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Abstract

In a effort to curb climate change, more and more countries are adding solar and wind farms to
their electrical grid. These solar and wind farms produce electrical energy based on environmental
conditions, for example solar irradiation intensity or wind speed. As such these farms create
fluctuations in the electrical grid and create a mismatch between energy supply and demand.
To solve this problem the European Balance project proposes to use reversible solid oxide cell
(ReSOC) systems. These systems can convert the excess energy produced by the solar and wind
farms into an energy carrier when the supply of energy is bigger than the demand. At a later time
this energy carrier can be reverted back to electrical energy when the energy demand is bigger
than the supply. As these ReSOC systems are still in the development phase, experimental work
is being carried out to develop these systems. For the Balance project the university of technology
Delft (TuD) is tasked to determine the performance and the degradation, during constant operation
and during cyclic operation, of a ReSOC system. To achieve these goals the university utilises a
ReSOC test station. After use of the test station, the university found that the ReSOC systems
showed high degradation and fractured within short use in the test station. As these results were
not replicated by other balance partners, a cause for these results had to be found. In this work
the test station was investigated to find the cause of the high degradation and breaking of the cells.
After investigations of the voltage fluctuations and voltage spikes seen during electrolysis operation,
it was found that water condensed in the fuel inlet duct. The liquid water droplets, formed as a
result of condensation, caused the voltage fluctuations, high degradation and thermal gradients
in the system that eventually fractured the cells. By redesigning the water injection system the
fluctuations were reduced by 70% and the voltage spikes were completely removed. This indicates
that the redesign solved the problem of water condensation in the fuel inlet duct. The resulting
decrease in degradation rate of the ReSOC system extended the experimental duration up to a
verified 1000 hours of continuous operation. The extended duration allowed the ReSOC system to
complete 900% more cycles, within Balance protocol specification, whilst the current density was
also increased by 60%. These improvements enable the test station to determine the objectives
given by the Balance project. Whilst investigating the the high degradation, markings were found
on the fuel electrode of the cells as well. A computational fluid dynamics (CFD) study confirmed
that these markings indicated the fuel flow distribution. By converting the CFD data to current
density and fuel utilisation data, it was shown that the overall performance of the ReSOC system
was influenced negatively by the flow distribution plate. The results also showed that the ReSOC
performance in the test station of the TuD can improve significantly if the fuel inlet flow is switched
from a perpendicular to a tangential flow direction at the cell surface area. A redesigned flow
distribution plate is therefore proposed that closely matches an ideal tangential flow distribution.
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Chapter 1

Introduction

1.1 background

On December 12th 2015, 174 states and the European Union (EU) signed the Paris agreement. In
this agreement the parties agreed to reduce greenhouse gas emissions to limit the rise of global
temperature to less than 2° Celsius above pre-industrial levels [1]. If the parties who signed the
agreement want to achieve the goals set by the agreement, they have to radically rethink the way
they create and use power in the industrial, commercial and transportation sectors.

A study done by the U.S. energy information administration in 2011 found that 32% of U.S.
greenhouse gasses where produced by the electrical energy sector, which is 39.8% of the total
emissions of the energy sector [2]. The same numbers are found by the Dutch bureau of statistics
(CBS) for their country [3]. This gives an indication that the electrical energy sector is a big
polluter in a lot of (western) countries. In order to meet the Paris agreement goals a significant
number of these countries are rapidly substituting coal and other fossil fuel based power plants
with more sustainable electricity production methods to generate their electricity. When it comes
to the more sustainable electricity production methods hydroelectric turbines, photovoltaic solar
panels and wind turbines are most frequently used [4]. Unfortunately solar panels and wind
turbines have a great drawback: they are intermittent. This means that the power they produce
can fluctuate from minute to minute due to environmental conditions such as sun hours and
wind speeds, unlike a coal power plant which can run 24/7 at a constant power output. As the
environmental conditions dictate when and how much power is produced, a mismatch between
the power supply and demand is created.

To smooth out the fluctuating power production various ideas have been put into place. One
example is pumped hydroelectric energy storage. This method of storing energy is used near
hydroelectric power plants. These power plants utilise a large reservoir of water at a high altitude.
When power is required the water from the reservoir flows through a turbine generating electricity.
When there is an abundance of electrical energy, energy is used to pump water from a low attitude
to the reservoir at high altitude. This way the energy is stored as gravitational potential energy.
Another example is the large battery bank in Australia built by Tesla [5]. This battery bank can
store energy when the wind turbines and solar panels produce more power than is consumed



and release the energy when more energy is required than they can produce. The battery bank
solution is a very cost effective way of dealing with the power fluctuations. An other example,
yet to be implemented in large scale, is the Balance project from the European Union [6]. The
project uses reversible solid oxide cells (ReSOC) to convert the excess power from the electricity
grid to transform water into an energy carrier, namely hydrogen. When there is an electrical power
shortage, the ReSOC can be reversed. Using the hydrogen as a fuel to produce electricity. This
process is depicted in Figure 1.1.

The main difference between using a ReSOC system over a solution like the Tesla battery
bank is that it creates an energy carrier. This energy carrier can be hydrogen, synthetic gas or
hydrocarbons. The benefit these energy carriers have over normal energy stored as a potential is
their diverse applications. Potential stored energy can usually only be released in the form that
it was used as to create the potential energy. Energy carriers are not limited by that restriction.
For example, water and carbon dioxide can be fed to a ReSOC system to create synthetic gas
during electrolysis. Synthetic gas is a mixture of hydrogen and carbon monoxide. This gas
can be fed back through the ReSOC for fuel cell mode operation to create electricity or the gas
can be used in applications that do not produce electricity. The gas can also be used to fuel
combustion engines for planes and ships, or can be used as building blocks to produce other
hydrocarbons [7]. If the carbon dioxide that is used during the electrolysis is sourced from air, the
burning of synthetic gas, or resulting hydrocarbons, in planes and ships can be come part of a CO,
neutral cycle, if the power for electrolysis is sourced from non greenhouse gas emitting power plant.

Hydrocarbon
fuel
__synthesis

Grid

stabilization

ReSOC

— =l

ranmbh

ngh

demand

Industry h ‘&

Figure 1.1: An overview of the Balance project process chain. Figure reprinted from [6].

As is with everything in life, nothing is perfect. The main challenge of the ReSOC system, at
present time, is the relative poor economic viability. This is due to multiple reasons, one of which is
the high operating temperature of 700-1200 degrees Celsius[8]. The high operating temperature
means that exotic materials are needed to contain the system and that the energy to get the
system up to that temperature it has to be generated. Ideally, this energy sourced from waste heat,
however waste heat is scarcely found at these temperatures.



The process of turning water into hydrogen and back into water has a thermodynamic round trip
efficiency limit of 98%, and whilst this sounds good, a currently commercially available ReSOC can
only deliver a round trip efficiency of 55-60% [9]. To become economically viable, this number
needs to go up and the operating temperature has to go down. Research and development in this
area is therefore an active and ongoing process.

1.2 Thesis objective

The results from the experiments performed in the test station differed, in a negative way, from
what was expected and what was achieved by other Balance partners. Therefore, in this thesis the
reversible solid oxide cell test station which is in use by the university of technology Delft (TuD)
for the Balance project is developed. The development of the test station is to lead to better and
more reliable experimental results.

1.3 Thesis approach

The subject goal of the thesis is approached by firstly creating a computational fluid dynamics
(CFD) analysis of the fuel flow distribution as a result of the flow distribution plate which
is currently used in the test station. Using the data of this CFD analysis, a current density
approximation is made. These results are compared to the results of a more ideal flow distribution
to determine if the flow distribution in the test station can be improved in a significant way. With
the results from this comparison a new design for a fuel flow distribution plate is made to achieve
the more ideal flow distribution and thus a better performance.

Development of the liquid water injection system is done through analysis of the components of
the original system, as used before this work. With the knowledge from the analysis a new water
injection system is designed and produced for the test station. After the production the design is
verified during experiments for the Balance project.



Chapter 2

Literature review

The main subject of this thesis is the reversible solid oxide cell, or ReSOC in short. In this section
of the report a more detailed picture of the inner workings, advantages and challenges of a ReSOC
is made.

2.1 Fundamentals of electrolysis and fuel cell

2.1.1 Reactions

A reversible solid oxide cell can be thought of as a rechargeable battery. Like a battery the cell
has two electrodes, an Anode and a Cathode. On the surfaces of these electrodes reactions occur
[10]. In electrolysis mode the hydrogen evolution and oxygen evolution reactions, abbreviated to
HER and OER respectively, are shown in equations 2.1, 2.2 and 2.3. In this mode a power source
is used to drive the reactions and converts water into hydrogen. The overall reaction is therefore
endothermic. The cell is storing energy by creating an energy carrier.

Cathode(HER) :  2H20 +4e” — H2 + 2022 2.1)
Anode(OER) :  20%™ — 02+ 4e” (2.2)
Owverall : 2H20 — 02+ 2H?2 2.3)

In fuel cell mode the reverse reactions happen as shown in the reactions 2.4, 2.5 and 2.6. In
this mode the energy carrier, hydrogen, is converted to its lower energy state, in this case water,
releasing energy in the process. The overall reaction is therefore now exothermic.

Anode(HER) : 2H2+ 202>~ — H20 + 4e” 2.4

Cathode(OER) : 02 +4e™ — 20*~ (2.5)



Owerall : 2H2+ 02 — +2H20 (2.6)

As seen in the reactions above, the cathode and anode switch reactions as the mode is switched.
The electrodes switch names because the electron flow reversed direction when the mode of the cell
is changed. This can led to confusion when discussing a particular electrode. The electrode where
the oxygen is reacting shall therefore be referred to as the "air electrode" and the other electrode as
the "fuel electrode" in order to minimise confusion.

2.1.2 Thermodynamics

During electrolysis energy is required to split water molecules into hydrogen and oxygen. This
energy is supplied to the molecules in two forms, electrical energy and heat energy. In Figure 2.1
a graph is shown where the energy demands for electrolysis are displayed against the operating
temperature for a generic solid oxide cell in electrolysis. From the graph it is clear that with an
increase in operating temperature the heat energy demand becomes greater. There are two ways
of supplying the heat energy. At low heat energy demand, electrolysis cells usually supply this
heat via losses in the cell, which will be explained more in detail later on. The high heat demand
from electrolysis at high temperature, can also be provided via losses. However, at this point it
becomes more efficient to utilise waste heat from other processes and allow the system to run in an
endothermic manner. When the cell operates in an endothermic manner it contracts heat energy
from the fuel and air streams. As the solid oxide cells typically operate at high temperatures, they
can be integrated into other industrial processes if a suitable temperature match can be found. If
the waste heat from other processes is used to supply the heat energy, a solid oxide electrolyser
system could operate close to 90 to 100% electrical efficiency [11]. Operating at 100% electrical
efficiency is defined so that the produced hydrogen has the same energetic value as the electricity
that was put into the system, neglecting the energy from the waste heat input arguing that this
energy would otherwise be wasted.
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Figure 2.1: A graph showing the correlation between temperature and the electrical and heat energy demand for
electrolysis. Figure reprinted from [12].

Lowering the operating temperature of a solid oxide cell for economic purposes poses a challenge.
The ion conductivity of the electrolyte is strongly dependent on the temperature. As temperature
decreases ion conduction becomes more difficult, which in turn explains the increases in specific
resistance of a solid oxide cell at lower temperature [13]. This increase in resistance is the
main reason behind the fact that the efficiency of a solid oxide cell decreases with a decrease
in temperature. Solid oxide cells running in fuel cell mode are more affected by this decrease in
efficiency than the cells running in electrolysis mode, as they can not absorb some of the extra
losses within the cell as heat energy input. A solid oxide in fuel cell mode can not do this as the
reaction is exothermic, which means that it always emits heats energy.

In Figure 2.2 the ion conductivity of certain ceramics is displayed. For a solid oxide cell a
conductivity of 0.1 S/cm is the minimum requirement [14]. This means that a solid oxide cell
with a YSZ electrolyte can not operate below 600 degrees Celsius, regardless of efficiency. To be
able to operate at lower temperatures new ceramics are invented, such as GDC and DWSB that
show better ion conduction at lower temperatures, enabling cell operation at lower temperatures.
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Figure 2.2: A figure showing the correlation between temperature and the ionic conductivity of several ceramics. Figure
reprinted from ScienceMag.

Due to economic reasons the general trend of ReSOC is to decrease the operating temperature
to below 500 degrees Celsius as the high temperatures (1000+ degrees Celsius) require the use
of exotic materials. Because these materials are expensive to purchase and process, the system
requires a large initial cost. With the decrease in operating temperature, more common types of
materials become physically feasible to use in the system, lowering the cost of the ReSOC system
significantly [15]. Another reason for lowering the operating temperature is market applications.
With a lower operating temperature a solid oxide cell has a faster start up time, the time it takes
to heat the cell up from room temperature to operating conditions. This faster start up time can
open new markets for the solid oxide cell, such as the transport industry or the domestic appliances
market. Furthermore a lower operating temperature means that more waste heat sources becomes
suitable for use, widening the integration possibilities with other processes.

2.1.3 Overpotentials

The Nernst equation relates the equilibrium cell potential to the concentration gradient of an ion
across a permeable membrane or electrolyte under non standard conditions [16]. In Equation
2.7 this relation is shown. In this equation Q denotes the reaction quotient which is a ratio of
relative amounts of reactants and products. The letters R and F represent the constants known
as the universal gas constant and the Faraday’s constant respectively. The temperature is denoted
as the variable T and the Gibbs free energy under standard conditions as Gy. The term standard
conditions mean that the values are taken at room temperature, 298 Kelvin, and at atmospheric
pressure.

Gy RxT
2F + 2F

En =A In(Q) 2.7)



As the equation determines the cell potential at equilibrium, it is used to calculate the potential of
a cell when there is no net flow of electrons and ions [17]. This potential is therefore referred to as
the open circuit potential, or OCV in short.

When the cell is in operation the potential of the cell increases or decreases due to several factors.
The difference between the OCV and the cell potential during operation is called the overpotential.
Overpotentials are also referred to as losses. These losses decrease the cell potential during fuel cell
operation and increase the cell potential during electrolysis. In this chapter the equation for cell
potential during fuel cell operation is made.

The cell potential change due to the movement of ions through the electrolyte and the movement
of electrons. This is shown in Equation 2.8, where 7,,.,, denotes the losses due to electron and ion
movement.

EC’ell = EN — Nohm — Tlcon — MNact (28)

To calculate 7,5, Equation 2.9 is used. In this equation the I denotes the current in the cell and Q2
denotes the resistance to the electron and ion movement. The overpotential is therefore referred
to as the ohmic overpotential as it is caused by ohmic losses.

Tlohmic = 1Q, 2.9)

The resistance, (2, is calculated with Equation 2.10, where 7 is the thickness of the electrode or
electrolyte layer and the o is the conductivity of the layer.
Tair Tel Tfuel

Qg = 2 4 < 4
Oair Oel O fuel

(2.10)

To calculate the conductivity in the electrolyte layer, o.;, Equation 2.11 is used, where C; and C, are
constants determined by the material of the electrolyte and T is the temperature of the electrolyte
[18].

Co

oo = CieT (2.11)

When there is current in the cell, species are consumed and produced. These reaction occur
where the electrode, electrolyte and gas interface meet. This reaction site is called triple phase
boundary. If the mass transport from and to the triple phase boundary is less than the conversion
due to the current, a gradient of concentration of the species occurs. This gradient causes the cell
potential to deviate from the OCV potential [19]. This is shown in Equation 2.8, where ... is the
overpotential due to the concentration gradient. As the overpotential is caused by concentration
gradients the overpotential is referred to as the concentration overpotential.

The concentration overpotential is made up of two equations as the gradient can be present at the
fuel and air electrode. The 7., is therefore the sum of Equations 2.12 and 2.13. In these equations
the C; denotes the concentration of a species in the bulk flow and the C;7pp is the concentration
of that species at the triple phase boundary. The R still denotes the universal gas constant, T the
temperature at the triple boundary and F Faraday’s constant.

Rx+T (Chg,TPBCth
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The triple boundary concentration is for these equations is calculated with Equation 2.14. In this
equation 7 represents the thickness of the electrode, n the number of free electrodes per molecule,
D.s¢ the effective diffusion coéfficient and j the current density. The current density is the current
per surface area. The number of free electrons per molecule is 1 at the fuel electrode and 2 at the
air electrode. This difference is due to the fact that the oxidation state for hydrogen is +1 and the
oxidation state for oxygen is -2.

T

Cirpp = Ci + ( )J (2.14)

2%n* Deppx I

Like every other chemical reaction, to start the reaction an activation energy needs to be supplied.
The overpotential related to these chemical reaction kinetics is referred to as the activation
overpotential, shown in Equation 2.8 as 7,;.

Like the concentration overpotential, the activation overpotential consists of two parts as reactions
occur on both electrodes. The activation overpotential is the sum of Equations 2.15 and 2.16.
These equations are better known as the Butler-Volmer equations. In these equations C, is the
concentration of reactants, C,, the concentration of the products, j, the exchange current density
and « is the charge transfer coéfficient, which is usually taken as 0.5 [20].
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At both electrodes the exchange current density is calculated with Equation 2.17. In this equation
i denotes either the fuel or air electrode, k the pre-exponential factor and E.jcct0qe the activation

energy. oot i
. * “Pelectrode,i
Jo = OF * kelectrode,i *e BT (2.17)

2.1.4 Reaction rates

As the ReSOC that is subject to this research is converting water to hydrogen and back, there is a
need for an equation that determines how much of each species is converted. Equation 2.18 can
be used for this purpose [21]. In this equation n is the number of free electrons per molecule, j the
current density, m; the consumed mass per species and M; the molar mass per species.

i = 2.18
mn n*x2%x L ( )



As the concentration of the reactants, water and hydrogen, changes over the length of the cell the
overpotentials change, which in turn impact the local current density. This means that the reaction
rate is one of the causes that the current density fluctuates along the cell. Another factor for the
fluctuations is the variation of temperature along the cell. This temperature fluctuation is due to
the heat conduction from the cell to the gas streams and the local losses in the cell.

2.2 The components and degradation mechanisms of a ReSOC

In this section the three main components of the ReSOC, the electrolyte, the electrodes and the
current collectors are discussed. As well as discussing the three main components, some attention
is given to the degradation mechanisms as this is still an important research area of the ReSOC.

2.2.1 Electrolyte

The material properties of the electrolyte significantly influence the operating temperature of the
ReSOC. The electrolyte conducts the ions, O?~, from one electrode to the other electrode. To
ensure the resistance for the ion movement are minimised, the electrolyte is kept as thin as possible
and the material should have good ionic conductivity. In the latter of those constraints lays the
problem. Most materials conduct ions better at high temperature, as was shown in Figure 2.2.
When operating at high temperatures more material constraints are put in place, such as that the
thermal expansion coéfficients should be compatible with electrode materials. This eventually led
R. Ruka et al. at the Westinghouse Power Corporation to use YSZ, also known as Yttria-Stabilized
Zirconia [22]. This material since then the most common type of high temperature electrolyte,
as it offers good chemical stability and excellent thermal compatibility with electrode materials.
Although the research into lower temperature electrolyte materials is gaining traction and has its
own advantages and challenges, it is not discussed further in this thesis.

2.2.2 Electrodes

On the air electrode the first challenges appear due to the oxidation environment and high
temperature. The first generations of SOFC used Lanthanum Strontium Manganites, abbreviated
to LSM, as electrode. These first generations electrodes could be operated at 1273 Kelvin. This
material is now widely used as electrode material in high temperature solid oxide cells as it
provides good chemical stability, as this was given a higher priority in early prototypes. Research
found that if the operational temperature is lowered the material rapidly decreases in performance.
At these lower temperatures it also becomes vulnerable to poisoning by chromium containing
gasses [23]. These gasses can come from the oxidation of the chromium containing metal casings,
interconnects or tubing.

