12 Cathodic transfer coefficient at the cathode 2
13 Anode concentration exponent 0.5
14  Cathode concentration exponent 1
15 Reference concentration of H» 54.7 molem™
16  Reference concentration of O 3.39 molsm™
17  Ha reference diffusivity 3.9 x 10 m?es™!
18 Oz reference diffusivity 2.275 x 10 m?ss’!
19 H:O reference diffusivity 3.9x 107 m?es’!
20  Other species reference diffusivity 5.2 x 107° m?es’!
21  H mass flow rate 2.78 x 100 kges™!
22 Oz mass flow rate 1.15x 107 kges™!
23 Anode fuel H> (60%) and H>O (40%)
24 Cathode fuel 02 (18.5%) and H20 (22%)

Several conditions and activities can influence the performance and characteristics of a fuel

cell. A fuel cell is a complex apparatus that operates utilizing electrochemical reactions. The

performance and characteristics of a fuel cell can be modified by many variables and external

factors in its environment. A fuel cell is a complex apparatus that participates in

electrochemical reactions. Some assumptions have been formulated for the model to
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streamline the equation for simulation analysis. All of these assumptions are delineated
subsequently:
1. The fuel cells operate in a steady-state configuration.
There is an incompressible flow characteristic in gases.
The general consensus is that all gases are ideal gases.
Laminar behavior is a defining characteristic of fuel cell flow.
The system is affected by gravity in a direction opposite to that of Y.

The porosity and isotropy of the GDL textures are constant.

NS A WD

Only the surfaces of the gas diffusion layer have interface and thermal contact resistance.

To run a numerical simulation of multiphysics models in ANSYS Fluent. Fig. 3.9 depicts
the Graphic User Interface (GUI) of ANSYS Fluent Setup to compute numerical models
already imported as meshing formats. This GUI consists of tabs such as Setup, Solution,
Results, Parameters & Customization, and Simulation Report. The SETUP tab consists of
MODEL, which is defined as fuel cell and electrolysis (PEMFC) models in current work.
Besides, there are Materials, Cell Zone Conditions, and Boundary Conditions. The
SOLUTION tab comprises METHODS, Controls, Report Definitions, Monitors,
Initialization, and Run calculation. The RESULTS tab comprises Surfaces, Graphics, Plots,

Animation, and Reports. More detail regarding this Graphics User Interface can be seen in
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Fig. 3.10. Detailed flowchart for solving a multiphysics problem for a straight and
currently developed PEM fuel cell model.

When the velocity field has reached a point of convergence, the equations pertaining to
energy and electricity are coupled to the other equations and solved in order to arrive at the
final solutions. In each and every CFD problem, the primary procedures that are involved
are pre-processing, solution, and post-processing. Fig. 3.10 is a comprehensive flowchart

that illustrates the actions that need to be taken in order to address a current computational
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fluid dynamics (CFD) problem. Not only should the geometry be specified during the pre-
processing phase, but the necessary physics in each domain and border also needs to be
determined. Once the geometry was finished, it ought to have had the appropriate amount of
elements and the appropriate size. In addition to this, it is crucial to evaluate the mesh and,
if changes are required, to make improvements. The mesh structure that has been prepared
can be used by the solver to begin using the predefined geometry and physics conditions. It
is necessary to define the necessary model and boundary conditions, which are outlined in
Table 3.6, at this phase in order to carry out the simulations. After the principal equations
and the findings have been brought together, the data will be obtained in order to start the
post-processing.
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V| Enable Fuel Cell Model

Model Parameters Anode Electrolyte Cathode Advanced Customized UDFs Reports

Electrochemistry Reference Diffusivity

Anode Cathode h2 (m2¢s)

Ref. Current Density (A/m2) Ref. Current Density (A/m2) 3.9e-05

92408 5210 02 (m2fs)
Ref.Concentration (kmol/m3) Ref.Concentration (kmol/m3) 2 2The-05

0.0547 0.00339 hZ2o (mZ/s)
Concentration Exponent Concentration Exponent 3.9e-05

04 1 COther Species (m2/s)
Exchange Coefficient (a) Exchange Coefficient (a) 5 2e-05

05

Exchange Coefiicient ()

2
Open-Circuit Voltage (V)] 0.95
Total Leakage Current (&) 0

0.5
Exchange Coefiicient (o)
2

| Apply | | Reset | | Default | | Cancel | | Help |

Fig. 3.11. The Parameters Tab of the Fuel Cell and Electrolysis Models Dialog Box

While resolving a fuel cell issue, the Model tab of the Fuel Cell and Electrolysis Models
dialog box provides the ability to activate or deactivate a number of different options.
Enabling the PEMFC option in the simulate tab is necessary to simulate the PEM fuel cell,
as demonstrated in Fig. 3.11. It can provide the electrochemistry parameters for the Fuel Cell
and Electrolysis Model by using the Parameters tab of the Fuel Cell and Electrolysis Models
dialog box. This tab allows us to specify reference diffusivities for the reactants and other

model characteristics.
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Fig. 3.12. Operating Condition Dialox Box

Physical operating conditions can be set up using the Operating Conditions Dialog Box (as
shown in Fig. 3.12). For example, to set up operating pressure at 101,325 Pa, Gravitational
Acceleration at Y -9.81 m/s?, and operating temperature 343.15K (70°C) in current work
models. In boundary conditions at the wall of cathode bipolar plate for getting the
polarization curves based on relevant references [31], [90]. The authors would be shown a
sample point of electric potential that should be set at 0.6 V at Tab-C, as depicted in Fig.
3.13. To be shorted, after all, initial and boundary conditions are set up completely. The next

step to the Solution tab is to define SOLVER, such as utilizing Semi-Implicit Method for
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Fig. 3.13. Boundary conditions tab for current collector (Tab-C) with electric potential 0.6V.
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Pressure-Linked Equations (SIMPLE) algorithm, which is prevalent in the pressure-velocity

coupling, and the component is Least Squares Cell-based.
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Fig. 3.15. Console window of average current density report at cell voltage 0.6V

The interpolation functions are frequently utilized in conjunction with the second-order
upwind technique to determine a wide range of physical parameters. This is done in order to
achieve accurate results. Composition, pressure, density, momentum, energy, proton
potential, electric potential, water content, and water saturation are some of the qualities that
are included in this category. The bi-conjugate gradient stabilized (BCGSTAB) method is

the approach that is recommended to be applied in order to improve the accuracy of the
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computation. This is because the BCGSTAB method is the stable method. Convergence
conditions 10E-6 are applied to the energy equation, and the F-cycle is selected as the type
of cycle computation to be performed. In accordance with the illustration in Fig. 3.14, the

remaining equations are subject to a convergence criterion of 10E-3.

0.7000
report-curret-density
0.6000 (250.000, 0.6841)
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0.30001
0.2000

0.1000

Expression: report-curret-density [amps/cm2]

0.0000-

-0.1000 ; |
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iteration
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Fig. 3.16. Plot window of average current density report (0.6841 A/cm?) at cell voltage 0.6V
and 250 iteration.
Furthermore, Due to the convergence criteria accepted from Fig. 3.14, Its mean
computational value for average current densities flow through the current collector at cell
voltage 0.6 V has good results until the computational process is done in the last iteration as
shown in the console window Fig. 3.15. In addition, this result can be strengthened by
plotting window of average current density report at cell voltage 0.6 V has a stable value
after 150 iterations are 0.6841 A/cm? (see Fig. Fig. 3.16), which has a similar value with the
comparable polarization curve from Li et al. [31] and Wang et al. [90]. That means this

computational work is acceptable and reliable compared to other numerical and experimental

works.

3.1.4.Governing equations

The numerical modeling of a PEM fuel cell requires the utilization of several equations,

including those pertaining to energy, momentum, continuity, species conservation, and
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charge conservation, as well as those about the creation and transportation of liquid water.

Following is a list of the fundamental equations that regulate the system [92].

Continuity equations

Ve (epy Uy) =S (3.2)
Momentum conservation expression

Ve (epy Uy Uy) = —€VP + Ve (€7) Smom (3.3)
From Eq. (3.3), 7 represents the viscous stress tensor, which can be conveyed in the

following equation:

— — —— 2 —
T =g (V ug+Vug)—§ug (Voug)l (3.4)
Energy conservation expression
Ve (eps CLuT) =Ve(kersVT) + Sg (3.5)

C, represents specific heat capacity at stable pressure in Eq. (3.5). Sk describes the energy
source term, while k. ¢ represents the effective thermal conductivity.
Species conservation equation

Ve (epytiy w;)+Vej=Sn; (3.6)
where J; = —p gDie 17 Vw;, Df I7 is the coefficient of gas diffusion:

101325 T
5 )(ﬁ)lﬁ (3.7)

The variable s represents the liquid water saturation, whereas S,,,; denotes that the source

Dleff — 51'5(1 _ S)Z'SDiO(

term component is zero in the membrane, CL, GDL, flow channel, and current collector.
Expression of charge conservation
Ve (Oete V@ere) + Setie = 0 (3.8)
Ve (Gete V@ion) + Sion = 0 (3.9)
Table 3.7 provides a summary of the source terms. The symbol o represents the conductivity,
while @;,, and @,;, denote membrane phase potentials and the solid phase, respectively.
The ion current source terms and electron current source, denoted as S;,, and Sg,

respectively, are defined within the anode and cathode catalyst layers as follows [93]:

Sion = —Sete = Jaa (3.10)
in the layer of cathode catalyst:
Sete = —Sion = Jeca (3.11)
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The current density transfer, denoted as j, can be determined by employing the Butler-
Volmer formula.

Yaad
= (=5 Ch, (aaanad> _ (_ achnad>
Jaa = S ]ad,ref Cref €xp RT exp RT (3.12)

H;

Ycd
— . Co, AcaFMeca AqqFMNcq
Jea = (1= S)edrer | ey exp (—pr ) —exp (——pr— (3.13)
03

where 1 — s indicates the specific active surface area; y is the concentration exponent; R is
the universal gas constant of 8.314 ] mol'K; F is the Faraday’s constant of 96,487 Cemol!;
n represents the overpotential; j.of is the exchange current density, and a denotes the

transfer coefficient. Where 7 is stated by the following expression:

Nad = Pete ~ Pion (3.14)

Ned = Pete — Pion — Eo (3.15)
where Ej is the battery's open circuit voltage or the battery voltage theoretically in the open
circuit state. Ey is related to the temperature of a single battery and can be determined using

the following expression:

Ey,=1.23—-09x1073(T — 298) (3.16)
Generation of liquid water and transport expression
Ve s) =1, (3.17)
In Eq. (3.17), the rate of condensation 7, is reserved by the subsequent expression:
P v - P t
= 1005~ max (| (1 = )22 My 0|, [-5p1) (3.18)

where P, represents water vapor pressure, Py, is the pressure of water vapor saturation, a
variable that relies on temperature.:
log oPsqt = —2.1794 + 2.95 x 1072(T — 273.15)
—9.1837 x 107>(T — 273.15)?
+ 1.4454 x 10~7(T — 273.15)3 (3.19)

Table 3.7 presents the complementary governing equations that are used to find the source

term in each of the different regions.
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Table 3.7. Source terms of governing equations (adapted from ref. [93],[94]).

Governing equations Expression Components
Conservation of mass My, . NaMy,o | Anode CL

Sm=—%pJea = —Hp Jaa

My, . Mo, .  MaMu,o . Cathode CL
Sm = - Jeda — 2]cd + - Jed
2F 4F F

Conservation of Sm=0 Other domains
momentum Smom =0 All domains

S R L GDLSs/CLs

mom = T ;€U
K
Conservation of energy Sg = Ryeqcr + jaacalladca + 1*Ronm All domains
+ Twhl

Conservation of species Jaa Anode CL

Sm,H2 = _ﬁ H,

Smo, = _{LC_;MOz'Sm,HZO =]2C—;MH20 Cathode CL
Conservation of charge  S;,, = —Seie = jaa Anode CL

Sete = —Sion = jea Cathode CL

Sion = 0,81 =0 Other domains

The water distribution within the membrane for the cathode and anode flow channel is
facilitated by implementing an inlet and outflow on the same side. Within the field of
engineering, it is common to utilize the mass flow rate as the inlet boundary condition, rather
than relying on velocity or pressure. The subsequent step is determining the mass flow rate

using the provided equation [55]:

Mo = fadlref pg,adAPEM

ad,Ln - ZFCHZ n (3.20)
Mo = Szcdlref pg,chPEM

Cd,ln - 4‘FC02 i (3.21)
C _ Pad,in — RHgqPsq¢

Hyin — RT; (3.22)

c _ 0-21(Pcd,in - RHchsat)
Ozin — RT;

(3.23)
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The stoichiometric flow ratio, denoted by &, is a crucial parameter in mixed gases. The
variable p represents the density of the mixed gas. Additionally, it is essential to note that
the current reference density, Iref, requires manual specification. The symbol F denotes
Faraday's constant, while Apem represents the proton exchange membrane cross-sectional
area. RH refers to relative humidity, Cuz,in, and Coz,imn Which denote hydrogen and oxygen

mass fractions, respectively.

