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Abstract

This work is focused on a state-of-the-art tubutacro-solid oxide fuel cell (RSOFC), ~3
millimeters in diameter and ~300 microns thick, wiNi/YSZ and LSM/YSZ composite

electrodes and a YSZ electrolyte.

A 2D axi-symmetric, multi-scale CFD model is deyedd which includes the fluid flow, mass
transfer, and heat transfer within the gas chararedsthe porous electrodes. The electrochemical
reactions are modeled within the volume of theteteles, enabling the model to account for the
extent of the reaction zone. Thermodynamic expoessare developed to estimate the single-
electrode reversible heat generation and the swigldrode electromotive force of a non-

isothermal electrochemical cell.

The isothermal, non-isothermal, and transient nwodet each validated against the experimental
results, and consistent with the physical realityhe TuSOFC. A novel approach is used to

estimate the kinetic parameters, enabling the sitimuls to be used as a diagnostic tool.

The model is used to gain a thorough insight atloetTuSOFC. The cathode electrochemical
activity and the anode support ohmic loss are ifiedt as the two major performance
bottlenecks for this cell.

Including radiation is found to be essential fquteysically meaningful heat transfer model. The
thermoelectric effects on the cell overall electodine force is found to be negligible. It is found
that the anode reaction is always endothermic,enthié cathode reaction is always exothermic,

and that the temperature gradients across théagelis are less than 0.05°C
The cell transient response is found to be fast,dominated by the thermal transients.

Several physical properties used in the model aasored experimentally, indicating that that
the correlations used in the literature are notagbvsuitable, especially when new fabrication
techniques are used. The conductivity of the arsogport was measured to be several orders of
magnitude lower than expected and very sensititertgperature, which explains the lower than

expected and occasionally degrading cell performaAchypothesis is proposed to explain this



phenomenon based on the thermal expansion effégth wesult in the formation and disruption

of particle to particle contacts within the compeslectrode.
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Chapter 1. Introduction

1.1 Solid oxide fuel cells

Fuel cells are electrochemical devices that contlet chemical energy of fuels directly to
electricity, with higher efficiency compared to ast any other energy conversion device. A fuel
cell consists of an electrolyte, an anode, andtlaoda. Electrolyte is an ion permeable medium
which separates the fuel from the oxidant. The tuedl electrochemically oxidizes the fuel to

produce electric power and heat.

Solid oxide fuel cells (SOFCs) are based on oxyiganeonducting electrolytes. A common
material used as an SOFC electrolyte is Yttriaibtaiol Zirconia (YSZ). YSZ becomes
conductive to oxygen ions at high temperaturescé&erSZ based SOFCs typically operate
around 800C. A high operating temperature has drawbacks ssgckealing problems, thermal
stress issues, and reduced ideal efficiency of ftle cell; however the advantages are
significant. At high temperatures the activitytbé anode and the cathode catalysts are much
higher; hence cheaper catalysts can be used wittxeellent performance. Nickel, the most

common anode catalyst, catalyzes the reformingticmecas well; thus SOFCs are compatible



with hydrocarbon fuels such as methane. These &alyas distinguish SOFCs as one of the most

promising types of fuel cells for both stationanggortable power generation applications.

A tubular micro-SOFC (ISOFC) is few millimetres in diameter and has a virin wall
(hundreds of microns). It has several advantages ather designs of SOFCs. Compared to the
planar design, a tubular design is much easieeah Jhe tubular design is mechanically more
robust; a critical factor for fabricating very thBIOFCs. The thinner electrode and electrolyte
layers reduce the ohmic resistance performancedostherwise a major efficiency bottleneck
for SOFCs. Thinner electrodes also reduce thedyaagainst the reacting components to diffuse
into and from the active sites within the porousceibdes. In addition, thinner layers reduce the
thermal stress caused by the temperature changdsreduce the thermal mass of the cell.
Therefore a stack of ISOFCs is suitable for rapid start-up and shut-deyeles, which is a
significant practical advantage, as it takes musigér for other designs of SOFCs to reach to
their operating temperature. The small diametehefluSOFC allows for the ‘packing’ of more
‘active area’ within the same volume and therefooeeases the volumetric power density of the
stack. The latter two advantages are especiallyoitapt for portable power generation

applications.

1.2 Thesis Objectives

The focus of this thesis is a novepfSOFC developed at the Alberta Research Council in
Canada. The aim of this work is to utilize mathao@tmodeling to facilitate the experimental
development and design of thetxSOFC system by providing a thorough insight int® it

performance. The main objectives of this thesis are

- To simulate the performance of the sing|leSDFC by developing a detailed multi-scale
mechanistic model that includes the many phenonmwirring within its tens-of-

micron-thin electrodes and electrolyte layers, ali &s its centimeter-wide gas channels.

- To experimentally characterize thetSOFC and measure the parameters used in the

model.

- To validate the model and verify its predictionsdxh on the experiments conducted on

the TuSOFC specifically for this purpose.
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- To use the model to gain a detailed insight in® ThnSOFC operation, at steady-state

and transient conditions.

- To use the model to facilitate the experimental eftgwment of the ISOFC by
identifying the performance bottlenecks.

1.3 Thesis outline

The initial intention of this work was to develop2eD axi-symmetric model for a single cell,
experimentally validate it, and then extend it twtier model the performance of a stack of
TuSOFCs in 3-D. However, the modeling and validabémhe single TSOFC itself proved to
be a quite challenging as the initial simulatiorexevnot consistent with the experiments, when
the physical properties appearing in the model vessaimed from the literature. This challenge
introduced an opportunity to utilize the model atiagnostic tool, which led to a thorough effort
to experimentally characterize the physical andctedehemical properties of the cell
components. The results showed that some of theepres were significantly different from the
expected values. In addition, they could furtheplax some of the issues with the cell
performance. Using the experimentally measured etigs, the model was successfully

validated and was then used to provide a detaitel@nstanding about theqSOFC performance.

In Chapter 2 the experimental procedures concenfiegiuSOFC fabrication and performance

testing are explained.

Chapter 3 is focused on the steady-state isothesimallation of the RSOFC. The mathematical

models describing the various phenomena occurnrijg SOFC are explained. Then the model
implementation, numerical solution, and parametgin@tion are explained. The model is
validated against the experimental results, and ritmmerical consistency of the results is
verified. The validated model is used to simuldie tell performance, understand various
aspects of its performance, and to identify thetrdoution of the performance loss mechanisms.

Finally, the sensitivity of the simulations to \@rs model parameters is investigated.

Chapter 4 presents the steady-state non-isothemualel, which is an extension of the
isothermal model. The heat transfer model is dgeglcand discussed in details. Expressions are

developed for modeling the thermodynamics of a isothermal electrochemical cell, which

3



enables the model to predict the single-electroeleersible heat generation, as well as
thermoelectric effects. The model predictions akdated against the experimental results, and

used to investigate the thermal behavior of thearel its sensitivity to various parameters.

Chapter 5 presents thetSOFC transient model. The prediction results arapared with the
experiments. Next, the model is used to study warespects of the transient behavior of the cell

performance and its time constants.

Chapter 6 focuses on the experimental charactenzat the TuSOFC to identify the sources of
its lower than expected performance. The issue asftact resistance, the electrochemical
performance of the cathode, and the effective coindty of the anode and the cathode
composites are studied and their long-term chaagesvestigated. The anode support effective
conductivity is found to be a major performancetleaeck due to its much lower than expected
conductivity, and based on the experimental obsemns a hypothesis is proposed to explain

these phenomena.



1.4 Thesis contributions

The main contributions of this work include:

- One of the most comprehensive continuum level noaedeveloped here to facilitate
the development of a state-of-the-art fuel celle fimodel includes mass, momentum, and
heat transfer. The electrochemical reactions areleted within the volume of the
composite electrodes, which enables the model toust for the extent of reaction
within the electrodes. Surface-to-surface radiaiormodeled completely. A model of
these details, for an actual cell, simulating itsady-state and transient behavior is

unique.

- The simulation results provide a detailed insighowt the cell performance. Most
significantly, it pinpoints the major performancettbenecks of the ISOFC.

- The extent of the experimental validation of thedeloas a wholesome, in terms of the
electrochemical performance, heat transfer, anddgmamic response of the cell is a

unique aspect of this work.

- A consistent thermodynamic framework is developddctv enables the calculation of
single-electrode heat generation, as well as thetreimotive force of non-isothermal

electrodes.

- Several physical properties appearing in the madel measured experimentally and

compared to values commonly reported in the liteeat

- A novel approach is used for estimating the modafknown parameters, which enables

the model to be used as a diagnostic tool.

- The immediate practical benefit of this work towsatte development of thetSOFC is

unique.



Chapter 2.  Experimental

In this chapter, the anode supportedSOFC used for this study is introduced, its faltiica

process is explained, and the experimental setugh$esting procedures are presented.