To solve these problems with LSM researches switched to Lanthanum Strontium Cobaltite, or
LSC. Unfortunately it was quickly discovered that LSC degrades rapidly due to the reactions that
occur with the YSZ electrolyte. In order to prevent these reactions from from happening a CGO
(Ceria-Gadolinia) layer is placed between the LSC electrode and the YSZ electrolyte. This CGO
layer is a very good conductor of oxide ions and prevents the conduction of strontium ions, which
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caused the reactions with the YSZ electrolyte [24].

The fuel electrode is often made out of a cermet. For the metal component Nickel is widely used.
The ceramic component is often the same material as the electrolyte, YSZ. For the production of
the cermet coarse and fine grains of YSZ are used. The coarse grains form a framework on which
fine grains of nickel and YSZ are deposited. This framework reduces the anode thermal expansion
coéfficient making it closer to that of the electrolyte. As the framework is made of YSZ, the anode
acts as an ionic as well as an electronic conductor which increases the triple phase boundary area.
The framework can also make the anode more stable. The relatively low melting temperature
and higher sintering ability of a pure nickel anode can cause a reduction of porosity due to nickel
agglomeration and grain growth. Using a cermet with a framework of YSZ can minimise the nickel
agglomeration and nickel grain growth [25].

The choice of Nickel as a electrode is based on the low cost, the good performances at high
temperature and the fact that it can be made into a porous structure aiding the fuel to reach the
electrolyte [26].

If the fuel electrode is thicker than the air electrode, the cell is said to be anode supported. The extra
thickness given by the support is to give the cell more mechanical strength. A cell with a thicker air
electrode is referred to as an cathode supported cell and a cell with a thicker electrolyte is called an
electrolyte supported cell. A cathode supported cell can offer more outright performance compared
to the other types of support. A electrolyte supported cell offers better economic value compared
to the other support types. The anode supported cells offer a compromise between the economic
value and performance as well as better long term stability than cathode supported cells [27].

An alternative to adding material to a layer to increase the mechanical strength of the cell, is to
support the cell the interconnect or to add a porous metal on the electrodes to support the cell.
The material for the porous metal has to be carefully chosen to prevent unwanted reactions, ohmic
losses and mismatching of thermal expansion coefficients. Although Anode supported cells are still
the most common type of cell support, interconnect supported cells are becoming more common.
This is to maximise cell performance and lower costs, as less material is needed [28][29].

2.2.3 Current collection

The transport of electrons away from and towards the electrode is referred to as current collection.
Current collectors come in three different forms, the air electrode current collector, the fuel
electrode current collector and the interconnect. The interconnect is often used if multiple cells
are connected in a stack, as depicted in Figure 2.3. The interconnect carries the electrons from the
air side of one cell to the fuel side of the next cell. The conduction of electrons in this manner
effectively puts the cells in series, thus creating a bigger voltage difference at the same current. The
stacking in series is common practise as the currents produced by even small single cell, capable of
producing approximately 10 Watt of power, in fuel cell mode can produce currents as high as 20
ampere. This amperage is good enough for some applications. This current however is coupled to
a potential of 0.5 volt, which if often too low to be usable.

As a single cell setup does not need interconnections, the current is usually collected differently. At
the air electrode the current is collected by a gold or platinum mesh on top of the electrode. The
materials of the air electrode current collector is based on the behaviour of the material at high
temperature oxidising environment and catalytic properties [30]. The mesh connects the electrode
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to the electrical subsystem.

The fuel electrode current collector is often a nickel foam. This foam is electronically connected to
the (metal) housing of the cell. The housing is in turn connected to the electrical subsystem. As the
fuel electrode is connected to the metal housing it is of utmost importance that the air electrode
is well insulated from the metal housing to prevent short circuiting. The reason nickel foam is
chosen as a current collector as it offers a thermal expansion relatively close to that of the cell, high
porosity to allow the fuel to reach the electrode reaction sites and it is relatively cheap [31].

Anode

Electrolyte

Cathode

Electrolyte

Cathode

Interconnect

Electrolyte

Interconnect

Figure 2.3: A representation of a planar and a tubular stack configuration. Figure reprinted from [32].

2.2.4 Degradation mechanisms

Together with the initial cost and operating temperature, longevity is still a major issue that needs
development if the technology is to become financially feasible. As such, research has focused on
understanding the mechanisms of cell degradation as well. These mechanisms can cause the cell
to fail instantaneously or slowly lose performance over time. If the mechanisms of cell degradation
are understood, the cell can be designed to counter the degradation. There are many degradation
mechanisms as described by a study of DTU, shown in Figure 2.4 [33]. This report will only
briefly discuss four common types degradation mechanisms: thermal expansion mismatching,
poisoning/electrode coarsening, cell delamination and nickel depletion.
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General for all layers:
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Figure 2.4: An overview of the possible degradation mechanisms identified by researchers at DTU. Figure reprinted from

[33].

All degradation mechanisms interfere with how the chemical conversion happens. In Figure 2.5
the three main pathways of oxygen molecules in the triple phase boundary are shown at the air
electrode-electrolyte interface. When a degradation mechanism takes place these pathways can get

completely blocked off or become significantly more restricted[34].
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Figure 2.5: Pathways of oxygen in the triple phase boundary. Figure reprinted from [35].

Thermal expansion mismatching happens when two components are connected to each other
but have different thermal expansion coéfficients. When the system heats up or cools down the
components expand and contract at different rates. This causes mechanical stress which can
break the bond connecting the components or break one of the components. This mismatching of
thermal coéfficients can cause the cell to break on the initial warm-up or shortly after the first use.
Fortunately the materials mentioned in the sections above have already been carefully selected to
have matching thermal expansion coéfficients [36]. Often the thermal expansion coéfficient of the
components is matched to that of the electrolyte, YSZ, as this is the material that is most difficult
to change. The expansion coéfficients of the materials around the cell, such as the housing and the
seals, are often no issue as these components can expand freely because they are not connected to
the cell[37].

Electrode poisoning and electrode coarsening have similar effects on cell performance. Both
increase the resistance of the electrode pathways to the triple phase boundary, which leads
to a deterioration cell performance. The performance of the cell doesn’t immediately drop,
rather it starts to degrade steadily. This is a telltale sign that the cell is influenced by one of
these mechanisms. Post-mortem investigation or Electrochemical Impedance Spectroscopy (EIS)
measurements of the cell can reveal which of these mechanisms was the reason for degradation.

Under certain conditions the oxygen in the air stream flowing towards the cell can react with the
components of the inlet duct. When the oxygen reacts with components of the inlet duct it is often
with chromium, however cases of boron and sulphur poisoning are known. The reaction between
the oxygen and chromium produces chromium(IIl)oxide. The chromium(IIl)oxide detaches from
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the metal and floats on the inlet stream to the electrode where it deposits on the electrode. This
blocks off a part of the electrode/electrolyte area for fresh air. As Chromium(IIl)oxide is being
produced in the air inlet, the electrode becomes more blocked off as time progresses, and thus the
performance steadily declines as the cell effectively becomes smaller[38]. It is observed that LSM
electrodes are more susceptible to chrome poisoning than LSC electrodes, while the reverse is true
for sulphur poisoning [39]. There is no reported significant difference between LSM and LSC with
regards to Boron poisoning [40]. The operating and gas inlet temperature play a crucial role in
preventing chromium poisoning. The chromium oxidation reaction happens above 800 degrees
Celsius. This means that an operating temperature or an inlet stream of more than 800 degrees
can increase the chances of chromium poisoning, when using chromium containing metal parts[41].

At the fuel electrode silica poisoning is a well known phenomenon. The origin of silica poisoning
is still debated within the scientific community. Some believe that it comes from the glass sealing,
some believe that the silica comes from the water and others contribute the source to rubber tubes.
Silica poisoning happens as silica which is transported to the cell by the fuel gas stream, where it
reacts with oxygen at the triple phase boundary to SiO5 and blocks off the fuel reaction sites[42].
When hydrocarbons, carbon dioxide and carbon monoxide are used as reactants in solid oxide
cells, sulphur poisoning and carbon deposition at the fuel electrode is known to happen. In
Reference [25] it is mentioned that this is still an active area of research as the nickel/YSZ cermet
electrode has poor tolerances when these degradation mechanisms happen.

Coarsening is also known as grain growth. Grain growth is when two grains of a material, which
are in contact with each other, form a new single bigger grain. The process is depicted in Figure
2.6. The fusing of grains is dependent on the temperature of the material, the time it is exposed to
that temperature and the initial grain size and shape. The coarsening of the nickel electrode causes
a decrease in the density of three phase boundaries and total nickel surface area. The coarsening of
nickel therefore causes a reduction of sites where the chemical conversion of water and hydrogen
can occur. Furthermore, it can cause a decrease in electrical conductivity of nickel, increasing
the ohmic losses [43]. Due to developments in cermet fuel electrode production the nickel grain
growth can be minimised as described in Reference [25].
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Figure 2.6: A basic representation of grain growth. Figure reprinted from [44].

Arguably, the most destructive form of degradation is delamination of the cell. Delamination is
when two layers start to separate from each other. Delamination in solid oxide cells can happen
between the air electrode side and the CGO barrier layer, between the YSZ electrolyte and the CGO
layer or between the CGO layer and the LCS. These delamination types are shown in Figure 2.7. In
this figure the delamination between the electrolyte and CGO layer is shown in Figure (b) and the
delamination between the CGO and LSC layer in Figure (c).

Figure 2.7: The two delamination cracks that can occur at the air electrode. Figure reprinted from [45].

When delamination occurs the cell performance drops suddenly and steeply, unlike the previous
mentioned degradation mechanisms. The sharp decrease of performance is due to the sudden
inability of the oxygen ions to pass through the boundary connection between the layers. When
an electrode delaminates from the electrolyte or the barrier layer the ion transport is locally
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interrupted and the active chemical conversion sites disappear. Likewise if the barrier layer
delaminates from the electrolyte the path of the oxygen ions becomes longer, and thus more
difficult, or even completely blocked off. Delamination of the air electrode happens more
frequently than the other delamination possibilities mentioned above. The main reason for this
delamination was determined to be an increase in oxygen partial pressure in the electrolyte
underneath the air electrode. This partial pressure can break the bond between the electrode and
the electrolyte or even the electrode itself. The increase in pressure can become strong enough that
it can overcome traditional strengthening measures that try and prevent it, thus other methods
have to be developed to prevent the oxygen pressure build up. The phenomenon is more likely to
happen during electrolysis than during fuel cell mode [46]. During electrolysis it is possible that
at the fuel electrode more oxygen ions are produced than can be released by the air electrode.
This leads to a buildup of oxygen ions in the electrolyte. This buildup of oxygen ions causes the
oxygen ions to redistribute inside the electrolyte and increase the partial pressure underneath the
air electrode. It is this increase in pressure that causes the split of the electrode and electrolyte
layers [47]1[48][49].

Delamination can occur on the fuel electrode, however this is much more rare than air electrode
or barrier layer delamination. Fuel electrode delamination can occur when there is a large
enough difference between the thermal expansion coéfficient of the electrode and the electrolyte.
When, for example, the electrode is attached to the electrolyte and is expanding more than the
electrolyte during heating it might detach from the electrolyte to be able to accommodate for the
extra expansion. Due to the constant development of materials as mentioned before, this type of
delamination is becoming increasingly rare.

For the fuel electrode, nickel depletion or agglomeration is one of the more common degradation
mechanism together with nickel grain growth. During nickel depletion nickel starts to evaporate or
diffuse into the housing. When this occurs, especially at high current densities and high potentials,
nickel migrates away from the electrolyte. When the migration happens the reaction sites are
moved away from the electrolyte, increasing losses. At temperatures of 950 degrees Celsius and
above it is observed that the nickel moves towards the electrolyte clogging the pores. This is known
as nickel agglomeration. Unfortunately these two nickel movements can not be used to reduce the
effects of the other [50][51].

2.3 Computational fluid dynamics

Computational fluid dynamics, often abbreviated to CFD, is a part of fluid dynamics that uses
numerical analysis to describe flows. This tool is also used in the field of solid oxide cell research.
When it is used in this field of research, it is usually coupled with an electrochemical model to
solve for the reactions and mass transfer phenomenons associated with solid oxide cells. Many
of the studies done on CFD for solid oxide cells are centred around the interconnects. Which is
logical as solid oxide cells will only be used in multiple cell stack setups in industrial applications.
However, a significant portion of experimental work is still being carried out on single cell setups.
This discrepancy between the experimental and simulation work causes a lack of understanding on
how single cell setups function. In this section the literature gap between the CFD analysis of stack
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systems and single cell testing and modelling is addressed.

The main difference encountered between the stack CFD models and single cell experimental
conditions is the mass flow inlet conditions. The mass flow inlet conditions determines how mass
enters a flow area or volume above the cell electrode. In CFD analysis studies the inlet flow is
usually supplied as depicted in Figure 2.8. A uniform inlet condition across the whole inlet area at
one side of the cell, creating flow tangential to the cell [52][53][54] [55][56]. However, creating
this inlet condition in experimental setups brings significant challenges. In stack setups the total
mass flow to each cell can be different due to a sub optimal flow distribution. Even on a cell level,
the mass flow per channel across the cell can vary significantly.

For single cell setups creating this specific inlet condition seen in Figure 2.8 is challenging as well
as sealing is a big challenge for ReSOC systems. This is due to the operating temperature and the
fact that hydrogen is the smallest molecule, thus diffusion through sealing imperfections happens
relative quickly. To aid sealing in single cell setups, the inlet(s) and outlet(s) are often moved to the
top of the cell supplying mass flow perpendicular to the cell rather than tangential [57][58][59].
Supplying the mass flow for a cell perpendicular, instead of tangential to the cell, not only creates
a difference at the inlet, the flow distribution across the cell surface differs significantly as well.
The streamlines in the CFD studies have a relative small curvature, this does not hold true if the
cell inlets are perpendicular to the cell [60].
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Figure 2.8: A Figure depicting commonly used anode and cathode inlet conditions for CFD studies. Figure reprinted from
[61].

On a interesting note, only 3 of the 10 CFD studies used as reference in this section have
disclosed some form of the velocity (or streamline) results in their report. The other studies fail
to mention the velocity results in their reports as they focus on other aspects, such as temperature
or concentration development along the cell. It is interesting to note this, as the velocity flow
profile gives a good and easy visual indication if the CFD simulation has correctly applied the
right boundary conditions which are the necessary constraints that are needed to solve differential
equations.
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Chapter 3

Experimental test strategy and setup

3.1 Experimental test strategy

3.1.1 Objectives

According to the Cambridge dictionary, an experiment is an test preformed in order to learn
something. It is therefore of vital importance that what needs to be measured to learn said thing is
clear. In the case of the Balance project, the experiments are performed to determine the following
properties of a solid oxide cell:

1. The degradation caused by cyclic operation.
2. Cell performance in fuel cell and electrolysis operation.

3. Steady state fuel cell and electrolysis performance degradation over time.

Performance in the above mentioned properties is defined as the voltage at a certain current density.
During fuel cell operation a higher voltage is defined as a better performance as more power is
produced, likewise during electrolysis a lower voltage is better as less power is consumed by the
cell. The performance for both fuel cell and electrolysis operation is displayed with an i-v curve.
An i-v curve is made by measuring the potential of a cell at various current densities. Performance
degradation is measured by the difference between two i-v curves that have been taken a certain
amount of operational time apart.

With the objectives clear, a test plan or protocol can be made. This protocol contains a detailed
plan of how experiments are going to be performed in order to determine the properties mentioned
above.
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3.1.2 Protocol

The experiments during this thesis were conducted following the Balance project test protocol,
as made by DTU. This protocol is depicted in Figure 3.1. Testing is started off by heating the cell
to 850 degrees Celsius to reduce the nickel oxide in the fuel electrode to nickel, after which the
temperature is lowered to 750 or 700 degrees, depending on the experiment. Experiments begin
by making an i-v curve for both fuel cell and electrolysis operation to asses cell performance.
After the initial i-v curve measurements the cell is operated for 120 hours in fuel cell mode, after
which another i-v curve is taken. The same is than done with electrolysis mode. These sections
of continuous operation in one single mode will be referred to as constant current operation.
With these i-v curves the performance degradation over time of each mode can be assessed. With
each i-v curve measurement an electron impedance spectroscopy measurement is also taken to
determine the change in the area specific resistance of the cell over time. The constant current
operation modes are done with a current density of 0.5 A/cm?.

After two periods of constant current operation, cyclic operation is used to determine the
degradation caused by switching between the operational modes. During a cycle the cell will run
3 hours in fuel cell mode and 20 hours of electrolysis, which means that there is 1 hour to change
the modes back and forth. For the experiment the cycle has to be repeated 33 times, given that the
cell voltage remains between the cell voltage limits.

For the lower voltage limit during fuel cell operation, 0.4 volt is chosen. Because the potential
difference between the two electrodes is the main driving force transporting the oxygen ions
through the electrolyte, this driving force can not become too low. If this driving force becomes
too low the oxygen transport through the electrolyte is stopped and the current through the device
drops to 0. To prevent this from happening the minimum potential between the electrodes is set
to 0.4 volt. The upper limit of 1.7 volt during electrolysis is chosen based on system performance
requirements. As the cell voltage rises above a certain value during electrolysis, the system starts
to emit heat energy. The higher the cell voltage, the more heat is emitted from the cell. This heat
output from the cell has an effect on the systems that it is integrated with. To limit the heat output,
the cell voltage is limited to 1.7 volt during electrolysis.

Due to safety regulations, only 4 cycles were done per week, as the system was not allowed to
operate during the weekends. During the weekends the system was left in fuel cell mode without
current draw, referred to as OCV-mode. The cyclic operation is done at 0.5 A/cm? as well. After
the 33 cycles, or if the cell voltage exceeds the maximum or minimum values, a final i-v curve and
EIS measurement is taken for both operational modes. With these measurements the degradation
due to cyclic operation can be determined.

To give more insight in the performance of the cell, the cyclic operation is also performed with a
higher current density of 1.25 A/em? and a lower operating temperature of 700 degrees Celsius.

The volume flow rate during operation is prescribed as well by the Balance project. This makes the
results from experiments easier to compare to the results from other Balance partners. The volume
flows for operation are shown in Table 3.1 at atmospheric pressures and at 25 degrees Celsius. The
water volume flow is an exception to this, as it needs to be vapour and therefore its volume flow
rate is given at 101 degrees. To achieve the higher current density of 1.25 A/cm? at approximately
the same fuel utilisation, all volume flows in Table 3.1 are multiplied by 2.5.
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Figure 3.1: Balance project test protocol as made by DTU.
Table 3.1: Prescribed operating conditions

opertional mode Fuel cell Electrolysis
Air composition | 21/79 (Oz/Ns)[volume%)] 21/79 (Oz/N2)[volume%]
Air volume flow 1000 [ml/min] 250 [ml/min]
Fuel composition | 50/50 (Hy/Nz)[volume%| | 45/45/10 (N2/H20/Hs)[volume%)
Fuel volume flow 320 [ml/min] 365 [ml/min]

3.1.3 Cells used for testing

The cells used for testing have a total surface area of 25cm?, with an active area of 16em?. The
cell were supplied by DTU. These cells have a YSZ electrolyte and a LSC air electrode with a CGO
boundary layer between the air electrode and the electrolyte. The fuel electrode is made of a Ni-YSZ
cermet, on which the cell is supported. Table 5.5, gives the specific thickness of each layer. During
experiments generation 1 and generation 2 cells were used. According to personal correspondence
with DTU, this should not effect the performance in the initial i-v curves. Generation 2 cells should
have an decrease in degradation over time due to improved manufacturing process, compared
to generation 1 cells. A detailed description on cell preparation and operation of the cell during
experiments is given in Appendix D.
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3.2 Test station details

To perform the experimental protocol a test setup is used which is shown, schematically, in Figure
3.2. The oven, in which this setup resides, and the electrical connections are not drawn here for
simplicity in this figure. In this figure the blue arrows represent the air flow and the red arrows
the fuel and exhaust flow. Figure 3.3 in combination with Table 3.2 show the name (and function)
of the components of the setup. The naming scheme of upper and lower inconel housing can be
confusing as the setup is drawn in assembly orientation in Figure 3.2 and is rotated 180 degrees
once it is inside the oven, as seen in Figure 3.4. The inconel housing that incorporates the fuel in
and outlets will be named the lower inconel housing.