3.2. Grid-independent verification and model validation

An algorithm for a personal computer that makes use of the finite volume method is utilized
in order to effectively solve the problem. Because of the large difference in thickness that
can be observed between the various layers, the utilization of hexahedral grids for
straight/parallel channels in the Z direction is justified. As an alternative, uniform hexahedral
grids are utilized for straight channels in both the X and Y directions, as can be seen in Fig.
3.17. As can be seen in Fig. 3.18, water-drop block (WDB) model configurations feature a
preponderance of hexahedral grids and a limited number of tetrahedral grids at the surface
of BPs. A framework consisting of two phases is utilized in the construction of the models.
This framework incorporates the mechanisms of isotropic transport in gas diffusion layers.
The idea proposes that the cell keeps its pressure and temperature settings at a constant level
while the gas flows in a laminar fashion. In the gas mixture, it is hypothesized that the
reactive gases exhibit behavior that is representative of ideal conditions. As an additional
benefit, the rapid velocity that is observed in the flow channel makes it possible to overlook
the liquid saturation that is present in the gas channel. Five different grid configurations were
utilized in order to carry out the evaluation of grid independence. Fig. 3.19 (a) shows that
the five grids correspond to 496,000, 512,000, 544,000, 560,000, and 592,000 values. The
ongoing work employs a grid system that takes into account the equilibrium between
accuracy and cost-effectiveness. Consequently, after the grid numbers reach 544,000, the
results of the calculations become more stable. The Semi-Implicit Method for Pressure-
Linked Equations (SIMPLE) algorithm is widespread in coupling pressure and velocity, and

the component is based on the Least Squares Cell method.
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Fig. 3.17. A diagram depicting the model geometry, structure, and computational domains

of straight and parallel tapered flow fields for PEM fuel cell.
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Fig. 3.18. A schematic describing PEM Fuel Cel's computational domains and meshes of

difference flow field structures (Straight and Water Drop Blocks).
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Fig. 3.19. (a) Grid independency verification for the current density at V = 0.60V,

(b) comparison of the polarization curves between the current computational study with

experiment results for straight channel model with different pressure and temperature operations.

In the meantime, the interpolation functions are widely used in conjunction with the second-
order upwind approach to compute various physical values. These properties include
composition, pressure, density, momentum, energy, proton potential, electric potential,
water content, and water saturation. It is recommended that the bi-conjugate gradient
stabilized (BCGSTAB) method be utilized as the stable method to achieve the high level of
precision desired in the computation. Convergence conditions 10E-6 are applied to the
energy equation, and the F-cycle is selected as the sort of cycle calculation procedure to be
used. A convergence condition of 10E-3 is imposed on the equations still existing. For the
purpose of providing a concise summary of the operational concepts that underlie numerical

validation, Fig. 3.19 (b) was adapted from studies of relevant experimental literature [90].

The results of the current multiphysics computational model are validated by comparing the
simulated polarization curves to the experimental value acquired from Wang et al. [90]. This
comparison is done in order to ensure that the results of the model are accurate. Fig. 3.19 (b)
provides a visual representation of this contrast. Several experimental situations, such as
particular temperatures and pressures, are utilized in order to appraise the numerical models.
Earlier, in Table 3.6, we gave the supplementary operational factors that were used in the
process of constructing the polarization curves. While validating the model, it is necessary

to evaluate the degree of concordance between the two polarization curves obtained under
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various operating conditions and the corresponding experimental data. This is done to ensure
that the curves fall within the permissible range. The multiphysics model performs
significantly better than the experiments when the conditions are high in terms of current

density.

3.3. Summary

This chapter provides an explanation of the simulation modeling setup based on the ANSY S-
Fluent Fuel Cell and Electrolysis Model. The simulation's validity is established by
comparing the simulation's findings with the results of the experiments found in the literature
concerning the polarisation curve (I-V curve). The research of the influence of variation of
bipolar plate flow fields (parallel, tapered, and water drop block models) on mass transport
characteristics and cell performances of PEM fuel cells might be carried out using a
simulated technique. This would involve taking into consideration some variable parameters.
In chapters 4, 5, and 6, all of the specifics of optimizing mass transport and cell performance

will be studied and described in greater detail.
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4. EFFECT OF GDL FACE PERMEABILITY AND
THERMAL CONTACT RESISTANCE ON
TEMPERATURE DISTRIBUTION, MASS TRANSPORT,
AND PERFORMANCE OF PEM FUEL CELL

This chapter analyzed the impact of TCR and GDL face permeability on the temperature
profiles, mass transport, and cell performance of a single PEM fuel cell. The analysis was
conducted using a three-dimensional, non-isothermal computational model with an isotropic
gas diffusion layer (GDL). This model determines the optimal thermal contact resistance by
comparing the anticipated temperature difference between the plate and cathode electrodes
to the literature's existing computational and experimental data. The combined Artificial
Neural Network-Genetic Algorithm (ANN-GA) method is utilized to determine the optimal
power levels and their corresponding operating circumstances in six different scenarios. As
shown by theoretical research, it is essential to consider thermal contact resistance (TCR)

and proper GDL face permeability to improve temperature distribution and cell performance.

4.1. Thermal contact resistance (TCR) and GDL face permeability affect
cell performance and temperature profiles.

The temperature of the PEM fuel cell may not always be optimized under real operating
conditions. This could be attributed to limitations in heat management or specialized
operational procedures, such as starting procedures. The increase in temperature from
ambient temperature to the optimal operating temperature of a fuel cell exemplifies the
ignition process. The temperature of a small fuel cell without an active thermal management
component is mainly influenced by the temperature of its surrounding environment and the
pace at which waste is produced. In order to effectively control and develop fuel cell systems,
it is crucial to comprehend the maximum power that can be attained at different temperatures,
as temperature dramatically influences the functioning of fuel cells. Both the correlation
between temperature and maximum power and the identification of suitable operating
conditions need to be examined. The methodology for determining GDL face permeability
and TCR between BPs and GDLS is outlined in Table 4.1. The authors apply this
methodology to all the simulated instances involving different GDL face permeability and

TCR on the PEM fuel cell.
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Table 4.1. Description of the simulated cases regarding the various GDL face permeability

and TCR

Case No.  GDL face permeability (m™) TCR (m?<K/W)
1 1.76E11 0
2 1.50E12 1.00E-04
3 2.25E12 2.50E-03
4 2.50E12 5.00E-03
5 3.25E12 7.50E-02
6 3.50E12 1.00E-01

The interface between the contact surfaces of the different components of a fully functioning
PEM fuel cell (PEMFC) is characterized by thermal contact resistance and GDL face
permeability. This is because the PEMFC consists of several separate components. The
Proton Exchange Membrane Fuel Cell (PEMFC) performs efficiently, hence elucidating its
usefulness. The utilization of a hot press technique during the production of the membrane
electrode assembly (MEA) leads to the general perception that the contact resistance
between the cathode catalyst layer (CCL) and the gas diffusion layer (GDL) is typically
deemed insignificant. This is because contact resistance is anticipated to be unimportant.

This is because the MEA is produced using this specific technique.

On the other hand, the authors are solely concerned with examining the thermal contact
resistance and the GDL face permeability between the collector and the gas diffusion layer
(GDL). The thermal contact resistance between the graphite collector and the gas diffusion
layer (GDL) demonstrates variability that ranges from 0.3 x 10 m?KsW! to 2.5 x 10*
m?*K*W-!, depending on the compression pressure that is applied, as a result of the findings
that were presented by Nitta et al. [95]. The thermal contact resistance between the BP and
the GDL can range anywhere from 1.0 x 10* m?KeW! to 8.0 x 10* m?K*W!, as
determined by Sadeghifar et al. [96]. This range is dependent on the particular type of GDL

that is utilized as well as the degree of compression that is applied.
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Fig. 4.1. Temperature distributions on XY -plane (40mm from origin of Z-axis) at
various cell voltages without considering TCR (operating pressure, P = 1 atm; operating

temperature, T = 70°C; cathode gas: oxygen; anode gas: hydrogen).
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Fig. 4.2. Temperature distributions on XY-plane (40mm from origin of Z-axis) at various

cell voltages with considering TCR (1.00E-01 m?*K/W) and GDL face permeability
(3.50E12 m™) (operating pressure, P = 1 atm; operating temperature, T = 70°C; cathode gas:

oxygen; anode gas: hydrogen).

This investigation demonstrates that the GDL face permeability and the TCR between the
current collector and GDL vary from 1.76E11 m?to 3.50E12 m and 0 to 1.00E-01 m? KW-
1, respectively. For more detailed information, please refer to Table 4.1. Fig. 4.1 displays the
temperature distributions without the presence of a porous medium thickness and thermal
contact resistances. Fig. 4.2., on the other hand, shows the temperature distributions with the
inclusion of these factors. The output voltages considered in the analysis range from 0.4 to

0.9 V. A temperature gradient exists between the current collector (rib) and channel areas,
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with the rib exhibiting lower temperature and the channel exhibiting higher temperature as
one advances away from it. Given the low velocity in the porous GDL, it can be deduced that
the rib region is primarily responsible for conducting most of the heat released by the
electrode. Moreover, it has been found that there is a direct correlation between the increase
in permeability values of TCR and GDL and the corresponding increase in the optimal cell
temperature. The existence of GDL face permeability, and TCR between the collector rib
and the GDL leads to an increase in heat transfer resistance and complicates heat dissipation
within the porous electrode. Furthermore, both the GDL face permeability and the TCR
hinder the disposal of heat.

Fig. 4.1 depicts temperature profiles that do not take into account the permeability of the gas
diffusion layer (GDL) face and the thermal contact resistance (TCR) along the XY -Plane in
the Z-Axis direction. The highest temperature is found in the cathode catalyst layer since the
oxygen reduction process generates the majority of the heat. When the output cell voltage
decreases, the heat produced in the cell increases, leading to an increase in the maximum
temperature. By comparing Fig. 4.2., one can observe the influence of the gas diffusion layer
(GDL) face permeability and thermal contact resistance (TCR) on the temperature
distribution within the proton exchange membrane fuel cell (PEMFC). Ohmic heating occurs
as a result of the resistance caused by the flow of electricity through the electrolyte membrane
and the electrodes. Temperature fluctuations can occur within the MEA, with elevated
temperatures commonly found in regions of greater current density. In addition, it is crucial
to efficiently transfer and disperse the heat created within the MEA in order to maintain a
uniform temperature distribution. Temperature fluctuations can occur due to differences in
heat transmission rates and cooling processes across the MEA. Heat dissipation can be
influenced by factors such as thermal contact resistances and the thickness of the porous
medium of the materials being used. Ignoring the permeability of the TCR and GDL surfaces
can result in underestimating the overall temperature of the MEA. The temperature results
obtained without considering GDL face permeability and TCR are significantly lower than
the temperature results obtained when considering GDL face permeability and TCR. For
example, the optimal temperature gradient between these two cases is approximately 1.5°C
when the output cell voltage is 0.4 V, and the average temperature increase across all cell

voltage conditions is 0.5°C.
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Fig. 4.3. Distributions of temperature at iso view with various cell voltages (a) 0.4V, (b) 0.5V, (c)
0.6V, (d) 0.7V, (e) 0.8V, and (f) 0.9V ignoring TCR (operating pressure, P = 1 atm; operating
temperature, T = 70°C; cathode gas: oxygen; anode gas: hydrogen).

