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A thesis for the degree of Master of Applied Science, 2007
by
Jianghui Yin
Department of Mechanical and Industrial Engineering
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Abstract
A detailed non-isothermal computational fluid dynamics (CFD) model for proton electrolyte
membrane (PEM) fuel cells is developed in this thesis. This model consists of the equations
of continuity, momentum, energy, species concentrations, and electric potentials in different
regions of a PEM fuel cell. In particular, the fairly thin catalyst layers of the fuel cell are
assigned a finite thickness instead of being treated as nil thickness interfaces in other PEM
fuel cell models. Various source/sink terms are presented to associate the conservation
equations with the electrochemical reaction kinetics. The water balance in the membrane is
modeled by coupling diffusion of water, pressure variation, and the electro-osmotic drag. The
membrane swelling effect is explicitly considered the newly derived model, leading to a set
of novel water and proton transport equations for a membrane under the partial hydration
condition. The electron transport in the catalyst layers, gas diffusion layers and bipolar plates
are also described. The PEM fuel cell model developed has been implemer}ted into a
commercial CFD software package for simulating various flow and transport phenomena
arising in operational PEM fuel cells, analyzing the impact of design and operating

parameters on the cell performance, and optimizing the PEM fuel cell design.
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Chapter 1 - Introduction

Chapter 1. Introduction

1.1. Background

The proton electrolyte membrane (PEM) fuel cell uses a solid polymer membrane as its
electrolyte to electrically and mechanically isolate the anode and cathode while allowing for
ion migration [1]. The use of a solid polymer electrolyte results in a cell that is able to
operate at lower temperatures without causing many reliability issues that occur with liquid
electrolytes. PEM fuel cells emit no pollutants and have high power density. The low
operating temperature along with quick startup of power generation makes the PEM fuel cell
a very attractive power source, especially for transportation applications. In addition, this
type of fuel cell has many important advantages, such as high efficiency, simplicity in design,
as well as clean and quiet operation.

Among the components of a PEM fuel cell, the polymer membrane is an electronic
insulator, but an excellent conductor of hydrogen ions. The membrane, which acts as the
electrolyte, is squeezed between the two porous and electrically conductive electrodes, also
called gas diffusion layers (GDLs). These two electrodes are typically made of carbon cloth
or carbon fiber paper. Between each porous electrode and the polymer membrane is a layer
with cata13\1st particles, typically platinum supported on carbon. The configuration of a cell,

along with the basic PEM fuel cell operating principle, is illustrated in Figure 1.1 [2].
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Figure 1.1 The principle of operation of a PEM fuel cell [2]

1.2. Electrochemistry in a PEM Fuel Cell :
1.2.1. Electrochemical Reactions

Electrochemical reactions take place simultaneously on the anode and the cathode sides,
precisely, on the surfaces of the catalyst layers, which are the interfaces between the gas
diffusion layers and the membrane.

At the anode, hydrogen, which is the reactant gas, is fed and diffuses through the porous

gas diffusion layer towards the platinum catalyst, where hydrogen molecules split into
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protons and electrons:
H, »>2H" +2¢ (1.1)
Protons migrate through the membrane, whereas the electrons travel through electrically
conductive gas diffusion layers, followed by the current collector plats, towards the outside
circuit where they perform useful work and come back to the other side of the membrane.
At the cathode side, oxygen is supplied and diffuses through the diffusion layer towards
the catalyst site to react with the protons and electrons, which generates water and heat:
O,+4H" +4e¢” —> 2H,0 (+ heat) (1.2)
In general, these electrochemical reactions in a PEM fuel cell can be summarized to be
the hydrogen oxidation reaction (HOR) in the anode catalyst layer combined with the oxygen
reduction reaction (ORR) in the cathode catalyst layer. The desired result of these two

simultaneous reactions is the current of electrons through an external circuit.
1.2.2. Electrochemical Cell Potential

The fuel cell electrochemical reactions convert the chemical energy of the reactants into
electrical energy directly. The driving force in an electrochemical system is the
electrochemical potential, which is comprised of chemical potential and electrostatic
potential. For the PEM fuel cell, the theoretical (reversible) cell potential of the

hydrogen/oxygen chemical reaction can be obtained from the Nernst equation:
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RT aHzo( )
By 11{ ‘%J (13)

aH2 6102

where E, is the reversible potential in the standard state, R is the gas constant

(8.314J -mol™ -K™"), and a, is the activity coefficients of the products and reactants. Each

mole of electrons has a charge of 1 Faraday (I Faraday= 96487Coulombs-mol™) and n

moles of electrons have the charge in an amount of nF.

1.2.3. Potential Losses in Fuel Cell

The cell potential predicted by the Nernst equation corresponds to an equilibrium

(open circuit) state. In practice, the cell potential under operating conditions is

significantly lower than the theoretical potential. This suggests that there are some

losses in the operational fuel cell as shown through a polarization curve in Figure 1.2.
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Figure 1.2 Typical polarization curve and predominant loss mechanisms of a PEMFC
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When the current starts flowing through the cell, the cell potential drops below the
reversible potential due to several typical electrochemical overpotentials, such as
activation overpotential, ohimic overpotential, concentration overpotential, along with
the internal currents and fuel crossover which arises in the case of open circuit. The
details of these potential losses are described below:

1. Internal current and fuel crossover occur when the outer circuit is
disconnected. Fuel crossover is the amount of fuel that crosses the membrane
from the anode to the cathode without being oxidized at the anodic catalyst layer,
which results in a loss of fuel. Internal current is the flow of electron from the
anode to the cathode through the membrane instead of going through external
circuit. The combination of these two losses is typically small compared to other
types of losses.

2. Ohimic overpotential consisting of two types of ohimic losses occur in fuel
cells: (1) the solid-phase potential loss due to electron transport through
electrodes, bipolar plates, and collector plates; and (2) the membrane-phase
potential loss due to proton transport through the membrane. The magnitudes of
these two potential losses depend on the material used in the construction of the
fuel cells and the operating conditions of the cell. For instance, the membrane
conductivity increases with membrane water content, which helps reduce the

membrane-phase potential loss.
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3. Activation overpotential is caused by the slowness of the reactions taking
place on the surfaces of the gas diffusion layers. In the PEM fuel cell, the
activation overpotential at the anode is negligible compared to tilat of the
cathode. The activation overpotential depends on factors such as the material
property of the electrode, ion-ion interactions, ion-solvent interactions, and
characteristics of the electric double layer at the electrode-electrolyte interface.

4. Mass transport overpotential, which is also called “concentration
overpotential”, becomes significant when the fuel cell is operated at high current
density. This potential loss is created by the concentration gradient due to the
consumption of oxygen or fuel at the gas diffusion layers. The mass transport
loss at the anode can be negligible compared at the cathode. At the limiting
current density, oxygen at the catalyst layer is depleted and no more current can
be increased from the fuel cell, which is reflected in Fig. 1.4 as a sharp decline

in cell voltage at high current densities.

1.2.4. Fuel Cell Efficiency

The fuel cell efficiency is defined as the ratio of the electricity produced to the

hydrogen consumed:

(14
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Electricity produced W, is simply a product between voltage and current:

W,=1-V (1.5)
where [ is the current in Amperes and ¥ is the cell potential in Volts. According to
Faraday’s law, the hydrogen consumed is directly proportional to the current:

~ I
N, =— 1.6
o pF (1.6)

where N, isin mol-s™'.

The energy index W), of the hydrogen consumed in Joules per second (Watts) is:

1

W, =AH
2 nF

(1.7
where AH =286kJmol™ is the hydrogen’s heating value (HV).
By combining Eq. (1.4) through Eq.(1.7), the fuel cell efficiency is simply directly

proportional to cell potential:

y=— (1.8)
1.3. Fuel Cell Components
1.3.1. Polymer Electrolyte Membrane (PEM)

For an operational PEM fuel cell, the desired characteristics are high proton conductivity,
good electronic insulation, good separation of the fuel in the anode side from the oxygen in
the cathode side, high chemical and thermal stability [3], such that the membrane can
efficiently conduct protons while repelling the electrons. Typically, Nafion, made by Dupont,

meets most of these requirements and is most commonly used and investigated.

7
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The Nafion membrane is made of poly-perfluoro-sulfonic acids (PSA) ionmer which is
essentially a copolymer of hydrophobic tetrafluoroethylene (TFE) and a sulfonyl viny ether
with a molecular formula as show in Figure 1.3 [4]. The sulfonyl fluoride group is easily

hydrolyzed to form the strongly acidic sulfonic acid ion exchange site.

~—(CF,CF,),~CF,CF— T
(ocw,?pm),,.ocs',cr,som
- CF,

Figure 1.3 Molecular structure of a tetra-fluoro-ethylene and sulfonyl vinyl ether monomer [4]
The proton conductivity of a polymer membrane is strongly dependent on the membrane
structure and its water content. In this sense, for optimum fuel cell performance, it is crucial
to keep the membrane fully humidified at all times. On the other hand, it should be also
noticed that excess water can lead to flooding on the cathode éide, which plugs the pores and
stops reactants from diffusing towards the reactions sites, thereby starving the fuel cell.
Hence, water management schemes are essentially demanded in order for PEM fuel cells to

operate properly.
1.3.2. Catalyst Layer (CL)

The electrochemical reactions take place on the catalyst surface, where reactant gases,
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electrons, and protons have access. Electrons travel through electrically conductive solids,
including the catalyst itself, while protons travel through the membrane only. Therefore the
catalyst particles must be electrically connected to the substrates of the electrodes and in
intimate contact with the membrane. Also, the catalyst layer must be porous to allow the
reactant gases to travel to the reaction sites. At the same time, the product water must be
effectively removed; otherwise, the cathode would flood and disconnect the oxygen access.
The most common catalyst used in PEM fuel cells for both oxygen reduction and
hydrogen oxidation reactions is platinum. Since the catalytic activity occurs on the surface of
the platinum particles, it is desirable to maximize the surface area of the platinum particles. A
common procedure for surface maximization is to deposit the platinum particles on larger
carbon black particles [5]. The optimum thickness of the catalyst layer is found to be around
10 um since it was observed in [6] that almost all of the reactions occur within a 10 um
thick layer. Such a combination of a membrane sandwiched between two catalyzed porous

electrodes is called a membrane electrode assembly (MEA).

1.3.3. Gas Diffusion Layer (GDL)

The gas diffusion layer (GDL) is made of carbon fiber-based porous materials such as

carbon fiber papers, woven carbon fabrics or cloths, with typical thicknesses of 100 -300 zm
[7]. Although it does not directly participate in the electrochemical reactions, a gas diffusion

layer in PEM fuel cells has several important functions:
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e to provide a mechanical support to the MEA,;

e to provide a porous pathway for reactant gases to reach the catalyst layer and
transport water to or from the catalyst layer via the momentum transport as well
as the concentration and pressure gradients;

e to conduct electrons between the catalyst layers and the current collector plates

to complete the electrical circuit;

e to remove the heat generated during electrochemical reactions.

1.3.4. Bipolar Plate (BP)

The bipolar plates (BPs) employed in the PEM fuel cell stack occupy about 80% of the
total weight and account for 45% of the stack cost [8]. They are designed to accomplish
many functions, such as distributing reactant gases uniformly over the active areas, removing
heat from the active areas, carrying current from cell to cell, and preventing leakage of
reactant gases and coolant. Desirable material of bipolar current plates must be electrically
conductive, impermeable to gases, thermally well conductive, highly corrosion resistant, and
easy to manufacture. In general, two families of materials have been used for fuel cell bipolar

plates, namely graphite-composite and metallic [8].

1.4. PEM Fuel Cell Modeling Literature Review

During the PEMFC operation, critical properties, such as the fluid flow pattern, species

10
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concentration variation, temperature distribution, and local current densities, are often fairly
difficult to achieve by in-situ measurements. Fortunately, the development of digital
computers enables fuel cell researchers to investigate, through numerical solution of
mathematical modeling equations, sophisticated flow features and complex transport
mechanisms that might be experimentally unobservable. Research efforts through modeling
and simulation may greatly help obtain insight for the PEMFC design and performance
optimization.

