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Abstract

Solid oxide fuel cells (SOFCs) are high temperature, ceramic electrolyte fuel cells.
Unlike most other fuel cells, which require high purity hydrogen to generate elec-
tricity, SOFCs can utilize a variety of fuels, including hydrocarbons. This work
presents modelling and experimental work performed on a laboratory scale HyS-
fuelled SOFC equipped with a novel anode that can electro-oxidize HoS into water
vapour and sulphur. Using HsS, a toxic by-product of the fossil fuel industry, such
a fuel cell can potentially generate useful electrical energy while disposing off this
toxic pollutant on site.

In this dissertation, I develop a hierarchy of first principles models for HoS
solid oxide fuel cells. The models developed fall into the following four categories:
i) detailed models of HaS electrochemistry; ii) isothermal 1-D and 2-D transport
and reaction models of the ‘near cell’ region that do not take HsS dissociation
into account; iii) chemical thermodynamics models of HyS dissociation in the fuel
channel that also calculate the open circuit voltage (OCV) of the SOFC for the
different possible fuels; iv) fully coupled 2-D transport and reaction models for
the complete fuel cell assembly that include heat transfer and HsS dissociation
kinetics.

The models in the final category above include all the physics and chemistry in
a working HsS SOFC by including all transport phenomena, thermodynamically
consistent kinetics of the chemical/electrochemical reactions, along with the elec-
trical potential distribution in the fuel cell assembly. These multiphysics models
are then used to estimate unknown electrochemical parameters, and to understand
and explain experimental data from HyS SOFCs.

Experimental results from HyS SOFCs exhibit characteristics which are either

poorly explained in current literature or not explained at all e.g., an unusual
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dependence of cell performance on fuel composition. To support my modelling
effort, I and a colleague conducted experiments where the composition and flow
rates were varied for both the fuel and oxidant streams to analyze their effect on
fuel cell performance. I present these experimental results and demonstrate the
importance of thermodynamic and multiphysics modelling in understanding these

results.
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Chapter 1

Introduction

1.1 Fuel cells

Fuel cells are energy conversion devices that directly convert the chemical energy
of a fuel to electrical energy. In this respect fuel cells are very similar to primary
batteries as they work on the same principles of electrochemistry. In both cases
the fuel is oxidized at one electrode, called the anode, releasing electrons which
travel through the load to the other electrode, the cathode, where they reduce
the oxidant. Ions generated at one electrode travel through the electrolyte to
the other electrode to complete the circuit. What differentiates fuel cells from
batteries is their ability to generate electricity given a continuous supply of fuel
and oxidant. Primary batteries have to house the fuel and oxidant in addition to
the electrodes and electrolyte and have to be discarded once the reactants run out.
While rechargeable or secondary batteries can be recharged, this recharging can
be fairly time-consuming and these batteries can only undergo a finite number of
charge cycles.

One of the main reasons fuel cell development is getting a lot of attention
these days is because fuel cells have very high theoretical efficiencies of energy
conversion. The majority of the western world relies heavily on fossil fuel powered
thermal plants for electricity generation. Thermal power plants generate heat by
burning fuel, and this thermal energy is then converted into mechanical energy,
using gas and/or steam turbines, which is finally converted into electrical energy
using a generator. This process has an inherently low efficiency due to the multiple
energy conversion steps required, and because the conversion of heat to mechanical

energy is subject to Carnot cycle efficiency limitations [101]. While mid-sized to
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1. Introduction

large standalone fuel cell systems can operate at efficiencies of about 50%, some
large high temperature fuel cell systems can have an overall efficiency greater than
80% (based on lower heating value) if they include waste heat recovery using gas
turbines ([101], [62]). Fuel cell based power plants would therefore use significantly
less fuel and thus have lower greenhouse gas emmissions. Extremely low air pol-
lutant (SOx, NOx, CO, etc.) emmissions is another advantage of using fuel cells
although it is partly due to the ultra clean fuel required for most fuel cells.

Fuel cells can be designed for power requirements from about a watt to several
megawatts. Very few fuel cell systems consist of just one fuel cell. Most individual
cells can only supply a few watts at most, depending on the type of cell used. To
attain the above scalability, fuel cells are stacked together in series and in parallel.
This enormous range in scale means that fuel cells can be used to generate power
for anything from a small portable electronic device all the way up to a mid-sized
power plant. The technology requirements are of course very different for the above
two applications and not all types of fuel cells can be used for all power needs (see
table 1.1).

Fuel cells are usually classified based on the electrolyte used in the cells. There

are five main types of fuel cells:
1. Polymer electrolyte membrane fuel cells (PEMFCs)
2. Alkaline fuel cells (AFCs)
3. Phosphoric acid fuel cells (PAFCs)
4. Molten carbonate fuel cells (MCFCs)
5. Solid oxide fuel cells (SOFCs)

Although, as stated earlier, all five types of fuel cells work on the same fun-
damental principles of electrochemistry, the operating conditions, the materials
used, possible fuels and oxidants that can be used, and the possible range in
power output vary for each type. PEMFCs, AFCs, and PAFCs are also known as
low temperature fuel cells and their operating temperatures imply that they can
only use either high purity Hs or methanol as fuel.

These fuel cells are quite readily poisoned by CO (ppm levels for PEMFCs and
AFCs). PAFCs operate at relatively higher temperatures around 200°C and can
tolerate CO levels of up to 1%. PEMFCs and PAFCs have acidic electrolytes and
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need expensive platinum based electrodes. AFCs have a KOH electrolyte, and
cheaper nickel based electrodes can be used because the oxygen reduction reaction
at the cathode is much easier in an alkaline medium. However, AFCs generally
need pure oxygen on the cathode side as the CO, in air degrades the alkaline
electrolyte.

Direct methanol fuel cells (DMFCs) have also received a lot of attention in
the fuel cells research community [139, 39]. As the name implies, DMFCs use
methanol as a fuel directly, and are a sub-category of PEMFCs as the electrolyte
used is a polymer membrane. Methanol, being a liquid at room temperature, is
much easier to handle than Hy and has a very high volumetric energy density. This
makes DMFCs especially attractive as power supplies for small electronic devices
such as hand-held personal digital assistants (PDAs) and laptop computers. The
main problems with DMFCs are low power density and fuel crossover from the
anode to the cathode.

High temperature fuel cells, MCFCs and SOFCs, have many advantages over
the other types. The higher operating temperature allows the use of cheaper
non-noble metal catalysts on both sides. The anode catalysts for both MCFCs
and SOFCs are not poisoned by CO and are actually able to use it as a fuel.
The ability to electro-oxidize CO allows the use of reformed hydrocarbons as fuel.
Both MCFCs and SOFCs are also able to reform natural gas internally and thus
use it directly as fuel. Another advantage high temperature fuel cells have is the
possibility of using the exhaust heat in turbines to generate additional electrical
power or to use this thermal energy directly for heating applications. It is these
cogeneration or hybrid power applications that can increase the overall efficiency

of the system up to 80% and higher.

1.1.1 Current status

AFCs and PAFCs are currently the most mature technologies available [23, 57].
AFCs were the first proven fuel cell technology, which led to their use in the Apollo
missions by NASA. Current generation AFCs are still being used by NASA for their
space shuttle orbiters. The primary reasons they are preferred over the other fuel
cell types are simplicity of design, and the excellent kinetics in an alkaline medium,
especially on the cathode. This in turn gives AFCs their high electrical efficiencies.
AFCs are not suitable for terrestrial applications because they require essentially

pure hydrogen as fuel and pure oxygen as oxidant. This however, is not a problem

3
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for space applications where both hydrogen and oxygen are available anyway for
spacecraft propulsion. Among the few fuel cell products available in the market
are mid to large stationary combined heat and power units using PAFCs [62]. The
main disadvantages of PAFCs are the corrosive electrolyte and high cost.

Although MCFCs have attractive features such as the cogeneration of heat and
power as well as the ability to use CO and lower hydrocarbons as fuel, research
and development appears to be lagging behind that directed toward PEMFCs and
SOFCs [57, 118]. The main reasons include materials issues due to the corrosive-
ness of the electrolyte, the need to recirculate COq from the anode to the cathode,
and lower area specific power density compared to other fuel cell types [132].

Most current research in fuel cells is focused on PEMFCs (including direct
methanol fuel cells) and SOFCs [20]. Although these technologies are at oppo-
site ends of the fuel cell spectrum, PEMFCs being low temperature units with a
proton conducting electrolyte while SOFCs are high temperature fuel cells with
oxygen ion conductors as electrolytes, they share the advantage of having solid
state electrolytes that are not corrosive.

The key advantages of PEMFCs are that they are capable of very high power
densities, and operate at temperatures close enough to ambient to permit quick
start-ups and minimize thermal cycling related materials issues. If methanol is used
as a fuel, direct methanol PEMFCs (DMFCs) have very high energy densities that
gives them an advantage over state of the art batteries [6, 120] although there are
significant challenges to be solved before they are widely adopted. Disadvantages
of PEM include the high cost of the Pt catalyst and the polymer membrane used,
as well as technological problems such as catalyst intolerance to CO, and water
management in the membrane electrode assembly (MEA) [32, 33].

Advantages, limitations, and current status of SOFC technology will be dis-

cussed in more detail in the next section.

1.2 Solid oxide fuel cells

The solid oxide ion conducting electrolyte that makes the SOFC possible was dis-
covered by Nernst at the end of the 19th century [36]. Nernst was looking for
a replacement for carbon filament light bulbs and realized that mixed oxides be-
came ionic conductors at elevated temperatures. His design for the “Nernst glower”

became redundant with the introduction of tungsten in light bulb filaments. Al-
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though better understanding of why the so-called “Nernst mass”, 85% zirconia and
15% yttria, was an ionic conductor had to wait until the 1940s, the first patent
on solid electrolyte fuel cells was filed as early as 1905 by Haber. For more early
history of SOFCs and their development, I refer the reader to Mobius’ account in
36, 35].

A single solid oxide fuel cell consists of a ceramic electrolyte sandwiched be-
tween the two electrodes, the anode and the cathode. When these cells are con-
nected together in a stack, another layer called the interconnect is added to provide
the electrical connections between the cells. Each of these layers has distinct re-
quirements for reliable SOFC operation. All of them must be able to function at
the high temperatures found in SOFCs. The electrodes must be stable in their
respective operating atmospheres: the anode in a highly reducing environment
and the cathode in a highly oxidizing environment. The electrolyte should not
be electronically conducting while the interconnect and the electrodes should be
good electronic conductors. The electrolyte and the interconnect need to be stable
and retain their electrical conductivities, ionic for the former and electronic for the
latter, in both reducing as well as oxidizing environments because they connect
to an anode on one side and a cathode on the other. Both the electrolyte and
the interconnect also need to be dense enough to prevent any gas crossover, which
would result in chemical combustion and thus a lowering of the cell efficiency as
well as local hot spots. Any layer in the SOFC should not react with adjoining
layers.

By far the most widely used electrolyte for SOFCs is yttria doped zirconia also
called yttria stabilized zirconia (YSZ) because the yttria stabilizes the zirconia in
its flourite phase. The commonly used composition is 8% molar Y903 in ZrO,
which posseses a high ionic conductivity. The comparatively lower conductivity
of YSZ means that SOFCs using YSZ as electrolyte, especially those operating at
temperatures below 800°C, have to use electrolyte thicknesses below 10 pm. For
operating temperatures below about 750°C, electrolytes such as doped ceria and
doped lanthanum gallate are preferred because of their substantially higher oxide
ion conductivity.

The anode used for most current designs is a Ni-YSZ cermet. Although Ni
provides the electronic conductivity as well as the catalytic activity, YSZ is com-
posited with it so that the thermal expansion coefficient matches the electrolyte

and to provide an extended reaction zone. The main problems with using Ni as the
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anode are its propensity to catalyse coke formation when hydrocarbon fuels are
used directly, and structural problems if the anode is exposed to redox cycling. Al-
ternative anodes being researched include Ni-Ceria cermets for the ceria electrolyte
based SOFC and Cu-Ceria composites for direct hydrocarbon cells 21, 54, 7).

The oxygen reduction reaction on the cathode is much slower than the oxi-
dation reaction on the anode thus making cathode optimization a critical aspect
in SOFCs. For high temperature SOFCs, the cathode most commonly used is a
lanthanum strontium manganate (LSM) and YSZ composite. For SOFCs operat-
ing at lower temperatures, (La, Sr)(Co, Fe)O3 (LSCF) and doped ceria composites
have shown good performance [147, §].

High temperature SOFCs generally use lanthanum chromite based intercon-
nects and they have been shown to be stable and reliable. However, manufacturing
of lanthanum chromite interconnects is difficult and expensive. Recent research
has focussed on using metallic interconnects and some ferritic stainless steels have
shown good results especially for SOFCs operating at temperatures below about
750°C [9].

Single cells can be classified according to which of the above four layers provides
structural support for the cells in a stack or experimental setup. This layer then
needs to be stronger and thus thicker than the others. As the electrolyte resistivity
is usually quite high, electrolyte supported cells cannot operate at high power,
while cathode supported cells result in significant internal losses because of the
low diffusivity of oxygen which worsens the already slow oxygen reduction kinetics.
If the anode is used as the support layer, the penalty on performance is lower
because the diffusivity of hydrogen is high enough and the kinetics of the oxidation
reaction are very fast. Therefore, anode supported cells predominate in current
SOFC designs. Interconnect supported cells offer the possibility of even better
performance and are being used by at least one commercial venture [8, 64].

Another system of classification for SOFCs uses the geometry of the cells.
Although designs such as monoliths and segmented cells have been developed for
SOFCs [91], current research and development is focussed on tubular and planar
fuel cells [72]. Tubular SOFCs attracted a lot of attention initially because they do
not need sealing to separate the fuel and the oxidant inside the stack. This is a huge
advantage for tubular cells since high temperature sealing is difficult especially
when dealing with ceramic materials with high thermal expansion coeflicients.

Planar SOFCs have to deal with these sealing issues. In spite of this, more recent
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research and development has focussed on planar cells [72] because they are capable
of much higher power densities (both area based as well as volume based). Recently
there has also been a lot of interest in micro-tubular SOFCs (71, 115, 127, 116].
Micro-tubular SOFCs combine the high volumetric power density of planar SOFCs
with exceptional resistance to thermal shock due to their low thermal mass. These
advantages are important ones for portable applications and applications where a
power source must undergo many on-off cycles.

SOFCs afford the most fuel flexibility and offer the highest overall efficiencies
of all fuel cell types. Recent research has demonstrated the direct use of hydrocar-
bons ranging from methane to diesel as fuels for SOFCs [96, 105, 85, 89, 7, 151].
The above advantages as well as the ability to use non-noble metal, and thus much
cheaper, electrocatalysts can be attributed to the high temperature operation of
SOFCs. The fuel flexibility comes partly from the ability to reform hydrocar-
bons, either directly on the anode, or indirectly, using the heat produced by the
cells. High overall efficiencies are possible because the excess heat produced by the
cells/stack is available at high enough temperatures to enable combined heat and
power (CHP) units, and/or to drive gas turbines, thus generating more electricity.

The high operating temperature is also responsible for the main problems with
SOFCs such as sealing issues, material compatibility issues, and the use of ex-
pensive, hard to form, brittle ceramics. These problems can be avoided if the
operating temperature can be brought down from 800-1000°C to 500-700°C be-
cause at these lower temperatures, sealing is less of a problem, and materials such
as ferritic stainless steels can be used as interconnects or cell supports thus keeping
costs low and improving the stack’s mechanical toughness and durability [20, 21].

The operating temperature is mostly dictated by the electrolyte used because
the oxide ion conductors used in SOFCs only attain the required ionic conductivity
at elevated temperatures. Thus, recent efforts to lower operating temperature
have focused on oxide ion conductors that have high electrical conductivity in the
desired 500-700°C region [111, 50, 20] and/or on developing cells with a very thin
electrolyte layer (5-30 pm).

Other challenges facing SOFC developers include improving cathode perfor-
mance, developing better interconnects and interconnect coatings, developing an-
odes that are resistant to carbon deposition and sulphur poisoning. Another stack
level goal for developers is stable long term performance usually defined as main-

taining a steady stack voltage while a steady current is drawn. Most of these

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1. Introduction

issues are related to either materials or to manufacturing process selection and
optimization.

For more information about SOFC research and development, the interested
reader is referred to the review article by Ormerod [104] and the book edited
by Singhal and Kendall [122]. Besides the references listed above, the following
review articles are very well written and provide an excellent overview of the state
of the art in the field. Atkinson et al.[7] on anodes, Adler [3] on cathode materials
and oxygen reduction on these cathodes in particular, Goodenough [50] for a very
detailed account of oxide ion conducting electrolytes and Brandon et al.[20], and
[57] for general but very good discussions on all materials used in SOFCs.

As seen above, there is a lot of research and development work being performed
on SOFCs worldwide, a significant portion of which is focussed on commercializa-
tion [17]. There are a whole range of applications that are being developed, from
small portable systems delivering tens of watts to megawatt sized hybrid SOFCs
and gas turbine plants. Most efforts are however focussed on 1 to 25 kilowatt
stationary combined heat and power (CHP) units for residential and commercial
use, sub megawatt small hybrid power plants, and 3 to 10 kilowatt auxillary power
units (APU) for heavy duty automobiles such as trucks.

1.3 Modelling SOFCs

Before I discuss the modelling of SOFCs, let me describe the various physical and
chemical processes in a single solid oxide fuel cell operating on Hy as fuel. Figure
1.1 shows the different components in a SOFC as well as the movement of the
reactants, electrons and ions.

I will discuss anode processes for fuels other than Hy later. The Hy molecules are
transported through the fuel flow channels and the porous anode to the reaction
sites. For most electrode materials these reaction sites are restricted to the so
called triple phase boundary (TPB). The TPB is a set of lines in the electrode
where the electrode catalyst is in contact with both the gas phase as well as the
electrolyte phase’.

The Hy molecules then react at these active sites with O~ ions from the elec-

trolyte to give HoO molecules, and electrons that are taken up by the electrode

1To be active for the reaction, the triple phase boundary sites need connections that percolate
back to all the three phases
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Figure 1.1: Solid oxide fuel cell: a cartoon showing the various components and
processes in a SOFC [42]

(1.1). This is known as the fuel oxidation reaction and is one of two electrochem-
ical reactions that must take place in an operating fuel cell. The product H,O
molecules are transported out through the anode and the fuel channels, while the
electrons flow through the anode to the external cicuit, and back to the fuel cell

at the cathode. This electron flow forms the current produced by the cell.

Hy + 0% — HyO + 2e~ (1.1)
Oy + 4e™ — 20%* (1.2)

These electrons then combine with Oq at the cathode TPB through another
electrochemical reaction, called the oxygen reduction reaction, to give oxide ions
(1.2). The O?~ ions in turn travel across the electrolyte to be consumed by the
aforementioned fuel oxidation reaction. Thus, the electrical circuit is completed
by this ionic transport. Of course, the Oy molecules have to come through the air

channels and the porous cathode to get to the reaction sites.
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The above processes can be classified as either transport or electrochemical
processes. Reactant delivery and product removal to the fuel cell through the gas
channels and electrodes is governed by the principles of fluid mechanics (momen-
tum transfer) and mass transfer. The ionic conduction in the electrolyte and elec-
trodes as well as the electronic conduction in the electrodes is governed by charge
conservation and transport principles. In addition to the momentum, mass, and
charge transfer processes outlined above, there are several heat transfer processes
in the fuel cell. Heat is generated, and in some cases absorbed, by the electro-
chemical reactions in the electrodes as well as by the ochmic heating due to the
flow of current in the cell.

The reactions given by equations (1.1) and (1.2) are only the overall reactions,
and each overall reaction proceeds through a complex mechanism with multiple
steps. On the cathode side a possible mechanism could start with the oxygen
molecules adsorbing on the active sites on the cathode catalyst and dissociating
into adsorbed O adatoms. These atoms then accept two electrons each from the
cathode, probably in two separate electron transfer steps, before they diffuse along
the catalyst surface to combine with oxygen vacancies on the adjoining YSZ sur-
face. These freshly generated oxide ions then travel across the electrolyte layer to
participate in the fuel oxidation reaction on the anode.

On the anode side, one of the proposed mechanisms has Hy molecules adsorbing
on active sites on the Ni catalyst and then dissociating into H adatoms. These
atoms then diffuse to the three phase boundary before hopping across one by one
to an 0%~ ion on the YSZ surface leaving their electrons in the conducting band
of the Ni metal. The water molecules formed on the YSZ surface then desorb, and
at the end of the reaction sequence, the Ni sites are available again. The oxide
ions on the anode TPB portion of the YSZ are replenished by the ions generated
on the cathode and transported through the electrolyte.

All the steps in the reaction mechanisms described above proceed at finite rates
that depend on local reactant and product activities as well as, in the case of the
electron and ion transfer steps, the local potential difference between the anode
and electrolyte phases [102, 98].

All the transport and chemical processes described above can be and have been
modelled at many levels or scales and in varying degrees of detail [73]. Next, I
briefly discuss why SOFC modelling, or for that matter any fuel cell modelling, is

a useful exercise, before looking at how SOFC models are classified.
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At a fundamental level, first principles fuel cell models help us understand the
basic physical and chemical processes in fuel cells and the interactions between
these various processes. From an engineering point of view, mathematical models
of fuel cells are design and optimization tools that can help in selecting cell ma-
terials, operating conditions, stack design, controller design, among other things.
The above capabilities depend on the ability to quickly modify operating condi-
tions or revamp cell design in the model, and examine the effects on cell or stack
performance. Thus, models enable simulations or numerical experiments that can

dramatically decrease development time for a fuel cell design.

1.3.1 Types of models

As with any fuel cell model, SOFC models can be categorized according to the
length scale of interest, and thus can vary from atomistic/molecular level models
to complete system level models. Among the many scales in between these lie
component layer and cell level models as well as stack level models. Any of these
models can also be classified as a time-dependent/dynamic model or a steady-state
model.

Here I discuss electrode, cell, and stack level models in terms of their structures
and uses. This will be followed by a brief discussion of model inputs, outputs, and
parameters. I will close this section with an outline of current activity in SOFC
modelling.

The processes modelled in SOFC electrode models typically include: i) flow and
mass transfer in the porous media, ii) charge transport in the electron conducting
and ion conducting phases, and iii) the chemical and electrochemical reactions.
Usually one dimensional models looking at the variation of reaction profiles or
current generation through the electrode depth, some of the models built are 2-
D or 3-D that take the complex structure of the electrode directly into account
[126, 43, 1]. The main use of electrode level models is to study the effects of
electrode structure, material composition, particle size, etc. on polarization losses
at the electrode. Electrode models can be either steady state or time-dependent.
Time-dependent electrode models are used primarily to simulate electrochemical
impedance spectra (EIS) experiments [14, 12]. EIS experiments are used to char-
acterize electrode performance, decompose electrode voltage losses, and help in
understanding the reaction mechanisms [11, 143].

Models of SOFC cells and stacks model some or all of the transport phenomena,
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mentioned carlier along with the electrochemistry. These models are used to ex-
plore the effects of design parameters and decisions such as materials used, compo-
nent thicknesses, flow channel design, as well as operating parameters such as flow
rates and fuel composition. Stack geometries are fairly complex [72]. Thus, from a
design viewpoint, the most useful stack models are three dimensional (56, 80, 148].
However, simplified models that isolate a single cell in the stack or look at a 2-D
approximation continue to play a useful role in SOFC development [121].

The output variables of interest in the design and optimization studies men-
tioned above are cell/stack performance, as measured by the electrical power gener-
ated and the efficiency of energy conversion, as well as constraint variables such as
maximum temperature, undesirable deposits (e.g., coking), and mechanical stresses
caused by the different coefficients of thermal expansion of the components of the
cell/stack. The temperature distribution is also of interest because temperature
affects the rate of cell/stack degradation through species inter-diffusion between
components. Generally, higher temperatures as well as large temperature gradi-
ents are undesirable. Thus, although a counter-current flow arrangement of the fuel
and air streams might give higher power density for certain operating conditions,
a cross-current or co-current flow design might be preferred because a counter-
current design leads to higher temperatures and steeper temperature gradients in
the stack [112].

As most SOFCs are made primarily from ceramic components, they are highly
susceptible to thermal shock. This means that stack start-up as well as operating
transients have to be carefully controlled to avoid buildup of catastrophic thermal
stresses in the cell/stack components. Time-dependent stack models can guide
cell and stack design as well as start-up procedures by predicting temperature
and thus stress profiles inside the stack. Although first principles dynamic SOFC
cell/stack models are too computationally expensive to be used directly in SOFC
system controllers, these models are crucial for designing better controllers for
SOFC stacks and systems.

Any model has a set of inputs, a set of model parameters, a set of outputs,
as well as a particular structure or functional relationship linking the above. All
four entities above are specific to a model and the purpose it is built for. For
a cell level SOFC model, inputs would include operating conditions such as the
cell voltage along with fuel and air flow rates and pressures, model parameters

could include physical dimensions and properties of the cell components, while the
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outputs might be the cell temperature and the current or power generated by the
cell.

Before any model can be used reliably, it must be validated using experimental
data. In many cases, some of the model parameters are uncertain or unknown e.g.,
chemical reaction rate constants. Sometimes key components of the model e.g.,
the details of the reaction mechanisms at the electrodes, are uncertain. Since such
uncertainties lead to uncertainty in the structure of the model, they are known as
structural uncertainties in the modelling literature. In these cases, simulations or
numerical experiments using the model can be used, along with carefully chosen
experimental data, to estimate uncertain parameters and to test new or revised
mechanisms. Thus, model validation and parameter estimation both need exper-
imental data. An example with both usages would be the use of an anode level
model along with current-overpotential data from a three electrode setup to es-
timate anode electrochemical parameters, followed by the use of the estimated
anode parameters in a stack model validated by experimental performance data
from the stack.

The earliest SOFC model was a single cell level model presented by Debendetti
and Vayenas [38]. This model was later extended to model a layer of cells in
a cross-flow stack [134]. These models were 2-D in nature and only modelled
the average concentrations and temperature in each cell in the stack layer, while
ignoring mass transfer and electrochemical kinetics. Since these studies, a large
number of models with varying levels of complexity and detail have been built,
and reviews can be found in Chapter 11 of the book on SOFCs edited by Singhal
and Kendall [73] as well as in [66, 19, 148].

While models for transport phenomena (mass, momentum, heat, and charge)
are fairly well established, models for the chemistry and electrochemistry of fuel
cells are not as mature. Until recently, there were very few publications that
considered fuels more complex than Hs, and most electrochemical models were
based on very simple realizations of the Butler-Volmer equation or even on ther-
modynamically inconsistent versions of it [70]. This paucity of good models of the
chemical and electrochemical reactions in fuel cells is primarily due to the complex
reaction mechanisms and their specificity to the electrode material used [3]. Thus,
the recent appearance of articles that focus on detailed models of fuel reforming
chemistry [61, 55] as well as electrochemistry [13, 153] is very encouraging.

A related development in SOFC modelling has been the introduction of de-
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tailed time-dependent, fully non-linear electrode and cell level models that allow
simulation of EIS studies [143, 12, 152]. Traditionally, linear electrical circuit el-
ements have been used to interpret and explain EIS [11]. The circuit elements
obtained after fitting experimental EIS data to a circuit were then assigned to
different physical entities such as electrolyte resistance and charge transfer resis-
tances of the electrodes. Instead of the indirect approach above, the new detailed
models allow direct simulation and interpretation of the EIS in terms of physically
meaningful parameters such as diffusion coefficients, kinetic constants, flow rates,
ete.

The length scale in a fuel cell where the fundamental physics and chemistry
of fuel reforming and charge transfer reactions as well as ionic transport take
place is the atomic or molecular scale. With the advances in computer hardware
as well as molecular modelling methods and software, it is now possible to build
models at these scales for processes of interest to SOFC researchers. Methods from
theoretical chemistry such as density functional theory (DFT), which are based on
a quantum mechanical description of the bonds between atoms, have been used
to assess the sulphur tolerance [28] and resistance to coking [46, 99] of Ni alloys
used as anode materials. Other examples include molecular models of oxide ion

vacancy transport in electrolytes [107, 108, 100].

1.4 Hydrogen sulphide and solid oxide fuel cells

Sulphur in natural gas or crude oil has to be removed before the hydrocarbons can
be processed efficiently. In most sulphur removal processes, hydrogen sulphide is
the by-product which then needs to be disposed of safely because HsS is highly
toxic to most forms of life. As discussed earlier, solid oxide fuel cells offer the
greatest fuel flexibility among fuel cells and are capable of running on natural gas
and other hydrocarbon fuels. Unfortunately, the hydrogen sulphide (HgS) present
in small quantities (1 - 30 ppm in natural gas, much higher in some diesels?)
in these fuels is a severe poison for most SOFC anode catalysts, especially Ni.
For intermediate temperature SOFCs (T < 800°C) with normal Ni based anodes,
sulphur concentrations of 0.1 ppm can degrade the cell performance drastically [86].
Therefore, current designs of SOFCs running on hydrocarbons need an on-board

desulphurizer, which adds to the complexity of the system.

2In terms of sulphur content of the liquid fuel.
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There is a lot of ongoing research on development of sulphur tolerant anode ma-
terials [49]. Most of the current research seems to suggest that the higher the ionic
conductivity of the electrolyte phase in the anode, the higher the sulphur tolerance.
Mixed ionic and electronic conducting anodes, especially ceria based anodes, also
display high sulphur tolerance [63, 60]. Kurokawa et al.[78] have demonstrated how
to increase the sulphur tolerance of a Ni-YSZ anode by infiltrating a nano-layer of
ceria particles onto it.

The primary industrial process used to dispose of HyS is the Claus process [22].
The Claus process converts the gaseous HyS to sulphur, a solid at ambient tem-
peratures, using a fairly complicated multistage process that has high operating
costs. If HoS can be used as fuel in a fuel cell, it can be disposed off in a much
simpler process that generates high quality electrical energy. The earliest studies
on the possibility of using HS in a fuel cell were conducted by Pujare and cowork-
ers [109, 110]. Since then a number of studies have been published on fuel cells
running on H»S [145, 82, 84, 4, 140, 142, 123, 29, 106]. These studies were experi-
mental ones that evaluated different materials for the anode, anode catalysts, and
electrolyte. While some work has been reported on using HS in fuel cells with
proton conducting electrolytes [142, 123, 29, 106], most studies have used oxide
ion conducting electrolytes.

For SOFCs using HsS directly as fuel, many different anode materials have been
investigated including thiospinels [109, 110], Pt [75, 82], various metal sulphides
[145, 84, 140], lanthanum strontium vanadate (LSV) [4], Mo doped gadolinium
tintanate (GTM) [150], and most recently a mixed ceramic structure with a coating
of nano-sized ceria and Ru particles [79]. Although all of these studies present fuel
cell performance data in the form of current density and or power density curves,
the main goal of these studies was to find materials that lead to stable performance
for HaS fuel cells without degradation over time.

Among the more recent studies, a group at the University of Alberta, Liu et
al. (2003) [84] and Wei et al. (2003, 2004) [140, 141] has presented performance
data for HoS fuelled SOFCs using mixed sulphide (and mixed sulphide, metal
and electrolyte composite) anodes. This data includes current density curves at
different temperatures and fuel and air flow rates. Although some impedance data
is given, these data are for complete cells and does not attempt to isolate anode
processes from cathode processes. Another recent study from the Georgia Institute

of Technology by Aguilar et al. (2004) [4] presents performance data at different
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temperatures from a SOFC using an LSV anode. This work also gives performance
and impedance data at different fuel compositions to demonstrate the selectivity
of the anode to HyS in preference to Hy. Neither of these studies however, propose
a reaction mechanism or give any kinetic parameters.