In addition, Fig. 4.3 illustrates the temperature distribution at a constant volume for different
cell voltages (ranging from 0.4 V to 0.9 V) without taking into account the effects of thermal
contact resistance (TCR) and gas diffusion layer (GDL) face permeability. The maximum

temperature primarily originates from the center of the MEA, with the highest temperature
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occurring at a cell voltage of 0.4 V and the lowest temperature at a cell voltage of 0.9 V. Fig.
4.4. illustrates the relationship between the polarization curve, power density, and current
density under certain operating circumstances in six different scenarios. The relationship
between power density and current density is clearly demonstrated to rise with case number.
This increase is attributed to the higher GDL face permeability and TCR, which aligns with
findings in recent research [97]. The temperature patterns in the MEA vary between Fig. 4.5.
(a) and Fig. 4.5. (b). The temperature patterns seen in MEA exhibit a "A" form in both Fig.
4.5. (a) and Fig. 4.5. (b). The motion phenomena are attributed solely to the TCR and the
permeability of the GDL face between the current collector (rib) and GDL. Put simply, the
permeability of the gas diffusion layer (GDL) and the thermal contact resistance (TCR)
between the bipolar plate (BP) and the GDL hinder the dissipation of heat, resulting in an
increase in the temperature of the membrane electrode assembly (MEA). This finding aligns
with the previous research conducted by Cao et al. [97]. Fig. 4.5. demonstrates that the
porous electrode experiences more significant heating in TCR and GDL face permeability
cases. A decrease in the condensation of water vapour into liquid form occurs as the
temperature of the electrode rises. This is because the pressure at which water becomes
saturated with vapor likewise rises as the temperature of the electrode rises. One possible
explanation for this is that the permeability of the TCR and GDL faces has increased to a
lower saturation level. While this is happening, the electrochemical process and oxygen
transport to the reaction sites by the gas diffusion layer (GDL) are improved by increasing
the temperature. In a similar manner, lowering the liquid water saturation in the GDL face
permeability and operating under thermal contact resistance (TCR) conditions both make it
easier for oxygen to be transported. The results of the GDL face permeability and TCR

testing show that the performance of the cells is greatly improved under these conditions.
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Fig. 4.6. (a) Current density and (b) power density curves with distinct cases (operating

temperature, T = 70°C (343.15K); operating pressure = 1 atm.

This particular illustration of the polarization curve is shown in Fig. 4.6. (a), which illustrates
the simulation results of the three-dimensional multiphysics model. Moreover, the power
density curves for six alternative situations are displayed in Fig. 4.6. (b), each of which is
distinguished by a unique set of particulars. Fig. 4.6. (a) demonstrates that there is only a
slight difference in the current density between the several scenarios that are beyond the
threshold of 1.15 A/cm?. The differences in current density between the various scenarios
show a gradual increase as the operational voltages continue to decrease. On the other hand,
when compared to all of the other cases, case 1 has the lowest current density, which is 1.168
A/cm?. Case 6, on the other hand, exhibits the highest current density, with a measurement
of 1.236 A/cm? in its current density. At a voltage of 0.4 V, this number is higher than the
one for case 1 by 0.068 A/cm?, which is equivalent to a relative increase of 6.8%. A further
illustration of the power density curve is shown in Fig. 4.6. (b), which displays six different
scenarios. 0.494 W/cm? is the smallest peak power density witnessed in case 1, according to
the data that has been supplied. On the other hand, the most significant peak power density
measured in case 6 was 0.546 W/cm?, which indicates a difference of 0.052 W/cm? relative
to case 1 (comparable to an increase of 8.72%). Based on this finding, it appears that taking
into account both the appropriate GDL face permeability and the thermal contact resistance
(TCR) between the gas diffusion layer and the current collector can imp the performance of

the PEM fuel cell.
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4.2. Implementation of artificial neural network (ANN) and Genetic
algorithm (GA) optimization on cell performance

The study employed an artificial neural network (ANN) with a multi-layer feedforward
structure consisting of two hidden layers. Two outputs are meant to be provided by the
network, which is designed to handle four input parameters independently. The three inputs
include a number of operating parameters, such as the thermal contact resistance (TCR), the
face permeability of the gas diffusion layer (GDL), and the output voltage (V). In addition,
the first hidden layer is made up of eight neurons, while the second hidden layer is made up
of an additional four neurons. The Levenberg-Marquardt algorithm, a training method for
feedforward networks, is selected for its efficacy in tackling non-linear problems and
training networks of modest to moderate dimensions. The hyperbolic tangent (tanh) function
is employed as the activation function in the hidden layers, whereas the output layer uses the
pure linear transfer function (purelin) [98]. The inherent correlation between the input and

output parameters can be expressed as follows:
j = F(TCR,GDL face permeability,V) 4.1

The design of the genetic algorithm (GA) frequently includes multiple common components
[81]. The fundamental elements of this genetic algorithm framework comprise: 1. A
collection of chromosomes that represent the population; 2. A fitness function employed to
assess the chromosomes; 3. The procedure of selecting parents from the initial group of
chromosomes, and 4. The implementation of crossover and mutation operations to produce
offspring. A "chromosome" is a set of numerical parameters representing a possible
optimization solution using Genetic Algorithms (GA). A chromosome's expression in n

dimensions is commonly depicted in the following manner.

chromosome = [py, P2, D3, - Vil 4.2)

where p i represents the value of the i-th parameter, this study explicitly examines four
actual variables; the components of the ANN-GA method include TCR, GDL face
permeability, and V. The primary objective of this optimization technique is to maximize
the current density (I) and power density (P). The fitness function is a numerical measure

used to estimate a chromosome's reproductive success and survival capability. The
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implementation of this function utilises a trained Artificial Neural Network (ANN) model as

shown below:

P =jV = F(TCR,GDL face permeability,V) =V 4.3)
The selection of parent chromosomes for the purpose of reproducing the next generation is
determined by the fitness values of the chromosomes. Chromosomes with greater fitness
values are more likely to be selected for reproduction [99]. One possible occurrence of the
phenomenon is the ability of chromosomes to demonstrate the maximum power output,

which may be stated in the following manner:

C(TCRPmax, GDL face permeabilitypmax,meax) =

P(TCRp,, 4, GDL face permeabilityp, .., Vp, )
211\’ P(TCR,GDL face permeability,V)

(4.4)

The crossover operation is a biological recombination process that occurs between a pair of
parent chromosomes. It involves the exchange of traits and leads to the generation of two
offspring. N represents the total count of parent chromosomes. The mutation is usually
applied to the elements of the child generation with a low likelihood in order to minimize

any potential negative impact on the features of the chromosome.

MATLAB is used to build the artificial neural network (ANN) and the genetic algorithm
(GA) by utilizing the Deep Learning Toolbox and the Genetic Algorithm Optimisation
Toolbox (GAOT). The Artificial Neural Network (ANN) training phase is used to learn data
points. The distribution of data points for training, validation, and testing is carried out
randomly. 70% of the data points are allotted for training, 15% for validation, and the
remaining 15% for testing. After completing adequate training, the Artificial Neural
Network (ANN) is utilized as the fitness function to optimize the Genetic Algorithm (GA).
The ANN is then provided with the predicted operating state, which is stated in terms of
current density and power density after the GA optimization algorithm has completed its

calculations.

Hence, the forecasts generated by the genetic algorithm (GA) could be vulnerable to random
errors. Fig. 4.7 illustrates the flow chart of the Artificial Neural Network-Genetic Algorithm
(ANN-GA) approach for training and prediction. After sufficient training, the Artificial
Neural Network (ANN) can efficiently perform each Genetic Algorithm (GA) optimization
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to determine the maximum power and its related operating state in less than one second on
a single node. This node is outfitted with an Intel (R) Core (TM) i5-7500 CPU E5-2620 3.40
GHz processor and 64 GB of RAM. Its high computing efficiency makes it ideal for rapidly

controlling PEM fuel cells in real-world applications.
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Fig. 4.8. (a) Current density and (b) power density curves with ANN-GA optimization models in

different cases (operating temperature T = 70°C (343.15K); operating pressure = 1 atm).
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To verify the accuracy of the findings achieved by the Artificial Neural Network-Genetic
Algorithm (ANN-GA) method, the simulation outcomes of the 3D multiphysics model are
displayed in Fig. 4.8. (a-b). Fig. 4.8. (a) shows the curves representing the current density,
whereas Fig. 4.8. (b) presents a comparison of the power density curves for six different
scenarios, all conducted using the provided parameters. The alignment between the two
forecasts is apparent as it involves achieving the maximum achievable power in both systems.
The proposed ANN-GA method provides a quick reference for determining the maximum
power and optimal operating conditions in the design of real PEM fuel cell systems. This
method takes into account both the appropriate thermal contact resistance (TCR) and gas
diffusion layer (GDL) face permeability which results are in line with the prior study
conducted by Wang et al. [81]. The maximum power is of great significance in numerous

applications.

4.3. Oxygen mass fraction

At a cell voltage of 0.4 V, the contour of the oxygen mass fraction at the x-y planes inside
the fuel cell is depicted in Fig. 4.9. This contour is shown through the z-axis, which
represents the gas flow for six different combinations of conditions. At the x-y planes of the
fuel cell, the oxygen mass fraction decreases in the z-direction (the cathode flow channel)
until it reaches the outflow of the flow channel in every single scenario that was investigated.
Additionally, the oxygen mass fraction is depicted along the centerline of the interface
between the cathode catalyst layer and the cathode gas diffusion layer within the cathode
channel in Fig. 4.10 at a cell voltage of 0.4 V was used to measure this depiction, which
corresponds to six different cases. Up until around 5 millimeters of channel length, the
oxygen mass fraction at the inlet is quite comparable for all cases. After that point, the
variances become more clearly apparent. Because of the oxygen consumption that is brought
about by the oxygen reduction reaction (ORR) that occurs within the CCL, the oxygen mass
fraction gradually decreases until it reaches the end of the flow channel. Previous research
carried out by Zhang et al. [47] is in agreement with the outcomes of these results. It is also
possible that this indicates that the inclusion of GDL face permeability and TCR for all cases
(with the exception of case 1) has a beneficial impact on the charger transfer and ORR rate
increase of the CCL. The case 1 scenario, on the other hand, is the one that has the lowest

Oz mass fraction and the GDL face permeability, and it does not take into account TCR. In
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light of this, the oxygen mass fraction is improved by 6.58 percent in comparison to case 1

(original model).
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Fig. 4.9. The distribution of oxygen mass fraction in the x-y planes of the fuel cell through the

z direction (gas flow) for six different cases at 0.4V cell voltage.
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Fig. 4.10. The mass fraction of Oz on the centerline of the interface between CGDL and

CCL is examined for six cases at 0.4 V of a cell voltage.

4.4. Hydrogen mass fraction

Fig. 4.11. (a-f) illustrates the distribution of hydrogen mass fraction in the anode flow
channel for six different scenarios at a cell voltage of 0.4 V. The hydrogen is introduced into
the anode through the lower part and departs through the lower part of the anode flow
channel. It is evident that the hydrogen mass fraction exhibits a progressive increase,
indicating a corresponding gradual increase in the rate of hydrogen consumption for the
electrochemical reaction. Furthermore, Fig. 4.12 illustrates the proportion of hydrogen mass
along the central axis of the interface between ACL and AGDL in six different situations at
a cell voltage of 0.4 V. The consumption of hydrogen caused by the hydrogen oxidation
reaction (HOR) in the ACL and AGDL downstream of AFC leads to a gradual decrease in
hydrogen mass fractions along the channel length (z-direction). This trend is consistent with
the findings of a previous study [100]. Initially, the hydrogen mass fractions in the channel
exhibit slight variations, with values below 0.27. Subsequently, there is a significant surge
in the disparity values as a result of hydrogen consumption, and the impacts of gas diffusion
layer (GDL) face permeability and thermal contact resistance (TCR) are taken into account.
Among all situations when GDL face permeability and TCR are not included, Case 1 exhibits
the lowest value of hydrogen mass fraction, while Case 6 has the highest value. This can be

interpreted as a significant increase in GDL face permeability and TCR values, which are
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being used to enhance hydrogen consumption and reduce excess fuel (hydrogen) in fuel cell

electrodes.
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Fig. 4.11. The contours of H> mass fraction at the x-y planes inside the fuel cell through the z

(gas flow) at 0.4 V cell voltage for six various scenarios.
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Fig. 4.12. Mass fraction of H» along the centerline of the interface between the ACL and
the AGDL in the anode channel at 0.4 V of cell voltage for six cases.