In the early 1990s, the most prominent earlier work presented by Barnardi and
Verbrugge [10,11] developed a one-dimensional isothermal PEM fuel cell model for water
management assuming a constant for water content in the membrane. On the other hand,
Springer et al. [12] presented empirical relations for such parameters as water diffusion
coefficient, electro-osmotic drag coefficient, water adsorption isotherms, and membrane
conductivities, etc. These one-dimensional models provided good fundamental bases for
further PEM fuel cell modeling but cannot take into account the effects of reactants
consumption and products generation.

Fuller and Newman [13], Nguyen and White [14] developed pseudo—twq-dimensional
models, which assumed diffusion is the only mechanism for oxygen transport and did not
consider the interaction of the flow with the species field in the gas channel and GDLs.
Instead, they prescribed concentration boundary conditions either at the gas channel/GDL

interfaces, or at the catalyst layer/GDL interfaces. As extension, the subsequent model of Yi

11
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and Nguyen [15, 16] included the convective water transport across the membrane by a
pressure gradient, the temperature distribution in the solid phase along the injected flow
direction, and the heat removal by natural convection. By using a mechanistic approach, a
thermal model for the Ballard Mark IV PEM fuel cell stack was developed by Amphlett et al.
[17], and a number of parameters were identified to fit the empirical data measured from a
single Ballard Mark IV cell. This thermal model was coupled to a previously developed
electrochemical model that relates the power produced by the stack and the stack temperature
to the amount of heat removed from the stack. Similarly, Kim et al. [18] presented an
empirical equation to describe the PEM fuel cell performance data over a complete operating
range. The inclusion of an exponential term with an adjustable coefficient in their empirical
equation was found to better approach the performance curves and meanwhile reflect the
mass transport limited region at high current densities.

Because the flow in the gas channel has a great influence on the gas transport in the
GDLs, it is inevitable to consider the convection effects in the PEMFC modeling. Gurau et al
[19] developed the first complex PEMFC model in which a Computational Fluid Dynamics
(CFD) framework is involved to obtain the solution. In their two-dimensional steady-state
model, the standard momentum, energy transport, continuity, and species concentration
equations were solved in the anode/cathode gas channels and the MEA, while the porous
medium model was used for equations describing transport phenomena in the porous

components. This unified approach eliminated the need of prescribing artificial boundary

12
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conditions at the various interfaces between the different components of a fuel cell. They
found a nonlinear oxygen distribution along the gas channel direction, which is different
from the linear assumption previously employed in pseudo-two-dimensional models [13]. A
similar CFD model was proposed by Um et al. [20], which paid special attention to the jump
oxygen condition at the GDL/catalyst layer interface by using the Henry’s law to account for
the difference of oxygen concentration between the liquid and gas phases. Wang et al. [21]
studied the distribution of both single-phase and two-phase water within the cathode in a
PEM fuel cell using air as oxidant, and presented some interesting two-phase flow and
transport results, but did not include the influence of the catalyst layer.

To account for the heat management issue, Berning et al. [22] developed a
comprehensive, single-phase, non-isothermal, three-dimensional computational model,
which accounts for many important transport phenomena in a complete assembly of gas
channels, porous GDLs, and thin catalyst layers. In their model the catalyst layer was treated
as a surface without thickness. The same assumption had been made in the modeling
approach presented by Dutta et al. [23,24], who obtained results by adding the necessary
sources and correction terms to the governing equations within the framework of commercial
CFD codes. As such, water transport and ohmic potential drop across MEA were treated
using simplified linear relationships as in the early work of Nguyen and White [14]. Um and
Wang [25] presented a 3D computational fuel cell dynamics model to elucidate the

interactions between mass transport and electrochemical kinetics in PEM fuel cells with both

13
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straight and interdigitated flow field designs.

With a finite thickness of catalyst layer taken into account, a general three-dimensional
CFD model is presented by Zhou and Liu [26] using the commercial CFD package CFX. In
this model, electrochemical reactions, including hydrogen oxidation reaction in the anode
catalyst layer and oxygen reduction reaction in the cathode catalyst layer, are taken into
account by adding proper sources/sink terms in the governing equations, while liquid water
transport within the membrane was not investigated. In most PEM fuel cell models, the
electrical resistance of the GDL is neglected under the assumptions of a sufficiently large
electrical conductivity; consequently, a uniform electronic-phase potential distribution in the
GDL. Recently, this research group expanded the model by considering the electronic
resistance of the GDL and obtained a non-uniform distribution of overpotential in the GDL
[27], which differs from the results using the earlier CFD models [25, 26]. In 2005, Cao et al
[28] developed a partially hydrated membrane model for PEM fuel cells that featured the
inclusion of the membrane swelling effects and provided a physically realistic description of
water transport in the membrane.

The aforementioned representative literature clearly revealed that heat management and
water management are two key processes in achieving the required performance and lifetime
of PEM fuel cell operation. Unfortunately, the majority of the available models concentrated
mainly on one aspect related to the two interrelated managements, which more or less

constrained their applicability to parametric studies for the real-world PEM fuel cell design

14
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and performance optimization. On the other hand, the main bottleneck faced by the fuel cell
modeling community is that some coefficients and relationships required by the models are
hard to theoretically characterize or experimentally measure. Consequently, today’s models
are more or less of empirical nature and involve the aid of some evidently unrealistic
assumptions. A typical assumption widely made in available PEM fuel cell models is that the
catalyst layers are of nil thickness so that they can be simplified to play only the role of
interface between the membrane and the electrodes, for which the realistic effects of the two
key electrochemical reactions in an operational PEM fuel cell get more or less veiled. In
order to provide the fuel cell models with a more realistic and reliable basis, all the physical
and electrochemical processes occurring in an operational PEM fuel cell should be
incorporated into a complete non-isothermal model that consists of all components including

two catalyst layers with finite thickness and a membrane under partial hydration condition.

1.5. Thesis Goal

The purpose of this work is to develop a comprehensive non-isothermal CFD model of
PEM fuel cells, which is capable of investigating electrochemical and transport phenomena
in all seven regions of a PEMFC, namely, the anode/cathode gas channels, two GDLs, two
catalyst layers in finite thickness, and a membrane allowing for partial hydration. This model
is implemented into the finite element CFD commercial software package FEMLAB®,

which provides a platform for simulating all important transport phenomena and

15
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electrochemical kinetics through solving the balance equations for transport processes
involving the mixture gas flow, multi-component transport, heat transfer, water content,
proton, and electron transport, to gain valuable insight and guidance for identifying the PEM
fuel cell’s possible failure mechanisms and achieving its performance optimization.

The outline of this thesis is as follows: Chapter 2 systematically presents a complete
PEM fuel cell non-isothermal model. Chapter 3 is devoted to validate the model against the
experimental data, present base case results, and perform a detailed parametric study along
the flow channel direction. On the other hand, Chapter 4 focuses on the numerical simulation
of the cross section of a PEM fuel cell to investigate the cell performances corresponding to
the conventional straight flow channel design and the interdigitated flow field ciesign,
respectively. Finally, some concluding and outlooking remarks on this modeling study are

made in Chapter 5.

16



Chapter 2 - Two-Dimensional Model of PEM Fuel Cell

Chapter 2. Two-Dimensional Model of PEM Fuel Cell

A single PEM fuel cell to be modeled, as schematically shown in Figure 2.1, is

. computationally considered as a configuration consisting of seven subregions (from the
bottom to the top on Figure 2.1): the gas channel, gas diffusion layer (GDL) and catalyst
layer (CL) on the anode side; the ionomeric membrane; and the catalyst layer, gas diffusion

layer and gas channel on the cathode side.

Collector plate

Gas channel

Gas diffuser

Anode catalyst layer
Membrane

Anode catalyst layer
Gas diffuser

Gas channel

Collector plate

Figure 2.1 Sketch of a PEM fuel cell configuration

In the current model, the anodic channel is supplied by hydrogen (H, ), water vapor

(H,0,,) and carbon dioxide (CO,), whereas humidified air consisting of oxygen (0O,),

17
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nitrogen (N, ), and water vapor (H,0,,,) is fed into the cathodic channel. The hydrogen

oxidation and oxygen reduction reactions are considered to occur only within the active

catalyst layers on the anode and cathode sides, respectively.
2.1. Assumptions

The model presented here is established with the following assumptions:

1. the fuel cell operates under steady-state conditions;

2. the gas mixture is incompressible and obeys the ideal gas law;

3. the flow remains laminar everywhere due to low Reynolds number;

4. the gravity effect is negligible;

5. ohmic heating in electrodes is neglected due to their high conductivity;

6. though heat generation due to the electrochemical reaction is considered, the fluid
properties are assumed to be independent of temperature;

7. on the anode side, the gas mixture consists of H,, H,0, and CO, (due to

incomplete purification of the hydrogen product), while on the cathode side the

humidified air consists of O,, N, and H,O

(®)°
8. the gas diffusers, the catalyst layers, and the membrane are all considered as isotropic
and homogeneous porous media;

9. the membrane is assumed to be impermeable for the gas-phase, for which a fairly small

permeability for gases is employed to ensure nil gas concentration in the membrane;
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10. within the gas channels, the gas diffusers, and the catalyst layers, water is purely in the
form of vapor or over-saturated vapor, while water in the membrane is in the liquid
phase only and exhibits a linear variation in its pressure;

11. no water phase change is taken into account within each component except that all water
vapor at each interface between the catalyst layer and the membrane is entirely

transformed to liquid water.
2.2. Modeling Equations in Gas Channels

In the gas channels, the multi-species transport processes in conjunction with heat
transfer can be described using the mixture continuity equation, the Navier-Stokes equations,

the energy equations, and the Maxwell-Stefan equations.
2.2.1. Continuity and Momentum Equations

For the gas mixture in the channels, the Navier-Stokes equations are employed to

describe the conservation of the mass and momentum

- continuity equation:
V.-pV =0 2.1)
- momentum equation:
p(V-VW =-Vp+ uAV (2.2)
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where u, p, V and p are the dynamic viscosity, density, velocity, and pressure of the
gas mixture, respectively. Here, it is noted that the density is assumed to be a constant for the

gas mixture since the incompressibility condition is taken into account.
2.2.2. Thermal Model

The thermal model used for the gas channels involves heat conduction and convection
only; no additional heat source or sink term is considered since physically no heat is
generated or adsorbed in the channels. Hence, the heat transfer equation reads:

pc,(V-VT)=kAT (2.3)

where ¢, is heat capacity at constant pressure, k the thermal conductivity.

2.2.3. Mass Transport Equations

For multi-gaseous-component diffusion at low density, the Maxwell-Stefan is shown to

be a good approximation [32]:

Vx, = —Z—ll)—(xjﬁ,. -x,N)), i,j=123 i#j (2.4)

j=1 €L
where the subscripts i and jdenote hydrogen (H,), water vapor (H,O, 5 )» carbon
dioxide (CO, ) on the anode side and oxygen (O, ), water vapor (H,0,,, ), nitrogen (N, ) on
the cathode side, ¢ represents the concentration, x;is the mole fraction of the component

i, N,

1

the molar flux of the component i, and D, is the binary diffusivity of species i ‘
and j. Note that here a ternary mixture is dealt with on both cathode and anode sides,
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therefore, the three species are practically viewed as existing in three species pairs: O, -N,,

N,-H,0,, and O, -H,0, on the cathode side; H,-CO,, CO,-H,O

() » and

H,0,, - H, on the anode side. In practice, the experimentally obtained binary
diffusivities, D), at atmosphere pressure p,, and reference temperature T, shown in

y

Table 2.3 will be scaled to the operating temperature and pressure according to [22]:

L5

T

D, = D;(n,po)%(ﬂ 25)
0

Ultimately, the mass balance for each species in the ternary system obeys the following

equation:

V. —pcoiZD,ﬁxj+(xj—a)j)y£}=—pl7-§a)i (2.6)
j=1 p

where the molar fraction x; can be related to the mass fraction @, by [28]:

L)
X, = M, 2.7)
i_“i
AM;
Eq.(2.8) can also be inverted to:
o =M _xM, 2.9)
M
Z_l x;M,;

where M represents the total mole mass of the mixture:, it is a function of molar fraction x;:
M=) Myx (2.10)
i=1

with M, denoting the mole mass of the species i. The gas mixture density o is calculated
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using the ideal gas law:
?
=M= 2.11
p=M_r (2.11)
Eq. (2.6) can be theoretically applied to each species in the gas mixture. In practice, the
mass and molar fractions for CO, on the anode side and N, on the cathode side are

calculated using:

n-1

o, =1-) o (2.12)

i=1

n—1

x, =1-)x, (2.13)

i=1

which ensure the conservation of mass on both sides.