Figure 3.2: A schematic overview of the test setup.

:::::::::::..................__@

Figure 3.3: Naming of the components inside the cell.
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Table 3.2: Naming of the components of the test setup.

Number [#] | Description

Upper inconel housing (flow distribution)
Alumina felt (electrical insulation)
Platinum mesh (current collector)

LSC (air electrode)

CGO boundary layer

YSZ electrolyte

Nickel-YSZ layer (fuel electrode)

Nickel foam (current collector)

Lower inconel housing (flow distribution)
Platinaum wires

Mica sheet (sealing)

= =
2 B]o] oo N| oy u1| K| wf | =

The setup is connected to the outside world via the inlet and outlet ducts that carry the gasses
to and from the setup. These ducts are connected to the lid of the oven, allowing the cell to be
suspended in the middle of the oven. This is shown in Figure 3.4. In this figure the electrical
connections are not drawn for simplicity. As the ducts carrying the gasses to the cell travel a
distance in the oven before reaching the setup, the gasses get preheated. The exhaust gasses are
carried away via ducts leading to a condenser. After the condenser the exhaust gasses are vented
safely out of the building. The air coming from the cell is dumped into the oven, which has a small
hole in the side to prevent a pressure build up.
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Figure 3.4: A simple representation of the setup inside the oven.

For the mica seals to function properly a pressure needs to be applied on them. To apply this
pressure on the seals four springs, one at each corner, are compressed on top of the lower
inconel housing. One of these springs is shown in Figure 3.5. Table 3.3 shows the names of the
components of the clamping mechanism. These springs have an initial length of 29 millimeter and
are compressed to 26 millimeter, applying 9 kilograms of force each. This means a total pressure

of 1 kilograms per square centimetre is put on the cell, as the total area including the mica seals is
36cm?2.
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Figure 3.5: A simple representation of the clamping mechanism used to put force on the cell.

Table 3.3: Naming of the components of the clamping mechanism.

Number [#] | Description
1 Tightening nut
2 Spring
3 Lower inconel housing
4 Bolt
5 Upper inconel housing

3.2.1 Electrical system

The cell is connected to the electrical subsystem via the housing and the platinum wires. The
electrical subsystem consist of a DC power supply, a switch and an electronic load.

During electrolysis the power supply is directly connected to the cell, as shown in Figure 3.6A. The
power supply used in this electrical system has a current and a voltage limiter build in. The current
limiter on the power supply is used to keep a constant current during operation. This is done by
setting the current limiter to the desired current value and by setting the voltage limit of the power
supply to a relatively high value, 10 volts. With these settings the current limiter will always be
met earlier than the voltage limit. This means that the current is kept constant, at the limit, whilst
the voltages is allowed to fluctuate below its limit to maintain the current in the system. This
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practice ensured the voltage could fluctuate for a certain constant current. This is important as the
fluctuations in voltage could be monitored whereas the fluctuations in current could not.

In fuel cell mode an electrical load needs to be introduced in the circuit to dissipate the power
produced by the cell. Unfortunately most electronic loads can not work with the high currents at
low voltages that are produced by single cell SOFC systems. To increase the voltage supplied to
the electronic load a voltage booster is used between the cell and the load. In the experimental
setup the dc power supply was used as a voltage booster when the cell was operating in fuel cell
mode. This system is displayed in Figure 3.6B. During operation the dc power supply the voltage
is set to 10 volts, which means the electronic load is supplied with a voltage of 10 volt plus the
voltage of the cell. To set and maintain a current in the circuit, the electronic load can be set to a
user specified value. The electronic load then regulates its internal resistance to maintain the set
current value.

To switch between the electrical circuits a changeover switch was used, as shown in Figure 3.6C.
The build in switch is also equipped with an "OCV mode" position, where the electrical circuit is
interrupted, blocking electron flow. In Figure 3.6C the switch is in this state. When the mode
is switched from fuel cell to electrolysis or vice versa, the polarity of the power supply has to
be switched. This could be done using an high current rated H-bridge, however during the
experiments the cables connected to the positive and negative connections of the power supply
were swapped manually.
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Figure 3.6: A simple schematic of the electrical connections of the ReSOC in electrolysis and fuel cell.

3.2.2 Mass flow inlet systems

As depicted in Figure 3.4 the cell receives mass flow on the fuel side and air side with a single duct
for each side. To supply the air for the air inlet on the cell two mass flow controllers are used. One
mass flow controller controls the oxygen flow the other one controls the nitrogen flow. To mimic
the air around us, the oxygen and nitrogen are mixed in a ratio of 21%-79% respectively. Mixing is
done by connecting the ducts coming from the mass flow controllers with a t joint to an single duct
going towards the cell.

The fuel inlet mass flow control is more complicated as fuel cell and electrolysis modes need
different fuels. In fuel cell mode the cell receives dry hydrogen gas, which is a mixture of 50%
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hydrogen and 50% nitrogen. The flow rates of these gasses are controlled by separate mass flow
controllers and are mixed the same way as the air side flow. During electrolysis the cell operates
with a fuel inlet flow of 50%-40%-10% mixture of nitrogen,water and hydrogen respectively. The
nitrogen and hydrogen mass flows are still controlled by the mass flow controllers mentioned
before. Supplying the water to the inlet is more challenging as water is in liquid phase at ambient
conditions. This means that a system has to be put in place that can supply the water in liquid form
into the inlet duct and evaporate the water before it reaches the cell. To supply the liquid water a
peristaltic pump, Longer bt100-2j, is used in combination with an needle to inject the liquid into
the inlet duct. This liquid water injection system is discussed in more detail in the next section.

3.2.3 Original water injection system

The water injection system can be divided into two objectives. The first objective is to supply the
heat energy for the vaporisation of water. The second objective is to create a continuous flow of
water vapour.

During experiments the required water mass flow is between 2.12 and 5.32 milligrams per second.
This means that, if the water is supplied at 25 degrees Celsius, it takes between 5.5 and 13.7 Watt
to evaporate the water mass flow to steam. This is calculated using an enthalpy of 104 kJ/kg at 25
degrees and 2677 kJ/kg at 101 degrees Celsius, at atmospheric pressure. Even the higher of the
two energy numbers is low compared to what most electrical heaters can supply, which is in the
order of a factor 10 to 20 higher. This implies that the challenge for this system is not supplying
the total energy requirement, but rather the transfer of the energy to the water.

If the flow rates are low enough adhesion and surface tension become important forces. These
forces cause the water to form droplets at the end of the injection needle, rather than creating a
continuous stream. This is the second part of the water injection system, creating a continuous
flow of water. A common trick to get water flowing steadily at low mass flows from a needle is to
let it trickle down a solid object. This can be done by making the needle come in contact with a
solid surface, such as the inner wall of the inlet duct, or a cartridge. The "cartridge" is a bundle of
ceramic wires, as displayed in Figure 3.7. If the water injection needle is inserted into this cartridge
water can trickle down these strands of ceramic wire.
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Figure 3.7: The cartridge displayed in a fuel inlet duct.

The original water injection system is depicted in Figure 3.8. In Table 3.4 the components of the
water injection system are named. The red arrow depicts the incoming hydrogen and nitrogen
flow that is required for electrolysis, as specified in Table 3.1. For simplicity the thermocouple
temperature sensor that is inserted through the cartridge is not shown in the figure below.
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Figure 3.8: The original water injection system

Table 3.4: Naming of the components of the injection system.

Number [#] | Description
1 Liquid water injection needle
2 Rubber seal
3 T joint
4 Inlet duct
5 Ceramic cartridge
6 Lower inconel housing

The performance achieved with this setup is displayed in Figure 3.9. The performance of the
water injection system is measured with the voltage fluctuation, where lower fluctuation is better.
To be able get a fair comparison between two injection systems, the first hour of electrolysis
during the constant current operation is compared. The figure below therefore, shows the voltage
measurements during the first hour of constant current electrolysis operation at 0.5 A/cm?. The
graphs are made by voltage measurements taken at three seconds intervals. The average value
of the voltage measurement in this graph is not of importance when comparing water injection
systems. The fluctuation in these graphs is more important because incomplete evaporation and
noncontinuous water supply will show up in the voltage graph as fluctuations.

The figure below shows little fluctuation, approximately 5 millivolt, between hours 59.2 and 59.8.
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However the graph shows two spikes in voltage of 40 and 25 millivolt. This behaviour was present
throughout electrolysis testing with this injection system. The fact that the cell voltage after the
spike is slowly decreasing over 45 minutes rather than decreasing to the normal value within a
couple of measurements, is indicative of a bigger problem. This indication of a problem is amplified
by the breakage of the ReSOC cells after relatively short use in this setup. This is shown in Figure
3.10. Multiple cells have been tested with this setup and all cells show cracks that originate from
the center of the cell.

It is assumed that the problems stated above are caused by droplets of water which reached the
cell electrode. If a water droplet reaches the cell it will evaporate quickly to steam, creating a high
concentration of water on the cell electrode area. The increase in water concentration explains
the spike down in voltage, due to the decrease in Nernst potential and the decrease in activation
and concentration overpotentials, shown in the equations in Section 2.1.3. Once the (excess)
water mass is exhausted from the cell, the operational voltage is expected to return to the values
seen before the spike as the Nernst potential and the activation and concentration overpotentials
return to the values before the droplet. However, rather than a return to the operational voltage
measured before the spike, a spike up in voltage and a gradual return is seen. This spike in
voltage is caused by the evaporation of water on the electrode surface. Due to the evaporation,
heat is contracted from the cell by the water. This contraction of heat locally lowers the cell
temperature. The subsequent gradient in cell temperature can cause the cracks in the cell, as
explained in Section 2.2. The crack would start in the center of the cell, as the gradient is largest
where the droplet evaporates. The local decrease in cell temperature explains the rise of voltage
as well, due to worsened ion conductivity of the electrolyte. This worsened ion conductivity
increases the ohmic overpotential, as shown in Equations 2.9, 2.10 and 2.11. When the cell
starts heating up again the performance returns to its original level, as the ohmic overpotential
decreases again due to the increase in temperature. This gradual decrease in operational voltage
can be seen in the graph of Figure 3.9. Other degradation mechanisms such as, clamping pressure,
manufacturing defects, poisoning and delamination could be ruled out by later experiments as
they showed no cracks with the same operational parameters and a different water injection system.

This problem of cell breakage within short use of the cell led to the development of a new water
injection system along with a new inlet duct. This development was started as the setup could not
determine the experimental objectives specified in Section 3.1, as the breaking of the cell shortly
after electrolysis significantly influenced the results.
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Figure 3.9: Voltage fluctuations during electrolysis with the original system
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Figure 3.10: Cracked cell.

3.2.4 Measurement uncertainty

As this thesis uses measurements from an experimental setup to determine cell and water injection
system performance, it is important to mention the uncertainties that are introduced by the
measurement devices. The measurement specifications are taken from their respective operating
manuals unless stated otherwise.

3.2.4.1 Voltage

The Gamry 600 measurement system is used for the voltage measurements. This is the only
device that recorded data it was measuring automatically, all other data is recorded manually. The
data logging frequency was set to 3 seconds. The specifications of this measurement system are
stated in the table below. The measurement device has an maximum operating temperature of 45
degrees Celsius, during testing it never exceeded these temperatures however the device did reach
40 degrees Celsius at various points. These temperature fluctuations influence the measurement
results, however according to the manufacturer’s manual this does not have to be taken into account
when only measuring voltage.
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Table 3.5: Measurement specifications for the Gamry 600.

Name value note
A/D full scale ranges +12.0 [V] typical
Resolution 400 [uV/bit] typical
Zero offset error 1 [mV] maximum
Gain error 0.2 [%] maximum
Offset range +10 [V] typical

3.2.4.2 Current

Current measurements are taken with two different devices. In fuel cell mode an electronic load,
Kikusui PLZ153W, is used. Apart from the measurement specifications in Table 3.6, it was noticed
that the electronic load could drift +£0.05 ampére over a time period of 3 hours.

During electrolysis the SM30-100D power supply did not only provided the power for the cell but
also functioned as a current sensor and controller. The remaining specifications for this device are
given in Table 3.7.

Table 3.6: Measurement specifications for the Kikusui PLZ153W.

Name value [unit]
Operating range 0-30 [A]
Operating range 1.5-120 [V]
Setting accuracy | +0.3% + 30 [mA]
Setting resolution 8 [mA]

Ripple noise 30(@ 30A) [mA]
Stability 10 [mA]

Table 3.7: Measurement specifications for the SM30-100D powersupply.

Name value [unit]
Operating range 0-30[V]
Operating range 0-100[A]

Setting resolution 0.03 [%]
Accuracy 0.5[%]
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3.2.4.3 Temperature

As the measurement specifications for the thermocouples used in the setup were not found in the
manufacturer data sheet, the accuracy of the type K and type N thermocouples are both estimated to
be +0.75%. According to the website of Pico Technology, these are typical values. The temperature
sensors were calibrated to an internal standard.

The oven temperature sensor gave a reading which was 10 degrees Celsius lower compared to the
reading from the thermocouples, at a temperature of 700 degrees Celsius. Recalibration of the oven
temperature sensor was not possible and therefore the temperature reading from the thermocouples
was used to set the over temperature.

3.2.4.4 Mass flow

A synsodyne Gilibrator 2 is used to calibrate the Bronkhorst mass flow controllers, of the EL-Select
product range, to +-2 millilitres per minute of the desired flow rate. The accuracy of the Gilibrator
is given by the manufacturer as "better than 1%".

The peristaltic pump can be adjusted between 0.1-100 rpm with steps of 0.1 rpm. To calibrate the
pump a measuring cylinder combined with a stopwatch is used. This means that the accuracy and
precision of this device is unknown. To prevent the uncertainty to cause a water mass flow shortage,
the mass flow was set 2.5% higher than required. This figure is based on previous experimental
work.
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Chapter 4

Water injection system optimisation

The problems described in Section 3.2.3 impose an uncertainty on the i-v curve measurements.
This uncertainty comes from the fact that an i-v curve measurement taken at different times
will give different results with the original water injection system. This time dependence of the
measurement is shown in Figure 3.9. From this figure it becomes clear that, for example, an i-v
curve taken between 59 and 59.2 hours will give a different result than if an i-v curve measurement
is taken at 59.6 to 59.8. This could be negated by taking multiple i-v curve measurements.
However as the Balance project studies the loading and unloading of a solid oxide cell, taking more
i-v curve measurements will interfere with the results, as taking multiple i-v curve measurements
will load and unload the cell.

Another problem described in Section 3.2.3 is that the solid oxide cells tested with the original
water injection system lost most performance relatively fast and all the cells cracked within short
use. To study the long term degradation effects of cyclic operation of a solid oxide cell, a change
in the experimental setup is required to prevent the reoccurring cell damage and extend the
experiment duration. As the assumption is that liquid water could reach the cell, as explained in
section Section 3.2.3, the water injection system is redesigned.

In this chapter the design process used to produce the new injection system is described. For
the redesign a design constraint was imposed. This constraint was that the peristaltic pump and
injection needle were to remain part of the system. This restriction was imposed as alternatives
could not be purchased, delivered and incorporated into the system within the given time frame.

4.1 Evaluation of evaporation mechanism

Firstly the function of the cartridge is examined as this part plays a crucial role in the evaporation
process. Without the cartridge inside the inlet duct the injection needle would be suspended in
mid air. From experiments it was determined that at a flow rate of 0.128 millilitres of liquid
water per minute, the needle would release a droplet every three seconds. After the droplet is
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released from the needle, it needs to be evaporated via heat transfer of the energy originating from
the inlet duct walls. To give an overview of the situation, a thermal circuit is drawn up in Figure 4.1.

e Q: Symmetry line

wall Gas flow Water

Tﬂ

Figure 4.1: Schematic overview of the conduction problem with thermal circuit equivalent below.

The frame of reference used for the heat energy transfer equations in this section is chosen as
shown in Figure 4.2. Where the dashed line shows the frame of reference, the sphere in the middle
depicts the water droplet and the wavy lines depict the inlet duct walls. This choice of frame of
reference determines the surface areas of the wall, inlet duct and also the mass of the droplet in
the equations as the frame of reference ends at the symmetry line, shown in Figure 4.1. The frame
of reference is chosen to move with the droplet, as this is the object that is studied in this section.
This, combined with the assumption that the gas in the reference frame has the same velocity as
the droplet, means that only the walls move relative to the frame of reference.
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Figure 4.2: Frame of reference.

To calculate the heat transfer from the (assumed) uniform wall temperature to the gaseous layer
Equation 4.1 is used. In this equation h. is the heat transfer coéfficient, AT the temperature
difference, A the contact surface area, k the thermal conductivity of the material and D the
thickness of the layer. The heat transfer coéfficient,h., is estimated with Equation 4.2, as the wall
temperature is assumed uniform [62].

The droplet is assumed to travel at the same velocity as the gasses. This assumption means that the
heat transfer from the gaseous layer to the droplet is calculated with the heat conduction equation,
shown in Equation 4.4, rather than the convection equation. In the heat conduction equation L is
the characteristic length, in this case the radius of the droplet.

The radiation heat transfer between the wall to the droplet is calculated with Equation 4.3. In
this equation the ¢ is the emissivity coéfficient and o is the Stefan-Boltzmann constant. In the
equation it is assumed that only the wall inside the frame of reference irradiates the droplet, that
the gaseous layer can be neglected and that the view factor is equal to 1 from the wall to the
droplet and vice versa.

For all equations it is assumed that all layers have uniform properties at all times and the properties
of the species needed for the calculations are obtained from the program Refprop.

Qn=h.xATx* A 4.1)
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he = 3.665 4.2)
Q.= eaT*A (4.3)
AT xkx A
Qo= =——— (4.4)
Ap — 290t 4.5)
m

Table 4.1: Values for the variables in Equations 4.2, 4.1, 4.4 and 4.5

Variable value [unit] description

Tw 573 [K] Wall temperature

T, 298 [K] initial gas temperature

Ty 298 [K] initial water temperature

D 0.005 [m] diameter of inlet duct
my,, 2.1457¢7% [kg] water mass in droplet

m, 1.494¢78 [kg] nitrogen and hydrogen mass in reference frame
A, 1.57e=° [m?] surface area from wall to gas
Ay 6.4 =% [m?] surface area from gas to droplet

ot 0.001 [s] time step in seconds

10) 365 [ml/min] total gaseous flowrate

o 5.670e-8 [W/m2K?*] | Stefan-Boltzmann constant

€ 0.8& 0.95 emissivity coéfficient of stainless steel and water

To find the time it takes to evaporate a droplet Equation 4.5 is used. In this equation the §t is the
time step and A(Q the net energy difference in a layer and m is the mass in the layer. With the
equation the the change in enthalpy for each of the layers in the thermal circuit is calculated. Using
the program Refprop the enthalpy of a layer can be converted to temperature and for the water
layer to vapour quality, given that the pressure is atmospheric. Using the Euler forward method of
solving the system of equations mentioned above and the values from Table 4.1, it was determined
that it takes approximately 55 seconds for the water in the droplet to vaporise. This evaporation
time means that a 13.5 meter long inlet duct is needed to evaporate the water droplet. The length
is calculated with the average velocity of 0.24m/s.