It is in the presence of such limited data and uncertainties about detailed
mechanisms that I attempt to develop a mathematical modelling framework.

There are two possible overall reactions that use HaS directly in a SOFC:

1
HS + %02 & W0+, (1.3)
HyS + 205 ¢ Hy0 450, (1.4)

At the operating temperatures of a SOFC, these reactions are equally favoured
thermodynamically and thus produce equilibrium voltages that are very close to
each other e.g., 0.782 V for the first and 0.75 V for the second at 800 °C [140].
Besides these reactions, part of the HoS fed dissociates into Hy and Sy and these
can then undergo electrochemical oxidation according to (1.5) and (1.6).

H, + %()2 < HyO (1.5)
Sz + 202 & 250, (1.6)

It is not yet fully clear which (if any) of these reactions predominates in a SOFC
running on HyS. Some of the above mentioned studies have attempted to figure
out which of the above electrochemical reactions predominates on the anode by
looking at the open circuit voltage (OCV) [140] and analyzing the anode exhaust
gases [145]. However, using the OCV as a guide to decide which reaction dominates
is not as trivial as comparing the equilibrium voltage at unit activities. Even the
broadly accepted idea that a HaS SOFC produces more SO, in the high current
region and more S, closer to OCV [4] is based on thermodynamic equilibrium in the
gas phase. The extension of the above argument to conclude which electrochemical
reaction is predominant on the anode is debatable.
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1. Introduction

1.5 Scope and plan of dissertation

The primary goal of this work is to build mathematical models for the single HyS
SOFC cell that can then be used to help in further development of HaS fuelled
cells or stacks.

In this work I develop a hierarchy of first principles models for HyS solid oxide
fuel cells. Using these models I describe all the physical and chemical processes in
a working fuel cell. Our aim is to gain a better understanding of these processes
and the couplings between them. The models are then used to understand and ex-
plain experimental data from HsS SOFCs. Experimental results from HaS SOFCs
exhibit characteristics and trends which are either poorly explained in current lit-
erature or not explained at all. One example is an open circuit voltage (OCV) of
order 1 for nearly all reported experimental data on HyS SOFCs. Other examples
include the variation of OCV with fuel flow-rate, and an unusual dependence of
cell performance on fuel composition.

In Chapter 2, I present and explain model equations for all the transport phe-
nomena in a SOFC assembly. These include gas flow, mass transfer, heat transfer,
and charge transport. These model physics and equations are valid for any geom-
etry, and for single cells as well as stacks. However, while describing the boundary
conditions, I explain them from a 2-D axi-symmetric perspective for a “button
cell” SOFC since all the models developed in this work are for this geometry.

The description of the transport models is followed by a detailed development
of electrochemistry with particular attention to hydrogen sulphide in Chapter 3.
Understanding electrochemistry is critical if one wants to understand fuel cell
operation. I first present some basic electrochemical theory for charge transfer re-
actions. I then develop and explain a fundamental model for HsS electrochemistry
at the anode. A reaction mechanism is proposed and used to develop the reaction
rate and current generation terms for the general case. derive the electrochemical
rate equations for a detailed reaction mechanism consisting of multiple elemen-
tary chemical and charge transfer steps. Finally, I show how this model can be
simplified to a single reaction rate equation using a given set of assumptions.

The fuel side chemistry is not presented until after the Chapter on the experi-
ments conducted because the discussion on fuel dissociation needs to be motivated
by the experimental data.

In Chapter 4 I present a range of models created for HyS SOFC performance
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1. Introduction

data in Liu, et al. [84]. I use both 1-D and 2-D models to estimate key electro-
chemical parameters, and then compare the results from the models to demonstrate
the importance of correctly modelling the mass transport in the fuel cell. For the
given model geometry and flow-rates, mass transport cannot be correctly modelled
without including fluid flow. Thus, although a 2-D model is more complex and
computationally expensive, it is required to simulate the given data because flow
cannot be modelled correctly using a 1-D model.

The experiments that I and a colleague conducted to examine flow-rate and
composition effects on HyS SOFC performance are described in Chapter 5. I
present the electrochemical impedance as well as i-V performance data gath-
ered and summarize the trends in the OCV and i-V data. We observed a time-
dependence of the i-V curves at all three operation temperatures.

To explain some of the effects seen in the data in Chapter 5, I realized that the
thermal dissociation of HyS in the fuel had to be modelled. In Chapter 6 I present
the thermodynamics and kinetics of HaS dissociation. I then use thermodynamic
models to predict fuel cell OCV for fuel mixtures at equilibrium. These models
are also used to predict how OCV changes for different anode half cell reactions if
the fuel is not at chemical equilibrium.

To run fuel cell simulations that model the HyS dissociation in the fuel, I had
to also model the heat transfer throughout the fuel cell assembly. This is because
the HyS dissociation kinetics is a strong function of temperature and isothermal
conditions for the entire cell assembly cannot be assumed. In Chapter 7 I present
fully coupled multiphysics models that include HpS dissociation kinetics. These
models are used to simulate the fuel cell experiments described in Chapter 5. 1
show how most of the trends seen in the experimental data can be explained by
these model simulations. I also formulate the mixed OCV? problem for a fuel
cell and use it to calculate OCV in our model assuming both HyS and Hs are
electrochemically oxidized. Although the mixed OCV problem has been posed
correctly in the literature [70, 53], to the best of our knowledge this is the first
demonstrated use in a detailed numerical simulation of a SOFC.

In Chapter 8, I summarize the contributions of this dissertation and make
recommendations for future research.

$Mixed OCV is the cell voltage at open circuit for a fuel containing more than one chemical
species that can be electrochemically oxidized.
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Chapter 2

Transport phenomena in solid

oxide fuel cells

All the processes in a working solid oxide fuel cell can be classified either as
transport processes such as the flow of gases and charged species, or as chem-
ical/electrochemical processes such as fuel reforming and charge transfer. This
Chapter presents the modelling approaches used in this thesis to describe the
transport processes.

The particular geometry considered in this thesis is for a “button cell” SOFC
(Figure 2.1). The fuel cell itself is a circular yttria stabilized zirconia (YSZ) disk
between 200 — 300 wm thick with electrodes on both sides that are from 15 — 100
pwm thick. As shown in the top section of Figure 2.1, the fuel delivery to the anode
is through a coaxial tube assembly where the inner tube brings the fuel in and the
unreacted fuel and products are carried away through the annular space between
the inner and outer tubes. The air delivery to the cathode is done in a similar
manner on the opposite side of the cell.

By assuming symmetry around the axis, this geometry can be reduced to the
2-D axisymmetric geometry shown in the lower section of Figure 2.1. The simplest
model geometry for a button fuel cell considers only the thickness of the fuel cell
itself as shown in the bottom section of the figure.

In the next few sections, I present transport models for:

1. flow in the gas channels and electrodes
2. mass transport in the gas channels as well as electrodes

3. heat transfer in the fuel cell agsembly
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2. Transport phenomena in solid oxide fuel cells

a) Geometry of test cell

fuel and products

outlet -

b) Model geometries

outer tube wall

inner tube

1-D

Figure 2.1: a) Schematic of the geometry of a button cell; b) Example model
geometries used in this thesis (not to scale)
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2. Transport phenomena in solid oxide fuel cells

4. charge transport in the electrolyte and electrodes

All the transport models result in a partial differential equation (PDE) or a
system of PDE when describing transport in a general form. This is to be expected
because transport processes are spatially distributed. Thus, in the forms given
below they can be applied to one, two or three dimensional domains. In addition
to the governing PDE, each of these models requires a set of sufficient boundary
conditions before it can be solved. I outline the necessary boundary conditions for
each model after presenting the PDE. The details of the boundary conditions are

presented in Chapters 4 and 7.

2.1 Flow in gas channels and electrodes

Describing the gas flow in the channels and in electrodes is important as it plays
an essential role in the transport of reactants to, and the products from the cell.

The weakly-compressible form of the Navier-Stokes equations with variable
viscosity is used to model the flow in the channels. This form is chosen over the
standard incompressible, constant viscosity form of the Navier-Stokes equations
because the temperature and composition gradients in the fuel and air channels
lead to density and viscosity variations [77]. The momentum balance equation
(2.1) and the continuity equation (2.2) take these viscosity and density variations
explicitly into account. Since this work focuses only on steady state solutions
for a fuel cell model, the equations given here are the steady state form of the

Navier-Stokes equations.

p(v.Vv)==VP+V. |u(Vv+(Vv)) - ;23—/1,(V.V)I (2.1)

V.(pv) =0 (2.2)

u is the viscosity of the fluid, v is the velocity vector, p is the density, P is the
pressure, and I is the identity matrix.

The term on the left of equation (2.1) describes the advection of momentum
while the second term on the right is the momentum diffusion or viscous term.

The flow of gases in the electrodes can be described by Darcy’s law or the

Brinkman equations for flow in porous media. Darcy’s law (2.3), a volume averaged
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2. Transport phenomena in solid oxide fuel cells

form of the Navier-Stokes equations, describes flow in a porous structure where
the transfer of momentum by shear stress is negligible and flow is due to pressure
gradients alone. This allows elimination of the velocity components as dependent
variables, and solving for the pressure gives the complete solution for the velocity
profile. The obtained velocity at a point in the domain is a volume averaged

velocity instead of a true velocity inside the pores.

VP (2.3)

V.(pv) =0 (2.4)

K is the permeability of the porous electrode.

The Brinkman equations can be considered an extension of Darcy’s law and
allow momentum transport by viscous shear stress (the second term on the right
hand side of equation (2.5)). Advection of momentum (the term on the left hand
side of equation (2.1)) is negligible and does not need to be included because
of the restriction to flow in the porous media. The Brinkman equations retain
the velocity components as dependent variables which are solved for along with
the pressure. The velocity in the Brinkman equations is also averaged over the
pore and solid volume. This allows me to define velocity and pressure continuity
boundary conditions at the interface between domains with free flow (gas channels
where flow governed by Navier-Stokes equations) and the electrode domains (flow

described by Darcy’s law or Brinkman equations).

%v =-—-VP+ %V. w (Vv +(Vv)T) - gM(V.V)I (2.5)
V.pv) =0 (2.6)

¢ is the porosity or void fraction of the electrode.

2.1.1 Flow boundary conditions

The following types of boundary conditions are needed for the flow equations:

1. no slip or zero velocity at the boundaries with solid domains such as the inlet

and outlet tube walls
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2. Transport phenomena in solid oxide fuel cells

2. velocity and pressure continuity at the interface of flow channel and electrode
3. radial symmetry along the central axis of flow in 2-D axi-symmetric models
4. inlet velocity profile at the flow inlet

. outlet pressure at the flow outlet

(@3]

6. flow into or out of the electrolyte due to the electrochemical reaction at the

electrode-electrolyte interface

: 2.2 Mass transfer

While the equations above can be used to describe the flow field in the fuel cell,
another set of equations is required to calculate the spatial distribution of the
individual chemical species in the flow channels and electrodes. The gas phase
composition at the reaction sites in the anode and cathode determines both the
voltage as well as the current for the cell (see sections 1.3 and 4.6.4). This means
that calculating the composition profiles in the fuel cell is of vital importance for
a good fuel cell model.

The convection-diffusion equation (2.7) describes the mass transfer of the re-

actants and products in the flow channels and the electrodes.

V. (jz + ’I.U,'pV) =T (27)

Ji is the mass flux of ¢ due to composition gradients, p is the density of the gas
mixture, w; the mass fraction of the i component. r; is the rate of generation of
i in the channels or electrodes. Typically, r; is a chemical reaction rate which is a
function of local composition and temperature.

Jji is called the diffusive flux while w;pv is the convective flux for component 3.
v is the mass average velocity and comes from the solution of the flow equations
in section 2.1.

The correct form for the diffusive flux j; of 4 in a multicomponent mixture
is given by the Maxwell-Stefan formulation (2.8). Diffusive flux due to thermal
gradients is not considered in equation (2.8). Thermal diffusion is important for

environments where the thermal gradients are very high e.g., in flames [138]. As
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2. Transport phenomena in solid oxide fuel cells

the thermal gradients in our setup are not as severe, contributions to the diffusive

flux j; from thermal diffusion are ignored in this work.

. no VP {
Ji = —pw; Z Dy; (Vyj + (y - w7)?) (2.8)

j=1

In equation (2.8), n is the total number of species in the mixture, y; is the mole
fraction while w; is the mass fraction of species 7, and Dij is the multicomponent
composition dependent diffusivity of species ¢ in j.

Mass fractions and mole fractions are related through:

yiM;

w; = (2.9)
Dij are functions of the binary diffusion coefficients D,; and the local com-
position that require inversion of a n x n matrix where n is the total number of
species.
A simpler formulation for the diffusive flux is the Fick’s law form (2.10).

D, is the mixture averaged diffusion coefficient of component i.

The Fickian expression is an approximation which makes the convection dif-
fusion equations easier to solve. However, using equation (2.10) can lead to mass
non-conservation i.e., the resulting mass fractions not adding up to unity.

For more details on the modelling equations for mass transfer please refer to

the books by Bird, et al. [16] and Kee, et al. [69)].

2.2.1 Mass transfer boundary conditions

The convection diffusion equations for mass transfer in a fuel cell model need the

following types of boundary conditions:

1. mass fractions of the chemical species at the fuel and air flow channel inlets
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2. Transport phenomena in solid oxide fuel cells

2. flux of species specified by the heterogeneous chemical reaction rate at the

inner and outer tube walls!

3. mass flux, of the reactants out of, and the products into, the electrodes

governed by the local current density at the electrode-electrolyte interface

4. radial symmetry along the axis of the flow channels and the electrodes

2.3 Heat transfer

Another equation is required to describe the temperature profile inside the fuel
cell. This is necessary for many reasons. One is that temperature affects the
reaction rate of both chemical reactions (such as fuel reforming) as well as the
electrochemical reactions that produce current in the cell. Another is that the
ionic conductivity of the electrolyte is a strong function of temperature, increasing
approximately exponentially with increasing temperature.

The heat equation (2.11) describes the temperature distribution inside a fuel
cell assembly.

pcpv VT =V .(AVT) + ¢ (2.11)

cp is specific heat at constant pressure, 7" is the temperature, X is the thermal
conductivity, and q is the rate of heat generation.
There are at least four processes in a working fuel cell that cause heating or

cooling through the g term:
1. the associated heat of reaction of any chemical reactions in the fuel cell
2. Ohmic heating caused by the flow of current through the fuel cell

3. heating or cooling depending on the entropy change of the electrochemical

reactions at the electrodes

4. heating due to the electrochemical or activation voltage losses for a loaded
fuel cell

1Zero flux for species that do not react on the tube walls (all species in models that do not
include chemistry in the gas channels)
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2. Transport phenomena in solid oxide fuel cells

2.3.1 Radiation

Solid oxide fuel cells operate at temperatures that are high enough and radiative
heat transfer can be important. Thus, radiation heat exchange terms should be
included in the boundary conditions. However, if the geometry has a high aspect
ratio, i.e., one dimension of the geometry is much longer than the others, radiative
heat exchange can be ignored because of negligible shape factors. In this work I
do not consider the radiative heat exchange due to participating media i.e., the
gases in the fuel cell are assumed to be transparent to radiation and not emit any

radiation.

2.3.2 Heat transfer boundary conditions

The heat transfer equation in a fuel cell model needs the following types of bound-

ary conditions:
1. radial symmetry along the axis of the flow channels and the electrodes
2. inlet temperatures for the gas streams
3. radiative heat exchange between boundaries that can “see” each other
4. heat of reaction terms for any surface reactions inside the fuel cell
5. radiation and free convection at uninsulated exterior boundaries

6. specified heat flux or temperature profile for boundaries adjoining a furnace

or other heat source

2.4 Charge transport

The performance of a fuel cell is directly described by the voltage of the cell at
a particular current. Another equation is required to calculate the voltage and
current distribution in the fuel cell electrodes and electrolyte and to describe the
electronic and ionic charge transport in those domains.

A general form of ionic charge transport is described by the Nernst-Plank
equation which allows for charged species transport by convection and diffusion
along with migration due to a potential gradient. For a solid electrolyte, there is no

transport by convection and the concentration gradients are generally small enough
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2. Transport phenomena in solid oxide fuel cells

to neglect transport by diffusion {101]. Thus, the only transport mechanism to be
considered for a charged species in a solid electrolyte is migration which can be
described by Ohm’s law (2.12). Ohm'’s law is also adequate to describe electronic

charge transport in the electrodes.

V.(~0;Ve;) =i" (2.12)

o; and ¢; are the electrical conductivity and the electrical potential of domain
4, and iV is the volumetric current generation in the domain.

Volumetric current generation is only possible in mixed ionic-electronic or com-
posite electrodes where the electrochemically active region is not restricted to the
electrode-electrolyte interface (see section 1.3). In electrodes made of purely elec-
tronically conducting material, the current enters (and leaves) the cell through the

boundary conditions at the electrode-electrolyte interfaces.

2.4.1 Charge transport boundary conditions

In a fuel cell, the following boundary equations need to be specified for equation
(2.12).

1. radial symmetry along the axis of the electrolyte and the electrodes

2. specified terminal potentials, with or without contact resistance, at the anode

and cathode current collectors

3. electrical insulation for the appropriate interfaces (e.g., between the elec-

trolyte and outer tube)

4. current density calculated through an electrochemical rate equation for the
electrolyte-electrode interface (if the electrochemical reactions are restricted

to the above interface)

2.5 Parameters

All the PDE listed above contain physically meaningful parameters which must

be available before these equations can be solved. Physical constants e.g., the gas
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2. Transport phenomena in solid oxide fuel cells

constant R, and the values assigned to them in the models are summarized in the
Nomenclature.

The parameters needed for the flow equations are the density and viscosity for
the fuel and air as well as the permeabilities of the electrodes.

At the temperatures and pressures found in an SOFC, gas phase density is

given by the ideal gas equation (2.13).

_PM

M is the average molecular mass of fuel or air.

Viscosity for gases at low pressures is usually calculated using equations derived
from the kinetic theory of gases. In this work, I use the Chapman-Enskog relation
(2.14).

V1000 MT

= 26.69 x 1078 ——
8 o7 OF(T)

(2.14)
oy, is the collision diameter (in nm) and Q2*(7*) is a collision integral that is
a function of reduced temperature. The reader can find more details in standard
texts that discuss the properties of gases [113, 69)].
The transport properties for a gas mixture are usually calculated using empiri-
cal averaging formulae. I calculate the viscosity of a gas mixture through equation
(2.15) suggested in [138].

1 1
bmiz = 5 Yok + o5 2.15
= (S 57 @15

Experimental values for electrode permeability x; were not available and or-
der of magnitude estimates are used based on permeability values calculated for
close packings of spheres [114]. I found that the solution was not sensitive to
the permeability values used in the model. Permeability values across a range of
107% — 10*m?/s did not appreciably affect output variables such as the current
at a particular cell voltage.

Experimental values for the porosity and tortuosity of the electrodes were not
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2. Transport phenomena in solid oxide fuel cells

available and the values assumed are given in chapters 4 and 7.
Binary gas diffusivities are calculated from the Fuller, Schettler and Giddings
equation given in [113]. The diffusion coefficient for species ¢ in a mixture with

species j is given by equation (2.16).

_ ) Mi+M;
1077718, J108 gt _
D (2.16)

" plEwt e

> Vi, > V; are diffusion volumes for components ¢ and j and all the other
variables have their usual meaning with P in atm.

Knudsen diffusion coefficients in the two electrodes are calculated using equa-
tion (2.17).

2 SRT
Dy p = 2rppar | St 17
Kok = glpore\| T3 (2.17)

Tpore 18 the average pore radius in the electrode, and M, is the molecular weight
of the species in the electrode.

For the pore sizes in the experimental work modelled in this work, the Knudsen
diffusivities are an order of magnitude higher than the bulk gas phase diffusivities.
This suggests that Knudsen diffusion does not play a big part in resisting mass
transport through the electrodes.

Specific heat at constant pressure for all gas species are calculated using the
NASA Glenn Thermodynamic coefficients [88, 24] where cp for each gas is given

by equation (2.18).

cp=R (a1 + 92 +as + asT + asT? + agT° + (L7T4> (2.18)

T2 T

a; are constants unique to each gas species.

The specific heat of the gas mixture on the fuel or air side is calculated as an
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2. Transport phenomena in solid oxide fuel cells

average using equation (2.19).

Cpymiz = %: (%%c’iwk) (2.19)
cp is the molar specific heat, M), the molecular mass, w;, the mass fraction of
component k, and Cp i, is the average specific heat of the gas mixture.
Thermal conductivity for a pure gas is also usually calculated using expressions
from the kinetic theory of gases. I use the Stiel and Thodos equation (2.20) given
in [113].

A = £5 (1.15¢p,, + 0.88R) (2.20)
M ’

I calculate the thermal conductivity of a gas mixture through equation (2.21)

given in [113].

1 1
>‘mix =3 Ak + T 2.21
(e ) .

The thermal properties of the solid components in the fuel cell assembly are
taken from the literature [90, 95]. The thermal conductivity of the electrodes is
calculated by using a volume weighted average as shown in equation 2.22. Ad-
mittedly this is a very simple model [40]. For our purposes, this model suffices
because the porous domains are very thin in relation to the complete geometry
and thus the value for the effective thermal conductivity has a negligible effect on

the coupled multiphysics solution.

/\eff = €Az + (1 - 6)/\solid (2.22)

The electrical conductivities for the electrolyte and electrode materials are also
taken from the literature. Electrical conductivity of the anode materials o, used
has been measured [83] and those values are used in this work. The cathode used

in the experiments was Pt, and the value for Pt conductivity at the operating
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2. Transport phenomena in solid oxide fuel cells

temperatures is corrected for porosity using relations given in [34]. Values for con-
ductivity of the YSZ electrolyte oy, are obtained using the temperature dependent
form given in [5].

2.6 Summary

In this Chapter, I describe the transport phenomena in a SOFC and present the
transport models I used in this work. A brief description of each of the transport
modes: gas flow, mass transfer, heat transfer, and charge transport, is followed by
the governing partial differential equations for the mode and a list of the boundary
conditions needed to solve these equations. All the PDE for transport contain
certain parameters. I list these parameters and discuss how I obtained the values

used in this work.
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Chapter 3
Electrochemistry in fuel cells

Charge transfer reactions are critical to the operation of fuel cells as the reaction
rates of these processes directly determine the amount of current generated. Elec-
trochemistry is the study of reactions involving charge transfer and gives us the
theory to determine the rates of these electrochemical reactions. As outlined in
section 1.3, there are two half cell reactions in a fuel cell where charge transfer
occurs. In this Chapter, I will present some of the theory behind electrochemical
reactions, and use it to develop the reaction rate equations needed for our fuel
cell models. For deeper analyses, the reader is referred to the excellent textbooks
on electrochemistry by Bockris et al. [18], Schmickler [117], Oldham and Myland
[102], and Newman and Thomas-Alyea [98]. For a fuel cell specific introduction to
electrochemistry, see the timely book by O’Hayre, et al. [101].

I start by developing the electrochemical reaction rate equation for a general

single electron transfer reaction.

3.1 The Butler-Volmer equation

Consider the single electron transfer reaction given by equation (3.1). The forward
reaction is a reduction reaction where a species O is reduced to R, and the reverse

reaction is thus an oxidation reaction.

The net reaction rate in the forward direction (reduction) is given by equation
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3. Electrochemistry in fuel cells

(3.2).

r = k:fCO — kbCR (32)

Co, Cr are local surface molar concentrations, and the kinetic rate constants

ks and k; are given by equations (3.3) and (3.4).

k= A, e—AG‘#/RT = A, e—(AGfO+ﬂFE)/RT _ k; o—(BFE)/RT (3.3)

ky = Abe—AGf/RT _ Abe—(AG’;O—(l—ﬂ)FE)/RT _ kge((l—ﬂ)FE)/RT (3‘4)

Free energy profile of an electron transfer reaction

free energy

reaction coordinate

Figure 3.1: Free energy profile for the electron transfer reaction (3.1) going from
species O on the right to species R on the right

AG? is the free energy barrier for the reduction reaction, AG¥ the free energy

barrier for the oxidation reaction, F' is Faraday’s constant, and £ = @eectrode —
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3. Electrochemistry in fuel cells

Gelectrotyte 18 the electrical potential difference across the electrode-electrolyte in-
terface. k% and kj are the “purely chemical” rate constants given by equations
(3.5) and (3.6). At equilibrium, the height of the energy barriers to the forward
and backward reactions are equal AGyo = AG,po. ( can have a value between 0

and 1 (usually assumed to be 0.5) and is called the symmetry or charge transfer

coefficient.
kg = Ape AGT/RT (3.5)
ko = Abe—AGﬁO/RT (3.6)

Thus, as shown in figure 3.1, for an electrochemical reaction, the height of the
forward and backward reaction free energy barriers is a function of the electrical
potential of the reaction site E. This in turn makes the net forward reaction rate
a function of E.

Having defined the rate equation (3.2), I now consider what happens when
reaction (3.1) is at equilibrium. For a mixture of given composition at electro-
chemical equilibrium, r = 0, Cr = Cgrn,Co = Coum, and E = E;;,. Thus, Fj,
is the equilibrium electrode potential for the inlet composition. Substituting the

above into equation 3.2 leads to:

k;e“(ﬁ'FEi")/RTCO,m - kge(('l—ﬁ)FEm)/RT Chriin (3.7)
k3Co
FE; - f~Oyin

¢ k(?CR,in (38)

E’iﬂn, =—-ln ” . 3.9

7" %Cran (3.9)

f = F/RT in equation (3.9)
If both the reactants and products are at unit activity, £ = E° r = 0 and

Cr =1,Cp = 1. Equation 3.2 with the above conditions gives:
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3. Electrochemistry in fuel cells

k;e——(ﬁFE")/RT — k,l(;e((]—ﬁ)FE")/RT (310>
kO
/P = Z% (3.11)
b
Lk
B =4ln Ef‘ (3.12)
b

By substituting equation (3.12) into equation (3.9),

1 k3 Co. ]
Ep == |In-L 4 In 22 3.13
f [ kg CR,in ( )
1 CO in
Ep=E°4+—-In— 3.14
f C’R,in ( )
. RT. Com ]
Em = FE°+ —F—- In CR’in (310)

Equation (3.15) is the famous Nernst equation written for reaction (3.1). E°
is the standard unit activity electrode potential for reaction (3.1), and is given by
equation (3.16).

_=AGe
- F

EO

(3.16)

AG® is the standard free energy change of reaction (3.1).
In electrochemistry, how far a reaction is from equilibrium is usually defined
by the overpotential 7y, = E — E,. ’

Writing equation (3.2) in terms of the overpotential 7;, and using equation

(3.9):
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= k?_c’oe—ﬂfmn—ﬂln (k$Co,in/kyCRyin) __ k;CBe(l-ﬁ)fﬂinHl—ﬂ) In (k$C0,in /by CR,in)

(3.17)
r = kooo(k?co’m> *‘Be—ﬂfm‘n — k2Cg <k?Co,m> e e(L=B)fnin (3.18)
4 kpCRin b kyCriin
o 1-8 110 OO —BIin
r= (kao,m) (]i?bCR,in)ﬁ Com e~ A
1- Cr  (1-p\ .
— (k$Co,in) g (kg Cran)’ o B (=) in (3.19)
’ R,in
- Oo —Bfn: CR - ;

= (K2Co.in =8 (koc )’ Bfin _ (1) fin 3.90
r= -9 ) (kiCrin) Co,me C[c,me (3.20)

From the stoichiometry of reaction (3.1), the current produced would be given

by equation (3.21).

i=Fr (3.21)
. Co _ Cr 9

— 0 e -{_ﬁf"hn — (1—/j)f'71n 322

! tin (OO,inc CR,ine ) ( )

i, = F (3Con) " (KClin)” (3.23)

Faraday’s constant F', the charge on 1 mole of electrons, converts the reaction
rate to a current. The kinetic parameter 3, is called the exchange current density.
One can also write equation 3.2 in terms of an alternative overpotential 7, =

E — E° and then use equation 3.12 to get equation (3.29).

.= k;coe—ﬁfno~ﬁln(k?/k§) — kOO pe =P aH(1=0) In (k3 /k7) (3.24)
ko -3 7 ko 1-p
r=k3Co (—f) e~Plme — 12Cp (k—f) e=Aime (3.25)
b b
r= (k)" (k9)° Coe™? — (k3)"™° (kg)” Crett=M1m (3.26)
r= (k)" (kg)° (Coe™?™ — Crel=)m) (3.27)

From stoichiometry again:
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i=Fr (3.28)
7 =1° (Ooe_ﬂfno — CRe(l_’H)fn") (329)
i©=F (k)" (kg)° (3.30)

If I define equilibrium in terms of local surface concentrations, I get equation

(3.31).
i =42 (e7PIn — ((1=A)me) | (3.31)
where
i = F (k3Co)' ™ (k3Cr)” (3.32)
ns=FE — Ej (3.33)
E, = % n ::CCJZ (3.34)

All three forms of the net electrochemical reaction rate or current, equations
(3.22), (3.29), (3.31) are equivalent forms of what is called the Butler-Volmer
equation.

In most cases r,1,1° are defined as rates per unit apparent electrode area which
gives 7 and i° the units of current per unit area (A/m?).

For a reaction such as (3.35), the rate equation needs to be modified to account

for the n electrons transfered.

O’ +ne” 2R (3.35)

If the above reaction takes place in a single step, similar analysis to the above

leads to equation (3.36) for the net reduction current.

i = 1° (Coe ™M — Cpent=A)iMo) (3.36)

Frequently, a more general form equation (3.37) is used. For (3.37) to be
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thermodynamically consistent', o, -+ o, must be a multiple of n, the number of
electrons transferred in the overall reaction (3.35). Writing equation (3.37) in the
form of (3.22) leads to equation (3.38).

i =q° (Coe—acfﬂo _ CRe“afTIO) (357)
o C . C _

3.2 Rate equations for fuel cell electrode reac-

tions

The overall half-cell reactions on a fuel cell electrode all involve the transfer of
multiple electrons. For the case of the HyS SOFC with HyO and S, as products,
the two half-cell reactions are given below where (3.39) is the anode half reaction
and (3.40) is the cathode half reaction for the Hy SOFC.

. 1
H,S + 0*" 2 H,0 + 582 +2e” (3.39)
1 .
502 +2e” & 0" (3.40)
If T assume that the reactions above occur in a single step (as written), the

electrochemical rate equations for them, using equation (3.37), would be given by
equations (3.41), and (3.42).

1 = ig (C}Izsea‘l’%sfna — Cy0v/ Csze(2ﬁa“'ﬂ25)fn“> (3.41)
o = ( N e(?—ac,ow‘nc) (3.42)

i; are the anodic and cathodic current densities, while 47 and «; are the ex-
change current densities and charge transfer coefficients respectively. The subscript
a denotes the anode while ¢ denotes the cathode.

ITo be thermodynamically consistent, the rate equation must reduce to the equilibrium rela-
tionship when the net reaction rate goes to zero. The reader is referred to the discussion at the
end of section 3.2
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The above equations can also be written in the form given by equation (3.38),

giving equations (3.43), and (3.44) below.