2.3. Modeling Equations in Gas Diffusion Layers

2.3.1. Momentum Equation

In the gas diffusion electrodes, Darcy’s law can be used to model the flow in such
porous media with the pressure gradient as the driving force. Meanwhile, it is also important
to note that the average viscous stress terms have to be taken into account in certain outer
boundary of a porous medium where the macroscopic velocity varies rapidly in space [33].
In the PEM fuel cell case, for the boundary of the GDL (electrode) that is adhere to the gas
channel, a thin layer of the order of the pore scale is formed where the velocity drops very
fast. Darcy’s law is not applicable in this layer unless some ad hoc boundary conditions are

employed to connect the flow field in the channel described by the Navier-Stokes equations
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to the flow in the porous medium described by Darcy’s law. To avoid using such
case-dependent boundary conditions, the Navier-Stokes equations are solved over the entire
gas diffusion layer. Taking the porosity into account, the Navier-Stokes equations are revised
to:
The continuity and momentum equations are
V-pV =0 (2.14)
and

E M
k

p

pV VYW =-Vp+r®uAv —-2227 (2.15)

in which the last term is standing for the average drag force exerted by the fluid on the solid

surface per unit volume of medium, % , the permeability of the gas mixtures in the porous
medium (graphite), and ¢, the porosity of the gas diffusers. Note that r* is a coefficient
describing the effect of the porosity of the medium to the viscous force. When »® =1, Eq.

(2.15) tumns into the Brinkman’s equations. Dagan [33] showed 7 can be estimated using:

(1-¢,)
r®=225— % (2.16)

&

2.3.2. Mass Transport Equations

Due to the porous nature of the gas diffusers, the binary diffusivities correction is taken

for the porous media, and the species equations become:
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_ . v o
V-[—pa)iZ;Dfoj+(xj—a)j)?p:|=—pV-Vcoi (2.17)
=

where the binary diffusivities D, are corrected to account for the porosity using the

so-called Bruggemann correction [10]:

off _ 1.5
Df =D,s (2.18)

y-g

2.3.3. Energy equation

The energy equation for the gas diffusers can be obtained by ensemble averaging of the
microscopic energy equations in both fluid and solid phases. The effective conductivity is a

function of the fluid phase and solid matrix conductivities, which is given by:

1

k, =-2k + 2.19)
7 & . l-g,

+
2k, +k,, 3k,

where k, and k,, are the thermal conductivities of the graphite solid matrix and of the

gas mixture, respectively. Also, unlike in the gas channel, in the gas diffusers there exists

electron current. Therefore, the energy equation for the gas diffusers becomes:

.2
—_ - le
pe,(V-VT) =k, AT +

(2.20)

e
OGpr

with the last term representing the heat source term generated due to the ohmic heating of

electron current i, .

24



Chapter 2 - Two-Dimensional Model of PEM Fuel Cell

2.34. Solid-Phase Potential Equations

The GDL functions also to provide electron lateral conduction, serving as a bridge
between the catalyst layer and the current-collecting land. Since no electron is produced in

the GDL, the electron current density i, in the gas diffusers satisfies:

V-i,=0 (2.21)
The electron current density i, is defined as:

i, =~0gp, Ve, (222)
where o, is the electrical conductivity of the gas diffuser. Finally, the solid-phase
potential satisfies:

V(-0 Ve,)=0 (2.23)
2.4. Modeling Equations in Catalyst layers

2.4.1. Flow Model: the Darcy’s law

The catalyst layers are also porous media. Since the components neighboring the
catalyst are the porous electrode and membrane, no steep velocity change might take place at
the interfaces within the MEA. Therefore, Darcy’s law can be applied to model the flow in
the porous catalysts with the pressure gradient as the sole driving force.
Darcy’s law states that the velocity vector is determined by the pressure gradient, Vp,

the fluid viscosity, 22, and the structure of the porous media, resulting in the following
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equation:

_ k, -
V=———Vp (2.24)

where r® in the catalyst layer appears in the same form as in Eq. (2.16),

1-¢.)*
r? = 2.25(—8—;'-)— (2.25)

ct

but here the effective porosity of the catalyst layer ¢, is calculated by
£, =¢,0 (2.26)
with ¢, and 6, denoting the porosity of the membrane and the volume fraction of

membrane in the catalyst layer, respectively.
2.4.2. Electrochemical Modeling Equations

In the catalyst layers, the electrochemical reactions can be modeled by the

Butler-Volmer equations [19]:

1/2
c a’F a’F
. .rgf’ H2 a C
=(a ex —exp| — 2.27
.]a ( JO )a CHZ,ref |: p( RT na J p( RT na Ji| ( )
c I a’F a’F
. .ref 02 a 14
=(a €x —exp| — 2.28
.]c ( .]O )c Coz’ref I p[ RT ncJ p( R 77ch| ( )

where j, and j, arethe exchange current densities of the anode and cathode, respectively;
a the catalyst surface area per unit volume; ;7 the reference exchange current densities;

cy,and ¢, the hydrogen and oxygen concentrations, respectively; ¢ ,.and ¢, .. the

corresponding reference concentrations, respectively; 7, and 7, the activation
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overpotentials at the anode and cathode, respectively; a? and af the anodic transfer
coefficients at the anode and cathode, respectively, «’ and a’ the cathodic transfer
coefficients at the anode and cathode, respectively; and F Faraday’s constant.

The kinetic expressions in Egs. (2.27) and (2.28) represent the hydrogen oxidation
reaction (HOR) in the anode catalyst layer and oxygen reduction reaction (ORR) in the
cathode catalyst layer, respectively.

The surface overpotential for an electrochemical reaction,7, representing the driving

force for an electrochemical reaction, is defined as:

{ N, =¢,—9, at  anode 229)

n.=¢,—¢,-E, at cathode

where ¢, and ¢, are the solid-phase and membrane-phase potential, respectively. The last

term E, is the thermodynamic open circuit potential for overall reaction, which is, in turn,

a function of the reactant and product concentrations at the interface as generally expressed

by the Nernst equation as [19]:

E,=1.23-0.9x107(T -298) + 2.3%10g(p§,2p02 ) (2.30)

As alternative, in [1] the empirical results are tabulated for the open circuit potential,
which are fitted into a linear function of temperature:

E, =0.0025T +0.2329 (2.31)
2.4.3. Mass Transport Equations

Taking into account the exchange current densities over both anodic and cathodic
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catalyst layers, the mass transport equation used in the catalyst layers becomes:
_ L S €7p o
Ve =po,Y DI Vx, +(x,—0,)—= | =—pV -V, +8, (2.32)
J=1 p

where S, is the source/sink term for species & .

The overall reaction in the catalyst layer of a PEM fuel cell, as shown in Egs.(1.1) and
(1.2), indicates that, in order to produce one electron with the charge of one Coulomb, 12
mole of hydrogen from the anode side and % mole oxygen from the cathode side are needed,
and % mole of water will be produced at the cathode side. Therefore, at the anode side,

hydrogen is oxidized with local sink terms for hydrogen and water:

Ja
Sy, = =5 =My, (2.33)
S0 =0 (2.34)

where M, is the molecular weight of hydrogen, and Eq. (2.34) shows no water is produced

or depleted in the anodic catalyst layer; on the other hand, the mass generation source terms

at the cathode side are described as:

J
S, =JeMm 2.35
0 =55 Mo, (2.35)
Je
Sino =35 Mo (2.36)

where M, and M, , are the molecular weights of oxygen and water, respectively.

Normally, according to Egs. (2.27) and (2.28), j, ispositive while j_ isnegative.

2.4.4. Energy Equations

The electrochemical reactions shown in Egs.(1.1) and (1.2) take place simultaneously on
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the two catalyst layers, leading to migration of the electrons and protons through the layers.

Accordingly, the energy equation can be expressed as:

L l'2 .2
pc,(V-VT) :kc,,effAT+—”7+le—+

e
O-ct O-ct

N, Ja at  anode
; (2.37)
n,-J. at  cathode

where i, and i, are electron and proton current density, respectively, while o7 and ¢,
are proton and electronic conductivity within catalyst layers, respectively. On the right hand
side of Eq.(2.37), the last term represents the heat generation or absorption due to

electrochemical reaction at the catalyst; the second and third terms describe the ohmic

heating of both electron current i, and proton current i , within catalyst layers.

24.5. Solid-phase and membrane-phase potential equations

In the anodic catalyst layer, hydrogen is consumed to produce protons and electrons.
Electrons pass through an external circuit to the cathode, thus providing electrical power,
while the protons transport through the membrane to the cathode. In the cathodic catalyst
layer, oxygen combines with protons and electrons to produce water. The transportation

paths for protons and electrons form a closed electrical circuit as shown in Figure 2.2.
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Figure 2.2 Transport paths of protons and electrons within a PEM fuel cell

In the two catalyst layers, the proton current density i,and the electron current density

i, satisfy:
~ Ja at  anode
Vi =47 (2.38)
A at  cathode
- - -7, at  anode
Vi = (2.39)
-J. at  cathode
Overall, the current density conservation law follows:
Vi, +V-i,=0 (2.40)
which implies:
i, +1, = constant (2.41)
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On the other hand, the membrane-phase potential ¢, and the proton current density

i, areinterrelated by:

i,=-0iV-¢, (2.42)
Thus, the membrane-phase potential satisfies:
v (_656% )= { j{a a(tlt cjzl::j;e (243)
Similarly, the solid-phase potential ¢, satisfy:
V.- (~0:Vg) = { e at anode (2.44)
-7, at  cathode

where o) and o, are the ionic and electrical conductivity of the catalyst layers,

respectively.

2.5. Modeling Equations in Membrane

Within the membrane, water is assumed to be present purely in the liquid phase while
the reactant gases are considered impermeable. Properties of interests in the membrane are
the liquid water flux, the electrical potential distribution, and temperature distribution, which

have effects on the ionic conductivity.

2.5.1. Darcy’s Law and Energy Equations

The water transport in the porous membrane for liquid water can be described using the

Darcy’s law again:
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- k-
V= -ﬁvp, (2.45)
!

where y; is the liquid water viscosity, p, the pressure for liquid water, k, the hydraulic

permeability of the membrane, and 7 has the similar expression in Eq. (2.16) but uses

&, instead of &, . The energy equation in the membrane is similar to Eq. (2.20) except that

an additional Joule heating source term is added:

2

pe,(7-VT)=k, AT+ ;—p; (2.46)

m

where o, appearing in the Joule heating source term represents the ionic conductivity in
the membrane; the effective thermal conductivity in the membrane k,.; givenby:

1
2.47
+ & 1-¢ ( )

m m

+
2k, 4, +k,, 3k

m.dry

where ¢, is the membrane porosity, k, ,, the thermal conductivity of dry membrane,

k,, the thermal conductivity of liquid water.

2.5.2. Water and Proton Transport Model

Two water and proton transport models are compared in this study: one particularly
examines the effect of membrane swelling on water content and potential loss within the

membrane; the other considers fhe membrane swelling effects negligible.
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2.5.2.1 Model (A): Membrane Swelling Effect Switched on

The permeability of the membrane to hydrogen, oxygen, nitrogen and carbon dioxide
are low and can be neglected as in assumption 9. Thus, only water and protons are
transported in the membrane, and each obeys the principle of mass conservation.

Although the exact and complete mechanism of water transport behavior in the
membrane is still under investigation, an updated model is formulated here to allow
quantitative assessment of fuel cell operation with a membrane under the partial hydration
condition. Liquid water and protons are considered as the only two mobile species in the
membrane. Each of these two species should obey the mass conservation principle, i.e.