In contrast, if the water droplet and gas flow switch places in the thermal circuit, it takes only 5
seconds to evaporate the water. For this calculation the radiation is neglected. This result illustrates
the working principle of the cartridge. It brings the liquid water in contact with high temperature
surfaces, which maximises heat transfer to water by increasing the thermal conductivity and
surface area whilst minimising the characteristic length.

To validate this calculation, two water injection systems were trialled without a cartridge installed.
In these experiments the inlet duct was extended to 1 meter and to 3 meters, both with wall
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temperatures heated to 300 degrees Celsius. From the results in Figures 4.3 and 4.4 it becomes
apparent that in both systems still a lot of voltage fluctuation is present. This fluctuation in voltage
means that the water was not converted into vapour form in a continuous manner because the
heat transfer rate is too low. Both systems did have a p-trap duct design before the cell inlet to
prevent liquid water to enter the cell.
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Figure 4.3: Voltage fluctuations during electrolysis with an elongated inlet duct of 3m meters.
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Figure 4.4: Voltage fluctuations during electrolysis with an elongated inlet duct of 1m meter.

The reason for this long evaporation time without cartridge is the thermal conductivity of nitrogen
gas. At only 0.025 W/m-K nitrogen acts as an insulator. By inserting the cartridge inside the inlet
duct a large surface area at high temperature with a low characteristic length is created, assuming
the cartridge is in contact with the inlet duct wall. With the cartridge in place the water is dispersed
and can come in contact with this large high temperature surface area of the inlet duct walls and
the cartridge. With a thermal conductivity of 0.6 W/m-K liquid water conducts energy significantly
faster than nitrogen.

The, assumed, reason why the original design showed signs of liquid water reaching the electrode
surface even tough a cartridge was used, is that the thermocouple interfered with the working of
the cartridge. When a thermocouple is inserted into the cartridge it creates a discontinuity in the
center. Water can trickle down the sensor where a nitrogen layer can insulate it from the cartridge.
This is depicted in Figure 4.5. This water can build up on the end of thermocouple and reach the
the cell electrode from there, as seen in Figure 3.9. Because inlet and outlet temperature data is
important for modelling, removing the thermocouple from the inlet duct is not an option, however
relocating the water injection point is.
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Figure 4.5: Insulating effect of a sensor in the middle of the cartridge.

4.2 New water injection system design

In the previous section it is shown that placing a cartridge inside the inlet duct at the liquid
water injection point significantly reduces the inlet duct length required to evaporate the injected
water. This is the reason why the cartridge is retained for the new injection system. The
previous section also shows that the working principle of the cartridge can be disrupted by
inserting a device through the middle. The redesign therefore focuses on finding a solution to
incorporate both a temperature sensor at the cell inlet and a cartridge without causing interference.

The solution was found by relocating the water injection point from the cell inlet, as seen in Figure
4.6. The choice to relocate the water injection point rather than the temperature sensor is based
on the fact that the water does not need to be evaporated close to the cell inlet. The water can be
evaporated earlier, as long as the water does not condenses back to the liquid phase. The cell inlet
temperature sensor does need to be close to the cell inlet, as temperature measurements outside
the oven do not account for the preheating done by the oven.

With the injection point moved to the top right in the figure, more space is created between the
cell inlet, and thus the temperature sensor, and the water injection point. This extra space allows
the 30 centimeter long cartridge to sit clear of the temperature sensor at the inlet. In Figure 4.6 the
temperature sensor enters the inlet duct vertically where the duct makes a 90 degree turn, which
is a distance away from the end of the cartridge.

With the placement of the water injection point to the top right the inlet duct becomes angled,
rather than going straight down. This angle allows buoyancy forces to effect the mass flow. As the
density of liquid water is a factor of 1000 to 2000 bigger than that of nitrogen, water will sink to
the bottom of the inlet duct and nitrogen and hydrogen rise to the top. With the buoyancy forces
forcing the gases up, the concentration of liquid water will be relatively high on the bottom, aiding
better thermal conduction to the liquid phase water as the insulating nitrogen gas is separated from
the water. After the cartridge the duct makes a 90 degree turn down and travels towards the cell.
This part is preheated by the oven and is where the thermocouple resides for inlet temperature
measurements, as was the same in the original setup.

As the water injection is relocated away from the oven the inlet duct wall needs to be actively
heated. This is done with a one meter long trace heating cable that can operate at a maximum
of 400 degrees Celsius and deliver 100 W/m of energy. The heater is wrapped around the half a
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meter long inlet duct that contains the cartridge. As the total energy needed to heat the entire
mass flow in the inlet duct up from 25 degrees to 300 degrees Celsius is between 7,5 to 19,2
watts, depending on the mass flow rates, the trace heating cable can supply more than the system
needs. During the experiments the trace heating cable heated the outer wall of the inlet duct to
325 degrees Celsius. Experiments showed that this temperature produced the lowest fluctuations
during the voltage measurements.

Figure 4.6: The redesigned water injection system

Table 4.2: Naming of the components of the evaporator.

Number [#] | Description
1 Liquid water injection needle
2 Rubber seal
3 T joint
4 Ceramic cartridge
5 Heating wire
6 Inlet duct
7 Lower inconel housing
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4.3 Validation of design

The results with the new water injection system are shown in Figure 4.7. Fluctuations have
decreased from 5 millivolt to 1.5 millivolt, which is a reduction of 70%. This result indicates that
a good continuous water vapour flow is created. More notably the big spikes have been removed,
confirming that the water is now fully evaporating before entering the flow distribution plate, or
lower inconel housing. With the fluctuations reduced and the spikes removed the reliability of an
i-v curve measurement increased.

Due to the full evaporation of water the cells no longer break within short use and the degradation
has been reduced. Experiments with the redesigned water injection system have been verified to
last up to 1000 hours of continuous operation, where as the experiments before lasted less than
200 hours. A cell after 800 hours of operation is shown in Figure 4.8. The figure shows some
damage on the air electrode, attributed to a air inlet duct failure, but more importantly it shows
that the cell is still in one piece. These results mean that the experiment duration is no longer
limited by the water injection system but by the performance of the cell and the experimental
protocol. This in turn means that the test station with the redesigned water injection system, can
be used to study long term degradation due to cyclic operation.

Cell 11
1.2045 = T —

1.2035 [~ —

1203 — m 4

1.2025 [~

1M M'\‘ ‘w‘ n H‘\‘u il

Voltage [V]

‘1

W I\ T Al It

‘h““ \W TN ‘\ I \‘ N r\“ A “ It“ \ \‘[ ““nﬁ“\“\ Mq M
| | N
V l \“v“" ‘u‘\“\‘ \| W[ . \‘{ I v\\ \‘ \

1.2015 [~

1201 -

1.2008 [~ -

I I I I I 1 I I I I I
84 84.1 84.2 843 84.4 845 846 847 84.8 84.9 85
Time [hr]

Figure 4.7: Voltage fluctuations during electrolysis with the redesigned injection system.
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Figure 4.8: Cell after 800 hours of operation with the redesigned injection system.
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Chapter 5

Fuel flow distribution model

In Figure 5.1 two things stand out. The first thing that stands out is that the cell is cracked, which
is addressed in previous chapters. The second thing that is remarkable is that there are markings
on the cell. The colour of the markings on the cell are in a spectrum between gray, the colour of
nickel, and bright green, the colour of nickel oxide. This indicates that the markings are due to
different oxidation gradients of the fuel electrode. Oxidation of the fuel electrode occurs during
operation if the oxygen ions transported through the electrolyte do not react with hydrogen but
with the nickel fuel electrode instead. As the oxidation rate of the fuel electrode also depends on
the (local) amount of hydrogen, these markings can be indicators of the fuel flow pattern on the
fuel electrode.

If these markings indicate the fuel flow pattern across the cell, the flow distribution in the
test station differs significantly from the uniform flow distribution shown in Figure 2.8. The
non-uniformity of the flow distribution can cause temperature fluctuations in the cell, due to
differences in convective heat transfer from the cell to the fuel stream, and it can cause fluctuations
in current density due to differences in local concentrations of reactants. This difference in local
concentrations of reactants can, in extreme cases, cause (local) fuel starvation. These effects can
influence the experimental results, by for example introduce temperature gradients or fluctuations,
concentration differences which effect overpotentials and in extreme cases it can cause the nickel
in the fuel electrode oxidise and reduce cyclically [58].
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Figure 5.1: Marks on the fuel side of the ReSOC which indicate a flow pattern.

In this chapter the hypothesis, that the cell performance measurements are effected significantly
by the fuel flow distribution, is evaluated. This evaluation is done by firstly confirming that the
markings on the fuel electrode are indicative of the fuel flow distribution with a 2 dimensional
(2D) CFD analysis. With the streamlines resulting from the CFD analysis, a conversion model is
made. This model uses the CFD data to calculate local current density and fuel utilisation across
the cell.

To finally to evaluate the hypothesis the data resulting from the CFD analysis of the test station is
compared to a more ideal flow that is usually found in literature, as described in Chapter 2. To
simplify the naming of the two models, the flow distribution in the test station will be referred
to as the setup case, the flow distribution derived from literature will be referred to as the ideal case.

The choice to make a standard CFD analysis of the fuel flow and produce a program that converts
the streamline data to current density and fuel utilisation data, is based on time constraints. As,
at the time of writing, add-on modules for CFD programs lack proper support and the SOFC/CFD
models from literature are difficult to reproduce, it takes a long time before a model made with a
CFD add-on module produces acceptable results. It is not unusual that it takes up to 6 to 9 months
to get acceptable results with these kinds of models, based on personal correspondence with
professionals in this particular field. Because the goal of this model is to evaluate the hypothesis
stated above, a less detailed model can be used to save time. As a model with less detail contains
more assumptions, the effects of these assumption will be discussed in Chapter 7.

Because of the time constraints the model will focus solely on the fuel electrode during fuel cell
operation. The choice to focus on the fuel side was made on the basis it that it is the fuel electrode
where the markings where seen. Furthermore, imperfections of the flow distribution on the air
electrode can often be more easily compensated for. This can be done by, for example, opening the
flanges or by increasing the volume flow.
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5.1 2D flow analysis

For the fuel flow analysis, a 2D flow model is made of flow area above the fuel electrode. The choice
to go with a 2D rather than a 3D simulation is based upon the fact that the height of the flow area
in this setup is between a factor of 20 to 80 lower than the length of either axes of the cell and that
the computational time is longer for 3D simulations compared to 2D simulations. A drawback of
2D simulations in this case is that the entrance effects of the inlet and outlet are neglected. These
entrance affects happen as the incoming flow is turned perpendicular to the flow direction in the
duct when it enters the flow distribution area. To neglect these entrance effects the inlet line, from
where the mass enters the model, is drawn as the outer diameter of the inlet duct. The outlets are
treated the same way as the inlets. This allocation of the inlet and outlets, mean that the surface
area of the inlet and outlet ducts is omitted from the CFD anlysis, which will have an impact on the
model converting CFD data to current density and fuel utilisation data later on. The choice to set
the inlet and outlets as the outer diameters of their respective ducts is thus chosen to Balance the
effect on the conversion model and the assumption to neglect entrance effects.

The CFD meshes were made using a meshing program within the Ansys Workbench program, the
calculations were done using the Ansys Fluent 19.0 program. In this section the Mesh and model
settings that were used in the CFD model are discussed. If a particular setting is not mentioned in
this section it is left at the default setting.

5.1.1 Mesh settings

Drawings of models used in the CFD are displayed in Figures 5.2, with the dimensions in Table 5.1.
A normal drawing was used rather than a technical drawing for ease of reading. Both these models
have a total length and width of 40 millimeter. Meshes of these models are made using the settings
displayed in Table 5.2 and are shown in Figure 5.3 and 5.4. The choice to forgo inflation layers at
the boundaries is that the mesh elements are small enough that implementing inflation layers does
not improve the solution or the residuals significantly.

The choice to use triangle mesh elements over quadrilateral elements is that for the same element
size, which is measured as the characteristic length, a triangle has a lower surface area. This means
that there are more nodes on the flow area and as the nodes will be used later on for graphing the
results, a higher node count leads to a higher resolution.
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Figure 5.2: Drawing of the 2D models used for CFD.

Table 5.1: Dimensions of the model

Variable Value [unit]
Total length 0.04 [m]
Total width 0.04 [m]
Setup inlet diameter 3.15 [mm]
Setup outlet diameter 1.7 [mm]
Setup distance between inlet and outlet | 20.75[mm]
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Figure 5.3: The mesh in the bottom corner of the outlet of the ideal case model.
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Figure 5.4: The mesh in the bottom left corner of the outlet of the setup case model.

Table 5.2: Mesh settings

Setting

for ideal case

for setup case

Mesh method

all triangles

all triangles

Element size 6e—°[m] 6e°[m]

inlet and outlet divisions 360 360
number of elements 923244 935516
number of nodes 462647 469630

5.1.2 Model settings

Within Ansys Fluent there are several models which the user can choose to use and modify. In
this section these settings are discussed. If a particular setting or model it is not mentioned in this
chapter it is left at the default setting.

With the two inlet flow conditions, which are determined by the Balance protocol, the inlet flow
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velocity and the Reynolds number are calculated with Equations 5.2, 5.3 and 5.4. Using the values
displayed in Table 5.3, the inlet velocity for the experimental setup is determined to be 1.08 meters
per second and 2.7 meters per second for the low and high volume flow rate respectively. For
the ideal case this is reduced, due to the larger inlet area, to 0.27 and 0.675 meters per second
respectively.

The Reynolds number is calculated with Equation 5.4. This equation is used to determine Reynolds
numbers for a flow in a duct, which means that the in this case the porous media is neglected in
this calculation. Both these velocities led to a laminar flow as the Reynolds numbers vary between
10 and 300. These Reynolds numbers are far below the values that indicate the transitional region,
which is around 2,100 [63]. This means the viscous model is set to laminar.

As the inlet flow contains hydrogen and nitrogen, the species model and therefore the energy
equations are turned on in the CFD models menu. For this model the mass ratio of hydrogen and
nitrogen at the inlet needs to be specified. This ratio is determined with Equation 5.5 to be 0.069.
As there is no conversion, or leaks, in the CFD model the back flow at the outlet is also set to the
same mass ratio. This helps with convergence if reverse flow at the outlet occurs. As the Pécelet
numbers, calculated with Equation 5.1, are much higher than 1, mass transport is dominated by
kinetics rather than diffusion [64]. This is calculated with the velocities (U) mentioned above, the
length (L) was set to 20mm and to 40mm for the setup and the ideal case respectively and the
diffusion (D) was taken from Section 5.2.2. As such diffusion is neglected in the model and the
settings are turned off in the species model.

_uL
D

As current collection on the fuel side of the cell happens through a nickel foam, this has to be
taken into account as it has an impact on the flow. This nickel foam will be referred to as the
nickel foam diffuser or just as the diffuser. To implement the nickel foam inside the CFD analysis,
the flow region is set at a porous medium with the settings shown in Table 5.4. To be able to
quantify the effect the nickel foam has on the performance of the cell a CFD analysis is done
without nickel foam as well. This is done by setting the flow region set to fluid in the model settings.

Pe (5.1)

Asetup:2*7T*R*H

5.2
Ajjear = Lx H -2)
9
YT A x6er (5-3)
Re = 23 Dn (5.4)
14
Ratio = — " (5.5)
Ph2 + Pn2
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Table 5.3: Model settings

Variable description Value [unit]

1) volume flow rate 320 & 800 [ml/min]
H height of flow area 0.0005 [m]

L length of inlet 0.04 [m]

R radius of inlet 0.001575[m]
Dy, hydraulic diameter 0.001 [m]

v kinematic viscosity 0.00017356 [Pa s]
Ph Density hydrogen (1000K) 0.0246 [kg/m?]
On Density nitrogen (1000K) 0.331 [kg/m?]

To simplify the case studies the temperatures are assumed constant, as will be done in the
conversion model. The Balance protocol prescribes that experiments which are done with a 320
ml/min inlet flow rate are operated at 1023Kelvin, experiments with a higher inlet flow rate operate
at 973 Kelvin. These temperatures were used for the respective CFD models and in the conversion
model. The remaining model settings are displayed in Table 5.4.
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Table 5.4: Remaining model settings

Setting for ideal case for setup case
Viscous laminar laminar
Species on (hydrogen & air) on (hydrogen & air)
diffusion models off off
Energy on on
Velocity inlet 0.27 & 0.675 [m/s] 1.08 & 2.7 [m/s]
Hydrogen mass fraction 0.069 0.069
inlet temperature 1023 1023
Wall temperature 1023 1023
Outlet back flow temperature 1023 1023
Outlet back flow hydrogen mass ratio 0.069 0.069
Residual target le S le=©
Hybrid initialisation iterations 10 10
Courant number 100 100
Pseudo transient off off
Underrelaxing factors 1 1
Explicit underrelaxing factors 0.5 0.5
Solution method (spacial discretization) 277 order upwind 2"? order upwind
Solution method (scheme) coupled coupled
Solution method (gradient) least squares cell based | least squares cell based
Flow region fluid & porous fluid & porous
Permeability 1le 10 1e 10
Porosity 0.95 0.95
Direction vector [1,1] [1,1]

5.1.3 Results of the CFD

In this section the CFD results of the ideal case and the setup case with the nickel foam diffuser
and the higher inlet volume flow rate will be shown. The remainder of the results are shown in
Appendix A.

Firstly the ideal case results will be discussed. Figure 5.5 shows that all residuals have reduced
past the residual target within 500 iterations. In the discussion of the results of the setup case, it
will be shown that this residual target is sufficient for this case.
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From the velocity profile the no slip boundary conditions at the top and bottom wall is barely visible.
This boundary condition resulted in a thin blue layer on the top and bottom edges of the flow area
in Figure 5.6. Compared to the case with no nickel foam diffuser the boundary layer is significantly
thinner, as shown in Figure 5.7. To more quantitatively compare the scenarios of the ideal case with
and without the nickel foam diffuser, the vertical velocity profile at the halfway point are shown
in Figure 5.9. This figure shows the effectiveness of the porous nickel foam diffuser in reducing
the boundary layer development. In Figure 5.8 the vertical velocity profile of the ideal case, with
nickel foam diffuser, at the halfway point is compared to the inlet velocity profile. In this figure the
boundary condition of no slip at the upper and lower wall are seen as the blue dots decrease rapidly
at the top and bottom of the graph. This boundary condition causes the velocity in the middle to
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Figure 5.5: Residual plot of the CFD for the ideal case.

rise slightly, however not as significant as seen without nickel diffuser.
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Figure 5.6: Velocity plot of the ideal case.
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Figure 5.7: Velocity plot of the ideal case without diffuser.
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Figure 5.8: Vertical velocity profile of the ideal case with and without diffuser at the halfway mark.
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Figure 5.9: Vertical velocity plot of the ideal case with nickel diffuser at the halfway mark compared to the vertical velocity
profile at the inlet.

The inlet was divided into 360 segements, as mentioned earlier. This is done so 360 streamlines
can be created with different origins, to avoid streamlines sharing the same start coérdinates. In
Figure 5.10 the streamlines for the ideal case with nickel foam diffuser are displayed.
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Figure 5.10: Streamline plot of the ideal case.

When discussing the results of the setup case a new cross section needs to be introduced. In Figure
5.11 the cross section line AA is shown. Why this line was chosen as cross section will be explained
later on.
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Figure 5.11: Identification of AA cross section of the setup case.

The residuals plot for the setup case with the nickel foam diffuser is shown in Figure 5.12. This
figure shows that all residuals of the variables are below the target value within 300 iterations. To
show that the residual target, 1e—6, is sufficient the CFD analysis was left to run for an additional
1200 iterations, bring the total to 1500 iterations. After 1500 iteration the residuals had stabilised
with all residuals below 2.3¢~12. In Figure 5.13 the difference in the velocity profile along the AA
cross section is displayed for the case with 300 and 1500 iterations. The figure indicates that the
residual target chosen earlier is sufficient for this analysis.
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Figure 5.12: Residual plot of the CFD for the setup case.
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Figure 5.13: Velocity difference at the AA cross section for a simulation of 300 and 1500 iterations.