4.5. Water mass fraction

The transportation of liquid water in the Gas Diffusion Layer (GDL) is mainly affected by
capillary pressure and the strong adherence of the solid structures to liquid water, as opposed
to the migration of water vapor [101]. The Leverett-J equation can be used to determine the
local capillary pressure in the Gas Diffusion Layer (GDL) related to the local water
saturation. An increase in water saturation levels in hydrophobic gas diffusion layers (GDLs)
leads to a rise in capillary pressure. This phenomenon enables liquid water to flow from
areas with greater saturation levels to areas with lower saturation levels. Darcy's law
considers both of these adhesion mechanisms. Nevertheless, liquid water can be affected by

the resistance caused by the movement of gas, the consequences of water vapor changing
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from one phase to another, as well as its inertia and viscosity, all in line with the concept of

continuity.
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Fig. 4.13. For six difference cases, the contours of water mass fraction at the x-y planes

inside the fuel cell at 0.4 V cell voltage along the z (gas flow).
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Fig. 4.13. depicts the contours of water mass fraction on the x-y planes within the fuel cell
along the z-axis, which represents gas flow. The figure shows six different situations at a
cell voltage of 0.4 V. The measured trend shows a consistent rise in the proportion of water
in the channel. This is caused by the reaction between oxygen and hydrogen at the CCL and
CGDL interface. Moreover, Fig. 4.14 illustrates the proportion of H>O on the center axis of
the interface between CFC and CGDL across the cathode channel for different scenarios at
a cell voltage of 0.4 V. The accumulation of water mass fraction at the interfaces of the gas
diffusion layer (CGDL) and the cathode catalyst layer (CCL) in the downstream region of
the flow channel is caused by the gas flow within the flow channel [102]. Introducing the
Forchheimer inertial coefficient has led to a new effect in the non-linear wave motion of
multiphase deformable porous media. As a result, the water mass fraction in the inlet channel
increases steadily from 0.24 to 0.29 over a distance of 5 mm. Then, it increases exponentially

to approximately 0.38 for the rest of the channel.
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Fig. 4.14. The mass fraction of H>O on the centerline of the interface between CGDL and
CFC across the cathode channel is examined for numerous scenarios at a cell voltage of

0.4V.

When taking into account both thermal contact resistance and GDL face permeability, it
becomes clear that they can reduce the water mass fraction. This is demonstrated in Fig. 4.14,

where cases 2 through 6 exhibit lower values compared to case 1. Thus, the combination of
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GDL face permeability and TCR efficiently reduces water formation. Simultaneously, the
surplus oxygen in the cathode flow channel decreases due to the consumption of reactants

in the electrochemical reaction, which helps prevent flooding in the CGDL.

4.6. Velocity magnitude and cathode pressure drop

This section examines the velocity and pressure of oxygen at the interface between CGDL
and CFC in the cathode channel for six cases, with a cell voltage of 0.4 V. The corresponding
figures, Fig. 4.15 and Fig. 4.17 provide visual representations of the data. As depicted in Fig.
4.15, the velocity of oxygen diffusion experiences a significant increase as it moves along
the channel, reaching its peak at 5 mm of the channel length, which is approximately 2.7E-
3 mes’!. After reaching this point, it stabilizes and decreases as oxygen becomes more
involved in a chemical reaction. This causes the oxygen to remain in the diffusion layer
along the channel length until it reaches the end. This trend is supported by a previous study
[93]. Overall, the GDL face permeability and TCR for case 2 to case 6 exhibit higher velocity

values compared to case 1, resulting in a partial improvement in performance.
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Fig. 4.15. The velocity of oxygen at the centerline of the interface between CGDL and
CFC through the cathode channel is examined for distinct scenarios at a cell voltage of 0.4

V.
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Fig. 4.16. The pressure distributions at the x-y planes inside the fuel cell through the z-axis

representing gas flow) are examined at a cell voltage of 0.4 V for six cases.
Fig. 4.16 shows the pressure profile within the fuel cell at different points along the flow
channel for six distinct scenarios, all at a cell voltage of 0.4 V. Thanks to the decreased

pumping work required to deliver reactants to fuel cells, a noticeable increase in pressure
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can be observed near the intake CFC and CGDL. This pressure gradually decreases along

the length of the channel, resulting in improved energy efficiency for fuel cells.

Furthermore, Fig. 4.17 illustrates the decrease in pressure from 55 Pa to 13 Pa along the
centerline of the interface between CGDL and CFC in the cathode channel under different
conditions at a cell voltage of 0.4 V. Throughout the channel, and there is a noticeable
decrease in pressure drop. On the other hand, Case 1 shows the lowest pressure drop, as it
does not consider GDL face permeability and TCR. In conclusion, it suggests that GDL face
permeability and thermal contact resistance play a significant role in improving the

performance of PEM fuel cells and optimizing the use of fuels for chemical reactions.
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Fig. 4.17. The pressure on the centerline of the interface between CGDL and CFC along

the cathode channel is examined for different scenarios at 0.4 V of a cell voltage.

4.7. Summary

This study utilizes a non-isothermal computational model for fuel cells, specifically focusing
on a PEM fuel cell's temperature profiles, mass transport, and cell performance. The
investigation also considers the impact of TCR and GDL face permeability on cell
performance. This model's TCR and GDL face permeability is determined by comparing the
calculated temperature changes between the flow plate and the cathode electrode with
experimental data. This comparison results in an acceptable agreement. The numerical

model is employed to examine the influence of different TCR and GDL face permeability
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strategies on heat dissipation and the performance of a PEM fuel cell. From the
computational results and debates presented above, we can derive the subsequent

conclusions:

1. The TCR and GDL's permeability considerably impacts both the ideal temperature
and the temperature distribution of the electrode. The temperature near the membrane
electrolyte assembly (MEA) is elevated compared to other regions. When
considering the permeability of the TCR and GDL faces, there is a noticeable
increase in the ideal cell temperature by approximately 1.5°C at 0.4 V. Additionally,
the temperature profiles show a characteristic "A" shape.

2. In order to enhance the accuracy of temperature profiles and forecasts of cell
performance, it is crucial to consider the influence of thermal contact resistance (TCR)
and Gas Diffusion Layer (GDL) face permeability. In the sixth scenario, the
permeability values for TCR and GDL are calculated to be 1.00E-01 m?sK/W and
3.50E12 m?, respectively. In addition, in case 6, there was an 8.72% enhancement
in cell performance compared to the original model (case 1).

3. In case 6, the thermal contact resistance and GDL face permeability influence the
velocity and oxygen mass fraction. Specifically, compared to case 1, thereisa 1.91%
increase in velocity and a 6.58% rise in oxygen mass fraction. Furthermore, the
pressure differential in example 6 is 3.11% greater than in case 1.\

4. The pressure diminishes progressively as one descends the channel. Moreover, when
the cell voltage is 0.4 V, the pressure in the cathode channel reduces from around 55
Pa to 13 Pa in different situations that involve CFC and CGDL at the interface.

5. The numerical investigations yielded valuable insights for enhancing fuel cells'
oxygen transport and water removal. In addition, they aid in achieving a more even
dispersion of oxygen and current densities by considering the TCR and chosen GDL
face permeability. Furthermore, considering the thermal contact resistance (TCR)
and selecting a suitable gas diffusion layer (GDL) with high permeability typically
leads to lower dissolved water in the cathode catalyst layer, ultimately enhancing the
cell's performance.

6. In addition, the ANN-GA approach was used to determine the maximum power
densities achievable in six distinct cases. These discoveries are crucial for developing
and effectively supervising fuel cell systems.
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5. TAPERED FLOW FIELD CONFIGURATION TO
IMPROVE MASS TRANSPORT AND PERFORMANCE OF
PROTON EXCHANGE MEMBRANE FUEL CELL

In the continual effort to investigate the effect of tapered flow field configurations on bipolar
plates of PEM fuel cell mass transport and cell performance enhancement, this part presents
the effect of tapered flow field configuration considering the porous medium thickness (PMT)
and thermal contact resistance (TCR) on overall cell performance, temperature distributions,
mass transport distributions (oxygen and hydrogen mass fractions), water mass fraction,

osmotic-drag coefficient, gas velocity, and pressure drop.

5.1. Effect of tapered PEM fuel cell model on overall cell performance

Through the application of a tapered flow field configuration, one can explore the optimal
performance based on the chosen model. Fig. 5.1 and Fig. 5.2 showcase the polarization and
power density curves for various tapered parallel flow field channels (FFCs) with different
Lyo ratios, respectively. The figures illustrate the FFCs, considering the impact of the TCR
and the PMT, without considering these effects. When comparing conventional parallel flow
field channels (FFCs) with different tapered parallel FFCs, there is a significant difference
in the polarization and power density curves. This is because of the variation in the Lyo.
When the Lyo is reduced, the output cell voltage and power density of various tapered
parallel FFCs decrease, regardless of considering the TCR and PMT. This phenomenon
becomes more pronounced when operating at higher current densities. The observed
phenomenon can be explained by the increased interaction between the bipolar plates (BPs)
and gas diffusion layers (GDLs), resulting in a decrease in the interaction between the
catalyst layers (CHs) and GDLs. This, in turn, obstructs the ideal route for reactant
transportation from the CHs to the GDLs. Based on the results, it seems that using a parallel
flow field channel (FFC) with a tapered design, where the channel width decreases from the
inlet to the outlet, negatively affects the cell's performance. When examining different
tapered parallel FFCs, if we ignore the TCR and the PMT (for case number 1 Lyo 0.7), we
can see that the cell's performance improves as Lyo increases. This improvement is due to

the increased contact area between CHs and GDLs, resulting in enhanced reactant transport.

77



T T T T T T T T T T T T T
09 Operating pressure: 1 atm T
Operating temperature: 343.15 K Case 6
Case 5
— 0.8 —v— Case 4 .
> —&— Case 3 |
]
o —e&— Case 2
%0 0.7 - . —=— Case 1 7
o J
p—
(=)
> 0.6 i
= 0.420
Q . -
O 0.5 L 0.405\. ; i
0.390 \ 4
0.375 \
0.4 1.155 1.190 1.225 1.260
T T T T

— T T T T T T
00 02 04 06 08 10 12 14
Current Density [A-cm™]

Fig. 5.1. Polarization curves for various tapered parallel FFC models.

Higher Lyo ratios in CN5 (Lyo 1.1) and CN6 (Lyo 1.2) lead to improved cell performance,
as both the PMT and TCR are higher compared to the conventional parallel model mentioned
in previous research [90]. Fig. 5.1 shows that the maximum current density of case 1 is the
lowest among all the cases, measuring at 1.158 A/cm?. In contrast, case 6 demonstrates the
highest current density outcome, measuring at 1.246 A/cm?. This value is 0.0877 A/cm? or
7.57% higher than case 1 at 0.4 V. In addition, Fig. 5.2 illustrates the power density curve
for six different scenarios. Upon examination, it is evident that the lowest peak power density
in case 1 is 0.489 W/cm?, while the highest peak power density in case 6 is 0.551 W/cm?.
This signifies a disparity of 0.0618 W/cm? (equivalent to a percentage increase of 12.63%)
when compared to case 1. These findings suggest that considering both the PMT and the
TCR between the gas diffusion layer (GDL) and the current collector can improve the
performance of PEMFC. The explanation lies in the balance between mass transport, water
removal, TCR, and PMT resulting from the differences in Lyo for various tapered parallel
FFCs. A parallel FFC with a reversed taper and a slightly higher Lyo ratio can positively
impact cell performance. This conclusion is consistent with the mass transport characteristics,
including the mass transfer as the result of the increasing flow field cross-sectional area, as
previous research [67], [103], [104]. It is essential to consider the TCR and PMT between
BPs and GDLs for tapered parallel FFCs in order to simulate cell performance accurately.

Ignoring these factors can lead to tapered and misleading parallel FFC optimization.
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Fig. 5.2. Power density versus current density for various tapered parallel FFC models.

5.2. Temperature distributions with varying tapered flow field

configuration

An output cell voltage of 0.4 V is depicted in

Fig. 5.3., showing the temperature distributions corresponding to the various case models.
The rib, the channel, and the MEA regions all have distinct temperatures, with the
temperature under the rib being lower than the temperature under the channel. Furthermore,
the temperature beneath the channel rises when one moves further away from the channel.
The heat generated in the electrode is predominantly dispersed from the rib area through heat
conduction, which is made possible by the significantly low velocity present in the porous
gas diffusion layer (GDL). This is the conclusion that can be drawn from this observation.
In addition, it is noticed that the maximum temperature of the cell increases in parallel with
the increase in the PMT and TCR values. This is something that can be witnessed visually.
The increase in heat transfer resistance between the Gas Diffusion Layer (GDL) and the
collector's rib due to thermal contact resistance (TCR) makes it more difficult for heat to be
dissipated within the porous electrode. It has been noted that there are variations in
temperature distributions with respect to the various TCR values. However, the temperature

differential across the GDL and collector rib interface grows proportionally with TCR
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augmentation, which has been demonstrated by works of literature [52, 53]. The study has
found that the current collector is more successful at homogenizing the temperature. The
TCR acts as a barrier to the dissipation of heat, which is one of the factors contributing to

the behavior described above.

