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Water Management in PEM Fuel cells

A numerical study

CHARAN KAMAL VEDULA

Department of Mechanics and Maritime Sciences
Chalmers University of Technology

Abstract

A fuel cell functions on the electrochemical principle of simultaneous reduction and oxi-
dation (redox) reactions producing an electric current for powering devices. The fuel cell
type under focus in this thesis work is of the Proton Exchange Membrane Fuel Cell or
Polymer Electrolyte Membrane Fuel Cell (PEMFC) variety. In this type, hydrogen (Hy) is
used as fuel with an air/oxygen (O,) supply to produce electricity and water as products,
making it a clean & sustainable source of energy with a plethora of applications.

This thesis work intends to understand the behaviour of the water product as it traverses
across the flow channels designed to transport it away and out of the fuel cell by using
the same oxygen supply (air) used as fuel. The level of water present in the electrolyte
membrane and the bipolar plate flow channels in the fuel cell is extremely important to
the performance of the fuel cell. Therefore, this management of the optimum hydration
levels is fundamental to the optimal power performance. This region of focus in the study
of PEMFC water management is an exciting avenue for research and possible optimization
of hydration levels in the PEM fuel cell.

This thesis work utilizes existing literature to provide a valid simulation model as ground-
work to elaborate on the same, due to the unpredictable nature of computer simulations.
The simulation results from this thesis work is corroborated with the theoretical physical
laws to validate the accuracy of the results.

Since the water product formed has to be taken away by air at a suitable to prevent
both flooding and drying out of the fuel cell, the dynamics of the flow of the air and
water phases in the flow channels assigned are dominated by complex physics. Since,
the observation techniques are limiting in understanding the problem, the complexities
and behaviour patterns must be studied with numerical simulations which model a flow
which incorporates all the relevant factors in the flow of the constituent phases, their
interactions, the physics of their interfaces and their movement behaviour in a region
with transient flows at changing pressures and temperatures. These challenges can be
effectively solved with the help of a CFD simulation. Therefore this thesis work utilizes
the Volume Of Fluid (VOF) Method in simulating this two-phase problem for studying
the phase interface and the scales of the problem at hand are within the range of this
algorithm (both spatially and temporally), additionally investigating the effect of contact
angles.

The results from the simulation show that the rate of the water transport across the
channels is highly dependent on the inlet velocity of the air phase, the geometry and
arrangement of the water inlet - pore size and number, and the relative humidity of the
inlet air.

Keywords: Fuel Cells, PEM fuel cell, hydration levels, water management, flow channels,
CFD simulations, VOF Method.
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Preface

In this thesis study, the computer simulation of the multiphase flow of air and water
in the flow channels of the bipolar plate in a Polymer Electrolyte Membrane or Proton
Exchange Membrane (PEM) fuel cells is undertaken to investigate the factors that exert
their influence on the rate of water transport across the flow channels as this is key
in optimizing the hydration levels across the PEMFC. This thesis project was carried
out with the resources and guidance from the Fluid Dynamics division at the Chalmers
University of Technology for the purposes of the master’s degree, part of the Department
of Space, Earth and Environment (SEE).

This department works to further the understanding the physics behind fluid flow and
undertakes research work for the same. The simulation models and their usage in studying
the complexities of multiphase flow is one of the key aspects of research undertaken at the
department. The results obtained from this thesis study aims to further the understanding
and subsequent optimization of the water management in a PEM fuel cell.

Gothenburg, Sweden, May 2024
Charan Kamal Vedula
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Structure of the Thesis

The thesis is structured as follows and the multiple facets of the report addressed in each
chapter can be found below:

Chapter 1 - Introduction and Background

This chapter, as the name suggests, introduces the reader to the technical background
required to understand the work presented in the subsequent chapters. The aim and
scope, along with the research questions has also been presented to provide an idea to the
extent to which the problem has been studied.

Chapter 2 - Literature Review

This chapter consists of the previous research done in studying the problem and its various
aspects, namely, the emergence of water in the gas channels, the behaviour and the factors
a ecting said behaviour. Then all of these sub aspects have been summarized to provide
a picture as to the phenomenon that will be simulated in the subsequent chapters.

Chapter 3 - Methodology

This chapter focuses on breaking down the complex problem based on the literature
reviewed. The assumptions and simpli cations that have to be implemented to set up the
simulation. The method used - the VOF Method and the sub-models used in setting up
the initial and boundary conditions have also been discussed in detail. In addition, the
approach in identifying the impact of individual parameters on the water transport has
been assessed in a systematic manner to arrive at the results that would be discussed in
the following chapter.

Chapter 4 - Results and Discussions

The results obtained from the computer simulations are presented here and the e ects
of each parameter in the order of signi cance based on their impact on the water emer-
gence and behaviour are also displayed. The inferences based o of the results have been
discussed for each and every parameter studied. Then the results were summarized and
conclude. In addition to this, the limitations and the validity of the results have been
presented to provide an idea about the validity of this thesis work. The potential for the
possible pathways for future research work based on the results obtained has also been
touched upon.

13



1 Introduction & Background

1.1 Fuel Cells
1.1.1 Basics

A fuel cell is an electrochemical device that converts chemical energy of its reactants into
usable electricity by undergoing redox (reduction-oxidation) reactions at the electrodes.
The most commonly used fuel source and oxidant are hydrogen and oxygen respectively,
hence the name, hydrogen fuel cell. The underlying principle of a hydrogen fuel cell is
utilizing the electric potential available on oxidation of hydrogen when the reactants are
separated over an electrolyte producing a ow of electrons. The attractiveness of this
technology lies in its emissions or lack thereof - water vapour. This sustainable energy
source can run on several di erent kinds of electrochemical reactions based on the type of
the electrolyte used in the cell. This leads to a plethora of di erent kinds of fuel cells. Out
of all the varieties of electrolytes available today, the most commonly used type is an acid
electrolyte. This is due to the fact that it is the simplest and easily commercialized variant
of the fuel cell, because it was the rst type of fuel cell to be manufactured and innovated
to the commercialized version seen today[1] . The main focus of this study and document
is the study of a Proton Exchange Membrane Fuel Cell or Polymer Electrolyte Membrane
Fuel Cell (PEMFC) (see Figure 1). The explanation of its function is elaborated further

in the sections below.

Figure 1: Schematic diagram of a working PEM fuel cell [2]

The redox chemical reaction that occurs in a PEMFC can be explained by demonstrating
the oxidation and the reduction reactions that take place at the respective electrodes
separately rst and then combining them for the overall understanding :

Anode reaction:

At the negative electrode, i.e. the anode, hydrogen gas which is supplied from outside,
gets oxidized in an exothermic reaction and releases electroms )(along with hydrogen
ions (H*). The electrons € ) ow to the other electrode i.e. the cathode along an
external circuit performing electric work. The hydrogen ionsH *) or protons, ow to the
cathode via the acid electrolyte. They form the basis of the electrochemical reaction in
the fuel cell and their mobility determines the performance of the same. The equation for
the oxidation of hydrogen is given below (see Equation 1):

14



2H, ! 4H* +4e + (1)

Cathode reaction:

The hydrogen ions H*) and the electrons € ) take two di erent paths, via the acid
electrolyte and the external circuit respectively and reach the cathode. Here, they interact
with oxygen supplied either in the form of pure oxygen or from air and reduce the oxygen
to form water as seen in the reaction below (see Equation 2):

O, +4e +4H* ! 2H,0 (2)

The combined redox electrochemical reaction can be equated as given below is as follows
(see Equation 3):

2H,+ O, ! 2H,0+ (3)

For the cell reaction to take place continuously, the electronse() and the hydrogen ions
(H*) must reach the cathode without interacting with one another along the way, this
necessitates the need for the electrolyte to be electrically insulating but also be proton
conducting. This leads to ow of only the hydrogen ions through the cell, facilitating the
reduction reaction at the cathode of the cell.

The electrons € ) on the other hand, must pass through the external circuit, producing
an electric current, due to the potential di erence between the electrodes, which in turn,
powers the necessary electrical devices.

The acid electrolyte, in addition to being electrically insulating, also has a high availability
of free hydrogen ionski ). This feature of the electrolyte makes it easy for the hydrogen
ions to pass through and reach the cathode where they recombine with the electrodes and
the oxygen to complete the reaction and produce water.

However, it is not necessary for the electrolyte to be an acid, certain solid polymer mem-
branes and ceramics can be used to achieve the same e ect. They are termed as 'proton
exchange membranes' or 'polymer electrolyte membranes' and the fuel cells that include
them are called Proton Exchange Membrane Fuel Cells or Polymer Electrolyte Membrane
Fuel Cells (PEMFCs).

Electrode Reaction Rates:

The oxidation reaction at the anode releases chemical energy as well as heat. However,
the reaction does not proceed spontaneously but requires activation energy to excite the
molecules su ciently to kick-start the reaction. If the energy required for the process to
begin is not su cient, the rate of the reaction is slow. To overcome this, three steps can
be undertaken namely:

1. Utilize catalysts: This is the most common method of improving reaction rates,
however, the most commonly used catalyst in a PEMFC is platinum (Pt), which is
expensive. Therefore, the dosage should be carefully monitored to avoid high costs.

15



2. Increasing reaction temperature: This method provides the necessary activation
energy for the reaction, however, the operating temperatures play a key role in mem-
brane longevity and fuel cell performance. The thermal integrity of the components
should also be considered.

3. Increasing electrode area: Increasing the size (area) of the electrodes results in
a higher probability of the molecules possessing su cient energy to start the re-
action, however, this method is constrained by the material cost as well as space
considerations in transport applications in FCEVs (Fuel Cell Electric Vehicles). To
overcome this problem, the electrodes are made porous. This signi cantly increases
their e ective surface area required for electrochemical reactions, without necessarily
increasing the geometric area.

The Proton Exchange Membrane Fuel cell runs at relatively low temperatures (30 - 100
°C), this implies that the low reaction rates present are improved by the use of cata-
lysts and porous electrodes. Platinum is the most favoured catalyst, although expensive,
improvements made in material chemistry has reduced the impact on cost by utilizing
minute quantities without a ecting performance.

1.1.2 Proton Exchange Membrane Fuel Cells (PEMFCs)

The Proton Exchange Membrane Fuel Cell or Polymer Electrolyte Membrane Fuel Cell is
the most successful type of acid fuel cell commercially. The electrolyte used is a hydrogen-
ion/proton conducting solid polymer. It is an electric insulator but an ionic conductor
and is stable under both strong oxidizing and reducing environments.

The negative electrode - anode - contains an electro-catalyst that is dispersed on a electri-
cally conducting material. It is fabricated in such a fashion that the three-phase boundary
of the catalyst, the electrolyte and the fuel (hydrogen gas) come in contact with each other
to facilitate the oxidation reaction.

The positive electrode - cathode - is also dispersed with an electro-catalyst, also creates
a three-phase boundary at which the incoming oxygen (either pure oxygen or in air) is
reduced in the presence of the electrons from the external circuit.

The negative electrode (anode) - the electrolyte (polymer membrane) - the positive elec-
trode (cathode) together are considered to be a singular component called the membrane
electrode assembly (MEA). They are considered to be the main component in making up
a cell. The voltage output across a single cell is approximately 1.1V (theoretical) and in
reality, about 0.7V. This voltage is too little to have viable applications. Therefore, the
voltage has to be built up by connecting the cells in series to the required output voltage.
The series of the membrane electrode assemblies bound together electrically is called a
stack. The stack also includes current-collectors at the two ends connected by end plate
assemblies.

16



Figure 2: Schematic diagram of the MEA and the bipolar plates [3]

The individual cell assemblies are electrically interconnected via a 'bipolar plate' (see
Figure 2). It is an electrically conducting plate the joins the positive electrode (cathode)
of one cell to the negative electrode (anode) of the next cell. After the MEA, it is one of
the most important components of a fuel cell. It is due to the fact that it also provides

a means of providing the reactants to their respective electrodes - hydrogen fuel to the
anode and the oxygen gas to the cathode. This is done by using machined or moulded
channels on either side of the bipolar plate. The bipolar plate also facilitates the removal
of the product water formed at the reduction reaction site on the cathode.

The contact points between the individual cells have to be optimized in order to reduce
the electrical resistance between the plates. Therefore, the contact points on the bipolar
plates should be large. However, this would hinder adequate gas ow over the electrodes
from the channels.

In addition to this, the electrodes must be porous to allow a greater surface area for
reaction, there is a strong possibility of gas leakage along the edges of the plates. This
is overcome by the use of external manifolds to seal the edges. However, this leads to
cooling problems and uneven pressures in the fuel cell.

Therefore, it is a balancing act between maintaining good gas supply and product removal,
temperature and pressure maintenance and low electrical resistance. The design of the
bipolar plates is therefore of critical importance in the performance of the fuel cell.

The ow behaviour of product water through the ow channels and out of the fuel cell
plays a crucial role in the working of a fuel cell and is discussed in the following chapters.
The water ow behaviour through the bipolar plate ow channels is the key focus of this
study.

1.1.3 Polymer Electrolyte

Proton Exchange Membrane Fuel Cells (PEMFCs) uses a solid sheet of electrolyte that
is bound on both sides by catalyzed porous electrodes, forming the Membrane Electrode
Assembly (MEA). The main charge carrier in the polymer electrolyte is ai (+) ion (a
proton), and works the same way as an acid would - conducting th¢(+) ions through

it. The membrane electrolyte works at near ambient conditions therefore, the water
movement through the cell is in liquid form and the water level in the membrane directly

a ects the proton conductivity.

The industry standard membrane used in PEMFCs, is a certain kind of per uorinated
sulphonic acid (PFSA) called "Na on® "It is built on the backbone made of polymerized
version of polyethylene (see Figure 3).

17
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Figure 3: Polyethylene chemical structure [4]

The polyethylene is substituted chemically with uorine to form poly-tetra- uoro-ethylene
(PTFE) (see Figure 4 ). This makes the polymer extremely resistant to chemical attack
due to the strong bonds between the carbon and uorine atoms. In addition to this, PTFE
is hydrophobic and helps driving the product water out of the electrolyte and prevents
ooding. It also adds some mechanical rigidity to the material making it able to withstand
mechanical stresses and suitable for use in stacks which are thousands of cells thick.

F

7C7

F | 1]
F F F F F
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Figure 4: Poly-terta- uoro-ethylene (PTFE) chemical structure [5]

To make it ion-conducting, the PTFE chain undergoes further chemical modi cation in
the process of sulfonation. In this process the PTFE molecular backbone receives side
chains and these side chains to the main PTFE backbone are terminated with sulfonic
acid ( SOsH) groups. This compound is now known as per uoro-sulphonic acid PTFE
copolymer (PFSA) (see Figure 5) The acidic form of the SO3;H ions (after treatment
with concentrated sulfuric acid) becomes arSO; ) ion which makes the side chains highly
hydrophilic. Therefore, Na on has a several hydrophilic regions in an overall hydrophobic
structure.
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Figure 5: Per uoro-sulphonic acid PTFE copolymer (PFSA) chemical structure [6]
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These hydrophilic regions lead to absorption of signi cant amount of water providing a
platform for the H* ions produced on the oxidation reaction at the anode to interact with

the SO; ions due to weak mutual attraction, making them mobile and move across the
electrolyte via electro-osmotic drag and the Grotthus mechanism.[14]

The ionic conductivity of theseH* ions depends strongly on the degree of hydration and
the concentration of the sulphonic acid sites. Therefore, maintaining the hydration levels
is crucial in maintaining the optimum ionic conductivity of the membrane.

1.1.4 Gas Di usion Layer (Electrodes)

In an electrolyte cell, the other critical component required for it to function is the elec-
trodes - the anode and the cathode. In a PEMFC, they are called the Gas Di usion Layer,
as they are made of porous carbon supports, dispersed with catalyst, usually platinum
(Pt). It provides the necessary conditions for the three phase boundary of the reactants,
the catalyst and the electrolyte promoting good reaction rates at both the anode and the
cathode. The basic structure of both the electrodes in various designs of PEMFCs are
very similar, if not identical.

The Gas Di usion Layer is attached to the bulk of the electrolyte - the polymer membrane
in this case, which has carbon supports holding the platinum catalyst. Attached to this
carbon support/catalyst layer is the di usion layer - usually made up of porous carbon
bres. These carbon bres not only hold the dispersed Pt catalyst particles, they are also
good conductors of electricity, allowing for high amounts of current to be drawn.