2.1 Anode supported tubular micro SOFC

The anode supporteduSOFC was about 7 cm long, 2.5 mm in diameter, dolita300pum
thick; see Figure 2.1. The cell had one end opehtla@ other closed. Hence, by the use of an
alumina fuel injector tube inside the cell, it didt require any sealing. Only a 2.5 cm length near
the closed end of the cell was active, particigatinelectrochemical reactions. The active length
had six layers, see Figures 2.2 and 2.3. Order@d the innermost, these layers were: anode
current collector (ACCL), anode support (ASL), aeddnctional (AFL), electrolyte, cathode

functional (CFL), and cathode current collector (C1¢.



Figure 2.1. The anode supportedu$OFC: an incomplete cell fabricated by electroptiore
deposition (EPD), before adding the cathode funetidayer, the current collectors, and the
wiring (bottom); a complete cell after reductioop(}.
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Figure 2.2. An SEM micrograph of the anode supportecdSOFC cross section.
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The ASL was a porous Ni/'YSZ composite, and as Hekest layer of all, it provided the
mechanical strength of the cell. The gaseous retsctnd products diffused through the ASL
pores, to and from the electrochemical active sitéthin the AFL. At the same time, the
electrons generated by the electrochemical reactizere conducted by the nickel particles to
the current collector. The ASL was made to be npor@us than the anode active layer to reduce
the diffusion limitation for the gaseous componeiiisere was a trade-off, however, as higher

porosity reduces the effective electric conducfioit the solid structure.

The anode reactions occurred within the AFL. It kfael same composition as the ASL, but to
provide more reaction sites, it was made of a fpreicursor powder without any pore former.
The hydrogen molecules reacted with the oxygen mosided by YSZ, to produce electrons
and gaseous water. The Ni particles conducted thles&rons to the ASL. Due to the low ionic
conductivity compared to electric conductivity dfet composite material, reactions mainly
occurred close to the electrolyte layer. Although ASL is electrochemically active, in a well

designed electrode, reactions should mainly rermmathin the AFL to achieve an optimum

performance.

The CFL was a porous composite of LSM (Lanthanurorium Manganate, lkaSr  MnOs)
and YSZ. LSM is an electron conducting ceramic Wwiaatalyses the oxygen reduction reaction.
Oxygen molecules reacted to produce oxygen ionsolbguming the electrons provided by the
LSM particles; oxygen ions were then conducted 97 Yarticles to the electrolyte and then to
the anode side.

The electrolyte layer was a dense YSZ layer, cotalyiémpermeable to gaseous components on
the cathode side and the anode side. YSZ is comdiacthe oxygen ions but not to the electrons.
It becomes conductive to the oxygen ions at highperatures (60C - 1000C), but even at
those temperatures its conductivity is still muebsl than nickel or LSM. In conventional SOFC
designs where the electrolyte layer is thick, ohiogses due to the low ionic conductivity of
YSZ is a major performance bottleneck. It is dédeao have the electrolyte layer as thin as
possible; however, it should be thick enough toidvamy cracks or pinholes. Cracks or pinholes

significantly reduce the performance of the cek ¢l an electric short circuit between the anode
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and the cathode, and also due to mixing and dresttion of the anode and the cathode side

reactants.

Composite electrodes exhibit superior performameeabse they can provide more active sites
for the electrochemical reactions. Most importanttgmposite electrodes have the practical
advantage of resolving the thermal expansion inadibitity of the electrolyte and the electrode
materials. If electrodes are made from pure LSMNar their different thermal expansion
compared to YSZ will cause significant mechanicakss within the cell layers at high

temperatures, which can lead to the delaminatiaramking of the fuel cell layers.

The current collectors, the ACCL and the CCCL, cmgethe ASL and the CFL surfaces, were
made of porous gold. They conducted electrons tmmlectrodes, and were connected to the
external current load. The CCCL covered only thevaclength of the cell. The ACCL was

extended from the active length inside the celljecimg its entire inner surface of to the open
end; it covered a small length on the outer surtddbe cell as well, where the anode wire was

wrapped around it.

The inactive length of the cell was not coverediisy CFL or the CCCL, however it had all the
remaining layers; the dense electrolyte layer pr@e any mixing of the reactants on the

cathode and the anode side.
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2.2 Cell fabrication

The TuSOFC of this study was manufactured from ceramiedars. The specification of the

precursor powders used is given in Table 2.1.

Table 2.1. The specifications of the precursor powders dgethe TuSOFC fabrication.

Precursor powder| Type Particle sipen]
LSM PRAXAIR, (Lag_gsro_g)olggMnOg 0.85

YSZ Tosoh, TZ-8Y 0.35

NiO (AFL) J. T. Baker, NiO green powder 0.3

NiO (ASL) Novamet, high purity green NiO - Type| B.65

The ASL, the AFL, and the electrolyte were fabrchbased on the sequential electrophoretic
deposition (EPD) of several thin layers. In a tgbiEPD deposition process, a stable colloidal
suspension of particles in an organic solventépgared. Colloidal particles are forced to migrate
under an electric field, due to their surface cbkar@nd deposit on a substrate with the opposite
electric charge. The surface charge of the pegi¢ induced by controlling the pH of the
suspension. The thickness of the deposited layebeaconveniently controlled by manipulating
the electric field strength and the time of deposit The fabrication process of a single
TuSOFC is discussed briefly in the following; a coetpensive description can be found

elsewhere (Sarkar et al., 2007).

Three layers of the cell were deposited on a gtapbid by the EPD process. First the ASL was
deposited from a stabilized suspension of NiO/Y3B/35 wt %) in absolute ethanol. The
suspension contained some pore-former, corn stattwich burnt out after sintering to add extra
porosity to the ASL. The deposition of the ASL veasnpleted in less than 30 seconds. Next, the
graphite rod was taken out and immersed in the Alpension which contained a finer NiO
powder, without any pore former. Finally, the efebtte layer was deposited on top of the AFL,
from a suspension that contained YSZ solely. Thkooke layer was not deposited at this stage
because it would have reacted with YSZ at the simgelemperature required for fabricating a

dense electrolyte layer.
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The whole EPD process took less than 3 minutes, vea®l conducted by a semi-automated
system. Using an in-house developed software, gatan controlled and monitored the applied
voltage, the current passing through the suspenarmha robotic arm which dipped the graphite
rod into and removed it from the suspension atezifipd rate.

The cell was air dried for 12 hours, then sintea@dl380°C for 2 hours. The graphite rod
substrate burnt out at that temperature, formihgleow tubular cell with one end closed.

To ensure there were no cracks or pinholes in teetrelyte layer, a helium leak test was
performed. The helium mass spectrometer leak dete¢ARIAN 979, was used at a test port
pressure of 1le-3 torr. The tube was pressurize® tpsig through its open end by a
helium/nitrogen gas mixture (1.2% He). A leakagdowele-5 atm.crifs was considered

satisfactory.

The cathode functional layer was coated on theeidt YSZ electrolyte. A paste of LSM/YSZ
(50:50 wt %) was prepared and brush-coated on tdpeotube. The paste was made by first
mixing YSZ, LSM, isopropyl alcohol, and 5 mm YSZads (YTZ grinding media, Tosoh) with

a mass proportion of 1:1:4:20. It was then vibrdledi for 24 hours to ensure a homogenous
mixture of LSM and YSZ particles. The mix was fikkd to separate the beads and was dried at
60°C in an open bowl, while it was continuously stikré was then dried in an oven for 2 hours
at 100°C to ensure the complete removal of theesdlvl he dried material was passed through a
120 mesh sieve to break down chunks of the drikdss@ 2:1 weight proportion of the powder
and a solution of 5 wt% ethyl cellulose (SIGMA) afpha-terpineol (Fisher) was milled for 5
hours in a mortar grinder (Retsch with Zirconia taorand pestle) to break down the

agglomerates and to obtain a well-mixed paste.

The brush-coated cathode layer was air dried fho@s, and then sintered to obtain a porous
CFL. It is well known that the sintering temperat@and procedure can have a significant effect
on the electrochemical performance of an SOFC reléet(Kim et al., 2001; Leng et al., 2003).
The sintering program used for the CFL fabricat®ahown in Table 2.2.

13



Table 2.2.The cathode functional layer sintering program.

Stage| Heating rate (°C/hr) Set point (°C) Dwell time (hr)
1 100 50 0.5

2 100 150 0.5

3 100 700 0.2

4 300 1140 2

5 300 25 -

The last stage of fabricating th@SOFC was to put on the current collator layers.ofl gaste

was brush coated on top of the ASL inside the aurmbthe CFL outside the tube. The gold paste
was prepared by mixing a 20:10:1 weigh ratio odgmbwder, 5 wt% cellulose acetate in alpha-
terpineol, and corn starch pore former. The paste and-mixed in an YSZ mortar and pestle to
ensure homogeneity. The current collector layerseviieush-coated, air dried for 2 hours, and
then sintered to obtain the porous current colleletgers. The process of painting and sintering
of the current collector layers was repeated thirees to ensure a uniform, thick enough current

collector layer. The sintering program for the glalger is shown in Table 2.3.

Table 2.3.The current collector layers sintering program.