Flow direction o

\
)
f

|

CN 1 (Lir 0.7)

CN 2 (Lit 0.8)

|-
-

CN 3 (Li0 0.9)
— S ——— ’\Bf
—————

CN 4 (Lii 1.0)

|
1

'l

CN 5 (Lio 1.1)

\
)
1l

I
‘|
\

4

]

CN 6 (Lin 1.2)
9 \) N YV ™ o) ™ “
S SN S G A

Temperature [K]

Fig. 5.3. The temperature distribution at left (inlet side), middle PEMFC (YZ-
Plane), and right (outlet side) views along the CH for various cases at cell voltage

04V.



5.3. Oxygen mass fraction and hydrogen mass fraction

The oxygen mass fraction distribution at the X-Y planes within the fuel cell along the Z
direction (gas flow direction) are depicted in Fig. 5.4. This figure was created using a variety
of tapered parallel fuel cell topologies at a cell voltage of 0.4 V. Because of the oxygen
consumption that takes place as a consequence of the oxygen reduction reaction (ORR) that
takes place in the CCL, the oxygen mass fraction in the X-Y planes of a fuel cell declines
typically along the Z direction. This is because the CCL is responsible for the oxygen

reduction reaction. As an illustration, CN6 possesses a significantly higher oxygen mass

OV |
Q'\ Q'\ Q)‘\ Q'\ Q'\

| | | | t

02 Mass Fraction Y

Fig. 5.4. Oxygen mass fraction distribution at the x-y planes within the fuel cell along the z
(gas flow) direction for various cases at cell voltage 0.4 V.
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fraction within the CGDL and CCL compared to other examples, as can be observed in Fig.
5.5. Another illustration of how a high oxygen mass fraction in the CGDL and CCL can
generally be advantageous to the ORR rate in the CCL is provided by this particular instance.
A more significant flow channel makes it possible for a more remarkable mass transfer of
reactants, particularly oxygen, to the catalyst layer, which is one of the potential explanations
for this phenomenon. Given this, there is a possibility that the restrictions of diffusion may
be reduced, and the ORR rate will be accelerated. Previous studies have shown that a wider
flow channel increases the likelihood that sufficient oxygen will reach the catalyst sites,
which in turn leads to more effective reactions [20,21]. This phenomenon is a result of
increased mass transfer. In addition, making the flow channel wider can make it simpler to
remove water from the cathode side, which in turn reduces the risk of water collecting and
impeding oxygen delivery pathways. A broader flow channel helps to maintain a more
substantial oxygen mass fraction at the catalyst and gas diffusion layers. This is

accomplished by improving water control, which in turn adds to water management.

0.18 i : l l
0.147
0.0809
0.146
0167 0.0804 5
0.144 _
= 7043 00798— |
.'g 0.14 0.141 0.0792 i
g 02104z0630841.05 00787
e 012 39.45 39.60 39.75 39.90
L™
%
o 0.10 - ]
E Case 6 Li/o 1.2 )
A 0.08 - Case 5Ly, 1.1
O Case 4 Li/o 1.0
Case 3 Li/O 0.9
0.06 | Case 2 Li/0 0.8
Casel Li/o 0.7
0.04 n Y . . _ 1 _

Channel length [mm]
Fig. 5.5. Oxygen mass fraction on the centerline of the interface between CCL and CGDL

along the cathode channel for various cases at a cell voltage of 0.4V.

82



Flow direction o

CN 1 (Lin 0.7)

CN 2 (L 0.8)

CN 3 (Lio 0.9)

CN 4 (Lo 1.0)

CN 5 (Lin 1.1)

CN 6 (Li 1.2)

& > & & 0 O > b Vv

@
o
7

02 Mass Fraction
Fig. 5.6. O mass fraction profiles at the interface between CCL and CGDL along the CH

for various cases at cell voltage 0.4 V.

A representation of the oxygen mass fraction distribution along the channel is shown in Fig.
5.6. This illustration is located at the interface between the cathode catalyst layer (CCL) and
the gas diffusion layer (CGDL). Because of the more extensive surface area at the bottom of
the flow channel, a greater quantity of oxygen initially diffuses into the cathode gas diffusion
layer (CGDL). This is possible because of the larger surface area. The improved convective
flow in wider tapered channels, which was investigated in cases 4-6, makes it easier for more
excellent oxygen to enter the cathode gas diffusion layer (CGDL). Consequently, case 6 has
a superior performance compared to the other cases, which is in line with the results of

simulations that have been published in the literature [13,14].
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Fig. 5.7. For six distinct cases, the distributions of hydrogen mass fraction at the x-y

planes within the fuel cell along the z (gas flow) at 0.4 V cell voltage.

At a cell voltage of 0.4 V, the hydrogen mass fraction profiles are depicted in Fig. 5.7. These
profiles are shown at the x-y planes within the fuel cell along the z (gas flow) with six
different scenarios. As a result of the hydrogen oxidation reaction (HOR) that took place

within the anode catalyst layer (ACL), the hydrogen mass fraction showed a significant drop
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along the gas channel in the flow direction across all of the model geometries. This is an
indication that hydrogen reacted with the flow due to the decrease in the mass fraction of
hydrogen detected. A more significant flow channel makes carrying hydrogen in greater
quantities easier from the intake to the system's outlet. A decrease in flow resistance results
from the increased cross-sectional area, making transporting hydrogen more uniformly and
expediently possible. A higher proportion of hydrogen mass may be maintained at the anode
catalyst layer and the gas diffusion layer due to the increased mass transportation, making it

easier to keep this proportion.
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Fig. 5.8. H> mass fraction on the centerline of the interface between ACL and AGDL along

the anode channel for various scenarios at a cell voltage of 0.4 V.

In Fig. 5.8, the hydrogen mass fraction on the centerline of the interface between the ACL
and AGDL along the anode channel is depicted for a number of different scenarios where
the cell voltage is only 0.4 V. The mass fraction of hydrogen was found to decrease in a
linear fashion in every single instance along the anode channel. The value that is the lowest
is found in case 1, and the value that is the greatest is found in case 6. This indicates that the
thermal contact resistance and more prominent flow channel can have an effect on the
number of mass fractions of hydrogen and offer adequate reactants to react with oxygen in
order to create maximum performance, where these results can be consistent with research

that has already been conducted [110].
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5.4. Water mass fraction and osmotic drag coefficient

In order to keep their performance at its highest level, PEM fuel cells need to have adequate
water management. This can help permit more excellent water removal from the cathode
side, which in turn helps reduce flooding and enhance the transfer of protons. A wider flow
channel can help support this. It is essential to have proper water management to keep the
electrolyte's conductivity intact and make the ORR easier to perform. Fig. 5.9. illustrates the
water mass fraction profiles at the interfaces of CCL and CGDL along the channel for a
variety of scenarios, all while ensuring that the cell voltage remains at 0.4 V. It is believed
that the movement of gas within the channel is responsible for the accumulation of liquid

water at the interfaces that are located downstream of the channel. To be more specific, liquid
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Fig. 5.9. H>O mass fraction distribution at the interface between CCL and CGDL along the

CH for various cases at cell voltage 0.4 V.
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water has a tendency to build at the interfaces between the gas diffusion layer (CGDL) and
the cathode catalyst layer (CCL). In addition, it has been noted that a greater Lyo can be

advantageous for tapered parallel FFCs, both with and without taking into consideration the
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Fig. 5.10. For various cases, H2O mass fraction distribution at X-Y planes within the fuel

cell along the channel at cell voltage 0.4 V.
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PMT and TCR because it results in a reduced saturation of liquid water. This is the case
regardless of whether or not the PMT and TCR are taken into consideration. The
investigation that Wang et al. [104] carried out shows that this result is consistent with their
findings. While this is going on, Fig. 5.10. illustrates the distribution of the mass fraction of
H>O along the channels at X-Y planes for a variety of distinct scenarios when the cell voltage
is 0.4 V. Since the explanation from the previous paragraph regarding the water-saturated
rose as a result of the accumulation from the production result of redox reaction within the

catalyst layers of the PEM fuel cell, it is essential to note that this increase occurred.
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Fig. 5.11. H>O mass fraction on the centerline of the interface between the CCL and

CGDL along the cathode channel for various cases at a cell voltage of 0.4 V.

Presently, Fig. 5.11. illustrates the water mass percentage on the centerline of the interface
between the CCL and the CGDL along the cathode channel for various scenarios at a cell
voltage of 0.4 V. The water mass fraction is found to rise along the flow direction for all of
the cases, as shown in Fig. 5.11. This is because the redox reactions created the water vapour
that has accumulated. For the same reasons, case 6 has the lowest value of all the cases.

Meanwhile, case 1 has the most enormous value. A broader flow channel enables improved
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management within the fuel cell, which is what this signifies. Case 6 has a 5.75%
improvement in water removal compared to case 1. This makes it easier to remove water
from the cathode side, which in turn reduces the likelihood of water accumulation and
flooding being a problem. Excessive liquid water accumulation in the cathode CL/GDL
interface can block the pores and hinder the transport of oxygen to the catalyst sites, reducing
the PEMFC performance [111]. Improved water management helps keep the fuel cell's water
balance at its ideal level, which is essential for maintaining proton conductivity and ensuring
that electrochemical processes are carried out effectively. Because of this, the water buildup
has decreased, which has resulted in lower water (H>O) mass percentage at the CCL and

CGDL.
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Fig. 5.12. Osmotic drag coefficient profiles at X-Y planes of the middle of the

PEM fuel cell for various cases at cell voltage 0.4 V.
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Fig. 5.12 illustrates the electro-osmotic drag coefficient in the central region of the X-Y
planes of the PEM fuel cell. This value represents the quantity of water molecules
transported per proton as protons are transferred from the anode to the cathode. The electro-
osmotic drag coefficient is highly relevant as it directly affects the management of water
resources. In addition, a higher thermal contact resistance might result in elevated
temperature gradients and uneven heat dispersion within the fuel cell. Consequently, this can
affect the amount and arrangement of water within the cell, which may have an impact on
the distribution of the osmotic drag coefficient. Conversely, the MEA at the non-parallel
flow model (case 6, Li,1.2) exhibits a marginally reduced value compared to the parallel
flow (case 4) and experiences more significant fluctuations due to the flow shape.
Nevertheless, the osmotic drag coefficient at the membrane electrode assembly (MEA) for

tapered models remains lower than that of the parallel type.

At the middle of the X-Y planes of the PEM fuel cell, the electro-osmotic drag coefficient is
depicted in Fig. 5.12. This coefficient is a measure of the number of water molecules that
are transported for each proton that is transferred from the anode to the cathode during the
process of proton transfer. As a result of its direct impact on the administration of water
resources, the electro-osmotic drag coefficient is of extremely high significance. In addition,
an enormous thermal contact resistance might result in additional temperature gradients and
an uneven distribution of heat inside the fuel cell environment. This may affect the
distribution of the osmotic drag coefficient, as it can affect the water content and distribution
within the cell. As a result of the flow shape, the MEA at the broader taper flow model (case
6, Li/v1.2) has a value that is somewhat lower than the value at the parallel flow model (case
4), and it fluctuates more. A lower electro-osmotic drag coefficient is generally better for
performance and water management for PEM fuel cells. This is because a lower drag
coefficient means fewer water molecules are transported from the anode to the cathode by
the proton flux, reducing membrane dehydration at the anode side. Nevertheless, the osmotic
drag coefficient at the MEA for tapered models continues to have a value that is lower than
that for parallel models. Therefore, based on the findings provided, a lower electro-osmotic
drag coefficient is generally better for the performance and water management in Proton

Exchange Membrane fuel cells, as strengthened by the preceding study [112].
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5.5. Current density, velocity magnitude, and pressure drop

Fig. 5.13. illustrates the current density profiles on the center cross-section of the CCL for
various tapered parallel FFCs, both with and without the addition of TCR, PMT, and
conventional parallel FFC at a cell voltage of 0.4 V. These profiles are shown for both the
latter and the former. Compared to the under-rib regions located downstream of the channels,
the regions located upstream of the channels have higher current densities. The occurrence
of this phenomenon is most noticeable in lower Li, configurations, such as CN1-CN6 and
standard parallel FFC, which results in a considerable non-uniform distribution of current
density in the activation area. A pertinent investigation was carried out by Wang et al. [104],
in which they made the observation that raising the Li,, more notably CN6, results in a large
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Fig. 5.13. Current density profiles at the middle cross-section of the CCL along the

channel for various cases at cell voltage 0.4 V.
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rise in the current density within the CCL in the under-rib regions where the channels are
located. In addition, the utilization of this method results in the attainment of current
densities that are more consistent throughout the CCL. Ohmic loss is a consequence of the
existence of TCR in fuel cells. However, higher tapered parallel FFCs equipped with PMT
and TCR display much greater current densities within the CCL than tapered parallel FFCs
not provided with TCR. Consequently, ignoring the TCR will lead to errors in the
optimization of tapered parallel FFCs.

