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Abstract

A comprehensive non-isothermal, three-dimensional computational model of a proton
exchange membrane (PEM) fuel cell has been developed. The model incorporates a
straight channel fuel cell with the membrane-electrode-assembly, gas distribution flow
channels and bipolar-plates. The model is implemented into a computational fluid
dynamic (CFD) code, and deals with important transport phenomena taking place in
the fuel cell. One of the powerful features of the implementation is parallel processing,
which allows practical simulations for large computational domains. The model solves
the convective and diffusive transport and allows prediction of the concentration of the
species present. A distributed heat generation in both the cathode and the anode is
also included in the model. The Butler-Volmer equation is used to calculate the local
current density at both the cathode and at the anode. The transport of electrons in
the gas diffusion electrodes is solved. In contrast to most published models, this model
accounts for a distributed overpotential at the cathodic catalyst layer. This makes
it possible to address the current density dependency on concentration of reactants
and activation overpotential. The model shows that the local current density profile
is dependent on activation overpotential and the ohmic losses in the gas diffusion
electrodes. The validity of using a polarisation curve in order to verify a fuel cell

model is also addressed.
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Background

Proton-Exchange Membrane (PEM) technology is favourably positioned for successful
entry into a broad range of energy market services including transport, portable
devices, stationary and residential power generation.

Increased awareness of environmental problems caused by combustion of hydrocar-
bon fuels, especially the emission of COs, has led to an increased interest in fuel cells.
Perhaps one of the most important concrete initiatives is the zero emission vehicle
(ZEV) program adopted by the California Air Resources Board (ARB) in 1990. The
fact that several other states also have opted to follow California’s pollution rules
[1], put huge pressure on the automobile industry to increase their efforts towards
developing fuel cell technology.

Fuel cells are electrochemical devices that allow the chemical energy of the fuel
to be converted into electrical power without direct combustion as an intermediary.
Fuel cells are similar to batteries, but do not store chemical energy like a battery, and
instead operate continuously as long as they are provided with reactant gases.

A Proton Exchange Membrane Fuel Cell consists of a Membrane-Electrode Assem-
bly (MEA) sandwiched between collector plates in which are machined serpentine flow
channels that distribute reactants and transport products. Several coupled fluid flow,
heat and mass transport processes occur in a fuel cell. Optimal operation requires
good understanding and control of the transport processes (fluid flow, heat and mass
transport, phase change and electrochemistry). A fuel cell system usually includes
various components (e.g. heat and water management), and better understanding of

the fundamental processes in a fuel cell will lead to a shorter design cycle.
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Short literature review with comments on work that is to be

done

While progress in recent years has led to tremendous increase in power densities,
reliability and overall performance, the underlying physics of the transport processes
in a fuel cell (fluid flow, heat and mass transport, and electrochemistry) are poorly
understood leaving room for optimisation. The development of physically representa-
tive models that allow reliable simulation of the processes under realistic conditions
is essential to the development of better fuel cells that have optimised performance
and that can be manufactured using cheaper materials and techniques.

In a fuel cell it is often very difficult perform measurements without interfering
with the operation of the cell. For that reason much effort has been devoted to mod-
elling. Fuel cell modelling has been used extensively to provide insightful information
about fuel cell performance in order to understand the mechanisms within the cell.
The models that were used in the early 1990s were generally one-dimensional in na-
ture, often focusing on a small part of the cell and neglecting both heat transfer and
convective transport in the flow channels. In the late 1990s the models became more
complex and researchers began to apply Computational Fluid Dynamics (CFD) in
their fuel cell modelling [2]. The recent use of CFD has allowed the development of
increasingly realistic computational models, accounting for fluid, thermal and elec-
trochemical transport, and also including flow channels and cooling channels.

In 1991, Bernardi and Verbrugge [3], published an isothermal one-dimensional
model of an ion-exchange membrane attached to a gas-fed porous oxygen electrode.
A year later they published a one-dimensional isothermal model including both anode
and cathode side [4]. Their models provided valuable information about the physics
of electrochemical reactions and transport phenomena.

Springer and his colleagues at the Los Alamos National Laboratory have con-
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tributed significantly through several publications to the understanding of the mech-
anisms in a PEM fuel cell [5]. An early study, Springer et al. 1991 [6], developed an
isothermal one-dimensional model, the first to account for a partially dehumidified
membrane. This was done by using experimentally determined parameters. Still,
this model is widely used when partial humidification of the membrane is taken into
account [2].

As a first stage a simplified membrane model will be used in this project. De-
pending on the progress of the work, a model based on the work by Springer et al.
[6] or a model similar to the one used by Berning [2] will be implemented.

Fuller and Newman [7] were the first to publish a model that presents a quasi
two-dimensional model of a membrane-electrode assembly. Their model accounted
for thermal effects and was based on concentrated solution theory. The model solved
transport in the cell one-dimensionally at different points and integrated the solution
down the channel.

A two dimensional, steady state, heat and mass transfer model with flow channels
was presented in 1993 by Nguyen and White [8]. They studied the effects of various
forms of gas humidification on water management and cell performance. The model
used, a simplified membrane-electrode assembly. In 1998, Yi and Nguyen published
a refined version of the previous model [9]. The model included convective water
transport across the membrane driven by pressure gradients. In addition, temperature
distribution in the solid phase along the flow channel, and heat removal by natural
convection and coflow or counterflow heat exchangers were also accounted for.

The first model that used computational fluid dynamics was developed by Gurau
et al. [10] in 1998. This model was a two-dimensional, steady state model of a
whole fuel cell with flow channels. Gas and liquid phases were considered in separate
computational domains meaning that the interaction between the two phases was

unaccounted for.
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In 2000 the first fully three-dimensional model was presented by Dutta and his
colleagues [11]. The isothermal, single-phase, mass transfer model was implemented
in the commercial code Fluent. A year later the same group published a three-
dimensional, steady state, single-phase, multi-species, isothermal mass transfer model
of a whole cell with a serpentine flow channel. Except for the isothermal mass transfer
and the uniform grid, this model is similar to the one that will be developed in this
project. The proposed work will also involve implementing a non-constant overpoten-
tial at the cathode. Because of the complicated transport process at the cathode side
of the fuel cell, the overpotential is expected to be non-uniform. This will effect the
operation of the cell. At the anode side the transport process is less complex since
there are fewer species present. This leads to a much more uniform overpotential.
For that reason a constant overpotential will be assumed.

A non-isothermal three-dimensional computational model accounting for two-
phase flow and phase change of water inside the gas diffusion layer was developed
by Berning in 2002 [12] [2].

Depending on the time spent on developing a one-phase model, the proposed work
might be expanded to include implementation of a two-phase model. The implemen-
tation of a good membrane model is highly related to the water management in the
cell, which can only fully be understood by taking account of the phase change in the
cell.

Another interesting topic that might be investigated further if time permits, is
a sensitivity analysis of the fuel cell model. The parameters that govern transport
in all applications are known only to a certain level of accuracy. Assessing the flow,
thermal or electrochemical response to these uncertainties is very important in order
to make a good design [13][14].

There also some issues related to the fuel used in the cell that should be more

thoroughly studied. If the hydrogen used comes from a fuel reforming system, it will
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normally contain some carbon monoxide. Even small amounts of carbon monoxide
have a great affect on the anode. Carbon monoxide occupies platinum catalyst sites,
preventing hydrogen fuel from reacting [15]. The effect of carbon monoxide poisoning

would also be very interesting to include in the model if the time permits.

Objective of Thesis

This thesis will continue the work started in the project [16] conducted at the Insti-
tute for Integrated Energy Systems (IESVic) at the University of Victoria in the fall
2002. In the project [16] the background for building a Polymer Electrolyte Mem-
brane (PEM) fuel cell model was investigated. A basic test model of fuel cell was
implemented in FLUENT 6.0. The proposed project will complete the work to de-
velop a single-phase three-dimensional model of a complete fuel cell with serpentine
flow channels.

As a first stage, only a single-phase model will be investigated. A single-phase
model will only be adequate for small current densities. At higher current densities
a two-phase model will be necessary [17]. The transport processes becomes much
more complex due to the coupled flow of liquid water and gas in the porous media.
However, a single-phase model will give a good indication of the water fluxes and the
saturation pressure will indicate where liquid water is formed.

The goal of the model is to provide information which is not measurable, and
thereby increase the understanding of the processes taking place in the cell. A compu-
tation model would be an important design tool for rapid parametric studies, analysis
and optimisation. The results will be compared with results either from a fuel cell in
the laboratory at the University of Victoria or results provided by Ballard?™. If the
time permits, a parametric study of the fuel cell will also be preformed.

It is expected that in addition to the thesis submitted at NTNU, the work will



result in a paper to be presented at an appropriate conference and at least one paper

to be submitted to an appropriate journal.

Supervisors: Prof. O. Melhus and Dr. N. Djilali
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Chapter 1

Introduction

Fuel Cells are electrochemical devices that allow the chemical energy of the fuel to
be converted into electrical power without direct combustion as a intermediary. Fuel
cells are similar to batteries, but do not store chemical energy like a battery does,

but rather operate continuously as long as they are provided with reactant gases.

Contrary to popular opinion, fuel cell technology is not a new invention. The first
demonstration of the fuel cell operating principle was performed by William Grove
in 1839 [15]. In contrast, N. A. Otto built a successful four-stroke engine in 1876,
using the cycle proposed by Beau de Rochas in 1862 [21], a development which led

to today’s internal combustion engine.

However, even though fuel cells are not a new invention, the processes taking place

inside the fuel cell are not fully understood.
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1.1 Scope of the Thesis

The scope of this thesis has been slightly altered since the proposal was written.
In the process of developing the fuel cell model, novel results were obtained and
deemed sufficiently interesting to warrant further investigation. That research was
conducted at the expense of developing a complete fuel cell with serpentine flow
channels. Instead, the effect of variable overpotential has been throughly studied.
Much effort has also been devoted to designing the code for parallel processing, which

makes the model an effective design tool that can provided good results faster.

The results obtained from the model have been compared to experimental data
provided by H. Lui et al. [22], and not with results from a fuel cell in the laboratory

dTM

at the University of Victoria or results provided by Ballar as indicated in the

proposal.

Due to time limitations neither implementation of a two-phase model, sensitivity
analysis nor carbon monoxide poisoning has been implemented, but the following

have been achieved:

A comprehensive PEM fuel cell model was implemented from scratch in Fluent

e The model includes: convective and diffusive transport of species, heat transfer,
distributed heat generation, calculation of half cell potentials, electrochemical
reactions determined by Butler-Volmer equation, transport of electrons through
the gas diffusion electrodes, distributed overpotential at the cathode, potential

profile and water transport through the membrane
e The model was parallelised

e The capabilities of the model were demonstrated by comparison with available

experimental data
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e The model was applied to perform some parametric studies and to investigate

fundamental aspects of the transport processes in the gas diffusion electrodes.

1.2 Thesis Layout

This thesis is comprised of 5 chapters. Chapter 1 introduces the problem being stud-
ied, the associated motivation and the scope of the thesis. This chapter is condensed
down to a minimum since the content was throughly presented in the project [16],
which was conducted at University of Victoria, Institute for Integrated Energy Sys-

tems, in partial fulfilment of the requirements for the degree in Master of Science.

Chapter 2 presents the theory and the equations used in the model. Also, some
of the contents in this chapter were presented in the project [16], but there has been
several changes so a complete presentation of the model was required. The first part of
the chapter describes the physics of the one-phase, three-dimensional, non-isothermal
model with variable overpotential at the cathodic catalyst layer and distributed heat
generation. Validation of the fluid flow is not included since this was discussed in the

project [16]. Finally, the computation procedure is briefly presented.

Chapter 3 and 4 is dedicated to the study of a straight channel fuel cell test
case. In chapter 3 the modelling parameters and a grid study are presented. Chapter
4 presents a verification of the fuel cell model developed. There are no straight
forward ways of verifying a fuel cell model. Usually a polarisation curve is used in
order to compare results from a model with experimental results. This is not a good
way of verifying the model, so further analysis has been preformed. However, the
results provided by this model have been compared with experimentally determined

polarisation data provided by H. Liu and his group at University of Miami [22].