Figure 6: Schematic diagram of the polymer electrode and the GDL [7]

Not only does the GDL provide a platform and reaction sites for the redox reactions, it
also is connected to the ow channels on the bipolar plate on the outside, providing a
pathway for the fuel (hydrogen) and oxygen to di use through and reach the catalyst
layers at their respective electrode sites to undergo their respective reactions (see Figure
2).
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The GDL also carries the water product away from the membrane electrolyte surface and
o ers a layer of protection over the thin catalyst layer. The catalyst being supported
on the carbon structure, as seen in Figure 6, not only has the electrolyte bulk mass on
one side, but also has a thin layer impregnated onto the electrode. This extension of
the electrolyte onto the GDL, increases the number of sites where the electrolyte and the
catalyst particles meet, improving the number of sites where the three phase boundary
can exist, improving the catalyst activity, subsequently improving the reaction rates.

Despite the electrodes having similar structure when it comes to the shape and size of
the carbon bre material, which is used on both sides, the primary di erence between
the cathode electrode and the anode electrode lie in the amount of catalyst dispersed in
the GDL catalyst layer next to the electrolyte membrane. This is due to the fact that
the reaction rates for the hydrogen oxidation reaction (HOR) and the oxygen reduction
reaction (ORR) are vastly di erent, with the rate of the oxygen reduction reaction being
signi cantly lower than the rate of the hydrogen oxidation reaction. The exchange-current
density, which describes the current that can be generated based on the reaction at the
electrodes, and the exchange-current density at the cathode (£OmA cm 2) (O,) is
about three orders of magnitude lesser than the exchange-current density at the anode
(1 mA cm ?)(H,) . In addition to this, the voltage loss at the cathode is one order of
magnitude greater than at the anode.

Due to these reasons, the platinum loading at the oxygen electrode (cathode) is signi -
cantly higher than at the fuel electrode (anode).

The main focus of this study would be on the cathode side of the reaction - particularly
on the removal of the water produced from the gas di usion layer. From Figure 6, we
can see that the platinum catalyst particles attached onto the carbon support adhered to
the electrolyte provides a location for the three phase reaction. These are the only sites
where the catalyst is in contact with both the electrolyte and the incoming gas. The Gas
Di usion Layer on the cathode side, being hydrophobic causes the water produced from
the catalytic reaction to di use out. This water will be collected in the channels on the
bipolar plate and will be removed at the rate required for optimal cell performance.

1.1.5 Water Management

In a Proton Exchange Membrane Fuel Cell in addition to the design, and the catalyst
concentrations in the electrodes, the hydration levels in the electrolyte is of paramount
importance. As previously mentioned, the chemistry of the electrolyte polymer mem-
brane is made up of side chains of sulphonic acid groufS@, added onto a backbone
of poly-tetra- uoro-ethylene (PTFE) making it a per uorinated sulphonic acid (PFSA)
copolymer. This special compound has a speci ¢ property of being generally hydrophobic
in nature, with the side chains being hydrophilic. These hydrophilic side chains create
micro-domains inside the general structure which attract water molecules.

The presence of water inside the polymer electrolyte leads to the formation of hydronium
ions (H30%) on combining with the hydrogen ions H*) forming a dilute acid. This
acidic environment is precisely what is needed for the transport of the hydrogen ions
(H™). This takes place due to the migration of both the hydronium ionsH3;0*) and via

the hopping of the hydrogen ionsK *) from one water cluster to the other by breaking
the weak hydrogen bond from one molecule and forming another weak bond to the next
bond. This process is known as the Grotthus mechanism and has been accounted for the
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high ionic conductivity of the hydrogen ions H™*) experimentally. Therefore, the ionic
conductivity of the Na on polymer membrane depends on the level of hydration present
in it.

Therefore, the PFSA membranes are very good proton conductors when they are su -
ciently hydrated. However, due to the operating temperatures of the PEMFC lie within
80°C to 100°C, the liquid water present in the membrane has a tendency to evaporate at
these temperatures. If the hydration levels of the membrane are below optimal, i.e. the
membrane getting dried out, the ionic conductivity drops, which leads to a severe drop in
the performance. So, su cient hydration levels must be maintained at any cost.

On the other hand, if the hydration levels are above the optimum levels, this leads to the
ooding of the membrane with water, which leads to the formation of a two-phase gas-
liquid ow with oxygen/air and water that increases the resistance to the transport of the
reactants at the active sites, reducing the e ectiveness of the catalyst, as the reactants
have di culties reaching the three-boundary reaction sites and therefore, making the
electrochemical reactions improbable. This leads to a drastic reduction in the performance
of the fuel cell.

So, e ective hydration levels in the electrolyte membrane must be maintained at all costs
for e ective electrochemical redox reactions, to promote good movement of the protons
across the electrolyte without hindrances and also to prevent interference of the two-phase
ow from interfering with the reactants at their respective reaction sites. Therefore, it is
important to maintain the right balance - su cient enough for good proton conductivity
but lower than the level that would cause ooding. Therefore, the water removal rates
must be optimal at the GDL on the cathode side.

In an ideally designed PEMFC, the water that forms as the product of the electrochem-
ical reaction (see Equation 3), helps keep the ideal level of hydration throughout the
electrolyte. The air that is pumped over the cathode electrode, in addition to supplying
the necessary amount of oxygen also carries away the excess water with it. Therefore,
the design has to take into account the right amount of oxygen necessary for the optimal
reaction rates as well as the water it can remove along with it after the reduction reaction
Is complete.

The design also should take into the operating temperature of the fuel cell as at temper-
atures above 60°C, the air owing through the cathode has a high drying e ect which
leads to the membrane drying out because the air dries out the water faster than the rate
at which it is produced from the oxygen reduction reaction (ORR) at the cathode, this
leads to a drop in performance, owing to the membrane drying out. To overcome this,
the air owing into the cathode must be pre-hydrated [37] to reduce the drying e ect at
high temperatures. This may appear to be counter-productive as it leads to formation of
excess water by-product in the cell, but it is necessary to maintain the hydration levels
and to improve the performance of the fuel cell.

1.1.6 Water Movement in PEMFCs

As mentioned in the previous section, maintaining the optimum hydration levels in the
PEMFC is of utmost importance, if the maximum performance and longevity of the fuel
cell is desired. To maintain the ideal water levels in the electrolyte and the surrounding
electrodes, the behaviour of the water molecules must be understood. There are several
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water movement mechanisms that take place simultaneously in the membrane electrode
assembly, essentially the crux of the fuel cell. These water movement mechanisms as
seen in Figure 7 can help us identify the problems some of these movements pose to the
optimum performance of the fuel cell and the actions taken to optimize said performance.

Firstly, the high availability of hydrogen ions (H*) present in the electrolyte during the

cell operation, drag water molecules along with them from the anode electrode side to the
cathode electrode side via a process called electro-osmotic drag. This leads to a higher
concentration of water on the cathode side compared to the anode side, which tends to
dry out the anode part of the cell during this process. This imbalance provides ionic
resistance at the anode and results in a drop in the transport rates of hydrogen ioh$7()
towards the cathode.

Secondly, at temperatures above 6, as previously mentioned, the air owing across the
cathode electrode has a high drying capacity and tends to carry away water much faster
than that can be replaced by the water formed by the slow reaction rates of the oxygen
reduction reaction. This also tends to reduce the hydration levels at the electrolyte,
a ecting cell performance.

Thirdly, this mechanism is a result of both the electro-osmotic drag and the formation of
product water at the cathode. The water content at the cathode is signi cantly higher
due to said mechanisms. Due to concentration imbalances between the cathode and the
anode, the water tends to ow back from the cathode towards the anode i.e. from a region
of high concentration to a region of low concentration in order to reach equilibrium. This
mechanism tends to keep the electrolyte membrane uniformly hydrated.

Figure 7: Water movement mechanisms in a PEM fuel cell [8]

To achieve optimum ionic conductivity, the hydration levels in the electrolyte must be
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uniform, but due to the all the simultaneous water mechanisms taking place, the hydration
levels in the electrolyte is far from uniform.

To improve the uniformity of the hydration levels in the membrane electrode assembly, one
or both of the reactants must be pre-hydrated. Due to the e ect of the electro-osmotic
drag, the anode side of the electrolyte tends to dry out. To avoid this, the hydrogen
supplied has to be hydrated to keep the anode side of the electrolyte su ciently hydrated
and to aid the ionic conductivity of the hydrogen ions 4 *).

To counter the drying e ect of air at higher temperatures (compared to the air inlet),
the water formation at the cathode due to the oxygen reduction reaction is not su cient,
and therefore must be supplemented by additional means, i.e. pre humidi cation of the
incoming oxygen/air. This reduces the drying e ect of the incoming air, as the higher
humidity levels already present reduce the water holding capacity of the air and therefore
not lead to a dry membrane on the cathode side.

These methods help equalize the hydration levels inside the electrolyte across both the
cathode and the anode side.

Improper water management in the electrolyte assembly can lead to several negative ef-
fects on both the cell performance and the longevity of the fuel cell. Firstly, the di erences
in hydration levels can lead to swelling in the regions with excess water content, causing
additional internal stresses that threaten the structural integrity of the fuel cell assembly
can rapidly deteriorate the electrolyte and the catalyst layers, reducing both the perfor-
mance and the lifetime of the fuel cell.

Secondly, if the water product is not removed out from the stack assembly, this can lead to
the accumulation of water-soluble ionic species, like calciur@&?*), magnesium Mg?*),
iron (Fe?* or Fe3*). They interfere with the existing electro-chemistry of the cell, creating
resistance to the ow of hydrogen ionsKl *) which is absolutely critical to optimum cell
performance.

Lastly, the excess water present in the electrolyte membrane, under sub-zero temperatures
can freeze and permanently damage the fuel cell stack. So, it is absolutely essential to
purge the fuel cell stack of any existing water before shut down to prevent occurences of
freeze-out damage.

Therefore, it is important to maintain optimum hydration levels, not just for optimum
lonic conductivity and cell performance, but also to prevent the degradation to the mem-
brane electrode assembly. Water generation, management and removal are fundamental
to the optimum cell performance and good membrane health of the fuel cell.

There are places in the electrolyte that are dried out, some that are ooded and some
possessing the right amount of hydration. This leads to reduced performance of the fuel
cell. This is also one of the key problems that needs to be addressed and overcome in order
to have optimum hydration levels, and subsequently optimum performance. In this study,
the focus would be on the excess water removal mechanism via the bipolar plate channels
after exiting from the gas di usion layers. The e ects of the design of the bipolar plate
plays a huge role in water removal in PEMFC. The basic designs are described brie y in
the next subsection.
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1.1.7 Flow eld patterns of the bipolar plates

As previously mentioned, the water levels present in the fuel cell must be maintained
uniformly throughout the membranes for optimum ionic conductivity, which is directly
proportional to the voltage levels across the stack electrodes. The need to ensure proper
hydration levels along with the proper ow of reactants to and from the gas di usion layer
(GDL), with minimum pressure drop across the layers, are the main factors inspiring the
design of the ow- eld plates.

The main types of the ow- eld patterns utilized for the bipolar plates are:
1. Parallel groove type
2. Pin or grid type
3. Interdigitated type
4. Serpentine type

The e ect of each ow- eld on the cell performance is dependent on the type of uid ow
taking place on either side of the membrane electrode assembly (MEA) - either co- ow,
cross- ow or counter- ow. The type of ows described, have dierent ow velocities,
which in turn aect the rate of reactant ow towards the GDL, and the rate of the
product removal from the GDL. They also have di erent drops in pressure across the
layers. All these factor in uence cell performance and to whether involve extra pieces of
equipment like compressors to achieve the desired ow conditions. Therefore, the design
of the ow- eld plates is a deciding factor in the operation of the fuel cell.

The main types of the ow- eld arrangements have been illustrated in the gure given
below (see Figure 8):

Figure 8: Di erent arrangements of the ow eld channels - (L to R) pin type, parallel,
interdigitated, serpentine [9]

The parallel groove type ow- eld arrangement is used in conditions where there is a
minimal likelihood of water droplet formation, due to a higher tendency for accumulation
and subsequent blockage, which leads to a poor distribution of the reactants which in turn
leads to a poor distribution of electric current through the fuel cell. This can be o set
by restricting this ow- eld type usage only for applications where high uid ows are
possible, as this minimizes droplet formation.

The pin or grid type ow- eld arrangement allows for high turbulent ows across the face
of the electrode improving the utilization of the fuel and oxygen reactants. Due to this

24



ability of the pin type ow- eld, it is perfectly suited for applications that require high
reactant ows and have low fuel (hydrogen) and air (oxygen) utilization rates.

The interdigitated type ow- eld arrangement features dead-ended channels forcing gases
through the gas di usion layer (GDL). On the anode side, the reactant gas is forced into
the GDL layer to interact with the membrane. To ensure the correct amount of fuel
(hydrogen) passes into the membrane for the catalyst reaction, the gas di usion layer
(GDL) must be highly porous. On the other end, i.e the cathode side, the water must
be drained out of the cathode, for this to take place, the GDL must also possess high
hydrophobicity to push the water out of the cell. If these properties of the GDL are not
ful lled, the interdigitated type will pose the threat of becoming a bottle-neck to cell
performance. As, the porosity and the hydrophobicity of the gas di usion layer tends to
decrease as the cell ages, this type of ow- eld arrangement is not usually preferred.

The serpentinetype ow- eld arrangement is the most commonly used type by PEM fuel
cell manufacturers. It strikes a balance between good water removal rates and acceptable
pressure drop. The large number of turns in the ow path ensure that the water removal

is not too high as to cause dry-outs, and the multiple serpentine passages ensures that
the water velocity is maintained so as to have the required pressure drop.

The material used for the bipolar plate channels also plays a crucial role because the
hydrophobicity/hydrophilicity of the material dictates the surface tension contact angles
and also the tendency of the water produced to form droplets and subsequently, the kind
of ow of the two phase water-air mixture in the bipolar plate ow channels. This is
extremely important in modelling and studying the water removal process and to nd
an optimum rate of water removal. There are several more factors that in uence water
removal via the channels and that would be elaborated in the subsequent sections.

The uid ow behaviour in the ow- eld channels of the bipolar plate is not easy to
predict or measure due to the complexity of the two-phase turbulent of water and air.
Signi cant studies using uid ow nite-element methods have been done to model the
uid ow behaviour and to validate and optimize the design e cacy.
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1.2 Computational Fluid Dynamics (CFD) Simulations

The need to understand the physics of water formation and water ow behaviour in
the two-phase mixture when exiting the gas diusion layer (GDL) through the ow-
eld channels in the bipolar plate is paramount in understanding and furthering the
cell performance of a PEM fuel cell. To understand and theorize a complex physical
phenomenon, one does it either by observation or via simulation tools and validate the
results with experimental data.

In the case of studying the turbulent two-phase ow of the water and air mixture in the
ow- eld channels, visualization techniques are very limited and therefore do not provide
an accurate picture of the physical phenomenon taking place.

In the case of optical visualization, though it provides good accuracy in terms of resolution
in both the spatial and temporal dimensions, the PEM fuel cell made for this purpose must
be restricted to be constructed out of transparent materials, which for obvious reasons
possess vastly di erent properties in terms of porosity, ionic conductivity, catalyst holding
capacity and hydrophobicity/hydrophilicity, structural integrity and such when compared

to the PEM fuel cells used in practice.

If the di erent regions in the electromagnetic spectrum were to be used for observing
the phenomenon, such as in the case of X-ray imaging, MRI or neutron imaging, the
constraint of constructing a transparent PEM fuel cell is lifted, but they still would have
to be fabricated out of materials that are di erent from the materials used in a working
PEM fuel cell. Even, if the material is not as vastly di erent from the working models as
in the case of a transparent PEM fuel cell, the resolution in both the spatial and temporal
dimensions is not very accurate to provide a good picture.

In addition to the existing limitations due to the choice of materials in both the opti-
cal visualization techniques and in the others, the visualization techniques used do not
provide the necessary quantitative information to understand the behaviour completely.
For example, the visualization techniques provide no useful information on the volume
fraction of the water present in the two-phase mixture or on the coverage ratio of the
water in the gas di usion layer (GDL) both of which determine cell performance.

Due to the inaccuracies resulting from observation (visualization techniques), the be-
haviour of the two-phase ow can be studied only via simulation. Although the results
from experimental results are valid, they do not explain the minutiae of the behaviour
processes and the parameters a ecting cell performance. So, to understand the ne details
like droplet formation, the volume fraction of water, the ow characteristics, regions of
laminar ow (if any), the experimental data has to be supplemented with computer simu-
lations. The computational models provide insight into ow characteristics and behaviour
in an actual fuel cell, due to no restraints related to material properties and visualiza-
tion limitations. In addition, simulations also have the ability to test multiple designs to
optimize behaviour models.