The velocity plot, shown in Figure 5.14, shows a significant difference to the more ideal case. The
velocity profile shows an increased velocity on the diagonal between the outlets and the inlet and
very low velocities at the ends of cross section line AA. The velocities become low enough in the
top left and bottom right corner that the no slip boundary becomes invisible on the plot. To more
quantitatively compare the velocity result of the setup case with nickel foam, shown in Figure 5.14,
to the velocity result of the setup case without nickel foam, shown in Figure 5.15, a comparison
plot is made of the velocity at the AA cross section line. This comparison is shown in Figure 5.16.
In the figure the effect of the porous media is visible as the velocities in the center are lower and the
velocities at the boundaries are higher. The difference between the porous case and the non porous
case is not as stark as the difference seen in the ideal case. This is attributed to the fact that due to
the low flow velocities in those areas, boundary layers don’t develop at the same rate as seen in the
ideal case.

Figure 5.16 also provides the first indication that the cell has areas where fuel starvation could be
occurring and effecting cell performance, as the flow velocities are a order of magnitude lower in
the upper right and lower left corners compared to the inlet. This relatively low velocity at these
corners is the reason why the the AA cross section was placed on this diagonal, as it provides more
information on the low velocity areas.
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Figure 5.14: Velocity plot of the setup case.
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Figure 5.15: Velocity plot of the setup case without nickel foam diffuser.
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Figure 5.16: Velocity difference at the AA cross section, comparing the setup case with and without nickel foam diffuser.

In Figure 5.17 the 360 streamlines originating from the inlet are shown, and in accordance with
the velocity figures, it shows a significant difference to the ideal case. The diverging streamlines in
the upper left and lower right corners are in accordance with the low velocity in these corners seen
in Figure 5.16. As mass can not cross a streamline and the streamlines diverge, the flow velocity
between streamlines has to decrease.
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Figure 5.17: Streamline plot of the setup case.

5.2 The conversion model

In this section the conversion model is described. The conversion model utilises the streamlines
produced by the CFD analysis described in the previous section. Between these streamlines
segments are made, these segments will act as mesh elements. The choice to remake a mesh using
the streamlines is based on the assumption that diffusion is neglected, see Section 5.1, and that no
mass crosses streamlines [65]. This makes calculations easier as the mass from one segment can
only go to the next segment between the same streamlines. Each segment is then solved with a OD
SOFC model.

By basing the conversion model on the streamlines from the CFD analysis it is assumed that the
streamlines do not significantly change due to phenomenons associated with SOFC operation,
as the CFD analysis does not include mass transfer or electrochemical reactions due to SOFC
operation. The streamline plot in 5.17 shows a very similar pattern as seen on the fuel electrode
in Figure 5.1. The fact that the markings are the result of oxidation of the nickel fuel electrode,
means that the markings shown in Figure 5.1 are made when the cell was in operation. The visual
comparison between the CFD results and the markings on the fuel electrode is the only comparison
method available during this research. This means that the assumption, that the streamlines do
not change significantly due to mass transport effects due to SOFC operation, can not be rejected
on the basis of these CFD results and comparison method.

The conversion model is made using the program Matlab. The choice to make a Matlab script
based model rather than a Matlab simulink or Aspen model is based on the fact that less
programming skill is required, as a Matlab script contains a list of equations which are calculated
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in order from top to bottom. This, when sufficient comments are added, makes the model easier
to debug and modify. Matlab also offers tools to import data from Ansys Fluent in contrast to Aspen.

5.2.1 Producing segments

Each of the streamlines from the CFD analysis are stored as a number of x and y co6rdinates and a
streamline number in Ansys. These values can be exported as csv file. This file can be converted in
matlab to a matrix with the "csvread" command. This command converts the csv file into a three
column matrix where the first two columns contain the x and y coérdinates and the third column
contains the streamline number. In this section it is described how this streamline data is converted
into the segments.

The streamlines for the ideal case are numbered from bottom to top in ascending order. In the
setup case the streamlines originate from a circle, which caused Ansys to number the streamline
seemingly random. This seemingly random numbering of streamlines means that streamline 1 and
2 are not necessarily neighbouring streamlines. Therefore, the streamlines from the setup case
need to be renumbered to be able to make segments between the streamlines later on. The sorting
is done by calculating the angle of each initial point of the streamlines to the negative x-axis. To
sort the streamlines the streamline with the lowest angle was given streamline number one, with
ascending numbering in a clockwise direction.

With the streamlines numbered in a predictable order, segments between streamlines can be made.
These segments will be used for the SOFC model later in this chapter. Due to the different nature
of the streamlines from the setup case compared to the ideal case, a slightly different approach is
needed for this case.

To make a segment between streamlines consists of 4 codrdinates. Two of these codrdinates need
to be on the streamline at the top of the segment, two need to be on the streamline at the bottom of
the segment. The top coordinates of the segment can be the same as the coordinates from the top
streamline. However, as not all streamlines have the same number of points, making all segments
with the bottom points with the coordinates of the corresponding streamline therefore won’t work.
To solve this problem two points are created on the lower streamline below the top points of the
segment. These points are created by using what will be referred to as "dummy lines". These lines
are used by the program to produce the bottom coordinates of the segments but are otherwise
meaningless. These dummy lines are drawn vertically down from the third to the second to last
coordinate of the top streamline. The vertical dummy line intersects with the streamline below,
these intersection points are used as the bottom codrdinates of the segment. This is shown in
Figure 5.18. In this figure the black lines are the streamlines from the CFD where the stars indicate
the codrdinates that are imported with the "csvread" command. The blue lines originating from
those black stars are the dummy lines, dotted for the first streamline and dashed for the second
streamline. The intersection points on the streamlines are marked with red stars.
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Figure 5.18: A figure displaying coordinates and intersection points made by the conversion model.

For the first segment between two streamlines, the first two coordinates of the upper streamline
and first two coordinates of the streamline below are used. For the second segment the second and
third codrdinates of the top streamline are used in combination with the second codrdinate of the
bottom streamline and the first inter section point. All following segments, except the last segment,
between these streamlines only utilise the coérdinates of the top streamline and the intersection
points on the bottom streamline. In the case of the last segment the last coordinates of both
streamlines are used in combination with the second to last codrdinate of the upper streamline and
the last intersection point created by the dummy lines on the streamline below.

As the first streamline does not have a streamline below it the dummy lines can not intersect with
a streamline. Therefore the wall below the first streamline is assumed to be a streamline. This
assumption can be done as no mass flows through the wall of the setup. With the wall representing
an effective Oth streamline segments between the first streamline and the bottom wall can be made.
When producing the segments between the upper most streamline and the top wall, the same
principle applies. In that case however, the lines are drawn vertically up from the last streamline,
rather than down from the top wall. This is done as the lines representing the walls only contain
two coordinates each, one at each end.

The resulting segments of this method is displayed in Figure 5.19 for the first two streamlines.
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Figure 5.19: A figure displaying the segments in the ideal case.

In the setup case the same principle is used as described above, creating dummy lines originating
from a particular streamline coordinates which intersect another streamline.

Because the
streamlines in this case change directions significantly, a simple line vertical dummy line down
does not work, as intersection can not be guaranteed with this method. As such the dummy
lines originating from the streamline coérdinates are drawn perpendicular to the streamline. This
practice is shown in Figure 5.20.
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Figure 5.20: A figure displaying the streamlines, the dummy lines and intersection points in the setup case

As becomes apparent in the figure above the intersection points are on the upper streamline
rather than on the bottom. This is an effect of the upper streamline being longer than the bottom
streamline. When the dummy lines originate from the shorter of the two streamlines, it ensures
that the dummy lines intersect with the neighbouring streamline. The program therefore checks
the number of codrdinates associated with both streamlines. From the streamline with the fewest
coordinates the dummy lines are drawn towards the longer streamline. This results in the segments
seen in Figure 5.21
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Figure 5.21: A figure displaying the segments in the setup case.

The limitation of this method of making segments becomes clear as it does not function between
four streamlines. As the outer streamlines, depicted in Figure 5.22 as solid lines, diverge, any
dummy line originating from either of the streamlines do not always intersect the neighbouring
streamline in a useful way. To solve this problem imaginary streamlines are introduced. These
imaginary streamlines are depicted in Figure 5.22 as dashed lines. Part of the imaginary streamlines
are the walls of the setup. As there is no mass flow through the wall of the setup this is a relatively
safe assumption. The diagonal imaginary streamlines can have mass crossing them, which is
neglected if they are assumed to be streamlines. As the diagonal lines are also mirror lines, the
mass flow across the lines should be relatively minimal and thus negligible.
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Figure 5.22: A figure displaying the outer most streamlines and the imaginary additional streamlines.

5.2.2 SOFC model

With the area between the streamlines divided into segments with the methods described in the
previous section, the matlab conversion model needs a 0D SOFC submodel to convert the data
from each segment into current densities, fuel utilisation and potentials. In this section the SOFC
submodel is described. The section is split into two sections, the electrochemical model and the
equipotential control mechanism. In the electrochemical model section the equations used to
simulate the solid oxide fuel cell process are described. In the equipotential control section the
method used to ensure all segments are operated at the same potential is explained. The choice
for for an equipotential model is based on the fact that the electrodes are good conductors which
implies that they are equipotential surfaces [66].
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5.2.2.1 Equipotential control method

As the current density and the potential of a fuel cell or electrolysis system are dependent
on each other, one is often prescribed as a uniform user specified value in a model. When
the potential is chosen by the user and assumed uniform across the cell, the model is said to
be equipotential. As mentioned, the model in this report is under equipotential conditions,
meaning the operational potential in each segment is equal, with the current density varying
in each segment. However, it is quicker to compute the potential with a given current density.
The model therefore aims to combine the equipotential constraint and the ease of calculation
if the current density is given. In the section below it is explained how this is achieved by the model.

It is possible to take all the relevant Nernst and overpotential equations from the Chapter 2 and
use a "system of equations" solver to calculate the current density for a given potential. However
this takes a relatively long time, approximately 0.5 seconds per segment. This doesn’t seem a
much initially, but over 500 segments this adds up to about 3.5 minutes. With approximately
55000 segments in the model, a faster way of solving the system of equations needed to be found.
This new method was found by asking the question: how precise does the equipotential condition
need to be? If the equipotential condition is allowed to fluctuate 0.01% between segments, an
alternative way of doing the calculation becomes available as explained below.

Rather than using a system of equation solver, an iterative loop is placed around the relevant
equations. In this loop the (over)potentials are calculated for a segment, with a given current
density. In the first iteration of the loop, the calculations are done with a very high current density
value, 50000 A/m?. This causes the potential resulting from the calculations to be relatively low,
compared to normal operating voltages. For each of the following iteration this current density is
decreased by 1 A/m?, causing the calculated potential to rise slightly with every iteration. When
the potential is lower than the user specified value the loop continues, if the potential is equal to
or higher than the user specified potential value, the iterations are stopped. This decision tree is
shown in Figure 5.23 and is also known as a while loop.

Doing the calculations with this method, the script can calculate the current density for 500
segments within 10 seconds. The cost of this decreased computational time is that the potentials
of each segment can fluctuate by a maximum of 0.01%. Further computational time decreases can
be made if the current density step is increased or if the initial current density value is dynamically
adjusted per segment. For this research however the computation time of 10 seconds per 500
segments is deemed acceptable.
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Figure 5.23: The decision tree used in the Matlab program to achieve an equipotential result.

5.2.2.2 Electrochemical model

In the previous section the equipotential control method is described. In this section the equations
used to calculate the potential for a given current density are explained in more detail.

Before the potentials can be calculated, the method of determining the mass, or concentration, for
each species in each segment needs to be clear. The first segments receive mass from the inlet. It
is assumed that the inlet mass flow is distributed equally over the initial segments. This means
that each segment receives 0.27777% of the inlet mass flow. In the model the mass conversion in
a segment is calculated with Equation 5.5, where the area of a segment is determined with the
matlab function "polyarea" and the coordinates of the segment. The masses resulting from this
equation are the mass outputs of a segment. This output is used as the mass input for the next
segment.

The result of the electrochemical model needs to be total, or operating, potential for a given
segment. This is calculated by the model by subtracting the overpotentials from the Nernst
potential, as shown in Equation 5.6.

‘/total = Vnernst - Vohm - Vactfuel - Vactaw - cho’rwfuel - choncaw (56)

The Nernst potential is calculated with Equation 2.7. In this equation the operating temperature
and the partial pressures of hydrogen, oxygen and water need to be specified. The temperature
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is determined by user input and due to the assumption that the cell operates under uniform
temperature, this is the same for every segment. As the cell is assumed to operate under uniform
atmospheric the partial pressures are calculated by the mass ratio of the species inside the segment.

The ohmic losses are calculated with Equations 2.9, 2.10 and 2.11. This overpotential is dependent
on temperature, material properties and current density. The material properties used for these
equations are specified in Table 5.5. As the specific data for the cells that were used is unknown,
values from literature are used [18][19].

Table 5.5: Material properties for ohmic losses

Property Value [unit]
Tair 26e-6 [m]
Telec 370e-6 [m]
Tfuel 6e-6 [m]
Owir 40e3 [1/9]
Oelec (3.6e7/T)*exp(-(80e3)/(R*T))[1/2]
O fuel 80[]-/9]

For the concentration overpotentials, the concentrations of each species inside the segment have to
be calculated. The concentrations are calculated by dividing the number of moles by the volume
of the segment. The number of moles is determined by dividing the total mass of a species in the
segment by the molar mass. The molar masses for the relevant species are given in Table 5.6. The
volume is determined by multiplying the height of the flow channel, 0.5 millimeter, by the area of
the segment. It is assumed that the concentration is uniform in volume of the segment and that
the effective diffusion coéfficient for the fuel electrode has a constant value of 36.6¢ — 6(m2s71)
[18]. The effects of this assumption on the model results will be discussed in Chapter 7. It is
also assumed that the concentration overpotential at the air electrode is sufficiently small to be
neglected. With these variables determined the concentration overpotentials can be calculated
with Equations 2.12,2.13 and 2.14.

Table 5.6: Molar mass values.

Species | Molar mass [unit]
My,2 0.0002 [kg/mol]
Mp20 0.0180 [kg/mol]
M,o 0.0320 [kg/mol]
M,,» 0.0280 [kg/mol]

The last overpotential that needs to be calculated to determine the operational voltage is the
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activation overpotential. This is calculated using Equations 2.15, 2.16 and 2.17. The activation
energies and the preéxponential factors used for these equations are given in Table 5.7.

Table 5.7: Values for variables for the activation overpotential equations.

variable Value [unit]
Kuir 485€e9 [1/Qm?]
K el 254e9[1/Qm?]

Euir 131.25e3 [J/mol]
Efel 133e3 [J/mol]

5.2.2.3 From model to function

The SOFC model, described in the two sections above, is integrated into the the program that
creates the segments as a function, shown in Equation 5.7. The function requires the mass inlet
flows, temperature, area and desired operational potential of a segment as inputs to calculate the
current density for that particular segment. The function outputs the values for the mass output,
each overpotential and the current density for the particular segment.

This function is used in the program after the codrdinates of a segment are determined. This order
of computation is necessary as the area of the segment is needed as an input for the function. The
order of calculation processes is displayed in Figure 5.24 and is repeated between every streamline.

Outputs(MassOut, Overpotentials, Current Density) = function(Voltage, Temperature, Area, MassIn)
5.7)

write all outputs to a
save file

A

using the
SOFC-function

h 4
h 4

Making segment Calculating area

h

Set output mass flow
as inlet

Figure 5.24: The program loop with incorporated SOFC-function command.
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5.2.2.4 Producing graphical results

There were two methods considered to produce the figures seen in this chapter. The first method
considered was to plot each segment as it was made. This method would add approximately 0.5
seconds per iteration, which would add 15 hours to the total computational time. For this reason
the other method was chosen. In this method the codrdinates of the nodes of the mesh elements
from the CFD analysis are loaded into the model. When the function has calculated the outputs for
a segment, these outputs are assigned to the points in that segment area. When the computation
is done the plot can be made using the mesh codrdinates and one of the output parameters. This
method has less impact on computational time as the plot function is only used once.

The cost of this increase in computational time is the visual graphical resolution. As some
coordinates are missed by the program they show up as points with value zero in the figures. This
becomes vary apparent in Figure 7.10 between y-values of 30 and 35. Furthermore, compressing
the nearly 1 million coloured data points to a relative small area produces some graphical
anomalies. To put the number of data points into perspective, a 720P HD TV has less pixels than
the graphs have data points. It is important to note that these anomalies are not found in the actual
segment data produced by the model and thus not effect the calculations or the results of the model.

5.3 Model results in brief

The results of the model are displayed and explained in Chapter 7. In this section the results are
explained very briefly to indicate why a new flow distribution plate is proposed in the next chapter.
The model results show a significant increase in current output at the same potential for the
ideal case compared to the setup case. This increase in current output at the same potential
can be translated to a higher potential at the same current output and thus indicates better cell
performance. Furthermore the setup case results show large areas with more than 80% fuel
utilisation, which is when fuel starvation effects can occur [67]. In contrast the ideal case fuel
utilisation remained below 60%, therefore reducing the risk on fuel starvation effects significantly.
Because of the results mentioned above it is shown by the model that switching from the setup flow
distribution to a more ideal flow distribution can improve cell performance due to lower maximum
fuel utilisation. This means that a test station will perform cell performance and degradation
measurements better and more reliable as the cell performance and long term stability will be
significantly less (negatively) effected by the flow distribution from the test station. Because of this,
a new design of the flow distribution plate is proposed in to achieve a flow distribution closer to the
ideal flow seen in this chapter.
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Chapter 6

Flow distribution plate optimisation

With the results from the model described in the previous chapter, it becomes clear that there
are benefits to implement a more ideal flow in the test station, as this minimises the (negative)
influence of the test station on the measured results. In this chapter a new flow distribution plate
design is evaluated. The goal of the new flow distribution plate is to create the inlet condition
associated with the flow distribution from the ideal case in Chapter 5.

6.1 New Design

To be able to fit the design into the existing test station some design constraints have been put into
place. One of these constraints is that the inlet and outlet ducts need to extrude perpendicular to the
cell surface area from the flow distribution plate. As described in Section 3.1, the cell is sandwiched
between two flow distribution plates and is suspended in the middle of the oven by attaching the
inlet and outlet ducts coming from the flow distribution plates to the oven. This design constraint
means there is a need for a method of converting the perpendicular flow to a tangential flow. In
this design the inlet and outlet of the flow distribution plate are therefore moved to the sides, to
create space to redirect the mass flow from the inlet duct and to create a desirable flow distribution.

To supply the cell with tangential mass flow, the mass flow direction needs to be turned 90 degrees
as the inlet duct supplies the mass flow perpendicular to the cell due to the design constraint.
To do this a channel needs to be cut into the flow plate. Unfortunately, as commercial metal 3D
printing techniques are not available at the time of writing, the channel needs to be milled into the
plate, which leaves the flow distribution plate open. The channel is therefore covered up with a
cover plate made from the same material, which seals off the flow channel. In Figure 6.1 a section
half view of the distribution plate is shown in the xz-plane, where the main flow plate is indicated
with pink, the cell is indicated with orange, the mica seal with green and the cover plate in blue.
From the figure it becomes clear that without the cover plate, indicated with blue, sealing the cell
would be a challenge.
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From this picture as well it is seen that the area underneath the cell is not milled. The reason for
this is that the cell need to be insulated with a mica seal to prevent gas leakages. This mica seal,
placed between the cell and the flow distribution plate, creates a distance between the cell and
the flow distribution plate. If the flow distribution plate below the cell was milled like the rest
of the channel, the bulk concentrations below the electrode would decrease due to the increased
channel height, as concentration is a function of volume and number of molecules. This drop in
concentration will influence cell performance, as concentrations effect the Nernst potential and
overpotentials, as displayed in Equations 2.7 to 2.17. It is possible to negate these effects by
introducing flow obstacles, however it is more convenient in the production process to not mill out
the flow distribution plate section underneath the cell.