Finally, chapter 5 summarises the conclusions and observations from the numerical
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simulations.

1.3 Basic Principles of a Proton Exchange Mem-

brane Fuel Cell [16]

In a fuel cell, hydrogen and oxygen are reacted, and an electric current is being
produced. In order to understand how the reaction between oxygen and hydrogen can
produce electricity, the separate reactions on each electrode need to be considered.
The fuel cell consists of two electrodes, a negatively charged anode and a positive
cathode, on each side of a proton conducting membrane. The membrane serves both
as an electrolyte and as a separator between reactants on the two sides. Air or pure
oxygen is fed into the cathode channel, and hydrogen is fed into the anode channel.
Hydrogen diffuses through the diffusion layer on the anode side towards the catalyst
[16].

Hydrogen fuel

LOAD

e.g. electric
motor

Electrons flow round
the external circuit

Cathode 0, + x“ D 4HT 2H,0

Oxygen, usually from the air

Figure 1.1: Basic principle of a fuel cell [15]
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At the catalyst the hydrogen reacts according to:
H2 —)2H++26_ (11)

Each hydrogen molecule splits up into two protons (or H'-ions) and two electrons.
This reaction is slightly endothermic, but the heat production due to ohmic losses and
reaction resistance might make the anode half cell exothermic (see equation (2.32)).
The protons migrate through the membrane, and the freed electrons travel through
the conductive diffusion layer and an external circuit, in the form of direct-current
electricity. At the cathode, the oxygen diffuses through the diffusion layer, and reacts
at the catalyst layer with the electrons and the protons from the electrolyte to form

water:

1
502 +2H" +2e~ — Hy,O (1.2)

This reaction is highly exothermic, so there is a net production of heat in the fuel
cell [23]. If the two half cell reactions are combined, it can be seen that the overall

reaction for a PEM fuel cell is given by:
1

A more detailed description of the different components of the fuel cell can be found

in the project [16].
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Three-Dimensional Fuel Cell

Model

The background for building a Proton Exchange Membrane (PEM) fuel cell model
was investigated in the project [16] as described earlier. This thesis is based on that
study, so the fundamental background will not be discussed in depth here. However,
there has been some changes in the approach, so a short presentation of the equations

used will be presented in this chapter.

2.1 This Model

In this thesis a one-phase, three-dimensional, non-isothermal model is presented. This
model uses the commercial CFD package Fluent 6.1, with custom-developed user-
subroutines that take account of the physics which Fluent 6.1 is not capable of. The
Butler-Volmer equation is used to calculate the local current density at both the

cathode and anode. A variable exchange current density dependent on the local
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temperature and concentration of reactants is applied. In contrast to most published
models, this model accounts for a distributed overpotential at the cathodic catalyst
layer. This model also takes into account the convection and diffusion of different
species in the channels as well as in the porous gas diffusion layer, heat transfer in
the solids as well as the gases, electrochemical reactions and the transport of liquid
water through the membrane. The governing input parameter in this model is the
cathodic half-cell potential instead of the average current, which is used in many other

models.

2.2 Assumptions

As any other model, this one is based on several assumptions and simplifications.

The main assumptions used in this model are briefly presented in this section:

e The fuel cell operates under steady-state conditions

e The flow in the channels is laminar

e Dilute solution theory is used to determine the species diffusion
e All gases are assumed to be non-compressible ideal gases

e The model presented is a one-phase model

e All water produced in the electrochemical reactions is assumed to be in the gas

phase

e The membrane is assumed to be fully humidified so the electronic conductivity

is taken to be constant
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The membrane is considered impermeable for the the gases, so cross-over of

reactant gases can be neglected [4]

Ohmic heating in the bipolar plates and in the gas diffusion electrodes is ne-

glected due to high conductivity.

Ohmic heating is neglected in the membrane at this stage. Heat transfer in the

membrane is assumed to take place due to conduction only

Electro-neutrality prevails inside the membrane. The proton concentration in
the membrane is assumed to be constant and equal to the concentration of fixed

sulfonic acid groups
The overpotential at the anode is assumed to be constant
First order kinetics are used to calculate the exchange current density

The gas diffusion layer is assumed to be homogeneous and isotropic
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2.3 Modelling Equations

2.3.1 Flow channel

CFD codes are structured around numerical algorithms that use physical conservation
laws to solve the fluid problems. In this section the equations related to the flow

channels in the fuel cell are presented:

Continuity

The three-dimensional steady state continuity equation is given by [24]

O(pu) | O(pv)  O(pw) _
ozt oy T o =0 (2.1)

where p is the density and u, v and w are the velocities in the x, y and z direction,

respectively. The density of each specie is calculated using the following relation:

p; = Pop Mz
' RT

(2.2)

in which p,, is a constant and is equal to the anode or the cathode side pressure. M;

is the molecular weight, 7" is the temperature and R is the universal gas constant.

The density of the mixture is calculated using [19]:

(2.3)

where y; is the mass fraction of specie 3.
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Navier-Stokes

The flow field can be calculated using the steady state Navier-Stokes equations with

internal source terms [25][24]:

PPN ) S (82“+62u+82“) S
Plor TPy TP, T T TPl TR\ G2 T2 T h2) TR

ov ov Oov Op v 0%v 0w

ov  Ov ov. _ _9p gu 2.4
pum —i—pvay—|-pwa ay+pgy+u(a +62+82)+S (2.4)
ua—+ va—+ wa—w = —@%— + (82w+82 —|—82 ) S
Pl TPy TP, T Tar TP T H G2 Tz T 522 y

where p is the pressure as a function of z, y and z direction, g is the gravity, p is the

dynamic viscosity and S is the source of momentum per unit volume per unit time.

Transport equations

The steady state transport equation takes the following general form [19]:

V-(pvy;) ==V -3+ S; (2.5)

where y; is the mass fraction of specie i, j, is the diffusive mass flux vector and S; is

a source term.

Multicomponent effects are usually considered to be small in dilute solutions and
in solutions where the species are of similar size and nature [26] [27]. In order to
account for the tortuosity in the porous media in the electrodes, the dilute diffusion
model had to be used. In Fluent there is no straight forward way of taking into

account the tortuosity when the Maxwell-Stefan equations are applied.
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The diffusive mass flux vector j; can be written as [19] [16]:

N-1
Ji=—>_ pD;Vy; (2.6)

j=1
where D;; is the binary-diffusion coefficient. See reference [16] for a more detailed

description of diffusion.

The binary diffusion coefficients are dependent on temperature and pressure. They

can be calculated according to the empirical relation [26]:

T1'75(1/Mi + 1/Mj)1/2

D;; = 5
p((S0 Vi) /3 + (5, Vi) ?)

1073 (2.7)

where D;; is the binary diffusion coefficient, 7" is the temperature in Kelvin, p is the
pressure in atmospheres, M; is the molecular weight of species ¢+ and V}; is the atomic

diffusion volume. The values for )V}, is given by Cussler [26].

Energy equation

The energy equation is derived from the first law of thermodynamics, which states
that the rate of change in energy of a fluid particle equals the sum of the rate of heat
transfered to the fluid particle and the rate of work done on the particle. The steady

state energy equation can be expressed as [19]:

V- (V0B + 7)) = V (kegs VT = D bl + (regy - v)) + S (2.8)

where keyy is the effective conductivity, and j; is the diffusion flux of species j and h
is the enthalpy, 7.ss is the effective stress tensor matrix and S}, is the source term per

unit volume per unit time. However, the dissipation energy will be very low in the fuel
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cell due to low velocity laminar flow and can be omitted from the energy equation.
The first three terms on the right-hand side of equation (2.8) represent the energy

transfer due to conduction, species diffusion, and viscous dissipation, respectively.

2.3.2 Gas diffusion layers

The gas diffusion layers (also called the gas diffusion electrodes or only electrodes)
consists of carbon cloth or carbon fibre paper and can be considered as a porous
media. The gas diffusion layer serves as a current collector that connects the reaction
zone with the bipolar plates. At the same time it distributes the reactant gases to
the catalyst layer. The equations that govern the gas transport phenomena in the

diffusion layer are similar to the equations used in the channels.

Figure 2.1 shows a schematic drawing of the cathode side of the fuel cell model
[16]. The figure shows a cross-section of the geometry, with arrows indicating the

transport of reactants, electrons and products.

Bipolar plate
Flow
channel
O
| ’ Vit
<—— Current sink
\H 0 e’ e Ga s diffusion layer
LI | Catalyst layer
Current sourcej [ Mem brane
H

Figure 2.1: Schematic drawing of the cathodic side of the FC model
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Continuity in porous media

The mass conservation equation for a porous media can be expressed as:
V- (pyv) = Sm (2.9)
in which v is the porosity and S, is a mass source.

Momentum equation in porous media

Fluent 6.0 applies a superficial velocity inside the porous medium, based on the
volumetric flow rate. This superficial velocity was also used to ensure continuity of the
velocity vectors across the porous medium interface. For more accurate simulations of
porous media flows, it becomes necessary to solve for the physical velocity throughout
the flow-field, rather than the superficial velocity. Fluent 6.1 gives the possibility to
solve the transport equation in the porous media using the physical velocity. However,
the inlet mass flow is calculated from the superficial velocity and therefore the pressure
drop across the porous media will be the same whether the physical or superficial

velocity formulation is used [19].

The porous media model in Fluent is essentially nothing more than an extra
momentum sink term added to the standard fluid flow equation (see equations (2.5)

[19]). The source term consist of two loss terms, viscous and inertial:

3 3
5i=— (32 Dums + 3 Cug oy (2.10)
j=1 j=1

where S; is the source term for the momentum equation in the x, y or z direction, C'
is the inertial resistance factor matrix and D is a matrix containing the inverse of the

permeability, . Note that the inertial loss is only significant for high flow velocities,
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and is not used in this model. The momentum sink gives a pressure gradient in the
porous region. The steady state momentum equation in the porous media using the

physical velocity formulation can then be written as [19] [24]:
V- (ypvv) = =—yVp + V1 — gv + Som (2.11)

where 7 is viscous stress tensor matrix and S,,,,, 1S a momentum source.

Transport equation in porous media

The steady state species transport equation in porous media becomes:
V- (pyvy) = V- (0vDuVyi) = V - (pvDi; V) + Si (2.12)

The diffusion coefficient will be affected when the diffusion takes place in a porous
media. In order to take account of the additional drag by the irregular shape and the
actual length of the pores in comparison with a bundle of straight parallel capillaries
with constant diameter, a effective diffusion coefficient D¢// is introduced [28] [26]:

Dij

D?.ff =y
ij [ip

(2.13)

where D;; is the diffusion coefficient, v is the gas-phase porosity and p, is the tortu-
osity factor. The tortuosity factor can be divided into a factor that accounts for the

actual length of the channel ur, and a shape factor pp, (1, = pru?) [28].

Energy equation in porous media

In the porous media equation (2.8) is used to calculate the energy transport. However,

E is used as the total fluid energy.
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In Fluent the effective thermal conductivity, k.¢f, is calculated as the volume
average of the fluid conductivity and the solid conductivity (assuming thermodynamic
equilibrium) [19]:

kegr = ks + (1L =)k (2.14)

where k¢ is the thermal conductivity in the fluid phase and £, is the solid medium

thermal conductivity.

Potential

The potential distribution in the gas diffusion layer can be calculated by applying the

generic transport equation without the convective terms.

—V - (oVe) =5, (2.15)

where ¢ is the electronic conductivity. The source term, Sy, is is equal to the local
current production which is given in equation (2.19). ¢ is the potential at each

location.

2.3.3 Catalyst layer

In order to enhance the electrochemical reaction rates, a catalyst is needed. Platinum

particles are usually used as a catalyst, both at the anode and at the cathode.