Stage| Heating rate (°C/min)| Set point (°C) Dwell time Xhr
1 3 75 2

2 15 800 2

3 5 25 -

Before the last current collector sintering stéq® turrent collector wires were attached. Gold
wires were wrapped around the cell for the cathattethe anode. For the cathode, the wire was
wrapped on the edge of the active length near lttead end of the cell. For the anode, the gold
layer that covered the interior of the cell waseexted to the outer surface of the open end of the
cell, creating a complete electric path. The anette, wrapped around the gold layer covering
the outer surface of the cell at the open end, em&red with a non-porous gold paste to
establish a firm electric connection after sintgrifio ensure a good conductivity for the ACCL,
the resistance from the close tip to the open esslmeasured and confirmed to be less than 0.03

ohms.
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Cells without an electrolyte layer were used fag forometry experiments, using a CFP-1500-
AEXL-I capillary flow porometer. Nitrogen gas wasad to determine the permeability and the
pore size distribution of the ASL and the AFL.

2.3 TuSOFC experimental setup and performance testing

Figure 2.4 shows a schematic of the isothermal xgatal setup. The fuel cell was placed in
the center of a tubular electric furnace such thatcell active length and the furnace tube were
aligned at their middles. Air flowed against thdl'seclosed end, through a nozzle shaped
diffuser. A ceramic injector tube, connected to liydrogen source, was inserted inside the cell
all the way to its closed end. Hydrogen flowed tlgio the injector tube to the closed end,
flowing back in the annular space between the fojetube and the cell’s inner wall. The

hydrogen flowed freely to the atmosphere throughapen end of the cell. The setup dimensions
used for the isothermal model are indicated on feigu4. The only difference for the non-

isothermal setup was the furnace diameter, which2va cm.
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Figure 2.4. A schematic of the anodeu$OFC: the cell within the furnace (bottom); the aip
the cell, indicating the injector tube (middle)etlayers of the active length (top).

16



Two different tubular electric furnaces were used the isothermal and the non-isothermal
experiments. For the non-isothermal setup, five thermocouples (type K, OMEGA) were used
to measure the temperature distribution within theace, as shown in Figure 2.5. Three
thermocouples, sheathed in alumina rods of 1.5mm@de attached along the cell to measure
the temperature of the active length at its middid the two ends (TC-1, TC-2, TC-3); another
two thermocouple wires measured the temperatutbeofnlet air flow (TC-5), and that of the

furnace inner wall at its middle (TC-4). A PID cooiter was used to keep TC-2 at the desired
temperature. An Agilent 34970A DAQ switch equippeith a 34901A multiplexer module was

used to collect the thermocouple measurements.

Axis of symmetry

Figure 2.5.The thermocouples locations in the non-isotheforalace.
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The electric furnace used for the isothermal expenits had three separate heating coils along
its tube, each controlled by a separate PID cdetrtd maintain the cell active length (TC-1 TC-

2, TC-3) at a uniform temperature.

The hydrogen and air flowrates were controlled Igital mass flow-meters (Alicat Scientific).
Hydrogen was bubbled through water at the room &satpre which added about 3 mol%
moisture to the fuel gas. The hydrogen and air fikd@s were set to 50 and 500 mL/min
respectively. Note that the hydrogen gas velocig \wnuch higher than the air velocity due to
the much narrower cross section of the cell contpbarehe furnace tube.

The cell was heated to its operating temperatugerate of 8C/min. For a newly fabricated cell,
the nickel oxide particles of the AFL and the ASEre reduced to metallic nickel during the
first run. A physically reasonable cell voltage walsserved around 600 which was an
indication that enough nickel was reduced to forfurectioning anode. It was noticed in general
that the performance of the cell did not remainstant for several hours after the operating
temperature had been reached. Therefore the fatalvdas collected about 30 hours after the cell
had reached its operating temperature, when thegelsain current vs. voltage plots (I-V curves)
were settled.

The performance of the cell was measured by areAgN3301A electronic load, equipped with

an Agilent N3302A cartridge. The cell was connectedthe current load in a four-probe

configuration to eliminate the resistance of conimgcwires. An in-house developed computer
program was used to collect data and control tlepeeformance as well as the temperature
readings. The performance curves (I-V) were codlédiy sweeping the current drawn from the
cell in steps of 10 mA, each step lasting for 1@oséds, when temperature and voltage
measurements, pulled every second, settle to sheady value. The average of the last four
readings of each step was used for the final aisalis reduce the high frequency noise in the
data.
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Chapter 3. The isothermal model

3.1 Introduction

Mathematical modeling can provide a detailed insiggout SOFCs, beyond the reach of any
experiment. A valid mathematical model can sigaffity assist predicting, optimizing,
controlling, and diagnosing the performance offtied cell system and therefore facilitate their
development. Numerous models for SOFCs have bessempied in the literature in recent years
thanks to ever increasing access to high performatmmputing. These models can be
categorized according to their specifics, i.e. legé detail, geometry, type of fuel, and
simplifying assumptions. Excellent studies by Agwaal., (2002), Achenbach, (1994), Chan et
al., (2001), Costamagna et al., (2004), Fergusah gt1996), and Yakabe et al., (2000) are most
notable in the SOFC modeling literature. Kakaclet(2007), and Bove and Ubertini, (2006)

provide valuable reviews of the SOFC modeling asfor

Modeling a fuel cell system is a challenging tatike to the various phenomena involved. The
multi-scale model developed in this work includesron-thin electrodes as well as centimetre-
wide gas channels. Convective flow and mass trahsgthin the gas channels and the porous

electrodes are treated rigorously, instead of ngaldimplifying assumptions. Reactions are
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assumed to occur within the volume of electrodes just at the electrode/electrolyte interface.
All mechanisms of performance loss were accountedhfdetails. In addition, special attention

was paid to numerical consistency and convergehtteesimulation results.

In addition to developing an accurate model forftret cell, proper matching of the model with
the experiments presents a new level of challenges.reality of the experiments is reflected in
the model through various parameters, i.e. phygiggberties. Some of these parameters can be
measured directly, and some can only be estimdteeke is a certain degree of uncertainty in
any physical property measurement; however, for ¢elis this problem is more critical: some
of the physical properties are significantly afeztby factors such as fabrication techniques and
degradation. This is a pronounced problem espgcfall composite electrodes due to their
inherent randomness. Kakac et al., (2007) corrgumilyt out the significant shortcomings in the
treatment of these parameters in the fuel celtditee. In this work, some physical properties

were measured and compared to the correlations ocolgrased in the modeling literature.

A novel method was used to estimate the model'snowk parameters. The final model
developed in this work was proven to be consistetit the physical reality of theSOFC. It
was then used to gain a better insight into th8FC’s operation and mechanisms that cause
performance loss. In addition, the influence of arteinty in physical parameters on final
predictions was assessed. It was concluded thabugh the resulting error could be
manageable, it eventually comes down to carefutlivag of the assumptions made, especially

when novel fabrication processes are used.

20



3.2 Model development

Fuel cells are electrochemical cells that are owmwatisly supplied with reactants. An
electrochemical cell consists of the anode and dhthode electrodes, and an electrolyte.
Electrochemical reactions occur at the electroddsle the electrolyte transports ions between
the electrodes. In the overall reaction that ocdnra hydrogen SOFC, hydrogen and oxygen
react to produce water.

Anode H +03 OO HOr2ée (&
Cathode %Q+2 e 0l O (F 3.1)

Overall: H, +%O2 0 H,0 (9

The chemical non-equilibrium between the anode taedcathode is the driving force for the
electrochemical reactions, and creates an elgottiential difference between the electrodes. A
fuel cell can ideally deliver electric energy ealent to the Gibbs free energy change of its
reaction. The potential difference across elecsateequilibrium, when no net reaction occurs,
is called the open circuit voltage (OCV) of thelc&hermodynamically, OCV is related to the
maximum electrochemical work by the Nernst equation

_ _AGceII (32)

Ecel =€, anode ne =

cell — €cathode

&

From basic thermodynamics, for an ideal gas systerhave:

AG,, = DG, + 3 vRTIn [%J (3.3)
Therefore:
5 RT ,
Ecel = Ecell _I’le_FZ viIn [%j (3.4)
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wherene is the number of electrons transferred in thetreaand is 2 for the overall reaction
indicated in Eq.(3.1)(c). F is Faraday constantiaretjual to 9648 (A s md). v; and prepresent
the stoichiometric coefficient and the partial gree of componeni, & represents the
equilibrium potential R, T,and 4G represent the ideal gas constant, the absolutpeteture,

and the change in the Gibbs free energy. The stiijars represent the standard conditions.

By allowing the electrons to flow from the anodethe cathode, ideally the Gibbs free energy
change of the cell’'s overall reaction can be haecesn reality however, the voltage of a cell
drops as current is drawn from it, because of tteyersible effects inherent to non-equilibrium
processes. The effects that reduce the voltage ofllafrom its ideal value are called the
electrochemical overpotential. There are three dypé overpotentials associated with the
operation of an SOFC: the activation, the ohmia] #me concentration overpotentials. The
activation overpotential is caused by the energyridra that the reacting species have to
overcome in order for the reactions to proceed. ®hmic overpotentials are cause by the
resistance against the flow of ions and the elestia various components of the cell. Finally,
the concentration overpotentials are caused bgdheentration change of the reacting species in
the vicinity of the reaction sites within the electes, due to their depletion or production by the

electrochemical reactions.