However, computational models are only as good as the designer's understanding and
model choices. Therefore, the experimental veri cation needs to be done to validate
the accuracy of the model. To ensure that the model simulates the physical phenomenon
re ecting the actual working of the fuel cell instead of just providing apparently important
data which has no basis in reality.
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This study focuses on the simulation aspect of the two-phase ow behaviour and dynamics
in the ow- eld channels of a bipolar plate in a PEM fuel cell, taking in initial conditions
that are within the acceptable range of values that have been experimentally veri ed. The
results from the simulation are then compared to actual values that have been established
in literature after extensive experimentation to verify the validity of the simulation model.
This report only includes the simulation setup, results and post-processing and compar-
isons with the experimental data found in literature to ascertain its validity in re ecting
the physical phenomena in reality.

1.2.1 CFD modelling approach

The two-phase turbulent ow of water and air in the PEM fuel cell bipolar plate ow- eld
channels is a two-pronged problem with one aspect of it being the concern of the liquid
water formation and movement in the gas di usion layerbefore it reaches the bipolar
plate and the second aspect being the transport of the said om the ow- eld channels

in the bipolar plate. Historically, the rst aspect was under more study and scrutiny while
the second has been largely ignored.

The two-phase ow modelling approaches in the early days made use of the multi-phase
mixture (M 2?) model and the multi- uid model. The M2 model included the saturation
levels of water as a function of the volume fraction of the water present[15]. It did not
have two separate phases for water and air, but instead considered them to be a single
phase with varying composition of water and air. The multiphase ow was de ned on the
basis of the mass-averaged velocity of water and air. Simply put, the model converted the
two-phase ow into a single phase ow and di erentiated the two phases by using mass
and volume fraction.

The multi- uid model on the other had, did not simplify the two-phase problem, but
instead provided each phase with a complete set of equations based on the laws of con-
servation of mass, momentum and energy. However, in modelling criteria, this is not
su cient, as the two phases do not exist independent of each other and instead inter-
act with each other. To acknowledge this interaction between the phases, the multi- uid
model utilized a coupling of the saturation state as a parameter to link the two phases.

The two early models described aboveM? model and the multi- uid model) had the
advantage of predicting the exact amount of the liquid water formed and its location in the
fuel cell stack, this led to studying their in uence on fuel cell performance. However, these
models were not perfect in providing a complete understanding of the water behaviour
in as such they had a drawback in their inability to identify the physical state of the
water present in the mixture - they could not identify whether the water quantity present
was in the form of droplets or a Im. These states have vastly di erent ow behaviour
and mass transfer rates. In addition to the absence of concrete data on the physical
state of the water, the Im layer data was incomplete as in the concentration of the layer
and distribution across the gas di usion layer was unknown. Due to the aforementioned
shortcomings, the early models could not describe the initial behaviour of water behaviour
and the transport in the gas di usion layer, leaving the models incomplete and requiring
researchers to search for better models for a more complete and accurate understanding.

To overcome these roadblocks on the way to a more understanding of the two-phase
problem, the interface between the two phases had to be tracked via algorithms. The
identi cation of the interface of the phases indirectly identi es the size and the shape of
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the water present in the gas di usion layers. By identifying the interface or boundary
between the phases gives an accurate outline the water physical state, as only one phase
can exist in a given physical space. The algorithms help us visualize the phases based on
the location of the interface. This also leads to identifying the ow behaviour accurately

as the phases have di erent ow properties, owing to the di erences in their density, mass
ow rate and viscosity. Therefore, they are critical to the understanding of the formation
and the motion of liquid water in the gas channels.

The availability of multiple tracking algorithms that can be employed for tracking the
interface between the phases does not simplify the problem, as there is no one-size- ts-all
solution when it comes to employing tracking algorithms. The tracking algorithms used
are optimized for the scale of the problem. The scales present armicroscopic, meso-
scopig and macroscopicscales. They are based on the physical and temporal dimensions
the ow and its study takes place at. The scale determines whether the particles are con-
sidered to be discrete i.e. individual particles or as a part of a continuum i.e. the particles
are considered to be members of the 'bulk”. The properties exhibited by the particles at
di erent scales are di erent due, to the fundamental de nition of what consists a particle.
The theories used to describe the behaviour of the particles at di erent scales are di erent
owing to the predominant forces exerted by the particles at those scales. Quantum me-
chanics and molecular dynamics describe the particle behaviours at the microscopic scale
and the kinetic theory and continuum mechanics at the mesoscopic and the macroscopic
scales respectively. Therefore, the need to identify the scale of the ow is important in
identifying the level of detail required to model the ow behaviour and its understanding.

The most commonly used algorithms in CFD simulations are théattice Boltzmann
Method (LBM) , the Pore-Network Method (PN) , the Level - Set Method (LS) and the
Volume of Fluid Method (VOF) .

Out of these available tracking algorithms, the constraints with the choice of scale of
the model under study limits the choices. In this case, theattice Boltzmann Method
(LBM) and the Pore-Network Method (PN) cannot be used for the macroscopic scales
that the two-phase ow in the channels takes place in. These models are very e ective
in both the microscopic and the mesoscopic scales but not for the macroscopic scale the
ow behaviour and transport takes place in. The Level Set Method (LS) and the Volume
Of Fluid Method (VOF) are much more suited to this scale.

The Level Set Method (LS) is simpler to implement and manages the complex interfaces
between the two di erent phases in the problem by simplifying it. The problem with
simplifying complex behaviour into simple models is the fact that there is always some
assumptions to be made and some information being ignored and consequently, lost. The
drawback of this simpli cation in the Level Set Method (LS) is that it leads to mass
conservation problems and this leads to a deviation from the laws of natural physics as
mass needs to be conserved at all costs. To overcome this additional convoluted and
complex corrections are necessary to close the equations and make it re ect and validate
the physical phenomenon.

This problem with the conservation of mass does not arise when thlume Of Fluid
Method (VOF) is implemented as this model is built on the principles of conservation of
mass. This model approaches the problem by not tracking uid (water) volume directly,
but instead tracking the volume fraction of the uid ( ) throughout the entire compu-
tational domain. This indirectly gives the model to track and handle complex interfaces
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between the phases in terms of the varying levels of volume fraction of the phases. It
has the ability to simulate the ow of two immiscible uids - water and air/oxygen in

this case by solving a single set of momentum equations, instead of two because the other
phase can be extrapolated by its absence, which can be known by the function of the
volume fraction of the other phase. The volume fraction function e ectively identi es the
interface with the help of the said volume fraction function.

In other words, the volume fraction of a certain phase is de ned by a value as either one
or zero, and on a computational grid, any value in between describes the area occupied by
that de ned phase, which in turn helps us reconstruct the interface to an accurate degree.
The level of accuracy of the reconstruction depends on other factors such as the size of
the computational cell of the model and the computational resource available to process
the simulation. It is painfully obvious that the smaller the computational cell is, the
behaviour is described with a degree of high resolution and high accuracy. However, due
to the size of the small computational cell, the number of the cells in the computational
domain increases, and the same equations need to be solved many more times to get
the complete picture. This leads to requiring higher processing power and computational
demands in order to arrive at a solution from the simulation in a reasonable time.

1.2.2 Volume Of Fluid Method (VOF)

The Volume Of Fluid Method (VOF) is an Eulerian method based tracking algorithm
that captures the interface implicitly on a stationary computational grid with the use of
a phase indicator function - volume fraction (an Eulerian model tracks the properties of
the uid passing through a control volume).

The presence of the interface determines the shape and the ow of the water particles,
therefore the phase interface is critical in understanding the ow behaviour. In the VOF
method, the use of a phase indicator function implicitly calculates the interface based
on the value of the said function. The phase indicator function indirectly describes the
location of the interface based on the amount of volume occupied by the phase. If the
value of the phase indicator function () has been chosen to be equal to 1 for a phase 1
(say water), then it means that the control volume is lled only with phase 1, i.e. water. If
the control volume is absent of water, i.e. lled completely with phase 2, i.e. air/oxygen,
then the phase indicator function () has a value of 0. If the value of the phase indicator
function lies between 0 and 1, it means that the volume is not completely lled with water,
i.e. an interface of water and air is present. The value of showcases the percentage of
the control volume that is lled with water (phase 1). As seen in the table below (see
Table 1), the phase indicator function reduces the presence of the interface into a single
numerical value.

Phase indicator function value ( ) Meaning
= Control volume is lled with only phase 1
= Control volume is absent of phase 1
0< < 1 Interface between the phases is present

Table 1: Interface identi cation with the phase indicator function

The phase indicator function is dependent on the volume fraction in the Volume Of Fluid
Method (VOF), the Eulerian technique on which it is based on tracks the control volume,
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in this case, the control volume of each computational cell and in turn, the whole compu-
tational domain. The percentage of the uid occupied by the phase in the cell, gives us a
rough estimate of the interface between the phase, therefore the size of the computational
cell is important in order to get a high resolution picture of the interface. In the gure
given below, (see Figure 9), the actual interface between the phases is shown in terms of
the phase indicator function and the reconstruction of the same interface with discretized
computational cells can also been seen to illustrate the processes involved in simulating
the interface and subsequent water behaviour. The accuracy of the simulation results
hinges on the level of discretization of the interface. The smoother the curve, describing
the interface, the better the reconstruction in comparison with the actual interface, and
therefore the accurate the results. However, higher levels of discretization requires smaller
computational cells, which in turn result in a high number of computational cells over the
same computational domain. This results in higher computational resource requirements
and long simulation times.

The phase indicator function () is based on a function of the volume fraction (), which is
often used interchangeably to understand the interface boundary between the two phases,
possessing vastly di erent physical properties.

(a) Actual interface between two phases (b) Discretized interface between two phases

Figure 9: lllustration of the actual and discretized interface between two phases (VOF)
[10]

As we can see in the gure above (see Figure 9 (b)), the discretized interface includes
regions where the curve connecting the interface is discontinuous and in order for accurate
results, e ort must be made to connect the end points of the neighbouring computational
cells to get a better and smoother curve. To achieve this, additional techniques need to
be incorporated to simulate the curve in a much more continuous manner.

The results obtained from the simulation has already been discussed to be dependent
on the size of the computational grid. This criterion is dependent on several other sub-
criteria, such as the physics of the two phase ow, the discretization schemes used on
the computational grid, and the interface requirement to be well resolved at every time
step of the simulation. To achieve this, adaptive mesh re nement (AMR) is used, as this
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reduces the computational load required by just improving the resolution of the mesh only
at regions where the interface is located and only during the times when the solution is
calculated.

Another aspect that needs to be monitored, is that the when the computational cell size
Is reduced, the time step of the simulation also must be reduced in order to ensure that
the interface must move one computational cell in a single time step for understanding
the minutiae of the interface movement through the domain. If the time step is large,
then there is a strong possibility of missing out on the behaviour of the interface that take
place in between the time step jump. This renders the usage of small computational steps
as useless as in such that the resolution of the interface is high enough to visualize the
interface accurately, but the continuous behaviour between the time steps is lost. So, if
the time steps are large, then one might see a water droplet begin to form, and in the next
time step, see it exiting out of the domain. The behaviour occurring in between the steps
Is lost and the observer has no information on how the water droplet formed, the size of
it, the path it took to move across the domain, the forces present on the droplet and if or
when it split into di erent sizes before exiting the domain. Therefore, the time step needs
to be within acceptable limits in such, that the interface moves only one computational
cell across one time step. This is handled by a non-dimensional number called the Courant
number (CFL).

It is based on the equation given below (see Equation 4):

CFL = U—ht 4)

where U represent the velocity or the information travelling across a computational grid
of size h,in aunittime t. The Courant number should be less than 1, in order to
visualize the interface information moving only one computational cell in one time step.
If the Courant number is greater than 1, as a result from having a higher time step , as
seen from Equation 4, the information on the interface between the time steps would be
lost. We can visualize this better from the gure given below (see Figure 10).

Figure 10: Visualization of the importance of the Courant number [11]
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In addition to the sizing of the mesh, the forces of surface tension of the water phase at the
walls of the gas di usion layer ow channels is also to be considered, as this determines
the shape of the water particles, and the velocity with which it ows. This surface tension
force is originated due to the tendency of the molecules to reach the lowest possible
energy state a ecting the inter-molecular forces at the interface. However, it is not so
easy to incorporate the surface tension force into the VOF Method, as the VOF method
is applicable at the macroscopic scale and the surface tension force is present at the
mesoscopic level, right before the e ects of the continuum take place. There is a con ict
of scales with the surface tension force and an additional model has to be supplemented to
convert the surface tension force into a form of bulk body force so that it can be included
into the VOF Method as a continuum (at the macroscopic scale).

The surface tension force is modelled as a body force spread across the interface and the
interface is modelled as a transition region with a certain nite thickness. This results in
complex algorithms and calculations - algebraic techniques or geometrical reconstruction
techniques to build back the interface after incorporating the surface tension force.

It has to be kept in mind that the interface despite being of nite thickness and a transition
region, is not a boundary condition. It is considered to be a part of the solution as it
obtained by solving the governing phase indicator function equation.

The nal equations for the Volume Of Fluid Method (VOF) are given as follows:

The mass equation is given by the equation below (see Equation 5):

@ . _

@t+r (u)=0 (5)
where is the density of the phase 1 (water), and is the velocity of the said phase. This
equation describes the conservation of mass of a compressible uid (the density of the
uid can change over time, due to changes in pressure or temperature in certain regions)
in a control volume. It is part of the Navier-Stokes set of equations for the continuity of
mass across a control volume. The right hand side (RHS) of equation 5 is equated to zero
shows that any amount of uid entering the control volume, the same amount exits out
of the control volume, i.e. no new mass is generated.

The momentum equation is given as follows (see Equation 6):

@@)( u)y+r:(uu)=r:T+ g+F + Fyaladnhesion (6)
whereT is the stress tensor, g is the body force, theF is the surface tension force and

F wail adnesion 1S the wall adhesion force. This equation describes the forces acting on the
uid passing through the control volume, both on the surface of the uid - such as viscosity,
friction, surface tension and adhesion, and in the body of the uid - gravity (primarily).
This equation is the momentum equation of the Navier - Stokes set of equations for the
conservation of momentum across the control volume. This equation (see Equation 6)
describes the entirety of the forces acting on the uid, causing to accelerate or decelerate
according to the magnitude and direction of the acting forces. This equation is important
as it explains the direction, the velocity and the momentum with which the uid moves
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across the control volume. Therefore, it is critical in explaining the way the uid behaves
across the control volume under study.

In addition to these equations, the interface throughout the domain is tracked by solving
the following equation (see Equation 7):

@. @ _
@t ey

wherevy; is the velocity of the phase, is the phase indicator function andX; is the size
of the computational cell.

0 (7)

The surface tension force is modeled based on the following equation (see Equation 8):

F = kn (8)

where is an interface delta function de ned as seen in the Equation 9, and k is the
curvature of the interface as de ned in the Equation 10, and? is the normal to the
interface which is de ned in the Equation 11.

= jnj ()

k=rft=r :j—: j (10)
n r

TR -

The curvature of the interface and the normal to the interface are functions of the phase
indicator function (volume fraction) as seen in the equations above (Equations 10 and
11). Therefore, the phase indicator function is absolutely important in the processing of
the surface tension force and incorporating it into the nal VOF equations (see Equation

6).

There are also additional issues when using the Volume Of Fluid Method (VOF). There
are issues when solving the advection (transport of uid) equations of the volume fraction
( ). This is handled by utilizing two strategies. In the rst one, the equation is solved
simultaneously with the other equations utilizing the same time step values, in this case,
the equation is free from the Courant number limitations and can incorporate large time
steps.

However, this strategy is not preferred, as it does not incorporate the complexities that
arise in the regions where the surface tension is a signi cant parameter. In the other
strategy, the time step for solving the volume fraction advection equation is di erent from
the time step used for the other equations. In fact, it is a function of the Courant number
and the common time step. This can be seen in the following equation (see Equation 12):

t =C thud (12)
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The second strategy is preferred as it provides a better estimation of the curvature of the
interface, due to the smaller time step and smaller computational cell size. However, it
can lead to tremendous computational requirements.

After the interface has been solved, and calculated, it is reconstructed on the basidHagh
Resolution Interface Capturing (HRIC) technique. This technique mimics the convective
transport of the constituent uid components (phases) resulting in sharp interface tracking
between the two immiscible phases. The HRIC technique works in tandem wikdaptive
Mesh Re nement (AMR) and the Free Surface Mesh Re nementcriteria to reconstruct
the interface between the phases. The AMR re nes the computational cells that contain
the interface (based on the value of the volume fraction of the primary phase) and the
reconstruction based interpolation technique works on the re ned cells to build up a sharp
interface.

This technique works best when the interface is perpendicular to the direction of the ow,
as this reconstruction is based on a downwind scheme. However, in order to overcome
the limitations of a downwind scheme, additional correction factors with blending with
upwind schemes (in default HRIC) or with QUICK (in modi ed HRIC) to ensure that the
front sharpening aspect of the downwind scheme works in all directions of the interface
with respect to the ow direction.