Mass sources and sinks

The electrochemical half-cell reactions in the fuel cell are given in equation (1.1)

and (1.2). Based on these equations the local sinks and sources of the species can
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be determined. The local volumetric sink and source terms for the electrochemical
reactions can be given as a function of the local current density, ¢ [11]. When the
current density is given per unit volume, the hydrogen sink term becomes:

MH27Z [kg/s - m?] (2.16)

S = "5

where My, is the molar mass of hydrogen and F' is Faraday’s constant.

The oxygen sink term becomes:

_M02 )

So, = ik [kg/s-m?] (2.17)

where My, is the molar mass of oxygen.

The water source term becomes:

SH,0 = i lkg/s-m?] (2.18)

where My, is the molar mass of water. In this one-phase model, it is assumed that
all the water produced is in vapour form. The source terms presented need to be

added to both the continuity equation and the transport equation.

Current calculations

Both at the cathode and the anode, the current density is calculated using the Butler-

Volmer equation [29]:

i =it 44 =1 [exp(ﬁzl;n> —exp(— %)} (2.19)



CHAPTER 2. THREE-DIMENSIONAL FUEL CELL MODEL 17

where i is the exchange current density, n is the number of electrons per mol of
reactant, n is the local overpotential and R is the universal gas constant. [ is the
asymmetry parameter, which is experimentally found to usually be between 0.4 and

0.6 [29].

There is a constant flow of electrons to and from the electrolyte at the electrodes.
If it is assumed that the reaction takes place in one global step, the general process
can be written as:

Oz +ne” = Red (2.20)

in which “Ox” and “Red” indicates respectively oxidised and reduced species.

At equilibrium, the forward and the reverse reaction on an electrode must take
place at the same rate. In general these rates are not zero, because the rest potential,
E, corresponds to a dynamic equilibrium [29]. At rest potential, when the net current
is zero, the two partial currents (resulting from the forward and reverse processes)
must be equal in absolute value. This magnitude is often called the exchange current
density, ig [29]. The exchange current density can be considered as the current density
when the overpotential begins to move from zero. If the exchange current density is
high, the surface of the electrode is more “active”. The exchange current density can
therefor be interpreted as a measure of the activity of the electrode. The performance
of a fuel cell is dependent on the exchange current density [15]. The exchange current

density is given by [29]:

. _ . 1— B)nFE,
ip = —i (E,) =—-nFcozky -exp( - %)
. BnFE,
— it _ +
= " (E,) = nFcRedk; exp( BT ) (2.21)

where k, and k; are the electrochemical rate constants (m/s) [29], and c is the

7

concentration (mol/m?). The superscript “—” indicates transfer of electrons to the
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solution species, and “+” indicates electron transfer in the opposite direction [29].
(In equation (2.19) the actual electrode potential, E, is used in the exponent, but
since E = E, — n the exchange current density can be extracted and placed outside

the brackets).

The exchange current density is commonly calculated from the following relations
given by Bernardi et al. [4]:
For the cathode:

+

co, \ 02 [ Ch+\7

w =i ()" Ge) ™ (222)
Co, Ch+

For the anode:

— aef_ ((CHy \ "2 (CH+\m+

ip =i (22) 7 (5) (2.23)
CH2 Ch+

where ¢; is the concentration of specie 7, the superscript ref indicates a reference
state, and ~y is an empirically determined concentration parameter. For the cathode
it is found that; yo, = 1/2 and v+ = 1/2 [4]. For the anode it is found that;
Vi, = 1/4 and yg+ =2 [4].

These equations are based on the assumption of first order kinetics. This is a
simplification, both the anodic and the cathodic reactions are known to take place in
several steps and to have higher order kinetics. At this stage the relations presented
above will be used, but a further study of the electrochemical kinetics should be

performed.

In this model the concentration of protons at the catalyst surface of the anode is
assumed to be constant. The equation for the exchange current density can then be
simplified:

ig = ko (cry) "™ (2.24)

where k, is an experimentally determined constant that is dependent on the geometry
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of the catalyst layer.

At the cathode side, the proton concentration at the catalyst surface is assumed

to be constant (see section 2.3.4). Equation (2.22) is used in the following form:
i = ke (cop) 0 (cas) i+ (2.25)

where k. is an experimentally determined constant that is dependent on the geometry

of the catalyst layer.

The mass transport losses will be incorporated in the exchange current density,
because of the concentration term, and it is not needed to take additional account
for these losses. When the overpotential due to mass transport losses are high, the
concentration of reactants in the catalyst layer are low, and this results in a low local

current density.

The exchange current density is dependent on temperature and should be cor-
rected when a temperature other than the reference temperature is used. Parthasarathy
et al. (quoted by fuller et al. [7]) has provided a relationship for the temperature

dependence of the electrode kinetics of oxygen reduction:

i = to(Trer) €xp [%(Tjef B %)] (2.26)

in which AFE is the activation energy (AFE = 73.2kJ/mol).

The activation overpotential stems from losses that are caused by the slowness of
the reactions taking place on the surface of the electrode. Activation losses are the
most important irreversibility in low and medium temperature fuel cells [15]. In the
case where the electrode reaction is not fast enough to keep the system in equilibrium

at the surface, the activation overpotential needs to be taken into account. In a PEM
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fuel cell, the exchange current density is much larger at the anode side than at the

cathode side [15].

The activation overpotential at the cathode is calculated by the following expres-
sion:

Nact = By — i1 — Vies (2.27)

The overpotential must be equal to the reversible cell potential, F,., minus the desired
cathode voltage, V;.;. The overpotential consists of two parts: the ohmic losses
and the activation overpotential. When the transport equation is applied for the
electrons, the ohmic losses can be found and the remaining part will be the activation

overpotential.

The reversible cell potential, E,, can be calculated using the Nernst equation [15].

Applying Nernst equation to the cathodic half cell reaction gives (see Appendix A):

B - - ( 41,0 ) (2.28)

05.,2 .2
nk' ag, * Ayt - W,

where E° is the open circuit voltage at standard pressure and a is the activity. It is
assumed that the electrons are in their standard state and therefore that the activity

is equal to 1.

The activity of the protons in the membrane is difficult to specify. The concentra-
tion of protons is assumed to be constant in the membrane (see section 2.3.4). This
assumption will also suggest that the activity at the two half cell reaction should be
equal. Which means that the value of the proton activity will only be important to
the local heat production in the half cell reactions (see section 2.3.3), and will not

effect the cell potential because it will be cancelled out.

Bernardi and Verbrugge [4] refer to experimental measurements where the fixed-
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charge-site concentration in the membrane is found to be 1.2mol/dm?, which is almost
equal to a 1 molar solution. In “CRC Handbook of Chemistry and Physics” [30] the
activity of protons in a 1 molar sulfuric acid, H,S0,, solution at 25°C is equal
to 0.1316. Compared to other 1 molar solutions this is a very low number and is
considered to be a worst case scenario. In this model the activity of protons is

assumed to be constant and independent of the temperature.

The activity of water vapour is calculated as:

PHy0

ag,0 = (229)

pw,sat

where ppy,o is the partial pressure of water vapour and p,, sq is the saturated water

pressure.

In this model the anodic activation overpotential is assumed to be constant. How-
ever, the overpotential at the anode is much smaller than the overpotential at the
cathode, and will therefore not be of great importance [15]. Due to current con-
servation, the average current density at the anode and at the cathode need to be
equal. Hence the anodic overpotential can be found by applying an algorithm which
calculates the Butler-Volmer equation using a value for the overpotential that gives

an average current density at the anode equal to the value found at the cathode.

The total cell potential for the fuel cell is calculated in the post-processing:

Ecell = Ecathode — Eanode — Nhmem — Tlcontact (230)

where E 4 hode 1S the cathodic half cell potential (reversible cell potential, equation
(2.28), minus overpotentials at the cathode), E,po4 is the anodic half cell potential
(reversible cell potential minus overpotentials at the anode), 7men is the potential

loss in the membrane, 7c,n1qc iS the contact resistance if considered.
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Heat sources and sinks

The heat generated in a fuel cell is due to changes of enthalpy and irreversibilities
related to charge transfer. In order to calculate the heat generation in each electrode
reaction, both charged and non-charged species need to be considered. Values for
the entropy of electrons and protons are needed for the computation. In a study by
Lampinen and Fomino [23][31] a method of calculating AG, AH and AS for each
half-cell reaction is introduced. By calculating the heat generation of each half-cell
it is possible to establish how the total heat generation in the fuel cell is distributed
between the the cathode and the anode of the cell. This is information that the total
reaction of the cell does not give [23]. Due to low conductivity in the membrane,
distributed heat sources are important in order to get the right temperature profile

in the fuel cell.

The energy balance for a half-cell can be written as [23]:

Q=rAH+ P, (2.31)

where Q is the heat absorbed, r is the reaction rate of the half cell reaction, AH is

the half cell reaction enthalpy and P, is the electric power.

It can be shown (See Appendix B) that the heat production/absorption for a real

process can be given as [23] [16]:
¢ =i/nF|(AH + (=AG)) — [illn| = |i/nF|(TAS) — |il|n] (2.32)

in which 7 is the voltage drop (overpotential) due to ohmic losses and reaction re-
sistance and AS is the entropy change for the half cell reaction (See Appendix B).

The entropy change at standard state with platinum catalyst can be found to be
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AS = 0.104J/mol - K for the anode side, and AS = —326.36J/mol - K for the cath-
ode side [23] (In this model the entropy change is assumed to be constant, independent

of temperature).

Momentum sinks

Since reactants are consumed at the catalyst layer, a momentum sink has to be
implemented. The momentum sink can be expressed as:
MU

= 2.
Smom % (2.33)

where m; is the rate at which mass is sinked, v is the velocity of the sinked mass and

V is the cell volume.

2.3.4 Membrane

The primary purpose of the electrolyte is to transport ions from one electrode to the
other. However, the two sides of the fuel cell must also be separated so that the
reactants do not come into direct contact with each other, but are forced instead to
react electrochemically on the electrode surface. In the case of the Proton Exchange
Membrane Fuel Cell (PEMFC, or Polymer Electrolyte Membrane Fuel Cell as it also
is called) the electrolyte consists of an acidic polymeric membrane, which functions

both as a separator and an electrolyte.

Transport and energy equations

The electro-neutrality is assumed prevail inside the membrane. The proton concen-

tration within the membrane is assumed to be constant and equal to the concentration
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of fixed sulfonic acid groups. For a fully humidified membrane this is a good assump-
tion since it is all the same environment. According to Bernardi and Verbrugge [3]
the proton concentration can be considered constant, and diffusion is not a mode of

proton transport in the membrane.

However, at a later stage, consideration should be given to some of the same
approaches which are applied for calculations of charges in semiconductors in order

to calculate the concentration of protons in the membrane.

In the membrane, equation (2.8) is used, without any convective terms or source

terms, to calculate the heat conduction through the membrane.

The potential profile in the membrane is calculated using the transport equation

without the convective terms.

—V - (kV¢) = S, (2.34)

where £ and Sy are respectively the ionic conductivity and a source term. ¢ is the

potential at each location.

The ionic conductivity is dependant on the water content, A, in the membrane.
For a fully humidified membrane values between 14 and 16.8 are reported [6]. In this
model a value of 15 is applied. Springer et al. [6] determined experimentally the

following relations for the conductivity (S - em™!) of a Nafion 117 membrane:

Kref = 0.005139\ — 0.00326 for A >1 (2.35)

K(Tcell) = Kref * e(IQGS(ﬁ_T;g”)) (236)

In this model the resistance is assumed to be constant, due to a fully humidified

membrane. This gives a conductivity of 13.375S - m~!. Tt should be noted that
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the conductivity of a fully humidified membrane obtained using equation (2.35) and

(2.36), are higher than the values presented by Sone et al. [32].

Water transport in the membrane

Since this subject was not discussed in the project [16], it will be looked into in more

detail in this section.

The conductivity of the membrane is dependent on its degree of humidification.
A fully humidified membrane conducts protons better than one that is only partly
humidified. For relative humidity of less than 20% the conductivity in the membrane
decrease drastically [32]. However, it is important that the pores in the electrodes
are not blocked by excess water expelled from the membrane [15]. In this model the
membrane is assumed to be fully humidified and, since this is a one-phase model,

flooding is not considered.