= o ( Chi,s QoS Mayin _ OHQOV Cs, 6(2_aa,H2S)fna,in) (3'43)

CH,8,in Ch,0,inv/ Csy,in

[ C A :
7;C = Zg,tn ( .._COO% e”ac,Oanc,'m - e(z“ﬂic,oz)f"?c,m (3.44)
2,1

The assumption that either of these half-cell reactions occurs in a single step is
however theoretically suspect for two reasons. A reaction with multiple electrons
transfered together is unlikely [117, 102]. Secondly, complex heterogeneous reac-
tions involving three different phases, like the two above, usually occur in multiple
“elementary” steps.

Next I will develop one such reaction mechanism for the HyS oxidation half

reaction (3.39) and present the corresponding rate equations.

3.2.1 A Hs5S electro-oxidation mechanism

A general heterogeneous chemical reaction consists of several elementary reactions
such as adsorption of reactants, reactions on the surface between adsorbed species,
and desorption of products. Although the electrode materials for the experiments
discussed in this work are transition metal sulphides, in general the electrode
material can be any electronic conductor. For a SOFC, the electrolyte is an oxide
by definition and in this work, the electrolyte was yttria stabilized zirconia or YSZ.

In this reaction mechanism I assume there are active sites on the anode, des-
ignated (a), as well as the electrolyte (e). All the oxygen species remain on the
electrolyte (e) sites, and only protons can be transferred across from the (a) sites
to the (e) sites. The fuel HyS can only adsorb onto free sites on the anode. Another
assumption for this mechanism is that all the species in the reactions below are
local to the active three phase boundary (tpb) on the anode side. Surface diffusion
from either surface toward the tpb is not considered.
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HoS + V., 2 HS.V, (3.45)
HyS.V, +V, 2 SH.V, + HV, (3.46)
SH.V, +V, 2 8.V, +HV, (3.47)
%+ Ve 2 077V, + V (3.48)

HV,+ 0"V, 2 OH .V +V, +e” (3.49)
OH V. +HV,2H,0OV,+V,+e” (3.50)
H,0.V, 2 H,0+V, (3.51)

28.V, =2 Sy + 2V, (3.52)

V. is a surface site on the electrolyte, V, is a surface site on the anode, Of is

an O in the electrolyte bulk, and V{ is an oxygen vacancy in the electrolyte bulk.

There are four surface species on the anode (H,S.V,, HS.V,, S.V,, H.V,) and
three on the electrolyte (H,0.V,, OH™.V,, 0%*~.V,), not counting the vacant sites
on each phase.

Briefly, the reaction sequence is:

1.

A molecule of HyS adsorbs onto a vacant anode surface site.

. Adsorbed H,S dissociates to give SH and H species on the anode surface.

. The SH dissociates further into an S and H.

On the electrolyte side, an oxygen from the bulk moves to a surface vacancy,

leaving a bulk vacancy behind.

. The first of the adsorbed hydrogen atoms jumps across to a surface oxygen

on the electrolyte, leaving its electron and an anode site on the anode. The

surface oxygen becomes a surface hydroxl having acquired the proton.

The second adsorbed hydrogen atom jumps across to the surface hydroxl on
the electrolyte, leaving its electron and an anode site on the anode. The
surface hydroxl thus becomes a surface water molecule.

The water molecule on the electrolyte surface desorbs leaving an oxygen

vacancy behind.

41

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3. Electrochemistry in fuel cells

8. Two surface S atoms on the anode combine and desorb leaving two vacant
anode sites behind.

The net rates of reaction for each of the steps above are given by mass action
kinetics (3.53)...(3.60).

r1 = ki1Puyste — k-10u,s (3

Ty = kobp,s0, — k_20su0m (3

ry = kyBsuda — k3056 (3.55
ra = kb — k_400 (3

rs = ksBufoet ™ B — k_sfop0,e P Ea (

re = keforfue PP — k_gl,00,e /e 3

re = krBu,0 — k-7Pay00. (3.59)
rs = ks02 — k_g Ps, 07 3.

P, is the partial pressure of gas species k, 6,, is the surface coverage of species
m on the anode, F, is the anode electrical potential, 8, is the surface coverage of
species m on the electrolyte, and k;, k.; are the temperature dependent forward
and backward rate constants for reaction ¢ in the list (3.45)...(3.52). The units for
the reaction rates r; are mole/(mypy.s) where mypy, is the length of the active triple
phase boundary (tpb) in the anode in metres. Reactions 5 and 6 will generally
have different charge transfer coeflicients g;.

The surface coverage 8,, is defined as the ratio of the number of sites occupied
by species m to the total number of sites available on the anode surface. én is
defined similarly for the electrolyte surface.

The species balance equations for this reaction mechanism are obtained by
(3.61) and (3.62).

a totai dt = Z‘gm iT4 (3.61)

e total Zﬁm il (362)

Cla, totar and C¢ 1otqr are the total molar surface concentration of active sites on
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the anode and the electrolyte, and &, ; is the stoichiometric cocfficient of species
m in reaction 7. Assuming only the tpb is active, the units of these quantities
would be moles of active sites/m tpb.
For example, equation (3.61) written for gy would be:
dfsu

Ca, total d

;= (ro —11) (3.63)

Doing the site balance for the surface coverages gives:

o + bs + O + Osu + Opps = 1 (3.64)
0 + b0 + Oon + 0 = 1 (3.65)

These summation equations are needed to close the system of equations given
by (3.61) and (3.62). Since the rate equations involving charge transfer contain
the electrode potential E, as a variable, another equation is needed to account for
the time variation of E,. This charge balance equation is given by (3.66) for the

mechanism here.

Cy g& =i, — F(rs +1¢) (3.66)
dt

Ca is the double layer capacitance (per unit tpb length) of the anode.

This makes eight ordinary differential equations (4 for the anode species, 3 for
the electrolyte species, 1 for the anode potential), and two algebraic equations,
that need to be solved together for a full transient solution.

If all the kinetic constants are available or can be estimated, then I can integrate
the surface species rate equations given by (3.61) and (3.62) along the tpb, the
active region in the anode. For the steady state solution, one can set the time
derivatives in the equations above to zero. This would result in a system of ten
algebraic equations. These systems of equations (time-dependent or steady state)
need to be coupled to the gas phase mass transfer equations presented in section
2.2 to obtain local partial pressures ;.. These equations also need to be coupled to
the charge transport equations discussed in section 2.4 to obtain the local electrical
potential F,. -

If the kinetic constants required above are unavailable or if one do not want to
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solve the coupled equations above, one can make certain assumptions to make the
above problem computationally tractable.

Rate equations assuming a rate determining step

One of the simplifications possible is when one reaction in the mechanism is much
slower than the rest. The rate of the overall reaction is then determined by the rate
of this rate determining step (RDS). As the other reactions in the mechanism can
proceed at much faster rates, they can be agsumed to be in quasi-equilibrium. With
these assumptions, the overall rate equation can be derived for a particular rate
determining step. I present the resulting overall rate equations for two different
rate determining steps below. The analysis and detailed derivations are given in
appendix A.

If (3.54) (dissociation of HS) is rate controlling, the current density is given
by:

la2 = lg2 (PHQS — Pu,0y/Ps,e™ ”“) (3.67)
OF K]

(1 -+ Ké\/Psz + Ké P}Izofi_ﬂ’“ -+ A’g\/ .F)].I2()P326_f7/“' + Ké.Pst)2
(3.68)

Ne = Eq — EY and K] are various combinations of the rate constants k;, k.
If (3.58) (second proton transfer) is rate controlling, the current density is given
by:

Pi s
. . HoS8 —~ 3 -0
la6 =194 <____2~_e(4 Bo)fe . Py, ge”Felms

Pr,obs,

2FK,
Zu,ﬁ = -

11 111 11 Pryg il Phys

’ ' _FHpS /fTIa —_—2 ,fna

(1 + Ky /P, + Ky Pu,s + K, \/E;—(;e + K /PryoPs, € )
1
(3.69)
1 " 14 PHQS 2N
<1 + K + K7 Payo + K el )

As seen in equations (3.67) and (3.69), the overall rate equation is of the form

(3.70), and the terms in the denominator are dependent on the electrical potential
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of the electrode.

Lan P?/ca Zea
. H»S anfNa HyOF Sy —eg fNa
- goanfna _ 1201 3.70
(P o ls:" Prs ) (370)
Oan + Qg = 2')’ - 2(Ian + xca) - 2(y<m + yca) - 4(zan + zca) (371)

v is either 1 or 2, and the number 2 multiplying + is the number of electrons
transfered for the overall anode reaction. The subscript ¢ denotes the anodic term
while ¢ denotes the cathodic term.

The reaction orders for the three reactants and products in equation (3.70)
are such that all such overall rate equations are thermodynamically consistent. I
demonstrate this below by confirming that setting i, = 0 in equation (3.70) leads

to the Nernst equation for the anode equilibrium potential (3.76).

SIS R § 1L (3.72)
P!/an Pzan PZCG' )
H,0 HyS
) P?]an +Yea P7a.n+zr'a.
e(aan+aca)f(Eeq_E ) — Hz( - (373)
})ﬁ;n Lca
P })"I/2
2Yf(Beq—E°) _ ~HoO~ Sy .
e = 3.74
T (3.74)
F P H; OP S
9 E. — E°) = ~p 229782 3.75
’YRT( eq ) 7 in PHZS ( ‘))
RT Py
E,=E°+ 52 Prols, (3.76)

Pr,s

3.3 Parameters

The parameters needed to calculate the electrochemical reaction rate depend on
the model used for the electrochemistry. A detailed reaction model with multiple
elementary steps requires all the kinetic constants for the elementary steps k;, k_;
along with the charge transfer coefficients 3; for the charge transfer steps. A model
developed using the rate determining step assumption also requires several kinetic
parameters (e.g., K; in equation (3.69)) and at least one charge transfer coefficient.
A simpler model equation such as (3.41) has only two parameters i® and 3 (or ).

Determining the parameters required for any of these models needs reliable
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experimental data such as electrode polarization data using a 3-electrode setup
and carefully designed fuel composition. These can then be used to determine the
correct reaction orders and charge transfer coefficients for the given electrode. I
present some experimental data in Chapter 5 where the fuel composition was varied
to examine the effect on full fuel cell performance. However, since the setup did
not allow an extra reference electrode, I could not isolate the anode’s performance.
In Chapters 4 and 7 I demonstrate the use of parameter estimation for obtaining

kinetic parameters in equations similar to equations (3.41) and (3.42).

3.4 Discussion

The mechanism presented in section 3.2.1 is one of many that can be proposed for
the electrochemical oxidation of HyS. The only reliable method to arrive at the
correct or at least a better mechanism is to validate the model against carefully
controlled experiments. In the absence of electrode polarization data for different
gas compositions, it is impossible to confirm any mechanism or rate equation.
For the case of hydrogen sulphide, the situation is further complicated by the
dissociation of HyS into Hy and Sy. Thus, there is more than one component in
the fuel that can be electro-oxidized at the anode. I will examine this problem in
some detail in Chapters 6 and 7.

In Chapter 4, I will use the electrochemical rate equations given in equations
(3.43) and (3.44) while in Chapter 7 I use the forms given by equations (3.41) and
(3.42). These simpler rate equations are used since they have the least number of
parameters (only ¢ if I make the common assumption of 3; = 0.5), and there is
no anode side half cell data for the electrode materials used to validate the more

involved models of the type in section 3.2.1 above.
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Chapter 4

Models for published data

In this Chapter!, I will present models for the fuel cell investigated by Liu et al.
[84]. The fuel cell is in the shape of a circular disc held between the air outlet tube
on one side and the fuel outlet tube on the other. On both sides, inflow occurs
through the inner tube and the outflow through the annulus between the inner
and outer tubes. Both the air and fuel sides are at atmospheric pressure. This
geometry is very common and is also known as a “button cell”. The data sets
that are used in this work to validate the models are from a sample cell that used
Co-Mo-S mixed with Ag as anode, and Pt as cathode. The electrolyte was 8 mole
% YSZ. The cell assembly and the gas feeds and outlets are held in a temperature
controlled furnace.

I present four different models of increasing complexity and examine their fit to
experimental data given in [84]. Of these, the first two are one-dimensional models
that solve for the electrochemistry as well as electrical potential and mass transfer
in the electrodes. I start with the simplest model possible that explicitly calcu-
lates the output voltage of the cell given the current being drawn from it. This
model is derived using a one dimensional analysis along the axis of the cell and
calculates the three voltage loss terms: the electrical resistance losses, the mass
transfer losses, and the electrochemical activation losses separately by ignoring the
coupling between the mass transfer and electrochemistry. The second model is a
refined version of the first where the mass transfer losses and the electrochemical
activation losses are coupled and cannot be calculated explicitly. For this model,
the performance of the cell is calculated by solving a set of coupled non-linear alge-

braic equations. The third and fourth models are two dimensional axi-symmetric

1Versions of this Chapter are published as [93] and [94]

47

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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models where the flow, mass transfer, voltage fields, and electrochemical reaction
are all modelled. The fourth model is identical to the third, except the diffusive
mass transfer is modelled using the multi-component Maxwell-Stefan formulation
instead of Fick’s law. The resulting coupled partial differential equations are solved
using finite element methods (FEM).

As seen in Chapters 2 and 3, in order to solve these models, various parameters
such as diffusion coeflicients, viscosities, electrical conductivities of the electrodes
and electrolyte, and electrochemical reaction rate parameters need to be defined.
While many of these parameters are known or can be estimated, some, such as ex-
change current densities for the electrochemical reactions in the electrodes are not
known with any certainty. There are no data on electrochemical kinetic parame-
ters for HoS anodes in literature. While there is some kinetic data for O, reduction
on Pt cathodes, there is little agreement in the SOFC research community on the
reaction mechanisms [3]. Since there is no reliable data for the electrochemical ki-
netic parameters, I use non-linear least squares estimation in this work to estimate
the kinetic parameters in all four models.

I start by describing the model geometries and discussing the assumptions I
use. The computational modelling tools used to frame and solve these models
are described next. The governing equations for transport phenomena and elec-
trochemistry have already been introduced in Chapters 2 and 3. However, for
completeness, I next list all the model equations and boundary conditions here
and discuss the model parameters. I then introduce the mathematical formulation
used for estimating the unknown parameters. The results of the parameter esti-
mation are presented next, and I examine these estimates and the quality of the
fit of the models to the experimental data to draw conclusions on the fidelity and

usefulness of the models.

4.1 Model geometry

The 1-D and 2-D model geometries are given in Figure 4.1. In developing the 2-D
models, the cylindrical geometry of the experimental cell and the symmetry around
the central axis is used to reduce the modelling domain to a 2-D axi-symmetric
domain as shown in the top section of Figure 4.1. The subdomains in this reduced
domain are (going left to right): (i) the fuel flow channel, Q¢ e (ii) the anode, Q,

(iii) the electrolyte, Q0 (iv) the cathode, €}, and (v) the air flow channel, Q..
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4. Models for published data

Although the tubes carrying the reactants and products in the fuel cell assembly
were 40 cm long, I only model the 5 cm adjacent to the fuel cell. This is done
to reduce the size of the computational domains. The 1-D model geometry, given
in the bottom section of Figure 4.1 does not consider the flow channels as the
inherently 2-D flow field cannot be modelled correctly in a 1-D model.

In the 2-D models, the current collectors are located at the vertical interface
between the flow and electrode subdomains on both sides. In the 1-D model, the
anode current collector is the left-most point of the domain while the cathode

current collector is the right-most point in the domain.

Model geometries

; outer tube Q
y m
|
i

s

ub inner tube

____‘_\___

N

it o

r—-

Figure 4.1: 1-D and 2-D model geometries (not to scale)
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4.2 Model assumptions

Although the overall oxidation reaction for HeS oxidation to Sy (4.1) has been

presented in earlier Chapters, it is reproduced here for easier reference.

1 1
H,S + 502 < H,0 + '2-82 (41)
The main assumptions used in the models presented are:

1. all models presented in this Chapter are isothermal

2. the only electrochemical reaction modelled on the anode is the oxidation of
HyS to HoO and Sy (reaction 4.13) even though there are probably other

reactions occuring simultaneously
3. the open circuit voltage is taken as the zero current voltage in the data set
being modelled

4. in the 1-D models, the absolute pressure is assumed constant in the electrodes

I explain these assumptions in more detail in relevant subsections.
The assumption that all models are isothermal is justified in the current study

for the following reasons:
e The experimental cell modelled is in a temperature controlled electric fur-
nace.
e The current density drawn from the cell is relatively small, which means the

heat generation is also small.

o Although the fuel and air streams are not preheated before they are fed to
the SOFC, the flow-rates are quite small (25 ml/min) and allow the gases
to come up to cell temperature by the time they get to the actual cell. The

above was verified by modelling only the fluid flow and heat transfer using
an extended 2-D geometry similar to that described in Chapter 7.

50

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4. Models for published data

4.2.1 Open circuit voltage

In most fuel cell models, the open circuit voltage (OCV) or the equilibrium voltage
across a fuel cell is calculated using the Nernst equation [102]. In all the models
discussed in this Chapter however, the open circuit voltage, F,. is taken from
experimental data instead of being calculated using the Nernst equation. This
is done primarily because the Nernst equation contains the compositions of the
products (HyO and Sy for reaction 4.1) as well as the reactants. These were not
measured during the experiments [84] that are modelled here. Although I assume
inlet concentrations for (HoO and S, for reaction 4.1) in the models later in this
Chapter, the Nernst potentials predicted are not consistent with the measured
OCV values.

Also, the open circuit voltage in a HyS SOFC is possibly a mixed voltage from
the different possible reactions at the anode [145, 4, 140]. Modelling a mixed
voltage requires that the kinetics of each possible electrochemical reaction be con-
sidered. This in turn requires additional kinetic parameter values for each reaction,
and as discussed earlier, these are unavailable for the anode used in the experi-
ments. This is also the reason why reaction 4.1 is the only electrochemical reaction
modelled here. In Chapter 7, I model the OCV using Nernst equation and also

revisit the problem of calculating a mixed open circuit voltage.

4.3 Modelling tools

The one-dimensional models are solved using MATLAB [129] while COMSOL Mul-
tiphysics [31] is used to solve the two-dimensional models. MATLAB is a general
purpose computational software platform and language. COMSOL Multiphysics is
a finite element method based modelling package for the simulation of any physical
process that can be described using ordinary or partial differential equations. It has
an easy to use graphic user interface that handles all modelling steps from geom-
etry generation and meshing, to defining the differential equations and boundary
conditions, to solving and post-processing the results. COMSOL Multiphysics has
a MATLAB interface that allows easy transfer of data from one to the other. It is
this interface that allows the use of optimization routines available in MATLAB

for the parameter estimation described later.
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4.4 Decoupled 1-D explicit model

In developing this model I followed a similar approach to that detailed in Kim
et al. [74] and Chan et al. [25]. A one-dimensional analysis was done along the
thickness of the cell (Figure 4.1) to obtain a model equation (4.2) that relates the

voltage of the working cell, Vo to the current density, ¢ drawn from the cell.

Rq is the total ohmic resistance (cell area specific) of the cell, 7, are the
activation voltage losses at the anode and cathode, and 7.onc are the concentration
(mass transfer) voltage losses. The activation and concentration (mass transfer)

voltage losses in the model are given in the equations (4.3 ...4.7) below.

RQ = L + i + i + ﬁcontact (4.3)
T lysz ‘7 anode 9 lcathode
Tact—anode = if; sinh™! (51—2) (4.4)
Tact—cathode = % sinh ™" (§%> (4.5)
RT 1—3/1, 4
Proawae = g ((1 + Ko if i, lgm ) o
Tconc—cathode = —%{; In (1 - icim> (4.7)

P Py,s.in 4F Dy,s, ot
> (2 + Pu,sin/P) RTI,
o = Po, in 4F Do, , et

’ (1—Po27i,1/P> RTI,

(4.8)

(4.9)

[ is the length and o the electrical conductivity of the electrode or electrolyte.
ne is the number of electrons transferred in the electrode reaction, and P is the
total or absolute pressure. For both the 1-D models, I assume that P is constant at
1.013 x 10° Pa in both electrodes. The ohmic resistance, given by equation (4.3),
includes the area specific resistance of the zirconia electrolyte, the electrodes and
the contact resistance. Any current lead wire or inter-phase resistance is bundled

into Reontact- Lhe activation losses assume a Butler-Volmer [102] kinetic expression
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where the charge transfer coefficients are 0.5, and 73, 42 are the exchange current
densities. Kg,o in equation (4.6) is a function of initial partial pressures of HyO
and HyS, while K, is a function of initial partial pressures of S and HyS. The
concentration voltage loss terms have the limiting current densities ¢, 1im and 4c jim
as parameters, which in turn are functions of, among other things, the effective
diffusivities of the reactants, Dy «. Effective diffusivity is a function of the bulk
diffusivity Dy, Knudsen diffusivity Dk i, and the ratio of porosity to tortuousity

€/T.

Diet = 7773 /7 = (4.10)
(D" + Dk ")

The solutions to the mass transfer equations for the reactants and products
are used to obtain the above terms for the concentration losses. The form of the
mass transfer equations, and thus the solutions are identical to those for the 1-
D coupled model discussed in the next section. These solutions or concentration
profiles (4.23 ... 4.25) however, need to be linearized to get the explicit form
for the concentration losses. Of course, the 1-D explicit model does not consider
the coupling between the activation and concentration losses because the form of
the Butler-Volmer equation used (4.4, 4.5) does not contain any concentration
terms, while the 1-D implicit model does so through the concentration terms in

the electrochemical rate equations (4.19, 4.20).

4.5 Coupled 1-D implicit model

The governing ordinary differential equations (ODEs) used in the 1-D implicit
model are presented in this section. A 1-D model for this geometry cannot consider
flow and mass transfer in the channels. Thus, the model equations only need to
describe the mass transfer in the electrodes and the voltage distribution in the
anode, cathode, and electrolyte. The model domain is a line that extends from
the current collector on the anode to the current collector on the cathode along
the axis of the cell and includes the electrodes and the electrolyte (see bottom of
Figure 4.1).
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4.5.1 Governing equations: mass transfer and voltage
Mass transfer

The reactants, oxygen on the cathode side and hydrogen sulphide on the anode
side, are transported from the flow channels to their respective electrode-electrolyte
interfaces where the reaction occurs. Similarly, the products on the anode side are
transported from the anode-electrolyte interface into the fuel flow channel. This
mass transfer of the reactants and products is modelled using the convection-

diffusion equation, where diffusion is modelled using Fick’s law:

d aCy . _
&;{“Dkyeﬁ—a;" -+ UCk;} =0 (411)
iy ,
= FC; 2= (4.12)

Cy, is the molar concentration of the k"™ component, C; the total molar concen-
tration, & is the stoichiometric coeflicient and n, the number of electrons trans-
ferred per molecule of component k in the electrode electrochemical reaction, and
7 is the mole average velocity of the gas. k = {HS,Hy0,S3} in the anode and
{O,} in the cathode. As no carrier gas is used on the anode side in the experi-
ments, I can model transport of HsS and HyO on the anode side and obtain the
concentration of Sy at any point by using the identity: Cs, = C; — Cy,s — Cu,0. 1
obtain equation (4.12) for ¥ by considering the overall molar flux towards or away
from the reaction interface and assuming that the total pressure, and thus the

total molar concentration remains constant in the electrodes.

Potential distribution

The fuel reacts on the anode-electrolyte interface and releases electrons. These
electrons travel through the anode to the outer circuit and come around through
the cathode to the cathode-electrolyte interface where they are consumed in the
reaction with oxygen. To complete the circuit, the oxide ions produced at the
cathode-electrolyte interface travel across the electrolyte to the anode-electrolyte

interface.
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1
H,S + 0 & H,O + 582 + 2e” (413)
Oy + 4e~ < 207 (4.14)

The voltage and current distribution in the electrodes and the electrolyte due

to this electronic and ionic transport is modelled using Ohm’s law:

A, 4% _ 5
dz( a; dz) =0 (4.15)

o; is the electrical conductivity and ¢; is the electrical potential of the j™

sub-domain (anode, electrolyte, or cathode).

4.5.2 Boundary conditions

To get the concentration and voltage profiles, the following boundary conditions
need to be solved:

e Concentrations of Og in air, and HS, HoO in fuel given at the inlets

CH2SI89fuel,inlet = CH2S’in
CHzotanuel,inlet = CH‘2O’in
002 lasz = C’Og,in (416)

air,inlet

o Molar flux, of the reactants into, and the products out of, the electrolyte

governed by the local current density at the electrode-electrolyte interface

( Dise dCh,s ia.nodecﬂzs) _ Banode
o dz 4FCL Aanade,clectrolyte 2F
(—‘DHQO o dCHgO _ ianodeOHQS) _ _?’irﬂc_lg
7 dz 4FC{; Oanade,electrolyte 2F
(-DOq o dOOg _ ica.thodeGOg) - Z‘vs,athode (417)
- dz 4FC; Ocathode,electrolyte 4F
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e The voltage at the anode and cathode current collectors is specified

—ou 2 = (¢-0)|7]
dz aﬂanode,cnllector l contact
dd)c g
Oy = (Pe — Veert) [7} (4.18)
< 8Qcathode,collecmr contact

[0 /1] contact 15 the reciprocal of the area specific contact and lead resistance

for each electrode.

e Current density at the electrode-electrolyte interfaces is given by the elec-
trochemical reaction rate, which is dependent on the local concentrations of
the active species and the local voltage difference between the electrode and
the electrolyte [102]

doa S Ch,s 2(1 - /J’)naF)
Oa =g {CHQS,in exp ( AT

1z [ a,in
AHa O 3 -2 NaF
CIIQ C&hz eXp < /3 ) } (419)

6Qanode selectrolyte
- Al
CHz O,in CSQ ,in RI

do 5 Co, —20n.F
_dcmd~ = igin o exp “RT
i anathode,electmlyLe i 02 )11 ’

o (YL i

4. _
-0, = —0p
dZ 8Qanode,electrolyte dz as‘zanode,electrolyte
de de
—0e - = —am—dﬂ (4.21)
o aﬂcathode,electrolyte < anathode,elecholyLe
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o = ¢anode " ¢elecnrolyte - Ea, in

Ne = Peathode — ¢electrolyte - Ec,in (422)

io and 32 are the exchange current densities of the anode and cathode, § is
the charge transfer coefficient, Cj;, are the inlet component concentrations

and E, in and E, i, are the anode and cathode equilibrium potentials.

The boundary conditions (4.19, 4.20) are the electrochemical rate equations
first introduced in Chapter 3. The equations used in both the 1-D implicit model
as well as the 2-D models in this Chapter is (3.41) written in the form of (3.22).
While a chemical rate equation depends on local species concentrations, an elec-
trochemical rate equation depends on local species concentrations as well as the
local potential difference between the electrode and electrolyte phases.

Solution of the mass transfer ODEs and boundary conditions gives the com-
ponent partial densities and electric potentials as functions of current density and
distance from the anode current collector along the cell axis:

12

Ch,s = —2C; + (2C; + CH,5in —_— 4.9:

H,9 o -+ (2C; + Chys,in) €xp ( 0F D}{gg)@ﬁ) (4.23)

1z

s =2 — 4L 1,0.in/) €X] v —— .

01120 Ct -+ ( QCt -+ CHZO, ) exp ( 4CtFDH20,ef[~'> (4 24)
_ iz — (o + I + 1))

Co, = Cy + (—=C; + Coyin) €xp ( 4C,F Do, (4.25)
¢; =mjz+c; (4.26)

m; and ¢; are integration constants for the voltage profile equation for the j*
sub-domain (anode, electrolyte, or cathode).

Although I obtain the concentration profiles above, they are functions of the
current density which in turn is a function of the concentrations at the inter phase
boundaries. The electric potential boundary conditions ((4.18) .. (4.22)) provide a
set of coupled non-linear algebraic equations that cannot be solved analytically. In
this work, these six equations in six unknowns (m; and ¢;), are solved numerically

using MATLAB [129].

57

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4. Models for published data

4.6 2-D models

The first 2-D model solves the i) weakly-compressible Navier-Stokes equations
and Darcy’s law for velocity and pressure in the flow channels and electrodes
respectively, ii) convection-diffusion mass transfer equations for partial densities
of HyS, HoO, S, on the fuel side and Oy on the air side and, iii) Laplace equation
(Ohm’s law) for the voltage/current distribution in the electrodes and electrolyte.

The second 2-D model uses the Maxwell-Stefan equations (instead of Fick’s

law) to model the multicomponent mass transfer in the fuel cell.

4.6.1 Flow in gas channels

The fluid flow in the fuel and air channels is important as it describes the transport
of reactants to and the products from the cell. I use the weakly compressible form
of the Navier Stokes equations (4.27) as discussed in Chapter 2 to model flow in

the gas channels.

V. p (Vv +(VV)T) - %u(V.v)I +p(v.Vv)+ VP =0

V.(pv) =0 (4.27)

(4 is the viscosity of the fluid, v is the velocity vector, p is the density, P is the

pressure, and I is the identity matrix.

Boundary Conditions (channel flow)

e zero velocity (no-slip) at the walls

v= Olaﬂwans (4.28)
¢ velocity continuous across the channel-electrode interfaces
flow channels __ Velec‘crodes{ ) (4.29)
dﬂﬂow channels —electrodes

e fully developed laminar flow at the fuel and air inlets for given volumetric
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flow-rates:

2V Y
o i 4.
u 0, v ﬂT?nnET [1 ( Tinner ) :| ( 30)

u and v are the » and z components of the velocity vector, V is the tem-

perature corrected volumetric flow-rate, and ry,e- is the inner radius for the

inlet tube.

e pressure specified and flow normal to the boundary at the outlets of the flow

channels.

P=0, tv=0 (4.31)

t is the tangent vector to the houndary.

e Radial symmetry along the axis of the flow channels

ov

e =0 =20 4.32
67‘ —o ’ u'v—D ( )

4.6.2 Flow in electrodes

The flow in the porous electrodes is modelled using Darcy’s law:

V.(pv) = (4.33)
& is the permeability of the porous electrode.

Boundary Conditions (electrode flow)

e pressure at each electrode-flow channel interface is equal to the pressure in

the flow channel at that interface
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P, anode‘ a0 = B fuel channel‘ag (434)

anode,fuel channel anode,fuel channel

Pcat‘h()de|6Qca.thocle,airchannel = Pa'irc'ha‘nne]‘652cathode,airchanuel (435)
o flow into the electrodes at the electrode-electrolyte interface is the net dif-
ference in the amount of the products being formed and the reactants being

consumed at that interface

1 ielem; rode § k M, k I. .
—n'v!aQ(-lect.rode,e]chrolch = ; ( F Z n’k’ + Z an (436)
k k

n is the normal vector, dclectrode 18 the current density, My the molar weight,

and j, is the diffusive flux of the &** component.
o Radial symmetry along the axis of the cell

oP

d’!’ r=0

=0 (4.37)

4.6.3 Mass transfer

The two mass transfer models used for the 2-D fuel cell models in this work were
also described in Chapter 2. The convection-diffusion equation (4.38) is used in
both models to describe the mass transfer of the reactants and products in the

flow channels and the electrodes.
V.iji+ pv.Vw; =0 (4.38)
The diffusive flux is given by Fick’s law (4.39) in the first 2-D model, and by
the Maxwell-Stefan diffusive flux (4.40) in the second [16].