To summarize, due to the macroscopic scale of both the spatial and the temporal dimen-
sions of the two-phase ow problem in the gas di usion layer ow channels of the PEM
fuel cell, the Volume Of Fluid (VOF) method is chosen to be suitable to solve the prob-
lem, as it can accurately calculate the amount of water generated, its behaviour across the
channel due to its indirect interface tracking and it also incorporates the surface tension
forces accurately into the momentum equations despite having continuum scale con icts,
does not produce mass conservation problems and does not require high computational
requirements due to tracking the eld properties of the uid across a control volume
(instead of tracking individual particles as in Lagrangian systems).
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1.3 Aim and Scope

The primary aim of this thesis work is to observe, understand and explain the emergence,
transportation and movement of the water particles in a two-phase ow with air in the
ow eld channels of the bipolar plates in a PEM fuel cell.

The secondary aim of this thesis work is the study and understanding of the factors sur-
rounding the complexity of this multiphase problem, in order to determine their e ect
on the water emergence and transport behaviour. The observed properties include con-
trollable factors like ow velocity, humidity levels, mass transfer levels, pressure levels,
etc. It also includes the signi cance of factors that cannot be readily changed such as
the hydrophobicity or hydrophilicity of the gas di usion layer and the channel walls, the
surface tension contact angles, the porosity of the gas di usion layers, etc.

The existing literature on the same problem has been used to assess the validity of the
simulation model and check if the model explains the physical phenomenon with accuracy.
This validation and accurate explanation of the water emergence and transport behaviour

would constitute the tertiary aim of this thesis work.

The results of the simulation which is built on conditions and settings based on a heuristic
approach based on problem-solving approaches on similar problems with relatable ow
conditions. This is to ensure that the simulation model conditions used are reasonable to
assess the problem at hand. The results presented, and the understanding derived from
them would be the nal aim of this thesis work.

The scope involves to the extent to which the problem is studied, and the methodology
used and limitations confronted during the simulation and the observation process. They
would provide the depth of the complexities involved in simulating and understanding
the multiphase ow problem of water and air across a channel with multiple hydropho-
bic/hydrophilic properties across the channel, which is also subjected to di erences in
physical conditions such as humidity, variance in operating pressures and temperatures.
This may hopefully lead to a better understanding and a breakthrough as to optimizing
water movement management in a PEM fuel cell in the future.
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1.4 Research Question

There have been many previous attempts at understanding and simulating the multiphase
problem of air and water along the ow channels in the bipolar plate of the PEM fuel
cell. There have been studies utilizing di erent CFD algorithms in studying the problem
as evidenced by the plethora of techniques utilized which were described brie y in Section
1.2.1 with their respective advantages and drawbacks. This thesis, based on the driving
force of the aims it undertakes, condenses them into the following research questions:

1. What are the complexities involved in simulating the multiphase problem of the air
and water ow in a bipolar plate ow channel?

2. How does the surface tension of the interface play a role in the behaviour of the
water particles as they move across the control volume/computational domain i.e.
the channel?

3. How signi cant of an e ect the controllable factors such as air inlet velocity, the
pore geometry (size and number) and humidity have on the water emergence and
transport behaviour?

4. Can the impact of the aforementioned factors lead to an optimization of water ow
without drastic alteration of the ow channel characteristics?
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2 Literature Review

This chapter of the thesis work incorporates the previous research done into the phe-
nomenon of the emergence, transport and other ascertaining behaviour of the water-air
two phase problem in the ow channels of the bipolar plate. This chapter also includes the

di erent aspects and factors involved in the determining how the water particles produced

from the electrochemical reaction emerge, move and exit and out of the ow channels.
They also discuss the physical conditions required to maintain an optimum water hydra-

tion level across the ow channel and how it a ects the behaviour across the fuel cell as
a whole.

The following subsections explore the behaviour based on both experimental and simula-
tion observations providing the reader with a better and an in-depth understanding and
also being a signpost towards setting up the methodology required to perform the study.

2.1 Emergence of Water in the gas channels

As previously mentioned, the fuel cell is an electrochemical cell with the oxygen/air be-
ing supplied externally is reduced with the involvement of protons ( owing through the

electrolyte) and electrons ( owing through the external circuit), as seen in Equation 2,

which has been reiterated (as Equation 13) here for ease.

O,+4e +4H* 1 2H,0 (13)

From the above reaction, water is produced as the product of the reaction and emerges
out of the gas di usion layer because of the moisture carrying capability of the air and
also due to the hydrophobic nature of the electrolyte (PTFE is highly hydrophobic). The
protons from the electrolyte tend to drag out the water along with them into the ow
channels in addition to the air transportation mechanism.

There have been several studies undertaken to consider the rate of water emergence and
transport in the gas channels and the factors leading to e cient water transport. It was
found by Quan et al.[16] that a secondary ow was induced due to the interaction between
the water produced at the cathode and the air supplied in the bend region of the serpentine
ow channel type a ecting the ow of the water behaviour after emergence. This con rms

the two phase problem complexity that has been theorized in previous sections. This
complicates the water removal to the extent as to block the air/oxygen from interacting
with the other reactants at the reaction sites, reducing the fuel cell performance.

The air ow could get severely blocked despite the channels containing a small quantity of
water whether the channel geometry was serpentine or parallel due to the unevenness of
the air ow distribution due to the air-water interactions, as found by Jiao et al. [17][18]
However, the serpentine ow channel had an unique ow characteristic where the water
Im would break into droplets at the bends enabling easier removal.

Kim et al.[19] performed a numerical study with the aim of identifying the design guide-
lines for gas channels based on the e ect the surface properties and channel geometry
would have on water emergence and transport. Their results showed that a combination
of hydrophobic surfaces, round corners and a smaller channel width maximised the water
exhaust. This is in line with the theory, as the hydrophobic surfaces would not let any
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water particles rest or get stagnated in the channels, and the round corners would provide
a smoother curve along which the air can carry out the water without any ow interrup-
tions. Faster velocities, would have a higher water carrying capacity and driving forces,
however, it might lead to a larger pressure drop.

To ease the complexities of the serpentine ow, the two-phase ow was usually simu-
lated in a straight channel to study the material properties, i.e. its hydrophobicity or
hydrophilicity and their e ect on water exhaust in the channels. Cai et al.[20] found out
the the wettability ( the ability of the material to let water spread across its surface) had
a major in uence on the water removal rates in the channels - particularly on the water
distribution along the channel and also for the time it took for complete discharge out of
the channel.

They found out that the best combination for water removal is aHydrophobic GDL
surface andHydrophilic channel surfaces.

This combination was not only the best way to remove water but was bene cial to the air
transportation from the channel to the GDL. This makes sense as thg/drophobic gas

di usion layer would prevent water from settling on it and blocking the reaction sites ,
therefore ensure good reaction rates at the cathode. Since, the water cannot stay latched
on the GDL, it must have to be transferred onto the channel walls for the air coming out
of the cathode side to carry them away.

This result was corroborated by Zhan et al. [21] where they found out that the more
hydrophobic the GDL was, the easier the water was discharged. They also studied the
same scenario with di erent air velocities and found out that higher liquid volume could
be discharged with higher air velocities. They also found that the hydrophilic channel
wall set up lead to e ective removal albeit with a signi cant increase in pressure drop. It
was also observed that théest design to remove waterwas a sharp corner serpentine
design , with a negligent drop in pressure as it lead to the accumulation of water in the
upper levels of the channel, opening up a larger extent of the GDL surface area for gas
(air) transport. The pressure drop was found to increase linearly with an increase in air
inlet velocity.

In a later study by Quan et al.[22], they had investigated the e ects of the operating
pressure drop on the water removal mechanism and found out that on increasing the
pressure drop, the water ow regime changed from a combination of corner and slug ow
to an intermediate corner ow and then to a shear ow regime which displayed the fastest
movement across the channels.

To summarizethis subsection, based on the above research review, the main factors that
are a ecting the water emergence and transport and those that that need to be altered
to ensure optimum water removal are :

1. A hydrophobic GDL surface for better gas transport and reaction rates at the reac-
tion sites.

2. Hydrophilic channel surface for keeping the water from latching on the GDL surface.
3. High Inlet air velocities to push higher volumes of water out of the fuel cell.

4. Sharp corners for accumulating and dispersing water droplets.
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5. High operating pressure drop for faster water movement due to a shear ow mech-
anism.
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2.2 Behaviour of the emerged water

In the research papers mentioned above, the water inlet was assumed to have emerged
at the top of the ow channels or had entered as a constant mass ux throughout the
uniform GDL surface. However, in reality, and on the basis of experimental observations,
this is not the case. The water emerges from the GDL surface through the pores present in
the GDL matrix and proceeds to from droplets. These droplets exhibit behaviour which
include emergence deformation, detachment and transport which is highly di erent to
that of a constant mass ux previously assumed, and this behaviour plays a very impact
aspect in the two-phase ow problem in the gas channels.

Parametric studies investigating water removal rates have shown that the a droplet is
easier to sweep away by an air ow with uniform velocity compared to a developing ow
that comes from a constant mass ux of liquid water.

The detachment aspect of liquid droplets from the gas di usion layers (GDLs) used in
PEM fuel cells was studied by Theodorakakos et al.[23] and under the in uence of a
cross owing air stream, the results obtained were in alignment with the ones obtained
from a transparent PEM fuel cell. They also observed that a reduction in the values of
surface tension resulted in smaller adhesion forces in the channels and faster removal. The
droplets were also found to be removed at lower velocities at the side and top surfaces in
the channel.

Fluorescence and liquid pressure drop measurements were utilized by Bazylak et al.[24]
to investigate the complex liquid water transport in the channels of a PEM fuel cell.
They observed that thewater emergence from the GDL surface is restricted to certain
favoured locations which o ered the least resistance to the droplets and they had a
tendency to change over time. To investigate this, the VOF method was employed to
simulate the lling behaviour of water droplets against two competing pathways and
the simulations showed that once a preferred pathway was established, the secondary
pathways receded which was in line with the experimental results from studies of receding
droplets.

Fang et al.[25] analyzed the in uence of the contact angle hysteresis (Contact angle hys-
teresis is the di erence between the front (in the direction of the motion) and the rear
(opposite to the direction of the motion) contact angles of the droplet) in the micro-
channel ow domain using VOF method (see Figure 11. The droplet motion is visualized
in Figure 11 with the angles and the contact angle hysteresisday ), Which is given by
the relation in Equation 14)

CAH = F R - (14)

They deduced that thecontact angle hysteresis was the reason for drop elongation and
post-detachment instability of the droplets. The model data was corroborated with
gualitative experimental observations from droplet and slug dynamic data and was found
to be in line with each other across a wide variety of ow conditions. However, the surface
properties in relation to the contact angle hysteresis was limited to estimation due to the
di culties present in conducting experimental measurements.
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Figure 11: The contact angles on a water droplet on a vertical surface [12]

Contact angle hysteresis results from the di erence in the contact angles of the droplet at
both the front and rear points of the droplet and is an indicator of the surface tension forces
acting on the droplet. This e ect of the surface tension forces on the behaviour of the water
droplets' adhesion to the cathode GDL surface was numerically studied by Golpaygan
and Ashgriz[26][27], rstly in a 2-D simulation and later through 3-D simulations[28]
to rst identify and then con rm the signi cance of surface tension forces respectively.
They found that surface tension is the most signi cant factor on the droplet separation
and break-up mechanisms out of droplet and gas properties, ow velocity and channel
geometry. The impact of the surface tension forces on droplet dynamics was con rmed
when they extended their investigation with the 3-D simulations.

Shirani and Masooin[29] used VOF Method and observed that the surface tension pre-
vented the deformation of the droplets while the increase in density, velocity and viscosity
in the carrying uid (i.e. air) led the droplet deform at an accelerated rate. This further
proves the importance of the surface tension forces on droplet behaviour and transport.

A 2-D VOF numerical study on the two-phase ow by Zhu et al.[30] investigated the entire
behaviour of the water particles from the droplet emergence and formation sequence to
their detachment and/or Im formation behaviour was studied and it was identi ed that a
hydrophobic GDL resulted in the breaking-up of the droplet, whereas a hydrophilic GDL
resulted in a formation of a water Im ow after the spread of the original droplets. The
inlet air velocity also played a part in the break-up of water droplets and their subsequent
conversion to a Im ow regime sooner when the velocities were high. In addition to this,
the critical air velocity where the droplet detachment would occur was found to decrease
with an increase in the hydrophobic nature of the GDL surface meaning an increase in
the tendency to form droplets at lower air velocities. This is in line with the previous
studies and theory as the water droplets would be unable to coalesce on the GDL layer
due to its hydrophobic nature and therefore would be exposed to the air ow far sooner
and be carried away much easily. They also investigated the impact of channel geometry,
pore size and droplet coalescence on water dynamics in the gas channels of a poly-tetra-
uoro-ethylene treated GDL in a later study[31] and the results showed that the larger
dimensions of the ow channels decelerated the rate of droplet deformation and the droplet
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coalescence accelerated the same, along with faster water motion.

To obtain a more complete picture of the droplet dynamics in the PEM fuel cell's gas ow
channels, Zhu et al., extended their work to 3-D[32] to further analyze the emergence,
growth, deformation, detachment, transport and coalescence of the water droplets. In
extension to the formation of a Im ow regime, they also investigated the water cover-
age and friction factors of system and showed that the water droplet emergence and its
subsequent behaviour ( growth, deformation, detachment and removal) was highly cyclic
and the frequency depended on the wettability of the GDL and the air velocity. The
frequency increased on decreasing the wettability and air velocity. This is line with the
theory, low wettability means high hydrophobicity of the GDL layer, ensuring the wa-
ter droplets would not form a Im layer therefore, the droplet growth, deformation and
detachment would be accelerated. The air velocity being low would also ensure a more
turbulent environment causing surface tension forces to play a major part and resulting
in a high frequency droplet cycles.

In a dierent study[33], they also investigated the signi cance of the pore location on
droplet dynamics and observed that the droplet behaviour depended entirely on the GDL
surface wettability when emerged from the longitudinal center-line of the channel, how-
ever, when emerged in a location closer to the side walls, the side walls wettability and
its e ects on the droplet dynamics were far more consequential.

Water droplet movement behaviour in a straight gas channel with varying hydrophilicities
and air velocities was investigated Mondal et al.[34] and it was found that the more
hydrophilic the channel was (low contact angles), the lower the droplet velocity. In the
case of high hydrophobic channels (high contact angles) coupled with high air velocity
forced the water droplets to move signi cantly faster. This result was also substantiated
when Raman et al.[35] also observed that a highly hydrophobic channel surface led to
lower droplet removal times, in other words, faster water removal rates.

The results from a study led by Kim et al.[36] on the analysis of inter-droplet interactions
showedenhanced water removal rates with coalesced water droplets compared to indi-
vidual droplets, among droplets emerging next to hydrophilic channel walls there was an
improvement in the gas reactant (air/oxygen) transport. They also observed the clogging
up of reaction sites in a hydrophobic channel wall surfaces and with low air velocity.

To summarize this subsection, the behaviour of the water dropletafter their emergence
from the gas di usion layer is determined by the following parameters:

1. Droplet emergence locations from the gas di usion layer (GDL).
2. Surface tension forces (Contact angle hysteresis).

3. Wettability of the gas di usion layer (GDL).

4. Dimensions of the channel geometry.
5

. Coalescence of water droplets
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2.3 E ect of humidity of the incoming air
[37]

The air supplied to the PEM fuel cell is almost always used to remove the water generated
as a product from the electrochemical reaction. Due to this reason, the air supplied to the
fuel cell is at a higher ow rate than the stoichiometric requirement. If it were supplied
at the stoichiometric requirement, the exit air would be devoid of oxygen and the fuel cell
would su er “concentration losses'[38].

The air owing through the fuel cell has a tendency to carry away water - in e ect, drying
out the electrolyte, as previously discussed in Section 1.1.6. In this section, we delve a
little deeper into this drying e ect and its non-linear relationship with temperature.

It is very important to factor in the drying e ect of air as it strongly a ects the amount

of water vapour it can evaporate and carry with. This drying e ect of water is related
to the partial pressure of water P,,) and the the saturated water vapour pressureRsa).
The theory is that at pressures lower than the saturated vapour pressure, the water has
a tendency to evaporate, while at pressures higher than the saturated vapour pressure, it
condenses. Théower the partial pressure of water is, thefaster the rate of evaporation,
as the relative humidity is far lower. The relative humidity of water is the ratio of the
partial pressure to the saturated vapour pressure (see Equation below 15). It tells us the
quantity of water present in the air at that given temperature. So, the lower the relative
humidity, the more water it can evaporate; thus higher the drying e ect.