During operation, the water molecules are transported through the membrane due
to several different mechanisms. Several models have been used in the literature to
predict the water flow through the membrane. Most of them are focusing on three

mechanisms for the water transport: electro-osmosis, diffusion and convection [9].

The approach used in this model is based on the method used by Janssen [33]. In
the work by Janssen, no specific mechanism is used to determine the water transport
in the membrane. There can be many contributing factors to the driving force behind
water transport. Instead, the model uses fundamental thermodynamics to account

for all the different mechanisms taking place.

In the membrane the water transport is related to the proton transport due to

the electro-osmotic drag. The transport of protons and water through the membrane
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can be expressed as [33]:

J=—LiyVo—LiyViy (237)
Ny = —LusVé — LuwV i (2.38)

where j is the current density of protons, ¢ is the local potential, p, is the local
chemical potential of water and the L variables are Onsager coefficients. The physical
interpretation of L, is the specific proton conductivity,  [33]. According to Onsager
relations L, = Ly. It can be shown that L, = % [33], in which ¢ is the number

of water molecules transported with each proton.

In order to provide a physical interpretation of L,,,, a short derivation is shown:

p = '+ RTInc
1) _ 2]

ﬁ = RT4-Inc
o _ RT dc

or c Oz

The flux due to the last term in equation (2.38) is:
N = _wav,ufw

where N is a molar flux.

Inserting for the gradient of the chemical potential in the x direction this gives:

N g RTO
c Oz

This can be written as:

dc
N=D—
0x

where D is a diffusion coefficient taking account for different transport mechanisms
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and c is the concentration of water in the membrane.

However, in this model presented by Janssen [33] equation (2.37) and (2.38) are

combined in order to express the water flux in terms of the current density of protons:

Ny = twj — lmem Vi (2.39)
in which
Ly,
ty = —2t (2.40)
Ly
LiyLy
lmem = wa - = hs (241)
Ly

The parameter t,, is a measure of the electro-osmotic drag and the term l,,;,¢, V thy is
related to the back transport of water in the membrane. Values for l,,.,, for different
membranes are given by Janssen [33]. In this model I, is assumed to be constant

as a first step. This is a adequate assumption for a fully humidified membrane [33].
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2.4 Boundary Conditions

To all outer interfaces of the computational domains there need to be applied bound-
ary conditions. Also at many of the internal interfaces boundary conditions need to
be applied in order to get physical correct values. The general boundary conditions

for this model are given in this chapter.

2.4.1 Inlet conditions
Velocity inlet

At first pressure boundaries were used for the flow channels. This did not allow
for direct control over mass flow into the channels. As the model was developed
with several distinct domains connected by interfaces, the approach using pressure
boundaries did not work. In order to solve this problem and at the same time gain
better control over the mass flow, velocity specified inlets were applied. (Mass flow
specified inlets would also have been a possibility, but were not chosen due to slower

convergence).

At the inlet of the flow channels (at both the cathode and the anode side) the
boundary values given are the stoichiometric flow rate, temperature and mass frac-
tions. The stoichiometric flow rate, ), is a term used to specify the amount of reactant
fed to the cell. A stoichiometric rate of 1 is the exact amount of oxygen needed for the
reaction, while a rate larger than 1 indicates that cell is fed with more reactants than
needed. By specifying the stoichiometric flow rate the respective average velocity at
the inlet can be calculated. The mass flow into the fuel cell is determined by the

usage of reactants times the stoichiometric flow rate. For the cathode side, this gives
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a mass flow of oxygen equal to:

M
mo, = A - 4;,272 [kg/s - m?] (2.42)

where My, is the molecular weight and F' is Faraday’s constant. The average velocity
at the inlet can be specified in different ways. One approach is to continuously
calculate the average velocity from the usage of reactants. The average velocity at

the inlet of the flow channel at the cathode side then becomes:

v=A\-

oA [m/s] (2.43)

where p is the mixture density, yo, is the mass fraction of oxygen and A is the cross

section area of the flow channel.

This approach turned out in some cases to converge slowly, since a reduction in the
usage of reactants reduces the velocity and vice versa. Another boundary condition
that can be used at the inlet is to keep the average velocity constant. The velocity
can then, for example, be calculated using several reference values:

\ D 1 BT
nF xi,refprefA

ST
I

[m/s] (2.44)

where I,.; is a reference current, n is the number of electrons per mol reaction, z; .y
is the reference mol fraction of the reactant at the inlet, and p,.s is the reference

pressure at the inlet.

The inlet boundary condition used is dependent on the experimental data avail-

able, and will be specified in each case.

However, in order to apply this as a boundary condition a velocity profile needs

to be found. For fully developed laminar flow, the velocity in the z-direction is a
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function of y and z, u = u(y, z). The velocity is zero in the y and z directions,
and the pressure is a function of x, p = p(z). The momentum equation in cartesian
coordinates can then be reduced to [25]:

_Op (82u 0%u

—+ =)= . 24
8x+u 8y2+8z2) const (2.45)

The flow is subject to non-slip conditions on the duct surfaces. This is equivalent to
a classic Dirichlet problem [34], which has been determined exactly for many non-

circular shapes, including rectangular ducts [35]:

16 /dpya® = (—1)D2 cosh(nmy/2a) nmz
[ (%) m n;; n? (1 a cosh(mrb/Za)> o8 <%) (246)

where the pressure gradient g—ﬁ is given in terms of the mean axial velocity u,, [35]:
1 /dp\ a? 192 70\ ~= 1 nab

YL AT PR TEARS S B WYL 27

" 3(dx)p( 5 \b n:; g (247)

where a is the half width of a non-circular duct and b is the half height of a non-circular

duct.

Equation (2.46) and (2.47) are fairly complex. In order to circumvent the com-

putational complexity a simple approximation proposed by Purday has been used

[35]:
u=ms (1= (4)") (1- (2)") (2.48)

tmas = (") () (249)

where u,, is the average velocity and can be found from equation (2.43) or (2.44).
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Relations for the values m and n are [35]:

m=1.7+05- (%)M

2 for

IN
Wl Wl

>

e ole

2+0.3(4—3) for

which gives velocity profiles that are within 1% of the values obtained from the exact
solutions given by equation (2.46) and (2.47). Figure 2.2 shows a plot of a velocity

profile using equation (2.48).

Velocity

0 0

Figure 2.2: Velocity profile for a square channel, 3 =1

The option to have fully humidified flow into the flow-channels is implemented.

The saturation pressure for water vapour is given as a quartic equation developed
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using a regression of tabulated values from Moran et al. [36].

Puwsat = (1.268366-107% - T* — 1.498267 - 107° - T° + 0.0067091643 - T*

—1.348318703 - T + 102.5034101) - 10°

[Pa] (2.50)

This equation is valid for temperatures from 323.15K to 383.15K (50 — 110°C).

The mol fraction of the different species at the inlet are given as:

TH0 = I%

zg, = 1.0-(1—2zpg,0)
zo, = 0.21-(1—zp,0)
zn, = 0.79-(1—1zpg,0)

The mass-fraction can then be found by:

- x; M;

j=1

2.4.2 QOutlet conditions

(2.51)

(2.52)

In this model pressure outlets have been used. This is done in order to give the two

flow channels a reference pressure at the outlet. Fluent does not have the option to

specify two different reference pressures, which is needed in this model since the two

channels are separated (see section 2.4.3).

If there is back-flow in any of the two channels, the composition of the flow is

calculated as it was for the inlet. This is done only for computational reasons since

there should not be any back-flow in the fuel cell under normal operation conditions.
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2.4.3 Boundary conditions at internal interfaces
Interface between the electrode and the flow channel

At the interface between the electrode and the flow channel, a user defined function
(UDF), which assures that the flux of electrons is zero, is applied. This is done
by forcing the value of the potential in the first cell in the flow-channel side of the
interface to have the same value as the adjacent cell on the electrode side. By doing
that the potential gradient normal to the interface will be zero, hence the flux of

electrons is equal to zero.

Interface between the electrode and the membrane

In this model the interface between the membrane and the electrodes is defined as a
wall (impermeable boundary). The wall has a fluid region on each side, and each side
is therefore treated as a distinct wall. In Fluent this is done by creating a “shadow”
of the wall. The “two walls” are thermally coupled. That means the heat transfer
will be directly calculated from the solution in the adjacent cells. Therefore, there is

no need for any additional boundary conditions [19].

The reason for using a wall at the interface is mainly to prevent any crossover
of species and electrons through the membrane and also to prevent pressure related

problems. This is done as a first step, and should be investigated further.

The potential in the membrane is set to zero at the anode side, at the interface
between the catalyst and the membrane. This is based on the assumption that the
potential at the anode side is uniform (see section 2.3.3). At the cathode side, a
negative flux equal to the consumption of protons in the adjacent cell in the catalyst
layer is specified at the interface between the electrode and the membrane. By doing

this, the potential profile in the membrane can be calculated.
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As described in section 2.3.4 the gradient of the chemical potential is used to
calculate the water flux through the membrane. The profile of the chemical potential
in the membrane is computed by specifying the value at the membrane/electrode
interface. Local equilibrium is assumed at the interface. This means that at the
interface, the water in the membrane and the water vapour in the electrode are in
equilibrium. The boundary conditions at the interface at both sides (anode and

cathode) can then be given as [33]:

e = 1% + RTIn 22 (2.53)
p

mem

where p7"

is the chemical potential of water vapour in the membrane at the interface,
ul is the chemical potential at standard conditions, p,, is the water vapour pressure

in the electrode at the interface, and p° is the standard pressure.

2.4.4 Land areas

In the areas where the gas diffusion electrodes are connected to the bipolar plates
(the land area) a constant reference voltage equal to zero is applied as a boundary
condition both at the anode and at the cathode. At all the other walls the electron

flux is set to zero.

2.4.5 Walls

On all walls the no-slip boundary condition is applied, for the momentum equations.

Different boundary conditions for the energy equation can be employed in this
model. Specified heat flux, temperature or convective heat transfer can be applied.

The boundary condition used will be specified for every case presented in this thesis.
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Fluent does not solve user-defined scalars in solid regions, so potential profiles are

not calculated in the bipolar plates.
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2.5 Computational Procedure

In this model, the segregated implicit solver has been used. In a segregated solver
the governing equations are solved sequentially (segregated from one another). The
governing equations are non-linear (and coupled), therefore several iterations of the
solution loop must be performed before a converged solution is obtained. Each iter-
ation consists of the steps illustrated in figure 2.3 [19][24]. It should be noted that
using residual values in order to determine convergence is not sufficient. The values

of critical parameters should be monitored in order to secure convergence.

initial guess

Solve discretised momentum equations

Solve pressure correction equation
Update pressure, face mass flow rate

Solve energy, species, and other scalar equations

W

Converged?

Update properties; NG

Figure 2.3: Solver algorithm
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A finite volume method is used to solve the coupled system of partial differen-
tial equations, which are subject to several boundary conditions. The finite volume
method reduces the set of differential equations into a system of algebraic equations
corresponding to the nodes of the computational mesh. The key step of the finite
volume method is the integration of the governing equations over a control volume to
yield discretized equations. This gives, for a control volume the steady state general

transport equation [24]:

fp¢5-dj—fr¢v¢-dﬁ‘—/s¢dvzo (2.54)
%
For for flux in x-direction this gives:

(p6vA). — (pbvA) — ((F¢Ag_j)e _ (r¢Ag_jj)w) _ AV =0 (2.55)

in which ¢ is a general variable, Iy is diffusion coefficient for ¢, AV is the volume
and ,§¢ is the average value of the source of ¢ over the control volume. The subscript
e and w indicates that the values are taken respectively at the eastern or western

control volume face.

There are different ways of approximating the values at the control volume faces.