V-N,=0 (2:48)
and
V-N, =0 (2.49)
where N , and N , are the molar flux of water and that of protons, respectively. As sign
conventions, positive values for N, or N , mean net water flux or protons flux from the
anode to the cathode and negative values are from the cathode to the anode.
25.2.1.1 Water Transport
The mélar flux of water is generated by the water diffusion, pressure gradient, and

electro-osmotic drag, i.e.:

- — _ n;i
N,=-D,Vc, —cwg;jﬁvp, + ‘I‘;’ (2.50)

Hy
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where ¢,, denotes the molar concentration of water, D,, the diffusion coefficient, & the

volume fraction of water in the membrane, k;, the hydraulic permeability of the membrane,

4, the liquid water viscosity, p, the water pressure, n, the elector-osmotic drag coefficient,

F the Faraday’s constant, and i is the local current density in the membrane which is equal

to proton current density, z} , since there is no electron transport in the membrane. In contrast

with other models published in the open literature [21,23], this equation accounts for back

diffusion processes induced by the water concentration gradient, which provides the model

with improved capability of predicting humidification schemes.

Taking into account the current density conservation:

Vi=0
and the linear profile of pressure:
Vip, =0

the divergence of N, can be expressed as:

_ ko o~ - Vn. -1
V.-N,=-D, V%, —&" L (Ve, Vp,)+—t’
H
Combination of Eq. (2.48) and Eq. (2.54) leads to:
o Vn, i
_D Ve, —e" B (Ge, Gpy+ Yl g

H

2.51)

2.52)

(2.53)

(2.55)

The electro-osmotic drag coefficient,n, , can be determined by the work of Springer et

al.[12] which proposed a simple linear relationship between this coefficient and membrane

water content based on their experiments using Nafion117:
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2.5
n,=——=»2 2.56
=7 (2.56)
where A is the hydration index, which is defined as the number of moles of water per

equivalent sulfonic acid group, SO;, in the membrane; the numeric values 2.5 and 22

correspond to the number of water molecules dragged per migrating H* ion and the
possible maximum hydration index, respectively.

To account for membrane swelling, dry membrane thickness dimensions are expanded
by the factor (1+ f4).[12] also presented an empirical formula relating c,to A as follows:

eA
C. =
YA+

(2.57)

where f'is the membrane swelling coefficient experimentally determined through the
measured thicknesses of the dry and fully hydrated Nafion 117 membranes, and e is a

constant ratio for Nafion 117 expressed as:

dry
-_/?m_

EW,

e (2.58)

with the dry membrane density, o2, and the equivalent molecular weight of the membrane,

EW,.
The membrane water diffusivity is related to the temperature and water content of the

membrane. Its formula of empirical nature reads [12]:

D,=10"exp [241 6(% - %H (2.563—-0.331+0.02644% —0.0006711°) (2.59)

After re-arranging Eq. (2.57) to:

35



Chapter 2 - Two-Dimensional Model of PEM Fuel Cell

A=—n (2.60)

the electro-osmotic drag coefficient n, for Nafion117 expressed in (2.61) can now be

re-written as a function of water concentration:

n, =2 (2.62)
22 e— fc,

Substituting Eq. (2.62) into Eq. (2.55), the water transport equation can be finally

obtained as:

-D Vic, —¢r i"”'—(%w -Vp,) +i——f——2(6cw 1)=0 (2.63)
K 44 F(e- fc,)

which is a complete mathematical description of water concentration distribution in
membrane. With the known pressure profile p, and current density i in the membrane,
Eq. (2.63) canbe viewed as an nonlinear partial differential equation of ¢, .
2.5.2.1.2 Proton Transport
The flux of protons through the membrane is determined by the Nernst-Planck equation,

indicating that the migration, diffusion, and convection of the dissolved protons cause the net
molar flux of protons:

_ F _ _ _

N,=-Z, ﬁDpch(bp -D, Ve, +c,V, (2.64)
where Z, is the charge number of ion, D, is the diffusion coefficient, ¢, is the molar

concentration of protons, ¢, is the electric potential, i.e. membrane-phase potential, and

V, is the convective velocity of the liquid water.
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The velocity of liquid water in the pores of the membrane can be estimated by the

Schligl equation [53,54]:

B k, .k, -
Vi=e,| —Z,c,FV¢——Vp, (2.65)

! !
where k, and k, are the electric and hydraulic permeabilities of the membrane,
respectively, Z, is the charge number of the fixed charges, and ¢ s is the fixed-charged
concentration.
Since the electric current results from the flux of charge species, the current density in
the membrane can be expressed as:
i=F) Z,N,=FN, (2.66)
where Z; is the charge number of charged mobile ion of species j, and Z ;=1 for the

sole mobile ions, which are the hydrogen ions in this situation. N ; 1s the molar flux of ions.

Therefore, Eq. (2.66) can reduce to:

-
N,= 7 (2.67)
The membrane ionic conductivity is generally defined as:
F? 2
O';::R—TZZJ chj (268)

The electro-neutrality condition signifies that no net charge should exist in the membrane:
Zic,+Y.Zic; =0 (2.69)
Again, the sole charged mobile ion in the membrane is proton, and for H*, Z , =1. Hence,

Eq. (2.68) can be rewritten as:
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F2
0',5 =EDPCP (270)
and, Eq. (2.69) becomes:
Zic,=-c, 2.71)
Substituting Eq. (2.71) into Eq. (2.64) and (2.65) results in:
~ F _ _ _
N, =_EI—’D”C”V¢” -D, Ve, +c,V, 2.72)
and
_ k _ _
V,=¢n (—¢ch¥7¢ —k—hvp,) (2.73)
H H
Combining Eq. (2.72) and (2.73) with the divergence of Eq. (2.49) gives:
1 = - RT - -
—Ag, =—F[V(lncp)-z]+—F—V-[V(lncp)]cp 2.74)

The membrane swells due to presence of internal liquid water. Therefore, ¢, becomes
a function of hydration instead of a constant. Since in the membrane the hydration index, A,
is defined as the number of moles of water per equivalent sulfonic acid group, for Nafion 117,

the proton concentration can be described as:

c

c, =7‘" (2.75)
Substituting Eq. (2.57) into (2.75) leads to:
e
c, = 2.76
P fA+1 (2.76)

Invoking Eq.(2.60) in Eq. (2.76), the relationship between the two concentrations

becomes:

38



Chapter 2 - Two-Dimensional Model of PEM Fuel Cell

c,=e-—fc, 2.77)
Substituting Eq. (2.77) into Eq.(2.74), the electrical membrane-phase potential

expression in the membrane in terms of water concentration c,,:

ag et S (oo ) RS,

ol e-fe, F e-fe, "
) 2.78)
_E( f j(vcw.{ycw)
F \e-fc,

In order to eliminateAc,,, i.e.Vc,, Eq. (2.63) is substituted into Eq. (2.78) and the

electric potential equation in the membrane accounting for swelling effect is eventually

written as:

agy =t (L5 R o
d ol 44D F*(e-fc,)* v

BT A (G p,) 2.79)
F e—fb Dwul

For the ionic conductivity of a Nafion117 proton exchange membrane, an empirical
expression presented in [12] is:

07 =0.51391-0.326 if A=1 (2.80)
where o7 is the reference ionic conductivity measured at 303K. For the values of
membrane water content, A, less than 1, the reference ionic conductivity is assumed constant

[12] . At other temperatures, it is corrected to be a function of operating temperature T [12]:

o? =" exp[1268(%—%ﬂ (2.81)
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2.5.2.2 Model (B): Membrane Swelling Effect Switched off

Unlike the membrane model (A) described in Section 2.5.2.1, the water and proton
transport can also be modeled under assumption that the membrane swelling effect is
negligible.

2.5.2.2.1 Water Transport
When the effects due to membrane swelling are considered negligible, i.e. the swelling
coefficient /' =0, Eq. (2.60) relating the water concentration to the water content can be
simplified:
A=5n (2.82)

Re-arrangement of Eq. (2.58), (2.62), and (2.82) leads to:

n; = 23 EI;V'” c, (2.83)
22 pi”
Accordingly, the original water transpért equation (2.63) becomes:
-D,V’c, —&" ﬁ(vcw -Vp,)+ > EW, Ve, i)=0 (2.84)

ul 44 Fp,”

m

25.2.2.2 Proton Transport

Similar to the derivation towards the water transport model without considering the

swelling effect, a constant for the proton concentration, ¢,, can be obtained through
combination of Egs. (2.82), (2.58) and (2.75):

dry
¢ _ P
——w _ I'm 2.85
= T EwW (2.85)

m
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Therefore, the original electric potential equation (2.74) reduces to a Laplace equation:

~G2Ag, =0 (2.86)

2.6. Boundary Conditions

An entire PEM fuel cell is consisting of a number of subdomains. In practice, some
subdomians may be grouped to be subjected to a governing equation. For instance, the
hydrogen is transported in the anodic gas channel, GDL, and CL; then, the Maxwell-Stefan
equation for the hydrogen transport applies to all these three subdomains. Accordingly, the
boundary conditions for the mass fraction of hydrogen are required only at the border of the
grouped subdomains, while no specification of interfacial conditions is required between

neighboring subdomains in the group. Figure 2.3 schematizes all boundaries of a 2D PEM

vt
e 1
T A anode gas channel
G : o
F o o RS ol K
= L
ol , MEM "
o ST oL .M
Sl GDL . :
E cathode gas channel
al B >
o

Figure 2.3 Schematic of the computational boundaries
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fuel cell model in the x-y plane:

2.6.1. Boundary Conditions for Flow Field Model

At the inlets of both flow channels (segments AB, GH in Fig. 2.3), the mass flow rates
are prescribed in conjunction with a fully developed laminar flow profiles. The boundary
values of the anode/cathode inlet velocities are prescribed from the stoichiometric flow rate

and reactant concentration:

i
I/a,in = é’a 2 l;eéc 14reaa (2.87)
H, a,in
i
o= g o @89
0, c,in

where {,and ¢_are the anode and cathode stoichiometric flow ratios, respectively, which

are defined as the ratio of the amount of reactant supplied to the amount of reactant required

by the electrochemical reaction to generate the specified reference current density, i, o >
and 4,,,, is the fully active MEA area. The pressures at both outlet flow channels (segments
1J, OP in Fig. 2.3) also need to be prescribed. All other boundaries (lines HI, FK, CN, AP and
segments GF, JK, BC, ON in Fig. 2.3) use the no slip condition for the velocity.

Since Darcy’s law is applied in the catalyst layers and membrane, the operating
pressures need to be imposed at the interfaces between the anode/cathode catalyst layers and

gas diffusers, i.e., lines GJ and BO in Fig. 2.3, respectively. Insulation condition is specified

at boundary segments CF and KN in Fig, 2.3.
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2.6.2. Boundary Conditions for Species Transport Model

The Maxwell-Stephan equations are applied to describe the species transport in the
whole fuel cell unit except the membrane. At the anode and cathode inlet gas channels
(segments GH, AB in Fig. 2.3), the mass fraction of H,and O,are prescribed using
constant values; the mass fractions of water vapor at the anode and cathode sides are

respectively calculated by the equations:

satM
Oy 00 = RHE 120 (2.89)
2 paM
and
satM
O, = RHE 12 (2.90)
2% pcM

where RH is the relative humidity, p, and p,are the operating pressures at the anode and

cathode sides; p™ is the saturated water partial pressure calculated using the following
empirical equation [12]:

log,, p** =-2.1794+0.02953T —9.1837x107° T +1.4454x107" T (2.91)

The outlet mass fractions are fully developed, i.e., the gradient of mass fraction of each

species is zero. Also, homogeneous Neumann boundary conditions apply alohg the gas

channel walls (lines AP, HI in Fig. 2.3) as well as along the interface between the catalyst

layers and the membrane (lines EL, DM in Fig. 2.3), representing the gas-impermeable

condition in the membrane.
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2.6.3. Boundary Conditions for Energy Equations

For the energy equation, different boundary conditions can be used according to the
cooling techniques. In this research work, a constant temperature, i.e., the ambient
temperature 7, , is applied to the anode and cathode gas inlets (segments AB, GH in Fig.
2.3) as well as along the gas channel outer walls (lines IH, AP in Fig. 2.3).