Within the fuel cell, the velocity magnitude profiles at X-Y planes are displayed in Fig. 5.14.
This is the case for all of the different flow channels. Based on the figures, it can be seen
that the velocity in the parallel flow field is relatively lower in the core channels and displays
a distribution that is not uniform. Due to the low velocity of flow, there is an accumulation
of liquid water, and zones are stagnant. Moreover, the velocity on the centerline of the
interface between CCL and CGDL along the cathode channel is depicted in Fig. 5.15 for a
number of different scenarios at a cell voltage of exactly 0.4 V. Starting from 0, the velocity
of the input flow channel climbs dramatically until it reaches 5.5E-4 mes™!. After that, it stays
rather stable until it reaches 35 mm of channel length, and then it declines dramatically until
it reaches zero at the end of the channel outlet. Case 6 (Li, 1.2) has the highest velocity due
to the thermal contact resistance effect, which makes the energy dynamics of reactant

molecules more active within the catalyst layer.
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Fig. 5.14. Velocity profiles at X-Y planes within the fuel cell along the channel for

various cases at cell voltage 0.4 V.

Additionally, increasing the velocity improves the mass transit of reactants to the catalyst
layer. This helps to reduce concentration polarization and accelerate reaction speeds, which
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could potentially improve the overall performance of the fuel cell. Furthermore, greater
velocities can help reduce the amount of water removed from the gas diffusion and catalyst
layers. This helps minimize floods and maintain appropriate water balance, which is
essential for preserving proton conductivity and optimal performance, as demonstrated by

the findings of the previous investigations [54,55].
7.0E-4 T T T T T T

6.0E-4

e
‘-.‘ 5.0E-4 | .
7]
[ ]
E 4.0E-4 | 7]
ol
2
-s 3.0E4 | Case 6 Li/0 1.2 T
S R casesL, 11| |
p—t 4.02 4.69 536 6.03 ase 5 Ly
QD 2.0E-4 | Case4 L., 1.0 .
> i/o

Case31L;,0.9
1.0E-4 | Case21L;,0.8 s
Case1L;,0.7

0.0E+0 L - - - - - ' -
0 10 20 30 40

Channel length [mm]
Fig. 5.15. Velocity on the centerline of the interface between CCL and CGDL along the

cathode channel for various cases at a cell voltage of 0.4 V.

Fig. 5.16. depicts the pressure distribution at the X-Y planes within the channel for various
scenarios while keeping the cell voltage at 0.4 V. Higher Lyo values for all tapered parallel
FFCs result in a decrease in the pressure drop along the cathode channel. Reduced pressure
in the cathode channel facilitates the delivery of reactants to fuel cells, resulting in lower
pumping work and increased energy efficiency of the fuel cell. Moreover, Fig. 5.17 depicts
the pressure gradient along the centerline of the interface between the cathode flow channel
(CFC) and cathode gas diffusion layer (CGDL) in the cathode channel for different scenarios
while keeping the cell voltage at 0.4 V. It is evident that the pressure decreases from the inlet
to the outlet channel, as the transport of reactants to the catalyst layers improves. Case 6

exhibits the lowest pressure drop value among all cases due to its wider flow channel area,
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which aligns with the previous study's findings [104]. In addition, efficient water removal is

crucial in PEM fuel cells to prevent water flooding and maintain optimal performance.
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Fig. 5.16. Pressure distribution at X-Y planes along the channel for various cases at a cell

voltage of 0.4 V.
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the cathode channel for various cases at a cell voltage of 0.4 V.

5.6. Summary

This study uses different tapered FFCs to enhance mass transport and cell performance in a
PEM fuel cell by placing the TCR and PMT between bipolar plates and gas diffusion layers.
Through numerical investigations, the impact of the ratio of the side length of the inlet to
that of the outlet (Lyo) on various internal physical processes in fuel cells has been studied.
These processes include oxygen transport, water removal, dissolved water content, and
current density distribution. The findings of this study have been confirmed by previous
research [90]. A comparison is made between different tapered FFCs, both with and without

the TCR and the PMT, to provide a more specific summary:

1. There is a clear relationship between the increase in the flow channel, the PMT values,
the TCR values, and the rise in the maximum temperature of the cell. Due to the thermal
contact resistance (TCR) between the Gas Diffusion Layer (GDL) and the bipolar plate
(BP), there is an added heat transfer resistance. As a result, the dissipation of heat within
the porous electrode is hindered, making it challenging to achieve the optimal working

temperature.
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The current study showcases the findings of numerical investigations, which reveal that
a higher Li/o ratio in tapered FFCs with TCR and PMT can improve reactant transport,
water removal, and ensure even distribution of current densities, oxygen, and hydrogen
in fuel cells.

Case 6 (Li/o 1.2) exhibits the highest average velocity due to the impact of thermal
contact resistance, which enhances the energy dynamics of reactant molecules in the
catalyst layer. This is because it leads to the highest average velocity. Furthermore,
increasing the speed of the reactants as they move toward the catalyst layer leads to
enhanced mass transport efficiency. These factors can lead to a reduction in
concentration polarization and an enhancement in reaction rates, ultimately enhancing
fuel cells' overall performance.

When comparing case 1 with case 6, it becomes evident that the latter shows a notable
enhancement in current density, power density, and pressure drop. The improvements
amount to approximately 7.57%, 12.63%, and 68.74%, respectively. This development
indicates a more even spread of internal physical quantities within the electrodes,

leading to stable operation and increased longevity of fuel cells.
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6. EFFECTS OF WATER DROP BLOCK
CONFIGURATIONS ON TEMPERATURE PROFILES,
MASS TRANSPORT CHARACTERISTICS, AND
PERFORMANCE IN PEM FUEL CELL

In this chapter, five distinct streamlined block architectures of flow channels are considered,
including interface contact resistance (ICR) and gas diffusion layer (GDL) and the face
permeability effect on temperature profiles to enhance PEM fuel cell's mass transport and
cell performance. The streamlined block structures of flow channels considering ICR and

GDL face permeability were comparatively evaluated.

6.1. The influence of WDB models, considering interfacial contact
resistance (ICR) and GDL face permeability on the temperature
profiles and the cell performances

The fuel cell's temperature may deviate from optimal conditions during practical operation.
This phenomenon may occur due to limitations in managing heat or specific operational
procedures, such as during the initial stages. The temperature rise from ambient conditions
to the optimal operating temperature of a fuel cell showcases the ignition process. The
thermal properties of a passive fuel cell without an active thermal management system are
mainly affected by the surrounding temperature and the waste generation rate. A deep
understanding of the power output at various temperatures is essential for accurately
controlling and designing fuel cell systems, as temperature plays a significant role in fuel
cells' operation. Exploring the correlation between temperature and maximum power and

determining the most effective operating parameters is crucial.
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Fig. 6.1. Profiles of temperature distributions in the Z-Y planes through the fuel cell

channel's midsection at 0.4 V cell voltage under various scenarios.
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The influence of replicated water droplets on the temperature profile of the PEMFC at the
middle of the ZY-plane, taking into account interfacial contact resistance and GDL face
permeability, is illustrated in Fig. 6.1. Temperature gradients exist between the current
collector (rib) and channel regions, with the rib being cooler and the channel being hotter as
one moves further from it. Given the low velocity in porous GDL, it can be deduced that the
rib region plays a significant role in conducting the majority of the heat dissipated by the
electrode. However, the crossectional models show some similarities (Fig. 6.1 and Fig. 6.2),
with slight variations between CN2 (half sphere), CN3 (half water drop cone), and CN4 (half
egg). These differences can be observed in the shorter tail contour of CN2 compared to CN3
and CN4. These models suggest that the reactants' temperature profiles align with the WDB

models.

Furthermore, CN5 (Flat Water Drop Cone) and CN6 (Flat Water Drop) possess a cross-
sectional area that is relatively similar, surpassing that of CN2-CN4. In addition, researchers
have found that the shapes of simulated water droplets can impact the temperature profiles.
The use of suggested flow channel models has been discovered to uphold the ideal operating
temperature and enhance heat transfer efficiency within the membrane electrode assembly
(MEA) in comparison to straight channel configurations. In addition, these models have been
observed to improve the heat dissipation rate through the bipolar plate. In addition, the
strength of the argument can be bolstered by including previous studies conducted by Nitta

et al. [95] and Sadeghifar et al. [96].

The temperature distributions at the xy-plane, specifically 38 mm from the origin of the z-
axis, are depicted in Fig. 6.2 for various scenarios with a cell voltage of 0.4V. There is a
temperature differential between the current collector (rib) and channel sections, with the rib
experiencing lower temperatures. By contrast, the water-drop models that are imitated (Fig.
6.2b - Fig. 6.2f) exhibit varying temperature profiles when compared to the straight channels
(Fig. 6.2a). In addition, the WDB models exhibit a more focused temperature distribution
compared to traditional models. In addition, the bipolar plate can be designed with a water-
drop profile that creates small channels or grooves to trap water droplets effectively. These
droplets have the ability to function as heat sinks, effectively cooling the nearby MEA. This

can improve heat dissipation and minimize the occurrence of hotspots in the PEMFC.
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Fig. 6.2. Temperature distributions at XY -plane (38 mm from origin of Z-axis) with different cases at 0.4
V cell voltage (operating temperature, T = 70°C; operating pressure, P =1 atm).
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In addition, Fig. 6.3 shows the temperature distribution at the centerline of the XY -plane,
specifically 38 mm from the origin Z axis. The temperature patterns within MEA seem to
form a "A" shape. It is evident that there is a higher occurrence of temperatures in the MEA,
which gradually decrease as they flow through the channels and BPs. As depicted in Fig. 6.3,
CN 5 (Flatwater drop cone) exhibited the lowest temperature peak at 72.74°C. Meanwhile,
the highest recorded temperature reached 72.99°C, specifically in CN2 (Half sphere). In
addition, CNN 5 (Flatwater drop cone) recorded the lowest average temperature of 70.93°C.
These findings can be enhanced by referring to relevant literature [68], [97], [113], [114],
which demonstrate that differences in the flow channels of PEMFCs can lead to localized
heating caused by an uneven distribution of reactants or inadequate cooling. Water droplets
on the bipolar plate can help address this problem by absorbing extra heat and preventing
localized overheating. By mimicking a water-drop profile, the bipolar plate can enhance
water distribution across the MEA. It can assist in maintaining a consistent temperature
profile within the cell, which helps to prevent any fluctuations in temperature that may affect
the overall performance or longevity. Given these circumstances, the performance of

PEMFC can be enhanced.
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Fig. 6.5. Average current density and power density with six different cases of PEM fuel

cell.

Fig. 6.4 (a) shows the polarisation curve, and Fig. 6.4 (b) shows the power density curves
for six common situations with different parameters based on the simulation results for the
3D multiphysics model. Fig. 6.4 (a) illustrates the varying current density of different cases

after reaching 1.146 A/cm?. The operation voltages were decreased, resulting in an enhanced
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current density in various cases. The lowest value among all of them (1.146 A/cm?) was
found in case 1 for current density. The highest result for current density was observed in
case 6 (1.226 A/cm?), which was 0.08 A/cm? (6.94%) higher than that of case 1 at 0.4 V. In
addition, Fig. 6.4 (b) illustrates the power density curve for six different scenarios. Based on
the results of this investigation, the lowest peak power density observed in case 1 is 0.487
W/cm?, while the highest peak power density recorded in case 6 is 0.549 W/cm?. This shows
a difference of 0.06 W/cm? or a 12.27% enhancement compared to case 1. According to the
research findings, the lowest peak power density recorded in case 1 was 0.487 W/cm?. A
similar phenomenon has been observed in previous channel designs published by Li et al.
[93]. The findings suggest that incorporating certain design elements can enhance the
performance of PEM fuel cells. Specifically, lower interface contact resistance (ICR) and
higher GDL face permeability in ionomer-filled membrane electrode assemblies (MEA)

have been shown to be beneficial.