The following discretisation schemes have been applied for solving the scalars:

Scalar Scheme

Pressure “Standard”
Momentum Second order upwind
Energy Second order upwind
Concentrations Second order upwind
Potential Second order upwind

Chemical potential Second order upwind

Table 2.1: Discretisation schemes for the scalars used in this model
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The “Standard” scheme for pressure discretisation is the default in FLUENT. This
discretisation interpolates the pressure values at the faces using momentum equation
coefficients. This procedure is viable as long as the pressure variation between cell

centres is smooth [19].

It should be noted, that the diffusion terms are central-differenced and are always

second-order accurate [19].

The pressure has been coupled with the velocity using the SIMPLE algorithm.
SIMPLE stands for Semi-Implicit Method for Pressure-Linked Equations. The SIM-
PLE algorithm is a prediction-correction procedure for calculation of pressure using

corrected velocities [24].

Fluent modelling capabilities cover a broad range of thermo-fluid phenomena, but
no modelling capabilities for physico-chemical transport in fuel cells. The model
equations specific to fuel cells (section 2.3.3 and 2.3.4) as well as the voltage-current
algorithm were implemented by developing a set of User Defined Functions (UDFs).
UDF's can be dynamically linked with the Fluent solver to enhance and customise the
standard features of the code. User-defined functions are written in the C program-
ming language. Standard C library functions can be used in user-defined functions.
There are also predefined macros available, that are provided by Fluent Inc., which
allow access to data in the Fluent solver. The user-defined functions have been imple-
mented as compiled functions, which means that they are linked with the standard

executable file in Fluent [19].

2.5.1 Parallel solver

Due to the complexity of the physics in a fuel cell, a large number of computational

cells needs to be used for proper resolution. A parallel solver makes it possible to use
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multiple processes while computing a solution, and thereby reduces the computing

time. Fortunately FLUENT has both a serial and a parallel solver.

Care must be taken while writing user defined functions for a parallel solver. The
user defined functions for this model have been written in such a way that they can
be used in both parallel and serial modes. Tests have been preformed in order to

make sure that the two modes yield same results.

The parallel solver splits up the geometry into multiple partitions or domains.
Each partition is assigned to a different CPU (or node). This means that the number

of partitions is an integral multiple of the number of computer nodes available.

“Parallel processing in FLUENT involves an interaction between FLUENT, a
host process, and a set of compute-node processes. FLUENT interacts with the host
process and the collection of compute nodes using a utility called cortex that manages

FLUENT’s user interface and basic graphical functions.” [19]

FLUENT uses a host process that distributes commands to the other compute
nodes via a socket communicator to a single designated compute node called compute-
node-0. The host node does not contain any grid data and therefore uses a minimal
amount of resources. Compute-node-0 distributes the host commands to the other
compute nodes. Communication from the compute nodes to the host is only possible
through compute-node-0. This communication can only occur when all compute
nodes have been synchronised with each other. Each compute node simultaneously

executes the same program on its own data set. The parallel architecture which is

used in FLUENT is shown in figure 2.4 [19].
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Figure 2.4: FLUENT parallel architecture [19]

2.6 Summary

In this chapter, the theory that describes the physics occurring within in a proton
exchange membrane fuel cell (PEMFC) has been presented. A one-phase, three-
dimensional, non-isothermal model with variable overpotential at the cathode catalyst
layer was described. The equations and the boundary conditions used in this model
were presented. The model is based on several assumptions which were presented in
this chapter. The methodology used by the CFD code, to solve the problem, was also
briefly described.
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Chapter 3

Straight Channel Test Case

This chapter describes a straight channel fuel cell model. The parameters and oper-
ation conditions applied are similar to the ones used by L. Wang et al. [22]. Wang
et al. present both experimental data for a single PEM fuel cell and results obtained
from a 3-D model. Since the model presented in this thesis only is a one-phase model

and this case only consider a straight channel, the same results are not expected.

To verify a fuel cell model is not very easy. Benchmarks with detailed data do not
exist. It is usual to compare results from the model with polarisation curves obtained
from experiments or other models. This is not a very satisfactory way of verifying
the model, even one-dimensional models can fit a polarisation curve. However, most
publications uses only a comparison of polarisation curve obtained from the model
with data obtained from experiments. Since measuring values and profiles inside the
fuel cell is difficult without interfering with the processes, it is hardly possible to
obtain data that can be used to verify the model. Due to lack of any better way
of verifying the model, polarisation curves will be used. However, analysis of the

physical results given by the model will be preformed.
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What is more important than the actual values that the model is providing, is
the trends which it is describing. Even though the absolute values may be inaccurate
due to incorrect parameters, the physics implemented in the model should be correct
and therefore the predicted trends should be physically representative. This can give
us vital information of how the fuel cell is behaving, and provide a basis for design

optimisation.

It should also be emphasised that the mass, species and energy balances are mon-

itored in order to ensure global conservation of the mass and energy.

3.1 Modelling Parameters

One of the tedious parts of modelling is the determination of the parameters for the
model. The accuracy of the parameters will in the end be one of the determining

factors for the accuracy of the results.

Table 3.1 shows the dimensions of the computation domain used in this straight

channel case [22].

Parameter Value Unit
Cell width 2.0-1073 m
Channel length 0.07 m
Channel height 1.0-1073 m
Channel width 1.0-1073 m
Land area width 1.0-1073 m
Electrode thickness 0.3-10°3 m
Catalyst layer thickness 1.29-107% m

Membrane thickness 0.108-103 m

Table 3.1: Physical dimensions for the straight channel case

A cross-section of the computational grid that is used in the straight channel case

is shown in figure 3.1. The geometry of the fuel cell simulated in this work consists of
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bipolar plates and two flow channels separated by anodic and cathodic diffusion layers
and the membrane. Both the anode and the cathode flow channel are divided into
20 x 18 x 150 grid cells. The membrane is simulated with 40 x 7 x 150 computational
cells. Both gas diffusion layers are divided into 40 x 12 x 150 cells. The catalyst layers
are divided into 40 x 1 x 150 cell each. The total number of grid cells used, including
the bipolar plates, is 546000. It should be noted that this is a much finer grid than
e.g. what Shimpalee et al. [11][37][38] are using in their studies (See section 3.2 for a
grid study of the fuel cell channel used in this study), and this fine resolution is made

possible by use of a parallel solver

Figure 3.1: Cross-section of the computational grid



CHAPTER 3. STRAIGHT CHANNEL TEST CASE 44

Table 3.2 gives the basic operating conditions for the fuel cell [22]. Since this case
does not include a serpentine flow channel, but only one single channel length, the
mass flow rate given by L. Wang et al. [22] can not be used. Instead, a flow rate

corresponding to a stoichiometry of 3 is applied.

Parameter Value Unit
Inlet temperature, anode and cathode 80 °C
Anode side pressure 3 atm
Cathode side pressure 3 atm
Anode stoichiometric flow rate 3 -
Cathode stoichiometric flow rate 3 -
Relative humidity of inlet gases 100 %
Oxygen/Nitrogen ratio 0.79/0.21 -

Table 3.2: Operation parameters for the straight channel case

In this straight channel case the velocity inlet boundary condition described in
equation (2.42) and (2.43), in which the inlet velocity is calculated as a function of

the actual consumption of reactants, is used.

The reactants are assumed to be fully humidified at the inlets. The humidification
temperature is set equal to the cell temperature, 80°C' [22]. In this case the mass

fraction at the inlets are assumed to be constant.

Specie Mass fraction, %
H,0, anode 62.253
H,, anode 37.747
H,0, cathode 10.344
0», cathode 20.885
Ny, cathode 68.771

Table 3.3: Mass fraction at the inlets, fully humidified flow

The single phase assumption implies that the product water is in the gas phase,
hence since the inlet flow is fully humidified the relative humidity is expected to

exceed 100%.
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Parameter Symbols Value Unit Ref.
Electrode porosity vy 0.4 - [22]
Permeability « 1.76 - 1071 m? [22]

Thermal conductivity:

solid region k 150.6 W/(m- K) 2]
Electronic conductivity o 100 S/m (39]
Asymmetry parameter:

Anode g 0.5 - [29][40]
Cathode g 1.0/0.5 - [4][40][29][41]
Concentration parameter:

Hydrogen VH, 0.25 - [4]
Oxygen Y0, 0.5 - [4]
Constant, anode ka 17.00-10" - -
Constant, cathode 8 =1.0 k. 40.75-1071 - -
Constant, cathode 8 =0.5 k. 0.8093958 - -

Table 3.4: Electrode properties for the straight channel case

The gas diffusion and catalyst layer properties used in most of the simulations
are given in Table 3.4. In the literature different names and values are used for the
asymmetry parameter, also called transfer coefficient. The value of § ranges from
1 to 0 [41]. Because of the inconsistency in the literature a parametric study of
the asymmetry parameter at the cathode has been preformed. Simulations with an
asymmetry parameter equal to 1 and 0.5 have been conducted (see section 4.1 and

4.6).

It should be noted that the value given by Bernardi and Verbrugge [4] for the
transfer coefficients at the anode, is not strictly consistent with the Butler-Volmer
equation [29][41] which require that the coefficients for the forward and backward
component of the equation should add to unity. The values for transfer coefficients at
the anode given by Bernardi et al. [4], which also was used by L. Wang et al. [22], is
therefore not used in this model. However, the activation overpotential at the anode

is much smaller than the activation overpotential at the cathode. Which means, that
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the value of the charge transfer coefficients at the anode is of less importance.

The permeability to hydrogen in the gas diffusion layer is assumed to be equal to
the permeability to air in the gas diffusion layer. The value for the permeability to

air is given by L. Wang et al. [22].

In this case the volume fraction of membrane in the catalyst layer is not taken

into account.

The constants k, and k. are dependent on the geometry of the catalyst layer
(catalyst loading etc.) and are specified to fit the polarisation curve for one voltage
value, then they are kept constant for the rest of the simulations. In order to calculate
k., it is assumed that the activation overpotential at the anode is about an order of
magnitude less than the activation overpotential at the cathode at current densities
about 0.3A/cm?. In this model, the average current density at the anode and the
cathode are considered to be equal when the difference is less than 20004 /m?, which
corresponds to a value of 2.58 - 107A/ecm?. This is a very small difference that in

most cases can be neglected.

Table 3.5 lists the membrane properties for the straight channel case. It should be

Parameter Symbols Value Unit Ref.
Thermal conductivity k 0.67 W/(m - K) 2]
Proton conductivity K 13.375 S/m 6]
Permeability in the membrane Il 2.35-10°7 mol?-s/(m?-kg)  [33]
Fixed-charge concentration - 1200 mol /m? [4]
Number of water molecules

transported per proton £ 3 - (33][32]

Table 3.5: Membrane properties for the straight channel case

noted that the fuel cell used by L. Wang et al. [22] contains a Nafion 115 membrane,
while the proton conductivity is based on a study of a Nafion 117 membrane [6] and

the value for the permeability in the membrane is based on a Nafion 112 membrane
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[33]. The number of water molecules transported per proton is assumed to be constant

in this model.

Constant temperature boundary conditions were applied to the outer walls of the
fuel cell. The fuel cell temperature is maintained at 80°C' in the straight channel
case. The thermal conductivity of the bipolar plates is set to 35W/(m - K) and the
electrical resistance is set to 50 - 10782 - m, which are a mid-range values of data
presented by Middelman et al. [42]. The electrical contact resistance is set to zero
in this case. In the experiments conducted by L. Wang et al [22] gold-plated copper

plate were used to connect the bipolar-plates with the external circuit.

All other properties used for the fluids and solids are taken from Mills [18] and

are given in Appendix C for completeness.

3.2 Grid Study

For laminar flow in ducts with rectangular cross section, the wall friction will vary
greatly, being largest near the midpoints of the sides and near zero in the corners.
The viscous boundary layers will grow downstream, retarding the axial flow at the
wall and thereby accelerating the flow in the centre-core in order to maintain the
incompressible continuity [25]. This makes it necessary to have a denser grid near
the walls to capture the large change in the velocity gradient, due to the non-slip
condition at the walls. It is also desirable to have a sufficiently dense grid near the
porous media, to capture the flow field. To achieve a good current density profile and
a correct overpotential distribution in the catalyst layer, a finer grid is also needed in

this area of the fuel cell.