At anode and cathode gas outlets (segments 1J, OP in Fig. 2.3), convective flux
conditions are employed. Otherwise, the thermal insulation conditions are used for the

boundary segments BG and JO in Fig. 2.3.
2.6.4. Boundary Conditions for Water Transport in the Membrane

Water can enter the membrane only from the interfaces between the membrane and the
catalyst layers on both anode and cathode sides, hence, boundary conditions should be
carefully set up along lines EL and DM in Fig. 2.3. In this research work, an equilibrium is
assumed between the gas phase and the membrane phase of water in Nafion membrane and
the membrane. Therefore, the water content at the interface (lines EL, DM in Fig. 2.3) is
determined using [12]:

A=0.043+17.8a—-39.854* +364° for 0<ac<l (2.92)
where a is the activity of water vapor defined as:

Xu,0P
a=—+—
sat

(2.93)
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As the water mole fraction exceeds saturation, a linear relation is assumed between the water
content and water activity [12]:
A=14+1.4(a-1) for l1<a<3 (2.94)
and, furthermore, the water content is assumed to be a constant [12]:
A=16.8 for a>3 (2.95)
The above calculated water content is used in conjunction with Eq. (2.57) to determine
the concentration of water at the interfaces between the anode/cathode catalyst layers and the
membrane. At the left and right boundary sides of the membrane (segments ED, LM in Fig.
2.3), the Neumann boundary condition is used:
i-Ve, =0 (2.96)

where 7 denotes the unit vector normal to the boundaries.
2.6.5. Boundary Conditions for Electron and Proton Transport Models

As electrons can not cross the membrane, the electron current density at interface
between the catalyst layers and the membrane is set to be zero. Similarly, as protons can not
go through the GDL, the proton current density at the interface between the catalyst layers
and the GDL is zero as well.

Therefore, the solid-phase potential equation is applied in the anode and cathode GDLs
and catalyst layers. In the present model, the boundary conditions are assigned as: nil ¢,

along the anode GDL edge (line GJ in Fig. 2.3); along the cathode GDL edge (line BO in Fig.
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2.3), the solid-phase potential ¢, is the cell voltage; the Neumann boundary conditions are
applied at the other side boundaries (lines EL, DM and segment GE, LJ, BD,MO in Fig. 2.3).

Similarly, membrane-phase potential boundary conditions are required at the edges of
MEA, i.e : a zero value of proton potential is specified at the interface between the cathode
catalyst layer and membrane (line FL in Fig. 2.3); Neumann boundary conditions are applied

at the other side boundaries (line CN and segments FC, KN in Fig. 2.3).

2.7. Modeling Parameters

To fully implement the developed PEM fuel cell computational model for numerical
simulation, appropriate properties and parameters for the model need to be properly specified.
In this research, the physical parameters and base operation conditions are mainly taken from
the modeling work of Gurau et al. [19] or Zhou et al. [26] unless otherwise indicated.

The basic physical dimensions of the computational domain are shown in Table 2.1.
Only half length of a PEM fuel cell unit is taken due to the limitation of available
computation devices. All parameters refer to both anode and cathode sides. Also, Table 2.2
groups the basic parameters corresponding to the operating conditions for the base case study

in this research, as detailed in Chpaters 3 and 4.
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Table 2.1  Physical dimension of the PEM fuel cell [19]

Parameter Value Unit
Gas channel length (half) (x-direction) 0.025 m
Gas channel height (y-direction) 8.0x107 m
Gas channel width (z-direction) 10x10™ m
Gas diffuser height (y-direction) 2.0x10™ m
Catalyst layer thickness 0.3x10™ m
Membrane thickness (y-direction) 2.3x107* m

Table 2.2 Operating parameters for a PEM fuel cell under a base case computation [19]

Description Value Unit
T': fuel cell (ambient) temperature 333 K
¢, - stoichiometric ratio at anode 1.3 -
g, : stoichiometric ratio at cathode 3 -
D, - fuel inlet pressure at anode 1 atm
P, - air inlet pressure at cathode 3 atm
RH . relative humidity of inlet gas mixture 100 %
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The values of the binary diffusivities involved in the Maxwell-Stephan equations(2.6)
are listed in Table 2.3. These are determined experimentally under the specific reference
temperature and 1 atm pressure and should be converted to actual operating conditions used

in our research by Eq.(2.5).

Table 2.3 Binary diffusivities at 1atm and reference temperatures [22]

Reference Binary Diffusivity

GBI Temperature T,K] D, (T, po)lm’s™
Dy w0 307.1 9.15x107
Dy co, 298.0 6.46x107°
D} 0-co, 307.5 2.02x10°
DY 4o 308.1 2.8x107
Dy, y, 293.2 2.2x10°
Dy oy, 307.5 2.56x107°

Table 2.4 groups the electrode properties for the base case. The choice of
electrochemical properties may have impact on the trend of polarization curve of a fuel cell.

The electrochemical parameters chosen for this modeling study are organized in Table 2.5.
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Table 2.4 Electrode properties

Description Value Unit Ref.
€, : gas diffuser porosity 0.17 - [34]
&, . membrane porosity 0.17 - [34]
0, : volume fraction membrane in catalyst layer 0.2 - [34]
k, : permeability to air in the gas diffuser 1.76x107 m? [19]
k, : hydraulic permeability of the membrane 1.58x107"8 m? [19]
ke : electrokinetic permeability of membrane 1.13x107" m* [19]
k,, : air thermal conductivity 3.0x10%  W-mT'K' [26]
k., : thermal conduc. of matrix of gas diffuser 150.6 wW-m™K™* [19]
k..ar, - thermal conductivity of dry membrane 100 W-m™K' [19]
¢, q - Air specific heat at constant pressure 1008 J-kg' KT [19]
¢, : fixed charged site concentration in memb. 1.2x10° mol -m™ [19]
z,: charge of sulfonate site in memb. -1 - [19]
P¥ : membrane solid dry mass density 1980 kg-m™ [19]
EW,,: equivalent membrane weight 1.1 kg-mol™  [12]
f : membrane swelling coefficient 0.0126 - [12]
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Table 2.5 Electrochemical properties of a PEM fuel cell

Description Value Unit Ref.

ajgfﬁ . reference exchange current density

1.0x10° A-m> [34]
times specific area at the anode

ajgff . reference exchange current density

2.5x10° A-m> [34]
times specific area at the anode

Cy, s - H,reference molar concentration 40.88 mol-m™ [34]
Co, -r - O,reference molar concentration 40.88 mol -m> [34]
a, :anodic transfer coefficient at cathode 0 - [19]
a; :cathodic transfer coefficient at cathode 1.2 - [19]
o :cathodic transfer coefficient at anode 172 - [19]
o, :anodic transfer coefficient at anode 172 - [19]

2.8. Computational Framework

As shown in preceding sections of this chapter, the PEM fuel cell modeling equations
describing fluid flow, multi-species transport, heat transfer, and electric potentials are
strongly nonlinear and coupled with each other. To numerically solve this large set of
nonlinear equations, a finite element computational fluid dynamics package, FEMLAB is

selected. Some physics application modules in FEMLAB and the FEMLAB Chemical
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Engineering Module are employed in different computational subdomains as follows:

e Incompressible Navier-Stokes equations for flow field in gas channels and
GDLs;

e Darcy’s law for flow field in the catalyst layers and membrane;

e Maxwell-Stefan multi-component diffusion and convection equation for mass
fractions of the species in the gas mixture in anode/cathode gas channels, GDLs
and catalyst layers;

e Heat conduction and convection for temperature distribution throughout the
PEM fuel cell computational domains;

* Poisson’s equation for solid-phase and membrane-phase charge balances in
GDLs, catalyst layers, and membrane;

. (‘Special PDEs for liquid water and proton transport in the membrane to account
for the membrane swelling effect.

FEMLAB uses a triangular mesh for 2D geometries. The rectangular physical domain is
divided by a uniform grid along the flow direction (x-direction). Along the y-direction, as
different domains have dramatically varying sizes, the element sizes have to be changed
accordingly. Numerical tests were performed for the base case geometry to ensure that the
solutions were independent of further refinement for the mesh.

In the current computer simulation, a stationary non-linear solver is used together with

Direct (UMFPACK) linear system solver. The relative tolerance for the error criteria was
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1.0x107°.

Due to limitation of the computer memory, the entire set of governing equations can not
be solved simultaneously. The flow chart as shown in Fig. 2.4 is designed in a Gauss-Seidel
like fashion to ensure an efficient decoupling of the flow, species transport, energy, and
potentials from each other in the course of computation. Overall, this algorithm features
predicting the cell current density distribution (output) from a specified cell operating voltage
value (input), which is completely different from the current-to-voltage strategy that
inevitably relies on the artificially averaged current value as well as some formulae of

empirical nature for cell voltage calculation.
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Figure 2.4 Flow chart of the solution procedure
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Chapter 3. Base Case Results and Parametric Study

3.1. Model Validation and Cell Performance Illustration

To validate the model established in this study, comparisons have to be made with
experimental data, where the output is the polarization curve, i.e., cell voltage vs. current
density curves. Polarization curves are highly related to the distributions of the each species
in a PEM fuel cell and also can be measured directly and accurately in experiments.

First, the PEM fuel cell model allowing for water variation in the membrane, which is
identified as model (A) in the previous chapter, is examined. Figure 3.1 compares the fuel

cell performance resulting from the model (A) corresponding to the base case conditions

i Model(A)
0.8 A Experimental data

Cell Voltage (V)
;

T ¥ T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Current density (A/cm®)

Figure 3.1 Comparison of computational model result with experimental data [34]

(Refer to Table 2.2) with the experimental data acquired by Hyuchul et al. [34]. A very good

54



Chapter 3 - Base Case Results and Parametric Study

agreement is seen between the two sets of results throughout the current density range
observed. For the activation region (0< H <0.24/cm’ in this case), the slope of the
polarization curve looks steeper and exhibits a slight nonlinearity. For the ohmic loss region
(0.24/cm* < |Z| <0.64/cm’ in this case), the cell voltages drops clearly in a linear fashion
as the current density increases. At higher current densities ([fl >0.64/cm’ in this case),
which is also called the mass transport limited region, the linear relationship between the cell
voltage and the current density in the ohmic loss region can no longer persist; the steep drop
of the cell voltage in this region can be explained by the fact that the stronger
electrochemical reaction in response to a higher current density consumes almost all oxygen
that has migrated to the reaction site, leading to a limitation of cell voltage output.

The post-treatment of the data obtained for depicting the polarization curve may yield
other fuel cell performance information. For instance, the curve of power density (product of
cell voltage and current density) vs. current density is plotted in Figure 3.2, which provides,
from the numerical prediction, the maximum power density that the cell can reach. Below
this maximum power point, the same power output may be obtained at either a lower current
and a higher potential (on the left side of the maximum) or a higher current density and a

lower potential (on the right side of maximum).
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Figure 3.2 Power curve resulting from the fuel cell polarization curve
Also, the potential vs. current density data can be alternatively re-arranged to a curve of
fuel cell efficiency, which is calculated by Eq.(1.8), vs. power density as shown in Figure 3.3.

Evidently, a higher cell efficiency may be reached at significantly lower power density. This

0.6 - Model(A)
A Experimental data

0.5
g
§ 04
€
i}

0.3 -

0.2

T T v T T T M T M T M Ll T T T 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

power density (W/cm?)

Figure 3.3 Fuel cell efficiency vs. power density
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suggests that, for a required power output, a fuel cell may be made more efficient by
selecting from the efficiency-power density plot an operating point corresponding to a higher
efficiency. In. practice, it is unfeasible to adjust the dimension of fuel cell components for
achieving the exact maximum power density output. More commonly, fuel cells are operated

at a point in a balance between the maximum power density output and the highest

achievable efficiency [35].
3.2. Base Case Study Using Water Transport Model (A)

The comprehensive current model can provide detailed information of transport
phenomena in the fuel cell, which cannot be obtained by situ measurements. Numerical
results, including the distributions of mole fractions of reactant gases, temperature, local
current densities, various potentials, and water concentration in membrane, will be examined
in the subsequent sections. The numerical simulation corresponds to the base case

operational conditions as described in Table 2.2.