The magnitudes of all the aforementioned overp@bntincrease as the net rate of the
electrochemical reactions increases, i.e. at higb#rcurrents. Therefore the voltage of a fuel
cell drops further as the current load is increa3ée most important measure of a fuel cell’'s
performance is its voltage at various current lpadsch is called the I-V performance curves. It
basically indicates how much performance is lostrat given current load. One of the objectives
of this work is to predict and obtain the performancurve of a ESOFC; hence, all the

phenomena affecting the performance of the cellilshbe accurately accounted for.

To model and estimate overpotentials in gSDFC, an understanding of the phenomena
underlying its operation is essential. On the cd¢heide, oxygen diffuses from the bulk gas
phase to the surface of the current collector,thed through the porous current collector to the
reaction sites within the CFL. Within the CFL, aaiog to Eq.(3.1)(b), oxygen reacts and is

converted to oxygen ions by consuming electrons. The oxygen ions are praned to the
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AFL through a dense layer of thé @ermeable electrolyte layer. On the anode siddrdmen
diffuses from the bulk gas to the anode surfacm through the ACCL and the ASL to the AFL.
Within the AFL, hydrogen reacts with the oxygenddao produce electrons and water according
to Eq.(3.1)(a). These electrons are collected $3 plarough an outer electric circuit, an electronic

load, and return to the cathode to complete théecyc

Simulating the performance of theSOFC requires the mathematical modeling of the iphlys
phenomena occurring in the cell. These include nsoder the electrochemical reactions
kinetics, the transport of the neutral and the gbarspecies, and the transport of energy. The
models describing transport consist of balance teapg| coupled with phenomenological
mathematical expressions that relate the rateaofport to the appropriate driving forces. The
model developed in this chapter deals with an empeital setup that is designed to retain

isothermal conditions within the system, therefoeat transfer was ignored.

As indicated in Figure 2.4, suBOFC testing setup involves dramatically differemgth-scales.

The challenge of multi-scale modeling, to incorper@henomena of various length scales
efficiently, is discussed further in the numerisalution section. The overall model is a set of
highly nonlinear interdependent mathematical eguatithat must be simultaneously solved by

an appropriate numerical scheme.

3.2.1 Modeling the porous electrodes

In an SOFC, electrochemical reactions occur withenporous electrodes at locations called the
three phase boundaries (TPBs). At a TPB, the rEaspecies in the gas phase, and the ions and
the electrons in the solid phases are all availaBleysically, a TPB is a line in the three-
dimensional space at which the gas phase, ther@igctconductor solid phase, and the ionic
conductor solid phase intersect. A simplified twmehsional schematic of composite electrodes
is shown in Figure 3.1. Due to surface diffusidme electrochemical reactions are not limited

only to the TPB lines but the surfaces in proxinidgythem are also active.
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Figure 3.1.A schematic of an SOFC with composite electrodes.

In a composite porous electrode the TPBs are egtefrdm the electrode/electrolyte interface to
the electrode’s volume, which enhances the eleetpmiformance by providing more reaction
sites. Note that only TPBs that consist of per@aofpparticles participate in the electrochemical
reactions. Percolating ionic conductor particleSZYin this case) are those that are connected to
the electrolyte layer through a continuous pathY&Z particles. Similarly, the percolating

electronic conductor particles are those that amenected to the current collector of their
respective electrode through a continuous chaielextronic conductor particles. Therefore an
active TPB is the intersection of the percolatiagic and the percolating electronic conducting
phases, as they can host electrochemical reacbgnproviding or taking away ions and

electrons. Non-percolating TPBs do not have angtelehemical function in an electrode. In a

well designed composite electrode, among otheofacthe percolation of particles is optimal.
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Within the porous electrodes, where the electroat@mreactions occur, modeling the
interaction of a gas phase and a solid phaseastafal importance. The most rigorous approach
to model a porous electrode is to reconstruct treys electrode theoretically (Abbaspour et al.,
2006) or experimentally (Wilson et al., 2009; Wiitset al., 2006). The model equations are
solved within each phase, with the appropriate bdamconditions. This approach yields a very
detailed insight about the electrode performancewvéyer, it requires extensive computational
resources, and long execution times. Alternativéiiye gas within the pores and the solid
structure can each be homogenized into two supeseth continuous domains. The
homogenized model of each phase includes the eftddhe other phase in an averaged sense;
the microscopic details are omitted in favor of thacroscopic characteristics of the porous
medium. This approach is valid when the pore saesmuch smaller than the overall length
scales of the domain, which is the case for theyuoSOFC electrodes. The averaged equations
for each phase can be developed through a rigomatisematical manipulation of the transport
equations (Vafai, 2005; Whitaker, 1999), or by areheintuitive approach; nonetheless, the
resulting equations often have a similar form. Témulting averaged equations are much simpler
to solve to obtain quantities that are spatiallptcious throughout the porous medium. In this
work the electrodes were modeled by the latter egagr; hence, the electrochemical reactions

were modeled to occur within the volume of the etmes, as it will be discussed further.

3.2.2 The electrochemical reactions kinetics

The rate of the electrochemical reactions occuranthe TPBs is closely related to the electric
potential of its electronic and ionic conductingapls. An electric potential difference develops
across the interface of the ionic and the electraonducting particles in a TPB. According to
the Nernst equation, this potential differenceiredly related to the change in the Gibbs free

energy of the half-reaction occurring at that etmd®. The absolute values of the electrode

o

half —rxn

potential (0AG ) cannot be determined. However, the electrodengiatecan be obtained

relative to a reference electrode. In the elecwaubal literature, the equilibrium electrode
potentials for the reduction half-reactions areorégd against a reference electrode, usually the
hydrogen electrode at standard conditions. Thesefaccording to the Nernst equation,

expressions similar to Eqgs. 3.2 to 3.4 can be ewritor the electrode potentials by assuming the
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electrode half-reaction in the reduction directesthe cathode, and the reference electrode as

the anode.

As soon as the equilibrium of an electrode halttiea is manipulated, for example by changing
the electric potential difference between the iamd electronic conductor, a net reaction starts
occurring in a direction to return the electrodeclbdo equilibrium. At this point, the
electrochemical energy of the non-equilibrium eledbemical system can be harvested by
means of the electrons passing through an exteteetric circuit. As it was mentioned earlier,
the maximum energy deliverable by an electrochdmézection would be equal to the change in
the Gibbs free energy of the overall system, aatl would be the case when the deviation from
the equilibrium is infinitesimally small. Howeven practice the system should generate a finite
power; therefore some of the energy is lost du¢h&irreversibility of the non-equilibrium

processes.

The more the electrochemical system deviates frdm dquilibrium, the faster the
electrochemical reactions take place. Hence thetretthemical overpotential of the half-
reaction, nae, defined as the deviation of the potential of tectrode from its equilibrium
potential, is a key concept in determining the tetethemical reactions rate:

,7act :Velec_v' —£&

ion electrod

(3.5)

where gelectrode IS the electrode’s equilibrium potentidleec and Vion, are the potentials of the

electronic and the ionic conducting material resigely.

A mathematical relation can be developed for the o the electrochemical half-reactions as a

function of the electrode overpotential, which moWn as the Butler-Volmer equation:

gen

nF n.F
. . (I-a ) =1 (=0 —=Nact)
|TPB:|jPB(e R g~ RT J (3.6)
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TPB
gen

where i is the rate of current generation per unit length TPB, i.e. the rate of

B

electrochemical reactions.™® is the exchange current densityis the transfer coefficientyis

the activation overpotential, amdis the number of electrons transferred per reactio

As the TPBs in reality are lines in space, theentrgeneration in Eq.(3.6) is per unit length of
the TPB. In our approach of homogenizing the poraestrode, the volumetric rate,, is of

interest which is defined as:

I, = ioTPB/]TPB (3.7)

where A, is the active TPB length per unit volume of thenposite electrode. Therefore the

volumetric current generatiof,,, is:

gen

n.F n.F
. . (I~a Yy =—la —a ——/,
i =i (e RT™ _ @ RT J (3.8)

For an electrochemical reaction occurring on a ifipetype of electrode, all the parameters

appearing in Eq.(3.8), other than™®, are relatively constant and can be found from the
literature.i’™® can be affected by several factors such as théédion process, impurities, and
suchA; is dependent on the microstructure of the eleetradd is very sensitive to the
fabrication process. Therefore the volumetric auirgensity generation, , can be regarded as

:TPB

the unknown kinetic constant, which encapsulatel tee unknownsi,;and i, -, and should

be estimated for an electrode based on the expetahdata.

Often a simplified version of the Butler-Volmer exdjion, called the Tafel equation, is used in

the literature due to mathematical convenience:
i en
n,=Bn (—j (3.9)
Io
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Clearly, unlike the Butler-Volmer equation, the @laéquation is an explicit relation between the
overpotential and the current generation. In theskwhowever, we retain the full form of the

Butler-Volmer equation to avoid any restrictionttti@e simplifying assumption may impose.