The resulting bump in the flow area does cause a z-shaped bend in the duct to exist and the
entrance effects do need to be taken into account in determining the flow velocity profile along the
cell. A more detailed evaluation of the z-shaped duct is given below.
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Figure 6.1: A half view of a design to seal of the channel necessary to turn the incoming mass flow by 90 degrees.

With the z-shaped duct design the flow passes through two 90 degree bends, which means that the
velocity profile needs a distance to stabilise after these bends. This phenomenon is known as an
entrance effect. To determine the entrance effect and length in this design, a 2D CFD simulation
was done. This simulation used the same settings as described in Chapter 5, with the exception
that the element size was reduced to 3.5¢~° and set to quadrilateral, the flow media was set to
porous to minimise entrance effect and the inlet velocity was chosen as 0.27 m/s. The result of this
simulation is shown in Figure 6.2. From this figure it becomes clear that the entrance effect lasts
less than 0.5 millimeter.

To avoid that the entrance effects influence the cell performance, the cell is placed such that the
active electrode area starts after the entrance effects. This means that the raised section underneath
the cell is made 42 millimeter long, 2 millimeter more than the active cell area. This extra two
millimeter, one millimeter at each end, prevents the leading and trailing edges of the cell to be
effected by the entrance effects.
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Figure 6.2: 2D velocity profile in the z-shaped duct transporting the fuel gasses to the cell.

The CFD analysis of the z-shaped duct gives an indication of the flow distribution profile in the
xz-plane, as indicated in Figure 6.1. As the flow volume below the cell is three dimensional, the
flow distribution in the xy-plane needs to be investigated as well. It is in this plane where the flow
distribution study is done in Chapter 5. It is therefore important that the design creates the flow
distribution seen at the inlet of the ideal case in Chapter 5, to achieve the goal set out for the
design. To achieve this flow distribution, four different expansion area’s are investigated. These
flow areas are displayed as drawings in Figure 6.3. These drawings indicate the shape of the flow
channel, shown in Figure 6.1, in the xy-plane.

In these designs the 3 millimeter diameter circles serve as mass flow inlets. The 3 millimeter
diameter inlets have been chosen on the fact that it’s a common size drill bit used in milling
machines, which makes production easier, and the original setup operates with a similar inlet
diameter, namely 3.17 millimeter, meaning the results will be comparable. The 40 millimeter edge
on the left serves as mass flow outlet, which is located at the beginning of the z-shaped duct. The
horizontal length of 22 millimeter is limited by the maximum flow plate dimensions the test station
can accommodate, which is 90 millimeters.
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Figure 6.3: Designs of expander flow areas.

In Chapter 5 it is demonstrated that introducing nickel foam in the flow area minimises boundary
layer development and provides a more uniform flow. This is the reason that the flow areas are
modelled with as a porous media, to reduce the boundary layer development. Therefore, to achieve
the CFD results in the experimental setup, the flow channel has to be filled with a nickel foam. The
addition of nickel foam in the expansion area also creates continuity as the entire flow volume will
be filled with nickel foam.

To evaluate the flow areas, 2D CFD simulations are made of each drawing. For these simulation
the same settings as described in Chapter 5 where used, except the element size was reduced to
3.5¢75 and the inlet velocity was set to 1.15 m/s, to match the volume flow velocities mentioned
in Section 3.1. The results of these CFD simulations is shown in Figure 6.4. The figure shows the
outlet velocity profile for all designs. From this graph it becomes clear that the dual inlet design (D
in Figure 6.3) provides a outlet velocity profile that most closely matches the inlet velocity profile
seen in Chapter 5. In order to quantify how much this design matches the goal of creating the
ideal inlet flow conditions, the inlet flow distribution and the outlet of the design are compared in
Figure 6.5.
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Figure 6.4: Comparison of the outlet velocity profiles of the different designs.
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Figure 6.5: Comparison of the inlet distribution of an ideal inlet and the inlet provided by the design

The combination of the z-shaped duct and the flow area led to the design displayed in Figure
6.6 and Figure 6.7. This flow distribution plate design can be implemented in the test station
as adapter plate or as a replacement. When the new design is to be used as an adapter plate,
channels need to be made on the bottom connecting the flow inlet and outlets of the current flow
distribution plate to the inlets and outlets of the new distribution plate. In this case the channels
will replace the ducts shown in the figures as cylinders going down.
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Figure 6.6: Figure of the design without cover plates.
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Figure 6.7: Figure of the design with cover plates.
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Chapter 7

Results

In this chapter the results of the fuel flow distribution model and the experimental results will be
shown. The conclusions of the results will be discussed in the next chapter. The chapter is split into
two sections. The first section contains the experimental results indicating the improvement of the
test station. Additional results from experiments can be found in Appendix B.

The second section displays the fuel flow distribution model results, where the current densities
and fuel utilisation results are displayed for the ideal case and the setup case at high inlet velocities.
The reason that these cases in particular are shown is that they correspond to the CFD results seen
in Chapter 5. The results of other operating cases are displayed in Appendix C.

7.1 Test station improvement results

In Section 3.2 the original test station configuration is described. This test station was used to
test solid oxide cells for the Balance project following an experimental protocol to determine
characteristics of the cell which are described in Section 3.1. This protocol consisted of 120 hours
of steady state fuel cell operation and 120 hours of steady state electrolysis operation, which is
followed by 33 days of cyclic operation, as described in Section 3.1 and shown in Figure 3.1.
During the first 6 experiments a problem was encountered. Shortly after the beginning of an
experiment the performance of the cell would decrease significantly preventing the experiments to
achieve the objectives. The summary of all the experiments is given in Table 7.1. In this table the
cell number, which corresponds to the experiment number, the operating temperature, the number
of completed cycles and the average current density is given. The percentage in the "completed
cycles" column indicate how many of the 33 cycles had been completed before the experiment was
stopped. The percentage number in the last column indicates how close to the average current
density, during cyclic operation, was to the target current density of the protocol. The current
density target was 0.5 A/cm? when operating at 750 °C and 1.25 A/ecm? when operating at 700
°C'. A more detailed description of each experiment is given in the rest of this Section.
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Table 7.1: Brief summary of experimental results

cell number | operating temp. | completed cycles[#](%) | average current density[A/cm?](%)

1 750°C 1 (3%) 0.0375 (7.5%)
2 750°C 1 (3%) 0.0375 (7.5%)
3 750°C 1 (3%) 0.0625 (12.5%)
4 750°C 1 (3%) 0.125 (25%)
5 750°C 3 (9.10%) 0.2042 (40.8%)
6 750°C 0 (0%) 0 (0%)

7 750°C 10 (30.3%) 0.453 (90.6%)
8 750°C 0 (0%) 0 (0%)

9 750°C 21 (63.6%) 0.44 (88%)
10 700°C 14 (42.4%) 0.718 (857.5%)
11 700°C 7 (21.2%) 1.25 (100%)
12 700°C 30 (90.9%) 1.25 (100%)

Experiments 1 to 6 were performed before this research and used the original test station
configuration to perform the cell performance measurements. The results of these 6 experiments
will be used as a baseline reference to evaluate the improvement of the new configuration of the
test station.

From these 6 experiments, the first three experiments where conducted at a current density of
0.04 A/em? and did not complete more than 5 cycles. These experiments were conducted at this
relatively low current density because the measurement equipment could not measure current
densities higher than 0.04A/cm?. After experiment number 3 the electronic circuit was adapted
to accommodate higher current densities as described in Section 3.2. However, as the first 3
experiments were performed at relatively low current density, the results from these experiments
are not discussed further. Experiments with cells 4 and 6 did not complete more than 1 cycle and
are thus also not discussed further, as too little data retrieved from these experiments to draw
any useful conclusions. This leaves the experiment with cell 5 as baseline reference for further
studies. The objective of experiment number 5 was to determine the cell characteristics mentioned
in Section 3.1 whilst operating at a current density of 0.5 A/cm? during cyclic operation and the
associated operating conditions.

The results of the cyclic operation and the first i-v curve measurement of this experiment are
shown in Figure 7.1. The constant current operation results will be discussed later in this section.
The data for the cyclic operation voltages seen in the figures were obtained by taking the average
voltage value over the time the cell ran in that mode. This means the average of approximately
3600 voltage measurements during fuel cell mode and 24000 during electrolysis. The i-v curve
data shown in the figures below was gathered by taking the average of 5 voltage measurements,
taken at three seconds intervals.
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Figure 7.1: Results from experiment number 5.

Figure 7.1A displays the total current going through the cell in both electrolysis and fuel cell
operation against the cycle number. A cycle starts with fuel cell operation, for 3 hours, and is
followed by electrolysis, for 20 hours, which is why each cycle number has both a electrolysis and

a fuel cell voltage.

The cyclic operation begins with fuel cell operation with a current of 8 ampere (0.5 A/cm?). For
cycle 2 this total current in fuel cell mode is reduced to 5.6 ampére and in cycle 3 it is even further
reduced to 0.4 ampére. The cause of these current reductions is the operational voltage of the
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cell. The operational voltage is the potential difference between the fuel and air electrode, which
is determined by the summation of the Nernst potential and the overpotentials, as is explained in
more detail in Chapter 2 in Equations 2.7 to 2.17. This potential difference is what is measured
by the voltage measurement system in the test station described in Section 3.1. In Figure 7.1B
the operational voltage of the cell during fuel cell mode is displayed. This graph shows that the
operational voltage of the cell in cycle 2 had reduced to 0.18 volt when the total current was
increased from O to 5.6 ampere. This operational voltage of 0.18 volt prevented the current to
increase to the desired total current of 8 ampere, as this voltage could not be reduced further
without damaging the cell, as explained in Section 3.1. In cycle 3 the operational voltage had
reduced to 0.2 volt when the current was increased to 0.4 ampeére, limiting any higher current
outputs for the same reason.

The operational voltage during electrolysis is shown in Figure 7.1C. The operational voltage during
electrolysis in the first cycle was manually limited to 1.25 volts, as a reaction to the low operational
voltage during the fuel cell operation in that cycle. At the voltage limit the cell operated at a
current of 5.6 ampére (0.35 A/em?). This indicates a 32.5 percent increase in voltage compared
to the voltage value found at the same current density during i-v curve measurement. As this
degradation rate is too high to complete all 33 cycles, the voltage was not increased further in an
attempt to curb the degradation rate. This proved to be not effective, as during electrolysis in the
second cycle the voltage had risen to 1.5 volts, while the current had only increased from 0 to 0.4
ampeére. Because of his high voltage increase at a relatively low current increase in the second
cycle, it was decided not to increase the current, and thus the operational potential, any further as
the desired 8 ampére was not going to be reached within the operational voltage limit. In cycle 3
electrolysis performed relatively better, compared to cycle 2, as the voltage had risen to 1.26 volt
when the current was increased from O to 0.6 ampere. It was decided not to increase the current
any further in this cycle as well, because of the same reason in cycle 2.

The experiment was stopped after three cycles because the Balance protocol prescribed 0.5A4/cm?
current density was not going to be met in either operational mode within the specified upper and
lower voltage limits of 0.4 and 1.7 volts.

In Figure 7.1D the initial i-v curve of experiment 5 is shown, which is the first measurement taken
during the experiment. The i-v curve measurement is done to assess the operational potential
of the cell for current densities varying between 0 and 0.5 A/em?, as this gives an indication
on how the cell performs in both modes. This also provides a baseline to measure performance
degradation over time against, as between the initial i-v curve measurement and the first cycle the
cell has operated 120 hours in fuel cell mode and in electrolysis mode, respectively. The difference
between the i-v curve measurement and the first cycle therefore give the degradation over these
constant current operation sections of the protocol.

Figure 7.1D shows that the performance of the cell is significantly better during the i-v curve
measurement compared to the performance seen during the first cycle of the cyclic operation.
The fuel cell operation in the first cycle was performed at 0.33 volt, compared to the 0.86 volt
during the i-v curve measurement at the same current density. This is a voltage loss of 62%. As
stated above the electrolysis performance dropped by, at least, 32.5% when comparing the first
cycle electrolysis performance to the i-v curve measurements. These losses indicate that during the
constant current operation a significant portion of the performance is lost.

No significant drop in performance was measured over the duration when the cell was operating
in fuel cell mode with a constant current. During electrolysis however, an average degradation
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was measured of approximately 1 millivolt per 25 minutes of operation. This difference in
degradation rate is the reason how the electrolysis operation was identified as the source of the
high degradation rate of the cells. The investigation therefore examined the electrolysis data
of the constant current operation section more closely. In Figure 3.9 the data of the first hour
of electrolysis during constant current operation is displayed. In this figure voltage spikes, of
20 millivolt, were found. These spikes occurred approximately every 45 minutes in the voltage
reading. The voltage returned to the values seen before the spike over a relatively long time. If
the spike had returned to the values before the spike in the next measurement, it could have been
dismissed as a measurement error. However as the reduction of voltage happened over a relatively
long time, it indicated a problem.

The explanation for the voltage spike and the time taken to return to the values seen before the
spike, was found by identifying the variables that influence the voltage. These variables are found
in the Nernst and overpotential Equations 2.7 to 2.17. From these equations it can be determined
that the voltage spike down seen in Figure 3.9, can be caused by, among other things, an increase
in temperature, increase in reactants and change in material properties. From these variables the
change in reactants was deemed most plausible. During electrolysis, this means that the water
concentration level fluctuated.

The water is injected via an injection needle into the inlet duct approximately 40 centimeters
above the cell inlet, as displayed in Figure 3.8. The injected liquid water travels down a cartridge
and thermocouple where it is evaporated. A cartridge is shown in Figure 3.7. In Chapter 4
it is calculated that a water droplet should evaporate within the length of the cartridge, if a
cartridge is the sole component in the inlet duct. In the original test station configuration there
is a thermocouple mixed in with the cartridge, it is therefore assumed that liquid water could
accumulate on the temperature sensor and reach on the cell surface from there, as explained in
more detail in Chapter 4. Once a droplet reaches the fuel electrode, it quickly vaporises with the
heat contracted from the cell. This increase in water concentration on the cell electrode decreases
the nernst potential, Equation 2.7, and the overpotentials from concentration and activation,
Equations 2.12 to 2.17. This decrease is seen in the spikes down in the voltage graph in Figure 3.9.
Droplets evaporating on the cell electrode also explains the steep rise in voltage after the spike
down. As the concentration from the evaporated liquid water is exhausted from the cell, the
voltage is expected to return to the values before the spike. However, as the droplet contracted heat
from the cell the cell temperature is locally lowered, and a temperature gradient is created. This
lowering of the temperature increases the Nernst potential and the ohmic overpotetial, Equation
2.9, explaining the voltage spike up. After the voltage spike up the cell heats up again. With the
gradual heating up of the cell the Nernst potential and the ohmic overpotential reduce again and
the cell is back to the potential before the initial spike, after approximately 45 minutes.

The rapid degradation is explained in this scenario by the temperature cycles and the reoccurring
temperature gradient in the cell. These degradation mechanisms are explained in more detail in
Section 2.2. Both of these mechanisms are known to cause cell failure as seen in Figure 3.10 and
5.1.

As this hypothesis fits the results seen from the electrolysis data and the post mortem investigation,
the water injection system needed to be redesigned. The redesign had to incorporate a
thermocouple temperature sensor at the cell inlet and a cartridge to evaporate water, without
interfering each other. This design process is described in Chapter 4.

The redesign of the water injection system was therefore implemented into the test station, which

90



is referred to as the new configuration. In Chapter 4, it is shown that during the first hour of
electrolysis operation the voltage fluctuation was reduced from 5 to 1.5 millivolt, a reduction of
70%. More importantly, the spike seen with the previous water injection system were completely
removed and the cells were retrieved from the test station after experiments in one piece. In the
discussion of the data from experiments 10 to 12 it will be shown that the high degradation during
electrolysis has been minimised as well. This indicates that the hypothesis presented above was
correct and that the redesign solved the problems that were encountered.

Experiments 7 and 9 were conducted with the same generation cells and followed the same
experimental protocol as experiment 5, but completed 10 and 20 cycles respectively. Experiment
8 incurred experiment ending damage due to a exhaust duct failure before the experiments
had began and is therefore omitted in the report. The most important difference between the
experiment numbers 7 and 9, compared to experiment 5, is the fuel inlet duct was fitted with a
p-trap. This p-trap prevented liquid water to enter the flow distribution area and thus from reach
the cell surface. The fact that experiment duration with cell numbers 7 and 9 was significantly
extended, ruled out that the cells were the limiting factor for the experimental duration. These
experiments also confirmed the assumption that water condensation in the fuel inlet duct was the
problem that was encountered in the baseline experiments.

Experiments 7 and 9 were also conducted with water injection systems to validate the calculations
done in Chapter 4. Experiments 7 and 9 will therefore not be further mentioned in this chapter.
Their experimental results are shown in Appendix B. Experiments 10, 11 and 12 were conducted
with the water injection system that was designed in Chapter 4. The results of experiments 11
and 12 are shown in this chapter in Figures 7.2 and 7.3. The experimental results of cell number
10 are shown in Appendix B, as during the experiment an issue was encountered rendering the
experiment unrepresentative.

91



Results cell 11

A) Current
21 T T T T
—%— Fuel Cell Mode
E,20.5 - —%— Electrolysis Mode |~
g 20 # # - #: +
E
3
O 95t g
19 1 ! 1 1 1
1 2 3 4 5 B T
cycle number [#]
B) FC voltage
0.5 T T T T
50
Q
o
a
(=]
=
0.3 1 ! 1 1 1
1 2 3 4 5 B 7
cycle number [#]
C) Elvoltage
1.7 ;

Volage [V]

3 4 5 B
cycle number [#]
D) i« curve

Volage [V]

—#— before
—¥— hefore
after
after

-1.5

-0.5 1] 0.5 1
current density [A/em2]

Figure 7.2: Results from experiment number 11.
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Results cell 12
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Figure 7.3: Results from experiment number 12.

Figures 7.2A and 7.3A, show that both fuel cell and electrolysis modes were conducted at 20
ampere (1.25 A/em?) in every cycle for both experiments. The operational voltage during fuel
cell, shown in Figures 7.2B and 7.3B and for electrolysis in Figures 7.2C and 7.3C. As the current is
equal between the experiments these operational voltage graphs give a good comparison between
the experiments.

In Figure 7.2B, it is seen that during cycle 3 the voltage dropped below 0.4, which is the lower limit
of the Balance experimental protocol. The experiment was continued despite the fuel cell operation
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voltage being lower than the prescribed minimum, to identify the point where the electrolysis
operational voltage would exceed the prescribed maximum. In Figure 7.2C the operational voltage
during electrolysis exceeded 1.7 volt during cycle 7. With both the fuel cell and the electrolysis
operational voltage exceeding the voltage limits set by the protocol, the experiment was stopped.
In Figure 7.2D two i-v curves are displayed. One is done before and one is done after the constant
current operation sections. As the system has run both operational modes for 120 hours in between
the time the two i-v curve measurement were taken, the difference between the i-v curves indicate
the degradation over these modes combined. As the i-v curves are nearly fully overlapping, the
degradation compared to experiment 5 is significantly reduced. This result, combined with the
reduction in fluctuation, indicates that the redesigned water injection system minimises the effect
of the test station on cell performance degradation by eliminating the condensation problem.