Ji = —pDiV (w;) (4.39)

Ji is the diffusive flux of ¢, p is the density of the gas mixture, w; the mass

fraction of the i*" component. D; is the diffusivity of component i: bulk diffusivity
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in the flow channels, effective diffusivity in the electrodes. Mass fractions are used
instead of mole fractions or molar concentrations in the Fick diffusive flux term
because the mass transfer is coupled to the fluid flow equations where the fluid

velocity v is a mass average quantity.

o VP
ji = —pw; Z D;; (villj + (Y — wj)”ﬁ‘) (4.40)
j=1
In equation (4.40), n is the total number of species in the mixture, y; is the
mole fraction of species j, and 157;3- is the multicomponent composition dependent

diffusivity of species ¢ in j, which is given by:

Yl _ —WWy Z”éf( L _ )i (4.41)
Zj;éi D (a‘dJBi)jlc

(Bi); = Dij — Dyjyi # §

Dy are multicomponent Maxwell-Stefan diffusivities that for low density gas
mixtures can be approximated by composition independent binary diffusivities,
and can be estimated using the Fuller, Schettler and Giddings equation. The
values used in this work are given in section 4.7.

Mass fractions and mole fractions are related through:

Y M;

We = I 4.42
! Z]’ y;M; ( )

For Fick’s law, effective diffusivity in the electrodes is defined in equation (4.10),

but for Maxwell-Stefan mass transfer, equation (4.43) is used.
€
Digest = —Dix (4.43)
As discussed earlier, no carrier gas is used on the anode side in the experiments.

Thus, I can model transport of HyS and HyO on the anode side and obtain the

mass fraction of Sq at any point by using the identity: wg, = 1 — wn,s — wWh,o0-
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Boundary Conditions (Convection-diffusion equation)

e mass fraction of Qg in air, and HyS, So, HyO in fuel given at the flow channel

inlets

szs|aQﬁlel,inlet = UJHQS,]ITI
’u/HZO[anuel,inlet = “)H'Qo’in
W0, |y = WOy in (4.44)

air,inlet

e zero flux at the inner and outer tube walls

walls
Ny = jk + pwrv (4.45)
N, is the total mass flux of the k™ component.

e mass flux, of the reactants out of, and the products into, the electrodes

governed by the local current density at the electrode-electrolyte interface

—n.N ' m __A/[Hgsianodc
' H2S 8S‘Zanode,electmlyce - ZF
N ’ . MHQOZanode
—n. HO 8£2anode,electrnlyte - 2F
Mo,
. 2 ¢cathode S
n'NO2|6S2cathode.electrolyf.e - 4F (446)

e radial symmetry along the axis of the flow channels and the electrodes

Gwel (4.47)
or |-
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4.6.4 Voltage and current distribution

The voltage and current distribution in the electrodes and the electrolyte due to

this electronic and ionic transport is modelled using the vector form of Ohm’s law:

V. (—omVm) =0
V.(=0,V¢,) =0
V. (~0.V¢.) =0 (4.48)

Om, Ta, Jc are electrical conductivities of the electrolyte, anode and cathode,

and ¢, ¢a, P are electrical potentials of the electrolyte, anode, and cathode.

Boundary Conditions (Ohm’s law)

e the voltage at the anode and cathode current collectors is specified

. g
n‘lanOde}ananode,collector - (¢a - O) [le contact,
(e
i = -V —
' n'lcaj"hOde|aﬂca,thode,co]]ector (¢C ‘cell) [l ]contact
ij = —0o;Vo; (4.49)

i is the current density vector, [0/1] ... I8 the arca specific contact and lead

conductance.

e clectrical insulation at the outer tube walls

n. ianode | a0 =0

walls
1.1cathode ‘0ﬂwalls =0

n-ielectrolyt;e [39 =( (450)

walls

e current density at the electrode-electrolyte interfaces is given by the electro-

chemical reaction rate
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2(1 = B F
—N.iznode :z‘;{ YHaS exp( (L= )

aﬂanode,electrolyte YH,S.in R’]7
k29,

YH,0 | Ys, —Qﬂ%F>}
- eXp\ —pr 4.51
YH,0,in ¥ ¥YS2,in ( RT ( )

-n.i = Yor_ oy (2200
-Ycathode aﬂcathodc,electrolyw e y02,i11 - p R]’

RLIET

Ta = ¢anode - ¢electrolyte - Ea, in

e

e = ?écathode - ¢electrolyte - Ec, in (403)

yr are the mole fractions at the boundary, y . are the inlet mole fractions.

e radial symmetry along the axis of the electrodes and the electrolyte

%

52| =0 (4.54)

=0

4.6.5 2-D Meshing

The mesh generated for the 2-D models above had 3853 triangular elements, which
translates to 30229 degrees of freedom. I used the non-linear parametric solver
(with the UMFPACK direct solver for the linear subsystem) in COMSOL Multi-
physics to solve the model at equally spaced voltage intervals from near OCV to 0
V. Grid independence of the results was insured by comparing the model output
for the current density at 0 V and 850°C, against a mesh 4 times denser. The
relative error in the calculated current denstiy was of the order of 107° between
the mesh used in this work (with 3853 elements) and the test mesh with 15412

elements.
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4.7 Parameters used in the models

Table 4.1: Temperature independent parameters in the models

Parameter  units value
P Pa 1.013 x 10°
Viael ml/min 25
Viir ml/min 25
YH,8,in - 0.985
YH,On 0.01
YOs,in - 0.21
€ - 0.4
T - 4
Tpore,av m 2% 1076
l, m 1074
le m 1074
I m 2% 1074
Ka m? 10714
Ke m? 1014

There are a number of parameters in the models presented above and these
parameters need to be estimated before the models can be solved. Physical con-
stants, such as the gas constant R, and the values assigned to them in the models
are summarized in the Nomenclature. Transport parameters needed include diffu-
sivities, viscosities, and electrical conductivities, while the electrochemical param-
eters needed are equilibrium electrode potential, exchange current density and the
charge transfer coefficient for each electrode.

Binary diffusion coefficients D;; are estimated using the Fuller, Schettler and
Giddings relation given in Reid et al., 1987 [113]. Knudsen diffusion coefficients
Dy i, are calculated assuming smooth round pores. Viscosity of the gases on both
sides of the fuel cell i, iuel is estimated using Brokaw’s method also outlined in
[113]. The density of the gases are calculated using the ideal gas law and the mass
fractions of the components. Experimental values for electrode permeability x were
not available and order of magnitude estimates are used based on permeability
values calculated for close packings of spheres [114].

Electrical conductivity of the anode materials o, used was measured by Liu,
2004 [83] and those values are used here. The cathode used in the experiments was

Pt, and the values for both electrode conductivities at the operating temperatures

65

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4. Models for published data

Table 4.2: Temperature dependent parameter values used

Parameter units 750°C 800°C 850°C
D}{2S,H2o mz/s 1.89 x 1074 2.05x 107¢ 223 x 107
Dy,s3s, m?/s  9.12x107° 9.91x107% 1.07x 107*
Dy,05, m?/s 142 x 107* 1.54 x 107* 1.67 x 1074
Do, N, m?/s 1.8 x 107* 1.96 x 107* 2.12 x 1074
Dk n,s m?/s 1.06 x 107% 1.09 x 107 1.12 x 1073
Dx m,0 m?/s 1.46 x 107 1.50 x 107® 1.53 x 1073
Dk, m?/s  7.76.x 107* 7.94x 107* 8.13 x 107*
Dk 0, m?/s 1.1x107% 1.12x10™% 1.15x 1073
Hair kg.(m.s)™! 3.71 x 1075 3.82x 107% 3.93 x 1075
el kg.(m.s)~! 3.7x107° 3.85x 1075 4.01x107°
Ag? \Y% 0.886 0.880 0.872
Ta (Qm)! 13.1 9.88 5.26
e (Qm)~'  111x10° 1.06 x10° 1.02 x 10°
Om Q. m) ! 1.49 2.39 3.66
[0/ Ueontace 271 7670 7000 7730

are corrected for porosity using equation (4.55) given in [34]. Values for conductiv-
ity of the YSZ electrolyte o, are obtained using the temperature dependent form

given in [5].

(4.55)

Oelectrode, eff = €Oclectrode

The equilibrium potential of the cathode A¢Y is set to the value of the open
circuit potential at each operating temperature while the equilibrium potential of
the anode ¢? is set to zero. The open circuit potential at each operating tempera-
ture is taken from the experimental i —V data sets. The charge transfer symmetry
coefficients § in the electrochemical rate equations (4.19, 4.20, 4.51, 4.52) are as-
signed the defualt value of 0.5 [102]. As experimental values for exchange current
densities are not available, I estimate them using the models and experimental
i — V data. The estimation procedure is explained in the next section.

The overall wire lead and contact resistance is calculated by comparing the
cell’'s i — V curve to the IR compensated i — V curve at the different operating
temperatures. The overall cell area specific resistance is given by equation (4.56),

where Vg is the IR compensated cell voltage and V is the actual cell voltage when
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a current density of 7 is drawn from the cell. Four such values taken at different
points of the i—V curve are averaged and the known resistances of the different cell
layers are subtracted from the overall resistance to obtain the overall wire lead and
contact resistance for the cell (4.58). This overall resistance is then divided into

equal halves in the models and placed at the current collectors for each electrode.

. V-V
Rq = —”57— (4.56)
~ l l
B
o contact,t T ivysz T | anode g cathode
[ 111
LIt
g contact 2 o contact,t

The numerical values of all the parameters used are given in tables 4.1 and 4.2.

4.8 Estimation of uncertain parameters

As discussed earlier, the electrochemical parameters on the anode side are com-
pletely unknown whereas those on the cathode side are uncertain. In this work I
estimate exchange current densities i3 and 49 using non-linear least squares [131].
This method minimizes the sum of the squares of the difference between experimen-
tal data points and the model output by varying the parameters to be estimated.

The data is filtered before being sent to the estimation algorithm. This filtering

includes:

1. The Robust Lowess smoothing method provided in MATLAB’s Curve Fitting

Toolbox was used to smooth the i — V' data. [130].
2. Repeating data points and data values against the trend are removed.

3. Current density values are interpolated for an equally spaced vector of voltage
values to get a ¢ —V matrix of a manageable size. For all four models used in
this study, the V vector was defined by 16 equally spaced points that went
from 99% of the open circuit potential of the cell to 0 V.

The parameter estimation routine takes this matrix of ¢ — V data at each

temperature and uses the models to iterate to iy values that fit the given data
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best. The 1-D explicit model calculates the cell voltage as a function of specified
average current density while the 1-D implicit and the 2-D models calculate current
density for a specified cell operating voltage. Thus, the parameter estimation needs
to be set up differently depending on the model being fitted.

4.8.1 Mathematical formulation for 1-D explicit model

min > AVaalis, T) = Vir}
k=1

subject to:

‘/m = f (?'; Ta X, p)

X <x <Xy

Va(ik, T') is the output cell voltage given by the model for the current density

i, while Vi p is the experimentally observed cell voltage at current density x and

operation temperature 7. The vector x contains the unknown parameters (i2, 8

in this case), and x;,x, are the lower and upper bounds for these parameters.
The vector p represents the known parameters (e.g., 0, Djer) needed to solve the
model for Vi, and n is the number of data points. The function f() represents the

1-D explicit fuel cell model.

4.8.2 Mathematical formulation for 1-D implicit and 2-D

models

min D {im(Vi, T) = éxr}”
k=1

subject to:

Im = g (‘/7 T) X, p*)

X <X <Xy
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im(Vi, T') is the output cell current density given by the model for a cell voltage
of Vi and éx 7 is the experimentally observed current density for the same cell
voltage of Vi. The vector p*, again represents the known parameters needed to

solve the model for é,,. The function g() represents the fuel cell model.

4.8.3 Computational resources used

I ran all parameter estimation routines using the function lsgnonlin in the MAT-
LAB Optimization Toolbox [131]. The 1-D explicit model’s parameter estimation
took ~ 1 second on a 3 GHz Intel Pentium computer. The 1-D implicit model’s
parameter estimation took ~ 5 minutes while parameter estimation for the 2-D
models took from 5-14 hours per data set. As seen in the section on modelling, the
1-D explicit model calculates the output Vi, (i) as an explicit function of ¢, while
the 1-D implicit model needs to solve a system of 6 coupled non-linear algebraic
equations to calculate iy, (V). For the 2-D models presented here, COMSOL Mul-
tiphysics solves for ~ 30, 000 degrees of freedom to calculate the current drawn by
the cell at a given cell voltage.

4.9 Results and discussion

The results of the parameter estimation for all four models are summarized in
Table 4.3. The last column on the right hand side gives the scaled fit for all the
models at the three temperatures. These numbers are obtained by scaling the

VI (V= Vi) /n for

normalized fit with the maximum value in the data being fitted: o (V)

.. vV 3 (im—ik)r"/n )
the 1-D explicit model and o for the other two models.
ax (i)

There are several trends that can be discerned from this data. The first one is
that 45 and ¢ increase with increasing temperature for all the models. This trend
is expected for catalyzed electrochemical reactions.

Model fit to data improves with increasing temperature for all the models. The
models fit the data at 850°C better than at 800°C and 750°C (see figures 4.2, 4.3,
4.4). A simplistic explanation for this trend is that the performance curves become
less non-linear and thus easier to fit, with increasing temperature. However, the
models do allow a non-linear 7 — V response through the electrochemical rate equa-
tions (4.51 and 4.52). I believe this mismatch, more severe at lower temperatures

due to the lower i, is partly due to the anomalous OCV values. The measured
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Table 4.3: Parameter estimation results

Model used T (4 w2 Scaled fit
(°C) (A/m?) (A/m?) -
750 70.0 70.0 2.85 x 1072
1-D explicit 800 180.7 180.6 1.50 x 1072
850 344.9 344.9 3.98 x 1073
750 60.1 62.3 4.14 x 1072
1-D implicit 800 157.5 163.3 2.15 x 1072
850 300.0 309.1 9.32 x 1073
750 55.0 73.3 4.14 x 1072
2-D Fickian 800 181.7 187.2 2.51 x 1072
mass transfer 850 571.1 356.3 1.59 x 102
750 54.1 74.5 4.13 x 1072
2-D Maxwell- 800 163.9 ‘ 199.3 2.50 x 1072
Stefan 850 565.8 362.9 1.60 x 1072

OCV values for this data set are significantly lower than values normally seen for
SOFCs running on dry HsS (> 1V). This points to a possible voltage/current leak
[101].

Another reason can be the symmetric charge transfer coefficients (1 for both
exponential terms with § = 0.5) used in the electrochemical rate equations (4.19,
4.20, 4.51, 4.52). These values are obtained by assuming a reaction mechanism
with a rate controlling two electron transfer step. Ongoing research in our group
is focussing on deriving better electrochemical rate equations.

According to the scaled fit values in Table 4.3 the 1-D explicit model seems to
give a better fit to the data at all three temperatures. It does seem counter-intuitive
that a model that I know to be too simple to explain all that is happening in the
fuel cell gives a better fit to the experimental data. However, visual examination
of the model fit for the different models to the experimental ¢ — V data does not
show any significant difference between the fit for the 1-D vs 2-D models, and as
I note later, the 1-D models cannot correctly calculate the coupled activation and
concentration losses, especially at the low flow-rates used here.

All models give values for 72 and 42 that give a fair Arrhenius temperature
dependence. The Arrhenius plot for the 4 and 47 given by the 2-D model using

Maxwell-Stefan mass transfer is shown in Figure 4.5. This plot gives the i® vs. 1/T
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Model output using estimated  at 1023 K
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Figure 4.2: Model output using optimized i° at 750°C

curves obtained with pre-exponentials and activation energies calculated using the
optimal 73 and 2. The plot also shows the actual optimal values for the exchange
current, densities used to calculate the least squares fitted values for A; and E; in

equations (4.59). These pre-exponential factors and activation energies are given

in Table 4.4.
0 = A, Es/(RT)
0 = AgeBe/(RT) (4.59)

4.9.1 The 1-D models

The main difference between the 1-D explicit and the 1-D implicit models is that

in the explicit model the reaction rate is independent of the local species concen-
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Model output using estimated P at 1073 K
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Figure 4.3: Model output using optimized i® at 800°C

Table 4.4: Arrhenius parameters estimated for :° in 2-D Maxwell-Stefan model

A E
(A/m?)  (KJ/mole)

1.41 x 10'3 224
4.35 x 10° 152

..
O0Ow®O

)

trations (equations 4.4 and 4.5) whereas the reaction rate in the implicit model
depends on the local concentrations at the reaction surface (equations 4.19 and
4.20). In the implicit model the reaction rate is thus coupled to the mass transfer
whercas the activation and concentration losses are decoupled and separable in
the explicit model. The above difference between the two models however gives
no clear indication as to how it would affect i° estimates.
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Model output using estimated P at1123 K
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Figure 4.4: Model output using ¢° at 850°C

4.9.2 1-D implicit model vs 2-D Fick model

For all the three data sets or temperatures, the i° values in the 1-D implicit model
are lower than those in the 2-D model using Fick mass transfer. This difference can
be explained by the difference in species concentrations at the interface between
the electrodes and the electrolyte in the two models. The 2-D model accounts for
flow and mass transfer in the gas channels and is thus able to include the mass
transfer resistance in the flow domain. The 1-D implicit model cannot account for
the inherently two-dimensional flow field in a button cell and cannot account for
mass transfer in the channels correctly. Therefore the parameter estimation for the
1-D implicit model ends up assigning a higher activation resistance (lower i°). A
plot of the mass fraction profile of Oy along the axis of the cell is given in Figure 4.6.
This supports the above discussion by illustrating the difference between the 1-D
and 2-D models in predicting concentrations at the cathode-electrolyte boundary

(surface where the cathode reaction occurs).
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2-D model with Maxwell-Stefan mass transfer
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Figure 4.5: Arrhenius plot for ¢° from 2-D M-S model

The above discussion also implies that if sufficiently high flow-rates are used,
the 1-D implicit model will approximate the 2-D model better. This is verified
in Figure 4.7 where two ¢ — V curves generated using the 2-D Maxwell-Stefan
model are compared to the experimental data at 850°C. The two curves given
have the same values for 0 and ¢2: the parameter estimates for the 1-D implicit
model. The flow-rates of the gas streams however, are 25 ml/min for one curve
and 250 ml/min for the other. As clearly seen in Figure 4.7, the model output
for the higher flow-rate is able to approximate the experimental data quite well
even though the kinetic parameters used are obtained from the 1-D model. This
is because the higher flow-rate dramatically decreases the mass transfer resistance
in the gas channels.

The radial variation of species concentrations is insignificant as seen in Figure
4.8. The rise in wo, from the left to the right of Figure 4.8 is due to diffusion into
the electrode from the edge at the right.
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O2 mass fraction along cell axis
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Figure 4.6: O mass fraction profiles along axis for the 1-D implicit and 2-D models
at 850°C

4.9.3 The 2-D models

The 2-D models used differ only in how they compute the mass transfer of the
different species. The Maxwell-Stefan mass transfer formulation is superior to
the Fick mass transfer form because it correctly accounts for the variation in the
diffusivites of the different components with composition ['128].

Taking the 2-D model with Maxwell-Stefan mass transfer to be the most faith-
ful model, I now discuss the profiles of the different voltage losses in the SOFC.
Figure 4.9 gives the cell voltage as well as various voltage losses (commonly called
overpotentials) as a function of cell current density according to the second 2-D
model at 850°C.

The plot clearly shows that the highest voltage loss is due to the contact/current
lead resistances which account for 2.68 Q2 or 80% of the total ohmic resistance of

3.33 Q at 850°C. The anodic and cathodic activation losses, respectively are next
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2-D model output using i¥ from fitted 1-D model at 850°C, effects of varying flowrate
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Figure 4.7: 2-D model output using ¢° from 1-D model at 850°C at different flow
rates

highest, followed by the ohmic loss in the electrolyte. The ohmic loss in the anode
is roughly 14 times smaller than the ohmic loss in the electrolyte, while that in the
cathode is another 4 orders of magnitude smaller than in the anode. The relative
magnitudes of the different ohmic losses can also be readily calculated from the
resistivity values and the breadths of the different phases (tables 4.1, 4.2).

Figure 4.10 gives the mass fractions of the reactants near the electrode — elec-
trolyte assembly in the modelled SOFC at an operating voltage of 0 Volt (short-
circuited cell drawing maximum current). The vertical boundary on the left is
the axis of symmetry of the cell, the gap in the middle is the electrolyte, and the
top half is the fuel side while the bottom half the air side. The mass fraction of

H»S on the fuel side and the mass fraction of O, on the air side is shown using
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Figure 4.8: O, mass fraction radial profile in the 2-D Maxwell-Stefan model at
850°C

a colour scale given on the right hand side of the figure. It is readily apparent
that even at maximum current, the cell operating conditions are well away from
the reactant starved regime where what are normally termed concentration losses
become dominant. The stream-lines for the flow in the channels and the electrodes
are also plotted in Figure 4.10 and shows the flow turning around after hitting the
electrodes. The streamlines enter the electrolyte at the cathode and appear at the
anode electrolyte boundary to show how the oxygen is transported across the cell

from the cathode through the electrolyte to the anode, where it comes out as HyO.

4.10 Summary

I present four models of increasing complexity and compare their ability to simulate

cell performance data for a button cell SOFC fuelled by HyS. As the electrochem-
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2~-D model performance curve and voltage losses
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Figure 4.9: Voltage loss profiles in the 2-D Maxwell-Stefan model at 850°C

ical parameters for the reactions at both electrodes are unknown, I use non-linear
least squares to estimate them for all four models. Examination of these parame-
ter estimates, and the fit between the model output and experimental data used,
allows me to identify expected patterns in the parameters and compare the four
models and their ability to simulate SOFC operation. 1 suggest the 2-D model
with Maxwell-Stefan mass transfer be used in further modelling studies because
it is the one that accounts for the mass transfer resistance and thus the activation
resistance accurately, and is the most comprehensive of the four models presented
here.
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Figure 4.10: Mass fraction profiles of the reactants and flow streamlines in the 2-D
Maxwell-Stefan model at 0 V, 850°C
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Chapter 5

Experiments performed to
investigate flow-rate and

composition effects

In the previous Chapter, I discussed experimental data on HyS SOFCs available in
the literature. Many questions about the performance characterization of SOFCs
running on HyS cannot be answered using the data available. For example, the
open circuit voltage for a HoS SOFC is undefined if the water vapour and sulphur
vapour content is unknown. While the sulphur vapour content can be calculated by
modelling H,S dissociation in the fuel delivery channel (see the next two Chapters),
unless the fuel is humidified, its water vapour content is unknown. An examination
of the research literature on HyS SOFCs reveals that none of the studies defines
the actual Nernst potential for their operating conditions. In fact, the reason
they have to resort to comparing the equilibrium potential at unit activities for all
reactants and products is that the concentrations of the products for the anode
reactions they consider are unknown.

Similarly, unless the fuel composition is varied systematically, one can only
speculate as to which of the components in the fuel is electrochemically oxidized
in a HyS SOFC. Also, although Wei et al [140] discuss the dependence of HyS SOFC
performance on flowrate, their analysis of the flowrate dependence of open circuit
potential is flawed!. As I shall show later in Chapter 7, the flow-rate dependence
of the OCV also gives us clues as to whether HyS is directly oxidized or not.

In this Chapter, I describe the experiments we performed to try and shed light

!They equate H,S partial pressure with flowrate.
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5. Experiments performed to investigate flow-rate and composition
effects

on some of the issues mentioned above. Specifically, we wanted to analyze the com-
position and flowrate (especially of the fuel) dependence of a HyS fuelled SOFC.
The experiments were performed by Vitaly Vorontsov and the author at the Alter-
native Fuel Cell Laboratory housed at the National Institute of Nanotechnology.
Vitaly is a PhD student in Chemical and Materials Engineering at the University
of Alberta under Dr. Jing-li Luo and Dr. Karl T. Chuang.

5.1 Description of the experimental setup

The experiments were performed using a button cell setup inside a temperature
controlled electric furnace. The fuel cells were electrolyte supported with a 0.3
mm thick, 1 inch (2.54 cm) diameter, electrolyte disc made of 8 mole % yttria
stabilized zirconia purchased from Intertec Southwest. The anode material used
was a molybdenum vanadiam sulphide MoV,S, developed in the above mentioned
laboratory. This mixed transition metal sulphide was prepared using a solid state
reaction techniques detailed in [135]. This anode material was screen printed
onto the electrolyte and dried under an IR lamp. Subsequently, the anode and
electrolyte were heated in No for two hours at 1050°C. After cooling the disc, the
cathode (Pt) was painted onto the other side using Pt ink (Heraeus).

The fuel cell was held in the middle of an assembly of two pairs of coaxial
alumina tubes. In this assembly, the inner tubes carry the reactants toward the cell
from both ends. The unreacted reactants and products are carried away through
the annular space between the inner and outer tubes. The outer tubes in the
assembly was sealed against the electrolyte disc using a ceramic sealant (Aremco
503). The inner tubes had a ceramic spacer at the end facing the cell, and the
spacer pushed the current collector against the electrode on each end. This was
done to get a good contact between the current collector and electrode. The spacer
also allows easier alignment of the alumina tubes that carry the gas streams.

The current collector on the fuel or anode side was a 0.5 mm gold mesh spot
welded to gold wire which carried the current outside the assembly. A Pt mesh
(also 0.5 mm) served as current collector for the cathode side and was attached to
a Pt wire which carried the current.

The cathode side gas inlet of the assembly was attached to a mass flow controller
which metered the flow of the oxidant (air or pure Og). The anode side gas inlet

of the assembly was joined to two lines, one of which came directly from the fuel
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side mass flow controllers, while the other came through a small water bubbler at
room temperature. This allowed us to switch between dry and humidified fuel as
anode side inlet gas using a 3-way valve.

Three flow controllers were used to meter the flow-rates of HyS, Na, and Hy
gases on the fuel side. The exits of these flow controllers entered a single line which
was then split through the 3-way valve described above. The fuel side composition
and flow-rate were controlled by adjusting the flow-rates of HyS, No, and Hj gases.
All three controllers on the fuel side were Brooks 585085 digital mass flow controllers
which we calibrated using Ny before running the fuel cell experiments.

The tube furnace was a Thermolyne F'79300 with a 12” or 30 cm heated section
with a single thermocouple in the centre for temperature control. The furnace
specifications state the middle 3” (7.6 cm) section is within 0.6°C while the middle
6” (15.2 cm) section is within 3°C. The furnace thermocouple was calibrated using
an external K type thermocouple before starting the fuel cell experiments. At the
temperatures used in the experiments, the offset in the furnace thermocouple was
of the order of 10°C and we applied the appropriate corrections during the fuel
cell experiments.

The electrical measurements were carried out using the Solartron 1287 electro-
chemical interface. A Solartron 1255B frequency response analyzer was used to do
the electrochemical impedance spectroscopy (EIS) measurements.

For all measurements, the anode was the working electrode and the cathode
was the counter electrode. The setup as used did not allow for separate reference
electrodes and the anode was designated as the reference electrode for the EIS
measurements. Two wires from the electrochemical interface connected to each
of the two current leads coming out of the fuel cell setup. One wire on each side

carried the current while the other monitored (or controlled) the voltage.

5.2 Experimental procedure

The wires and current collectors were placed in the two tube assemblies which were
then put together and placed on supports aligned with the split tube furnace. The
fuel cell disc was then attached carefully to the two outer tubes in the assemblies
using a ceramic sealant. Before sealing the cell, we ensured the current collectors
were in contact with the electrodes. After sealing the cell in the assembly, the

fuel side tubing was tested for leaks. The furnace was closed and the assembly
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was heated up according to the vendor specified temperature program to cure the
sealing. Dry air was flowed through the cathode side and dry Ny through the
anode side while the sealant was being cured.

After the assembly had gone through the sealant curing temperature program,
the assembly was heated up to 750°C at 2°C/min for the first set of experiments.
The anode side flow was switched to dry H,S when the temperature reached 600°C.

We performed a series of EIS and i — V' measurements at 750°C while varying
the composition and flow-rate of the fuel. While the flow-rate on the cathode side
was kept at 100 ml/min, the cathode side gas was switched between air and O,.
All flow-rates reported here are flow-rates at standard conditions of 1 atmosphere
and 20°C.

After completing the measurements at 750°C, the temperature was ramped to
800°C and then to 850°C at 2°C/min. At both temperatures, a series of EIS and
i — V measurements were taken at each particular set of flow and composition
conditions. At 800°C, the anode and cathode side flows were maintained at 100
ml/min and the cathode side gas was Oy. At 850°C, both composition and to-
tal flow-rate were varied on the anode side. On the cathode side, the flow was
switched from air and O, after three measurements for different anode flows. All
measurements except for one, which was at a cathode flow-rate of 50 ml/min O,

were done at a cathode flow of 100 ml/min Os.

5.3 The electrochemical measurements

The impedance spectra at each set of conditions was analyzed using ZView while
CorrView was used to visualize the i—V data. The EIS measurements were done in
the 10° — 0.1 Hz frequency range using a 10 or 20 mV sinusoidal voltage excitation
at open circuit conditions. The potentiodynamic measurements for fuel cell i — V'
performance were performed at a scan rate of 5 mV/s. The EIS and i—V data was
acquired using ZPlot and CorrWare. All of these software packages are distributed
by Scribner Associates Inc.

ZView allows the user to fit an equivalent circuit to the EIS data. The equiv-

alent circuits elements used for SOFCs normally include [11, 10]:

1. a series resistance (R;) to account for the electrolyte, electrode and wire

resistances
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2. an inductor (L) for the inductance of the wires and the measuring setup

3. a number of constant phase elements (CPE;) in parallel with resistors (R;)

for modelling the electrochemical resistances of the electrodes

Separating the contribution of individual electrode processes is non-trivial [92)
and was not attempted. The EIS curves were fitted primarily to extract the overall
ohmic resistance, as well as estimates for the total polarization resistance at open
circuit conditions.

The EIS data was fitted to the simple equivalent circuits shown in figure 5.1
using ZView. The inductor is included to account for the cumulative inductive
effects of the circuit (e.g., the current leads). Each parallel combination of a CPE
with a resistor models a depressed semicircle arc in the impedance spectra. The
EIS data at 750°C and 800°C showed just two depressed semicircles. Thus, the
equivalent circuit used for fitting the data at these temperatures has an inductor,
a series resistance, and two constant phase elements in parallel with resistors. As
the data at 850°C showed an additional low frequency arc, the equivalent circuit
has an inductor, a series resistance, and three constant phase elements in parallel

with resistors. The impedance of each of the above elements is given in table 5.1.

Table 5.1: Equivalent circuit elements

Type Symbol Impedance
Series resistance R, R,
Inductor L fwlL
Polarization resistance R; R;
Constant phase CPE; 1/ ((iw)"T)

The units of R,, R; are (), the inductance L is in Henry, the angular frequency
w is in radians/second, the pseudo-capacitance 7' is in Farad, and the exponent n
is dimensionless.