It is worth noting that the above form of the Buf\®lmer equation is derived for a single step
electrochemical reaction in which electrons aradfarred all at once. In reality however, the
overall half-reaction often occurs in multiple stepvhich involves multiple intermediate

reactions. For those cases the reaction kinetiesdarived such that they account for all the
intermediate steps. Therefore knowing the correattion mechanism is crucial for deriving a
correct reaction rate expression. The resultingtiea rate expressions would be slightly
different from the standard Butler-Volmer form. dar model, the mass transfer step from the
bulk phase to the reaction sites are decoupledaismthodeled separately, and the Butler-Volmer

equation is calculated at local concentrations.

In this model, the anode and the cathode halfi@actare treated separately. In the following,

the kinetics for each electrode will be discussed.

3.2.2.1The anode reaction rate

At the anode, the hydrogen molecules react withottygen ions to produce water and electrons
as in Eq.(3.1)(a). According to the Nernst equatitve anode equilibrium potential for the

reduction reaction (in the reverse direction of(Bd.)(a)) is:

RTIn( P, J (3.10)

An OAﬂ 2 F
IG H,0
2

where £,, is the equilibrium potential of the anode elec&raat the standard conditions. For
convenience, the anode electrode at the standarditoms was assumed as the reference

electrode, therefore,, would be equal to zero:

Epn = CRU | P (3.11)
2F | Puyo
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There are various mechanisms proposed for the tioadaf hydrogen reaction on a Ni/YSZ

anode. A rate equation derived based on a dethiteztic analysis (Zhu et al., 2005) is used

here:
£§E/7A _EEEUA
lgen an =1, An(eRT -e [ ] (3.12)
o (P P ()™ 3.13
a0 = an ¥ 2 (3.13)
1+ (py, / P4, )
wherei, 5, is the volumetric rate of electron generation wattihe anode. The exchange current

density, i, ,,, is a function of the reacting components pagiassures, as shown in Eq.(3.13).

Therefore, the kinetic constant to be determined is The parametep*H2 is calculated as:

88120

P, =1.22x 16T e R7. (3.14)
As before, the overpotential for the anode ele@risdiefined as:
,7An :Velec An_Viom An_g Al (315)

3.2.2.2The cathode reaction rate

The oxygen molecules react on the cathode and emheced to oxygen ions by consuming
electrons, according to Eq.(3.1)(b). The equilibripotential for the cathode is:

Eca :£ga—ﬂln(lx1§} (3.16)
4F Po,

Because the anode electrode at the standard acorglittas selected as the reference electrode,
the standard potential of the cathode would be leguide equilibrium potential difference of a

complete cell at the standard conditions:
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el (3.17)

There are several reaction mechanisms and ratessipns proposed for the oxygen reduction
on an LSM/YSZ electrode. Again we take advantaga oate expression derived based on a
detailed kinetic study (Zhu et al., 2005):

05F _o&,
- - "o //Ca o '/Ca
lgenca=l,cq €° € 7T (3.18)

Y P, )
L (P, 105,

(3.19)

Io,Ca -

wherei . ., is the volumetric electron generation rate witthie cathode; it is a negative value

for the cathode, as electrons are consumed inutied reaction. The exchange current density
of the cathode is a function of oxygen partial ptes, and the kinetic constant to be estimated is

l.ca- The parametepg2 can be calculated as:

200000

P, =4.96x16° e *T (3.20)

And the activation overpotential for the cathoddefined as:

,70a :Velec Ca_viom ca & Ci (321)
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3.2.3 The electric charge flow

To estimate the performance loss due to the etectsistance of the cell components, the
electric current should be modeled. There are ywed of electric currents in an SOFC, electron
currents and oxygen ion currents?{OElectrons flow through the electronic conductetsich

are nickel, LSM, and gold for the anode, the cathahd the current collectors respectively.
While YSZ is non-conducting to the electronic cuatreit conducts the oxygen ions in the

electrolyte, the anode, and the cathode.

According to the Ohm’s law, the electric currents eaused by the potential gradients within a

conductor:

J8=—g0V (3.22)

where J9 is a vector representing the flux of positive ¢jea;, ands is the electric conductivity

of the conductor.

The charge balance equation for each of the iamictlae electronic currents is:

039 =Q,, (3.23)

where the source ter@qenis the generation of positive charges; it appeathe charge balance
equation because of the electrode homogenizatigoroaph, where it is assumed that

electrochemical reactions occur within the volurhéhe electrodes.

The charge balance equation should be solved fdr gge of conductor separately with the
appropriate boundary conditions. In composite layee. ASL, AFL, and CFL, the ionic and the
electronic currents are modeled as two superimpodechains with separate boundary
conditions. These equations only affect each othesugh the current source term in their

respective charge balance equation.

The electrolyte is a dense layer of pure YSZ widoks not conduct electrons. YSZ transports

oxygen ions through the oxygen ion defects innystal structure, i.e. the oxygen-ion vacancies.
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The transport of oxygen ions in YSZ can be matheally described similar to electron

conduction:

Ij'(_a-io,eIectronteDViQ eIectrontJ =0 (324)

The source term is equal to zero within the elégieobecause there is no reaction occurring

throughout the electrolyte.

For electronic current in the anode, AFL and ASH,(B.23) is written as:

D.(_J(:ZC, Arpvelec A) =i gen Ar (325)

- Igen An

is used as the source term becaQgg on the right hand side of Eq.(3.23) should be a

source of the positive charges, whilg , is the generation of negative charges.

For the ionic current in the anode, Eq.(3.23) igtem as:

D'(_JEﬁ |:|Vio, An) = igen Ar (326)

io,An

For electrons being generated within the anodeathagcharges (oxygen ions) disappear within
the electrolyte. Therefore the rate of productibelectronsjgenan has the same sign as the rate

of generation of positive charges within the ioconductor phase, as in Eq.(3.26).

The anode current collector is a porous gold latyerefore there is no ionic current, and only
the electronic current has to be modeled. Becaasalattrochemical reaction occurs within the

current collector, the current source is zero:

D.(_Uslféq An Cljv elec An C): = O (327)
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Similar to the anode, the ionic and the electrahiarge balance equations for the cathode are:

D.(_O-:IZQ CaDVeIec Cg = _i gen Ca (328)
D.(_a-iif:fCaDVio,Ca) = igen Ca (329)

And for the cathode current collector:
D.(_O-:IZQ Ca Cijv elec Cac‘l = O (330)

Because the electrodes are porous and composeattafigs that only conduct either ionic or
electronic charges, the overall conductivity offepbase is less than the intrinsic conductivity of
a pure dense material. In addition, non-percolajoagticles do not contribute to current
conduction. Therefore the effective conductivigsé®uld be used in the charge balance equation
to take into account the reduced overall condugtivihe two major approaches for modeling
conduction in a composite porous structure ared#étailed modeling of the current flow in the
structure, and the percolation theory (Costamage,e2002). Naturally, the percolation theory

is used here, as the detailed modeling of the monaiarostructure was avoided.

According to the percolation theory, the probapibf the particles of typeto be percolating,

P, can be calculated as (Chan et al., 2004):

0.4

P :{1_(4.236— & T'T (3.31)
2472

Pi is the probability of the particles of the sampetyo form a complete chain, connecting two
ends of the domairZ;; is the average coordinate number of typarticles contacting the same

type of particles in the random packing.
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For a binary composite, where particles of typandj are r, and r; in radius, Z can be

calculated as:

7 = 6n
[n+@=-n)(r/r)]

(3.32)

There are two approaches used in the literaturedtmulating the effective conductivity based
on the percolation theory. One is based on theopsron threshold of each type of conductor.
Percolation threshold for the typgarticlesn: , is the critical fraction of those particles dtieh
below that their network becomes non-percolatingtiidmatically it is the particle fraction that
makesP; equal to zero, i.e. no chance for a complete cbiigpei particles to form. According
to this definition, there are two percolation threlsls, one for each type of conductor. When
both types of particles are percolating, i.e. tligictions are above their percolation threshold,

the effective conductivity of each type can be glated as:

et _ (N —N)°
=Yy © (3.33)

whereg; andn; are the intrinsic conductivity and the fractiontloé typei particles, respectively.
y IS a constant that takes into account the efféctecks between the particles on the overall
conductivity.y should be estimated based on the experimental lategever a value of 0.5 can

be assumed when there is no data available (CldhiXian2001).

The other approach to estimate the effective camdtycbased on the percolation theory is to
simply assume that the effective conductivity isedily proportional to the percolation
probability (Chan et al., 2004):

o’ =(1-¢nRg, (3.34)

where gis the porosity of the composite electrode.
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The effective conductivity estimations based onhbigs. (3.33) and (3.34) is discussed and

compared to the experimental values in the reseltson.