3.2.1. Flow Patterns

Figure 3.4 illustrates the fluid flow behavior in the gas channels and GDLs at both anode
and cathode sides. A fully developed field is observed in the channels and keeps a laminar
pattern till the end of channel. In this case, the Reynold Number, Re, in the channel is around

10 only, where the channel height is employed as the characteristic length .
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Figure 3.4 Velocity field in the fuel cell

Figure 3.5 demonstrats the velocity profiles at the x=0.0lm. A few important flow

features can be captured from Figure 3.5. First, inside the channel, the velocity changes

Figure 3.5 Velocity profile across the channel-GDL domain at the anode side
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significantly with the radial position, but the velocity profile is asymmetric. This is because
the channel is sandwiched by a solid wall and a porous GDL, which does not render to this
region the symmetry in terms of material property. At the channel wall, the velocity drops to
zero due to the no-slip condition. At the interface of the GDL and the channel corresponding
to y = 0.0015m on Figure 3.5, the flow exhibits a velocity of about 2 cm/s owing to the
identical type of flow model, i.e., the Navier-Stokes equations, chosen for both the channel

and the GDL without needing to artificially set an unrealistic nil-velocity interface condition.
3.2.2. Distributions of Reactants and Products

The transport of reactant and product gases has important effects on the performance of
PEM fuel cell. Figure 3.6 - Figure 3.8 use the same display format - on the top is the
hydrogen distribution on the anode side; in the middle is the oxygen distribution on the
cathode side; and at the bottom is the water product distribution on the cathode side as well;
but the three figures correspond to a lower current density (0.2139 A4/ cm?), a medium one
(0.6538 4/ cm®), and a higher one (0.8297 A/ cm?), respectively. In general, the hydrogen
and oxygen concentrations decrease gradually from inlet to outlet due to the consumption of
reactant gases through the oxidation reaction in the anodic and cathodic catalyst layers. Also
the oxygen and hydrogen mole fractions decrease slowly within the gas channels due to
convection, while the decrease rate is higher in GDLs due to lack of convection and lower

diffusivity on the sites. Because of the relatively low diffusivity of the oxygen compared to
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the hydrogen and the low concentration of oxygen in ambient air, the oxygen depletion is

noticeable.
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Figure 3.6 Reactant gas and cathode water vapor distribution in x-y plane at current density:
0.2139 Alcm®
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Figure 3.7 Reactant gas and cathode water vapor distribution in x-y plane at current density:
0.6583 Alcm?
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As the loading current density increases, more hydrogen and oxygen are depleted and

hydrogen mole fraction
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Figure 3.8 Reactant gas and cathode water vapor distribution in x-y plane at current density: 0.8297

Alcm?
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higher water vapor concentration is produced, as a result, the mass transport limitation for the
oxygen within GDL and catalyst layer becomes significant as indicated in Figure 3.6 through
Figure 3.8: the minimum of oxygen mole fraction decreases from 0.0825 at 0.2139 A/ cm?
to zero at 0.8297 A/cm’. At a low current density, the oxygen consumption rate is low
enough not to cause diffusive limitations, whereas concentration of oxygen within the
cathode catalyst layer almost reaches near-zero value and can not further decrease. For the
load of 0.8297 4/cm’, the oxygen in cathode catalyst layer is almost depleted. Also, in
response to a higher current density, the production of water is enriched, which is in

consistency with the noticeably increased consumption of reactants.
3.2.3. Temperature Distribution

The temperature distribution inside a fuel cell has important effects on all transport
phenomena. Figure 3.9 shows the temperature distribution on the x-y plane of the fuel cell for
three different current densities. Figure 3.10 details the temperature profile across the fuel
cell at three different locations (x = 0.004m, 0.0125m, 0.022m) along the channel. The inlet
temperature of both sides is assumed to be identically at 333K, as well as the collector

temperature.
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Figure 3.9 Temperature distribution across fuel cell in x-y plane for the three different current
densities: 0.2139 A/ cm’ (top), 0.6583 A/ cm’ (middle) and 0.8297 A/ cm’ (bottom)
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Since the major heat source is the chemical reaction and Joule heating in the catalyst
layers, as shown as Figure 3.9 and Figure 3.10, the peaks of temperature are located within
cathode catalyst layer and near the entrance, where the chemical reaction rate is highest. The
temperature at the cathode side is slightly higher than at the anode side; this is because air at

the cathode side is closer to the major heat source.
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Figure 3.10 Temperature profile across the fuel cell for the current density: 0.6583 4/ cm?

It is also noticed that as the current density increases, the temperature maximum gets

increased due to more heat generated from the chemical reaction. Also, corresponding to the
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lower current density (0.2139 A/cm’), the temperature change over the whole cell is as

small as about 2.8K; however, at the higher current density (0.8297 4/ cm®), the maximum

temperature is 16K above the ambient temperature.

The high degree of temperature non-uniformity along the catalyst layer revealed through
the numerical simulation suggests that a redistribution of the catalyst deposition is demanded
to reform the current density distribution and, consequently, effectively control the

temperature distribution.

3.2.4. Water Content in Membrane

According to the model of water transport in membrane described in chapter 2, water
content can be calculated using the liquid water concentration distribution. Figure 3.11
demonstrates the water content in the membrane for the base case at three different average
current densities. Across the membrane, the water content at the anode side is lower than that
at the cathode side. This is due to the electro-osmotic drag that prevents the water from
migrating from the anode to the cathode, and the insufficient back-diffusion to the anode side

from the cathode side, where water is produced.
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Figure 3.11  Water content distribution in membrane x-y plane for the three different current
densities: 0.2139 A/ cm’ (top), 0.6583 A/ cm® (middle) and 0.8297 A/ cm® (bottom)
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As the current density increases, a higher electro-osmotic drag, which is proportional to
the water content as described in the precedent chapter, drives more water from the anode
side to the cathode side and results in a lower water content at the anode side while a higher
water content at the cathode side. Another reason is that more water is produced at the
cathodic catalyst layef in response to a higher current density. It can be observed that the
water content at the anode side decreases from 10.37 to 3.37 as the current density increases
from 0.2139 A/cm* to 0.8297 A/cm*, while that at the cathode side rises from 14.7 to
16.8.

Figure 3.12 - Figure 3.14 show the water content distribution across the membrane at
different locations (x = 0.004m, 0.0125m, 0.022m) along the channel for three different
current densities. At the lower and medium current densities, i.e., 0.2139 A/cm?® and
0.6583 A/ cm?, the closer to the outlet, the more water content remains; this is because the
trend of the increase in water accumulation along the channel is dominant in this lower and
medium current density range, which leads to a higher membrane conductivity near the
outlet. However, at the higher current density, i.e., 0.8297 4/ cm? , higher water content is
observed near the inlet on Figure 3.14. This is because near the inlet a more complete
reduction reaction occurs, generating a significantly large amount of water that overwhelms

the increasing of water accumulation along the channel.
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Figure 3.12 Water content distribution across the membrane at different locations along the
channel at current density: 0.2139 4/ cm’
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Figure 3.13 Water content distribution across the membrane at different locations along the
channel at current density 0.6583 4/ cm’
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Figure 3.14 Water content distribution across the membrane at different locations along the

channel at current density: 0.8297 A/cm’

3.2.5. Membrane-Phase Potential Loss

The membrane-phase potential loss is due to resistance to the proton transport across the
MEA from the anode side to the cathode side. Protons generated within the anodic catalyst
layer pass through the membrane and are consumed inside the cathodic catalyst layer.
Figure 3.15 shows the membrane-phase potential loss distribution for three different current
density loadings. For all the three current densities, the membrane-phase potential is assumed

0 at the anode side for convenience of computational simulation.
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Figure 3.15 Membrane-phase potential distribution in MEA x-y plane for the three different
current densities: 0.2139 A/ cm” (top), 0.6583 A/ cm’ (middle) and 0.8297 A/ cm’ (bottom)

At the lower current density, the membrane-phase potential loss is small due to the small

amount of protons flowing through the membrane. As the current density increases, the

membrane-phase potential loss becomes significant. The equipotential lines indicate that the
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membrane-phase potential loss is not uniform along the longitudinal direction. This potential
loss reaches its maximum at the inlet, where protons are consumed fastest, leading to the

highest rate of electrochemical reaction.
3.2.6. Activation Overpotential Distribution

The activation overpotential is the potential loss to the deviation from the original
equilibrium state in order to start the electrochemical reactions. With a finite thickness set for
catalyst layers used in the cell, Eq.(2.29) presented in Section 2.4.2 can be employed to
calculate the activation overpotential. Figure 3.16 - Figure 3.18 present the cathode activation
overpotential (in absolute values, note that the original activation overpotential in the catalyst
layer is negative since it is below the equilibrium potential) and oxygen mole fraction inside
the cathode catalyst layer for three different current densities, respectively. As the current
density increases, the amplitude of the activation overpotential becomes significant, which
leads to a more complete electrochemical reaction and, thus, more consumption of oxygen as
shown in the three figures. In particular, Figure 3.18 indicates that the oxygen inside the
cathodic catalyst layer is almost all depleted at the higher current density 0.8297 A/cm*,

which demonstrates the mass transport limitation leads to the current density limitation.
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Figure 3.16 Cathode activation overpotential (absolute values) (upper) and oxygen mole fraction
(lower) in the cathode catalyst layer for the current density: 0.2139 A4 / em?
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Figure 3.17 Cathode activation overpotential (absolute values) (upper) and oxygen mole
fraction (lower) in the cathode catalyst layer for the current density: 0.6583 4/ cm’
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Figure 3.18 Cathode activation overpotential (absolute values) (upper) and oxygen mole fraction
(lower) in the cathode catalyst layer for the current density: and 0.8297 A4/ cm’

3.3. Comparison between Water Transport Models (A) and (B)

As mentioned in Chapter 2, the membrane model has two options: model (A) considers
the water content variation within the membrane that results in a strongly nonlinear
membrane potential equation Eq. (2.79) with a right hand side expressed as function of the
water content; model (B) does not allow for water variation in the membrane, for which the
membrane potential equation is of the Laplace’s form Eq. (2.86) and has been widely

employed for fuel cell modeling.
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Figure 3.19 compares the performance curves for model (A) and model (B). In general,
there is no significant difference between the two models except in the higher current density
zone approximately staring 0.5 A4/ cm” . A detailed comparison example is given at a current
density of 0.6583 A/cm’. As shown in Figure 3.20, the predicted maximum membrane-
phase potential loss is 0.24V for model A, while for model (B) this maximum value can
reach 0.37V, which is more than 50% higher than using model (A). This difference
corresponding to higher current densities indicates that, when the water content variation is
taken into account, model (A) allows the proton conductivity to vary within the membrane as
described in Eq.(2.79), which provides the computation of the membrane potential loss with

a more accurate proton conductivity distribution.

0.9-x —&— Modle A
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Figure 3.19 Comparison of polarization curves from the results of Model (A) and Model (B)
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Figure 3.20 Membrane-phase potential distribution for the Model (A) (upper) and Model (B)

(lower) at the current density: 0.6583 4/ cm’

3.4. Parametric Study

A comprehensive computational model for a PEM fuel cell can be used not only for

revealing the details of transport phenomena inside the cell, but also for investigating the

sensitivity of certain parameters on the cell performance. The present mathematical model is

now applied

to perform a systematic parametric study. A number of operating and design

parameters are picked, including the inlet reactant relative humidity, the operating pressure,
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and temperature, the porosities of the GDLs and catalyst layers, and the proton conductivity
in the membrane. The performance characteristics of the fuel cell based on a selected

parameter can be obtained by varying that parameter while keeping the others unaltered.
3.4.1. Effect of Relative Humidity

In the membrane, the presence of water is mandatory to maintain the proton conductivity.
Therefore, both reactant gases typically need to be humidified before entering the cell.
Relative humidity (RH) is a ratio of the partial pressure of water vapor to the saturation
pressure, which physically represents the maximum amount of water vapor that can be
present in the gas mixture given.

An additional complication is that the membrane-phase conductivity strongly depends
on the temperature and water content inside the membrane as described in Eq.(2.79), which
in turn is a function of relative humidity outside the membrane,.

To study the effect of relative humidity, numerical simulations under different relative
humidity values ranging from 50% to 100% for both reactant gases are implemented and
their polarization curves are given in Figure 3.21. It clearly shows that as the relative
humidity decreases, the slope of the polarization curve is steeper, demonstrating the cell
performance decline. Consequently, at lower RHs, fuel cell can not work towards a higher

current density.
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Figure 3.21 Polarization curves corresponding to different relative humidity

Figure 3.22 and Figure 3.23 illustrate the water content and membrane potential loss at a

cell voltage of 0.6V for RH at 50% and 80%,

seen that the water content decreases and the

respectively. At this cell voltage, it is easily

membrane-phase potential loss increases in

response to the reduction of RH. Consistently, a re-visit can be paid to Figure 3.21, on which

the average current density goes up from 0.2444 A/cm® to0 0.3491 A/cm® when the RH is

increasing from 50% to 80%. This suggests that maintaining the reactant gases as fully

humidified as possible may help reduce the membrane-phase potential loss and increase the

current density.
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Figure 3.22 Water content and membrane-phase potential loss at cell voltage 0.6V and 50% RH
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Figure 3.23 Water content and membrane-phase potential loss at cell voltage 0.6V and 80% RH
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3.4.2. Effect of Operating Pressure Loading

A fuel cell may be operated at ambient pressure or using pressurized gas supplies.
Pressure is another operating parameter that plays an important role in the cell performance.
The change in the operating pressure may impact many other operational parameters such as
the inlet reactant gas compositions, the exchange current density, and the binary diffusion
coefficients.