In theory, the separated electrode polarization resistances at open circuit can
be used to calculate the electrode kinetic parameters. I did not attempt this
because, 1) separating the electrode resistances is not easy, 2) even the active
anode electrochemical reaction is not known with any certainty for this type of fuel
cell. Of the many fitted parameters obtained from the EIS data, I will use only
the value of R, (actually Ifis, the area specific series resistance) in the discussion

in the rest of the Chapter.
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L, R, Ry R,
CPE, CPE,
N AN
77 7/

a) Equivalent circuit used for EIS data at 750°C and 800°C

CPE, CPE, CPE,

— Loy

)

b) Equivalent circuit used for EIS data at 850°C

Figure 5.1: Equivalent circuits used for fitting the electrochemical impedance spec-
tra
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5.4 The experimental runs

Three runs of the experiment were attempted with distinct cells of the type de-
scribed above. The first run was the most successful and we obtained a compre-
hensive set of data on the flow and composition dependence of both OCV and
the i — V performance of the cell. The second run failed as the fuel cell sample
fractured while the fuel cell assembly was being heated up to operation tempera-
ture. The third run was only partially successful. The cell OCV was steady when
we started the experiments after bringing the assembly up to 750°C. However,
both the impedance and ¢ — V' data showed anomalous behaviour with very high
polarization resistance in the impedance spectra and a hump in the i — V curve
(see figure 5.2). The ¢ — V curves obtained were similar in shape to the ¢ — V data
presented in [140].

i-V curve for IV-21 from data set 2

V (Volt)

! ! 1

0 - 1 1
0 100 200 300 400 500 600 700 800
i (A/m?)

Figure 5.2: A sample i — V curve from data set 2

All the data from the first run (sample 1) will be referred to as data set one,
and the data from the third run will be called data set two.

In the rest of the Chapter, I will describe 1) the flow-rate and composition
dependence of the open circuit potential data from data set one and two, and 2)
the flow-rate, composition and time dependence of the ¢ — V curves from the first

run (data set one).
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5.5 The data on composition and flow-rate ef-

fects

In the following discussion of gas composition and flow-rate effects on cell per-
formance, the behaviour described is isolated by ensuring that the operating con-
ditions besides the variable of interest in the data sets being compared, are held
constant. Thus, when the effects of gas composition on the anode side are de-
scribed, the total flow-rate on both sides as well as the inlet composition on the
cathode does not change for the data compared.

5.5.1 OCV

The open circuit voltage for any electrochemical cell is the voltage across the cell
when there is no current flowing through the cell. Cell voltage is defined as the

potential of the cathode with respect to the potential of the anode.

Cathode side inlet gas composition effects

In both data sets, switching from air to O, or vice-versa ? resulted in a change in
OCV very close to that predicted theoretically by the Nernst equation (table 5.2).

The Nernst equation for the cathode is given by equation (5.2).

RT A
Ecathode - Egz -+ E ln (1/02 (5.1)
RT rP
Eeothode = Eo, + vyl In Yo, p5 (5.2)

P is the total pressure and P° is the reference pressure (1 bar).
The difference in OCV Ep, — E,;, is thus given by equation (5.3).

. RT' P
E02 :E02 + Zflnl-l-__’—gp
RT
P 0 — . _—
Buip = B3, + 7 In0.21
RT. 1 )
EO2 - Eai = Zf hlm (O3)

2While keeping the flow-rate and composition on the anode side the same. 100 ml/min
humidified HyS in all three cases.
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Table 5.2: Cathode side gas composition effect on OCV

T data set EIS #s observed Ep, — Ey;r  theoretical Ep, — Egpr

750°C 1 11,12 34 mV 34 mV
750°C 2 12,15 34 mV 34 mV
800°C 1 2,15 36 mV 36 mV
850°C 1 7,9 37 mV 38 mV

Anode side inlet gas composition effects

At all three temperatures and for both data sets, the following trends can be seen.

1. In fuel mixtures containing only H,S and Ny, the greater the HyS content
(volume or mole fraction), the higher the OCV (figure 5.3).

2. In fuel mixtures containing HsS, Ni, and Hg, the greater the Hy content,
the higher the OCV. This is illustrated in figures 5.4, and 5.5. For the data
shown, the HyS mole fraction was held constant and the H; mole fraction

was varied.

Effect of cathode side gas (oxidant) flow-rate

During the first run, cathode side gas flow-rate was not changed, except for once
during the tests at 850°C which lead to a 1 mV change in OCV. In the second
run, the cathode side gas flow-rate was varied from 20 to 200 ml/min and had no
effect on cell OCV.

Effect of fuel flow-rate

As the inlet fuel flow-rate on the anode side was increased, the OCV of the cells
tested increased. This behaviour was consistent at the three operation tempera-
tures and in both data sets (figure 5.6).

5.5.2 ¢—V curves

The dependence of cell voltage on the current being drawn defines the performance
of a fuel cell under specific operating conditions such as operating temperature,

inlet gas compositions and flow-rates. As current scales linearly with active cell
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Experimental OCV, anode: 100 cc/min & cathode; 100 cc/min O2
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> 1+ ® o i 4
Q x e
O o095+ «x 750°C 1
+
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0 0.2 04 0.6 0.8 1
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o 0.95+ * 800°C i
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0'9 1 1 1 1 1
0 0.2 04 0.6 0.8 1

yHZS in dry feed, balance N2

Figure 5.3: OCV as a function of HyS content (no Hy in fuel); + — experimental
data set 1, x — experimental data set 2

area, the current density (current generated per unit active area of the cell) is the
variable normally used in a fuel cell performance curve.

The maximum current density, denoted as igy that can be drawn is a useful
metric when discussing i — V' curves. The maximum current is when the cell
voltage is 0 Volt i.e, the cell is short circuited. Other useful metrics that will
be used in this Chapter are the polarization resistance at 1/3, 2/3, times the
maximum current density as well as at the maximum current density (Iflp(O.BSiov),
Rp(0.67'iov), Rp(igv)). The polarization resistance at a particular current is defined

in equation (5.6).
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Experimental OCV anode: 100 cc/min fuel & cathode: 100 cc/min 02
111 . 4
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Figure 5.4: OCV as a function of Hy content for data set 1, yy,s fixed at 0.4
Experimental OCV anode: 100 cc/min fuel & cathode: 100 cc/min O2
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Figure 5.5: OCV as a function of Hy content for data set 2, yp,s fixed at 0.2

V@) =E—i [1%5 + A,,(z)} (5.4)
i) .- .
7 = —Rp(’(:? - Rs 90 (0.0)
B = -0 g, (56)
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OCV vs H,S flow-rate at 750°C, 0, on cathode side
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Figure 5.6: OCV as a function of fuel flow-rate (O — data set 2)

The R, value was taken from the corresponding fitted impedance spectrum,
and the slope of the i — V curve was calculated from a fitted smooth spline ap-
proximation of the ¢ — V' data. As mentioned earlier, only the data obtained from

the first run will be discussed here.

Effect of cathode side composition, air vs O,

As shown in figure 5.7, switching from air to Oy on the cathode side lead to a
substantial increase in performance at both 750 and 850°C. An i — V curve with

air on the cathode was not measured at 800°C.

Effect of anode side composition
In the following discussion, the inlet fuel composition will denoted as [flow of dry

HsS — flow of dry Ny — flow of dry Hs]. Thus, I will refer to a measurement with
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750°C

1 IV-760-5.cor, a:100-0-0, c:100 air|
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>
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g 05r
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Figure 5.7: Effect of switching from air to O,

40% H,S, 50% N, and 10% H, at dry flow-rate of 100 ml/min as [40-50-10].
All references to mole fractions will be on a dry basis and for a total flow of 100
ml/min unless otherwise noted. Most of the data is for fuel humidified at 22°C

and any measurement with dry fuel will be flagged explicitly.

Fuel mixtures of HyS and Ny The data discussed here is presented in table
5.3.

At 750°C, fip(iov) decreased and gy increased, as yp,s was decreased from
100% to 80% to 40%. This however, could be a result of the cell performance
improving with time. The time dependence of the cell performance or cell “acti-
vation” behaviour is discussed at the end of this section.

At 800°C, Rp was indifferent to a reduction in yg,s from 100% to 80% and
40%. In tests performed the next day however, Rp increased as yp,s was reduced
from 100% to 10%. When yg,s was then increased to 20%, Rp decreased. The
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Effect of y,, ; on i~V performance at 800°C
2
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Figure 5.8: Effect of HyS mole fraction on i — V' performance

relative indifference to decreasing ym,s on the first day could again be because of
cell “activation”.

At 850°C, Rp(iov) increased when yy,s was reduced from 100% to 40% and then
further to 10%. However, the ffp traces were quite noisy for some measurements
at 850°C. Examining the i — V curves directly, the performace for yg,s = 40% is
comparable or even better than than for pure HsS.

We missed a measurement at 750°C for 10% H,S in Ny. However, at both
800 and 850°C, the ¢ — V curve measured for 10% HyS - 90% Ny has a convex
downwards shape near the maximum current. This shape usually suggests mass

transfer limitations which become dominant at higher current density [101].

Fuel mixtures of H,S, Ny and H, The data discussed here is presented in table
5.4.

At all three operation temperatures, the ohmic resistance (R,) increased when
H, was added to the fuel gas. As the mole fraction of H, was increased, R,
increased further. This effect was reversible i.e., when the Hy was removed from
the fuel inlet stream, IA%S returned to the value for Hy free fuel.

At 750°C, Rp(iov) decreased when the fuel mixture was changed from [40-60-0]
to [40-50-10] or when 10% Hy was introduced into a 40% HyS fuel gas. R, (igy) did

not change substantially when the fuel composition was changed from [40-50-10]
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Effect of Yy on i-V performance at 800°C
2
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N
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Figure 5.9: Effect of adding Hs to fuel: 1

to [40-40-20] and then to [40-20-40].

At 800°C, ﬁp(iov) did not change much when the fuel composition was changed
from [40-60-0] to [40-50-10] and then to [40-20-40]. Also at 800°C, R,(igv) was
reduced significantly when the 20% Hy was added to a 20% HyS (in Ny) fuel gas.

At 850°C, R, (igy) decreased when the fuel composition was changed from [40-
60-0] to [40-50-10]. However, IA%p(iW) increased when the Hs content of the fuel
was then changed from [40-50-10] to [40-20-40].

Changing fuel composition from [20-80-0] to [20-60-20] at 800°C, and from
[10-90-0] to [10-80-10] at 850°C, lowered R&,(igy). This change in R,(igy) is a
result of the added H, eliminating the convex downwards shape for low H2S mole
fraction in the fuel, as seen in figure 5.10. The contact of the current collector and

the anode might have shifted around this time. This is suggested by the increase

at 850°C. This change in R, was reversed after the fuel composition was changed
to [100-0-0].

We measured i — V' curves with and without fuel humidification at 800°C to
examine the effect of water vapour content on the performance of the cell. As
seen in figure 5.11, although the OCV is higher for dry fuel, the maximum current
obtained is very close to that for the humidified fuel. Except for the initial low

94

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5. Experiments performed to investigate flow-rate and composition
effects

Effect of Y, on i-V performance at 800°C, Yys™ 20%
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Figure 5.10: Effect of adding Hy to dilute HyS

current section, the performance for dry as well as humidified fuel is similar.

Effect of cathode side gas flow-rate

Because we were primarily interested in the anode, the cathode side flow-rate was
only varied once. Decreasing the flow-rate from 100 ml/min to 50 ml/min lead
to a significant drop in cell performance as seen in figure 5.12 (Rp(igv) increased
from 0.4 to 0.5 Q.cm?). However, as this measurement was taken towards the end
of the experiments at 850°C, the decreased performance could be due to the cell

deactivation described at the end of this section.
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i-V performance: dry vs humidified fuel at 800°C
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Figure 5.11: Effect of fuel humidification on cell performance

Effect of cathode side flow-rate on i-V performance at 850°C
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Figure 5.12: Effect of cathode side gas (O3) flow-rate on cell performance

Effect of anode side flow-rate

At 750°C, increasing the fuel flow-rate from 50 ml/min to 100 ml/min resulted in
a marginal increase in performance.
Fuel flow-rate was not varied at 800°C.

The R, traces were quite noisy for some measurements at 850°C and should
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not be used to compare Rp(iov) values for the two flow-rates. For comparing these
measurements, I will use gy values. At 850°C, increasing the fuel flow-rate from 10
ml/min to 50 ml/min resulted in very little change in iy although OCV increased
by almost 50 mV. Further increasing the flow-rate to 100 ml/min lead to a decrease
in 4gy. Changing the fuel flow-rate later from 100 ml/min to 50 ml/min lead to a

slight increase in igy .

Activation and deactivation of the cell with time

At 750°C, the cell performance improved over time as seen by comparing IV-6, IV-
11, and TV-15 (table 5.5). All measurements are for humidified HaS at 100 ml/min
on the anode side and 100 ml/min Oy on the cathode side. The Time column in
table 5.5 is the time elapsed from the very first measurement using humidified fuel
at 750°C.

At 800°C, the i — V performance improves initially and then stays more or less
the same. This can be seen by comparing IV-1 with IV-7, IV-8, IV-10 and IV-11
(table 5.5).

At 850°C, the ¢ —V performance decreases throughout. The deactivation seems
fairly slow at first, compare 1V-4, 5, and 6. However, when comparing the above
three measurements with IV-12, IV-14, and IV-16, the deactivation is readily ap-
parent (table 5.5).

5.6 Discussion of the data

In this section I discuss the trends seen in the data presented in the previous
section.

The open circuit voltage of the cell increased as inlet yu,s was increased in
a mixture of HaS and Ny, OCV also increased as inlet yy, was increased in a
mixture where the inlet yy,s was held constant. The fuel flow-rate affects OCV
as well. The higher the flow-rate, the higher the OCV. Oxidant flow-rate has no
effect while yo, effects OCV in accordance with the Nernst equation.

Decreasing yp,s does not affect ¢ — V' performance unless yy,s < 0.4. The
performance worsens noticeably as ym,s is decreased from 40% to 20%, and then
to 10%.

Adding Hs to the fuel inlet stream lead to an increase in the ohmic resistance of

the cell. One explanation for this curious effect could be a phase transformation in
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the anode leading to an increased interfacial resistance between the anode and the
electrolyte. The polarization resistance does not change much with the addition
of Hy to the fuel, which suggests that this anode material is not active to Hy
electro-oxidation. On the other hand, adding Hj to fuel with low yg,5 dramatically
improved ¢—V performance in the high current region (figure 5.10). This effect will
be analyzed in more detail in Chapter 7 where I present multiphysics simulations
of 1 — V performance for different fuel compositions.

Fuel cell flow rate did not affect i — V' performance. As the oxidant flow was
only changed once, and the i — V measurement was performed at the end of the
experimental run, no conclusions could be drawn on how flow-rate of oxidant effects

i — V performance.

5.7 Summary

In this Chapter, I described the experiments we conducted to systematically ex-
amine composition and flow-rate effects on HyS SOFC performance. The data
obtained was then analyzed to isolate trends that might help answer questions
such as the nature of the electrochemical reactions on the anode. Critical exam-
ination of the data confirms some of the trends reported in the literature. I use
the data summarized in this Chapter to help build and validate fuel cell models in
Chapters 6 and 7. Models using chemical thermodynamics are used to model and
explain the composition and flow-rate effects on OCV in Chapter 6. In Chapter 7,
I extend the multiphysics models presented in Chapter 4 to include HsS dissocia-
tion kinetics. This allows me to explain the OCV data, as well as the main trends

in the ¢ — V performance data presented in the current Chapter.
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Table 5.5: Time dependence of cell performance during the first experiment. An-
ode side: 100 ml/min H,S; Cathode side: 100 ml/min of O, -

Time T IV 0OCV i()V Rp<0.33’iov) Rp(067lov) Rp(’iov)

(hhimm) (°C) (#) (Volt) (A/m?) Q) () Q)
1:38 6 1.003 1037 9.2 3.7 3.6
4:33 750 11 1.003 1151 44 3.1 2.8
6:25 15 1.004 1197 4.1 2.8 2.6
7:24 1 1.001 1612 2.9 1.5 1.0
10:10 800 7 1.001 1730 2.5 1.3 0.8
21:50 8 1.005 1749 2.5 14 1.0
23:38 10 1.005 1789 24 1.4 0.8
24:24 11 1.005 1768 2.2 1.3 0.8
29:56 4 1.006 1925 2.1 0.9 0.3
30:15 850 5 1.007 1915 2.1 14 0.1
30:38 6 1.007 1906 2.1 1.1 0.4

12 1.007 1816 2.4 1.2 0.4
1783 2.4 13 04
T o
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Chapter 6

HoS dissociation and its effect on

cell open circuit voltage

At temperatures above 700°C, hydrogen sulphide starts to dissociate into hydrogen
and gaseous sulphur [149]. In this Chapter, I discuss the effect of HyS dissociation
on the open circuit voltage of a HaS fuelled SOFC. In section 6.1, I examine the
thermodynamics of HsS dissociation to see how the equilibrium degree of dissoci-
ation varies with inlet composition and reaction temperature.

The open circuit voltage of a HyS fuelled SOFC can be defined for different
oxidation reactions on the anode. As seen in section 1.4, one possible reaction is
the direct oxidation of HsS to give HyO and Ss, while another is the oxidation of Hy
to HyO. Although the Nernst potential is identical for all possible electrochemical
reactions when the fuel is at chemical equilibrium, this is not the case if the fuel
is not at equilibrium. In section 6.2, 1 define and calculate the Nernst potential
for some of the possible oxidation reactions in order to examine the effect of HyS
dissociation on these Nernst potentials.

For the fuel gas to come to equilibrium at a particular temperature, it must
have a sufficient residence time at that temperature. As described in the previous
Chapter (section 5.6), the experimental setup does not guarantee this. To calculate
the actual extent of HyS dissociation and the resulting fuel composition at the
anode, I need to solve the coupled transport and reaction problem in the fuel
delivery channel. To solve the coupled problem above, T need a kinetic model for
HS dissociation. In section 6.3, I examine the literature for kinetic models of HaS

dissociation.
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6. H,S dissociation and its effect on cell open circuit voltage

6.1 Chemical thermodynamics of H,S dissocia-
tion

The equilibrium composition of a reacting mixture at specified temperature and
pressure is the composition where the Gibbs free energy of the mixture (G) is

minimized [124]. This can be formulated as:

Npecies
min ,,, G = Z fin; (6.1)
J
s.t.
Nspecies Nspecies

Z b,] n; = Z b@jn?
J

fi; is the chemical potential and n; the number of moles of species j in the
mixture, while nj is the initial number of moles, and b;; is the number of atoms of
element 4 in a molecule of species j.
The above constrained minimization problem is equivalent to the following uncon-

strained minimization of the Lagrangian of the system.

apeczes clcmult.s speczes spet.zes

min ,; », L Z fjng + Z i Z bin; — Z bing (6.2)

A; are the Lagrange multipliers for the equality constraints [48].

The solution to the unconstrained problem (6.2) is given by driving the deriva-
tives of L to zero i.e., solving the Ngpecies + Netements €quations given by (6.3) and
(6.4).

Pa Neteme 7]
oL $ -
om; F9 T D by =0 (6.3)

i

spectes Nspec'ies

()/\ Z bL]nj Z bijn;? =0 (64)
J
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6. H,S dissociation and its effect on cell open circuit voltage

For an ideal gas mixture, the chemical potential of a species is given by (6.5).

L)

fij = G2+ RTlna; = G3+ RT'n (Po .

In al Py j
> =G+ R ln(—]%) (6.5)
G5 is the Gibbs free energy of j at the specified temperature and 1 bar pressure,
a; is the activity of j, n =) ;Tj the total number of moles, P is the total pressure

while P° is the reference pressure (1 bar), and y; is the mole fraction of j.

6.1.1 Solving for chemical equilibrium

As shown above, solving for the equilibrium composition of a reacting mixture
requires the minimization of Gibbs free energy while constraining the elemental
composition of the reaction mixture to that of the initial mixture. To solve equa-
tions (6.3) and (6.4), I need G% as functions of temperature. In this Chapter, I
used the thermodynamic property functions given in the NASA thermodynamic
database [88] to calculate G3(T"). The Gibbs free energy minimization was done
using Cantera [52] from within the MATLAB environment. Cantera is an open
source multipurpose software package for solving chemically reacting flow prob-
lems. Cantera uses thermodynamic property functions with fewer parameters from
an older form of the NASA thermodynamic database [87].

6.1.2 Chemical species considered in Gibbs free energy
minimization

While formulating the above equilibrium problem the user has to specify which
chemical species are allowed in the reaction mixture. In my analysis, I included
the following molecules and radicals: HyS, Hy, H,O, S,, Sg, Ny, S, SH, SN, SO, SOs,
503,520, Hy0,, NH, NH;, NH3, NH,OH, NO, NOy, NO3, NoHy, NoHy, N2 O, N2 O3,

N2Oy4, N2Os, N3, N3H, O, OH, O3, O3, H. My results showed trace amounts for sev-
eral of these species, and I will only consider the following species in the discussion:

H2S» HZ’ H207 S2) NZ) SH) So2a 02-

6.1.3 Summary of equilibrium results

Since I am primarily interested in what happens to the HyS in the fuel, I define

the extent of reaction Xpy,s in (6.6) and use it to track the degree of dissociation.
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6. H,S dissociation and its effect on cell open circuit voltage

Xu,s is a measure of how much of the HyS in the inlet fuel is converted into the

products.

TV H,S reacted v o
Xy = [HaSreacted (6.6)
N¥,8,in
The model described above returns the equilibrium composition in mole frac-
tions at the temperature and pressure specified. To calculate Xpg,5, I use equation

(6.7) which is obtained from a mole balance of the S in the outlet stream.

Nspsci.e.s Nspecies
N« = NH,yS reacted Zj;éHQS Sy Zj#HgS 57Y; 6.7
HyS = = (6.7)

4 s - Nspecics Nspecies p
TVH,S, in > bsing 2 bs;y;

I ran the above chemical equilibrium models varying the inlet composition,
and the temperature to examine the effects of these variables on the equilibrium
composition. The range of inlet fuel composition and the temperature conditions
used for these calculations were the same as those used in the fuel cell experiments
that we conducted (Chapter 5). All calculations are for a total pressure of 1

atmosphere.

Table 6.1: Equilibrium conversion of HaS and equilibrium composition at 750~

850°C
750°C 800°C 850°C
Xu,s 5.5% 7.6% 10.1%
Yis 0.896 0.868 0.835

ya, 521 x 1072  7.09x 1072  9.33 x 1072
vipo 253 x 1072 251 x 1072 2.48 x 1072
ys, 2.61x1072 354x107% 4.66 x 1072
ysg  3.70x 1075 756 x 107° 1.44 x 1074
yso, 4.94x1077 6.37x1077 8.11x1077
Yo, 6.88x10721 553 x 1072 3.73 x 10719

The first results are for humidified HyS (97.4% H,S, 2.6% H,0) brought to
chemical equilibrium at 750°C, 800°C, and 850°C. The equilibrium conversion
and the mole fractions of some of the key components in the equilibrated fuel are

presented in table 6.1. One can clearly see that the equilibrium extent of reaction,
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XH,8,cquil iNCreases with increasing temperature. Also, Sy is the dominant form of
sulphur for the fraction of HoS that reacts.

The results in table 6.1 were obtained using Cantera through MATLAB. T also
used a program (CEA) available directly from the NASA Glenn Research Center
website [24] to calculate equilibrium compositions for the same inlet fuel mixtures
and obtained different but similar results (the same first two significant digits).
CEA uses the new thermodynamic property functions [88] which are considered
more accurate than the ones used by Cantera. Except for where Cantera was
used to get equilibrium compositions, I used the newer functions to calculate all
thermodynamic quantities (e.g., E°, ¢, AH, AS) in this thesis through custom
written MATLAB functions.

Equilibrium degree of dissociation at 750°C
0.15 T T — T T T T T T

0.1 .

XHS

0.05F -

0 1 1 1 1 1 [ {

1 |
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
Yus in dry feed, balance N2
2

0.1+ -

q

XH S, e

0.05F -

1 1 1]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
sz in dry feed, szs = 0.4, balance N2

Figure 6.1: Equilibrium conversion of HyS in a fuel mixture at 750°C as a function
of inlet composition

Figure 6.1 shows Xu,sequi at 750°C as function of inlet composition. In a
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6. H,S dissociation and its effect on cell open circuit voltage

mixture of humidified HoS and Ny, Xy,s equi increases as the inlet HaS content is
decreased or the inert (N2) content is increased. Xp,s equi decreases very quickly as
the inlet Hy content is increased in an mixture with fixed HyS content (yg,s = 0.4).

To summarize, the following trends can be seen clearly from the equilibrium

models:
1. Xu,8,equil increases with increasing temperature.
2. Xu,3,equil increases with increasing dilution of the inlet HsS.
3. XH,8equil decreases as more Hy is added to the inlet mixture.

All three trends can be explained by the Le Chatelier principle. The primary
overall reaction in a humidified mixture of HyS, Hy, and Ny is the dissociation of
HoS into Hy and S, (reaction (6.15)), which is endothermic thus explaining the
first trend. Adding a product in the inlet suppresses the forward reaction, which
explains the third trend. The second trend is somewhat tricker, but can be ex-
plained as the effect of decreasing the partial pressures of the reacting components

for a system where decreasing pressure will drive the forward reaction.

6.2 Nernst potentials for the possible electro-

chemical reactions on anode

Having calculated the chemical equilibrium compositions for a given inlet fuel
mixture, I can now check how the electrochemical equilibrium or Nernst potentials
are affected.

For each component in the fuel that can be oxidized, I can write down the
Nernst equation to describe the equilibrium potential for the electrochemical ox-
idation of that component. As seen above, in the HyS SOFC, the fuel gas at
the anode contains finite quantities of at least three possible fuels: H,S, Hy, and
Sa. The overall reactions and the Nernst potentials for these three fuels are given

below.
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H,S + %OQ < HyO 4+ %Sg (68)
H, + %()2 < HyO (6.9)

RT P,/ Po,
Ey,sos, = Ef g+ —=In{ ——= 6.11
HoS—Ss HS T 5p H{PHZO\/}T‘Q ( )
En, = Ey, + UENNY S 1 C (6.12)
2F Py,0+/ Po,
RT PS2PC2)
Eg, = E? —In{ 22 6.1
S Sa + SEF n { PSQ()2P0 ( 3)

In table 6.2, I list the unit activity equilibrium potential £° and calculated
Nernst voltages for the three reactions (6.11)...(6.13) at 750°C for three different
inlet fuel compositions with air on the cathode side. Also listed is the oxygen

Nernst potential calculated according to equation (6.14).

RT PO cathode -
Eo, = —In{ —2——— 6.14
02 4F n{ POg,anodc } ( )

Thus, although the unit activity equilibrium potentials E° are very different
for the different fuel oxidation reactions, the Nernst potentials for all components
of a fuel at chemical equilibrium are identical to four significant digits'. In fact, I
show in appendix B that the Nernst potential for any component in a mixture at

chemical equiltbrium is the same.

Here again, T used both Cantera as well CEA to calculate the equilibrinm compositions.
The Nernst potentials given in table 6.2 were calculated using the equilibrium compositions from
CEA. The values calculated using Cantera were identical to two significant digits.
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Table 6.2: Nernst potentials for fuel brought to equilibrium at 750°C

Fuel E° E[mo—o.—o} E[m-go—o] E[40“20—40]

Hy 0977  0.988 0.918 1.076
H,S 0.782  0.988 0.918 1.076
Se 0.734  0.988 0.918 1.076
O, - 0.988 0.918 1.076

6.2.1 Comparing experimental OCV data with Nernst po-

tentials for fuel at equilibrium

In figures 6.2 and 6.3, I compare the experimental OCV data as a function inlet
fuel composition with the Nernst potential given by the thermodynamic model.
The equilibrium Nernst potential matches the experimental data very well, with a
small offset, as I vary the HoS or Hy content. However, if I assume that the fuel is
at equilibrium when it reaches the anode even at a fuel flow-rate of 100 ml/min,
then I cannot explain the decrease in OCV with decreasing fuel flow-rate seen in

the experiments.

6.2.2 Nernst potentials for a fuel not at equilibrium

I showed that for a fuel at chemical equilibrium it does not matter which reaction
is used to calculate the Nernst potential, which is the same as the OCV. What if
the fuel is not at equilibrium? To answer this question, one has to simplify the
problem. As seen above, chemical thermodynamics predicts that the products from
the dissociation of HsS molecules can include species such as H,, S, Sy, Sg, SH, etc.
However, as S, is the primary stable product containing S at the fuel cell operation
temperature, I can consider only the overall dissociation reaction given by (6.15).
Also, I will restrict my attention to the Nernst potentials for the HyS and Hs

oxidation reactions.
1
HQS < Hy + 582 (615)
To calculate the Nernst potentials for the H,S and H, oxidation reactions, I
need the gas phase compositions for HoS, Hs, H2O, and S,. The reaction mixture

compositions for calculating the Nernst potentials in figure 6.4 were obtained using
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Theoretical OCV for equilibrated fuet vs experimental OCV, anode: 100 cc/min fuel & cathode: 100 cc/min G
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Figure 6.2: Nernst potential for fuel at chemical equilibrium as a function of inlet
HsS mole fraction

equations (6.16)...(6.22) below. In these equations, Xu,s was varied from the inlet
composition (97.4% H,S, 2.6% H20) to the equilibrium composition to get Eu,s
and Ey, as functions of Xy,g.
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Theoretical OCV for equilibrated fuel vs experimental OCV anode: 100 cc/min fuel & cathode: 100 cc/min 0,
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Figure 6.3: Nernst potential for fuel at chemical equilibrium as a function of inlet
HsS mole fraction

fit,s = fin8, (1 — Xus) (6.16)
fa, = frain + fros,in(Xn,s) (6.17)
Xu.q
fs: = fas,im ( ;28> (6.18)
fu,0 = fu1,0,in (6.19)
fN2 = sz,in (620)
X,
ftotal = fH,8,in <1 + ; q) + fH,0,in + fNa,in (6.21)
W . (6.22)
.ftotat

fr is the volumetric or molar flow-rate of component k.
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Open circuit voltage of the H2 and H28 oxidation reactions for incomplete st dissociation

- H2 oxidation
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Figure 6.4: Ey,s and Ey, in a fuel mixture at 750°C as a function of the approach
to equilibrium composition

Figure 6.4 shows how the Nernst potentials for the HyS and Hy oxidation reac-
tions converge as the reaction mixture composition goes from the inlet composition
to the equilibrium composition. If the mixture is not at equilibrium, the Nernst
potentials for HyS, Eu,s is higher than the equilibrium value while the Nernst
potential for Hy, Ey, is lower than the equilibrium value. This clearly shows that
if the dissociation reaction is not at equilibrium, the OCV for a fuel cell anode
active to HyS oxidation would be higher than that for an anode active only to Hy
oxidation.

As discussed in Chapter 5, the open circuit voltage was a function of the fuel
flow-rate. The higher the flow-rate, the higher the measured OCV. To explain
this flow-rate dependence qualitatively, I use arguments from chemical reaction
engineering [44]. In reaction engineering terms, for a flow reactor, the higher the

reactant gas flow-rate, the lower the residence time of the reactants. The lower the
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residence time, the lower the conversion of reactants to products. If the primary
electrochemical reaction on the anode was Hy oxidation, increasing the flow-rate,
thus decreasing the extent of reaction, would result in a decrease in OCV. On
the other hand, if the primary electrochemical reaction on the anode was HyS
oxidation, increasing the flow-rate, thus decreasing the extent of reaction, would
result in an increase in OCV. Thus, from this discussion, an increase in OCV with
increasing flow-rate points to preferential HyS oxidation at the anode.