Pw _ P artial pressure of water

= = 15
Psat  Saturated vapour pressure of water (15)

In addition to this, the saturated vapour pressure rises exponentially with temperature
(insert reference here). This implies that the air at ambient temperatures (approximately
25 °C) is moderately drying can become extremely drying at operating temperatures of
a PEM fuel cell (around 60 - 85°C). This can lead to disastrous e ects on the polymer
electrolyte as they require high water content for good proton conductivity, reducing
the cell performance drastically. The electrolyte membrane is also very thin (thickness
in the order of a few microns) which may lead to rapid drying out if exposed to hot
non-humidi ed air.

Therefore, it is absolutely necessary to pre-humidify the incoming air to ensure that the
electrolyte membrane is su ciently hydrated for good proton conductivity, in essence,
good cell performance. The alternative to pre-humidifying the incoming air by adjusting
the operating conditions of the fuel cell to, in essence, humidify the aafter it enters the
channel can be done via the following methods:

1. Lowering the cell operating temperature, this ensures that the saturation vapour
pressure is lower Rsy). However, lower temperatures would result low exchange-
current density (i,), which leads to lower cell voltage at lower temperatures as per
the following equations (see Equations 16, 17 and 18).

Ve=V, A In(ii—) (16)
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where V;, is the open circuit voltage (OCV) given by Equation 17,V. is the cell
voltage, A is the Tafel equation constant given by Equation 18 and is the cell
current density.

_ g
V= 2 a7

2

whereg; is the Gibbs free energy released in the cell reaction afdis the Faraday
constant (= 9:649 10* C:mol 1), R is the universal gas constant (= 814JK *mol 1),
T is the absolute temperature (inK) and is the 'charge transfer coe cient' which
depends on the amount of electrical energy utilized in altering the electrochemical
reaction rate (usually lies between 0.5 and 1). An increase in temperature has a far
signi cant e ect in increasing the current exchange density i) than increasing the
Tafel equation constant. Therefore|lower operating temperatures mean lower cell
voltages

2. Lowering the air ow rate would help marginally, however the decrease in cathode
performance is not worth the reduction in ow rate. In addition to this, the oxygen
reduction rate (ORR) is low to begin with (see Section 1.1.4). So, argrop in air
qguantity would lower the cell performance further .

3. Increasing the air pressure would help signi cantly, but théncrease in performance
should outweigh the cost of compressors requiredo increase the air pressure.

The humidity of the air across the PEM fuel cell must be carefully controlled to ensure
optimum hydration levels in the electrolyte. The amount of water that must be added to
the inlet air can be calculated based on the vapour pressure of the water present. This
can be derived using the following equations (see Equations 19 to 26):

Firstly, the relationship between the total air pressure at the exit of the fuel cell and the
vapour pressure of water is given by:

Pw _ Number of water molecules _ Ny

= = 19
Pexit Total number of molecules  ny + No, + Nrest (19)

whereny, Np, and N, are the number of moles of water, oxygen and the ‘non-oxygen'
components of air leaving the fuel cell per second. These quantities can be found using
the relations:

— Pe
Pe
no, = (Rate of supply of O,) (Rate of use of O3) = ( 1) (21)

AVF

The "non-oxygen' components of air primarily contains nitrogen and the inlet and the
exit ow is the same. By the molar ow rate in comparison to oxygen the multiplication
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factor would be 079=0:21 = 3:76 (Nitrogen is 79% by volume in air, compared to oxygen
which is 21% by volume in air). This gives:

Pe

Cc

(22)

wherePe is the power output of the fuel-cell stack), is the individual cell voltage andF
Is the Faraday constant. Substituting them in equation 19, we get:

Pw _ 0:42 ) P = 0:42
Poit 021+ Y021+

: Pexit (23)

In the above Equation 23, the inlet air has no water content. The entirety of the water
content in the exit air comes from the electrochemical reaction. However, since we must
include water in the inlet in order to prevent the obviously disastrous condition of drying
out the fuel cell electrolyte, the equation becomes slightly more complicated:

042+ )
1+ ) +0:20

Pw = Pexit (24)

where is a coe cient relating the total inlet air pressure (Pj,) and the water vapour
pressure at the inlet Pyin) and is computed by:

I:)Win
= ___wn 25
I:)in I:)Win ( )
With the vapour pressure of water P,,) known, the mass of water that needs to be added
at the inlet can be found by the following equation:

=0.622 —— 26
Mo F)in PW Ma ( )

wherem, is the mass of dry air supplied to the fuel-cell stack.

As a result, we can see that from Equation 24, the vapour pressure of the water in the
fuel cell is dependent on the vapour pressure at the inlet (from the relation in Equation
25). So,the more the inlet water is hydrated, the higher the vapour pressure of water
(Pw) inside the fuel cell. At the elevated temperatures at which the fuel-cell operates,
the drying e ect of the air owing becomes low enough to reach acceptable levels across
the ow channels to ensure good hydration levels throughout the fuel cell.
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2.4 GDL Microstructure - Pore arrangement and roughness

In the studies performed on droplet behaviour so far, considered only the behavioural dy-
namics of a single droplet or its interactions between a maximum of two droplets emerging
from a uniform and smooth gas di usion layer (GDL) surface. This is a case far from
what occurs in a working fuel cell. In an actual PEM fuel cell, a multitude of water
droplets emerge at multiple random sites from a GDL that is neither smooth nor uniform
i.e. porous and rough. As we have seen in the previous section, how the pore location and
surface tension play an e ect on droplet behaviour, the variation in GDL surface proper-
ties from the theoretical assumptions also leads us down a deviated path with the droplet
behaviour. In this subsection, the e ects of the GDL micro-structure and its in uence is
showcased to visualize the complexity of simulating a porous GDL.

The results from a study undertaken by Bao et al.[39] showed that the deformation of a
GDL had a strong in uence on droplet dynamics, in as a highly deformed GDL leads to
a slow water removal due to increase in surface contact area between the water droplet
and channel surfaces.

A study by Suresh and Jayanti[40] on the e ect of air ow on liquid water transport
simulated the GDL micro structure in a 2-D computational domain as #ayered structure
with circular bres and observed the positive e ects of a cross owing air stream for
higher water removal rates when serpentine and inter-digitated ow channel varieties
were employed.

The GDL micro structure pore simulations employed in VOF simulations so far have
extremely long computational times and can be only employed over length scales of very
small magnitudes. The pore micro structure is assumed to be repetitive and uniform over
the entire GDL surface. This is not true as the pore shape, size and locations are entire
random (anisotropic) in working PEM fuel cells. So, the challenge for researchers has
been to e ciently emulate the intricacies of the GDL micro structure using techniques to
simplify the complex micro structure into a model to reduce the computational resources
without sacri cing excessive amounts of accuracy when performing simulations on larger
spatial and temporal scales.

Out of all the random and irregular features present in a GDL micro structure, the two
most impacting features are:

" Liquid water pore emergence arrangement: The arrangement of the pores and
their geometry is crucial to describe and simulate the droplet emergence behaviour
in the gas ow channels in the bipolar plates.

" GDL surface roughness:The gas di usion layer surface roughness a ects the droplet
movement behaviour owing to the ow resistance provided by the friction and cannot
be ignored in the simulation of ows in the micro scales.

Ding et al.[41] focused their study on the GDL micro structure and its e ects on the two-
phase ow patterns. They simpli ed the GDL micro structure by representing it with a
certain number of pores on its surface to cover all the aspects of droplet formation and
movement, which were simulated using the VOF method. The pores selected possessed
the same open area and liquid water emergence rate. They concluded thatoar-pore
caseto be the absolute minimum number to represent the entire GDL surface as they
observed that the ow patterns for both 4 pores and 64 poredo be quite similar. They
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also concluded thatat least two pores were required in the channel width dimension to
represent the micro structure accurately. This simpli cation of the GDL micro structure
could be scaled to larger dimensions used in actual working PEM fuel cells. They ob-
served three stages in their study of the two-phase ow patterns which ammergence
and merging of liquid water in the GDL surface,accumulation in the side walls and the
detachment from the top walls. Additional observations such as an increase in the liquid
water injection rate changed the ow behaviour from a corner droplet ow to a Im ow

on the top walls leading to annular ow and nally to a slug ow pattern. This change in
ow behaviour has been corroborated accurately with observed visualization techniques.

They also observed thad hydrophobic GDL surface and a hydrophilic channel walls
would be bene cial to water removal rates, which is in line with all the simulation
studies undertaken so far.

The analysis of the e ects of various water injection methods on the two-phase ow char-
acteristics was undertaken by Du et al.[42]. They studied the liquid behaviour introduced
in regions close to the side channel walls, the introduction of continuous liquid along the
GDL surface at both uniform and non-uniform ow rates, liquid water introduction with

the air phase at the inlet were studied as well using the VOF method. They had ob-
served that the water accumulated was higher when the water was introduced next to
the side walls compared to the water introduced at the inlet. They also noticed a lower
possibility of slug ow in the channel when the water was introduced in a non-uniform
manner and closer to the outlet. For the case of water emergence from the GDL surface
and accumulation which lead to a slug ow regime resulted in high pressure drops.

It was also noted that, via parametric studies that the gas (air) ow rate (in directly
the velocity of the air ow , as the volume rate remains constant) and theavettability

of the channel walls had pretty determining e ects on the water transport behaviour

and any change in these parameters would have drastic consequences with the ow
patterns. In addition to the above parameters, the surface tension also changed the slug
ow characteristics such as slug length and slug frequency, with the former increasing
and the latter decreasing on an increase in the surface tension. This agrees well with the
physics, as a stronger surface tension would make the liquid Im to adhere to the surface
for longer times and to break up less often.

With the aim of nding an optimum water pore arrangement that would lead to a mini-
mum water coverage level on the GDL surface, Hossain et al.[43] lead a study and found
that the surface coverage by liquid water on the GDL surface was directly proportional
to the pore diameter. This means that lower the pore diameter, the lower the coverage.
They also identi ed other parameters a ecting the water coverage, which were the lo-
cation of the water inlets and the inter-pore distance. They observed that the surface
coverage reduced when the inlets were placed near away from the center-line and in re-
gions close to the side wall surfaces and when the inter-pore distance was higher. Based
on their results, they conclude that, for an e ective water management strategy in the
ow channels, a GDL layer with a blend of hydrophilic bers blended inside the randomly
distributed hydrophobic ber matrix would lead to a strict control of a water pathway
and its emergence from the GDL layer.

An investigation into the wall roughness parameter and its in uence on the water be-
haviour was undertaken by He at al.[44] and they factored in the impact of the wettabil-
ity of the wall surface, the roughness of the elements in comparison to the height of the
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channel, the roughness density and type on water droplet behaviour. They found out that
the behaviour varied drastically with a change in the relative roughness height (a ratio
between the height of the roughness element height (r) and channel height (Hx=H))
and an increase in this factor resulted in higher water removal rates for taydrophilic
wall. For a hydrophobic wall, any change in ther=H value was inconsequential and an
increase proved disadvantageous for good water removal. For both the hydrophobic and
hydrophilic wall cases, the pressure drop increased with higher roughness.

The roughness element geometry also played a role in water removal with a triangular
element being more advantageous compared to a rectangular element of the same height.
In addition to the geometry, a higher number of the elements was bene cial in a wall
which possessed higher hydrophilicity.

A similar result was found by Chen et al.[45] when they studied the liquid water transport
mechanism with a rough GDL surface. They determined than increase in the roughness
expedited the droplet removal and minimized water coverage This makes sense as the
higher roughness would lead to fewer water droplets adhering onto the GDL and increasing
the forces of detachment present on the said droplets. They also, like He et al. (insert
reference here) observed an increase in pressured drop with an increase in the roughness
of the GDL surface.

The e ects of GDL roughness on the dynamic droplet behaviour was also undertaken by
Chen et al. [46]. They simulated the micro structures by representing the carbon bres as
“lathy rectangles' in various orientations. They showed that the rectangles with parallel

distributions had higher water droplet detachment rates and a lower possibility of channel

ooding compared to their skewed counterparts.

Furthermore, they also presented an analytical model for the force balance which ac-
counted for the surface tension forces on the GDL micro structure and could predict the
water droplet detachment size.

To summarize this subsection, the GDL micro structure is extremely di cult to simulate

to host the same qualities as the GDL in an actual fuel cell due to limited computational
resources and impractically long simulation times. Therefore, the region of simulation
would be reduced and techniques would be employed to simplify the complexities involved
in modelling a working micro structure. In addition to identifying the two most important
aspects of the GDL micro structure, namely, the pore arrangement and the GDL surface
roughness. their impact on water removal rates was also investigated.

It was concluded that with a large amount of pores were not necessary to simulate the
behaviour of the water droplets as there was no appreciable di erence between a case
with a small number of pores compared to a case with a large number of the same.
The inter-pore distance had an inverse relationship with the water coverage ratio. This
Is understandable, as the larger the distance between the pores, the lesser tendency for
them to coalesce together to form a Im over the surface.

The roughness of the GDL surface had a major e ect on the water removal rate with a
higher roughness leading to a higher droplet detachment across the GDL. With higher
roughness, the droplet coalescence would be hindered and the hydrophobicity would lead
to lowering of the water retention forces and heightening the detachment forces on the
droplets. The increase in roughness of the GDL surface also had a drawback of an increase
in pressure drop across all the studies undertaken to study the GDL surface roughness.
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2.5 Impact of the two-phase ow on the fuel cell performance

In a single-phase computational uid dynamics (CFD) simulation models, the Navier-
Stokes equations for mass, momentum and energy are su cient to describe the behaviour
of the phase in question, with various sub-models required to close the equations for
di erent scales and types of ows.

However, in a multi-phase ow, in addition to the Navier-Stokes equations describing the
mass, momentum and energy for each of the phases, the interaction of the phases and the
interface between them also has to be modelled. On top of this, the e ect of the surface
tension forces must also be modelled as well and they are hard to describe numerically due
to a discontinuity in particle behaviour across the scales. The di erences in the scales of
the physical properties also causes complications in modelling of the problem, particularly,
in the aspect of resolving the ow eld (of a property) around every particle present in
the ow.

In the case of the two-phase ow in the bipolar plate ow channels of a fuel cell, there
have been studies led to identify the e ect of the two-phase ow on cell performance. A
complete model for a PEM fuel cell was published by Le and Zhou[47] which consisted of a
three-dimensional, unsteady, multi-phase and multi-component model with VOF (Volume
Of Fluid) interface tracking technique.

In addition to the aforementioned features, it also considered all the important components
of a PEM fuel cell - namely the membrane electrolyte, the catalyst layers, the gas di usion
layer, gas channels and also the current collectors and not only did it coupled the uid
ow properties such as momentum, energy transport along with the species , proton and
electron transport, but it also factored in the electrochemical reactions of the reactant
species as well.

It also analyzed the two-phase ow behaviour along with the impact of the liquid water
on the velocity, pressure and temperature distributions, concentrations of the reactants
(hydrogen and oxygen), and the current density produced per unit cell.

The authors had used this general model to study the water behaviour in both serpentine[48]
and inter-digitated[49] channels.

The results obtained from this model showed that the liquid water present in the channels
led to a higher pressure drop, an increase in the resistance to the mass transfer of the
reactants i.e. the liquid water obstructed the reactant ow, and decreased the local cell
temperature. This is due to the high heat capacity of water. Additionally, the liquid water
presence raised the ionic conductivity of the cathode layers and the electrolyte membrane
(providing good proton ow across the electrolytes and the ions needed for the three-phase
boundary reaction sites).

The removal rate of the liquid water was found to be higher in serpentine-parallel channels
than in a single serpentine channel. With the case of the inter-digitated design, the ow
eld type necessitated the use of forced convection to achieve reasonable water removal
rates. Due to the forced convection, there was a risk of dragging away the water vapour
inside the porous media of the GDL, which could lead to lower cell performance due to
drop in the ionic conductivity.

Despite the model results being validated with experimental veri cation, there was a
drawback with this model, as it introduced the water droplets into the gas channels in the
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regions located on the side walls instead of them emerging from the GDL surface as it so
happens in working fuel cell. This simpli cation of the model restricts its application.