However, to reduce the computation time, it is very important to decrease the

number of computation elements, but at the same time keep sufficient accuracy. In
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order to find a reasonable number of cells, that still achieve good physical results, a

grid study has been preformed.

The preprocessor used in this study was Gambit 2.0. Fluent 6.1 uses unstructured

grids, and does not support a structured grid.

The geometry of the fuel cell simulated in this work consists of two flow channels
separated by anodic and cathodic diffusion layer and the membrane. In the base case
(grid A) both the anode and the cathode flow channel was divided into 20 x 18 x 150
grid cells. The membrane was simulated with 40 x 7 x 150 grid cells. Both gas
diffusion layers was divided into 40 x 12 x 150 grid cells. The catalyst layers were
simulated divided into 40 x 1 x 150 grid cell each. The total number of grid cells
used, including the bipolar plates, was 546000. Such a fine grid was used, in order to

make sure that all the transport mechanisms in the fuel cell was properly captured.

For the grid study, two meshes with respectively 155925 (grid B) and 66240 (grid
C) computational cells each was created. In should be noted that more important
than the total number of cells used in the mesh is the distribution of the cell elements.
Table 3.6 shows how the computational cells are distributed in the three different grids
used in this study.

Grid A Grid B Grid C

Flow channel

Gas diffusion layer

2 x (20 x 18 x 150)
2 x (40 x 12 x 150)

2 x (13 x 10 x 105)
2 x (27 x 9 x 105)

2 x (11 x 9 x 60)
2 x (23 x 7 x 60)

Catalyst 2x (40 x 1 x150) | 2x (27 x1x105) | 2 x (23 x 1 x 60)
Membrane 40 x 7 x 150 27 x5 x 105 23 x 4 x 60
Bipolar plate 2 x 126000 2 x 48720 2 x 13380
Total 546000 155925 66240

Table 3.6: Computational grid parameters

At cathode voltage of 15.444V | the coarsest grid having 66240 computational cells

(grid C) shows a deviation of less than 1.2% for the average current density from the
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case with 546000 cells. The grid with 155925 cells (grid B) deviates by about 0.9%
for the average current density. These are small deviations, however, it is necessary
to see the result of the lower resolution in the catalyst layer. This could significantly
affect the current density profiles which are of particular interest in this study. In
order to investigate this, a plot of the deviation in the local current density between
grid A (546000 computational cells) and the two coarser grids has been made. Figure
3.2 and 3.3 shows that the relative difference in the local current density is increasing
along the channel. It can be seen that grid B (155925 cells) provides a more accurate
solution than grid C (66240 computational cells). However, both the grids are giving
reasonable results for this straight channel case with developed flow at the inlets. It
should be noted that if a longer channel or a flow channel with bends is applied, the
deviation might be of lager importance for the coarsest grid. A similar study should

be performed for each geometry.
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Chapter 4

Results and Discussion

The results obtained for the straight channel case is presented and discussed in this
section. All the computations were preformed on a Linux computer cluster with dual
2000+ AMD Athlon processors on each node. The maximum number of processors
used were eight. The number of iterations required and the computation time was
dependent of the initial conditions specified and the input of the cathode half cell
voltage. At very low current densities the rate of convergence is very low, so full

convergence requires very lengthy computational time.

4.1 Polarisation Curve

As discussed earlier good agreement between measured and computed polarisation
curves is not sufficient to determine whether the model is correct or not, but a correct
model should be able to fit the polarisation curve. In order to see how the asymmetry
parameter affects the polarisation curve, simulations have been performed with two

different values for the asymmetry parameter, 5 = 1.0 and g = 0.5. Figure 4.1 show



CHAPTER 4. RESULTS AND DISCUSSION

92

the polarisation curves obtained by the model compared with experimental results

reported by L. Wang et al. [22]. The values given by the model are also presented in

Table 4.1 and 4.2.

Cathode voltage, V,.; [V] Current densities [A/cm?] Voltage [V]
15.500 0.0010430 0.910116
15.480 0.0098140 0.888102
15.460 0.0686525 0.854785
15.444 0.2686159 0.797982
15.430 0.5861942 0.732153
15.420 0.8659466 0.683230
15.410 1.1679290 0.634474
15.405 1.3246585 0.610223
15.395 1.5785960 0.569816
15.389 1.8480318 0.532415

Table 4.1: Polarisation data provided by the model, 8 =1

Cathode voltage, V;¢; [V] Current densities [A/em?] Voltage [V]
15.500 0.0102785 0.907639
15.480 0.0371641 0.881601
15.455 0.1579754 0.830593
15.444 0.2691073 0.797886
15.425 0.5567812 0.733262
15.405 0.9886427 0.652195
15.390 1.3662734 0.590147
15.385 1.4821476 0.574164

Table 4.2: Polarisation data provided by the model, 5 = 0.5
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For low and mid-range current densities, often respectively referred to as the
activation and the ohmic region of the polarisation curve, the results from the model
correspond well with the experimental results. The deviation in this regions are less
than 5.0% for 8 = 1.0 and less than 1.1% with 8 = 0.5. These results are very good
considering the restrictions of this model, and the fact that not all the parameters

used are taken from the actual fuel cell used in the experiments.

Especially at very low average current densities the simulations with 5 = 0.5 shows
better ability to follow the experimental results than the simulations with § = 1.0.
This suggests that the actual value of the asymmetry parameter should be closer
to 0.5 than 1.0. This is in accordance with the range of values for the asymmetry

parameter presented by Hamann et al. [29].

As expected, the model is not able to follow the experimental values at high cur-
rent densities. This region of the polarisation curve is often referred to as the mass
transport controlled region, because the transport of reactants to the catalyst layer
is the dominant limitation to the reaction rate. The deviation between the experi-
mental results and the results obtained by the model can partly be explained by the
assumption of a single phase model. At higher current densities there is a high water
production at the cathode. The water vapour will exceed the saturation pressure and
liquid water will be formed in the gas diffusion layer [2][43]. This will limit the diffu-
sion of oxygen in to the catalyst layer, an thereby increase the overpotential due to
mass transport limitations. This explains why the experimental results are decreasing
steeply at higher current density, while the one phase model where no liquid water is
blocking the diffusion continues on the same slope. Another effect that will lead to
a drop in the cell voltage at higher current densities, is that the reaction zone in the
catalyst layer tends to move away from the “membrane interface” at higher currents

[44]. The protons need to be transported further out in the catalyst layer due to
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depletion of oxygen in the catalyst, which will lead to increased ohmic losses. This
effect is not taken into account either, since the catalyst is modelled as a single layer

of computational cells in this model.

Figures 4.2 and 4.3 show the local current distribution in the cathode catalyst at
an average current density of 0.269A/cm? with an asymmetry parameter of 3 = 1.0
and B = 0.5 respectively. Figure 4.4 shows the relative difference between Figure 4.2
and 4.3. The difference in the current density profiles can be explained by looking
at a plot of the current density as a function of the overpotential. As shown in
Figure 4.5 the current density is higher at the same activation overpotential with a
higher asymmetry parameter, and therefore the current density profile will have larger
maxima. Since the average current density is the same in both Figure 4.2 and 4.3, the
total oxygen consumption is also the same. Figure 4.2 shows a higher current density
at the inlet due to higher asymmetry parameter, and therefore corresponds to a higher
oxygen consumption near the inlet. The exchange current density is dependent on
the oxygen concentration, and is therefore lower at the outlet for § = 1.0 (Figure
4.2) than for 8 = 0.5 (Figure 4.3). Hence, the local current density is slightly higher
closer to the outlet in Figure 4.3 than in Figure 4.2. This shows that a lower value of

the asymmetry parameter tends to smooth out the current density profile.

Even though the average current density, the cathode half cell voltage and the cell
voltage are virtually identical (maximum deviation less than 0.2%), the difference
in the local current density is greater than 18% at some locations (see Figure 4.4).
This indicates that the asymmetry parameter is important for the current density
distribution. The result is also very interesting because it demonstrates that even
though the results fit the polarisation curve, different distributions can be obtained.
The non-uniformity can have a significant impact on the design and longevity of a

fuel cell.
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4.2 Velocity Contours

Prior to analysing the current density distributions, it is useful to examine the bulk

transport in the flow channels and electrodes.

As mentioned earlier a flow rate corresponding to a stoichiometry of three was
applied. Figure 4.6 shows the velocity contour in the two channels at different cross-
section at an average current density of 0.989A/cm?. The velocity in the cathode
flow channel is higher than the velocity in the anode flow channel. The velocity is
higher at the cathode side due to lower concentration of oxygen in the mixture. The
velocity profile applied as a boundary condition at the inlets, are fully developed and

changes very little down the channel.
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4.3 Concentrations of Reactants

The simulated mass fractions of oxygen and hydrogen are shown for different cross-
sections at an average current density of 0.2691A/cm? in Figure 4.7 and 4.8 respec-
tively. It can be seen that the gradients are much more significant in the oxygen-
reduction reaction (cathode side) in comparison with the hydrogen oxidation reac-
tion (anode side). This is in line with what has been predicted by several others
[2][12][17][45][44], and is consistent with the mass transport limitations associated
with the cathode.
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4.4 Temperature Distribution

Due to time limitations, the effect of the heat generated in the cell has not been inves-
tigated in details. However, a brief investigation of the energy boundary conditions

has been preformed.

Figure 4.9(a) and 4.9(b) shows the temperature distribution in a cross-section at
a cathodic half cell voltage of 15.425V, using two different energy boundaries. Figure
4.9(a) has constant temperature boundaries, 7' = 353.15K, at all walls. Figure 4.9(b)
shows a contour plot with zero energy flux boundaries at the side walls and constant
temperature boundaries, 7" = 353.15K, at the top and end walls. (The cathode side
is at the bottom in both figures and the boundaries between the flow channels, gas

diffusion electrodes, membrane and the bipolar-plate are shown in the figures).

Both figures shows that the the temperature is highest at the cathode catalyst.
The heat generation at the anode is very small compared to the heat generation at
the cathode side. Due to higher thermal conductivity of hydrogen than of nitrogen

or oxygen, the temperature profile is more uniform on the anode side.

Though the temperature profiles are very different in the two figures, it should
be pointed out that the maximum temperature difference across the section are of
order 0.1°K and 0.4°K. As expected the temperature profile is much more uniform in
the case with constant temperature boundaries. In order to see how the temperature
profiles affect the local current distribution in the fuel cell, the relative difference
between the two current density profiles is shown in Figure 4.10. Average current
density is deviating by less than 0.4%, and it can be seen that the local difference is
less than 0.5%. Though the small differences have little impact on the local current
density distribution under the conditions investigated here, it should be noted that

the temperature profile is expected to have a larger impact when two-phase flow is
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considered.

For further studies, better data for the thermal conductivity in the membrane

should be obtained and the thermal boundary conditions should be investigated fur-

ther.
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4.5 Current Density Distribution

It is difficult to properly visualise the processes taking place in the fuel cell. Thus the
following plots have been made to illustrate the effects of concentration and activity

on the current density distribution.

As seen in Figure 4.11 and 4.12, the current density distribution for the cathode
side of the fuel cell (in this model the overpotential is assumed to be constant at
the anode side) varies significantly with the load. For lover potentials (low loads) at
the cathode the profiles of the activation overpotential and the local current density
are fairly uniform. At higher loads the activation overpotential and the local current
density varies much more over the catalyst layer. Both figures shows that the current
density profile is more dependent on the activation overpotential than on the oxygen

concentration.
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Figure 4.11: Profiles for current density, activation overpotential and oxygen mass
fraction at the cathode catalyst layer at V;.; = 15.444V, 8 = 0.5
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Figure 4.12: Profiles for current density, activation overpotential and oxygen mass
fraction at the cathode catalyst layer at V,.; = 15.405V, 8 = 0.5
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These results are radically different from the intuitively expected profile, where
the current density should be highest in the centre of the channel where the con-
centration of reactants is highest. The predicted current density distribution is also
fundamentally different from the current density distributions obtained with many
of the previous 2D and 3D models [2][12][46], in which the surface overpotential is
assumed constant and the local current density is directly related to the local reactant
concentration. In these models, the highest current densities were found in the middle
of the channel where the oxygen concentration is highest. However, Bang et al. re-
cently published a three-dimensional model [44], with distributed activation potential
and complete charge transport, which predicts similar results to this model. (C. Y.