To do a quantitative analysis, I need to model the kinetics of HsS dissociation
in the fuel inlet line as the fuel heats up in the assembly. I will model the kinetics
of the above reaction and simulate the effect of flow-rate on fuel cell OCV directly
in Chapter 7.

In this work, I do not model the heterogeneous dissociation reaction on the

anode electrocatalyst for the following reasons:

1. There are no studies where the above reaction has been studied using the
catalyst used for the experiments described in Chapter 5.

2. The total amount of reaction on the anode is not expected to be high because

of its relatively small volume compared to the fuel channel.

To estimate how much of the reaction occurs on the anode vs inside the fuel
channel, one can use the catalytic HyS dissociation kinetics/rate equations for
catalysts such as MoS, and then incorporate those within the multiphysics model
described in the next chapter. I did not attempt the above exercise in this work.

In the next section, I briefly present the gas phase HyS dissociation kinetic

models I use in those fuel cell simulations.

6.3 Kinetics of H,S dissociation

The H,S dissociation reaction (6.15) has been studied extensively in the research
literature because of academic and industrial interest in two different processes: 1)
the Claus process and 2) H, production. The Claus process is a well established
industrial process for the conversion of H,S into solid sulphur and H,S dissociation
is one of the reactions in the Claus process [68, 15]. HyS dissociation to produce
H, is an attractive proposition because Hy is a highly valuable chemical and fuel
[149, 58, 2].
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Zaman and Chakma [149] give a very good review of the different processes such
as thermal catalytic and non-catalytic methods, photochemical methods, electro-
chemical methods, etc. that have been investigated to dissociate HyS.

In this work, H,S dissociation occurs in the fuel inlet tube. As the fuel is
brought up to temperature, the HyS can dissociate both in the gas phase, as well
as on the surface of the alumina inlet tube. There has been some debate in the
literature on whether alumina is active for the HyS dissociation reaction [67, 58].
The anode is probably active for HsS dissociation as well.

There are several kinetic models available in the literature for reaction (6.15)
in the gas phase. These models range from a single overall rate equation [67, 41,
103, 2, 68, 59| to a reaction mechanism with rate equations for each elementary
step [144, 119, 15]. Among the models in the former category, some models either
do not consider the backward reaction in (6.15) (HaS formation from Hy and Ss ),
or the models are not thermodynamically consistent.

For the rate equation to consider both the forward and backward rates, it is
written in the form of (6.23).

Toverall = Tf — Tb (()23)

ry = kCylsCHL CE! (6.24)

p = kyCisCH, Cs 6.25
H2S“~Ha 'S,

The exponents z,y, z are reaction orders for the three reacting gas species.

For a H,S dissociation model to be thermodynamically consistent, the ratio of
the forward reaction rate constant to the backward reaction rate constant should
equal the equilibrium constant for the reaction. The equilibrium constant for HyS
dissociation (6.15) is given by (6.26).

Keq = MLRVAL ] (6.26)
QH,S
A’C,eq = _C_:(Ez_._...,_., VC’SZ = K’eq\/C’O (627)
Ch,s
PH2 V PSz /
eq = T = Ke 20 .
Kpeq Pis VP (6.28)
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P° and C° are reference concentration and pressure respectively.

Thus for the thermodynamic consistency of the overall rate equation (6.23), at
equilibrium or when r; = ry, (6.23)..(6.25) along with (6.27) give us the following
rules (6.30)..(6.32). The same rules apply if the rate equation uses partial pressures

instead of molar concentrations.

kf Lh—Lf ~Yp—1 Zp—% CH vV C‘S s ¢
Ko,eg = T Cys 'Cw, "Cs, ' = m‘% (6.29)
2
Tp —T§— —1 (630)
yw—yr=1 (6.31)
Zp — Rp = 0.5 (632)

Three different kinetic models for HsS dissociation are presented below. All
of these models give overall rate equations that are thermodynamically consistent
according to the above criteria.

Hawboldt et al. [59] developed their rate equation (6.33) using data from
a quartz-coiled reactor housed in a high-temperature furnace and operated at
T = 850 — 1150°C and atmospheric pressure. They include a Sy partial pressure

term in the forward rate to account for reaction auto-acceleration effects.

Py P
Tgas = Ky (PH'),S P, — “%ﬁ) (6.33)
P,eg
-E
by = Apew (6.34)
mol mol
A = 2 e T ) ) 9—-———— '_
5 = 5260 e p— 5.16 x 10 o (6.35)
kcal kJ
E = 4 . — = —_— ,.(
¢ 5.0 i 188mol (6.36)

Harvey et al. [58] developed their rate equations (6.37) and (6.41) using data
from a tubular alumina reactor housed in a high-temperature furnace and operated
at 7" = 1077 — 1327°C and P = 0.15 — 0.3 bar. They found that HyS conversion
depended on the available surface area of alumina in the reactor and proposed that

alumina is active to the dissociation reaction.
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Cu,/Cs,
Tgas = Ky (Cﬂzs - _}_{K____S_>
C,eq
k‘f = Afe_Ef/RT
Ap=13x10"s7!
kJ
E: =286 —
f 86 mol
S 0.1

OH2 ,——OSZ:| 0.1

K’C ,eq

Tsur face = kf,sv CHQS -

kg,s = Ag,se B/ BT

Ar.=13x 106 2 (ol -
fra = s \ ms
k(]‘
e =194 —
fs 9 mol

S/V is the surface to volume ratio of the reactor.

(6.37)

(6.38)
(6.39)

(6.40)

(6.41)
(6.42)
(6.43)

(6.44)

Kaloidas and Papayannakos [67] also developed their model equation 6.45 using

data from an alumina tubular reactor. The operating temperatures they investi-

gated were in the range T = 600 — 860°C and for total pressures in the range

P = 1.3 — 3.0 bar. These operating conditions are closest to the conditions in the

fuel inlet tube in our experiments.

Py, Py
Tgas = kf (-PHZS PSz - K’Q 2)
P eq
-8
kf = Afeﬁ‘i
1
Ay =784 —2 7y 5 1082
cm®satm m?3sbar
kcal k
By = 46.8 52 — 196 2L
mol mol
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6.4 Summary

As H,S dissociates at the operation temperatures seen in our experiments, I need
to account for this dissociation reaction in the fuel cell models. In this Chapter 1
examined the thermodynamics and kinetics of HaS dissociation. I developed ther-
modynamic models that calculate the equilibrium composition of a fuel mixture
as a function of inlet fuel composition and operation temperature. I then used
the output from these models to calculate the Nernst potentials for the possible
electrochemical oxidation reactions. I also modelled how these Nernst potentials
change is the fuel mixture is not at chemical equilibrium. To correctly model the
dissociation in fuel mixtures not at equilibrium, I need to consider the reaction
kinetics for HaS dissociation. While I do not develop the kinetic models needed
for the above reaction here, I present some appropriate models available in the
research literature on HsS dissociation and discuss their usefulness for my pur-
poses. In the next Chapter, I build complete multiphysics models that include
H,S dissociation kinetics to examine the effect of this reaction on the performance
of Hy$ fuelled SOFCs. |
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Chapter 7

SOFC models including HoS

dissociation

In this Chapter, I present models for the fuel cell setup used in the experiments
described in Chapter 5. Although I have already presented a range of HyS SOFC
models in Chapter 4, those models are not capable of modelling the experiments we
performed. To model the flow-rate and composition effects on fuel cell performance
observed in our experiments correctly, I need models that can predict the open
circuit voltage and the electrochemical performance of the cell. To calculate these,
I need local concentrations of the electrochemically active species at the anode
and the cathode. Although the inlet oxidant composition can be used as the
composition at the cathode, the HsS in the fuel dissociates in the fuel inlet channel,
which means the fuel composition at the anode is not the same as the inlet fuel
composition even at open circuit conditions. To calculate the fuel composition
at the anode, I need to model the reactions in the fuel channel correctly. As the
dissociation reaction is a strong function of temperature, I need the temperature
profile in the fuel channel to calculate the extent of reaction in the fuel. This link
between the fuel chemistry and the temperature distribution is a two way link
as the HyS dissociation reaction is endothermic. Thus, the local temperature in
the fuel channel is dependent on the local rate of reaction, and the local rate of
reaction is dependent on the local temperature. To assess the degree of coupling
between the thermal model and the dissociation reaction chemistry as well as to
answer questions such as whether the flow-rate affects cell temperature directly by
cooling the cell, T need to extend the fuel cell models presented in Chapter 4 by

including the following capabilities in my models.
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1. Modelling the heat transfer and thus the temperature profile in the fuel cell

assembly.

2. Modelling the H,S dissociation reaction in the fuel cell assembly to calculate

the fuel composition at the anode.

3. Predicting the open circuit voltage of the cell as well as the electrochemi-
cal reaction rates using the local gas phase compositions at the anode and
cathode.

7.1 Geometry

The model geometry is a 2-D axi-symmetric geometry similar to the geometry used
in Chapter 4. The two main differences from the earlier geometry are the length
of the geometry and the inclusion of ceramic spacers between the inner/inlet tubes
and the current collectors.

The fuel cell assembly consists of the following components, all of which are

considered in the model geometry:

e The alumina tubes that carry the fuel and air/Og to the cell, and the product
and unreacted gases away from the cell. The tubes on both sides are 40 cm

long each of which 25 cm are inside the furnace.

e The machined ceramic spacers that fit over the inlet tubes and are used to
push the current collectors against the electrodes. These spacers also help

align the inlet tubes with the outer tubes.

e The current collectors on both sides. The current collectors in the experi-
ments were made of Au or Pt mesh. In my models, I assume that they offer

no resistance to flow and thus do not model them explicitly.

e The fuel cell consisting of the anode, electrolyte and cathode. As the thick-
ness of the Pt cathode was much lower than that of the anode and electrolyte
layers (~ 10 — 20pm vs 100 pm and 300 pm), I model the cathode as a 1-D
boundary.

The aspect ratio (length/breadth) of the model geometry used is 63. Thus,

It is difficult to show the entire geometry. Figure 7.1 gives a view of the middle
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fuel cell

Figure 7.1: 2-D axi-symmetric model geometry and 3-D cut-away of a spacer
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of the geometry as well as a close-up of the fuel cell showing the flow in the gas
channels. The axis of symmetry is marked using a black dash-dot line for the two
views. The section above the cell is the fuel section while the section below is the
air/Oy section.

A 3-D cut-away of the spacers used is also shown in figure 7.1. I calculated
the cross-section area available for flow in the spacer and used that to develop the

approximated 2-D spacer geometry.

7.2 2-D model

The 2-D model I present here is an extension of the models in Chapter 4. In ad-
dition to solving for flow, mass transfer, and charge transport, the models in this
Chapter also take heat transfer, HyS dissociation in the fuel into account, as well
as multiple electrochemical reactions at the anode. Thus, the governing equations
solved in these models include the i) weakly-compressible Navier-Stokes equations
and Brinkman equation for velocity and pressure in the flow channels and elec-
trodes respectively, ii) Maxwell-Stefan convection-diffusion mass transfer equations
for partial densities of HoS, Hy0, Sy on the fuel side and O on the air side, iii)
the general heat transfer equation for temperature in the entire fuel cell assembly
and, iv) Laplace equation (Ohm’s law) for the voltage/current distribution in the
electrodes and electrolyte. A

Although I have listed the governing PDEs in Chapters 2 and 4, as the bound-
ary conditions used here are different, I present PDEs again here along with the

boundary conditions used.

7.2.1 Flow in gas channels and electrodes

The governing equations for flow in the gas channels:

—-V. [u (Vv + (Vv)T) - gu(v.v)l +p(v.Vv)+Vp=0

V.(ov) =0 (7.1)

The Brinkman equation is used for flow in the anode as it allows for easier

implementation of the boundary conditions at the anode’s interface with the fuel
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channel.

, 1 2
%v =—-Vp+ EV. p (Vv + (Vv)T) - g,u(V.v)I
Vipv) =0 (7.2)
Boundary Conditions (channel and electrode flow)

e zero velocity (no-slip) at the walls
V= Oiaﬂwalls (73)

o fully developed laminar flow at the fuel and air inlets for the given volumetric

flow-rates:

2V
u=0, v=—5
mr

()] "

e pressure specified and flow normal to the boundary at the outlets of the flow

inner

channels.

p=0, tv=0 (7.5)

e Radial symmetry along the axis of the flow channels

ov
ar L =0, ul_,=0 (7.6)

e velocity continuous across the channel-anode interfaces

Vﬂow channels velect.rodes

(7.7)

‘ oQn ow channels—electrodes

e flow into the anode at the anode-electrolyte interface is given by the electro-

chemical reaction(s) at that interface
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The general equation for flow into a fuel cell electrode is given by (7.8) below.

' 1(1 , &g My .
_n.vl8Qelectmde,electrolyte =" F Z L] Z J‘ . ’ + Z n‘]k (78)
p P & Nk, j &

Equation (7.8) written for an anode that electro-oxidizes both HyS and H,
gives (7.9).

v _ 1 (in,s(2Mp,s — 2My,0 — Ms,) n i, (Mn, — Mmyo0)
e AF 2F

_n-jH28 ~ N.jg,0 — n.sz - n-.is2 - n.sz ) (7.9)

anode - -/;

e flow into the electrolyte at the cathode-electrolyte interface is given by the

oxygen being consumed at that interface

Equation (7.10) is (7.8) written for the cathode.

n‘vlaﬂmthode -

1 ( icathode MOQ
0

F - n.jo, — n.sz) (7.10)

The cathode is modelled as an interface because it is much thinner than the

electrolyte.

7.2.2 Mass transfer

The convection-diffusion equation (7.11) is used to describe the mass transfer of
the reactants and products in the flow channels and the electrodes.
Vir + pv.Vwy =71y (7.11)

Since I am modelling HsS dissociation in the fuel, ry is non-zero for ¢ =

H,S, Ha, Se and the source terms for these components are related by (7.12) where
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TH, is given by one of the rate equations for r4,, in section 6.3

TH, = —TH, = —2Ts, (7.12)

The diffusion term is given by the Maxwell-Stefan equation (7.13), which has
already been described in section 4.6.3.

. - Vv
Je = —pwi Z Dy; (Vyj +(y; — “’j)"“]z) (7.13)

Boundary Conditions (Convection-diffusion equation)

e mass fraction of Oy in air, and H,S, S, HoO in fuel given at the flow channel

inlets

qullzstagl'ucl,inlet - U)I"I?S’in
Qi)l[QO!aﬁ—liuel,inlet = ,IUIIQO’in

wWo,| Onsemies. = WO,in (7.14)

o flux at the inner and outer tube walls

n-Nkiagz = Mk Tk, sur face (715)

Nk = jk; -+ pwrv (716)

walls

Ny, is the total mass flux of the k™ component and 74, surface is the rate of
generation of k£ on the surface if the surface catalyzes a reaction involving k.
In this work, the only case where I consider a surface reaction is when using
(6.41) for H,S dissociation on the fuel tube surface.

e mass flux, of the reactants out of, and the products into, the electrodes

governed by the local current density at the electrode-electrolyte interface
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—n.Nas| _ Mu,sings
Y HpS 8S-Zanode,electmlyte - 2F
—n.Nio| — Mu,0(in,s + in,)
ANHL, 0 aQanode,eIectrolym - 2F
—n.N ( . ]wﬁziﬁz)
+VHp aﬂanode‘olcctrolytc - 2F
~n.Ng,| _ Msyinys
' Sz E)Qanode,electmlytc - 2F
M()zicathode
_n.NOz |69cathode,electrolyte - 4F (7‘17)

e radial symmetry along the axis of the flow channels and the electrodes

Owi
or r=0

=0 (7.18)

7.2.3 Charge transport

As described in section 4.6.4, the voltage and current distribution in the anode
and the electrolyte due to this electronic and ionic transport is modelled using the
vector form of Ohm’s law (7.19). I model the cathode only as an interface, and

thus do not need a separate equation for it.
V. (_‘aqul)m) =0
V. (—0aVa) =0 (7.19)

Boundary Conditions (Ohm’s law)

e the voltage at the anode current collector is specified

o
‘mOd(’laganode,collectcr (¢d L(,H) l contact
ianodc - —Uav¢a (720)
i is the current density vector, [o/1] ..., is the area specific contact and lead
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conductance.

o clectrical insulation at the insulated boundaries

njelectrolyteIagmsulated (721)

e current density at the electrode-electrolyte interfaces is given by the electro-

chemical reaction rate

_nvianode 80 = ngS -+ ng (722)

anode,electrolyte

) ) Ol Hy§ MHos &
LH,S = ZZ, HyS {PH:)S exp ( : RT

~(2 = iy m,8) s F
—Puo Ps2exp( (2 = o 125t )} (7.23)

RT

S N a “y H‘ T)H‘ F
Hy = 7’2, Ha {PHQ exp (%ﬁ“‘)

—Py,0 exp (_(2 = O 1yt F) } (7.24)

RT

. . — e Oy 7] F
=20/ T %00; Tel!
n-lcathode aﬂcmhode,electmlyte - ZC { P02 eXp ( IB’]

(2 = ac,0,)0cF
exp ( AT (7.25)
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NH,S = Pa — Delectrolyte — Ly,s
N, = P — Pelectrolyte — Fp,
Ne = P — d)electrolyte - E%.Z
¢c=0 (7.26)

Equation (7.22) allows for oxidation of both HyS and Hy. Py are the partial
pressures (in bar) at the boundary, o, i are the anodic charge transfer coef-
ficients on the anode, and a0, is the cathodic charge transfer coefficient on

the cathode.

In all models discussed in this Chapter, £, = 0 and Ej, , B g are cal-
culated from the free energy of the overall Hy and HsS oxidation reactions
respectively (equations 7.27 and 7.28).

o __ AGI“IQ+02/2-—>I'120
- oF
_ AGH,510,/2-H,0+8,/2

Eq,s = Ya (7.28)

(7.27)

In the models in Chapter 4, the cathode terminal potential gave the cell
voltage and the anode terminal potential was set to zero. In the models in
this Chapter, the potential at the anode is negative while the potential at
the cathode is kept at zero. This makes it easier to calculate the equilibrium
potentials for the different fuel species (HoS and Hj). The voltage of the
fuel cell is given by the negative of the anode potential at the anode current

collector or terminal (7.29).

‘/cell = ’“¢)a|a, ce (729)
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e radial symmetry along the axis of the cell assembly

9¢;

o 0 (7.30)

7.2.4 Heat transfer

The temperature distribution in the fuel cell assembly is modelled by equation

(7.31) first presented in section 2.3.

pCpv.VT = V.(AVT) + ¢ (7.31)

C) is specific heat at constant pressure, T" is the temperature, X is the thermal
conductivity, and ¢ is the rate of heat generation. While equation (7.31) is valid
for all subdomains within the fuel cell assembly, the parameters p, ¢,, A, and the
source term ¢ are different for each subdomain.

The different heat source/sink terms ¢ are:

1. the heat of reaction of the HsS dissociation (and re-association) reaction on
the fuel side

Qfuel = THzSAHHQS dissociation (732)

The dissociation of HyS is endothermic and thus results in cooling in the
fuel inlet where the forward reaction occurs. AHpy,s dissociation 1S & function of
temperature and is calculated using the thermodynamic functions described
in section 6.1.

2. Ohmic heating caused by the flow of current through the fuel cell

Qvol, anode, 2 = Oa IV(baIQ (733)
Qvol, electrolyte, 8 = Om {V(fbmaz (734)
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Qvol, anode, 2 N Qyol, electrolyte, 0 are volumetric heat sources in the anode and
electrolyte.

3. heating or cooling depending on the entropy change of the electrochemical

reactions at the electrodes

'LH S
anode, a8 = —T' (ASH2 5p T ASh,s 2;, ) (7.35)
) s+ ) o
Jcathode, AS = —TAScathode‘H_zsﬁE‘z“ (736)

As gj, as are the heat sources/sinks due to the entropy change of the electro-

chemical reactions, they are located at the electrode-electrolyte interfaces.

ASy, and ASy,s are the entropy changes for the Hy (7.37) and HaS (7.38)
oxidation reactions, and AScanode 18 the entropy change for the oxygen re-
duction reaction (7.39).

ASu, = Sg,0 — Sh, + Rln ( P, ) (7.37)
0
0 Prys
ASHgS SH;O + = Sq - H23+R1 — ] (738)
Pa,0/ P,
1 !
AScathode = —5 0, + gln Po, (7.39)

Sy in the entropy of k£ at the local temperature and is calculated using the
thermodynamic functions described in section 6.1. The total thermal en-
ergy released/absorbed calculated using the above equations (and given by
summing the appropriate g;, as) is expected to be accurate. However, as the
entropies of the charged species are not included in the above equations, the

distribution of the heating/cooling at the two electrodes might be incorrect.

4. heating due to the electrochemical or activation voltage losses for a loaded

fuel cell

When & fuel cell generates current, the voltage across the cell drops from the
thermodynamic Nernst potential. The portion of this potential drop that

is due to the electrochemical reaction, discussed in some detail in section
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3.1, is called the activation overpotential. This reduction in the electrode
potential also leads to heating at the electrode-electrolyte interfaces. These
heat source terms are given by equations (7.40) and (7.41) while the local
activation overpotentials are given by equations (7.42 ... 7.44).

Qanode, act = IinS 7]HZS,S' + Ile 7]H2,s[ (740}

Qcathode, act = ’ leathode nc,s| (741)

TH,S8,s = (,75?1 - ¢electrolyte — LH,s — ﬁ

T P Pk
, _RT <_.m_. VP, ) 42)

PHzS
0 RT PH 0]
MMHy,s = Ga — (‘/)electrolyte - EH‘2 - ﬁ In ( PI-; > (743)
RT
Ne,s = P — ¢electrolyte - E82 - "ﬁ?— In Po, (744)

Boundary conditions (Heat transfer)

e radial symmetry along the axis of the cell assembly

or

5”‘: = O (74&))

r=0

e specified inlet temperature of fuel and air/O, gas streams

Tlagfuel,'mlet = T;"uel,in
T|an = Tair,in (7.46)

air, inlet

e temperature profile along furnace

The furnace specifications are used to calculate the temperature profile on

the outside surface of the fuel cell assembly. The point conditions used are:
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— T at the center of the assembly (the location of the fuel cell) is equal
to the operating temperature.
— T 1.5 inch (3.81 cm) on either side of the center is 0.6°C lower than the

operating temperature.

— T 3 inches (7.62 cm) on either side of the center is 3°C lower than the
operating temperature.
— T at the edge of the furnace is 100°C lower than the operating temper-

ature.

These T point values are connected using a cubic spline to generate a smooth

profile Tyap.
Tlanfuruace, wall = TW&“ (747)

e convective flux only at outlets

n'(-)\vr[’)lfud,out =0
n(=AVT)|. . =0 (7.48)

air,out

o free convection and radiation along external boundary of outer tubes

n.(—=AVT)| = h(T — Tumbicnt) + €radOraa (T* — Ty ) (7.49)

outer ambient

h is the convective heat transfer coefficient, Tompient 1S the temperature of
the ambient around the fuel cell assembly, €.44 is the emissivity of the ex-
ternal surface, and 0,44 is the Stefan-Boltzmann constant for radiation. The
radiation terms assume that all surfaces are gray bodies with a wavelength
independent emissivity that is equal to the surface’s absorptivity.

e radiation heat exchange between internal surfaces

The net energy flux leaving an internal surface gnqoq due to radiation heat

exchange with its surroundings is given by (7.50).
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Qrad = Jrad - Grad = €pad (U'radT4 - Grad) (750>
G-rad = Grad,m + F, ambionto-radfz_ﬁmbiem (751)

Jrad 18 the radiosity for the surface or the radiation leaving the surface due
to the surface temperature, while G4 is the total radiation incident on the
surface. The first term in (7.51), Greqm is the mutual radiation arriving
from the surrounding surfaces, and the second term is the radiation arriving
at the surface from the ambient. Fypnient is the view factor of the ambient
from the surface, and Tombient is the temperature of the ambient. Graam and
Fombient are complex surface integrals determined by the geometry, and in

the case of Grq4m, the temperatures of the surrounding surfaces.

7.3 Parameters

There are a number of parameters in the models presented above and values for
these parameters need to be assigned or calculated before the models can be solved.
Physical constants, such as the gas constant R, and the values assigned to them
in the models are summarized in the Nomenclature. Model parameters that are

independent of temperature are listed in table 7.1.

Table 7.1: Temperature independent physical parameters in the models

Parameter units value
porosity - 0.4
T - 4
Tpore,av m 2x107
ly m 1074
I m 3x107*
Ka m? 1074
pYSZ kg.m™3 5600
PALO; kg.m™3 3900

As mentioned in the relevant subsections, all gas phase thermodynamic proper-
ties are calculated as functions of temperature using the NASA Glenn thermody-

namic database [88]. This covers parameters such as molar specific heat, reaction

132

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



7. SOFC models including H,S dissociation

enthalpies, entropies, and free energies. Standard electrode reaction potentials are
calculated from the free energy change of the overall reaction as outlined in 7.2.3.
Transport parameters needed include fuel and air density, viscosities, diffusiv-
ities, thermal and electrical conductivities. All gas phase transport properties are
calculated using the methods outlined in section 2.5.
Thermal conductivity (in W(m.K)™!) and specific heat of the tubes (J(kg.K)™!)
in the fuel cell assembly are taken from [95] and are given in equations (7.52) and

(7.53) as function of temperature (Tog in °C).

exp(—0.002 Tog)
Cp, A0y = 1117 +0.14 Toc — 411 exp(—0.006 Tog) (7.53)

A0, = 5.85 + 15360 (7.52)

Thermal conductivity and specific heat of the YSZ electrolyte are taken from
[90] and are listed in table 7.2. The densities of the alumina tubes and the elec-
trolyte are given in table 7.1.

The emissivity of the alumina tubes is given by (7.54) taken from [51].

0.78 — 3.4545 x 10~4(T — 400) 400K < T < 1500K
€ALO3 = 754)
0.78 T <400K

The heat transfer coefficient for natural convection from the sections of the
outer tubes that lie outside the furnace is given by (7.56). The correlation (7.55)

is for natural convection from horizontal tubes and is taken from [65].

o4 D ,1/4
Nu=036+— o8 fe i (7.55)
(1 +(0.559/Pr)” m) ‘
Nu A
= A .
= (7.56)
Pr= % (7.57)
. Q(T - Too)DSPQCP =
Ra = AT (7.58)

Nu is the Nusselt number, Pr is the Prandtl number, and Ra is the Rayleigh
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number.

The physical properties of air required to calculate the dimensionless numbers
are evaluated at the local temperature and T, = 295 K is the ambient temperature.
Cp is the specific heat at constant pressure on a mass basis.

Electrical conductivity of the anode material o, used is unavailable and I as-
sume the same values as used for the anode in Chapter 4. These values, given in
table 7.2 for the anode conductivity at the operating temperatures are corrected
for porosity using equation (4.55) given in [34]. The electrical conductivity of the

electrolyte YSZ is calculated using (7.59) given in [5].

100

= . . 7.59
TYSZ = (.03685 + 0.002838 exp(10300/7) (7.59)

The overall wire lead and contact resistance is calculated by subtracting the
anode and electrolyte resistance from the Rs values obtained from fitting the EIS
spectra at each different operating condition (see section 5.3). The overall cell
area specific resistance is given by equation (7.60). The overall wire lead and
contact resistance for the cell given by (7.61) is placed at the current collector
for the anode. The values calculated for humidified HyS at the three operating

temperatures are given in table 7.2.

B, = [i} n F] n [i] (7.60)
O ivysz 9 | anode 9 | contact

G
g contact g YSZ g anode

Table 7.2: Temperature dependent parameter values used

Parameter units 750°C  800°C 850°C

Avsz W(m.K)“l 1.75 1.63 1.5
Cpysz  J(kgK)™' 650 650 650
Oa (Q.m)~! 131 9.88  5.26

Om Q.m)~! 1.49 2.39 3.66
(0/0 contact Q tm™? 5220 4670 4180

The electrochemical kinetic parameters needed are exchange current density
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and the charge transfer coeflicient for each electrode reaction. The charge transfer
symmetry coefficients a; in the electrochemical rate equations (7.23), (7.24), and
(7.25) are assigned the default symmetric value of 2 x § = 1. As experimental
values for exchange current densities are not available, I estimate them using the
models and experimental ¢ — V data. The estimation procedure and results are

given in section 7.7.

7.4 Computational details

All model simulations in this Chapter were performed using COMSOL Multi-
physics 3.4. The mesh used for the 2-D models consisted of over 37,000 triangular
elements. This translates to more than 350,000 degrees of freedom (dof) for each
simulation. The exact number of dof depended on whether or not I include radia-
tive heat exchange between internal surfaces. All the 2-D models required > 2 GB
of RAM to solve. The 1-D models used in the section on parameter estimation
were also run using COMSOL and the degrees of freedom for those models were
~ 100.

The 2-D models without internal radiation took between three to five minutes to
solve for one set, of parameter values. This translated to between one and two hours
to solve for a full t—V curve. The models that included internal radiation took 2-3
times as long. The 2-D simulations were done using the COMSOL client /server
tools where the COMSOL server ran on multiprocessor computers with > 5 GB
of RAM. Some of the simulations were performed using two or four processors.
Using more than one processor helped cut down the computational time, although

the scale-up was not linear.

7.5 Choosing a kinetic model for H,S dissociation

The model developed in section 7.2 allows me to include HyS dissociation in the
fuel. However, before I can use this model I need to decide on a kinetic model for
the HyS dissociation/synthesis reaction in the fuel channel. In figure 7.2, I plot the
Nernst voltages for the Hy and HyS oxidation reactions obtained using the three
different kinetic models as a function of fuel flow-rate.

The model by Harvey et al. [58] predicts that the fuel mixture is close to

equilibrium even at 750°C. As a result the flow-rate has little effect on the Nernst
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E s and EH vs fuel flow-rate, 02 on cathode side
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Figure 7.2: Predicted Ey,s and Fy, using different H,S dissociation models

potentials which both approach the equilibrium value. Both the Hawboldt model
[59] and the Kaloidas model [67] show a flow-rate dependence for the Nernst po-
tentials. This indicates that the Harvey kinetics are much “faster” than the other
two models. I will use the model by Kaloidas, et al. [67] in the rest of this Chapter.
The reasons why I chose their model over the Hawboldt model are listed below,
and all of them point to the experimental operating conditions given in Kaloidas,
et al. [67] being closer to ours. '

1. The Kaloidas model was generated using data that spans the temperature

range I am interested in. The temperature range for the Kaloidas data was

1327°C.

2. Kaloidas, et al. [67] fit their kinetic model using a non-isothermal model
taking the temperature profile along the reactor into account, whereas Haw-
boldt, et al. [59] used an isothermal model.
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3. Kaloidas, et al. [67] used an alumina tubular reactor, while Hawboldt, et al.
used a coiled quartz reactor.

4. Kaloidas, et al. ran their experiments using undiluted HoS (99.6%), while
Hawboldt, et al. used dilute HyS (0.5-2.5%). All of our experiments were at
concentrations higher than the ones used by Hawboldt, et al.

7.6 Simulations for single fuel OCV

In this section I take up the discussion from section 6.2.2, where 1 speculated on
how the operating conditions affect open circuit voltage when the fuel is not at
chemical equilibrium.

The results in this section were generated by calculating the average of the
Nernst potentials Ey,s and Fy, (defined by equations 6.11 and 6.12) over the
anode-electrolyte interface for the inlet compositions and operation temperatures
specified. The electrochemical kinetic constants i3 y,g, 43 n, and @ are all set to
zero to freeze all the electrochemical reactions.