To summarizethis sub section, there have been many models that would simulate the ow
of a single phase uid, but for a multi-phase problem, there are further complex features
that need to be modelled (both relevant forces and irrelevant forces), along with phase
interactions and interfaces, necessitating the use of complex and convoluted corrections
to cover every aspect of the multiphase behaviour. The addition of certain spatial and
temporal scales would further complicate the model with restrictions arising for certain
interface tracking algorithms. Despite all these complexities and di culties, a general
model has been established to simulate the two-phase ow with reasonable accuracy with
results that are in accordance with experimental data.
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2.6 Summary of the Literature Review

In the aspect of theemergence of waterfrom the gas di usion layers, for faster water
removal without hindering the cell performance, the GDL surface must be hydrophobic
to ensure better reactant transport in reaching the reaction sites. The channel surface
material must be hydrophilic to reduce the adherence of the water droplet on the GDL
surface and keeping them owing away from their origin in the gas channels. Higher inlet
air velocities to improve reaction rates and carry away larger quantities of water out of
the fuel cell.

In addition to the water emergence, thebehaviour of the water inside the gas channels

is determined by several factors and they must be optimized to get good water removal
rates. The droplet emergence locations play a crucial role in the droplet behaviour due to
the e ect of various forces varies with location in the gas channels. The surface tension
forces is one of the most important parameters in determining the mobility of the water
droplets across the channels. In addition to the surface tension forces, the wettability
of the GDL also determines the surface coverage ratio of the liquid and the time it is
adhered to the surface. The channel geometry also dictate the droplet deformation and
transfer rates with larger dimensions slowing down the transfer rates. The coalescence of
water droplets a ects the water removal rate by increasing it when the droplets combine
together than when they were separated.

When it comes tothe e ect of the incoming air, the operating temperature of the air
tends to increase the drying e ect of air. If the air is not pre-humidi ed, the extremely
low relative humidity (RH) of the exiting air can lead to extreme drying out and causing
irreversible damage to the electrolyte and the fuel cell. So, it makes sense to hydrate the
air supplied to the fuel cell, the amount of water that needs to be added to the fuel cell is
given by Equation 26 which shows that the water that needs to be added to the fuel cell
is dependent on the vapour pressure of the water at that temperature. So, to overcome
the drying e ect of the hot air owing across the ow channels, the air supplied must be
pre-humidi ed to ensure optimum hydration levels throughout the cell.

The e ect of the GDL micro structure is pretty signi cant to the water droplet for-
mation, growth and subsequent detachment behaviour in the gas channels. However,
problems tend to arise when simulating the GDL micro structure as is, due to compu-
tational limitations. Therefore, simpli cation models have been utilized to simulate the
GDL micro structure without sacri cing accuracy. On simulating the GDL micro struc-
ture and its roughness, it has been found that the water removal rate was a ected in
cases with high roughness. The high roughness lead to a higher water droplet detachment
but also lead to low droplet coalescence. Therefore, the removal rate depends on which
e ect dominates the other. The pressure drop increased with increase in GDL roughness
in all the studies observed. The location of the pores also played an important part in
the water removal rate, with higher inter-pore leading to lower water-coverage ratio, and
better removal rates due to the feature of drops to be easily swept away compared to the
Im layers.

The two-phase aspect of the owin the gas channels has a tendency to complicate the
simulation models needed to describe the water behaviour in the gas channels of the
fuel cell. However, the presence of liquid water present in the ow channels reduced the
reactant transport rates but increased the ionic conductivity in the catalyst layers and in
the membrane electrolytes. There was also an increase in pressure drop and a drop in cell
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temperature due to the presence of liquid water. The model used to completely describe
the water behaviour in the fuel cell ow channel had results that obeyed the physical laws
and could be corroborated experimentally. However, it had a small drawback due to the
simpli cation used to introduce water droplets into the membrane.

In short, the literature review section considered all the relevant factors that produced
a consequential impact to the removal of the water produced in the cathode layer and
how each of them a ected the water removal rate and why. This provides the user with
an idea on the factors needed to be optimized to produce optimal water removal rates to
ensure good hydration levels in the fuel cell, and subsequently good water management
strategies.
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2.7 Simpli cations drawn on the basis of the Literature Review

For the simulations undertaken to study the two-phase ow behaviour in the bipolar plate
ow channels in the fuel cell, the numerical VOF method analysis can be categorized based
on the di erent stages and computational aspects used (as follows):

1. For the initial water distribution simpli cation: In an actual working fuel cell,
the water droplets emerge from the entire surface of the GDL at random favoured
locations based on the underlying pathways of least resistance at random ow rates.
However, along the course of operation, the preferential pathways tend to change
due to the changes in the operating conditions, leading to formation of new pathways
that provide less resistance than the already existing pathways due to a plethora
of interconnected factors. However, in a simulation scenario, this process cannot
be replicated as is due to the strain on the computational resources and therefore
necessitates shortcuts to be taken to simplify this complex behaviour by researchers.
Some prefer to introduce the entire liquid water distributions at once, while others
prefer the water emergence to be gradual at uniform ow rates. Both of which are
simpli cation that do not re ect reality, but tend to give a good understanding of
the water droplet behaviour once emerged.

2. For representing the GDL surface: A GDL micro structure is a maze of carbon
bres with intertwined catalyst layer embedded in between to produce a maximized
surface area for the reactants to reach and interact with one other to produce the
necessary products at a good reaction rates. In the case of the cathode side, the gas
di usion layer provides a platform for the protons from the electrolyte, the electrons
from the external circuit, the platinum catalyst and the oxygen supplied from the
outside to di use and interact with each other at several sites to interact with each
other and complete the reduction reaction and also provide a pathway for the water
to exit. Therefore, the bre matrix is extremely porous to achieve a high surface
area. This means that the bre matrix is extremely non-uniform with a variety of
pore sizes and overlapping bres with no rhyme or reason. This cannot be possibly
be simulated exactly to scale on a computer without a long and tedious process.
So, researchers tend to simplify this for computer simulations by either considering
the entire GDL to be a smooth surface or take into account a limited view of the
micro structure with a limited uniform pore sizes, or the roughness element to be of
a particular geometrical shape. They are oversimpli ed versions of the GDL with
the use of contact angles to simulate the hydrophobicity or the hydrophilicity, but
it cannot be avoided as simulating the entire GDL with an accurate rendering is a
daunting task.

3. For the computational domain: Since, the turbulent two-phase ow tends to exac-
erbate the complexities by creating the need for complex and convoluted corrections
to model each and every aspect of behaviour of the phases, their interactions and the
movement of their interface, researchers tend to simplify the computational domain
by taking only a small section of the gas channels to simulate. If the entire PEM
fuel cell would be studied, several simpli cations must be drawn to reduce simula-
tion times and reduce the strain on the computational resources. Some even reduce
the model to just two dimensional simulations to reduce the simulation times, while
some proceed with three dimensional simulations and ignore parameters that do not
necessitate the extra processing requirements.
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4. The need for VOF simulations: The VOF method simulation results are important
in complementing the experimental results by providing a further understanding in
the terms of quantitative information and detailed behavioural data on the two-
phase ows in the PEM fuel cells.

Summarizing the two-phase ow: The liquid water which is formed as a product in the
catalyst layers due to the electro-chemical oxygen reduction reaction (ORR) is transported
through the catalyst layers and the pores present in the gas di usion layer and emerges
from the gas di usion layer into the bipolar plate ow channels at preferential locations
instead of emerging across the GDL uniformly at every location, tends to form droplets
and grow larger until they detach from the surface and move downstream in the form of
individual droplets or coalesce into larger droplets to form either a Im ow or a slug ow
based on the inlet air velocities.

The said behaviour is heavily in uenced by the material properties, cell geometry, ow
channel type, operating conditions, catalyst layer and GDL design properties. Each of
these properties a ect the water droplet behaviour and removal rate. They must be
optimized individually to obtain the optimal water removal rate. This is one of the key
challenges when it comes to simulating and subsequent validation due to the limitations
posed by each.
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3 Methods and Con guration

3.1 Overview

The focus on the study of water behaviour of the emerging water from the gas di usion
layer and the ow behaviour and characteristics across the ow channels of the bipolar
plates is the primary aim of this thesis work. This, in accordance with previous discus-
sions, is di cult to observe experimentally due to the limitations imposed by the present
generation of visualization techniques - the observation technology is not advanced enough
to visualize behaviour on actual working cells, and the ones where the behaviour can be
visualized, the cell material used possessed entirely di erent properties that would a ect
the behaviour of the two-phase water air ow. As seen from the previous sections, the ef-
fect of the micro structure of the GDL and the channel walls played a markedly important
role in the water droplet formation, growth, coalescence and detachment behaviours.

Therefore, the burden of understanding and providing a pathway to the optimization of
the removal of product water from the fuel cell bipolar plate ow channels falls squarely on
the accuracy and the validity of the CFD simulations used. The experimental veri cation

of the simulation models to ensure that if obeys the theory behind the two-phase ow is
also important.

The problem associated with most CFD models is the accuracy and the validity of the
simulation undertaken as it is not foolproof. After executing the simulations, the model
would produce results that on the surface would appear to be impressive owing to the
advances made in the eld of graphics of the designed ow simulation. However, it is
prone to visualize results that make sense numerically but do not obey the laws of physics.
Therefore, the conditions for setting up the simulation must be scrutinized to minimize
the risk for erroneous results and the results obtained from the computational simulation
must be corroborated and veri ed to be in accordance with both the behaviour observed
experimentally and the theory behind it.

To perform this veri cation and to ensure the simulation has produced meaningful and
accurate results, a CFD simulation model with a simpli ed domain from an already pub-
lished research paper was used a reference for the observation, explanation and for the
accuracy corroboration of the simulation set up used for this thesis study. This ensures
that the simulation model set up conditions are valid and it produces results that are
grounded in reality. Based on this sure footing of the simulation model, certain factors
of the set up have been varied to provide an understanding to their impact into the two-
phase water/air ow across the channels. The changes made were done so as to obtain
results that would provide us with a direction leading to the optimal management of the
hydration levels in a typical functioning PEM fuel cell.

The following sub chapters would, in detail, describe the methods to capture the water
behaviour in the ow channels (especially the generation and the drainage aspects), the
VOF method - how it has been adapted to this specic problem and the simulation
conditions, with all the parameters required to set them up and how they have been
tailored to e ectively simulate this problem.
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3.2 Water behaviour in the Flow Field channels

In this section, the emergence of the water at the inlet of the pores is described with the
help of images from the simulations run and also the water transport behaviour after the
emergence is described with the help of the theory and previously researched literature to
give an idea on the complexities involved in this study.

The section is split into sub-sections, to describe the emergence behaviour and the trans-
port behaviour.

Emergence of water at the inlet:

The rate at which the water emerges out of the inlet depends on two things, the mass
ow rate (m) and the radius of the pore (,ore). These factors determine the velocity of
the water owing into the domain as can be seen by the Equation 27. These two are
interlinked in the sense that, the velocity conserves the water ow rate with the size of
the pore area. Therefore, larger the pore area, smaller the velocity.

The velocity of the water at the inlet isnot a major factor to be considered with respect
to the ow of the water Im in comparison to the air inlet velocity . As this factor is
more than 20 times the water inlet velocity ¢, = 0:495ms * for a rpoe Of 25 m ).

However, the water inlet velocity is important in determining the pro le of the water
accumulating at the inlet poresbefore the e ects of the air inlet velocity takes hold of
the water particles. The pro le of the water emerging from the pore is dependent on this
inlet velocity and this will be one of the behaviour characteristics that would be studied.
In addition to the pro le formation, the height of the pro le, the shape of the pro le, the
formation of the Im before ow will also be investigated to see the e ects that this has on
the rate of water transport across the water channel. The e ect of surface tension forces
in determining the shape of the water layer pro le will also be an interesting avenue to
investigate further.

Flow of water after emergence:

The formation of the Im layer after the water is under the in uence of the air inlet velocity
will be investigated in depth in this study. The behaviour of the water Im, in particularly,
the width of the water Im formed due to the surface tension forces and air inlet velocity
will be studied. Further water ow behaviour phenomenon such as droplet detachment,
coalescence and formation will also be studied, with the focus being on the identi cation
of the parameters in uencing these behaviours. This would help in identifying whether
the droplet behaviour is advantageous or detrimental to the water transport rates across
the bipolar plate ow channels.

Finally, the e ect of the width of the water Im , i.e. the water coverage ratio on the
GDL surface and its correlation to water removal rates (or average water Im velocity) will
also be looked into in order to assess all possible factors in uencing the water transport
behaviour after emergence.
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3.3 Lagrangian Particle Tracking (LPT):

In this type of model for solving uid dynamics problems, instead of monitoring the

volume/mass of uid entering a body and tracking the vector elds across the body, the
focus is on the particle and the variation of its properties as it moves through the body.
Due to the nite number of droplets being generated in the model, the LPT model is
feasible to analyze the droplets as it moves across the domain.

The Eulerian blobs i.e. the unresolved droplets of water that could not be re ned due to
their small size are better simulated by transitioning them to Lagrangian particles. This
Is done in a very straight forward manner.

First, the system is de ned in terms of two Eulerian phases - air and water. However, we
cannot use these to simulate the droplets, as they have to be simulated separately. To do
this, we de ne a newLagrangian phasethat would include the water droplets that need

to be resolved and prevent instabilities in the domain. Then, the particles need to be
de ned as either mass-less or material particles. Since, the water droplets present have a
nite size and therefore, nite weight and exert their in uence on the momentum and the
velocity terms, they must be treated as material particles with nite mass and density.

After de ning the type of particles the water droplets are going to be, there must be a
source for this droplets to exist from. It is not possible for the droplets to exist in the
domain without having originated from somewhere, since the water inlet does not create
Lagrangian particles and they evolve downstreanthe entire region of the domain is
considered to be the point of origin for said Lagrangian particles

Then, which Eulerian blobs should be considered as Lagrangian particles and which should
be left to be resolved by the VOF method must be de ned. This done by setting up
criteria that the blob must satisfy in order to be considered as a particle. This is done by
xing the Blob Diameter Criterion , the Blob Shape Criterion and the Minimum Blob
Volume Fraction Criterion . With the help of the afore-mentioned criteria, theResolved
Eulerian - Lagrangian Transition Model can then determine which Eulerian blobs need
to be converted to particles and which should be left as is.

In addition to the Resolved Eulerian - Lagrangian Transition Model, a simulation solver
must also be included to account for the momentum and energy interactions between
the droplet particles (dispersed phase) and the air (continuous phase). Since both exert
in uence on each other, theTwo Way Coupling Model is utilized.

Now, in the Two Way Coupling Model, to di erentiate between the particles and an inter-
face existing in the small computational cell, a limit on theMaximum Volume Fraction

is set to di erentiate the phase and the droplets as the e ect of the dispersed phase would
be accounted for twice - once by VOF and the second time by the LPT model, leading
to an over representation of momentum and energy interactions of the dispersed phase in
the simulation.

If the Volume fraction ( ) of the phase in the cell after transitioning to a Lagrangian
Particle is below the maximum speci ed volume fraction limit, then the blob is converted
into a particle and would be handled as a patrticle. If this limit is broken, this means that
the entire cell is lled with the phase and therefore does not need to be resolved by both
VOF and LPT. Therefore, the Eulerian blob would be resolved as a VOF phase.
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3.4 Static Contact Angle ( ¢):

The static contact angle (¢) is a parameter that indicates the level of a nity a certain
surface has toward the liquid attached to it. It determines the level of adhesiveness and
the amount of the surface is covered by said liquid.

In the context of a water droplet, the static contact angle, indicates whether the surface
on which the water ows tends to repel it (hydrophobic) or attracts it (hydrophilic). This
can be illustrated with the help of the gure given (Figure 12):

Figure 12: Static contact angle ¢ for di erent materials [13]

As it can be seen in the gure above, the amount of area occupied by the water droplet is
determined by the value of the static contact angle ¢) and this determines the amount

of surface tension forces acting on the droplet. This further indicates the velocity with
which the droplet can move. If the droplet is on a hydrophobic surface, since a smaller
area of the droplet is in contact with the surface, the less resistance the rough surface
o ers to the motion of the droplet.

Similarly, the stronger the hydrophilicity, more force would be required to get the droplet
moving at the same velocity due to higher a nity for the water to stick to the surface.

Therefore, the levels of hydrophobicity and hydrophilicity have to be attuned to the level
that favours rapid removal of water from the channel.
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3.5 Numerical setup

In the following sub-sections, the setting up of the VOF method for simulating the water
droplet, emergence, transport and exit will be discussed in detail, with the reasons for
choosing various sub-models, simulation parameters and decisions taken for each and every
parameter would be explained with reasoning to show that every step has been taken with
careful reasoning and logic.