3.2.4 Mass transfer

The reactants are supplied to the fuel cell bycthr@inuous flows of hydrogen on the anode side
and air on the cathode side. On the anode sidepfggd molecules are transferred from the bulk
gas in the anode gas channel, through the poroodeano the TBPs. The,B produced is
transferred back from the TPBs to the gas chan@hilarly, the oxygen molecules are
transported from the cathode gas channel to thesTRBughout the porous cathode and react to
produce oxygen ions. As a result of the electrocbalnmeactions, the concentration of oxygen,
hydrogen, and kO in the vicinity of the TPBs are different frometbulk gas concentrations.
The rates of reactions for the anode and the catheldctrodes are dependent on the
concentration of species, as it can be noticederButler-Volmer rate expressions. Therefore, to
find the rate of current generation, the conceiatnabf the species throughout their respective
electrodes should be calculated by solving the rrassport and the mass balance equations. In
this work, mass transport is modeled both withie fhorous electrode and within the gas
channels. Again, modeling mass transfer in the ymrelectrodes is based the concept of
homogenization of the transport equations for tae ghase. The resulting equations are then

coupled with the mass transfer in the bulk gasapiropriate boundary conditions.

3.2.4.1Mass transfer in gas channels

The mass balance equation for each component is:

C«(N") =0 (3.35)

where N[ is the total mass flux of the componentt is a result of two transport mechanisms,

diffusion and convection; the total flux is convientlly decomposed into the diffusive and the

convective flux terms:

N™=J"+c" (3.36)
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whereJ" andc™ are the diffusive and the convective mass fluxda®componenit

The convective flux results from the net flow oktbulk gas, and is related to its average
velocity as:

c'=pquu (3.37)

whereu andp are the bulk gas average mass velocity and masstyleespectivelyo; is the

mass fraction of component i.

The gas flow within each channel was in the lamnegime. Therefore it was modeled by the

continuity and the laminar flow momentum balanaan{pressible Navier-Stokes) equations.
Oe(ou) =0 (3.38)

p(uD)u = D= pl + (0 +(Cu)") —%,U(D-u)l] (3.39)

where U is the dynamic viscosity. Dynamic visco$itly gas mixtures can be readily calculated

based on the kinetic theory of gases, as explam#te appendix.

The diffusion of molecules in the gas phase has Baelied comprehensively, and the two most
well known models for diffusive mass transfer ane Fick's model and the Maxwell-Stefan
model. The Fick’s model is widely used becausse ihuch simpler to solve, especially when an
analytic solution is desired; however it has sesishiortcomings for modeling more sophisticated
diffusing systems where multiple components aresgmg and when driving forces are not
limited to only concentration gradients. In contrafie Maxwell-Stefan model has a more
rigorous development, based on the balance of ergkred driving force and the friction forces
between the diffusing molecules (Taylor and Krisht293), or alternately based on irreversible
thermodynamics (Curtiss and Bird, 1999). The Mak8&tfan approach can model diffusion in
multi-component systems, and accounts for altereatiriving forces for diffusion such as
pressure and temperature gradients in additionhé& donventional concentration gradients
(Wesselingh and Krishna, 2000). According to thexMall-Stefan model, the diffusive mass
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flux of the component in an ideal gas system, when only concentratiah @essure driving

forces are present, can be calculated as (Curis8ad, 1999):

I =P D, (0% +(x =) ) (3.40)

where w and x; are respectively the mass and the mole fractioth@fcomponent, P is the

total pressure of the gas, abglis the binary diffusion coefficient between thenpmnents and
j (Dii - O).

The mass and mole fractions are not independeiablas and are related as:

=M (3.41)
2 XM,
j=1
For this work, the anode and the cathode side @telinary systems, hence:
X, =1-% (3.42)

By solving Egs.(3.40)-(3.42), the mass transpothégas channels can be modeled to obtain the

concentration profile of each component.

It is worth mentioning that there are more soptéded models proposed for multi-component
mass transfer based on a comprehensive momentamckabf each component (Kerkhof and
Geboers, 2005), however they are still under implaation and validation. Carefully designed
fuel cell experiments would have a unique poterfbalstudies on mutli-component transport
especially in porous media due to two reasons;trelée potentials are dependent on
concentration of species and can be accuratelycangieniently measured. In addition, the
amount of matter entering into the system can lmirately measured and manipulated by

controlling the amount of current passing through i
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3.2.4.2Mass transfer in porous electrodes

As the SOFC operates, the reacting componentgamsférred from the electrode/gas channel
interface to the TPBs within the porous electrodesir mechanisms contribute to the overall
mass transport in a porous electrode: free moleatiffusion, Knudsen diffusion, surface
diffusion, and convective (viscous) transport. Kreudsen diffusion becomes significant when
the mean free path travelled by the molecules imspawable to the pore dimensions; in that case
the probability of the gas molecules hitting thdidsavalls of the porous medium becomes
comparable to that of the gas molecules collidiagheother. The convective transport, also
known as the viscous or the Darcy flow, arises whissure gradients exist within the porous
medium. Surface diffusion plays a significant raletransport within the micro-pores — pores
with a diameter smaller than 5 nm. The pore simeani SOFC electrode are significantly larger
than 5 nm, therefore surface diffusion is ignomedhis work. Surface diffusion was included by
Shi et al., (2007), however it was not indicatecethler it had a significant contribution to the
overall transport or not. There are various apgreacfor coupling the four mechanisms of
transport in the porous media, especially couptimg viscous flow with the rest (Keil, 1999;
Noordman and Wesselingh, 2002), however it is atithatter of dispute (Kerkhof, 1996; Weber
and Newman, 2005). In this work, it is assumed thatviscous flow acts parallel to the overall
effect of the bulk and the Knudsen diffusion (Waadl., 2002). Consequently, the total flux can

be decoupled into the diffusive and the convedivens, similar to transport in the bulk gas.

Again, the concept of homogenization is employedntmlel the transport of gases within the

porous electrodes. The components balance equsation

O«(™+c™ =R (3.43)

Here J"and c"are the superficial diffusive and convective mdsses respectively. Note that

the intrinsic velocity within the pores is highdrah the superficial velocity. The use of the
superficial fluxes instead of the pore fluxes sifigd the boundary conditions used at the
electrode/gas interface. The volumetric source tdfron the right hand side of Eq.(3.43) is the
rate at which, due to the electrochemical react@anthe TPBs, componentis consumed or

produced within the electrode. It can be relateth® volumetric current generation according
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the stoichiometry of the electrode reaction. Evagle of electrons, one Faraday, is equivalent
to 96485 coulombs of charge.

For the anode reaction, Eq.(3.1)(a), two electramd one molecule of water are produced for

every molecule of hydrogen consumed. Thereforestlece terms are:

jgen

=—2_M 3.44

R =7 M (3.4
an

Rio =5 Muo (3.45)

Again, igen anis the rate of electron generation and is caledlaccording to the Butler-Volmer
equation.

For the cathode reaction, Eq.(3.1)(b), four elawrare generated for each molecule of oxygen
consumed:

jgen
Ca

AT

Mo, (3.46)

Nitrogen does not participate in any reactionsiefoge:

R,, =0 (3.47)
Within the current collectorg is zero for all the components because no reaotonrs there.

The convective mass transport in the porous medsuralated to the average mass velocity of
the gas:

¢ = pwu (3.48)

Similar to the bulk gas, the velocity term is magklby the continuity and the momentum

balance equations. The averaged continuity equdtemsps its original form. The averaged
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momentum equation however, after simplificationgns$ into the much simpler form of the

Darcy’s law:
Os(pu) = (3.49)

u :—EDp (3.50)
7,

where permeabilityk, is a characteristic of the porous mediwmis the superficial velocity of

the gas within the porous medium. The source teim,s the rate at which mass is added or
taken away from the gas phase due to electrocheneigetions. Permeability of an aggregated
bed of spheres, at low Reynolds numbers, can loelaeééd based on the porosity of the packing

according to the Kozeny-Carman equation (Krishréh\Messelingh, 1997):

d’e®

K=—"— (3.51)

180(1- ¢ ¥
The source term on the right hand side of the naiti equation,m, takes into account the net
mass added to the gas phase within the pores dhe tectrochemical reactions. Only oxygen
reacts on the cathode and therefore the overatcederm only includes the disappearance of
oxygen:

ica

M, =Re, =~ AE Mg,

(3.52)

For each molecule of hydrogen consumed within tiea, one molecule of water is produced.