Wang et al. [47] have also recently published work that provides similar profiles).

The maximum current density occurs under the land area since the ohmic losses
in the gas diffusion layer influence the activity at the catalyst more than the concen-
tration losses. The electron path from the area of the catalyst layer which is under
the flow channel is longer than the path from the area of the catalyst layer which
is under the land areas (see Figure 2.1). If the conductivity is increased, the losses
related to the transport of electrons from the area under the flow channel becomes
smaller. Hence, the activation overpotential in this area increases and thus the local

current density increases.

This can be illustrated by exploring the effect of increasing the electronic conduc-
tivity in the gas diffusion layer. A qualitative comparison between different electronic
conductivities has been preformed. Since the fuel cells will operate at different loads
(same cathode half cell potential) when the conductivity in the gas diffusion electrode
is changed, relative current density profiles are examined. Figure 4.13(a), 4.13(b) and
4.13(c) shows how the relative current density profile changes when the resistance in

the gas diffusion layer is reduced. The electronic conductivity is set to 100S/m [39],
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8255/m [44] and 1500S/m respectively, all other parameters are unchanged.

When the electronic conductivity in the diffusion electrodes is increased (or the
electrode thickness is reduced), the loss through the electrode is decreased. As the
concentration losses becomes lager relative to the ohmic losses, the maximum current

density moves toward the centre of the channel where the losses are smallest.
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4.5.1 Discussion

I has been shown that the variation of potential distribution in the fuel cell is de-
termining for the current density distribution. In this model two-phase flow has not
been considered. That might have an large impact on the actual current profiles.
At higher current densities the water production increases, and liquid water might
form in the gas diffusion layer. Liquid water pockets are more likely to form under
the land area [48][46]. This will prevent the reactant gas to diffuse into the catalyst
layer and thereby reduce the current density in this area. The reduction of reactants
under the land area will lead to lower current densities in these areas, which is revers
of the trends given by this model. However, it should be noted that for simulations
corresponding to intermediate current densities where flooding is not expected to play

a significant role, the result is expected to be physical representative.

In this model the gas diffusion layer is assumed to be homogeneous and isotropic.
In reality the carbon paper which is commonly used as the gas diffusion layer is not
isotropic [20]. This can be illustrated by the pictures taken by Jim Irving at the Royal
Military College of Canada, Dept. of Chemistry and Chemical Engineering, which
is shown in Figure 4.14(a) and 4.14(b) [20]. Figure 4.14(a) is an image normal to a
gas diffusion electrode, magnified 500 times. While Figure 4.14(b) shows the edge of
the same gas diffusion electrode, also magnified 500 times. It can be seen that the
fibres are much closer together in the plane of the gas diffusion electrode, than in the

normal direction.

The permeability is more likely to be lower along the carbon paper than across
it. This means that the species transport is lower in the tangential direction than
perpendicular to the gas diffusion layer, due to lower flow. However, a more important
effect of the non-isotropic gas diffusion layer is that the tortuosity factor will be

different in the two directions. The tortuosity factor should be higher in the tangential
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(a) In the direction normal to the plane (b) In the direction of the plane

Figure 4.14: Magnified image of a gas diffusion electrode (Reproduced by premission
from B. Peppley [20])

direction than perpendicular to the gas diffusion layer. This leads to a lower diffusion
into the areas under the land areas. A more realistic modelling of the gas diffusion
layer will therefore give lower concentration of reactant gas under the land area.

Hence, lower local current densities in this area.

On the other hand, a case with serpentine flow channels could have a flow from
one channel to the next through the gas diffusion layer [37]. This will increase the
concentration of reactant gas under the land area and thereby increase the local
current density in these areas. A higher current density under the land areas will
again give a current density profile which is in accordance with the results given by

this model.

An other important parameter which is not considered in this model, is that the
conductivity of the membrane is dependent of the water content in the membrane.
Intuitively, the water content should be lower under the flow channels than under the
land areas, due to shorter transport path through the gas diffusion layer. This would

probably lead to a lower local current density under the flow channel area, because



CHAPTER 4. RESULTS AND DISCUSSION 73

of a lower conductivity in a partly dehydrated membrane.

This short discussion show that the transport mechanisms taking place in the fuel
cell are very complex, and highly dependent on each other. Further studies should be
conducted to investigate the effect of two phase flow and non-isotropic diffusion layer.
However, this model provides useful information on the trends in the fuel cell. It also
shows that the current density profile, will look fundamentally different whether the
variation in overpotential and ohmic loss in the electrodes are taken into account or

not.

4.6 Losses

4.6.1 Ohmic losses in the electrodes

The potential field in the cathodic and the anodic gas diffusion electrode is shown
in Figure 4.15 and 4.16 at an average current density of 0.989A4/cm?. The profiles
presented here is similar to the one obtained by Bang et al. [44].

It can be seen that the potential field lines are normal to the flow channel and
the side walls, while there is a gradient into the land area where the electrons are
transported into the bipolar plate. At the catalyst layer there is a gradient in both
the x, y and z direction due to a nonuniform local current production. These profiles

are in accordance with what was expected.

The effect of the ohmic loss in the gas diffusion electrode is discussed in section
4.5. In the same vein, Figure 4.15 shows that ohmic losses are larger in the area of
the catalyst layer which is under the flow channel, due to longer transport path for

the electrons.



CHAPTER 4. RESULTS AND DISCUSSION 74

3.44-02

3.27e-02
3.09e-02
2.92e-02

2.750-02

25802

2.41e-02

2.24e-02

2.06e-02

1800, " EEEEEEE
1.726-02

1.55¢-02

1.38e-02 X
1.20e-02 f
1.03e-02

8.60e-03

6.88¢-03

5.16e-03

3.44e-03

I 1.72¢-03
1.00e-20

Figure 4.15: Potential profile through the cathodic diffusion electrode shown at a
cross-section at the centre of the channel, V., = 15.405V, 8 = 0.5

-1.00e-20

-1.760-03
-3.520-03
-5.290-03

-7.05e-03
-8.81e-03
-1.06e-02

-1.23e-02 I—x

-1.41e-02

-1.59¢-02 v

-1.76e-02

Aoie0z [ = =
2.11e02

-2.29e-02

-2.47e-02

-2.64e-02

-2.82¢-02

-3.00e-02

-3.17e-02

I -3.35e-02
-3.52e-02

Figure 4.16: Potential profile through the anodic diffusion electrode shown at a cross-
section at the centre of the channel, V,.; = 15.405V, 8 = 0.5



CHAPTER 4. RESULTS AND DISCUSSION 75

4.6.2 Ohmic losses in the membrane

The potential drop through the membrane at a cross-section in the centre of the
channel, is presented in Figure 4.17 at an average current density of 0.989A4/cm? and
cathode half cell voltage of 15.405V. (The figure is scaled with a factor of 0.3 in the

x-direction).

Figure 4.17: Potential profile through the membrane shown at a cross-section at the
centre of the channel, V;.; = 15.405V, 8 = 0.5

It can be seen that the potential at the anode side (bottom) is assumed to be
uniform, and therefore used as a reference (Vi,em, = 0V). The potential drop through
the membrane corresponds to the local current production at the cathodic catalyst

layer, where the local current density is highest under the land areas (see Figure 4.12).
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4.6.3 Relative share of different losses

In this model it is possible to discern the relative share of the different overpoten-
tials contributions. Figure 4.18 and 4.19 presents the relative share of activation
overpotentials and the ohmic losses in the fuel cell, at a cathodic half cell potential
of 15.444V and average current density of 0.269A/cm? using different asymmetry
parameters (diffusion losses are not considered in this figures).

Ohmic, membrane Anode activation
Ohmic, electrodes

Cathode activation

Figure 4.18: Share of overpotential contributions at V,.r = 15.444V, B = 1.0, i4p9 =
0.299A4/cm?

Ohmic, membrane Anode activation
Ohmic, electrodes

Cathode activation

Figure 4.19: Share of overpotential contributions at V,.r = 15.444V, B = 0.5, igyg =
0.299A/cm?

Using an asymmetry parameter of 5 = 1.0; the cathodic activation overpotential
is 0.8395% of the losses. With an asymmetry parameter of 3 = 0.5; the cathodic
activation overpotential represents 0.8390% of the irreversibilities. At low current
densities it can be seen that also average losses are very similar for the two different
asymmetry parameters. However, the local losses will be different as illustrated in

Figure 4.4.
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Ohmic, electrodes Ohmic, membrane

Anode activation

Cathode activation

Figure 4.20: Share of overpotential contributions at V,.r = 15.405V, 8 = 0.5, i4y9 =
0.989A/cm?

Figure 4.20 shows the relative share of activation overpotentials and the ohmic
losses in the fuel cell, at an average current density of 0.989A/cm? and the asymmetry
parameter equal to 0.5. It can be seen that the contribution of the ohmic losses are
increasing as the average current densities are increased. The cathodic activation

overpotential has decreased to 0.6520% of the relative share.

The magnitude of the various loss components is highly dependent of the param-
eters used in the model. A change in k,, k., membrane conductivity or electronic
conductivity in the gas diffusion electrode will alter the share/distribution among the
different losses. However, the model gives an indication of the trends as the average
current densities increases. The relative share of the overpotential contributions are
in the same range, and the change in contribution at higher current densities are

showing the same trends as the results obtained by Maggio et al. [49].
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

A three dimensional model of a Proton Exchange Membrane (PEM) Fuel Cell has
been developed in the framework of a computational fluid dynamics (CFD) code. The
model has been implemented, using the parallel processing architecture of the CFD
code, to allow fast simulations even with large computational domains. The model
accounts for the fluid transport inside the channels and the gas diffusion electrodes
as well as heat transfer. The local current density is predicted in both the anodic
and the cathodic catalyst layer, with a distributed overpotential at the cathode.
Qualitative comparison has been made between results obtained with the model and
experimental results. Good agreement was obtained when examining the polarisation
curves. However, the results obtained using two different asymmetry parameters show
that even though the model produces very similar polarisation curves, the current
density distribution can be very different. This obviously shows, that a comparison
between experimental and predicted polarisation curves is not sufficient to validate

the model.



CHAPTER 5. CONCLUSIONS AND FUTURE WORK 79

The predicted distribution of current densities shows profiles which are fundamen-
tally different from the distribution obtained by many 2D and 3D models that do not
take into account distributed overpotentials. The maximum current density occurs
under the land area since the ohmic losses in the gas diffusion layer influence the
activity at the catalyst greater than the concentration losses. The electron path from
the area of the catalyst layer which is under the flow channel is longer than the path
from the area of the catalyst layer which is under the land areas. If the conductivity is
increased, the losses related to the transport of electrons from the area under the flow
channel becomes smaller. Hence, the activation overpotential in this area increases

and thus the local current density increases.

In this study it has been demonstrated that the current density profiles can be
radically changed by changing for example the conductivity in the gas diffusion elec-

trodes.

The grid study performed in this thesis shows that care should be taken when
meshing a geometry. For a simple straight channel case with fully developed flows,
the number of computational cells can be reduced without losing vital information.
However, it is shown that the error is increasing down the channel, so a more complex
geometry might need relatively much more computational cells. A grid study should

be preformed in each case.
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5.2 Future Work

The results obtained from the model presented in this thesis, demonstrates how mod-
elling can provide insight and shed light on many of the transport processes taking
place in a fuel cell. The development of physically representative models that al-
low reliable simulation of the processes under realistic conditions, is essential to the
development of better fuel cells that have optimised performance and that can be
manufactured using cheaper materials and techniques. However, the model presented

in this thesis can by no means be considered complete.