Figure 7.3 displays the results of experiment 12 and a similar story as the results from experiment
11. In Figures 7.3B and 7.3C the operational voltages during fuel cell and electrolysis mode
are displayed. During this experiment the voltage degradation per cycle was significantly lower
compared to experiment number 11, allowing the cell to run for 30 cycles. The experiment was
stopped after 30 cycles as a human error was made during the switching of the operational modes
during cycle 31, causing the cell to operating in fuel cell mode without hydrogen. This event
caused the cell performance to decrease. This decrease in performance cause the operational
voltages to exceed the protocol limits in both modes.

In Figure 7.3D, three i-v curves are displayed. One i-v curve measurement is done before and one
after the constant current operation section. The last i-v curve measurement is taken after the 30
cycles where completed, which is named "finial" in the graph. The i-v curves taken before and after
constant current operation show relatively little difference, as seen in experiment number 11 as
well. This result indicates that the degradation over both steady state operations is shown to be
relatively low, confirming that the high degradation due to the water injection system is greatly
reduced.

The difference between the i-v curves named "after" and "final" in Figure 7.3D, shows the overall
degradation sustained during cyclic operation in experiment 12. However, only a part of this
degradation is actually sustained due to the cyclic operation. In Figures 7.4 and 7.5 a more
detailed picture of the degradation is displayed, where the degradation of fuel cell and electrolysis
operation is displayed in millivolt per cycle. In these figures the black line represents the cumulative
degradation and the blue line the degradation per cycle.

In Figure 7.5 a degradation spike is seen in cycle 25 and in Figure 7.4 a spike is seen in cycle 26.
These spikes are caused by a water pump failure during electrolysis operation in cycle 25. The
water pump failure caused a lack of water flow to the cell during electrolysis operation. This lack
of water supply during electrolysis meant that the Nernst potentials and overpotentials worsened,
leading to a higher operational voltage for the operation in this cycle. However, it also had an
effect on the total degradation, as Figure 7.3C shows that the voltage did not improve back to the
original voltages after the pump had been repaired in cycle 26. Figure 7.4 shows that the fuel
cell mode following the event also suffered high degradation. The reason for this degradation
is assumed to be the lack of oxygen transport during electrolysis in cycle 25. It is assumed that,
because the current was kept constant in the system by the electronic subsystem displayed in
Figure 3.6, a mismatch was created between the number of oxygen ions available for transport
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through the electrolyte and the current in the cell. This mismatch could be damaging to the cell.
However, more research is needed to determine the precise degradation mechanism that occurred
during this event.

During cycle 31 a human error occurred during the switching of the operational modes, causing
the cell to briefly operate without hydrogen during fuel cell operation. During this event more
oxygen ions where transported through the electrolyte compared to the available hydrogen at the
fuel electrode. Because of this shortage of hydrogen, the oxygen ions reacted with the nickel in
the fuel electrode, which is known as oxidation. When hydrogen was re-introduced at the fuel
electrode, the oxygen from the fuel electrode reacted with the hydrogen. This process is known as
the reduction of the fuel electrode. This cycle of oxidising and reducing the fuel electrode is known
to damage the performance of a cell, as explained in Section 2.2.

Both these events added to the degradation due to cyclic operation. This total degradation is
seen as the difference between the i-v curves in Figure 7.3D. As the degradation in this graph is a
combination of factors, it is not straightforward to deduce the degradation due to cyclic operation
from this graph. In Figures 7.4 and 7.5 the degradation is seen per cycle and the degradation
across the first 24 cycles is on average 4.46 millivolt per cycle for fuel cell operation and 8.27
millivolt per cycle for electrolysis operation. As this result of degradation due to cyclic operation
is taken before the events that impacted cell performance, it gives a better representation of the
degradation due to cyclic operation compared to taking the difference in i-v curves from Figure
7.3.
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Figure 7.4: Fuel cell mode degradation of experiment number 12 per cycle.
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Electrolysis degradation cell 12 per cycle
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Figure 7.5: Electrolysis mode degradation of experiment number 12 per cycle.

From the results shown above, it is clear that both the original and the new test station
configurations were able to assess initial fuel cell and electrolysis performance of a cell by
measuring an i-v curve at the beginning of the experiment, as seen in Figures 7.1D, 7.2D and 7.3D.
A performance degradation over time could also be measured by both configurations of the
test station, as both completed the 120 hours of constant current operation for both modes.
However, the new configuration test station with the redesigned water injection system showed
significantly less degradation with the same generation cells and operational conditions. This
difference indicates that the original test station configuration had influenced the results of the cell
measurements.

The other objective stated in Section 3.1, determining degradation due to cyclic operation, could
not be measured in the original test station configuration. Because the experiments did not reach
the prescribed current densities within the operational voltage limitations during cyclic operation
or completed enough cycles to determine a degradation rate. In Figures 7.4 and Figure 7.5, shown
in the section above, it is shown that the elongated experimental duration, due to the redesigned
water injection system, allowed the new configuration test station to determine the performance
degradation per cycle due to cyclic operation.

To quantify the improvement of the changes made to the test station experiment number 5 is
compared to experiment 12, as shown in Figure 7.6. In Figure 7.6A the initial i-v curves are
compared. The performance during the initial i-v curve measurement of cell 5 is better than that of
cell 12, as the i-v curve shows a higher voltage at the same current density during fuel cell operation.
During electrolysis operation lower voltages are seen at the same current density, also indicating
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better performance. This performance difference is due to the higher operating temperature of 750
degrees Celsius for cell 5, compared to 700 degrees Celsius for cell 12. The causes for the increase
in performance is explained in detail in Chapter 2.

In Figure 7.6B the voltage for both operational modes per cycle is shown. From this graph it can
not be stated if the experiment with cell 5 or 12 performed better. The voltage graph should not
be taken as performance indicator on its own when current is not constant and equal between
the experiments. In this case it should be combined with the current density data, as is also done
with i-v curves. The current graph for both operational modes for both experiments is shown in
Figure 7.6C. This graph shows that the current during both operational modes during experiment
number 5 drops to nearly 0 within 3 cycles, where as the current during both operational modes
in experiment 12 stays at 20 ampeére for 30 cycles. Combining the graphs that show voltage and
current, it can be stated that cell 12 has superior long term performance as it performed more cycles
within the specification of the experimental protocol.

This performance difference shows that the new configuration of test station extended the
experimental duration by 900%, whilst the current density target was increased by 150%.
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Figure 7.6: Comparison of experiment number 5 to experiment number 12.

In addition to the extended experimental duration, the reliability was also improved by
implementing the redesigned water injection system. Because the cell performance degraded
relatively quick during the experiments 1 to 6, the reliability of the experiment was low. This means
that the performance of the different cells can not be compared, as the experimental execution
differed from experiment to experiment. This difference is mentioned in the beginning of this
section, where all experiments ran at different currents compared to each other and even from
cycle to cycle. With the improvement due to the water injection system, this reliability is improved
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to the point were different experiments can be compared, as shown below.

When looking at the results from experiment number 11 and 12, displayed in Figure 7.7, a
difference of performance can be seen. Figure 7.7A shows the difference in performance with
the initial i-v curve, which were performed under the same operating conditions. In this graph
experiment number 12 showed better performance as voltage is higher at the same current density
in fuel cell mode and lower for the same current density in electrolysis mode.

Figure 7.7B shows the difference in operational voltages per cycle during cyclic operation. The
operational voltage difference is a good indicator of the performance difference between the cells
in this case, as both experiments operated at a constant and equal current, as shown in Figure
7.7C. The operational voltages during experiment number 11 exceed the prescribed minimum and
maximum in 7 cycles. This means that experiment number 12 performed better, compared to cell
number 11, as the prescribed minimum and maximum where not exceeded in experiment number
12 until cycle 30. This figure also shows that the degradation rate is higher for cell 11 compared to
cell 12.

With both experiments mentioned above following the same protocol under the same operational
conditions, a performance difference could be measured between the cells in the test station with
the redesigned water injection system.
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Figure 7.7: Difference between experiment 11 and 12.

7.2 Fuel flow distribution model results

When investigating the cause of the high performance degradation, it was discovered that the cells
had markings on the fuel electrode. These markings are shown in Figure 5.1. It was assumed
that these markings indicated the flow pattern of the fuel flow. A 2D CFD analysis of the fuel
flow distribution showed streamlines with a similar pattern, seen in Figure 5.17, as the markings
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seen on the fuel electrode, the assumption was not rejected. The CFD anlysis also indicated that
the flow distribution in the test station was significantly different from those seen in literature, as
described in Chapter 2 and 5. The fact that very low velocities were found in the velocity data
of the 2D CFD anlysis led to the formation of the hypothesis that the fuel flow distribution across
the cell due to the flow distribution plate of the test station has a significant impact on the cell
performance measurements. To investigate the hypothesis, a model was made to convert the CFD
data to current density and fuel utilisation data. Due to time constraints the model only simulates
fuel cell operation conditions and only the fuel flow distribution is take into account, the air
distribution on the air electrode is assumed to be non restrictive to performance. The results of the
model simulating the test station case are compared to a fictional case, where the flow distribution
is derived from what is seen in the literature review. With this comparison the hypothesis can be
rejected or deemed plausible. In this section the flow distribution due to the flow distribution plate
in the test station will be referred to as the setup case. The flow derived from literature is referred
to as the ideal case.

The results from two case studies, the ideal case and the setup case with volume inlet flows
associated with operation at 1.25 A/cm? current density, are displayed in this section. The other
results are displayed in Appendix C, as they show the same trends as the ones showed in this section.

How the model converts the 2D CFD data to current density and fuel utilisation is described in
detail in Chapter 5, in this section a brief description is given.

The streamline data from the CFD analysis is loaded into the matlab program as x,y codrdinates
and streamline numbers. All the codrdinates with the same streamline number form a single
streamline. These streamlines are sorted by the program to ensure that streamline 1 and 2 are
neighbouring streamlines. This step is important as the program is going to make segments
between the streamlines. These segments act as mesh elements during a CFD analysis. For
each element the current density, mass conversion, mass inlet, mass outlet and fuel utilisation is
calculated. The inputs for each segment come from the previous segment and the results of the
segment are passed on to the next segment. To make the calculations easier to solve, the segments
are made between two streamlines from the CFD analysis. The assumption is made that the system
is in steady state, as well as uniform in temperature. When the system is in steady state no mass
crosses the streamlines and as uniform temperature is assumed there is no heat transfer between
segments. These assumptions makes calculations easier as the segments between streamlines the
can be solved sequential, streamline per streamline.

To calculate the current density, mass conversion, the mass in and output and the fuel utilisation
for each segment, an equipotential SOFC model is used, as described in Section 5.2.2. This model
solves the Nernst potential and overpotential equations, seen in Section 2.1.3, with an iterative
loop. In this iterative loop a high current density is given as an initial value and is lowered per
iteration. The iterations stop once the operating potential, calculated with Equation 2.8, is equal
to or greater than the user specified value. This method of obtaining the current density per
segment is faster than using a system of equations solver for each segment, as the calculation
duration decreased from 0.5 seconds per segment to 0.02 seconds per segment, an reduction of
96% computational time. This reduction comes at the price that the voltage is allowed to fluctuate
0.01% between segments, the voltage fluctuation is assumed to be acceptable in this research. The
results of this program are displayed below.
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Figures 7.8 and 7.9 display the model results of the current density resulting from that of a more
ideal flow and from the flow distribution plate in the test station, respectively. Figure 7.8 shows
a higher current on the inlet, on the left side, compared to the outlet, on the right side, which is
expected. As the reacting species are consumed and products are produced, the Nernst potential
is lowered and the concentration portion of the overpotentials grows, which is explained in more
detail in Chapter 2. This causes the current density to go down as the cell is operated under
equipotential conditions. A similar effect is seen in Figure 7.9 where the current density is highest
at the inlet and decreases towards the outlets.

However, as the streamlines in the setup case diverge near the corners of the cell area, large
area’s with low current densities are seen. These low current densities are explained by the
fuel utilisation plot in Figure 7.10. As mass flows outwards from the inlet, reacting species get
consumed. Because the mass flow moving to the corners needs to travel more distance to the
outlets compared to the flow going to the outlets directly, more reacting species get consumed and
thus the current densities are lower. This is compounded by the fact that as streamlines diverge
near the corners, more area is covered between the streamlines further lowering the concentration
of reacting species. These effects add up to the result displayed in Figure 7.10, where the fuel
utilisation in the corners rises to between 80 and 100 %. In contrast, the more ideal case does not
exceed 60% fuel utilisation, as shown in Figure 7.11. This fuel utilisation difference between the
case studies led to the result that the current density in the setup case drops below 5004 /m? and
the more ideal case stays above 1000A/m?.

The anomalies, the dark blue dots and scrambled lines, seen in the figures below were not found
in the data produced by the model and therefore do not influence the results of the model. It
is assumed that because the program Matlab is plotting nearly a million data points on a small
area some graphical, or compression, errors have happened resulting in the anomalies seen in the
figures.
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Figure 7.8: Current density results for the ideal case with an inlet velocity of 0.675 m/s.
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Figure 7.10: Fuel utilisation results for the ideal case with an inlet velocity of 2.7 m/s.
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Figure 7.11: Fuel utilisation results for the ideal case with an inlet velocity of 0.675 m/s.
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The overall results of the conversion model for all 8 case studies are displayed in the two tables
below. These tables display the total cell current, fuel utilisation, mass inlet error and the
improvement. The total current is calculated by a summery of all current density data from the
segments multiplied by their respective area. The fuel utilisation is calculated as the percent
difference of the inlet mass flow of reacting species compared to the outlet mass flow of reacting
species. The improvement is the difference in total current output between the particular case
study and the setup case for that operational point.

However, because of how the CFD analysis is performed in the setup case, the inlet and outlet area
are not included in the analysis. The fuel utilisation and current density results therefore needs to
be corrected for these areas. The reason for the way the CFD is performed is explained in more
detail in Chapter 5.

For the current density this correction is done by multiplying the average of the current density of
the first and last segments with by the area of the inlet and outlet, respectively. The fuel utilisation
is corrected by adding the mass conversion of reactive species due to the extra current density at
the inlet and outlets to the total converted mass of reactive species calculated by the model.

As the mass conversion on the inlet surface area is not taken into account in the model when
calculating the variables such as current density, an overestimation of concentration of reactive
species, and thus an underestimation of product species concentrations, is present during the
calculations. The overestimation of reactive species during calculation is displayed in the tables
below as the mass inlet error.

The operating potentials for the model were chosen as 0.815 volt for the operating conditions
associated with the operation at 0.5 A/cm? and 0.535 volt for the operating conditions at 1.25
A/em?. These voltages where chosen as they correspond with the data from the initial i-v curve
measurements during the experiments. With the active cell area at 16 c¢m? this means that
the experiments resulted in a total current of 8 ampere at 0.815 volt and 20 ampére at 0.535
volt. At the specified potentials the setup case differs 0.14% and 0.21 %, respectively, from the
experimental results with regards to the total current output.

The largest improvement in performance is found between the ideal case and the setup case. This
difference in performance is 27-32%, with the ideal case outperforming the setup case. The nickel
diffuser improves performance in the ideal case by 2.8-3.5%, in the setup case this slightly reduced
to a 1.3-2.5% improvement.

Table 7.2: Results for the 4 cases at 750 degrees at 0.815 volt.

Case current [A] | fuel utilisation [%] | mass inlet error [%] | improvement [%]
Setup 8.0112 39.4801 0.5741 -
Setup without diffuser 7.9012 38.9498 0.5743 -1.37
ideal 10.55 51.1069 0 31.69
Ideal without diffuser 10.1971 49.4068 0 27.29
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Table 7.3: Results for the 4 cases at 700 degrees at 0.535volt.

Case current [A] | fuel utilisation [%] | mass inlet error [%] | improvement [%]
Setup 20.0429 39.5099 0.4548 -

Setup without diffuser 19.5521 38.5623 0.4549 -2.45
ideal 26.4262 51.2055 0 31.85

Ideal without diffuser 25.7011 49.8081 0 28.23

It is important to state that the results shown in the tables above are based on a number of
assumptions, mentioned in the list below.

* The streamlines do not change significantly due to phenomenons associated with SOFC
operation.

* The diffusion coéfficient is constant.

* The concentration of reactants and products is uniform in the volume of a segment.
* Diffusion of species across streamlines is negligible.

* The temperature of the cell and gasses are uniform.

* The cell properties are taken from literature are representative.

It was assumed that the streamlines do not alter significantly due to phenomenons associated with
SOFC operation. In chapter 5 it was shown that the streamlines from the CFD visually matched
with the oxidation pattern on the cell. In this chapter, the results in Figure 7.10 show that with the
areas with high fuel utilisation, above 80%, visually match with the greenest areas of Figure 5.1.
As oxidation of the fuel electrode is dependent on the hydrogen concentration, the result concurs
with the markings seen on the fuel electrode. This means that the assumption still can not be
rejected based on the model results and visual comparison.

The assumptions that the concentration is uniform in the volume of a segment and that diffusion
is constant, effects the results more in the areas where the fuel utilisation is higher. Because
diffusion is dependent on the gradient of a concentration, means that the diffusion decreases as
fuel becomes more dilute. This means that an assumed constant diffusion actively forces species to
the fuel electrode, increasing performance. The reverse can be true if a segment has a high fuel
concentration, where the assumed diffusion can limit the species transport. However, as the setup
case has a significantly large area with very high fuel utilisation, compared to the ideal case, the
assumption effects the setup case more.

The assumption that diffusion of species across streamlines is negligible has less effect on the
ideal case, as the concentration differences on either side of a segment are relatively low. For the
setup case this assumption has a larger effect as the concentration differences over streamlines can
become relatively big, as seen near the outlets.
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The fact that, despite the assumptions listed above, the model results are within 0.25% of the
experimentally validated values for 2 operational conditions and visually match with the post
mortem investigations, does not mean the effect of the assumptions is negligible. The results of
the model should be taken as indications.

7.3 Summary of results

Figure 7.1 shows the results of a representative experiment performed in the original test station
configuration. The i-v curve measurement taken before constant current operation and the
performance during the first cycle after constant current operation indicated that there was a high
performance degradation. Investigation pinpointed the water condensation in the inlet duct during
electrolysis to be the root cause of high degradation encountered. This led to a redesign of the
water injection system.

Experiments conducted in the test station configuration with the redesigned water injection system
are shown in Figures 7.2 and 7.3. The i-v curves in Figures 7.2D and 7.3D, show a significantly
reduced degradation during constant current operation, due to the optimised water injection
system. This optimisation of the test station enabled the last experiment performed in this work to
operate for 30 cycles within Balance protocol specification, whereas the experiments done with the
original test station configuration could not perform a full cycle within those same specifications.
With the optimised water injection system, the test station enables solid oxide cell experiments to
determine all experimental objectives, as specified in Section 3.1. Because the degradation due to
cyclic operation can now be determined as seen in Figures 7.4 and 7.5, and the initial performance
and degradation over time are displayed with the i-v curve measurements in Figures 7.2 and 7.3.
With the increased experimental duration came a increase in experimental reliability as well. The
results of experiments performed in the original test station configuration could not be compared,
as the current differed between the experiments and even per cycle in a single experiment. With
the reduced degradation due to the new water injection system, experiments performed in the new
configuration test station could be compared, as seen in Figure 7.7.

The results from the fuel flow distribution model, displayed in Table 7.2 and 7.3, show a clear
cell performance improvement if the flow distribution is changed from the test station case to
the flow distribution derived from literature. This confirms that the hypothesis, stating that the
flow distribution of the test station has a significant influence on the experimental results of cell
performance testing, is plausible. Because of these results from the model, a new flow distribution
plate is designed for the test station in Chapter 6. This design provides the cell with a fuel flow
flow distribution that is significantly closer to that found in the literature review, as shown in Figure
6.4. This improved flow distribution will therefore provide a cell performance improvement. More
importantly the influence of the test station on the experimental results will be significantly reduced,
meaning the cell performance measurements with the test station become more reliable.