7.6.1 Effect of fuel flow-rate on OCV

Figure 7.3 compares the model predictions for the Nernst voltages Ey,s, By, as
a function of flow-rate against the experimental data first presented in Chapter
5. The trend in the experimental data sets of increasing OCV with increase in
flow-rate is captured very well by the model results for Ey,s. As expected from
the discussion in section 6.2.2, Ey, decreases with increasing flow-rate. If the fuel
were at equilibrium, the flow-rate would have no effect on OCV and Fy,g and Ey,
would be equal (section 6.2).

The open circuit voltages for the same fuel compositions were higher by 12 to
17 millivolts in data set 2 (compared to data set 1). A possible reason for the
OCYV difference between data sets, and the offset between the experimental data
and the model predictions for Ey,s could be a small air leak either in the fuel inlet
line or in the cell sealing.
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E s and EH vs fuel flow-rate at 750°C, O2 on cathode side
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Figure 7.3: Predicted Ey,s and Epg,, and experimental OCV values as a function
of fuel flow-rate; O — experimental data set 1, + — experimental data set 2

7.6.2 Effect of yu,5in on OCV

For both the experimental data as well as the simulations discussed here, the total
fuel flow-rate (dry basis) was held at 100 ml/min.

Figure 7.4 compares the model predictions for the Nernst voltages Eu,s, En,
as a function of inlet HyS mole fraction in a mixture of HyS and Ny against exper-
imental data. The trend of decreasing OCV with decreasing yu,s i i matched by
both Ey,s and Ey,. However, the offset between By, and the experimental data
is different at each temperature. Also, the Ey, values lie below the experimental
values, and the open circuit voltage for a cell can never be lower than the theoret-
ical Nernst potential. The offset between Fy,g and the experimental data is much

more consistent between operation at the three temperatures with Ey,s greater
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OCV and Nernst potentials as functions of Yo s in inlet
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Figure 7.4: Predicted Ey,s and Fy,, and experimental OCV values as a function

of inlet fuel yu,s; O — experimental data set 1, X — experimental data set 2

than the measured OCV values by 55-75 mV at 750°C, by 45-60 mV at 750°C,
and by 30-50 mV at 850°C.
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OCV and Nernst potentials as functions of Yy in inlet
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Figure 7.5: Predicted Ewy,s and Ey,, and experimental OCV values as a function
of Yu,,in, YH,s,in = 0.4; O — experimental data set 1, X — experimental data set
2

7.6.3 Effect of yg, ;n on OCV

For both the experimental data as well as the simulations discussed here, the total
fuel flow-rate (dry basis) was held at 100 ml/min. The dry H,S flow-rate was held
constant at 40 ml/min (yu,s, i = 0.4).

140

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



7. SOFC models including H,S dissociation

In figure 7.5, I compare the model predictions for Fy,s, Fy, as a function of
inlet Hy mole fraction in a mixture of HaS, Hy and Ny against experimental data.
Again, the trend in the experimental data of increasing OCV with increase in yg,, in
is followed by both Ey,s and Ey,.

The Fy,s and Ey, values are very close to each other for yu, in > 0.15. This
is to be expected, because as Hy content in the fuel is increased, the equilibrium
dissociation of HyS goes down drastically (see figure 6.1 and the discussion in
6.1.3). The lower the equilibrium extent of reaction, the quicker the approach to
equilibrium. Thus, the reaction is no longer kinetically controlled as it is close to
equilibrium, as seen here for yg, i > 0.15.

For yu, i < 0.15 in figure 7.5, By, drops sharply, an effect not seen in the
experimental data. Again, the offset between Ey,g and the experimental data is

more consistent at all three temperatures.

Measured OCV, EH g and EH vs inlet Yy at 750°C, O2 on cathode side
2 2 2
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Figure 7.6: Predicted Eg,s and Ey,, and experimental OCV values (data set 1)
as a function of ym,, in, Yi,s,in = 0.2

Figure 7.6 compares the model predictions for Ey,s, Ey, as a function of inlet
H, mole fraction in a mixture where ym,s i = 0.2 against experimental values
from data set 2. The discussion above for simulations and experimental values
with yn,s,m = 0.4 is also valid for the data in this figure, and EFpy,s captures the
trend in the experimental data much better than Fy,.

From the analysis in section 6.2.2 and the discussion above, it seems more likely

that electro-oxidation of HsS is the primary reaction on the anode.
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7. SOFC models including H,S dissociation

7.7 1° estimation from 7 — V curves

Thus far in this Chapter, I have discussed model results where the electrochemical
reactions are assumed to be in equilibrium. To model the i —V performance curves
for a fuel cell T need electrochemical kinetic parameters. In this section, I present
some results for parameter estimation of the above kinetic parameters. I then
discuss the validity of these parameters by comparing the parameters estimated
from ¢ — V curves for a range of operating conditions.

I estimated the electrochemical kinetic parameters using a very similar proce-
dure to that in Chapter 4. The model used for the estimation described below is a
1-D model that solves only the mass transfer and charge transport equations in the
fuel cell electrodes and electrolyte. The inlet mass fractions for this 1-D model are
obtained by averaging the mass fractions at the electrode—fuel channel interface
from a solution of the full 2-D axi-symmetric model described in section 7.2. The
1-D model is used to reduce computation time for the parameter estimation. This
simplification is justified when the fuel and air flow-rates are high enough (the
reader is referred to the discussion in section 4.9.2). The fuel and oxygen flow-rate
is high (100 standard ml/min) in the ¢ — V" data sets for which I run the parameter
estimation. At this flow-rate, the resistance to mass transfer in the fuel channel
is low enough that by using the local concentrations of the fuel components from
the 2-D model solution at open circuit, I can solve for the ¢ — V' curve using the
1-D model. Later in this section, I will validate this assumption by comparing the
solutions for the two models using identical parameters.

The data pre-treatment before it is sent to the estimation algorithm is as fol-

lows.

1. The i —V data is filtered first to remove any obvious artifacts. For the i —V
curves dicussed in Chapter 5, the only feature removed was a kink or hook
near the OCV. A close-up of the OCV region for one of the ¢ — V curves is

shown in figure 7.7.

2. Current density values are interpolated for an equally spaced vector of voltage
values to get a i — V matrix of a manageable size. For the models used to
estimate parameters, the i vector was defined by either 6 or 18 equally spaced

points that spanned the entire range for each particular i — V curve.
The formulation of the parameter estimation problem is given below (7.62).
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7. SOFC models including H,S dissociation

850°C, IV-4 near OCV (1.007 V)
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Figure 7.7: Near OCV region with the kink artifact for iV-4 at 850°C

min Y {in(Ve, T) = iz}’ (7.62)
k=1

subject to:

im =gV, T,x,p") (7.63)
Xq S X S X (764)

im(Vk, T') is the output cell current density given by the model for a cell voltage
of Vi, at temperature T, i) 7 is the experimentally observed current density for the
same cell voltage of Vi, and n is the number of equally spaced points along the i—V
curve. The vector x is the vector of unknown electrochemical kinetic constants
estimated by the minimization, and x;,x, are the lower and upper bounds for
these parameters. The vector p* represents the known parameters needed to solve
the model for i,,. The function g() represents the fuel cell model.

To assess the quality of the fit between the experimental data and simulated

143

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



7. SOFC models including H,S dissociation

data using the output parameter estimates, I use the scalar defined in equation
(7.65). The lower the value for ‘Scaled fit’, the closer the match between the model

simulations and the experimental data.

. .2
im — i) /0
Scaled fit = 2 / (7.65)

max (i)

As seen in figures 7.4 and 7.5, there is an offset between the measured OCV
values and the simulated Nernst potentials Fu,s, Fy,. Within the parameter
estimation, I shift the entire experimental ¢ — V' curve vertically so that the shifted
experimental OCV coincides with the simulated OCV. This correction is only
applied when the OCV from the simulation is higher than the experimental OCV,
and is done to remove the offset in OCV tentatively attributed to a small air leak

on the fuel side!.

7.7.1 Parameter estimation results

I ran the parameter estimation for three different parameter combinations:
1. 1§,5 and 7, i.e., only HyS is oxidized on the anode.
2. 4g, and 79, i.e., only Hy is oxidized on the anode.

3. s, 15, and 49, ie., both HyS and Hy are oxidized on the anode.

« 70 20
Case 1: i), and 73,

I start by discussing the parameter estimates for case 1. The if g, 43, values
estimated from data where the fuel flows were [100 — 0 — 0] (humidified H,S) are
given in table 7.3 for all three operation temperatures. This table shows how the
estimated parameters change with time as well as how they change with increasing
temperature. The scaled fit values are significantly worse at 750°C than at the
other temperatures. At T' = 750°C, both 4}, 5 and @), increase with time to reflect
the activation behaviour discussed in section 5.5.2. The deactivation of the cell at

850°C is reflected in a noticeable reduction in 43, while 1§, is largely unaffected.

1See section 7.6.1
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7. SOFC models including H,;S dissociation

Table 7.3: Time dependence of cell performance reflected in estimated if,q and

i,
Time T 1V i i, Scaled fit
(hhomm) (°C) (#) (A/m?) (A/m?) -

1:38 6 1.13x10° 4.93 x 10T 3.47 x 1072
4:33 750 11 1.45x10% 6.37 x 101 2.30 x 102
6:25 15 1.62x 10® 7.17 x 10* 1.80 x 10~2
7:24 1 1.30 x 10* 3.38 x 102 2.66 x 10™3
10:10 800 7 1.20x10° 6.68 x 10> 4.30 x 1073
21:50 8 1.14x10° 6.00x10° 2.78 x 1073
23:38 10 1.33x10° 6.72x 102 3.02x 1073
24:24 11 1.31x10° 6.33 x 102 292 x 1073
29:56 4 1.42x10° 140 x 10® 6.83 x 1073
30:15 850 5 1.43x10° 1.30 x 10® 6.68 x 1073
30:38 6 1.41x10° 1.22x10% 6.67 x 1073
33:33 12 1.32x10° 1.06 x 10° 7.80 x 103
34:16 14 1.32x10%° 8.80x 10* 7.35 x 1073
47:52 16 1.87 x 10° 1.19x 102 1.15 x 1072

The 4f;, ¢ and i3, values estimated using data with inlet fuel composition other
than [100 — 0 — 0] are quite different. The parameter estimates for varying HyS
content in a mixture of HaS and Ny are given in table 7.4 while those for varying
Hy content in a mixture of HsS, Hs, and Ny are given in table 7.5.

In table 7.4, at all three temperatures, both the ¢ and the 4@, estimates
increase as the HpS content in the fuel is decreased. For instance, at 750°C ig g
goes from 1128 A/m? to 2928 A/m? as the fuel flow-rates change from [100— 0~ 0]
to [40—60—0]. Although this increase is partly due to the cell activation behaviour,
by comparing estimates for IV-10 and IV-11, one can see that the value for i g
drops to 1447 from 2928 A /m? as the inlet fuel flows are changed back to [100—0—0]
from [40 — 60 — 0].

The if,q estimates at all three temperatures increase as the Hy content in the
fuel is increased. As shown in table 7.5, if,g increases further from 2928 A /m?
to 4388 A/m? as Hj is added to change the fuel flow-rates from [40 — 60 — 0] to
[40 — 20 — 40]. The 7, estimates are not affected as dramatically at 750°C, but
neither are they completely independent of changes in inlet yg,. At 800 and 850°C
however, g, decrease dramatically with increasing Hy in the fuel.

Parameter estimates for yg,s content lower than 40% differ considerably from
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Table 7.4: Dependence of cell performance on yg,s reflected in estimated ig,5 and

iQ,
[HaS — Ny — Hy] Time T 1V 1,8 9, Scaled fit
(ml/min) (hh:mm) (°C) (#) (A/m?) (A/m?) -

[100 — 0 — 0] 1:38 6 1.13x10% 4.93 x 10 347 x 1072
(80 — 20 — 0] 2:12 750 7 144 x 103 540 x 100 292 x 1072
[40 — 60 — 0] 3:52 10 293 x10° 6.84 x 10*  1.77 x 1072
[100 — 0 — 0] 4:33 11 1.45x10® 6.37 x 101 2.30 x 1072
[100 — 0 — 0] 7:24 1 1.30x 10% 3.38 x 10?2 2.66 x 1073
[80 — 20 — 0] 8:12 800 2 116 x 10° 3.79 x 102 2.17 x 1073
[40 — 60 — 0] 8:49 3 2.18x10° 546 x 10> 1.66 x 1073
(100 — 0 — 0] 10:10 7 1.20x 10° 6.68 x 10 4.30 x 1073
[100 — 0 — 0] 24:24 11 1.31x10® 6.33x10% 292x 1073
[10 — 90 — 0] 24:47 12 1.61 x 10* 1.86 x 10 2.57 x 1072
20 — 80 — 0] 25:46 13 8.38x10* 3.33x 10 1.54 x 1072
[100 — 0 - 0] 30:38 6 1.41x10% 1.22x10% 6.67 x 1073
[40 — 60 — 0] 31:08 850 7 215x10®° 1.13x10° 3.13x 1073
[10 — 90 — 0] 32:41 10 1.34 x 10* 3.01 x 10> 2.08 x 1072
[100 ~ 0 — 0] 33:33 12 1.32x10* 1.06 x 10 7.80 x 1073

i° estimates for higher yy,s. The scaled fit values for these estimates are also worse
than for other sets at the same temperature. The estimated parameter scaled fit
improves with the addition of Hy to the fuel mixture.

. 50 ;O
Case 2: ¢}, and 3,

As in case 1, iy, and i@, values reflect the cell activation (at 750°C) and deactiva-
tion (at 850°C) behaviour?. The estimated if}, values increase from 4168 A/m? to
9765 A/m?, while the 7% values increase from 67 A/m? to 99 A/m?, as the inlet
fuel flows change from [100 — 0 — 0] to [40 — 60 — 0]. This increase in 43, and i,
is similar to that seen for if},4 and 43, in case 1.

Unlike case 1 where if;, ¢ increased further with the addition of Hy, g, at 750°C
in case 2 decreased from 9765 A/m? to 499 A/m? when the fuel is changed from
[40— 60 —0] to [40 —20—40]. Again, i}, are also affected, showing a decrease from
99 A/m? to 51 A/m?®. The trends for both ¢, and i@ are similar at the other two

temperatures.

2Tables of the parameter estimates for case 2 are in appendix C
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Table 7.5: Dependence of cell performance on yy, reflected in estimated g, and

0,
[HoS — Ny — Hy) Time T 1V 08,5 id, Scaled fit
(ml/min) (hhimm) (°C) (#) (A/m?)  (A/m?) -

[40 — 60 — 0] 3:52 10 2.93x10° 6.84 x 100 1.77 x 1072
[40 — 50 — 10] 5:05 750 12 3.34x10° 6.44 x 100 1.81 x 1072
[40 — 40 — 20] 5:25 13 3.78 x 10° 6.28 x 10 2.07 x 1072
[40 — 20 — 40] 6:02 14 4.39x 10° 6.24 x 101 2.30 x 1072
[100 -0 — 0] 6:25 15 1.62 x 10° 7.17 x 10 1.80 x 1072
[40 — 60 — 0] 8:49 3 218 x10° 546 x 10° 1.66 x 1072
[40 — 50 — 10] 9:31 800 5 2.68x10° 5.17x 102 3.09 x 1073
[40 — 20 — 40] 9:52 6 6.05x10° 2.32x10° 1.31x 1073
[100—0— 0] 10:10 7 120x10° 6.68 x 102 4.30 x 1073
[20 - 80— 0] 25:46 13 838 x 10% 3.33 x 10 1.54 x 1072
[20 — 60 — 20] 96:14 14 9.60 x 10° 4.19 x 102 6.08 x 1073
[40 — 60 — 0] 31:08 7 215x10° 113 x 105 3.13 x 1073
[40 — 50 — 10] 31:40 850 8 2.40x10*° 1.82x10® 6.09 x 1073
[40 — 20 — 40] 32:03 9 4.94 x10® 347 x10* 3.11x 1073
[10 —90 — 0] 32:41 10 1.34 x 10 3.01 x 10? 2.08 x 1072
[10 — 80 — 10] 33:05 11 9.41x 108 7.54 x 10> 2.37 x 1073
[100 — 0 — O] 33:33 12 1.32x10° 1.06x 10% 7.80 x 1073

« 50 7O 20
Case 3: iy, if},, and 3,

In case 3 I estimate both if,g and 4§, thus allowing the model to consider the
electro-oxidation of both H,S and H,®.

As in cases 1 and 2, the activation of the cell at 750°C is seen in an increase in
all parameter estimates with time, and the deactivation at 850°C is apparent in
the decrease seen in g,.

Table C.4 shows how some of the parameter estimates are identical to those
for case 1 or case 2. There are also many instances where the values of scaled
fit are almost identical between several distinct sets of parameters. I give some
examples in table 7.6. On closer examination, one can see that the 4, values are
very close to each other in these sets of estimates, while the 4§ 5 and 4, values
vary over a wide range, one increasing in value if the other decreases. This means

that for all the composition effects examined below, finding trends for the if,g and

3Tables of the parameter estimates for case 3 are in appendix C
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7. SOFC models including H,S dissociation

Table 7.6: Sets of estimated 4§, ify,, and i3, that fit the i — V' data equally well

T IV gy %, @, Scaled fit

(0 #) (A’  (A/m®)  (A/m?) -

750 15 6.96x 10 189 10° 6.82x 10! 1.812 x 10~2
1.62 x 108 0 7.17 x 101 1.823 x 1072

800 11 8.80x 10?2 7.20x10% 6.33 x 102 2.914 x 1073
7.16 x 10> 1.02 x 10° 6.35 x 10?2 2.917 x 1073
1.24 x 10® 1.04 x 10? 6.33 x 102 2.920 x 103

850 6 836x10%° 891 x 102 1.21 x 10°® 6.660 x 1073
8.88 x 10? 8.08 x 10° 1.21 x 10°® 6.660 x 1073
5.98 x 102 1.27 x 103 1.21 x 10° 6.662 x 1073
1.41 x 108 0 1.22 x 10 6.668 x 1073

iy, estimates is not possible.

The 23, estimates at all three temperatures increase as the HoS content in the
fuel is decreased (table C.3).

The 13, estimates at all three temperatures decrease as the Hy content in the
fuel is increased (table C.4).

Summary of the i° estimation results

I ran all parameter estimation routines using the function lsqnonlin in the MAT-
LAB Optimization Toolbox [131]. The parameter estimation using 6 points along
the ¢ — V curve for cases 1 and 2 took between 10 minutes to a few hours for
each i — V curve on a computer cluster* with AMD Opteron 2 GHz processors.
Parameter estimation for case 3 took approximately three times longer.

I summarize the ° estimation results here to assess the usefulness of the pa-
rameter estimates. For all three cases, the cell activation and deactivation seen in
the ¢ — V data, and first discussed in Chapter 5 is reflected in the parameter esti-
mates. Although the trends in the estimates have already been described, I discuss
the composition dependence of the estimates below, and attempt to describe the
temperature dependence of the i° estimates using an Arrhenius analysis.

For all three cases considered, changes in fuel and oxidant (not shown) compo-
sition lead to changes in both the anodic and cathodic exchange current densities.
This indicates that the electrochemical rate equations I use are not completely

4All parameter estimation runs were single processor processes.

148

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



7. SOFC models including H,S dissociation

Table 7.7: Arrhenius parameters estimated for i° using case 1 estimates

A E
(A/m?y (K J/mole)
T, 323 -13.2

iy, 2.07 x 10 285

correct. I know that the electrochemical rate equations are simplified overall rep-
resentations of complex multi-step processes at the electrodes (e.g., the mechanism
outlined in section 3.2.1). Thus, it is not surprising that an investigation of fuel
composition effects leads to the conclusion that the rate equations used here are
inadequate. One possibility is that the reaction orders or the charge transfer coef-
ficients in the electrochemical kinetic equations are incorrect, and that by fitting
these one can get more consistent results for the other kinetic parameters. How-
ever, that would lead to too many fitting parameters, which is undesirable. In my
analysis, using three parameters resulted in sets of very different estimates that
fit the data equally well. For instance, table 7.6 shows that for case 3, several
parameter sets fit the i — V data equally well.

For the Arrhenius analysis, I chose the case 1 parameter estimates for i — V
curves 750-15, 800-10, and 8504 (given in table 7.3). These i — V curves showed
the highest performance at the three operating temperatures. The if; ¢ estimates
for all three temperatures stay within 20% of the value at 750°C, and the values
at 800 and 850°C are actually lower than the value at 750°C giving a negative
Arrhenius activation energy (table 7.7). On the other hand, estimates for 73,
increase dramatically with increase in temperature. The g, value at 800°C is
over nine times the value at 750°C, while the i@, value at 850°C is just over twice
as large as the value at 800°C. The Arrhenius plot for the above data is given in
figure 7.8. This plot gives the i° vs. 1/T curves obtained with pre-exponentials and
activation energies calculated using the optimal if,q and i@,. The plot also shows
the actual optimal values for the exchange current densities used to calculate the
least squares fitted values for the pre-exponential factors and activation energies,
which are given in table 7.7.

I could have chosen other parameter sets from case 2 or case 3 to get similar
estimates for the activation energies of the i°. Although it is tempting to conclude
that the anode-side electrochemical kinetics are temperature independent while

the cathode kinetics are not, the sensitivity of the estimates to inlet compositions
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Arrhenius plot using estimates from i~V #s 750-15, 800-10, 850-4
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Figure 7.8: Arrhenius plot for ig,g and 43, from case 2 estimates

indicates that the electrochemical rate equations do not model the kinetics ad-
equately. Thus, it would be imprudent to use the parameter estimates for the
electrochemical rate constants to make any conclusions. In other words, I feel that
this analysis of the i — V curves cannot be used to point to whether HyS or Hy or
both are utilized as fuel.

However, the estimates for the exchange current densities obtained here can be
used to complete the model definition, and thus use it for some limited validation
against experimental data, as well as for parametric studies. In the next section I

look at how the model predictions compare against the experimental data.
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7.8 Case studies: model predictions and capabil-
ities
In this section I present some case studies to compare model predictions against
experimental data from Chapter 5, and to illustrate the capabilities of the models
developed. All simulations in this section are done at T = 850°C. I use the first
and the last set of i® values estimated for IV-850-6 from table 7.6. This allows
me to compare the effect of allowing electro-oxidation of both Hy and HyS (case 3
in the parameter estimation study, previous section) vs only allowing the electro-

oxidation of HaoS (case 1 in the previous section). The title (or text within the

plot) for all the plots in this section lists the i° parameters used.

7.8.1 1-D and 2-D model output vs experimental data

One can clearly see that the model OCV values are higher than the experimental
OCV. This OCV offset is greater for case 1 than for case 3 because the OCV for
case 3 is a mixed OCV.

7.8.2 Cathode side gas composition, air vs Oy

tions using air as oxidant against those using Os as oxidant. The model predictions
show a similar change in the i — V' curve and the OCV as the experimental data
(IV-850-3 and IV-850-4).

Table 7.8: Using air vs Og: model predictions vs experimental data

Air on cathode O3 on cathode
ocv lov oCcv iov
(V) (A4/m?) (V) (A/m?)
Experimental 0.970 1785  1.007 1925

2-D model, HyS 1.001 1808 1.039 1958
2-D model, HoS & Hy, 0986 1770 1.024 1918
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Experimental i-V data vs 2-D and 1-D model output, fuel flow: [100-0-0}
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Figure 7.9: Experimental i — V data and model output
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Figure 7.10: Experimental i — V data and 2-D model output; air vs Oq

7.8.3 Fuel flow-rate

Figure 7.11 and table 7.9 compare experimental i — V' data and 2-D model predic-
tions for fuel flow-rates of 50 ml/min and 100 ml/min. The model predicts that
the ¢ — V curve does not change by much with this change in flow. It is difficult to
make any distinction between the model output for the two different fuel flows by

visual examination of the model output. From the data in table 7.9, some differ-
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Experimental i~V data vs 2-D model output, T = 850°C
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Figure 7.11: Experimental ¢ — V data and 2-D model output; fuel flow-rate

ences become apparent. The model that considers oxidation of both Hy and H,S
predicts a slight drop in both OCV and maximum current. The model considering
only the oxidation of HyS predicts an increase in both OCV and maximum current.
The experimental data shows a small increase in OCV and a significant decrease

in iovs.

5See section 5.5.2 for a discussion on cell activation and deactivation
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Table 7.9: Effect of fuel flow-rate: model predictions vs experimental data

[50—0—0]  [100—0— 0]
()CV i()V ()Cv iOV
(V) (4/m*) (V) (A/m?)

Experimental 0.963 1856  0.970 1785
2-D model, HyS 0.992 1796 1.001 1808
2-D model, HoS & Hy 0.987 1782  0.986 1770

7.8.4 Fuel composition
HQS in N2

Figure 7.12 illustrates the effect of lowering yu,s in the fuel. Both the model (used
for this figure) that considers the oxidation of HsS alone, as well as the model
that considers the oxidation of HoS and Hy show similar fit to the experimental
data. Both models also give very similar output for the fuel compositions shown in
figure 7.12. One noteworthy difference is somewhat lower OCV for the model that
considers oxidation of HyS and Hs. This is expected from the previous discussion
on mixed OCV.

The model does not fit the experimental data for a fuel flow of [10 — 90 — 0]
(10 ml/min H,S, 90 ml/min Ny) well. This is expected because, as seen in the
previous section, the i° estimates for this fuel flow are very different from those
for a fuel flow of {100 — 0 — 0].

The experimental data for a fuel flow of [10 — 90 — 0] (IV-850-10) shows a
drop-off in current in the high current region to indicate a mass transfer limit.
According to the 2-D model, the ¢ — V curve for a highly dilute fuel [1 — 99 — 0]
(1% HyS in Ny, total flow 100 ml/min), does not show significant mass transfer
limitations. This could mean either a much lower porosity than used for the model,
or a different flow pattern near the cell. The later is possible since there was a
small gap between the inlet fuel tube and the spacer in the experimental set-up
(see figure 7.1). This gap can allow the short-cutting of the fuel low from the inlet
tube to the outlet tube before the fuel gets to the anode.
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Experimental i-V data vs 2-D model output, T = 850°C
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Figure 7.12: Experimental i — V data and 2-D model output; inlet yy,g in fuel

Effect of adding H,

Figures 7.13 and 7.14 illustrate the effect of adding H, to the fuel. For all simula-
tions, the increase in ohmic resistance seen in the impedance spectra for fuel with
added Hj is explicitly taken into account. This is what leads to a lower maximum
current for the fuel with Hy (seen in figure 7.13) compared to the output for fuel

without H,. In figure 7.14 however, since both Hy and H,S are electro-oxidized,
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Experimental i-V data vs 2-D model output, T = 850°C
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Figure 7.13: Experimental ¢« — V data and 2-D model output; inlet yy, in fuel;
only HyS oxidized

the increased ohmic resistance has little effect and the performance for fuel with
H; is significantly higher than for fuel without Hj.
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Experimental i-V data vs 2-D model output, T = 850°C
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Figure 7.14: Experimental ¢ — V data and 2-D model output; inlet yy, in fuel;
both HeS and Hs oxidized
7.8.5 Radiation between internal surfaces

Figure 7.15 gives the temperature, yu,s, and yy, profiles along the fuel channel axis
from the fuel inlet to the anode. The solid lines are obtained using the model that
includes radiative heat exchange between internal surfaces while the dashed lines

are from the model that does not include internal radiation. The upper plot shows
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Temperature, Yy and Yus along the fuel channel axis
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Figure 7.15: Effect of including radiation between internal surfaces

how the fuel heats up earlier in the channel for the model considering internal
radiation. Thus, the dissociation of the H,S starts earlier. This can be confirmed
by examining the other two plots which show a higher yy, and a lower yg,s for
this model. As the dissociation starts earlier, the extent of dissociation of the HoS
in the fuel is higher for the model considering internal radiation. The difference

in fuel composition seen in the middle and lower plot leads to a slightly lower
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7. SOFC models including H,S dissociation

Fy,s (higher Epy,) for this model, as seen in table 7.10. Another consequence of
including internal radiation is a lower cell temperature.

The simulations of ¢ — V' curves give slightly different results depending on
whether or not internal radiation is included in the model due to the above noted
differences in local anode temperature and fuel composition. These differences are
however fairly small, as seen in table 7.10 which lists the maximum current values
obtained from simulations using case 1 i° estimates.

The plots in figure 7.15 as well as the temperatures and Nernst potentials in

table 7.10 are for open circuit conditions.

Table 7.10: Effect of including internal radiation

T  Ems En, oV
CC) (V) (V) (A/m?)

with internal radiation 848.6 1.037 1.004 1957
no internal radiation 849.3 1.039 1.001 1958

7.8.6 Cell heating/cooling

between internal surfaces. The fuel flows were 100 — 0 — 0, while the cathode side
flow was 100 ml/min Os,.

Figure 7.16 shows the variation in cell temperature with increasing fuel flow-
rate. The cell temperature decreases with increasing fuel flow, but the change in
temperature for an increase in flow from 50 ml/min to 100 ml/min is only 0.15°C
(for the model that includes internal surface radiative heat exchange, 0.3°C for
the model that does not include internal radiation). Thus, one of the conjectures
to explain a flow-rate dependence of OCV: that the cell is cooled by increasing
the fuel flow-rate, is unfounded as varying the fuel flow-rate in the 50-100 ml/min
range is not expected to cool the cell.

Figure 7.17 shows the variation in temperature along the axis of the cell assem-
bly, going away from the cell toward the gas inlets. The temperature on the fuel
side is lower by about 2.5°C than the temperature in the air/Og channel (mea-
sured 2 cm from the cell in both cases). This is the cooling effect from the HyS

dissociation reaction.
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Local temperature at anode vs fuel flow-rate, T, = 850°C
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Figure 7.16: 2-D model prediction of cell temperature vs fuel flow-rate

Figure 7.18 shows how the temperature of the active area of the cell changes
as one draws more current from it. The upper plot gives the average temperature
along the two electrodes while the lower plot shows how the temperature distribu-
tion changes along the anode. The cathode temperature was slightly higher at all
currents. The temperature gradient across the thickness of the cell increased with
increasing current, but was less than 0.5°C for the highest current.

Figures 7.19 and figure 7.20 show the variation in magnitude of the heat source
and sink terms as the cell current increases. As seen in the middle plot in figure
7.20, the entropic term on the anode side is negative. This translates to the cooling
of the anode seen above in the small temperature gradient between the electrodes.
The overall contribution of the entropic terms is also a net cooling as seen in
figure 7.19. As discussed in section 7.2.4, although the sum of the anode and
cathode entropic terms is expected to be correct, the distribution of the entropic
heating/cooling between the electrodes may not be correct.

As the current increases, the activation and ohmic heating terms soon over-
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Axial temperature distribution at OCV along fuel and O2 channels, Tfurnace = 850°C
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Figure 7.17: 2-D model prediction of axial temperature distribution along the fuel
and oxidant channels

power the cooling due to the total entropic term and the cell starts to heat up.