In order to further improve the fuel cell model, there are several improvements
and extensions that should be considered. Through out this thesis numerous issues

have been pointed out. Some of the issues should be investigated further:

e The transport of protons through the catalyst layer at higher current densities
should be included. At higher current densities the reaction zone tends to move
in the catalyst layer, away from the membrane. This would lead to higher
losses, due to lower conductivity of protons in the catalyst layer. By including
this in the model, the predicted results at higher current densities will be more

realistic.

e Include a better model for the membrane. Especially at higher current densities,
the membrane can not be assumed to be fully humidified. A partly dehumidified
membrane will have lower conductivity of protons, which will lead to higher and
different distributed losses in the membrane, as well as different temperature

distributions.

e Include a non-isotropic and non-homogeneous implementation of the gas diffu-

sion electrodes. The gas diffusion electrodes are likely to have a much lower
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permeability along the carbon paper than across it. The tortuosity factor will
also vary with the direction. This will give a lower transport of reactants into
the catalyst layer under the land area, which will interfere with the current

density distribution.

e Including a two-phase model should be considered. At higher current densities
liquid water is likely to form in the fuel cell, preventing the transport of reactants
into the catalyst layer. This might also affect the current density distribution

in the fuel cell.
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Appendix A

Half-cell Voltage

The electrical work associated with the electrochemical half-cell reaction is [23]:
Ly =z2FFE (A1)

in which z can be understood as the number of electrons taking part in the half-cell
reaction. If the positive charge of the electrode is increased, then z is defined to be
positive and consequently if the charge of the electrode is decreased z is defined to

be negative. F' is the Faraday’s constant and E is the cell voltage.

According to the first law of thermodynamics, the energy balance for half-cell

reaction might be written as [23]:
Qin = AH — Lg (A2)

where

AH = AU + pAV (A.3)

in which @);, is the absorbed heat from the surroundings, AH is the entropy change
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in the system, AU is the change in internal energy and pAV is the expansion work.

From the second law of thermodynamics [36]:
TAS > Qin (A.4)

where T is the temperature, and AS is the entropy change. If equation (A.4) and

(A.3) are inserted into equation (A.2), the following equation can be obtained:
Ly < AG (A.5)

where AG is the pure chemical free energy, not including the electrostatic energy [23].

The total free energy for the reaction can be expressed as [23]:

AG = AG+ Ly < 0 (A.6)

For a reversible process the equal sign is valid in equation (A.4). Hence, the equal

sign is also valid in equation (A.5) and (A.6).

The half-cell voltage is a function of the pure chemical free energy, which is given
by [23][31]:
AG = Z vilt; — zple” (M)] (A.7)

i€R
where v; are stoichiometric coefficients, p is the chemical potential and ple™(M)]
is the chemical potential of the electrons, u°[e™(M)] is dependent of the catalyst
material M, species ¢ € R does not include electrons, and the other electrochemical
standard potential can be found tabulated. In electrochemistry the zero points at

standard sate are defined as [23][31]:

1 [Ha(g)] =0 (A.8)
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p°[H* (ag)] =0 (A.9)

From these relations, the Gibb’s free energy for platinum electrodes can be found and

the half-cell potential computed.

For a multicomponent system the chemical potential is [36]:
wi =g°+ RTIna; (A.10)

where R is the general gas constant and a; is the activity of component 1.

For ideal gases it can be shown that the activity, a;, can be written as [15]:

%:& (A.11)

pO
in which p; is the partial pressure of the gas and p° is the standard pressure, 0.1MPa.

The activity of water vapour, is given as [15]:

;= 2 (A.12)

pw,sat

in which p,, 4 is the vapour pressure of steam at a given temperature.

The activity for dissolved ions can be expressed by the molality, m (mol/kg),

which is a measure of the concentration [29]:

(A.13)

where ; is the activity coefficient and represents the deviation from ideality. At
infinite dilution, where there are no inter-ionic interactions, v; = 1. m° is the standard

concentration and is taken to be 1 mol/kg [29].

It is assumed that the electrons are in their standard state and hence the activity
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is equal to 1.

For a system containing four active components, A, B, C and D, the reaction can
be written as:
vaA+vgB = vcC +vpD (A.14)
where the v’s are stoichiometric coefficients.

The molar free energy, AG, of the reaction is given by [29]:
AG = Z Vi 4 (A15)

The stoichiometric numbers, v;, of the reactants are assigned negative values and the
products are assigned positive values. At equilibrium, the free energy must be zero.
Otherwise it will be possible to lower the free energy of the mixture by letting the

reaction proceed in one of the directions towards equilibrium [29].

For a system in equilibrium, dG|r, = 0, the equation of equilibrium for reaction

(A.14), can be written as [36]:

vapha + VBl = Volic + Vplip (A.16)

When employing equation (A.10) into equation (A.16) and rearranging the terms

the result can be written as [36]:

ve VD
ac' Qp

AG® = —RTIn ( ) — RThK (A.17)

va VB
4 Qp

where K is defined as the equilibrium constant.

For a system that is not in equilibrium, it can similarly be shown, by inserting
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equation (A.10) in equation (A.15), that the Gibb’s function per mole is [15]:

) B aéca'g’
A= Ag +RT1n( c ,,B) (A.18)
Gy 0p

This makes it possible to calculate the Gibb’s free energy change at different temper-

atures, pressures and compositions of reactants and products.

As shown above, for an ideal system the Gibb’s free energy change equals the
electrical work done, which is equal to the charge times the voltage. This can be
expressed generally as [15]:

Ag=-—-nFE (A.19)

where n is the number of electrons, F' is Faraday’s constant and F is the cell voltage.
Inserting this into equation (A.18) gives what usually is referred to as the Nernst

equation [15]:

RT (a'éca”DD) (A.20)

E.=F° ——In
" nF a’a"?
where FE, is the reversible cell voltage and E° is the open circuit voltage at standard

pressure.

For a platinum catalyst in standard state it can be shown that the u°le~(Pt)] =
1414.98kJ/mol [23]. For the anode in a PEM fuel cell (see reaction 1.1) at standard
states, it can be calculated that AG, = 2829.0kJ/mol which gives a cell potential
E, = 14.66V. For the cathode in a PEM fuel cell (see reaction 1.2), also at standard
states, AG, = 3066.15k.J/mol and E, = 15.88V [23]. For an entire cell reaction the

Gibb’s free energy can be calculated as:

AGtot = AGa - AGC (A21)
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and the fuel cell potential can be derived from the relation [29] [50]:

AE=E,— E, (A.22)

This gives for the whole cell AGy,; = —237.15kJ/mol and E = 1.229. If Gibb’s
free energy is calculated for the total reaction, in the fuel cell, using standard values
AG = —237.19kJ/mol [23] and E = 1.229V calculated from standard potentials
[29]. This shows that the method described by Lampinen et al. [23] can be used to

calculate the electrode potentials and half-cell free energy.
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Appendix B

Heat and Entropy for Half-cell

Reactions

The majority of this appendix is taken from the project conducted fall 2002 [16].

The heat in a fuel cell is generated due to changes of enthalpy and irreversibilities
related to charge transfer. In order to calculate the heat generation in each electrode

reaction, both charged and non-charged species need to be considered.

From the first law of thermodynamics, the energy balance for a half-cell can be

written as [23]:

(j =rAH + Pel (Bl)

where ¢ is the heat absorbed, r is the reaction rate of the half cell reaction, AH is
the half cell reaction enthalpy and P, is the electrical power. The reaction rate can

be expressed as a function of the current density [23]:
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in which 7 is the current density, n is the number of electrons transfered, F'is Faraday’s

constant.

The electrical power generation associated with the electrochemical half-cell reac-

tion is:
—AG
nk

Pi=V.i= i (B.3)

where AG is the change in Gibbs free energy.

For a real irreversible process this gives [23]:
¢ = [i/nF|(AH + (=AG)) = [il|n| = |i/nF|(TAS) — [i|[n] (B.4)

in which the last term represents the irreversibilities associated with the electrochem-
ical reaction and the electron transport. 7 is the voltage drop (overpotential) due to
ohmic losses and reaction resistance and AS is the entropy change for the half cell
reaction. Lampinen and Fomino [23][31] present a method of how to calculate the

half-cell entropy change.

Lampinen et al. introduce a semi-absolute entropy, [, for charged species, with a
defined arbitrary zero point

[°[H"(ag)] =0 (B.5)

This is different from the regularly used absolute entropy, s, where the entropy is zero
for any pure element at the temperature of absolute zero. It should be emphasised

that
J°[H" (aq)] # s°[H " (aq)]

The absolute entropy of specie ¢ at pressure p and temperature 7" can be calculated
from [23]:

(T,p) = ¢ + T@dTJr/p[@]d (B.6)
s(hp)=si+ | 7 | Lplp :
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and the Corresponding semi-absolute entropy:
T,p)= [+ AT + “1ou dp B.7
fz( ’p) .[z ) T / [6T:| ( : )

The following thermodynamic relations are valid:

afz . 33,- . sz'
0f, _ o5 _ ~0u
op dp OT

(B.9)

If specific heat is taken as constant, the two equations (B.6) and (B.7) can be expressed
in the form [36]:

T
si(T,p) = s; + cpilnﬁ - Rlnﬁ (B.10)

For an ideal gas with the partial pressure, p; = x;p, the entropy of component i, at

temperature 7" and reference pressure p,.r, takes the form [36]:

si(T,p;) = 2(T) — Rln %’f (B.11)

It can be shown that the total entropy of the system can be expressed as [23]:
S = ansz—i— Z o (B.12)
i=k+1

and that this equation is consistent with the equation for the systems entropy given

by Moran et al. [36]:
J
i=1

For the anode reaction in a fuel cell the enthalpy of the electron at the platinum
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catalyst can then be found as [23][31]:
[?le” (Pt)] = 1/25°[H>(g)] — [°[H " (aq)] (B.14)
If combined with equation (B.5), equation (B.14) becomes
[°le” (Pt)] = 1/2s°[Hy(g)] (B.15)

Lampinen and Fomino show that the value of the entropy for the electron at the

platinum catalyst at the standard reference state is [23][36]:

[°le” (Pt)] = 65.29J/mol K

For the anodic reaction in a PEM fuel cell, at 7' = 298.15K: AG = 2829k.J/mol,
AS =0.104J/molK,n = 2 [23]. Assuming ¢ = 8004/m? and n = 0.20V/, the value of

the heat source is obtained from equation (B.4):

800A/m?

= .(298.15K - 0.104J/mol) — 800A/m? - 0.20V = —159.87W/m?
1= 5 oassc " (29815 /mol) /m /m

For some operation conditions this value might become positive and the anode acts

as a heat sink.

For the cathodic reaction in a PEM fuel cell at T' = 298.15K: AG = 6132.3kJ/mol,
AS = —326.36J/molK,n = 4 [23]. Assuming i = 800A/m? and n = 0.35V/, the value

of the heat source is obtained from equation (B.4):
G = —481.70W/m?

The overall heat generation in the cell is the sum of the contribution from the two
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half-cells and equals —641.57W/m?.

The heat generation of the total cell can also be calculated directly, using the stan-
dard values for the total reaction: AGyy = —237.19kJ/mol, ASyyy = —162.8.J/mol K
at T = 298.15K and with n = 2 [23]. Using the same assumptions as above
i = 800A/m? and n;,; = 0.20V + 0.35V = 0.55V:

¢ = 640.48W/m?

The result should be the same as the sum of the contributions from the two half-cells,

but rounding errors leads to a small deviation.



Appendix C

Fluid Properties

Material Specific heat | Thermal conductivity | Viscosity
[J/kg - K] [W/m - K] [kg/m - s]
Hydrogen 14590.0 0.21250 9.865- 107
Oxygen 932.5 0.03110 2.300-107°
Nitrogen 1045 0.02965 1.960-107°
Water vapour 2014 0.02610 1.340-107°

Table C.1: Fluid properties used in this model [18], T = 353.15 K
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