In this parametric study, the cell operating temperature is kept at 333K and the inlet
reactant gases remain fully humidified, while the three different pairs of operating pressure
conditions are tested: 1atm at the anode side and 1atm at the cathode side, denoted by P(1-1);

latm at the anode side and 3atm at the cathode side, denoted by P(1-3); and 3atm at the

—a— P(3,5)atm
—=— P(1,3)atm
—e— P(1,1)atm

0.0 0.2 o4  oe o8 1.0
Current density(A/cm?)

Figure 3.24 Cell performance at different operating pressure loading
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anode side and 5atm at the cathode side, denoted by P(3-5). The resulting polarization curves
are grouped in Figure 3.24. In general, as the operating pressure rises, the fuel cell
performance improves. This performance change was also observed in the experimental
study reported by Wang et al.[36]. On the contrary, it is easily noticed that a serious
limitation of current density arises when the fuel cell works under the ambient pressure at
both sides.

Figure 3.25 demonstrates the oxygen mole fraction distribution under different operating
conditions at the 0.6V cell voltage. The mole fraction of oxygen increases under higher
operating pressures. Therefore, when highly pressurized oxygen and hydrogen are supplied

more reactant gases can be provided to the electrochemical reaction, resulting in a better cell

performance.
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Figure 3.25 Oxygen mole fraction distribution under different operating pressure conditions at the
cell voltage 0.6V
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3.4.3. Effect of Operating Temperature

Temperature change influences all transport phenomena and, in particular, the
electrochemical kinetics inside the fuel cell. In this study, operating temperatures vary from
333K to 353K. The change in temperature will cause in turn the changes in the exchange
current density, the proton conductivity, and the gas diffusion coefficients, which can be
calculated using Egs. (2.27), (2.28), (2.81), and (2.5), respectively.

Figure 3.26 compares the polarization curves of the cell at the three different operating
temperatures. An improved cell performance can be seen with elevated temperature. This is
in agreement with the experimental parametric study [36]. However, the gain is larger in the
ohmic loss region (the middle interval of the current density) than the activation

overpotential loss region (the starting interval of the current density). This observation could

A— T=353K
—@®— T=343K
—a— T=333K

0.0 ) 0.2 ) 014 016 ) 0.8
Current density (A/cm?)

Figure 3.26 Effect of temperature on fuel cell performance
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be explained by the increase in gas diffusivity and membrane conductivity at higher

temperature.
3.4.4. Effect of GDL Porosity

The porosity of GDL can impact the fuel cell performance in two approaches. First, the
porosity of GDL has effect on the mass transport of reactant gases from the channel towards
the catalyst layers. Higher volume porosity provides a positive effect on mass transport,
especially on oxygen mass transport under a higher current density. In the present model, the
porosity affects the gas diffusion coefficients through the Bruggemann correction expressed
by Eq. (2.18). Second, the porosity has a side effect on electron conduction, since the solid
matrix of the GDL provide the pathways for electron transport and the higher porosity
increases resistance to the electron transport in GDL [27]. Here, this effect is not discussed in
details due to lack of experimental data.

Figure 3.27 demonstrates the oxygen mole fraction distribution inside at the cathode side
with different porosities of GDL, while Figure 3.28 focuses on this reactant distribution
inside the cathodic catalyst layer only. It is clearly observed that more oxygen molecules
diffuse across the GDL to reach the catalyst layer in the fuel cell with a GDL at the higher
porosity, allowing for a more complete electrochemical reaction. On the contrary, for a fuel
cell with GDLs at lower porosity, it becomes more difficult for oxygen to diffuse across the

GDL; consequently, only an insufficient amount of oxygen can reach the catalyst layer and
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then is consumed by the electrochemical reaction.
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Figure 3.27 Oxygen mole fraction distribution inside fuel cells with different GDL porosities:

£ = 0.17 (upper) and £, = 0.4 (lower) at cell voltage 0.4V
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The effects of GDL porosity on the fuel cell performance are shown in Figure 3.29 using
polarization curves. It is evident that the fuel cell with a higher GDL porosity enlarges the

limitation of current density though diffusing more reactant gases towards the reactive areas.
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Figure 3.29 Effect of GDL porosity on fuel cell performance

3.4.5. Effect of Proton Conductivity

The proton conductivity is the most important electrolyte property and plays the most

important role of in the membrane used for a PEM fuel cell. Although water and proton

transport in the polymer electrolyte occurs concurrently, a simple effect of proton

conductivity is studied assuming the proton conductivity to be constant inside MEA.

{1 o

The polarization curves, corresponding to two constant proton conductivities, 10
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Q'm™" and 14 Q'm™', and a varying proton conductivity based on Eq. (2.81), are plotted
in Figure 3.30. Obviously, the fuel cell performs better at higher proton conductivity. The
gain in performance is larger in the ohmic loss region rather than in the activation

overpotential loss region.
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Figure 3.30 Effect of proton conductivity on fuel cell performance
Because of the ohmc resistance, there is a potential loss inside the MEA from the anode
catalyst layer/diffuser interface to the cathode catalyst layer/diffuser interface. Figure 3.31
shows the membrane-phase potential loss in membrane for two proton conductivities at 10
S/m to 14 S/m, respectively. As the proton conductivity increases from 10 S/m to 14 S/m, the
membrane-phase potential loss is reduced from 0.172V to 0.153V, which indicates that

higher proton conductivity can reduce the proton resistance in the membrane.
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Figure 3.31 Membrane-phase potential loss for different proton conductivities:

10 S/m (upper) and 14 S/m (lower) at cell voltage 0.6V
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Chapter 4. Evaluation of Two Flow Field Designs

4.1. Introduction

In a PEM fuel cell, the limiting current density and, thus, the maximum power are often
determined by the mass transport rates of the reactants to the reactant sites and mass transport
resistance due to the liquid water existing in the cathode, especially when air is used as an
oxidant. At a high current density, the excessive water, generated by the electrochemical
reaction and accumulated due to the electro-osmotic drag, could even submerge the catalyst
particles, resulting in great reduction of the effective reaction surface. As reported by Yi and
Nguyen [38], when a fuel cell accumulates too much water at high current densities, about a
third of the electrodes surface area is not utilized.

To solve this problem, new flow field designs have been developed. One of them is
called interdigitated flow field, which consists of inlet and outlet dead-end gas channels that
force the reactant gases to diffuse through the porous electrodes for exit. This design in effect
has converted the transport of reactant/product gases to/from the catalyst layers from a
diffusion rhechanism to a convection mechanism. Since convection is much faster than
diffusion, the reaction rates at the catalyst sites can be significantly enhanced if using the
interdigitated flow field design. Furthermore, the shear force of this gas flow helps remove
most of the liquid water that is entrapped in the inner layers of the GDL, therefore,

significantly reducing the electrode flooding possibility.
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The objective of the study in this chapter is to develop a mathematical model in the y-z |
plane (refer to Fig.2.1 for the coordinate system employed throughout this study) for PEM
fuel cells with different flow field designs so as to evaluate the cell performances
corresponding to both interdigitated and conventional flow field designs. On the other hand,
detailed physical phenomena in the y-z plane for the PEM fuel cell with the conventional
flow field can also be investigated to complement the numerical simulations only in the x-y

plane that have been presented in Chapter 3.
4.2. Modeling Domain and Geometry

Figure 4.1 depicts the schematic drawings in the y-z plane for two PEM fuel cells with
conventional (parallel) and interdigitated flow field designs, respectively. As depicted in
Figure 4.1(a), in the cathodic gas channel of a parallel flow field, air flows parallelly towards
the GDL. The predominant mechanism of oxygen transport towards the catalyst layer is
diffusion as presented in the previous chapter. In the interdigitated flow field shown in
Figure 4.1(b), flow channels are dead-ended, forcing the air to flow through the porous GDL.
The diffusive mass transport mechanism is now changed to a forced convective mass

transport in the interdigitated flow field design.
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Figure 4.1 Schematic diagram of PEM fuel cell with conventional
flow field (a) and interdigitated flow field (b)

In Chapter 2, the two-dimensional model of a PEM fuel cell in the x-y plane is
comprised of the anode/cathode gas channels, GDLs, catalyst layers and membrane. In the
y-z plane, additional components, the current plate/current collectors, are involved in the
two-dimensional model, while the anode/cathode gas channels may be extracted from the
computational domains since the cross flow within the channels is insignificant. Hence, in
the two-dimensional model of a PEM fuel cell in the y-z plane, there are seven

computational subdomains including the anode/cathode current plates, GDLs, catalyst layers,

90



Chapter 4 — Evaluation of Two Flow Field Designs

and membrane, as shown in Figure 4.2.
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Figure 4.2 Schematic diagram of computation model of a PEM fuel cell in y-z plane

4.3. Governing Equations

In the y-z plane, the governing equations corresponding to different computational
domains are mostly similar to those presented in Chapter 2 except for two aspects that are
presented here in alternative approaches. First since the gas channels, in which the flow
fields were governed by the Navier-Stokes equations, are not involved in the y-z plane model,
Darcy’s law can be chosen for the GDLs to replace the Navier-Stokes flow modele. Secondly,

the solid-phase potential equations accounting for the electron transport in the current plates
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have to be added:
V(05 V) =0 (4.1)
where o7, is the electrical conductivity of current plates. In the present model, the value

pi

e
Of O-plate

is assumed to be 20000 S/m [27].

4.4. Boundary Conditions

The governing equations are identical for both conventional and interdigitated flow field
designs. The difference exists in boundary conditions for the interfaces between the gas
channels and the GDLs. Note that the cross section at the inlet, i.e., x = 0, is selected to
simulate transport phenomena in the y-z plane of a PEM fuel cell, and all additional

boundaries are demonstrated and numbered in Figure 4.2.
4.4.1. Conventional Flow Field Design

Most boundary conditions are the same as described in section 0, except the following:
44.1.1 Darcy’s Law
As Darcy’s law is used within the entire GDL-catalyst layers-membrane domain, the
pressure boundary values are prescribed at the operating pressures for the interfaces between
the gas channels and GDLs for both anode and cathode sides. That is:
at Boundaries #1,#9: pP=p, “4.2)

at Boundaries #1', #9', P=p, 4.3)
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where p is the local pressure, p, and p, are the operating pressures at the anode and
cathode sides, respectively.

4.4.1.2 Species Equations

Similar to Darcy’s law, for the anodic and cathodic interfaces between the gas channels
and GDLs, i.e., boundaries #1,#1', #9, and #9' (refer to Figure 4.2 ), each of the mass
fractions of H,, O, and (H,0) ¢ 18 prescribed using a constant inlet value.