Fig. 6.5 presents a comparison of the average current and power densities for different cases.
There is a slight increase in both average current and power density from CN1 to CN6.
Meanwhile, CN1 exhibits the lowest average current and power densities, measuring 0.544
A/ecm? and 0.289 W/cm?, respectively. In addition, CN2 and CN3 exhibit similar values as a
result of the identical cross-sectional area of WDB models. In addition, CN6 demonstrated
the highest current and power density values, measuring 0.599 A/cm? and 0.319 W/cm?,
respectively. Based on permeability alone, the GDL with a permeability of 3.50E-12 m? (for
CN6) would be a better choice for improving PEMFC performance compared to the GDL
with a permeability of 1.76E-11 m? (for CN1). Improved permeability can effectively
regulate gas flow and distribution within the fuel cell, resulting in enhanced contact with the
catalyst layer and increased efficiency of electrochemical reactions. In addition, the
influence of the block's specific shape on overall performance is minimal in areas with low
current density because of the low oxygen requirement. However, the increase in oxygen
content can be attributed to various polarisation phenomena in regions with high current
density. Improving oxygen utilization and optimizing reaction rates, particularly in the WDB
flow channel models, is anticipated to enhance the performance of PEMFCs. This is
attributed to factors such as diffusivity, lower interface contact resistance (ICR), and

appropriate gas diffusion layer (GDL) face permeability.
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6.2. Oxygen mass fraction distribution

Fig. 6.6 illustrates the distribution of the oxygen mass fraction at the boundary between the
gas diffusion layer and the catalyst layer along the cathode channel. This distribution was
measured at a cell voltage of 0.4V and is shown for six different situations. The oxygen
content has a direct impact on the rate of electrochemical reactions, specifically the oxygen

reduction reaction (ORR) in PEM fuel cells. During the reaction, the oxygen contained in
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the reaction pathway is used up, resulting in a reduction in oxygen concentration from the
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starting point to the ending point in the six separate flow channels. There are two possible
ways that can be used to improve the even distribution of oxygen mass fraction. One method
i1s augmenting the contact surface area between the cathode flow channel and the cathode
gas diffusion layer (CGDL). The second method involves integrating blocks into the flow
channel [93]. The utilization of water drop block (WDB) models has the capacity to
influence the oxygen mass fraction profiles at the interface between the cathode catalyst
layer (CL) and gas diffusion layer (GDL), as shown in Fig. 6.6. The CN1 (straight channel)
consistently displays curved profiles. On the other hand, CN2-CNG6 exhibits greater irregular
arced models and a higher oxygen distribution than CN1, as reported by earlier researchers

[110], [115], [116].
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Fig. 6.7. Mass fraction of oxygen on the centerline between cathode GDL/CL interface

through the cathode channel for distinct scenarios at 0.4V of a cell voltage.

The oxygen mass percentage at the center line of the interface between the gas diffusion
layer and the catalyst layer in the cathode channel was determined for various scenarios at a
cell voltage of 0.4 volts. The investigations' findings are illustrated in Fig. 6.7. In general,
the oxygen level decreases as the reactants pass through the cathode catalyst layer during the
electrochemical process. The CN1 (No WDB) exhibited the lowest mean oxygen mass
fraction value, measuring at 0.088. This phenomenon can be ascribed to the lack of

obstructions in the flow channel, leading to a consistent trend line across the WDB models.
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When the WDB is applied, different spacing between CN2-CN6 results in fluctuating states
of oxygen mass fraction. On the other hand, CN6 had an exceptionally high average mass
percentage of oxygen, measuring 0.118. The trend lines at CN2 and CN3 show a strong
resemblance, with values of 0.1023 and 0.1024, respectively. This similarity can be
attributed to the same drag cross-sectional areas of the two things. The decrease in the
distance between blocks was accompanied by an increase in the proportion of oxygen at the

same location, as demonstrated in previous studies [91], [117], [75], [118].

6.3. Hydrogen mass fraction distribution

Fig. 6.8 depicts the profiles of hydrogen mass fraction along the channel on the cathode side
of the fuel cell. These profiles are located at the interface between the catalyst layer and the
gas diffusion layer. When the cell voltage is set to 0.4 V, the profiles are displayed for each
of the different scenarios. In each of the model designs, there was a decrease in the proportion
of hydrogen mass along the gas channel in the direction of flow despite the fact that the flow
was in the opposite direction. Possibly, the hydrogen oxidation reaction (HOR), which takes
place within the anode catalyst layer, is responsible for this phenomenon, at least in part.
According to the data presented in Fig. 6.6, these events share a degree of similarity with
regard to the mass percentage of oxygen. We found that the inflow flow of CN1 (straight
channel) had a larger concentration of reactants than the other channels. The application of
WDB in the CN2-CN6 range leads to a supply of reactants that is more equally distributed
among the reaction zones. Previous research [13], [66], and [74] have uncovered the
perturbation effect, which is characterized by the induction of a rapid change that ultimately
results in more effective convection. This phenomenon has important repercussions for the
development of improvement measures for public transportation. In particular, it makes it
easier for reactants to be pushed into the anode catalyst layer (ACL), which in turn improves
the performance of the PEM fuel cell by increasing the amount of mass transfer that occurs

within the cell.
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Fig. 6.8. H> mass fraction distribution for various cases at the anode GDL/CL interface

along the channel at cell voltage 0.4 V.

An investigation into the hydrogen mass fraction in the center region between the anode CL/GDL
interface in the anode channel was carried out for a number of different situations at a cell voltage of
0.4V, as shown in Fig. 6.9. When the reactants go through the anode catalyst layer (ACL) during
the electrochemical reaction, such as the hydrogen oxidation reaction (HOR), the observed
trend indicates that the concentration of hydrogen decreases from the first stage to the final

stage. This occurs when the reaction is taking place. With a value of 0.477, the CN1 (No
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WDB) demonstrates the lowest possible average gas mass fraction. The absence of
obstructions in the flow channel is likely responsible for the continuity of the trend line found
across all of the WDB models. In contrast, applying WDB leads to observing several
hydrogen mass fraction fluctuation states for CN2-CN6 at varying intervals during the
experiment. With a value of 0.504, CN6 is the compound that demonstrates the greatest
average mass percentage of hydrogen. There is a striking similarity between the trend lines
detected at CN2 and CN3, as stated by the values of 0.4917 and 0.4918 associated with each
of these trend lines. One possible explanation for the observed similarity is that each of these
entities has drag cross-sectional areas that are identical to one another. As was observed in
earlier research [75], [118], the decrease in block spacing was accompanied by a concomitant
increase in the hydrogen mass fraction at a position comparable to the one in which the block

spacing was decreased.
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Fig. 6.9. Mass fraction of hydrogen on the centerline at the anode GDL/CL interface

through the channel for six different scenarios at a cell voltage of 0.4 V.
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6.4. Water mass fraction distribution

It is essential to have efficient water management in order to keep the performance of PEM
fuel cells at its highest possible level. It is possible to effectively increase the efficient
extraction of water from the cathode region by increasing the width of the flow channel. This
will result in the reduction of floods and an improvement in the transportation of protons. In

order to achieve optimal levels of electrolyte conductivity and make the oxygen reduction
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Fig. 6.10. For various cases, H>O mass fraction profiles at the cathode GDL/CL interface
throughout the channel at 0.4 V of cell voltage.

reaction (ORR) easier to carry out, it is essential to regulate the water appropriately through
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proper regulation. The water mass fraction distributions that can be detected at the interfaces
of the CL/GDL cathode along the channel are depicted in Fig. 6.10, which shows the
distributions regardless of the circumstances. I accomplished this while maintaining a
consistent cell voltage of 0.4 V. The existence of liquid water at the interfaces located further
downstream of the channel may be due to the flow of gases all the way down the length of
the channel. Specifically, liquid water tends to accumulate at the interfaces between the
catalyst layer and the gas diffusion layer on the cathode side of the flow channel. This is
because the side of the flow channel that gets lower drag forces from reactants is the
preferred side. In addition, it has been found that using water drop block (WDB) models
leads to a reduction in the residual amount of liquid water saturation compared to the
conventional models. There is a correlation between this conclusion and the investigation

that was carried out by Li et al. [93].
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Fig. 6.11. For six cases, H>O mass fraction comparison on the centerline within the

CL/GDL interface throughout the channel at 0.4 V of cell voltage.

Fig. 6.11 illustrates the fraction of water mass that passes through the center line of the
interface between the catalyst layer and the gas diffusion layer on the cathode side in a
number of different scenarios when the cell voltage is 0.4 V. In accordance with the data
presented in Fig. 6.11, it is possible to observe that the water mass fraction has a pattern of
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growing as the flow advances. This is the case regardless of the particular example that is
being investigated. The occurrence of redox reactions may be responsible for the presence
of some water vapor that has been collected. Because it has a mean water mass percentage
of 0.2745, the CN1 (No WDB) exhibits the most remarkable performance. When compared
to this, the implementation of the mimicked water drop (WDB) makes it possible to identify
discrete oscillations in the water mass percentage throughout CN2-CNG6 that take place at
different time intervals. CN6, on the other hand, has the lowest average mass percentage of
water, which was measured at 0.2561. This represents a reduction of 7.18% in water
saturation content when compared to CN1, which has the highest water saturation level.
There is a significant degree of resemblance between the trend lines that were recorded at
CN2 and CN3, as demonstrated by the values of 0.2682 and 0.2681, respectively, they have.
It is possible that the observed similarity can be ascribed to the shared trait of having
comparable drag cross-sectional areas, as demonstrated by the research that has been
conducted previously [93]. The procedure helps to increase water extraction from the
cathode region, which in turn reduces the likelihood of water accumulation and flooding by
improving water extraction. There is a vital component in maintaining proton conductivity
and optimizing electrochemical processes. Enhanced water management strategies
contribute to the preservation of an optimal water balance within the fuel cell. This leads to
a decrease in the water mass fraction at the cathode CL/GDL contact, which is the result of

the reduced accumulation of water.

6.5. Flow velocity and pressure drops

This section presents the findings of an inquiry into the effect that a number of water-drop
block (WDB) models have on the oxygen transfer process. The significance of the evaluation
of the velocity magnitude and streamlines of oxygen in the cathode channel is explicit. Fig.
6.12 illustrates the analysis of the velocity magnitude profiles at ZY-planes on the center
cross-section of a fuel cell across the flow channel. This analysis is performed for a variety
of situations at a cell voltage of 0.4 V. After the entrance zone, it is clear that electrochemical
reactions are responsible for the rise in velocity that occurs. This, in turn, leads to an increase
in the kinetic energy of gas molecules, which in turn causes reactants to move at a faster

speed.
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Fig. 6.12. Patterns of the velocity magnitudes at ZY planes on the center cross-section of

the fuel cell passing through the channel for distinct scenarios with a 0.4 V cell voltage.
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Compared to other models that use the inclined weir design (CN2-CNG6), the straight channel
model (CN1) displays a flow pattern that is more consistent in terms of the velocity of
cathode flow. When compared to the velocities seen in the CN3 and CN4 channels, the
velocities in the CN2, CN5, and CN6 channels located close to the blocks demonstrate a
more significant magnitude that lasts longer. These attractive streamlined shapes that were
seen in the upper portion of the block within the CN3 and CN4 channels are the key rationale
that can be linked to this event. Oxygen transmission within the block is subject to frictional
resistance, which impedes oxygen flow throughout the block. A relatively low level of
resistance characterizes this situation. The flow lines exhibit beneficial characteristics within
the CN2, CN5, and CN6 channels of the block. On the other hand, the perturbation effect
causes the upper portion of the construction to hinder the transfer of oxygen. As a
consequence, the CGDL receives a more remarkable supply of oxygen, which is consistent

with the findings of previous studies [93], [119], [120].
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Fig. 6.13. Comparison of velocity magnitude on the center-line between cathode GDL/CL

interface through the cathode channel at a cell voltage of 0.4 V for six cases.