Therefore the overall source term is:

- gen

. |
Mo = R0+ Ry, = =2 (My, = My o) (3.53)
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There are several approaches for modeling diffusicsm porous medium. The volume averaged
Fick model is not be the most accurate model, dudé inherent limitations of the Fick model
itself. Another approach is to use the MS modehvhie effective diffusivities, to account for the
effect the porous medium on diffusion. The moreuaat® model is the dusty-gas model (DGM),
which elaborately accounts for the solid wall effeon the transport of gaseous components
within a porous medium (Krishna and Wesselingh,719%ason and Malinauskas, 1983). Mason
manipulated the MS model into the DGM by assumirggdolid structure as giant stagnant ‘dust’
molecules. The DGM has been extensively validatgainst the experimental data (Ho and
Webb, 2006). For the SOFC electrodes, it has bkrewrs that the Fick’s model is not a good
approximation for the DG model, while the MS modéthout any general rule in some cases
would be satisfactory (Suwanwarangkul et al., 2003)e DGM was used for modeling the

diffusive mass transport in porous electrodesHa work.
The DGM for a system of ideal gases is (Krishna\Afe$selingh, 1997):

_Up < X Ji —xJ; +‘]i

RT_;JIq _ﬁ' (3.54)

whereJ; is the molar diffusive flux of componentand pi=xiP. Di is the effective Knudsen

diffusivity and can be calculated based on thetlgrteeory of gases:

Dik :Ero E
3 "\ M,

(3.55)

Because the pores within the electrodes are naighktrcylinders, diffusion coefficients should

be corrected to account for the tortuous pathttieatmolecules diffuse through:

WziD- (3.56)
T

1]
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Tortuosity, z, and porosityg, depend on the microstructure of the porous meditiroan be
estimated for an aggregated bed of spheres as€Bripland Masliyah, 1988):

r=(1-Q1-&y®) /e (3.57)

The DGM for a binary ideal-gas system reduces to:

3" =-DO(xP) D=1l 1) (3.58)

RT O, DO

This is very similar to the Fick’s law, howeverrnicludes the effect of Knudsen diffusion. One

can conclude from Eq.(3.58) that the appropriateirdy force for binary diffusion in a porous
medium is the partial pressure of componermis<x P). That driving force includes the effect

of pressure gradients on diffusion in additionhte toncentration gradients.
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3.3 Model implementation and solution

The geometry of the model included the furnace sehand the fuel cell within it. Due to the

inherent symmetry of the cylindrical geometriesalved, a solution for the real system could be
obtained by solving the model equations on a 2-dgimmal axi-symmetric domain, see Figure
3.2. This simplification did not imply any assungpts, and was exact for the three dimensional
domain. The axi-symmetric geometry was reprodungddmsol, a finite element solver, and the

equations with appropriate boundary conditions vieg@emented and numerically solved.

3.3.1 Domain equations and boundary conditions

The charge flow equations were only implemented tfeg active length of the cell. The
electronic current equation on the cathode side iwgdemented on the CFL and the CCCL
domains. A Dirichlet boundary condition was usedtloa cross edge of the CCCL close to the
fuel cell’'s tip, by specifying the voltage. Thisroesponded to the cathode current collector wire
being wrapped on the top edge of the CCCL. Theagelton the boundary was specified as the

*

desired cell potentiaM_,, ), which for a fuel cell could take a value betweeno and the OCV.

ell

At the CFL/CCCL interface, a continuity boundarynddion was used. A continuity condition
for the electric current equations implies the ganty of the potential and the current passing

across the boundary:
n~{Jq}1 = —n—{Jq}2 (3.59)

{v}, ={v}, (3.60)

wheren is the unity vector normal the boundary.
The remaining boundaries were set as insulatienaizero flux condition:

neJ=0 (3.61)

The electronic current equation on the anode sie implemented on the ACCL, the ASL, and

the AFL. In reality, the current was carried bytalbse layers to the open end of the cell, beyond
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the active length. However, only the portion congrihe active length was modeled, and the
voltage boundary condition was set to zero at tbescboundary of the ACCL close to the cell’s
open end. The voltage drop along the cell, fromaitteve length to the open end, was calculated

analytically assuming parallel conduction in thegéndrical shells:

LIeg H
=— 1={ACCL. AFL AS 3.62
Reoi “ oo |- LACCL AFL AS} (3.62)
-1
Reg{ SR S J (3.63)
Reg,ACCL R199 ASL I:zleg AFL,

This way the unnecessary calculation of the curflemt in the current collector was avoided;
therefore the size of the computational domain neatsceably reduced, without implying any
limiting assumption. After obtaining the numericadlution, the cell voltage defined as the

boundary conditionyV,,, was modified to obtain the actual cell voltagattaccounted for the

voltage drop in the omitted part:

*

Vcell :Vcell - IceIIReg (364)

Therefore Ve Wwas comparable to the experimentally measuredgelacross the cell wires.

Similar to the cathode, the continuity conditionswesed at the ACCL/ASL, and the ASL/AFL

interfaces; the remaining boundaries were setsagdating boundaries.

The ionic current equation was implemented on tB& Ahe AFL, the electrolyte, and the CFL.
The continuity boundary condition was employedhairtinterfaces, and insulation condition for
the remaining boundaries. The ionic current wasothlg domain that has no overall outflux of
charges along its boundaries, among the three elmignce equations; all the ionic current was

produced in the volume of the cathode was consumitdh the volume of the anode domain.

Special attention must be paid to the fact thatuse of continuity boundary condition for the

flux and the potential variables across domaind wiifferent porosity was appropriate only
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because superficial fluxes and intrinsic (non-sfigat) electric potentials were used in all the

charge flow equations.

For the anode mass transfer model, Dirichlet bonyndandition was used at the inlet of the
injector tube by specifying the inlet compositiohhydrogen. Similarly, the composition of air
was specified at the inlet boundary of the air clenPure convective flux was assumed as the

outlet boundary condition for the mass transfer eldy assuming zero diffusive flux:

neJ™=0 (3.65)

This boundary condition was valid because the cotnxe velocity normal to the outlet boundary

was much higher than the diffusive velocity.

A continuity condition of the component fractiondatiheir mass fluxes was assumed across the

gas channel/ porous electrode interfaces:

n‘{ N i m*} porous electrode: _n{ Ni m} gas chann (366)

{ )ﬂ } porous electrode= { X} gas chann (367)

These conditions were valid because intrinsic cotmadon (concentration of the gas within the

pores) and superficial mass fluxes were used ipdneus media mass transfer equations.

Continuity boundary condition was implemented &t ititerfaces of the porous layers with each
other, again valid for domains with different pates as explained above. A zero flux was

employed for the remaining boundaries.

For the momentum balance equations, the inlet utglazas specified as the fully developed

laminar profile in a tube — a parabolic function:

u=2u,,[1- (r/RY] (3.68)
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whereu is the normal velocity across the boundarig the radial position from the center of the
tube, andu,g is the average velocity of the gas in the tubdufwetric flowrate divided by the

cross-sectional area of the tube).

The coupling of the momentum balance equationshat gorous electrode / gas-channel
interfaces was a more delicate issue. The diffekeatuations for the momentum balance in the
gas channel (the Navier-Stokes equation) is ofre@oder in terms of velocity, but first order
within the porous medium (Darcy’s law). The velgcierm in Darcy’s law is the superficial
velocity and the pressure is the intrinsic pressfitie gas within pores. For Darcy’s law on the
porous electrode side, the normal velocity at tas-channel / porous electrode interface was
equated to the normal velocity obtained from theidlaStokes equation:

n.{ U} porous electrode: _n.{ U} gas chann (3 69)

This condition ensured the conservation of the @Venass flow across the porous medium and
the gas channel. For the Navier-Stokes equatioth@igas channel side, the normal stress at the
boundary was equated to the pressure stress athtmome the Darcy’s Law, while the tangential

velocity was set to zero:

(3.70)

n
porous electrode

=Pl + 40 +(u)") = (O] = {

teu =0 (3.71)

wheret is the unity vector tangent to the boundary.

The combination of the boundary conditions expldiabove did not necessarily imply that the
tangential Darcy velocity across the boundary wasakto zero; while on the Navier-Stokes side
it was forced to be zero. However, this inconsisgamwas minor because the tangential velocity
at the intersection was very small, as it was latarfirmed by the simulation results. Most
importantly, these conditions conserved the masbanged across the electrode / gas-channel

boundaries, and represented the physical realityeofystem to a satisfactory degree.

46



3.3.2 Model Parameters

The physical properties appearing in the model &ops were found either directly from the
literature or were estimated based on the availaiathematical correlations. The gas viscosity
and density were calculated locally as functionpressure, temperature and composition of the

gas. Details of these calculations are presentdteiappendix.

The properties related to the porous medium areepted in Table 3.1. The porosities were
measured experimentally based on Archimedes ptecgnd were confirmed based on SEM
image analysis. The pore size distribution andpéeneability of the AFL and the ASL were
measured by gas porometry. The permeability ofARe and ASL were measured to be from
le-14 i to le-15 m for the samples tested, about an order of magmitigher than the
theoretical values of ~1e-16 calculated from E§XB. This can indicate the effective use of pore
former during fabrication, as well as a suitablatesing program which enhanced the
permeability of the porous electrodes. The highermeability of the reduced AFL and ASL
samples could as well be due to the shrinkageeohitkel oxide particles after their reduction to
nickel.

Table 3.1.The physical properties of the porous electrodes.