Furthermore, the model shows that a significant area of the cell operates with a fuel utilisation
that is associated with fuel starvation in the test station case. These effects influence the chemical
stability of the fuel electrode by introducing a reduction-oxidation cycle, as explained in Chapter 5.
This risk on fuel starvation effects is minimised by switching to a flow distribution as seen in the
ideal case, as the maximum fuel utilisation decreases significantly. As the proposed flow distribution
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plate provides the cell with a fuel flow flow distribution close to that of the ideal flow distribution,
switching to this design of flow distribution will minimise the risk on the effects of fuel starvation.
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Chapter 8

Conclusions and recommendations

The goal of this thesis was to develop the test station used for reversible solid oxide cell testing
for the Balance project. The development was to lead to better and more reliable results from the
experiments performed with the test station to achieve the experimental objectives set out by the
Balance project.

Investigation into experiments performed in the original test station configuration started as the
experiments showed a high degradation rate and the fact that post mortem investigation found
that all cells had cracked during the experiment. With the data seen in Figure 3.9, the calculations
done in Chapter 4 and the results of experiments numbers 7 and 9 it was shown that water
condensation in the water injection system caused the high degradation rate and the breaking
of the cells. As the original water injection system was influencing the experimental results and
preventing the experiments to achieve the objectives stated in Section 3.1, the water injection
system was redesigned in Chapter 4.

The implementation of the redesigned liquid water injection system led to the reduction of the
voltage fluctuations during electrolysis operation from 5 millivolt to 1.5 millivolt, which is a
reduction of 70%, as seen in Figure 4.3. The spikes of 20 millivolt, seen in Figure 3.9, with the
original injection system disappeared as well when using the redesigned system. As these spikes
are assumed to be only present when condensation in the inlet duct occurs, the absence of them
indicate that the condensation problem is solved by using the redesigned water injection system.
As a result of the improved water vapour supply, the solid oxide cells are now retrieved from the
setup in one piece after experiments, the time dependence of the i-v curve measurements during
electrolysis has been minimised and thus the reproducibility of the i-v curve measurement has been
increased.

The new liquid water injection system also provides a significant upgrade in long term cell
performance measurements. The baseline experiments which were performed with the original
system, have achieved a maximum of 0.54/cm? and a total of 3 cycles with an operating
temperature of 750 degrees Celsius across 6 experiments. This means that the third and final
experiment that used the optimised liquid water injection system not only operated at 350% the
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average current density, calculated with the average current density over all cycles, it completed
more than 900% more cycles with a 50 degree lower operating temperature. It has to be noted that
the increase in longevity is in part due to the fact that the baseline experiments were performed
with generation 1 cells and the last experiment with a generation 2 cell. The generation 2 cells
should have less degradation over time compared to the generation one cells, as mentioned
before, however to which extend is unclear. From personal correspondence with Balance project
partners it became clear that they did not experience an increase in long term performance in the
same magnitude, it is unlikely that the increase in performance and longevity seen between the
experiments is solely due to the generational improvement of the cells used.

The extended experimental duration enabled the measurement of the degradation of performance
during constant current operation and due to cyclic operation. It was found that the degradation is
5 and 7 times higher during cyclic operation, for fuel cell and electrolysis mode respectively. This
result means that the degradation due to cyclic operation is significant. If the technology is to be
used on a national level for electrical grid balancing applications, more research is needed. The
degradation rate of the ReSOC measured was relatively high compared to the results from Balance
partners. This finding means that part of the improvement can be found by further optimising the
test station to improve long term ReSOC performance.

The optimisation of the water injection system has been an important step in the development
of the test station, as this development enabled the test station to perform the experiments and
measurements necessary to meet the objectives set for the experiments by the Balance protocol,
as displayed in Section 3.1. Furthermore, it improved the reliability of the cell performance
measurements as the influence of the test station on the short term and long term cell performance
measurements is significantly reduced. Lastly the development improved the reliability of the test
station, meaning that experiments can be duplicated and verified which showed that more research
and development is necessary for both the ReSOC and the test station.

When investigating the breakage of the cell, markings were found on the fuel electrode. A 2D CFD
study confirmed that it is plausible that the markings indicate the flow distribution inside the test
station. It was hypothesised from these findings that the fuel flow distribution significantly impacts
the cell performance and thus the measurements done in the test station.

A simple SOFC model was used to convert the CFD data to current density and fuel utilisation
data. The results from this model show an approximate increase of 30% of total current output at
the same potential for an case with a more ideal flow distribution compared to the case with the
distribution found in the test station. This value can be found in Tables 7.2 and 7.3.

This increase in performance is due to the fuel flow distribution removing the high fuel utilisation
area’s from the cell. Figure 7.10 shows that an area of approximately 20% operates with a fuel
utilisation of higher than 80% with the original flow distribution plate, whereas the more ideal
flow distribution does not exceed 60% fuel utilisation. To give context, the overall fuel utilisation
in the case with the more ideal fuel flow distribution is 10 percentage points higher compared to
the case with the flow distribution found in the test station. This decrease in local fuel utilisation
across the cell in the more ideal case leads to a higher local reversible, Nernst, potentials, lower
overpotentials and thus an increased cell performance.

When drawing conclusions from the results of the model it has to be kept in mind that the results,
mentioned above, are based on a large number of assumptions. Due to these assumptions the
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results need to be taken as indication.

As all experiments shown in Chapter 7 have stopped before the 33 operational cycles were
completed because the prescribed upper and lower voltage limits were reached, a further extension
of the experiment duration is therefore expected if a ideal flow distribution is used in the test
station. With the improved flow distribution the upper and lower potential limits will be met later
during the experiment due to the increased cell performance. The fact that the maximum local fuel
utilisation is decreased significantly can also contribute to a longer experiment duration as the risk
of fuel starvation effects on the cell is minimised. It is difficult to state to which extend the effects
of fuel starvation impact fuel electrode stability, and thus long term performance. At the time of
writing the impact of these effects are still unclear in literature. However, as the degradation seen
during the experiments is still higher compared to the results from Balance partners, it is assumed
that this effect had a significant effect on the degradation.

The fact that the model shows that adopting a more ideal flow distribution in the test station
can increase cell performance significantly and reduce the risks and effects of fuel starvation,
means that the current flow distribution influences the experimental results. Changing the flow
distribution in the test station to a more ideal flow will therefore reduce the influence of the test
station on the cell performance measurements and thus improve reliability of the measurements
The results in Chapter 6 show that the proposed flow distribution plate provides the cell with a
flow distribution closer to the ideal flow distribution than the currently in the test station. It is
therefore recommended that the adapter plate is produced to further improve the test station,
as the implementation will increase the reliability of cell performance measurements in the test
station as the influence of the fuel flow distribution is further minimised.

With the implementation of the more ideal flow plate, the simple SOFC conversion model can
be validated as well. If the new flow distribution plate provides the increase in performance as
predicted by the model, it proves that the fuel flow distribution model can be used as a quick tool
to asses the performance differences between ReSOC test stations.

In summary, this thesis concludes that the redesign of the water injection system has solved the
condensation problem in the inlet duct which caused the high degradation and cell failure observed
during experiments. The minimisation of condensation has led to more reliable measurements and
longer experiment duration. The longer experiment duration enabled the test station to perform
the experiments needed to achieve all experimental objectives set by the Balance project.

Due to the longer experiment duration it was measured that the degradation over constant
operation was approximately 5 to 7 times lower compared to the degradation due to cyclic
operation. This result indicates that the impact of cyclic operation is still significant and that
the ReSOC still needs further development if the technology is to be used in cyclic operation
on an industrial scale. Part of the improvement needed can come from development of the test
station, as the results seen from the experiments are still lagging behind compared to other Balance
partners. A simple fuel flow distribution model showed that further improvement of the test station
can be made when the inlet of the fuel flow distribution plate is changed from perpendicular to
tangential, to the cell surface area. It is therefore recommended that in future work the proposed
fuel flow distribution plate is used in the test station. The use of the new fuel flow distribution
plate will not only improve cell performance, lower the influence of the test station on performance
measurements and reduce fuel starvation risks, it can also validate the fuel flow distribution model.
When the model is validated, it offers experimental researchers a quick tool to compare flow
distribution plates.
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The main conclusions mentioned in this chapter are listed below.

* Degradation of cell performance is seen in constant current and in cyclic operation.
* Degradation is higher in cyclic operation compared to constant current operation.

* Cell performance increased and degradation reduced due to the redesigned water injection
system.

* With the redesigned water injection system the experimental duration was verified up to 1000
hours and all test objectives can be achieved.

* Degradation measured in the test station of the TuD still lags behind compared to
other Balance partners, except during constant current electrolysis operation, where the
performance and the degradation rate is similar compared to other Balance partners.

* Performance degradation needs to be decreased further for economic viability.

* Test station can be further optimised to increase cell performance and reduce degradation.
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"Science knows it doesn’t know everything, otherwise it would have stopped."
- Dara O’Briain
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Appendix A

CFD results

In this appendix the remaining results of the CFD analysis are discussed. For each of the remaining

cases the residuals, the flow velocity field and the streamlines are shown below.
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Figure A.1: Residual plot of the CFD for the setup case without nickel foam diffuser.
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Figure A.2: Residual plot of the CFD for the setup case without nickel foam diffuser.
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Figure A.3: Residual plot of the CFD for the setup case without nickel foam diffuser.

116



Residuals
continuity
s-velocity
y-welocity
energy
h2

contour-1

Welocil

[mis]

ity Magnitude
1.35e+00
1.21e+00
1.08e+00
9.47e-01
8.07e-01
B.73e-01
5.38e-01
4.04e-01
2.68e-01
1.35e-01
0.00e+00

Te+00
1e-02
1e-04
1e-06
1e-08
1e-10
le-12
le-14

le-16

Figure A.4:

Figure A.5:

ANSYS

2019 R1
ACADEMIC

0 50 100 150 200 250 300
[terations

Residual plot of the CFD for the setup case with nickel diffuser.

ANSYS

2019 R1
ACADEMIC

] 0.02 6m)
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Figure A.6: Residual plot of the CFD for the setup case with nickel diffuser.
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Figure A.7: Residual plot of the CFD for the setup case with higher inlet flows and without nickel foam diffuser.
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Figure A.8: Residual plot of the CFD for the setup case with higher inlet flows and without nickel foam diffuser.
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Figure A.9: Residual plot of the CFD for the setup case with higher inlet flows and without nickel foam diffuser.
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Figure A.10: Residual plot of the CFD for the ideal case without nickel foam diffuser.
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Figure A.11: Residual plot of the CFD for the ideal case without nickel foam diffuser.
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Figure A.12: Residual plot of the CFD for the ideal case without nickel foam diffuser.
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Figure A.13: Residual plot of the CFD for the ideal case with nickel diffuser.
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Figure A.14: Residual plot of the CFD for the ideal case with nickel diffuser.
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Figure A.15: Residual plot of the CFD for the ideal case with nickel diffuser.
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Figure A.16: Residual plot of the CFD for the ideal case with higher inlet flows and without nickel foam diffuser.
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Figure A.17: Residual plot of the CFD for the ideal case with higher inlet flows and without nickel foam diffuser.
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Figure A.18: Residual plot of the CFD for the ideal case with higher inlet flows and without nickel foam diffuser.
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Appendix B

Results of experiments

In this appendix the results of experiments 7,8 and 10 are displayed. These results were omitted
from the report as they were conducted with a different objective or the data was effected by an
unexpected event.

In Figure B.1 the result of experiment number 7 is displayed. This experiment was performed with
a 3 meter long preheated inlet duct without cartridge to verify calculations done in Chapter 4.

The experiment was conducted at a current density of 0.5 A/cm?, which gives a total current of 8
ampere as seen in Figure B.1.A. As this experiment was performed to gather data on the fluctuations
during electrolysis, the fuel cell voltage was kept above 0.6 volt to prevent any issues during fuel cell
limiting the experimental duration. The average operational potential during fuel cell operation is
shown B.1.B. During cycle 7 the voltage decreased to 0.6 volt at a current of 7.7 ampere, the current
was not increased further. For cycles 8,9 and 10 the current output was reduced even further to
keep the voltage equal or above 0.6 volt.

In Figure B.1.C the operational voltage is shown during electrolysis. The first 6 cycles the voltages
was allowed to increase as the current was kept steady at 8 ampere. During these cycles the voltage
climbed 200 millivolt, which is 34 millivolt per cycle. This decrease in performance is roughly
4 times higher than what is seen in experiment number 12. Therefore, in order to exend the
experiment the current was limited to 6 ampere in cycles 7 and 8 to elongate the experiment, as
degradation is dependent on the current density. To verify if this actually worked, the experiment
was put back to 8 ampeére in cycle 9. As the operational voltage increased to over 1.6 volt,
an increase of more than 200 millivolt per cycle, the reduction of current did not reduce the
degradation of performance. Finally in cycle 10 the current was reduced to 4.5 ampere, which
marked the end of the experiment.

In Figure B.1 the i-v cuve graph shows the inital i-v curve measurement. Due to heavy fluctuations,
as displayed in Figure 4.3, some i-v curve measurement points during electrolysis could not be
measured.
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Figure B.1: Results from experiment number 7.

Experiment number 8 collected no data due to a failure during the start up procedure, where a
fuel exhaust duct got clogged. This blockage caused a fuel back pressure, which reduced the cell
performance to a unusable level.

Experiment number 9 was conducted to verify the calculations in Chapter 4, like experiment
number 7. The fuel cell operation was operated at 7 ampeére, shown in Figure B.2.A, as the initial
operational voltage was already under 0.6 volt. Like in experiment number 7, the operational

126



voltage of the fuel cell operation was kept relatively high compared to the specified minimum of
0.4 volt, as to prevent the occurance of experiment ending events during this operation. In Figure
B.2.B the operational voltage during fuel cell operation is seen.

Electrolysis operation was performed at 8 ampeére in the first 2 cycles. However during these two
cycles the operational voltage increased more than 50 millivolt per cycle, as seen in Figure B.2.C.
In an effort to curb the degradation rate the current was lowered to 7 ampeére. This reduction in
current draw allowed the cell to operate for 21 cycles.

In the last graph, the i-v curve measurement results from before the cyclic operation and after
cyclic operation are displayed. The difference between the two curves indicate the performance
loss over 21 cycles is significant.
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Figure B.2: Results from experiment number 9.

The results of experiment number 10 are shown in Figure B.3, where B.3.A indicated total system
current, B.3.B fuel cell operational voltage, B.3.C the operational electrolysis voltage and the
last graph shows the i-v curve measurements. This was the first experiment conducted with the
objective to operate at 1.25 A.cm?, instead of 0.5, and the first experiment with the redesigned
water injection system.

The first setback that was encountered during this experiment, occurred during the fuel cell
operation in the first cycle. During this operation the platinum wires coming from the cell to
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transport the current to the electrical subsystem started to glow white hot. Because of this setback,
all operation was limited to 12 ampere. This is therefore the current seen in cycles 2 to 6 for fuel
cell operation and 1 to 6 for electrolysis operation. This setback was solved for experiment number
11 by adding more platinum wires to the current collector.

During fuel cell operation in cycle 7, an outside event triggered a gas alarm. This gas alarm cut off
all flows to the setup. This caused high degradation in the cell as seen by the significant decrease
in operational voltage in cycle 7 during fuel cell mode and the significant increase in electrolysis
in cycle 8. After this event the current in both modes was reduced to keep the operational voltage
of fuel cell mode above 0.5 volt and for electrolysis mode below 1.5. Because of the relatively low
performance after the event, the experiment was stopped after 14 cycles, as it was more beneficial
for the Balance project to start a new experiment.

In the last graph the i-v curve measurements taken before steady state operation and before cyclic
operation are shown. From these measurements it is demonstrated that the high degradation over
the steady state operation is relatively low with the redesigned water injection system, which is also
concluded from the i-v curves shown in Figures 7.2 and 7.3.
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Figure B.3: Results from experiment number 10.
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Appendix C

Results of the fuel flow distribution
model

In this section of the report the results from the model for the cases not discussed in the report are
displayed. These results were omitted from the report to improve readability as they show the same
trend mentioned in the report. The ideal case has a more uniform flow compared to the setup case
and the nickel foam diffuser has a slightly bigger impact on performance in the ideal case. This
larger impact is due to the more pronounced boundary layer development in the ideal case.
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Figure C.1: Current density of the ideal case.
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Figure C.2: Fuel utilisation of the ideal case.
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Figure C.3: Current density of the ideal case without nickel foam diffuser.
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Figure C.4: Fuel utilisation of the ideal case without nickel foam diffuser.
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Figure C.5: Current density of the ideal case with higher flows and without nickel foam diffuser.
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Figure C.6: Fuel utilisation of the ideal case with higher flows and without nickel foam diffuser.
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Figure C.7: Current density of the setup case.
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Figure C.8: Fuel utilisation of the setup case.
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Figure C.9: Current density of the setup case without nickel foam diffuser.
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Figure C.10: Fuel utilisation of the setup case without nickel foam diffuser.
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Figure C.11: Current density of the setup case with higher flows and without nickel foam diffuser.
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Appendix D

Experiment manual

In this appendix the method of assembling the cell in the setup used by the university is described
step by step.

Firstly the the seals need to be cut to dimension. The mica sheets with thickness of 0.7mm is cut
to 60mm by 60mm outer dimensions and 40mm by 40mm inner dimensions. A nickel foam with
a thickness of 0.55mm needs to be cut to 40mm by 40mm dimensions. Lastly 2 aluminafelt sheets
are taken. One of these sheets requires a square cut out of 40mm by 40mm in the middle which is
rotated 45 degrees compared to the sheet. The end products are displayed in Figure D.1. The cell
is not displayed in the figure, but is necessary for testing.
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Figure D.1: Items required for assembly. From top left to bottom right: aluminafelt cut out, aluminafelt #1, aluminafelt
#2, mica sheet, nickel foam, mica sheet.

Before assembly begins the fuel flow distribution plate needs to be sanded down and cleaned with
a cleaning agent to improve the seal between the plate and the mica sheet. After cleaning place a
mica sheet on the distribution plate in a manner that the inlets and outlets are encompassed by the
mica sheet. The nickel foam should fit right in the center of the mica sheet. To prevent the mica
sheet from moving during assembly tape the mica to the distribution plate with painters tape. The
use of stronger tapes is highly discouraged as those tapes do not burn off as easily as painters tape.

139



These steps are depicted in Figure D.2.

Figure D.2: Assembly of the first mica sheet and the nickel foam diffuser.

With the nickel foam in place the cell can be place on top of the nickel foam and mica sheet with
the green nickel electrode down. The second mica sheet can be placed on top of the cell in manner
that leaves the black air electrode fully exposed. This is shown in Figure D.3. Again to aid assembly
the mica sheet is taped down to the distribution plate.
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Figure D.3: Assembly of the cell and second mica sheet.

After the cell and mica sheet are placed the aluminafelt with the square cutout is place on top
of the cell. The cutout of the aluminafelt lines up with the cell leaving the air electrode exposed
whilst simultaneously lining up the holes on the corners of the felt with those of the distribution
plate. With the aluminafelt in place the platinum current collector is placed on the air electrode
as displayed in Figure D.4. The cutout of the aluminafelt is placed on top of the platinum current

collector and the last aluminafelt is placed on top of that. The end result should look similar to
Figure D.5.
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Figure D.4: A figure depicting how the platinum current collector should be placed on the air electrode.
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Figure D.5: Assembly with the aluminafelts in place.

With the aluminafelts in place the air flow distribution plate can be placed on top. With the air
distribution plate in place the retention bolts can be inserted in the way that is depicted in Figure
D.6. On the bottom of the retention bolts springs are attached. These springs have an unloaded
length of 29mm and a spring constant of 3kg/mm and were tightened to 26mm during testing.
The whole setup can now be flipped upside down and lowered into the oven for testing.
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Figure D.6: Fully assembled setup.
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