3.5.1 Setting up of the domain

Figure 13: Computational domain with characteristic feature regions

The dimensions and the characteristic feature regions of the domain are summarized in
the table for ease (see Table 2):

Domain feature Value | Units
Length (Y axis) 1250 m
Width (X axis) 250 m
Height (Z axis) 250 m
Pore radius 25 m
Dist. of pore center from inlet 250 m
Region 1 Air inlet -
Region 2 Water inlet -
Region 3 Outlet -
Region 4 Gas Di usion Layer (GDL) -
Regions 5,6 & 7 Channel Walls (CW) -

Table 2: Domain dimensions and features nomenclature

When building the domain, certain parameters should be considered to produce a frame-
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work to operate from. These include the dimensions of the domain, the design of the inlets
and the exits of the uid in and out of the domain to provide a starting point towards
analyzing the behaviour of the system[41]. These reasons have been identi ed to give as
follows:

1.

Dimensions: The dimensions for the domain were chosen based on the commonly
used channel dimensions in an actual fuel cell. The part to be simulated has been
chosen to be a small section emulating the straight section of the bipolar plate ow
channel to ease computational requirements and perform a wide variety of simula-
tions with shorter simulation times to assess the factors on their impact on water
droplet behaviour and transport. The dimensions and the characteristic regions of
the domain are given in the gure (see Figure 13) and summarized in the table
(Table 2) above.

. Air inlet velocity: The air inlet velocity has been chosen to b&0 ms ! as this

is in the range of air inlet velocities used in a fuel cell. This velocity includes the
stoichiometric air required for the oxygen reduction reaction at the cathode. In
addition to this, the air needs to carry away the water emanating from the water
pore inlet. So, a high velocity of air is required at the inlet.

Water mass ow rate: The water mass ow rate had been chosen to begh 1[41]
as this expedites the water droplet formation and reduces the simulation times. In
actuality, the water mass ow rate for a 800mAcm 2 current density fuel cell is
approximately around 0.20gh ®. The simulation having a mass ow rate an order
of magnitude higher does not make a signi cant di erence due to the large ow rate
of the air at the air inlet.

Pore size: Based on the given dimensional geometry, a pore sizeratlius 25 m is
taken to ensure a large velocity of the water at the inlet can be obtained with the
mass ow rate due to the mass being conserved. The radius of the pores are varied
in subsequent simulation with an increase in 50% and 100% to evaluate the e ect
of the pore size on water behaviour.

Pore location: The pore location is chosen to be near the air inlet as it is the worst
case scenario for water transport, as it has to travel the longest distance to reach
the exit. However, it was also decided to not be placed right at the air inlet channel
entrance to allow the air ow to be steady before it reaches the air inlet. The
reason for the long travel time is to assess the possibility for drop detachment and
evolution of the boundary layer ow. This requires a certain length to unravel, and
is not possible if the pore inlet was placed near the exit of the channel domain.

Pore number: The pore number was chosen to be in the base case simulation
because the water emergence behaviour has to be studied without the interference
of the water emanating from the pores located downstream. This would be simulated
in the later simulations, but for initial understanding of the water emergence and
transport behaviour, it is ideal to start with as many factors that could be controlled
and with which there is no threat of interference.

. Contact angles: In an actual working fuel cell, the bottom channel wall i.e. the

GDL layer is hydrophobic to push out water from the fuel cell membrane electrode
assembly into the channel walls for removal, and therefore, this is simulated using
static contact angle indicating the level ofhydrophobicity. The value of 14C is
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chosen for this purpose as this is the value of the hydrophobicity of PTFE used in
working fuel cells. Similarly, thehydrophilicity of the remaining of the channel walls
is simulated using a static contact angle 045°. This also replicates the hydrophilicity
of the material used in working fuel cells.

3.5.2 Mesh Generation

(a) 3D view of the mesh (b) 3D view of the mesh with the pores
included

Figure 14: 3D mesh of the base case computational domain

Mesh Characteristic Value
Cell Number 881,802
Cell Faces 2,648,891
Cell Vertices 966,289

Table 3: Mesh Characteristics

The mesh characteristics of the given constructed mesh have been given above in Table
3.

One of the most important factors that a ect the accuracy of the simulation results, and
were a cause of problems for this study, is the quality of the mesh. A poor quality mesh
can lead to simulations with inaccurate results due to the mesh elements being unable to
capture the ow behaviour properly. The mesh elements maybe too oversized to capture
the changes in the ow taking place every time step leading to erroneous ow behaviour
analysis and prediction. Sometimes the mesh quality being pooan lead to a divergent
solution, in other words, the equations being solved numerically tend not to approach
zero, or converge to a stable state. Instead, they diverge, meaning the simulation would
not arrive at a steady solution, which requires addition of sub-models to solve the set of
linear equations. Often, the simulation converges, but the convergesblution may not
obey the laws of physics In either case, it lacks utility in understanding ow behaviour.

Since the poor mesh quality leads to a situation where the mesh elements cannot capture
the intricate details of the uid Im and therefore would need additional re nement, which
invariably leads to higher computational costs with additional memory requirements and
frustratingly long simulation times. In channel ows, the mesh is usually re ned near the
solid walls due to the prevalence of strong viscous forces. In a mesh with poor quality,
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these forces cannot be re ned accurately which leads to simulations being nonsensical.
The mesh being of poor qualityoften has distorted mesh elements which obviously lead

to distorted results, in other words, a straight vector obtained on a curved or distorted
mesh element would actually be a curve in reality. This leads to a distorted boundary
layer for example, showing inaccurate results.

In addition to this, the Adaptive Mesh Re nement is a technique that relies on ner mesh
in places where there is a lot of uid activity. It produces a ner mesh in regions where
the uid behaviour is more active and has more ow features to be analyzed. It is reliant
on the base level mesh quality on which the re nements are added ofif. the original
mesh quality itself, is inaccurate, the applicability of AMR becomes very limited and
the information on the multitude of ow features is lost.

With these reasons in mind, the mesh quality of the simulation has to be carefully moni-
tored. In the table below (see Table 4), the mesh quality markers of the simulation and the
optimum guideline values have been compared to show the quality of the mesh obtained.

Mesh characteristic | Value obtained Recommended value
Skewness 7.116161e+01 less than 88
Max. Volume change 4.706523e-02 0.01 or less
Min. Volume Change | 1.000000e+00 0.01 or less
Face validity 1.000000e+00 Between 0.5 and 1
Cell quality 0.982475| As close to 1 as possible

Table 4. Comparison of mesh characteristics with recommended values

The maximum skewness angle occurs in the region of the water pore inlet due to the
object being circular in shape. Despite this, the mesh skewness angle is still within range
of the guideline and as can be seen in the table above (see Table 4), the mesh constructed
lies within all the quality guidelines, and can be termed good quality mesh

3.5.3 Setting up of the boundary conditions

After creating and setting the mesh quality markers to be in accordance with the guidelines
used in the industry. The next step is to set up the boundary conditions in the respective
regions in the simulation and specify limitations and incorporate methods to simulate
these regions as relevant as possible to the actual working fuel cells.

We begin by setting the conditions and limitations of each region as per the nomenclature
introduced in the Figure 13.

1. Air Inlet: This region is set toVelocity Inlet type, with the turbulence speci cation
monitored by the Turbulent Viscosity Ratio and this value is set to be a constant
of 0.0 to indicate that the air produced at the inlet is non-turbulent at thevelocity
magnitude of 10.0ms ! (This value is changed for subsequent simulations as can be
seen in Table 5). Thevolume fraction of the inlet is set to be [1.0, 0.0]indicating
the uid ow is completely lled with air (This value can be changed on introduction
of water through humidi cation).

2. Water Inlet: This region is also set tovelocity Inlet type, with the same turbulence
speci cations as in the Air Inlet region. This is due to the extremely low water inlet
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velocities in the region. Thewater inlet velocity is set at 0.495 ms ! for the pore
radius of 25 m and it will be further decreased for the increased pore sizes in the
subsequent simulations due to law of mass conservation. Thelume fraction of
this inlet is set to be [0.0, 1.0]indicating that the phase prevalent in this region is
only water.

. Outlet: This region is set to the typePressure Outlet. This is to ensure that
the uids exiting out of the domain, via this region is subjected only to pressure
monitoring for the purpose of calculating the pressure drop across the channel.
Additionally, the back- ow characteristic of this region is set to environmental to
simulate that the channel opens to the atmosphere as in a working fuel cell. The
volume fraction is set to be [1.0, 0.0] to track the pressure drop of the air owing
through the channel as the water passing through would be in liquid form.

. Gas Di usion Layer (GDL): This region is set to be of théWall type as this region
does not allow mass to ow across it other than from the water inlet region, which
has been characterized as a separate boundary region. This region also is platform
for the phase interactions due to the surface tension forces between the water and
air owing across its surface. Therefore, thdwydrophobicity of the surface has to
be simulated by using the angle that the PTFE material in actual fuel cells has in
this regard. The static contact angle ( ¢) is set to be 90 in the base simulation to
assess the other factors, but will behanged to 140 as in an actual fuel cell in the
following simulations. The GDL layer also exhibits theNo-slip property to account

for the friction for when the water layer travels across it. The surface property is
rst set to be Smooth and later changed toRough for analyzing its e ect. The wall
also utilizes the blended wall function with default values set at 0.42 and 9.0
respectively.

. Channel Walls (CW): This region is also set to thanall type, similar to the GDL
layer. Since the surface of this region is also used for transport of the uid, the
phase interactions between them due to surface tension forces has to be accounted
for. This is done with the static contact angle , just as with the GDL. However,
since this region is commonlhydrophilic, the initial static contact angle ( ¢) is

set to be 90, it is later to changed to 45 to account for the hydrophilicity of the
material used in working fuel cells. This region also possess tNe-slip condition

and the wall is set to beSmooth initially, and then later changed to Rough to get

as close of a simulated model to reality as possible. The model also usessidime
values for the wall function as the GDL.

3.5.4 Multi-phase Model parameters

In this sub-section, the sub-models used to enhance the accuracy of the simulation results
have been discussed with a brief description of their working along with the reason for

their use. The sub-models chosen here are the features present in Simcenter STAR-CCM+.
They may be di erent in other commercial CFD modelling software.

1. Time Discretization Scheme - Implicit Unsteady: This discretization scheme is

used to solve ows that are unsteady, i.e. ow properties vary with time. This is
an obvious choice, as the velocities of both air and water, the pressure of the air
owing all vary in regions near the pore inlet, and therefore an unsteady solver is
needed to solve an unsteady ow. The implicit variety involves solving the equations
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accounting for the solution obtained in the previous time steps as well as the current
time step. This scheme is the most commonly used temporal discretization scheme
as it can handle a wide variety of ow conditions and domain geometries and also
lead to faster solution convergence.

. Convection model - HRIC & AMI (Sharp Reconstruction): Firstly, with HRIC
(High Resolution Interface Capturing) is a technique used to track the interface
between two immiscible uids - air and water, in this case. This scheme is designed
to mimic the convective transport model between two immiscible uid components.
This scheme includes several sub options dedicated to providing a sharp interface
between the two phases. This interface modelling is one of the key advantages that
the VOF model possess over other algorithms. This interface capturing scheme, uses
the angle between the normal to the interface and the cell-face surface vectors and
is corrected with the local Courant number to ensure that the interface produced
Is always sharp. Since this scheme, is based on the local Courant number and the
availability criterion (the amount of uid that is received by a cell cannot be more
than the amount of uid sent from the donor cell). This criterion ensures that for
every time step, the interface produced remains sharp without any di usion.

Secondly, The AMI (Adaptive Mesh Interpolation) is a technique that works in col-
laboration with the Adaptive Mesh Re nement (AMR) to map the volume fraction
elds when the AMR process re nes the cells from coarse to ne in the vicinity of
the interface. This leads to a sharp reconstruction of the volume eld, therefore a
sharper interface between the phases.

The sharper the interface is, the more accurately, the surface tension e ects of the
multi-phase mixture can be studied. This leads to a better and accurate simulation
solution.

. Free Surface Mesh Re nement: This technique is used in tandem with HRIC and
AMR to re ne or coarsen cells in the volume mesh to improve the spatial resolution
in the vicinity of the interface between the phases. The algorithm ensures that a
sharp interface is maintained but also reduces the unnecessary re nement in regions
where high spatial resolution is not required. It does so, by not re ning the cells
that presently containing the interface, but by marking the cells present downstream
of the interface and to ensure that the high level is continued when the interface
eventually reaches the marked cells. Since the AMI is set to Sharp Reconstruction,
it also marks the interface cells necessary to be re ned as well.

The above two algorithms ensure that the interface between the two phases is always
maintained to be sharp and highly resolved. The usual value of re nement is set to
the level 2. This value dictates the number of times a cell can be re ned. In the
re nement process, the parent cell splits into child cells which are exactly half of the
original size. Therefore, a higher re nement level would result in a ridiculously large
number of cells, exacerbating the strain on computational resources and memory
requirements.

. Surface Tension Force - Semi-Implicit Surface Tension Force modelSurface Ten-
sion is usually introduce unwanted complexities into the simulation model, making

it prone to inaccuracies. This is partly due to the rapid jump (discontinuity) of pres-
sure across the phases, requiring additional handling. Secondly, since the interface
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is de ned on the basis of volume fraction, and this is reconstructed based on cell
face gradients, it is discontinuous, therefore, evaluating the curvature of the inter-
face is di cult. This means that the contact angles that impact the surface tension
force cannot be accurately de ned. These discontinuities are inevitable when us-
ing discretization techniques for interface reconstruction. These complexities create
parasitic currents that tend destabilize the simulation.

To overcome this and improve stability, the momentum source term due to the
surface tension force has to be de ned in a semi-implicit manner. This is done by
introducing temporal linearization. This stabilization term counteracts the parasitic
current by acting as an arti cial stress acting tangentially to the free surface. This
factor can be scaled as needed with time steps and surface tension forces.

Segregated VOF Solver - Explicit Multi-Stepping: To get a sharp interface, the
Courant number of the simulation is kept low. This ensures that the cell size is
small enough to ensure that the ow features are captured accurately. The Courant
number is usually limited to 1 (see Figure 10). But, this limitation has a drawback
as in it does not fully utilize the computational capacity of the VOF free surface
simulation. If the Courant number is raised, the accuracy of the interface is lost. To
overcome this conundrum, Explicit Multi-Stepping is used. This removes the limi-
tation on the Courant number by introducing smaller time-steps within the original
time step. This reduces the run-time of the simulation without compromising on
the quality of the simulation by producing smaller time steps at the free surface cal-
culations, while allowing larger time steps elsewhere. This lets us use larger global
time-steps, so faster convergence can be achieved. The regions at the interface will
still be using smaller time-steps so that the interface information is not lost due to
low temporal resolution.

3.5.5 Simulation Con guration

In this sub-section, the parameters that a ect the formation and ow of water droplets
across the channels are varied and the changes to the water ow is analyzed. The factors
that would be varied are as follows:

1.
2.

Velocity of the inlet air and the inlet water.

The contact angles (static - ¢) of the GDL and the channel walls to simulate the
e ect of hydrophobicity and hydrophilicity respectively.

The wall roughness of the GDL and the channel walls to analyze the e ect on water
Im spread and velocity.

The size of the simulated pore on the e ect of the water Im and its behaviour.
The position of the pore on the Y axis is not relevant due to the obvious reasoning,
that farther the pore is away from the exit, the more the transport time, and vice
versa. So, in a way, calculating the transport time with the pore near the air inlet
Is analyzing the worst case scenario, in regards to the time taken.

The number of pores to simulate the GDL porosity as accurately as possible.

. The e ect of humidity on the droplet formation, momentum and spread across the

channel.
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7. The e ect of geometrical features present in the computational domain after includ-
ing turns.

The amount of in uence the aforementioned factors on the water particles' behaviour is
the foundation for setting up the simulation condition. The impact these factors have on
the amount of water that is carried away when a xed mass ow of water is introduced
into the domain is analyzed on the basis of the time it takes for the water to reach the
domain exit is calculated. This indirectly gives us the rate through which the water moves
through the domain and which parameters have a higher impact on water transport rate
across the channel than the others.

After setting up the domain, with the base case with just two pores with a radius of 25
m as seen in the gure below. The mass ow rate of the water inlet is taken to begi *

to expedite the water ow rate instead of using the ow rate of 0.2gh ! that occurs in

a working uid cell, the reason for this expedition is (use the reference from the paper
here).

Based on the water inlet ow rate, the velocity of the water entering into the domain is
calculated based on the total area of the pores. This can be seen in the equation below
(see Equation 27):

m
TN 12, 27)

<
I
>\|3

wherev is the velocity of the inlet water (in ms 1), m is the mass ow rate in kgs 1),

is the density of the uid (water in this case)(in kgm 3) and A is the total pore inlet
area( in m?), which is simpli ed further, where N is the number of pores and is the
radius of the said pore.