7.8.7 Voltage losses

Figure 7.21 shows how the various voltage losses change as increasing current is
drawn from the cell. The highest ohmic voltage loss is due to the current lead
resistances which account for 1.5 € or 44% of the total ohmic resistance of 3.4
at 850°C. The contact resistance is the next highest ohmic loss term and is of a
similar magnitude to the electrolyte resistance at this temperature. The anode
resistance is roughly one fourth the electrolyte resistance. Among the activation
losses, the anode activation losses are roughly four times greater than the cathode
activation losses. The profiles in figure 7.21 are for Oz on the cathode side. For
air on the cathode side, the only change is in the cathode activation losses which

increase by ~ 40%.
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Average cell temperature vs current density, T, = 850°C
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Figure 7.18: 2-D model prediction of the cell temperature vs current

7.8.8 Mixed open circuit voltage (OCV)

I use the case 3 ¢° values estimated for IV-850-6 to simulate a mixed open circuit
potential for an anode that can oxidize more than one component in a fuel mixture.
The upper plot in figure 7.22 shows the total current density vs cell voltage curve
as well as the individual current density curves due to HyS and Hy oxidation. The
lower plot is a close-up of the low current region of the i — V' curves and illustrates
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Heat sources/sinks vs current density
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Figure 7.19: 2-D model prediction of cell heating/cooling: total ohmic, entropic,
and activation

how the OCYV for a mixed fuel is the cell voltage where the sum of the currents due
to the different fuels is zero. As expected, the mixed OCV lies between the Nernst
potentials for HyS and Hy oxidation. However, the Nernst potentials for the two
fuels are different from the cell voltages where the corresponding fuel currents go
to zero. This interesting behaviour is a consequence of the two reactions at the

anode occurring simultaneously and thus being subject to one anode potential.

7.9 Summary

In this Chapter I presented comprehensive multiphysics models for a HpS SOFC
that take all the important transport phenomena, fuel chemistry, as well as elec-
trochemistry at both electrodes into account. The fuel chemistry model used as
well as the electrochemistry models developed are thermodynamically consistent,
which allows me to predict cell OCV correctly. The complete models allowed me
to simulate the experiments summarized in Chapter 5.

The first set of simulations compare the predicted open circuit voltage for the
H,S and H, electro-oxidation reactions on the anode as functions of composition

and flow-rate. By comparing these model predictions against the experimental
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Heat sources/sinks vs current density
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Figure 7.20: 2-D model prediction of cell heating/cooling: individual ohmic, en-
tropic, and activation contributions

data presented in Chapter 5, I suggest that HsS, not Ha, is the primary electro-
chemically active species in the fuel.

As the electrochemical kinetic parameters are unknown, I estimated them from
experimental data using non-linear least squares. This was only partly success-
ful as seen in section 7.7.1. However, these parameter estimates allowed me to
completely define the models, and thus use them to predict cell performance for

various parametric studies.
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Cell voltage losses vs current density (O2 on cathode)
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Figure 7.21: 2-D model prediction of cell voltage losses: individual ohmic and
activation contributions

I used the model simulations to predict cell performance or ¢ — V curves. This
allows me to compare how the model outputs change with changing test conditions
for different models. Which component in the fuel is electro-oxidized at the anode
is one of the big unanswered questions for HyS fueled fuel cells. The models devel-
oped here allow me to consider simultaneous HsS and H, oxidation and predict the
combined/mixed fuel OCV and ¢ — V curves along with detailed modelling of the
contribution to the overall performance by each component. The model formula-
tion and development is general and can be used to simulate the performance of
any multi-fuel fuel cell. This ability allows me to predict changes in performance
that depend on which fuel components are electrochemically active.

I examined the model outputs for variations in temperature, fuel composition
and flow-rate, as well as oxidant composition, and compared the model predictions
for single and dual fuel models with experimental data. Finally, I demonstrated
some of the capabilities of the model and the amount of detail that can be obtained

from these models.
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Mixed OCV, fuel flow: [100-0-0}, T = 850°C
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Figure 7.22: Mixed open circuit voltage; both HyS and H, oxidized on the anode
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Chapter 8

Some concluding thoughts and

recommendations for future work

As outlined in section 1.4, a lot of research is being performed in the area of
sulphur tolerant solid oxide fuel cell anodes, and there is a significant amount of
research literature on SOFCs utilizing HyS as fuel. However, there have been very
few attempts to approach the above problems from a mathematical modelling
perspective. The only modelling work on HsS fuel cells (other than our work
(93, 94]) has been at the atomic level using computational chemistry to predict the
likely heterogenous chemistry of hydrogen sulphide poisoning [47], and the solid
phases on the anode in the presence of HyS and their stability [136, 27, 28, 137].
These models describe the chemical interaction of HyS with the anode material at
the smallest scales possible and cannot be used to predict fuel cell performance
metrics such as polarization curves.

In spite of two decades of research into HyS SOFCs, some basic questions about

them remain unanswered. These include:

e Which of the chemical species present in the fuel are electro-oxidized on the
anode, HoS, Hy or S37 How does fuel composition affect fuel cell perfor-

mance?

e What is the reaction mechanism for the electrochemistry on the anode?

What are the values of the kinetic constants?

e Why does the flow-rate of the fuel affect the open circuit potential for the
fuel cell?
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8. Some concluding thoughts and recommendations for future work

I believe that the above questions can only be answered correctly by using a
combination of carefully designed (and executed) experiments and first principles
modelling of the various transport phenomena, the homogeneous and heteroge-
neous fuel chemistry, and the electrochemistry in a fuel cell, along with all the
couplings between these processes. This dissertation tackles the above task by
building a range of first principles based models that describe the transport and
reaction processes for a HyS solid oxide fuel cell. I propose answers to some of the
questions above using these first principles models. To my knowledge, this work

is the only one thus far to propose such models for a HsS fuel cell.

8.1 Summary and key contributions

Transport processes in fuel cells include fluid flow, mass transfer, heat transfer,
and charge transport. The modelling of these processes is fairly well understood
and I outline the equations, boundary conditions and parameters for the transport
models in Chapter 2.

The need to include electrochemistry is what distinguishes fuel cell models from
chemical reactor models. I introduce the fundamental electrochemistry required
to understand the kinetics of the anode and cathode half reactions in Chapter 3. 1
derive the fundamental electrochemical rate equation for a single electron transfer
reaction: the Butler-Volmer equation and show how it can be written in three
different equivalent forms. Although all electrochemistry textbooks derive this
equation, they present only one (at most two) form(s) of the three forms used in
the research literature. 1 then present the simplest thermodynamically consistent
rate equations that can be written for the anode and cathode reactions in a HyS
SOFC. These are the equations I later use in the complete fuel cell models of
Chapters 4 and 7. '

I also formulate a detailed model for the electrochemical oxidation of HyS. This
model starts by proposing a mechanism with a sequence of elementary reactions in
the vicinity of the three phase boundary region in the anode. I present the resulting
system of elementary rate equations and outline the coupling with the equations
for transport phenomena in a working fuel cell. T also present the overall reaction
rate equations obtained when a rate determining step can be assumed from the
above mechanism. Again, to the best of my knowledge, this is the first reaction

mechanism proposed for HaS electro-oxidation.
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I build a hierarchy of HoS SOFC models in Chapter 4 to simulate a set of fuel
cell data given in Liu et al., 2003 [84]. These four models range from an explicit 1-D
model given by a single non-linear equation, to a 2-D axi-symmetric finite element
model that takes gas flow, mass transfer, charge transport, and the electrochemical
kinetics into account, and requires the simultaneous solution of ~ 30, 000 equations
in as many unknowns. Since electrochemical kinetic parameters are not available
for the fuel cell used by Liu et al., I estimate these parameters using non-linear
least squares for all the models developed, including the distributed 1-D and 2-D
models. The results of this parameter estimation demonstrate the importance of
modelling the coupling between the flow, the mass transfer, and the kinetics. To
correctly assign the electrochemical resistance, the mass transfer needs to be mod-
elled correctly, which in turn entails correctly coupling it with the flow equations.
As flow cannot be modelled correctly using a 1-D model for the geometry used, a
2-D model is indispensable to examine fuel cell performance for the given geometry
and operating conditions.

I and a colleague ran experiments to examine the effects of fuel and oxidant
composition as well flow-rate on HoS SOFC performance. These experiments which
consisted of measuring the electrochemical impedance spectra at open circuit, and
the ¢ — V curves, for different operating conditions. One of the problems with the
experimental fuel cell data available in the research literature is that theoretical
open circuit values cannot be defined for any of the data sets. To calculate the
open circuit value for any of the possible overall reactions in a fuel cell, the Nernst
equation requires well defined values for the composition of the reactants as well
as the products of the overall reaction. For instance, if one considers the direct
oxidation of HsS to H,O and Sy, one needs the local concentrations of H,O and
Sa to solve for the Nernst potential or OCV of this reaction. While the S, content
can be calculated if I model the HyS dissociation reaction (as done in Chapters
6 and 7), the water vapour content can be only be fixed by humidifying the fuel.
To the best of my knowledge, the experiments I report in Chapter 5 are the
first cell performance experiments where the fuel mixture is humidified before
being introduced into the fuel cell assembly. One of the motivations behind these
experiments was to use humidified fuel so that the concentration of at least one
of the anode side products is well defined at open circuit. Primarily, I wanted
to systematically examine fuel composition and flow-rate effects in a HyS SOFC

to see if I could answer some of the questions posed at the beginning of this
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Chapter. I report the time, composition, and flow-rate dependencies observed in
our experimental results in Chapter 5.

As mentioned above, to calculate the S; content of the fuel at the anode,
one needs to model the H,S dissociation reaction in the fuel inlet. In Chapter
6 I develop chemical thermodynamics models for HoS/Hs/HoO /Ny mixtures and
use them to predict equilibrated fuel composition as well as the equilibrium cell
voltage. I demonstrate how the Nernst potentials for all the possible anode side
electrochermical reactions are identical when the fuel is at chemical equilibrium. In
appendix B, I present the proof for the above statement. The equilibrium models
are then combined with basic ideas from chemical reaction engineering to predict
how the Nernst potentials for the different anode electrochemical reactions change
if the fuel is not yet at chemical equilibrium. However, to predict if the fuel is at
equilibrium or not, I need to model the kinetics. In the final section of Chapter 6,
I review some kinetic models for the H,S dissociation reaction.

In Chapter 7, I extend the models from Chapter 4 to include the kinetics of
H,S dissociation as well as heat transfer. I have to model the heat transfer in the
entire fuel cell assembly, along with all the other transport phenomena, because
the fuel side chemistry is temperature dependent. Therefore, to calculate the local
composition of the fuel at the anode, the model needs the temperature profile of
the fuel stream before it reaches the anode.

I then use these comprehensive models to predict the Nernst voltages for the
HsS and H, electro-oxidation reactions, and compare the model output against
the experimental data from Chapter 5. Both the composition and flow-rate de-
pendence of the model output suggest that HsS electro-oxidation is the primary
anode reaction for the anode we used in our experiments.

To model ¢ — V performance curves, I need electrochemical kinetic parameters,
which I estimate using a similar parameter estimation scheme to the one used
in Chapter 4 on combined 1-D/2-D models. In these combined models, I calcu-
late the local fuel composition at the anode and fuel channel interface using the
comprehensive 2-D model outlined earlier, and use this composition as houndary
conditions for a simpler isothermal 1-D model which solves only the mass transfer
and charge transport equations in the fuel cell electrodes and electrolyte. This
hybrid model allows us reduce the computational demands of the parameter esti-
mation dramatically. On examining the parameter estimates for the i — V' curves,

I found that the estimates change with changing fuel composition. I describe the
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trends in the above estimates. While the temporal changes in cell performance
can be seen clearly in the estimates, the composition dependency of the estimates
for both the anode and cathode side kinetic parameters suggests that the electro-
chemistry models I use do not have the correct functional form. I think that better
models are required to correctly describe the electrochemistry at both electrodes.

In spite of the shortcomings in the electrochemical models, the estimated pa-
rameters allow us to complete the model definition and thus simulate cell perfor-
mance curves. [ perform several case studies where I compare the model simula-
tions against experimental data to look at composition and flow-rate effects. I use
model simulations to assess the importance of including radiation heat exchange
between internal surfaces for the button cell geometry. 1 then examine model simu-
lations to explain and compare the various heat sources/sinks and voltage losses in
a working fuel cell. I also demonstrate the ability of my models to calculate mixed
fuel performance curves. Although several researchers [26, 76, 81, 146] have devel-
oped and used mixed potential models for direct methanol fuel cells (DMFC), to
the best of my knowledge, this work is the first reported use of thermodynamically
consistent multiphysics models to calculate the mixed OCV and mixed potential
i — V curves for a SOFC.

8.2 Directions for future research

Devices that can turn a highly toxic pollutant into useful energy and benign prod-
ucts sound too good to be true. SOFCS running on H,S produced on-site at
petroleum refineries, gas processing plants, coal gasification plants, etc. promise
to accomplish the above impressive feat. However, there are a number of problems
that need to be addressed through aggressive research before HyS SOFCs become
a reality. In my view, the most important requirement is an anode catalyst that is
completely stable in a HyS environment and has a high activity for electrochemi-
cal oxidation of HyS. Once a candidate material is available, well designed models
coupled with carefully planned experiments can speed up the development process
for industrial scale HaS SOFCs.

In my view, half cell experiments that probe the anode polarization behaviour
over a whole range of fuel compositions are essential for further progress in un-
derstanding HyS SOFCs. The biggest shortcoming of the models presented in this

work is that the electrochemical rate expressions used are too simplistic. While I
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propose more complex reaction models that include multiple elementary reaction
steps at each electrode as well as competitive adsorption and desorption of reac-
tion species, these models in turn contain a number of parameters that need to be
determined before they can be used in simulations. To get reliable estimates for
these kinetic parameters and to validate any proposed reaction mechanisms, very
careful experimental characterization of the electrodes using half cell experiments
[37, 30] is required.

Another possible approach to get at electrode reaction mechanisms, rate equa-
tions, and their parameters is through quantum chemistry models. Methods from
theoretical chemistry such as Density Functional Theory, which are based on a
quantum mechanical description of the bonds between atoms, can be used to find
feasible electrode reaction mechanisms [97, 154]. These methods can also give es-
timates for the kinetic parameters for the elementary reactions in a given reaction
mechanism [133, 45]. Sun et al. 2005 [125] have used the above approach to inves-
tigate the hydrodesulphurization (HDS) reaction on MoS,, NiMoS, and CoMoS.
In the HDS reaction, Hy is used to remove S from the sulphided surface, while in
a HyS SOFC anode, H,S adsorbs and dissociates on the surface. The H atoms
near the anode-electrolyte interface then presumably react with oxide ions in the
electrolyte to give reaction products. The mechanism proposed in section 3.2.1
uses such an approach. In future work, we propose to use results from the compu-
tational chemistry investigations to build better models for anode electrochemistry
in SOFCs running on complex fuels.

Once more faithful models of HyS electrochemistry are available for an appro-
priate anode catalyst, multiphysics models like the ones developed in this work
can be used to design cells and stacks for HyS SOFCs. Such models would have to
be extended to three dimensions to correctly capture the spatial variations of the

flow, concentration, and temperature fields in industrial scale fuel cell stacks.
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Appendix A

Overall rate equations for a HoS

electro-oxidation mechanism

We give derivations for the overall rate equations (3.67) and (3.69) in chapter
3. The analysis given here assumes that the reaction is at steady state and that
one of the elementary reactions is much slower than than the rest. The complete

mechanism proposed in chapter 3 is reproduced here for easier reference.

HyS + V, = H,8.V, (A.1)
H,S.V, + V, = SH.V, +H.V, (A.2)
SHV,+ V.= 8V, +HYV, (A.3)
5+ Ve 2 0.V, +Vy (A.4)
HV,+0*.Ve 2 OH .V +V, +e” (A.5)
OH™.V,+HV, 2 HO.V, + V, + ¢~ (A.6)
H,0.V, = H,0 4V, (A7)

2S.V, = Sy + 2V, (A.8)

V. is a surface site on the electrolyte, V, is a surface site on the anode, OF is
an O in the electrolyte bulk, and V) is an oxygen vacancy in the electrolyte bulk.

The net rates of reaction for each of the steps above are given by mass action
kinetics (A.9)...(A.16).
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r1 = k1 Pr,ysfo — k-10m,5 (A.9)
ro = kybu,s0, — k_20sufn (

T3 = kaflsufly — k_3050u ( )
ry = kaf. — k_40o (A.12)
rs = ksfubfoe ™ Be — | Ooyb,e P (A.13)
re = kefoufue P _ k_ Oy, 0,6 0 B (A.14)
rr = kif,o0 — k_7Payofe (A.15)
re = kg2 — k_gPs, 07 (A.16)

Py, is the partial pressure of gas species k, 6,, is the surface coverage of species
m on the anode, E, is the anode electrical potential, én is the surface coverage of
species m on the electrolyte, and k;, k_; are the temperature dependent forward
and backward rate constants for reaction 4 in the list (A.1)...(A.8). The units for
the reaction rates r; are mole/(mypyp.8) where mypy, is the length of the active triple
phase boundary (tpb) in the anode in metres. Reactions 5 and 6 will generally
have different charge transfer coeflicients /;.

The surface coverage 6,, is defined as the ratio of the number of sites occupied
by species m to the total number of sites available on the anode surface. 0, is

defined similarly for the electrolyte surface.

A.1 RDS — Step 2, dissociation of HyS

If we assume the HsS dissociation reaction is rate controlling, steps 1, 3, 4, 5, 6, 7,
8 in the above mechanism (A.1, A.3 - A.8) are in quasi-equilibrium as a result of
having much higher reaction rates than step 2 (A.2), then the following equations

give the various surface coverages.

k1 Pr,s0, = k-10n,s
Or,s = K1 Pu,st, (A.17)

K; = k;/k_; is the equilibrium constant for the i** reaction.
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k3fsub, = k_30s0u

fsy = I&’:;lﬁsf}ﬁe;l

li74ée = k_4§0
bo = Kb,

k5éOgHe(1*ﬁ5)fA¢ — k-5éOI{9ae—ﬁ5fA¢
9}{ = Ks_léaléoﬁgae_fA¢

ksOoufue P e = k_gly, 00,07

fon = K05 0m,00.e 2%

k7bu,0 = k_7Pu,0b.

O,0 = K7 Pg,00.

k03 = k_gPs,0?
fs = 1/ Kz ' Ps,0,

Doing the site balance for the surface coverage:

9a+9s+!9[-1+(931{+91{23=1
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(A.18)

(A.19)

(A.20)

(A.21)

(A.22)

(A.23)

(A.24)



P, Po
L+ o + KaPus + grate 5%
8

4 Ks KoKy

V PHzOPSz €-fA¢
KyWVEK,KsKgK7Ks

0, = 1 (A.25)

Substituting the expressions for §; into A.9 we get:

V PS PH Q _
s = koK1 Payst? — k- L 2fadg? A.26
"2 = P sYe T N2 e W KoK K @ (A.26)
/P5. P
ry = koK, (PHQS - w%-‘—{i%"?f‘w) 62 (A.27)
eq

04, and K, in (A.27) are given by (A.28) and (A.29) below.

| P v/ P,
0, = ]:1 + % + I(lszs + ,—Hz()_e.v..faqs +
8

4K5K6K7

-1
Vol - ras (A.28)
K3V ’4K5K6K7K8
Koy = K\ KKKy KKK/ Ky (A.29)

If we substitute the expressions for K; obtained by setting r; = 0 in (A9 ...
A.16) into (A.29), we get (A.30).

K. = Priy0in v/ P, in \/‘Pszﬂf‘e—ﬂ%q — B Hzo,in\/Ps;»,ine_nga,eq (A.30)
“ PHgS,in Pst,in
Apeqg = Eqeq is the Nernst potential for the overall HyS electrochemical oxida-

tion reaction on the anode, and Py, are the inlet/reference partial pressures of

the gas phase species.
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If we use Py n = 1, (A.30) can be written as (A.31).

Koy = e B (A.31)

E° is the unit activity Nernst potential for the overall anode HyS oxidation
reaction.

Writing the rate equation (A.27) in terms of current density and substituting

(A.31), we get (A.32) below.

ln2 = lg2 (PHQS — Pu,0 Psgeﬂf"“) (A.32)

iqo and 7, are given by the expressions below.

Mo = A¢p — A¢® = E, — E° (A.33)
o IFK!
Za. = : -
? (1 -+ Ké\/PS2 -+ I{é PHzoe—f"“ -+ Kfl\ / PHQ()PSze_j"“ -+ KéPH,zs)z
(A.34)
K| = kK, (A.35)
1
K= ,/—~ A.36
2 KS ( )
1
K=" Al
37 KiKs KoKy (A.37)
1
K, = A.38
LT KR KKK Ky (A.38)
K. =K, (A.39)

A.2 RDS — Step 6, second proton transfer

Here we assume the second proton tranfer reaction (A.6) is rate controlling and
steps 1, 2, 3, 4, 5, 7, 8 in the above mechanism (A.1 - A.5, A.7, A.8) are in quasi-
equilibrium as a result of having much higher reaction rates than step 6. Equations
(A9 — A.13, A.15, A.16) can be rearranged to get expressions for all the various

surface coverages in terms of the gas phase partial pressures, 6, and 6,.

194

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Plugging these into (A.14), we get equation (A.43) below.

P2 ") P A
ro =hs (Ki Ko Ko KuKG)® Koy Ky —io—c #)5g,,

H, 045,
k_ A
- —kaHQoe*ﬁstaeaee (A.40)
P2 g o A
re =kg (K1 Ko K3 K, Ks)? Ko7 K (ﬁ;—i—zs——q—e(fiJ%)fba 6,6,
2 D2
1 . o
__ P : ~BsfEa . .
2 Puos )oud (A1)

Pi o .
re = ko (K1 Ko K3 KiKs)? KoKy Ky——22—eU=falfEeg g,
HaoO47So
k_ A
- ?{fpﬁzoe-ﬂﬁfbaeaee (A.42)

which can be rewritten as:

. P2 . .
re = ko (K1 Ko K3K4Ks)? Ko K7 Ky (—ie(él_ﬂ“)m“
H,0F%,

1 A
~ T3 PﬁzoeﬂﬁGfE“ 8.6, (A43)
Kz,

8, and ée are evaluated using the site balance equations (A.44 and A.45) and

lead to equations (A.46 and A.47).

Oa + 05 + 0 + Og + O, = 1 (A.44)
0 + 0o + Oou + Oa,0 = 1 (A.45)
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- -1

17 1 P r " P os ¥y "
By = |1+ Ky /P, + Ky —m2S e Be 4 K[ -1 _oFPo | K[ Py g

v Pu,0Fs, ‘ vV Pu,0

(A.46)
- P -1

b, = |14+ K, + Ky —o28_e2fBe | K/ P A4T
_ 6 7 m 8L H20 ( )

As in the previous section, we can write the rate equation (A.43) in terms of
current density and substitute the expression for K, in (A.31) to get (A.48) below.
The potential dependent terms in equation (A.48) are all in terms of the activation

overpotential: 7, = B, — Ej.

PZ, . .
a6 = igﬁ (@_6(4—%”% — pHQOeﬁﬁefna> (A‘48)
Pa,0Fs,

ig ¢ is given by equation (A.49) below.

A1

OFK;

La,G =
(1 + K5/, + K Pays + K il o+ K —L—__.P’;‘Z e e.f”a>
1

(1 + K'é” + K»;” PHQO + Kg’ WF—;;?OSPSZ ezfna)

X

(A.49)

il 1 . . . . .
K, and K; are different combinations of the kinetic rate constants k;, k—;.
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Appendix B

Nernst potential for a fuel at

chemical equilibrium

If a fuel containing HoS is brought to chemical equilibrium at high temperature,
the HyS will dissociate to give Hy and gaseous sulfur at shown in (B.1). At the
temperatures of interest to this study, the predominant form of sulfur is diatomic

sulfur.

1
H,S < Hy + 582 (Bl)

This Hy and Sg can now be electrochemically oxidized instead of (or along with)
the HoS. The overall oxidation reactions (B.2) - (B.4) and the Nernst potentials
(B.5) - (B.7) for some of these possible electrochemical oxidation reactions are

given below.

1 1
HyS + 502 < Hy,O + *2—S3 (B.?)
S, +20, & 280, (B.4)
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RT . |( Pus\/Po,

Emysos, = B9 g+ —=In{ 25V -0 B.5

Has=s = PHS T 9 R {PHQO\/EZ (B5)

RT. [Py /P

By, = E + ——=1n{ ~2V- 0 (B.6)
Y Prio

RT . ( Ps,P3
, =B, +—x1 z
o= 2%+ g { 5

(B.7)

If the fuel is at chemical equilibrium, reaction (B.1) is at equilibrium, and the

chemical potential change for the reaction is zero:

P, + %MSZ ~ pm,s =0 (B.8)

We know that p; = pf+RT In a;, where g is the chemical potential at standard
pressure, a; is the activity of component ¢, and the other symbols have their usual
meaning [124]. Note that ¢ is a function of T. For an ideal gas, a; = P;/P°,
where F; is the partial pressure of i, and F?° is the reference pressure. If we stick
to normal conventions and write F; in bar while using P° = 1bar, we can replace

a; by P;. Thus, we can rewrite (B.8) as:

1 . Py, g
19 4+ =2 — 1 o = RTIn ——222 B.9
1
Wi, + 543, + RT'In P,/ Ps, = (g5 + 10 P, (B.10)
o 1 o v PH S o
{,u,st - 5;1,52} +RT'In \/%s: = py, + RT'In Py, (B.11)

Now, let us take the standard state equilibrium voltage in the Nernst equation
for HyS oxidation, Efy ¢ in (B.5), and rewrite it in terms of the standard chemical

potentials.
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Eyps-s, =

—Au, 5.5, n RT I Pu,s+/ Fo, (B.12)
2F 2F Pi,0+/Ps, '
Pr,54/Fo, }

1 o ‘I‘ (o] J‘ o (o] el
Eu,s-.8, = =— K + ;2/102 - -2—/LSZ = U0 + RT'n { =
HO S

2F

(B.13)

Substituting (B.11) into (B.13), we get:

1
EHzS-—?Sz = ﬁ

1 P,
/14(1)12 + 'Q_I‘L?b - M%QO + RThlPHZ + RTIn { o }jl (B14)

This can be written as:

1 o P,/ Po :
En,s5-.5, = 57 — Ay, g0 + RTIn {-——-1%;2;—3 (B.15)
- o RT -P.H2 V POZ -
Ens—s, = Py, + 5 1n {—m (B.16)
En,8-s, = En, (B.17)

Thus, if a fuel mixture containing HsS is brought to chemical equilibrium, the
Nernst potential for the HyS oxidation reaction is equal to the Nernst potential for
the Hy oxidation reaction. To arrive at the above equality (B.17), we considered
the H»S dissociation reaction to be at equilibrium (B.1). For a mixture at chemical
equilibrium all possible reactions between the constituents of the mixture are at
equilibrium [124]. If we consider the reaction of S and HyO to give SO, and Hy

(B.18), a similar analysis as the one above gives Ey, = Fj,.

H,0 + %sz & 50, + 2H, (B.18)

In fact, the Nernst potentials for all the possible oxidation reactions are identi-
cal in a fuel mixture at chemical equilibrium. In other words, it is not possible to

distinguish between the open circuit voltage for different possible fuels in a mixture
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if the fuel mixture is at chemical equilibrium.
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Appendix C

Parameter estimation: 7°

estimates for cases 2 and 3

We ran the parameter estimation described in chapter 7 for three ditferent param-

eter combinations:
1. i§,5 and %, i.e., only H,S is oxidized on the anode.
2. 1y, and 3, i.e., only Hy is oxidized on the anode.
3. if,s, f,, and g, i.e., both HaS and H, are oxidized on the anode.

The case 1 results are presented in section 7.7.1. The ¢° estimates for cases 2

and 3 are given in tables C.1...C.4.
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Table C.1: Estimated if, and 49, (case 2) as functions of yp,s

{HQS - N2 - Hz] Time T v Z(IZIZ ’L%z Scaled fit
(ml/min) (hhemm)  (°C) (#) (A/m?) (A/m?) -
[100 — 0 — 0] 1:38 6 4.17x10* 6.70 x 10! 3.67 x 1072
[80 — 20 — 0] 2:12 750 7 5.11x10% 7.51x 10" 3.18 x 102
[40 — 60 — 0) 3:52 10 9.76 x 10 9.90 x 10* 2.33 x 1072
[100 — 0 — 0] 4:33 11 535x 10° 8.78 x 10! 2.66 x 1072
[100 — 0 — 0] 7:24 1 3.28x10° 3.47x 10> 6.29 x 1073
(80 — 20 0] 8:12 800 2 2.75x10% 3.95x10* 557 %1073
[40 — 60 — 0] 8:49 3 460 x 10° 6.05 x 102 8.10 x 1073
[100 — 0 — 0] 10:10 7 3.02x10° 6.96 x 10> 7.10 x 107°
[100 — 0 — 0] 24:24 11 343 x10% 6.56 x 10> 7.17x 1073
[10 — 90 — 0] 24:47 12 294 x10* 254 x 10% 298 x 1072
[20 — 80 — 0] 25:46 13 2.35x 10* 2.82 x 10 2.02 x 1072
[100 — 0 — 0] 30:38 850 6 2.34x10° 1.24x10® 6.78 x 1073
[40 — 60 — 0] 31:08 7 296 x 10° 1.48 x 10* 3.91 x 1073
[10 — 90 — 0] 32:41 10 1.83x 10* 2.57 x 10> 2.12x 1072
[100 — 0 — 0] 33:33 12 219 % 10% 1.08 x 10° 7.94 x 1073

Table C.2: Estimated ig;, and i3, (case 2) as functions of yg,

[HoS — No — Hy) Time T IV i, id, Scaled fit
(ml/min) (hhomm) (°C) (#) (A/m?) (A/m?) ~

[40 — 60 — 0] 3:52 10 9.76 x 103 9.90 x 10! 2.33 x 10_

[40 — 50 — 10} 505 750 12 117 x 10 6.02 x 10'  1.79 x 1072

[40 — 40 — 20] 5:25 13 7.75x 10®2 5.59 x 10* 2.02 x 1072

[40 — 20 — 40] 6:02 14 4.99 x 10* 5.07 x 101 2.21 x 1072
[100 -0 — 0] 6:25 15 6.03 x 10® 9.89 x 10* 2.31 x 1072
[40 — 60 — 0] 8:49 3 4.60 x 10° 6.05x 10 8.10 x 107°
[40 — 50 — 10] 9:31 800 5 1.11x10® 518 x 102 3.04 x 1073
[40 — 20 — 40] 9:52 6 6.59x 102 2.54x 10° 1.38 x 107
[100 -0 — 0] 10:10 7 3.02x10° 6.96 x 102 7.10 x 1073
[20 — 80 — 0] 25:46 13 235 x 10 2.82 x 10?2 2.02 x 1072
[20 — 60 — 20] 26:14 14 1.06 x 10° 4.49 x 10> 6.68 x 1073
[40 — 60 — 0] 31:08 7 296 x 10° 1.48 x 10* 3.91 x 1072
[40 — 50 — 10] 31:40 850 8 1.20x 10 1.81 x 10® 6.06 x 1073
[40 — 20 — 40] 32:03 9 851x10% 3.62x10% 3.12x 1073
[10 — 90 — 0] 32:41 10 1.83 x 10* 2.57 x 102 2.12 x 1072
[10 — 80 — 10] 33:05 11 1.35 x 10% 7.47x 102 223 x 1073
(100 -0 — 0] 33:33 12 219x10% 1.08x 10> 7.94 x 1073
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