The velocity's magnitude at the interface's centerline between the CCL and CGDL within

the cathode channel is displayed in Fig. 6.13. Several cases were seen with a cell voltage of

0.4 V; the data refers to those cases. According to the information that is displayed in Fig.
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6.13, the straight channel exhibits the lowest velocity of oxygen diffusion when compared
to the other channels. By utilizing water-drop block (WDB) channels, which are
differentiated by their spacing, it is possible to accomplish the potential improvement of
oxygen participation in chemical reactions. As a consequence of this, there is a rate of
increase in the utilization of oxygen within the diffusion layer, which ultimately results in

an extension of its engagement period.

Furthermore, it is of the utmost importance to admit that the process in issue only results in
a partial improvement in performance. It has been observed, on the basis of previous studies
[93], that the rate of diffusion for the fundamental linear channel is relatively slow, which
results in outcomes that are not optimal. In conclusion, it is possible to observe that the WDB
(CN6) channel exhibits an excellent dispersion of oxygen mass fraction and the highest mean
velocity of oxygen diffusion, which is 0.00089 meters per second compared to other
examples. As a result, it is possible to draw the conclusion that the WDB (CN6) channel
demonstrates considerably more outstanding performance in comparison to the other two

flow channels.

A representation of the pressure distribution on the Y-Z planes at the central cross-section
of the fuel cell through the channel can be seen in Fig. 6.14. Different conditions are
represented by the scenarios depicted in the image, and each of these settings has a cell
voltage of 0.4 V. Because of the lower amount of pumping labor and reactant consumption,
it is possible to make the observation that pressure drops in the PEM fuel cell system are
reduced. When compared to other varieties of water-drop block (WDB), the CN1 (straight
channel) exhibits the least amount of pressure drop. As a result of blockage-induced pressure
distribution and drag coefficient modifications, the pressure drop from CN2 to CN6 is
significantly increased. The finding that was mentioned above, which is in line with the
investigation that was carried out in the past by Zuo et al. [121], elucidates that obstruction
within the flow-field channel makes the flow move in the direction of the gas diffusion layer

(GDL) and increases the mass transfer from the central region of the channel to the GDL.
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Fig. 6.14. For various cases, the pressure distributions were compared at Z-Y planes on

the center cross-section of the fuel cell through the channel at 0.4 V of cell voltage.
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For the electrochemical reactions that are taking place inside the fuel cell, the occurrence of
pressure drop significantly impacts the reactions. There is a correlation between the
fluctuation in pressure drop and the fluctuation in the voltage of the cell, which ultimately
results in a decrease in the cell's overall efficiency. In light of this, this work aimed to
investigate the significance of pressure drop as an essential component in flow fields that
come in various configurations. A comparison of the pressure distribution at the centerline
of the interface between the cathode gas diffusion layer (CGDL) and the cathode flow
channel (CFC) is depicted in Fig. 6.15. This comparison is an example of how the pressure
is distributed. We analyzed each of these scenarios at a cell voltage of 0.4 V, and the cases
that are displayed relate to a variety of different circumstances. When compared to the other
examples (CN2-CN6) that utilized WDB models, the findings indicate that the pressure in
CNI1 (straight channel) follows a linear trend line more closely than the other cases did. This
is the case because CN1 is the highest pressure in the straight channel. Because of the
different types of obstructions, the application of WDB models can result in an increase in

the fluctuation of pressure between CFC and CGDL.
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Fig. 6.15. Comparison of pressure on the middle-line of the interface between cathode
GDL/FC throughout the cathode channel from inlet to outlet for various cases at a cell

voltage of 0.4 V.
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Fig. 6.16. The pressure drop comparison across the cathode channel was measured for six

scenarios at a cell voltage of 0.4 V.

In addition, the pressure decrease that occurs from the entrance to the exit of the cathode
channel is depicted in Fig. 6.16. This decrease occurs for various circumstances when the
cell voltage is 0.4 V. Due to the use of reactants and the subsequent drop in pumping power,
it is possible to see a non-linear fall in pressure across numerous different flow channels.
Furthermore, as shown in Fig. 6.16, it is clear that the parallel flow fields (CN1) and the
model flow fields (CN6) on the channel have the lowest and highest pressure drops,
respectively, along the channels. The pressure drop observed in the CN1 model is around
39.90 Pa, equivalent to approximately one-tenth of the pressure drop recorded in the CN6
flow field structure. In accordance with Zuo et al.'s earlier findings [121], the data analysis
presented in Fig. 6.16 suggests that the flat water drop (CN6) design exhibits a pressure

distribution on the surface of the catalysts that are quite favorable.

6.6. Summary

This study employed a computational model of a non-isothermal fuel cell, utilizing water-

drop block models in the flow channels. The objective was to examine the temperature

profiles, mass transport properties, and PEM fuel cell performance. The study also

investigates the impact of interface contact resistance (ICR) and gas diffusion layer (GDL)

face permeability on the cell's performance. The proposed models for the (WDB) are
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obtained by comparing the simulated polarisation curve with the relevant experimental data,
leading to a reasonable level of agreement. From the computational findings and subsequent

remarks discussed above, the following conclusions can be deduced:

1. This study examined the impact of water-drop block (WDB) models on the electrode's
highest temperature and temperature distribution. Integrating the ICR and GDL face
permeability into the simulated water-drop model significantly increases the maximum
cell temperature. Specifically, with a cell voltage of 0.4V, there is an approximate
temperature rise of 0.19°C at CN 2 compared to CN1. In addition, the temperature
profiles display a characteristic "A" form. The increase in temperature serves to prevent
the loss of heat, thereby maintaining an ideal operating temperature.

2. It is important to optimize key aspects such as ensuring sufficient and appropriate
reactants on catalytic surfaces, minimizing pressure drops in flow channels, and
reducing water formation at the electrode surface to increase the current and power
density. The current density and power density on the CN6 are higher compared to other
scenarios. At a voltage of 0.4V, the maximum current density and power density
increased by 6.94% and 12.27%, respectively, compared to the conventional model CN1.

3. The flow channel should have the capability to effectively eliminate any surplus water
generated on the surface of the cathode catalyst. The saturation of liquid water at the
interface between the cathode gas diffusion layer (GDL) and catalyst layer (CL)
decreased by approximately 7.18% in the CN6 design compared to the CN1 model with
parallel channels.

4. The WDB (CN6) channel demonstrates the highest velocity of oxygen diffusion and the
widest dispersion of oxygen mass fraction. Therefore, it may be inferred that the WDB
channel (CN6) outperforms the straight-flow channels (CN1).

5. In summary, the goal is to find a compromise between a low interface contact resistance
(ICR) and a high gas diffusion layer (GDL) face permeability in order to improve mass
transport and cell performance. Hence, the selection of the WDB model case 6, with an
ICR 0f 2.00E-06 ohm'm? and a GDL face permeability of 3.50E-12 m?, seems to achieve
a favorable equilibrium and may be the optimal option for enhancing mass transport and

cell performance in the present investigation.
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7. CONCLUSIONS AND CONTRIBUTION

The objective of this study is to investigate the effect of geometry modification (tapered and
water drop block models) of bipolar plate flow fields while considering some parameters
such as thermal contact resistance (TCR), porous medium thickness (PMT), interface contact
resistance (ICR), and GDL face permeability variations on temperature profiles, mass

transport characteristics, and PEM fuel cell performances.

Chapter 1: The research background of the work undertaken is introduced. An overview of
the trends and challenges of PEM fuel cell research on flow field configurations is produced
by correlating the relevant literature and the recent progress of the previous author's research
methods. The research objectives and scope are presented at the end of this chapter, followed

by the organization of the thesis.

Chapter 2: A literature review regarding bipolar plate flow field configuration's effects on
mass transport characteristics and performance of PEM fuel cells. However, all previous
studies have focused on modified bipolar plate flow channels' influence on mass transport
characteristics and performances of PEM fuel cells, without considering other various
parameters such as porous medium thickness (PMT), thermal contact resistance (TCR),

interface contact resistance (ICR), and GDL face permeability.

Chapter 3: The research methods with an explanation of the simulation modeling setup based
on the ANSYS-Fluent Fuel Cell and Electrolysis Model. The simulation's validity is
established by comparing the simulation's findings with the results of the experiments found
in the literature concerning the polarisation curve (I-V curve). The research of the influence
of variation of bipolar plate flow fields (parallel, tapered, and water drop block models) on
temperature profiles, mass transport characteristics and cell performances of PEM fuel cells
might be carried out using a simulated technique. This would involve taking into

consideration some variable parameters.

Chapter 4: The research objective is to optimize voltage, GDL face permeability, and thermal
contact resistance operating parameters on mass transport and cell performance on PEMFC.

The method used in this study used six different thermal contact resistance (TCR) and GDL
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face permeability variations on temperature profiles, mass transport characeristic and cell
performace PEM performance with combining ANN-GA method for optimizing current and
power densities. In addition, the important results in Chapter 4 are summarized below:

e Considering the TCR and GDL face permeability, there is an observed rise in the
optimum cell temperature by around 1.5°C at 0.4 V, and the temperature profiles exhibit
a distinctive "A" shape.

e The thermal contact resistance and GDL face permeability significantly impact the
velocity and oxygen mass fraction in case 6, resulting in an increase of 1.91% and 6.58%,
respectively, compared to case 1. In addition, the pressure drop in case 6 is 3.11% higher
compared to case 1.

e The ANN-GA technique was employed to identify the highest power densities attainable
in six different scenarios. These findings are important for designing and efficiently

monitoring fuel cell systems.

Chapter 5: To investigate the influence of tapered flow field configurations with considering
porous medium thickness and thermal contact resistance variations on improving PEM fuel
cells' mass transport and cell performance. This study employed six distinct Li/o ratios (Liso
0.7, Lixs 0.8, Lio 0.9, Lio 1.0, L 1.1, and Lis1.2) in tapered FFCs with appropriate thermal
contact resistance (TCR) and porous medium thickness (PMT) to improve mass transport
and cell performance of PEM fuel cells. In addition, the important results in Chapter 5 are
summarized below:

e The current study showcases the findings of numerical investigations, which reveal that
a higher Li/o ratio in tapered FFCs with considering both suitable TCR and PMT can
improve reactant transport, water removal, and ensure even distribution of current
densities, oxygen, and hydrogen in fuel cells.

e Case 6 (Li/o 1.2) exhibits the highest average velocity due to the impact of thermal
contact resistance, which enhances the energy dynamics of reactant molecules in the
catalyst layer. Furthermore, increasing the speed of the reactants as they move toward
the catalyst layer leads to enhanced mass transport efficiency.

e When comparing case 1 (Li/o 0.7) with case 6 (Li/o 1.2), it becomes evident that the
latter shows a notable enhancement in current density, power density, and pressure drop.

The improvements amount to approximately 7.57%, 12.63%, and 68.74%, respectively.
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This development indicates a more even spread of internal physical quantities within

the electrodes, leading to stable operation and increased longevity of fuel cells.

Chapter 6: To investigate the influence of water-block drop models on bipolar plate flow
fields on mass transport characteristics, temperature profiles, and cell performances. The
method integrates interface contact resistance (ICR) and GDL face permeability variations
into the simulated five different water-drop block (WDB) models of PEM fuel cell. In
addition, the important results in Chapter 6 are summarized below:

e The current density and power density on the CN6 are higher compared to other
scenarios. At a voltage of 0.4V, the maximum current density and power density
increased by 6.94% and 12.27%, respectively, compared to the conventional model CN1.

e The WDB (CN6) channel demonstrates the highest velocity of oxygen diffusion and the
widest dispersion of oxygen mass fraction. Therefore, it may be inferred that the WDB
channel (CN6) outperforms the straight-flow channels (CNT1).

e The selection of the WDB model case 6, with an ICR of 2.00E-06 ohm.m? and a GDL
face permeability of 3.50E-12 m?, seems to achieve a favorable equilibrium and may be
the optimal option for enhancing mass transport and cell performance in the present

investigation.

The present work involves the following contributions:

The study discovered that optimizing operating parameters using the ANN-GA technique
has a more positive impact on PEM fuel cells' mass transport and cell performance by
considering the effects of thermal contact resistance (TCR) and variations in gas diffusion
layer (GDL) face permeability. The study investigated the influence of tapered flow field
(TFF) configurations taking into account differences in porous medium thickness (PMT) and
thermal contact resistance (TCR) on temperature profiles, mass transfer, and cell
performance enhancement of PEM fuel cell. In addition, a study was conducted to examine
the impact of different configurations of water drop block (WDB) with considering
differences in the inteface contact resistance (ICR) and gas diffusion layer (GDL) face
permeability on the temperature profiles, mass transfer, and performance enhancement of a

PEM fuel cell.
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