44.1.3 Solid-Phase Potential Equation

To account for electron transport in current plates, the value of solid-phase potential
along the anode current plate edge, i.c., B(;undary #5, 1s assumed to be 0, while the value of
the cell voltage is prescribed along the cathode current plate edge, i.e., Boundary #5'.
Homogeneous Neumann boundary conditions are applied at other boundaries, i.e.,
Boundaries #1,#2#3 #4.#6,#7#8,#9 and Boundaries #1'#2'#3'#4', #6'#7 #8'#9' to

represent that no electron current passes through the boundaries.
4.4.2. Interdigitated Flow Field Design

In contrast with the conventional flow field design, the different boundary conditions for
the interdigitated flow field design are stated as follows:
44.2.1 Darcy’s Law
According to [40], the pressure drops across a 1 mm shoulder of a current plate were

measured at 2.4kPa for the anode side and 1.4kPa for the cathode side. These small pressure
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drops are attributed to the highly porous structure of the diffusion layer. Therefore, the

pressure boundary values at the exits are different from the value at the entrances:

at Boundary #1: ~ pP=p, 4.4)
at Boundary #9: p=p,—2.4kPa 4.5)
at Boundary #1": pP=p, (4.6)
at Boundary #9": p=p,—1.4kPa 4.7

4.4.2.2 Species Equations
Different from the conventional flow field design, the fully developed conditions are
applied to the mass fraction at the exit interfaces between the gaé channels and GDLs, i.e. the
gradient of each species mass fraction is zero along Boundary #9 and #9'. While the inlet
values of mass fraction are prescribed at the entrance interfaces, Boundary #1 and #1'.
44.2.3 Energy Equation
The different constant temperature values are prescribed at the entrance interfaces
between the gas channels and GDLs, i.e. Boundaries #1 and #1'. The homogeneous
Neumann boundary conditions are applied along the exit interfaces, i.e., Boundaries #9 and

#9'.
4.5. Results and Discussions

In accordance with the simulations in the x-y plane, the results presented below are

obtained using the parameters and base conditions described in Chapter 2 if not otherwise
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specified in the previous section. This will allow for discussions of the numerical results
obtained here in the y-z plane in conjunction with those obtained in the x-y plane from the

previous chapter.

4.5.1. Flow Structures

Figure 4.3 demonstrates the pressure distribution within the anodic GDL for
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Figure 4.3 Pressure distribution in the y-z plane of the GDL of a PEM fuel cell with
interdigitated flow field design (Refer to Figure 4.2 for coordinate system)

interdigitated flow field. It is noticed that the pressure drops much more evidently in the

z-direction than in the y-direction.
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Figure 4.4 illustrates two-dimensional flow fields in the anode/cathode GDLs in the y-z
plane for both conventional and interdigitated flow channel patterns. It can be clearly
observed that the magnitude of velocity in the interdigitated flow field is larger than that in
the conventional flow field. As supported by the pressure-drop profiles, in the interdigitated

flow field, the velocities are highest near the entrance/plate and exit/plate comers because the

velocity vectars in the GDL with conventional flow
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Figure 4.4 Velocity distribution in the GDL for PEM fuel cells with conventional flow field design (top)
and interdigitated flow field design (lower) (Refer to Figure 4.2 for coordinate system)

flow is induced by the pressure driving force. The y-direction velocity components are
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smaller than those in the z-direction. This forced convection mechanism in the GDLs
enhances the mass transport near the reaction surface and thus improves the cell performance

as shown in subsequent sections.

4.5.2. Oxygen Distribution

Figure 4.5 shows the oxygen mole fraction contours in the y-z plane for PEM fuel cells
with both conventional and interdigitated flow field designs. For the conventional flow field,

since diffusion is the only mass transport mechanism, the oxygen decreases linearly in the
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Figure 4.5 Oxygen mole fraction in y-z plane for cell voltage 0.7V: conventional flow field (top) and
interdigitated flow field (bottom) (Refer to Figure 4.2 for coordinate system)

direction toward the reaction surface and the profile is symmetrical about its vertical central

line due to the symmetrical geometry and flow employed. Furthermore, as expected, due to
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the presence of the current plate in the gas channel, there exits a concentraiion gradient in the
z-direction within the GDL and catalyst layer, which could not be observed in the x-y plane
simulation results, and low oxygen concentrations can be obtained at the location far from
the entrances. In the interdigitated flow, where the air is forced to enter the GDL through
Boundary #1' (see Fig. 4.2) and then leave the GDL through Boundary #9' (see Fig. 4.2), the
resulting oxygen distribution shown on the bottom of Figure 4.5 is very diﬁ’erent from the
case of the conventional flow field design shown on the top of Figure 4.5. A higher oxygen
concentration is observed near the air entrance; however, the lowest is close to the dead end.
Hence, the oxygen mole fraction becomes larger in the region underneath the current plate
due to enhanced mass transport by forced convection. In addition, the mole fraction at the air
outlet is smaller than in the conventional flow case, indicating an increased consumption of

the oxygen due to improvements in the oxygen distribution over the reacting region.
4.5.3. Temperature Distribution

Figure 4.6 illustrates the temperature distribution in the y-z plane for PEM fuel cells
with both conventional and interdigitated flow field designs. As a medium of cooling, current
plates make the temperature gradient along the z-direction, which can not be observed in the
x-y plane simulation results. Also, the peaks of temperature are observed within the cathode
catalyst layer. It can be clearly seen that the temperature distribution in the conventional flow

flied design is symmetric about its vertical central line due to the symmetry of flow field. For
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Figure 4.6 Temperature distribution in y-z plane for cell voltage 0.7V: conventional flow field (top) and

interdigitated flow field (bottom) (Refer to Figure 4.2 for coordinate system)

the interdigitated flow field design, the highest temperature is asymmetrically obtained only

in the inlet-side cathode catalyst layer, and the temperature in the GDLs is not very low

because the forced convection helps heat transfer in the GDLs.

4.5.4. Potential Distribution
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Protons generated within the anode catalyst layer pass through the membrane and are
consumed inside the cathode catalyst layer. Figure 4.7 shows the membrane-phase potential
distribution in the y-z plane for both conventional and interdigitated flow fields. As the
membrane-phase potential drops from the anode side to the cathode side, a larger gradient of
membrane-phase potential can be seen in the region underneath the current plate in the

conventional flow field design. For the interdigitated flow field design, there exists a lower
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Figure 4.7 Membrane-phase potential within MEA for cell voltage 0.7V: conventional flow field (top)
and interdigitated flow field (bottom) (Refer to Figure 4.2 for coordinate system)

membrane-phase potential loss near the outlet region due to weak electrochemical reaction

on the site.
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Unlike the 2D simulations in the x-y plane, the solid-phase potential directly related to
the electron flow can be detailed in the y-z plane simulation. The electron flow direction is
perpendicular to the solid-phase potential contours, and the magnitude is proportional to the
gradient of the solid-phase potential. Figure 4.8 and Figure 4.9 demonstrate the solid-phase
potential distribution within catalyst layer, GDL, and current plate across the y-z plane for
the conventional and interdigitated flow field designs, respectively. At the anode side (tops),
electrons generated within the catalyst layer pass through GDL, and are collected through the

current plate. At the cathode side (bottoms), electrons enter the cathode via the current plate,
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Figure 4.8 Solid-phase potential within the fuel cell with the conventional flow field at cell voltage 0.7V,
(top) at anode side and (bottom) at cathode side (Refer to Figure 4.2 for coordinate system)
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and are consumed within the catalyst layer by electrochemical reaction.

In general, at the anode side the solid-phase potential drops from the plate to the GDL
(see the top of Fig. 4.8 and Fig. 4.9), while at the cathode side from the plate to the GDL an
increase of this potential can be clearly noticed (see the bottom of Fig. 4.8 and Fig. 4.9).The
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Figure 4.9 Solid-phase potential within the fuel cell with the interdigitated flow field at cell voltage
0.7V, (top) at anode side and (bottom) at cathode side (Refer to Figure 4.2 for coordinate system)

pattern of the change in solid-phase potential appears radial for both sides, which indicates

the direction of the electron flow. These observations reveal that, on the anode side, the
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electron current starts from the anode catalyst layer; gathers towards the anode current
collector, passes through an external circuit to the cathode, gathers again in the cathode
current plate, then heads fof the cathode catalyst layer and gets consumed in the
electrochemical reaction. In the conventional flow field design, the symmetry about its
vertical central line can be easily seen in the solid-phase potential distribution, i.e., electron
flow in symmetrical path. For the interdigitated flow field, higher solid-phase potential losses
and more contours are observed near the inlet region, which implies that there exist stronger

electron flows and electrochemical reaction in this region.

4.5.5. Cell performance

The comparison of polarization curves for conventional and interdigitated flow field
designs is illustrated in Figure 4.10. The corresponding power density curves are shown in
Figure 4.11. It is obvious that the interdigitated flow field design outperforms the
conventional one, especially at high current densities. The limiting current density and
maximum power for a fuel cell with an interdigitated flow field design are improved

compared to the fuel cell with the conventional flow field design.
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Figure 410 Comparison of performance of fuel cell with conventional and interdigitated flow
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Figure 4.11  Power density curves of fuel cells with conventional and interdigitated flow
field designs

As mentioned before, a higher rate of oxygen transport is required to produce high

current densities, which can not be fulfilled by the conventional flow field design due to

diffusion limitations. To demonstrate the limitation of mass transport, Figure 4.12 shows
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oxygen mole fraction distribution inside the cathode catalyst layer at low cell voltage 0.3V,
corresponding to a high current density. In the conventional flow field, the transport of
oxygen to the reactive sites in the porous GDL is totally achieved by diffusion and the
maximum oxygen mole fraction inside the cathode catalyst layer is 0.0245. However, by
switching from a diffusion-driven to a convection-and-diffusion-driven mass transport
process, the interdigitated flow field can provide a higher rate of oxygen transport and, thus
further enhance the cathodic electrochemical reaction rate. It is noticed that more oxygen
reaches the cathode catalyst layer as the maximum oxygen mole fraction inside the reactive

sites is 0.0454 for the interdigitated flow field design.
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Figure 4.12 Oxygen mole fraction distribution inside cathode catalyst layer at cell voltage 0.3V
for conventional (top) and intertditated (bottom) flow field designs
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- Chapter 5. Conclusions and Outlook

5.1. Conclusions

A two-dimensional non-isothermal model for PEM fuel cells with both conventional and
interdigitated flow field design has been developed. Utilizing the CFD methods, the
simulation based on this model provides valuable information about the transport phenomena
inside the PEM fuel cell such as the flow field, reactant gases distribution, temperature
distribution, water content distribution, as well as the membrane-phase and ~solid-phase
potential distributions. A parametrie study is also performed that reveals the effect of various
operation and property parameters on the fuel cell performance. Also, the model can be
slightly modified to simulate various transport process within a cross section of the fuel cell.
Along this new investigation direction, the superiority of the interdigitated flow field design
is demonstrated over the conventional one. Good overall agreement is achieved when
comparing numerical results based on the model presented here and the available

- experimentally obtained data.
5.2. Contributions

The key contributions in this study are summarized below
i. Improving a single-phase non-isothermal two-dimensional PEM fuel cell model. The

model that has been described in Chapter 2 was based on the work by Dr. J. Cao and Dr.
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N. Djilali [28]. During this thesis work, this model has been refined by:

e Treating the catalyst layers as independent computation domains instead of nil
thickness interfaces;

¢ Incorporating the electrochemical reaction kinetics within the catalyst layers ;n finite
thickness into the fuel cell model,;

e Adding the solid-phase potential equations for electron transport in the bipolar plates,
GDLs, and catalyst layers;

e Accounting for the electronic resistant in the GDLs and bipolar plates.

ii. Implementing the voltage-to-current algorithm. This approach is capable of predicting
the accurate current density through the coupling of varying activation overpotential and
local reactant concentrations.

iii. Evaluating the superiority of the PEM fuel cells with interdigitated flow field design

over the conventional (parallel) one.

5.3. Recommendations

Though the model presented in this thesis is capable of investigating various transport
phenomena, leading to the numerically predicted fuel cell performance in good agreement
with experimental results, some extensions of this thesis work are recommended in order to
enhance the present model towards a more accurate and complete representation of all major

physically realistic phenomena in PEM fuel cells.
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i. Expand the present two-dimensional model to a comprehensive three-dimensional
model that can account for 3D effects by using a similar approach to the one presented
in this work.

ii. Develop a two-phase model to investigate the mechanism of phase change in the porous
layers and possible effects of the phase change on the porosity of the GDL. At higher
current densities, liquid water as the by-product of the electrochemical reaction must be
transported through GDL to the channel outlet; some water may plug the pores and thus
decrease the porosity of the GDL during its transport through the GDL, altering the
performance of the cell. These phenomena cannot be revealed through numerical
simulation unless a phase change model is well established and successfully
incorporated into the PEM fuel cell model.

iii. Develop a dynamic model. In the present work, the steady-state behavior of the fuel cell
is captured by estimating the equilibrium voltage for a particular set of operating
conditions. In practical appiications of a fuel cell for a dynamic system, such as a power
system, the investigation of crucial transient dynamic mechanisms will rely on a
dynamic model.

iv. Explore some strategies to predict the performance of an industrial-scale fuel cell stack.
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