For, two pores of radius of 25n , and with the mass ow rate of gh ! (which is 1:9444
10 ¢ kgs 1), the velocity of the water at the inlet, based on equation above (see Equation
27), is calculated to be:

1:9444 10°

— —N- 1
V1 = 17 2 (25 10 6)2—0.495ms (28)

Now, with the velocity of the water kept constant at 0.495ms 1, the velocity of the air

at the inlet is set rst at 10 ms !, then lowered to 5ms ! to study the e ect of the air
velocity of the water behaviour. In both of these simulations, the static contact angle:

at the walls and the GDL is keptneutral (neither hydrophobic or hydrophilic) at 9C°. The
walls and the GDL layer are both assumed to be smooth in this case. This is to isolate
the e ect of the air inlet velocity on the water transport.

Then, the static contact angle ¢ of the GDL and the channel walls are changed to factor
in their hydrophobicity and hydrophilicity respectively by setting them to be 140 and 45
respectively. These values are set based on thmaterial properties of the GDL layer and
channel walls used in working fuel cells. Values of the static contact angle above 90
indicate hydrophobicity and values below 90indicate hydrophilicity. The velocity of the
air inlet is set at 10ms ! as in the rst simulation.
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Simulation number | Fixed Factor Factor observed

Pore radius {pore:1) =25 m, Air inlet velocity ( Vax)
1 Water inlet velocity (V1) = 0.495ms !, | vi1 =10 ms !
Static contact angle (¢ = 90°), Vi =5 ms !
Wall surface = Smooth
Pore radius (pore:1) =25 m, Static Contact angle ( ¢)
2 Water inlet velocity (vy1) = 0.495 ms !, | GDL angle ( c.gpL ) = 140°
Air inlet velocity ( Va1) = 10 ms 1, CW angle ( c.cw) = 45°
Wall surface = Smooth
Pore radius {pore:1) =25 m, Wall roughness
Water inlet velocity (V1) = 0.495 ms 1,
3 Air inlet velocity (Va;) =10 ms 1, Wall surface = Rough

GDL contact angle ( c.gpL ) = 140°,
CW contact angle ( c.cw) = 45°

Air inlet velocity Vi = 10 ms 1, Pore radius (I pore:x)

GDL contact angle c.gp. = 140°, Mpore:1 = 25 M, Viy1(28)
4 CW contact angle ccw = 45°, lpore:2 = 37.5 M, vy2(29)

Wall surface = Rough lpore;3 = 50 M, vyy3(30)

Table 5: Simulation con guration with the factor under observation

After assessing the e ect of the hydrophobicity and the hydrophilicity of the GDL and
the channel walls, the walls are changed frosmooth to rough to see how this parameter
a ects water behaviour.

This set of simulations is repeated with di erent pore sizes afadius 37.5 m - an increase

in pore size by 50%, and with the radius of 50 m - an increase in pore size by 100%
with lower velocities compared to the velocity found in Equation 28, due to conserve the
mass ow rate. This can also be seen plainly from Equation 27, where the velocity is
inversely proportional to the inlet pore area provided the other terms are constant - the
mass ow rate (m is constant at 1.9444 10 ® kgs 1) and the density ( is constant at
1000kgm 3). So, to conserve the mass ow rate, the velocities of the larger pores
would be lower. From the Equation 27, we get the velocities for the altered pore sizes to
be:

1:9444 10 °
= =0:2201ms ! 2
Vw2 16 2 @75 1062 0-2201ms (29)
1:9444 10 ¢
=0:1238ms ! (30)

W 1@ 2 (50 10 972

In analyzing the di erent inlet pore radii, with all the other settings being the same, i.e.,
the static contact angle and the type of surface roughness, we would see which factor
would play a major role in the transport of the water - the inlet pore size or the velocity
of the water owing into the domain.

The simulations can be visualized with the varying parameters to understand the method-
ology as follows (see Table 5):
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After running the simulations, the best case with the fastest water transport is calculated
based on the amount of time it takes for the water droplet to reach the outlet of the
domain is identi ed. This is done with the help of the variable introduced called théime

of water transport ( { , measured in seconds). This variable tells us the time taken for
the water transport to reach the exit from the beginning of the simulation time. This can

be visualized in the formula as follows (see Equation 31):

t = (time step ) (Ntime step ) (31)

wheretime step 1S the time step of the solver anNiime siep IS the number of time steps it
took for the rst layer (surface) of the water to reach the outlet. After we calculate the
time taken for the water to transport, we must calculate the average velocity of the water
owing through the channel. This can be done via, calculating the distance travelled by
the water (D) in the transport time ( ).

The distance travelled by the water can be calculated as follows (see Equation 32):

Dy=L D,=L (Di+rpe)=1250m (250+25)m =975 m (32)

where D,, is the distance travelled by the water,D, is the distance of the center of the
pore from the channel inlet (Region 1) (see Figure 13)D, is the distance that needs to
be omitted from the channel length to calculate the distance travelled.

Based on the distance travelled by the waterl,,) and the time taken for the transport
(1), the average velocity of the water ow {wr.avg) Can be calculated. This velocity will
be lesser than the air inlet velocity, but will be strongly dependent on it, as this velocity
Is the driving force behind the water being carried o .

Based on the time of water transport (), the simulation conditions for analyzing the
pore radii for the fastest water transport is chosen. This radii is then chosen to analyze
the e ect of the number of pores on the water droplet transport behaviour. The pores
are then multiplied by a factor of two at each level, i.e. the base case being 2 pores, the
next case being 4, then 8 and nally 16. These pores are then uniformly distributed and
simulated to calculate the di erence in the ow behaviour based on the number of pore
inlets.

In the next simulation, the e ect of humidity on water transport rate in a sixteen pore
domain is calculated by using a multi-component Eulerian gas phase with varying levels
of relative humidity (from 1% to 100%) of the air instead of a single-phased air as in the
previous simulations. In this case, the mass fraction of the air inlet would include water
vapour phase along with air as the inlet phase. The mass fraction of the multi-component
gas would be used to determine the relative humidity of the air at the inlet.

In the nal simulation, the e ect of the humidity is not included, but instead the compu-
tational domain would be extended to replicate the serpentine channel pattern to study
the e ects of turns in the domain on the water droplet behaviour. This is to prevent
exceedingly high simulation times due to the extended domain involving turns requiring
ne mesh with constant re nement.
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4 Results and Discussions

4.1 E ects of the parameters
4.1.1 Velocity of the inlet air and the inlet water:

" The velocity of the inlet air and the inlet water have an impact on both the pro le
of the water droplet at the emergence and when it ows through the channel. First,
the impact of the inlet water velocity will be discussed with the help of the images
obtained from the simulation 4 (Table 5), with the mass ow rate being kept constant
at the inlet, and the velocity being changed owing to the radius of the pore ).

(a) Water droplet pro le at higher velocity (b) Water droplet pro le at lower velocity

Figure 15: Droplet pro les at water inlet velocity - 0.495ms ! (L) ; 0.1238ms ! (R)

As seen from the gure above (see Figure 15), we can see the di erences present in
the shape of the pro le due to di erent water velocities. The water droplet with
the higher velocity has a convex pro le with a higher peak compared to the other
pro le, which has two concave peaks but at a lower height. Due to the lower water
inlet velocity, the water droplets do not rise to a peak before being sheared across
the domain by the owing air.

Due to the higher peak of the water droplet due to higher inlet water velocity, the
water droplet tends to accumulate until the surface tension forces cannot compete
against the shear stress introduced by the air velocity, which then begins the ow.

The water inlet velocity has an e ect beyond the emergence at the pores. Due to
lower volume owing from the peak, the cross section area of the stream owing
from the pore isnarrower, since the cross section of the stream is lower, due to
the shear force exhibited by the inlet air, the water stream elongates. Now, due to
the elongation of the narrow stream, the stream becomes unstable - a phenomenon
called Rayleigh instability . At this stage, the surface tension of the water droplet
cannot keep the stream intact, leading to the stream breaking up into droplets. This
can be observed in the gure (see Figure 16) given below.
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Figure 16: Droplet detachment downstream of the pore inlet

This physical phenomenon is captured accurately by the simulation.

Secondly, the e ect of theair inlet velocity has a much higher impact on the rate

of the water being transported across the domain than the water inlet velocity.
The rate of the water being transported has been assessed as per the simulation
conditions set in simulation 1 (Table 5). In this case, the velocity of the air inlet
(va) has been varied withv,; at 10 ms ! and v,, at 5 ms 1, then the amount of
time to reach the exit of the domain () is calculated, based on Equation 31. After
this value is calculated, we can determine the average velocity of the water ow
(Vwr.avg ). This data has been tabulated below (see Table 6):

Air inlet velocity ( vayx) | Transport time ( ;) | Avg. water velocity ( Vif.avg )

10ms 1! 1.194375 10 “s 8.163265ms 1!

5ms 1| 2218125 10%s 4.395604ms 1!

Table 6: Impact of the air inlet velocity on the average water ow velocity

As seen from the table above (Table 6), the average ow velocity of water across
the channel is strongly dependent on the air inlet velocity - and is higheW(s.avg =
8.163265ms ! when thev, = 10 ms 1). This can be seen in the standard deviation
between the two simulation conditions -1.8838305 However, when comparing the
average water ow velocity relative to the air inlet velocity, the standard deviation

Is calculated to be0.313972

Since the rate of the water transport is directly proportional to the velocity by which
it ows, it is therefore, important to have a high inlet air velocity to transport water
as fast as possible.
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4.1.2 Static Contact angles (¢):

From the settings described for simulation 2 (Table 5), the static contact angle of the
channel walls and the GDL have been altered to be more in accordance with the values
demonstrated by the materials used in the actual working fuel cells.

In accordance with simulating the hydrophilic and the hydrophobic properties of the
channel walls (CW) and the gas di usion layer (GDL), the static contact angle has been
set to 45 and 140 respectively. The e ect of these angles has been compared with a
neutral contact angle of 90 for both the channel walls and the GDL. Note that, this
for illustrating the e ect of the contact angle on the water transport rate and a neutral
contact angle of 90 cannot be manufactured for actual working fuel cells. The ow
pattern in the channel has been compared (see Figure 17) and the e ect of the factor on
the average water ow velocity {/wr.avg ) has also been tabulated below (see Table 7 )for
ease of understanding.

(a) Water ow pro le with neutral contact (b) Water ow pro le with realistic contact
angles angles

Figure 17: Flow pro les with di erent contact angles - 90, 90° (L) ; 140°, 45° (R)

Contact angles (c.coL» c.cw) | Transport time ( ;) | Avg. water velocity ( Vif.avg )
o0°, 90° | 1.194375 10 “s 8.163265ms !
140, 45° | 1.218750 10 “*s 8.000000ms 1

Table 7: Impact of the static contact angle (¢) on the average water ow velocity

From Table 7 and Figure 17, it can be seen that the impact of the average water ow
velocity is not signi cant - a standard deviation of only 0.081633 however, the cross
section area of the water stream is di erent due to the contact angle changes made. From
the gure (see Figure 17), we can see that the water stream cross section area is wider
with the neutral contact angles of 90for both the channel walls and the GDL. This shows
that the water coverage area on the GDL is higher for the neutral contact angles This

is not ideal in an actual working fuel cells, as it blocks the air and water mixture being
di used out of the pores after the oxygen reduction reaction (ORR) is completed. This
is in accordance with the theory depicting the contact angle and the cross-section area of
the drop on the surface (see Figure 12).

In addition to the disadvantage with the coverage area, static contact angles of°98 not
feasible to construct and replicate in an actual working fuel cell.
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4.1.3 Wall roughness of the GDL & Channel Walls:

As per the simulation settings in simulation 3 (Table 5), with all the factors being kept
constant, the roughness of the GDL and the channel walls has been changed to depict the
reality of the porous and rough surfaced materials used in actual working fuel cells. The
e ect of this di erence in wall roughness is straightforward (see Table 8):

Wall roughness | Transport time ( ;) | Avg. water velocity ( Vit.avg )
Smooth | 1.194375 10 *s 8.163265ms 1!
Rough| 1.243125 10°%s 7.843137ms 1!

Table 8: Impact of the wall roughness on the average water ow velocity

From the Table 8, we can see that the roughness of the GDL and the Channel Walls
plays a major role in reducing the average velocity of the water Im due to friction -
with a standard deviation of 0.160064 and therefore, theroughness of the walls leads
to slower removal of water from the channel, and subsequently lesser volume of water
being transported out.

Despite, the friction reducing the rate of water transport, this simulation setting will be
proceeded with because, in reality, the surface of the walls and the GDL in the channel
would be rough.

4.1.4 Pore size:

The size of the pore of the inlet is varied as per the conditions in simulation 4 (Table 5)
to gauge the e ect of the pore size on the water removal rates. The pore sizes used for
this simulation areryoe:n =25 M, Ipore2 = 37.5 M and rpge.3 =50 m . The mass ow
rate is conserved in this con guration. So, to account for the change in area of the pores,
the velocity of the pores is altered (see Equations 29 and 30).

Pore size {pore) | Transport time ( () | Avg. water velocity ( Vis.avg )
25 m 1.243125 10 “s 7.843137ms 1!

375 m 1.297400 10 “*s 7.515000ms 1!

50 m 1.418730 10 “s 6.872340ms 1!

Table 9: Impact of the pore size on the average water ow velocity

Since the water inlet velocity is reduced with an increase in pore size, this is re ected
in the average water ow velocity (see Table 9). Thancrease in pore size lowers the
average water ow velocity. However, if the velocity of the water inlet is kept constant
despite the change in the pore size, i.e. the mass ow rate is not conserved, then, the
impact of the pore size on the water ow velocity can be understood more clearly. This
can be seen in the table below (see Table 10 ):
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Pore size {pore) | Transport time ( ) | Avg. water velocity ( Vis.avg )
25 m 1.243125 10 “s 7.843137ms 1!

37.5m 1.270000 10 *s 7.677165ms 1!

50 m 1.245000 10 “*s 7.831325ms 1!

Table 10: Impact of the pore size on the water ow velocity when mass is not conserved

It can be seen that there isno signi cant variation in the average water ow velocity
when the mass ow rate of water isnot conserved

In addition to this, the pore size impacts the ow behaviour of the water droplets across
the channels. These can be seen in the gure below (see Figure 18 ), whibere is a
higher and faster tendency for droplet formation with an increase in the pore size It
can also been seen that for the same time step, the water ow pro le is much further
down stream for the domain with 25m pore radius (see Table 9). This is partly due to
the higher water inlet velocity, which prevents the formation of water droplets.

(a) Water ow prole with 25 m radius (b) Water ow pro le with 37.5 m radius

(c) Water ow prole with 50 m radius

Figure 18: Flow pro les with di erent pore radii - 25 m (LU); 50 m (RU); 37.5 m (C)

In addition to this, the pore size impacts the ow behaviour of the water droplets across
the channels. These can be seen in the gure above (see Figure 18), whbere is a
higher and faster tendency for droplet formation with an increase in the pore size It
can also been seen that for the same time step, the water ow pro le is much further down
stream for the domain with 25 m pore radius (see Table 9 and Figure 18). This is partly
due to the higher water inlet velocity, which prevents the formation of water droplets.
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(a) Water ow prole with 25 m radius (b) Water ow pro le with 37.5 m radius

(c) Water ow prole with 50 m radius

Figure 19: Flow pro les with di erent pore radii - 25 m (LU); 50 m (RU); 37.5 m (C)
with unconserved mass ow rate

When the water inlet velocity was kept constant and the pore radius was varied (mass
ow rate was not conserved), the droplet formation process was diminishedand the
average velocities of the water ow became very similar across all the pore radii variations
(see Figure 19).

With this observation we can conrm that the velocity of the water inlet (v,,) plays

a bigger role compared to the pore size,,e. The average velocity of the water Im
(Vwt.avg ) Was similar with a standard deviation of only0.075609when the mass ow rate
was not conserved. However, when the water inlet velocity was varied in accordance to
the conservation of the mass ow rate, the standard deviation wag.403200

The comparison between di erent water Im velocities of the same pore size but for
di erent inlet water velocities shows that the standard deviation is maximum for the 50

m pore radius at0.479493 However, since the mass ow rates into the domain from the
pore inlet is xed by the rate of the oxygen reduction reaction and the current density of
the fuel cell, the standard deviation for the impact of the pore size on average water Im
velocity will be considered only for the mass conserved case 02403200

Based on this observation, the simulation con guration for the next simulations analyzing
the e ect of the number of pores would be based on the smallest pore radius used i.e.
pore =25 M .

4.1.5 Pore number:

In this section, the e ect of the number of pores on the water transport behaviour will
be discussed and an assessment regarding the impact of the factor is made with the pore
radius (rpore) Would be kept at 25 m and the number of the pores would be increased
exponentially to 4, then 8 and then 16 pores. The arrangement of the pores would be as
shown in the gure below (see Figures 20 and 21 )
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