Parameter Theoretical Experimental Used in the Mode

permeability 5e-16, Eq.(3.51) le-14 to le-15 le-14

log(aSt. ar 5.07, Eq.(3.33) 3.84+ 0.22 3.84
5.90, Eq.(3.34)

l0g(Tr st 5.86, Eq.(3.33) 1.56x 0.4( 1.56

log(aSh. cr 3.65, Eq.(3.34) 2.39+ 0.1( 2.39

log(o" e -0.08, Eq.(3.34) - -0.11

log(o5 el ) -1.10, Eq.(3.33) - -0.11
-0.11, Eq.(3.34)

log(o",e. -0.19, Eq.(3.34) -0.19

Porosity ASL,| - ~04 0.4

ACCL, CCCL

Porosity AFL,| - ~0.3 0.3

CFL
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It was found that the effective conductivities cdédted based on the percolation theory were
significantly different from the experimental vafyespecially for the ASL. Eq.(3.33) could not
be used for the ASL, because the composite wawitiat the percolation threshold of both the
ionic and the electronic conducting particles. Hegre assuming percolation probability of 1 for
Ni, a value of 0.2 was obtained for the ratio af #ffective to intrinsic conductivity, based on
Eq.(3.34). This value is drastically higher thaa #2e-5 value determined experimentally. It was
also observed that the effective conductivity & &SL varied significantly among the samples,
and changed even for the same sample with timeeisaw at different testing cycles. The ASL
effective conductivity values obtained experimdgtalere not normal for a Ni/'YSZ composite.
This could be due to agglomeration of nickel pétat high temperatures which is a well know
phenomenon for SOFC electrodes. Agglomeration mfumeince the connectivity of particles and
consequently the effective conductivity. In additiothe influence of the manufacturing
technique, EPD, on the arrangement of the partioldke solid skeleton may have influenced
the effective conductivity. The arrangement of igées can significantly influence the
percolation of conductive chains. The experimeeféctive conductivities were used in the
model for the values that were measured. The axgatial results and more discussions on the

effective conductivity of the anode and the cathisqaesented in Chapter 6.

The main unknown parameters for the fuel cell wie kinetic constants of the anode and
cathode reactions, namely., andi. ,,. As it will be discussed further, a nonlinear tesguares

algorithm was used to tune these parameters toinolsianulations consistent with the

experimental data.
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3.3.3 Domain discretization

To solve the model equations numerically, the dontgid to be discretized into elements by a
numerical mesh. Length scales with several ordensagnitude difference were involved in the
geometries modeled, the 5e-6 m thick electrolyy@dacompared to the 7e-2 m long furnace
tube, which made the meshing challenging. All tleeteochemical phenomena occurred within
the thickness of the electrodes; therefore resgltire large gradients across the electrode layer
required a finer mesh. However that mesh size vmagceessarily fine for the gas channels and
along the active length; using the same mesh sizéhé whole domain was computationally too
expensive. An unstructured mesh was initially usddch was fine across but skewed along the
electrodes, and which rapidly expanded within tres ghannels. However, the required
expansion ratio and the skewedness, introducedisgam numerical errors to the FEM scheme,
and severed the stability and the convergence lmhat the numerical solver. Therefore a
skewed structured mesh was employed as the beshpgee Figure 3.2.

The structured mesh was fine enough in the dinectib the large gradients i.e. across the
electrodes, but rather coarse along the gas cranfte mesh boundaries being aligned with the
fluxes to be solved for (mass, momentum, chargas]),the advantage of lower numerical error,
and therefore required fewer nodes for the samaracg. Therefore, the resulting mesh was
optimized in terms of the computational requirerseftime and memory), accuracy, and
convergence properties. This is clearly indicateéigure 3.3: the time required for solving the
model on the finest structured mesh was less thHrohthat on an unstructured mesh, while the

error was at least an order of magnitude smallgherstructured mesh.
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Figure 3.2.The structured mesh used to discretize the cormpoé domain.

50



Rel err (%) = Error, Vcell=0. Time (min)

® Error,Vcell=1.09
[ = Solution time¢
1E+0 +
1E-1 .
1E-2 t
1E-3 T
1E-4 -

1X 2X 4X 8X Unstruct

Mesh refinement

Figure 3.3.The effect of mesh size on the final solution oted for the model.
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3.3.4 Numerical solution scheme and initial solution

The final model consisted of a set of 9 interdepangartial differential equations. The solution
was approximated by second-order Lagrangian polyalsnon the numerical grid, except for
pressure which a first-order Lagrangian polynomias used. The resulting system of equations
was solved by a nonlinear gradient based iterareer (Newton) - which used a direct solver,
UMFPACK, to solve the linearized system of equatiomMumerical computations were
performed on 12 Intel Xenon E5540 2.53GHz 64-biU€Rvhich had access to 12GB of RAM.

The convergence to the final solution was challeggbecause of the nonlinearity of the

equations involved. The initial solution was founde fundamental to a stable convergence and
the time required for it. For the hydrogen diffusebe, the initial solution was chosen as the
analytical parabolic velocity distribution. A sirail concept was used for the air side; although
the final solution in the air channel was not expddo be parabolic due to the presence of the
fuel cell in the middle of the furnace. The initsdlution for the concentrations on the air side
and the fuel side were set equal to their respedtilet concentrations. The initial solution for

the electronic potential of the anode side wastsetero. The initial solution for the ionic

potentials was set to zero within the anode, thleotke and the electrolyte layers. The potential
of the electronic conductor on the cathode side seato the Nernst potential calculated for the
cell inlet conditions. These initial solutions roaably enhanced the convergence time and

stability.

Even with the suitable initial conditions, it wasuhd that convergence was still not guaranteed
for all parameter values. This was especially gotatic for the kinetic constants optimization
algorithm, as a guaranteed convergence was edsdifgaefore a segregated solution approach
was adopted: the electric current equations wekeedavhile the variables for the concentration
and flow were kept constant at their initial saativalues. The solution obtained was then used
as an initial solution for solving all the equatisimultaneously. This approach guaranteed

convergence for a wide range of input parameter.
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3.3.5 Numerical convergence and consistency

To ensure the numerical accuracy of simulationltgesthe sensitivity of the solution to mesh
size was analyzed. The model equations were saeal base case structured mesh. Then the
mesh was systematically refined by adding nodethénmiddle of the original nodes; hence
halving the mesh size. This process was continaetbtain finer and finer meshes. The model
was numerically solved for a cell voltage of 0.41dn09 volts for each case - the range obtained
experimentally. The main variable of interest, tuerent generated by the cell was calculated,
and the values are shown in Figure 3.3; the casmnailnstructured mesh is also included to
compare it with the structured mesh results. Thative error was calculated for each case in
comparison to the finest mesh case of 16X resaluttas clear from Figure 3.3 that the relative
error for a cell voltage of 0.4 V was smaller tHa@9 V. It was concluded that the 4X case was
suitable enough for the purpose of this studyhagelative error for both voltages were less than
0.5%. The convergence error decreases monotoniealthe mesh was systematically refined.
The discretization erroAY, which results from numerically solving the eqaas on a mesh, is

a function of mesh spacingX, and can be approximated &%~ (AX)°®, where OC is the order

of convergence. For a mesh independent solutienotttler of convergence becomes close to the
order of polynomials used in the numerical schefle order of convergence was estimated to
be 2.02 and 2.00 based on the cell voltages of dnd90.4 volts. These values were close to the
second order polynomials used in the FEM schemaetbre the solution was indeed mesh

independent.

Figure 3.3 clearly indicates the superiority of #teictured mesh: the 4X mesh case, which was
selected for the final simulation, had a convergetime 25 times less than the unstructured

mesh, while having a smaller relative error.

To assess the numerical consistency of the siroalaésults, the overall species balance around
the boundaries of the system was investigated.ifleé to the system was air and humidified
hydrogen. The outlet was oxygen depleted air. Tégleded oxygen, by combining with the
hydrogen on the anode, had appeared as gaseousinvélte anode exhaust stream. From the
numerical point of view, the equations solved foe tanode and the cathode sides were

completely separate, connected only through theentisource terms appeared in the charge
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balance equations. Therefore the oxygen atoms eshterto the model as the boundary

conditions, were transported by diffusion and catiea to the CFL, numerically disappeared

into the ionic conduction model, conducted to thede side to numerically reappear within the

anode gas phase, and from there they were traespitmtough the porous electrode to the bulk
gas and finally to the fuel outlet. In a numeric®nse, values calculated at the outlet
accumulated all the errors caused by the numesaation scheme. Hence the consistent overall
mass balance shown in Table 3.2 indicates thattin@erical scheme was conservative and that
the model was appropriately implemented.

Table 3.2.The overall elemental balance around the boursiafighe simulated ISOFC.

Vcell=0.4V | B H.O O H O

In (mole/s) 3.54E-05 6.39E-05 1.48E-06 7.3825E-05 .2928E-4
Out (mole/s) | 2.43E-05 5.84E-05 1.25E-05 7.3826E-051.2931E-4
Difference 0.0014% 0.0191%
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3.4 Experimental validation

The unknown parameters of the model were estimadsdd on the experimental data. Then the
simulation results were examined to validate thétalof the model to describe and predict the

physical reality of the system.

3.4.1 OCV dependence on hydrogen flowrate

It was observed experimentally that the cell OC¥réased by changing the flowrate of

hydrogen from 20 mL/s to 400 mL/s, as shown in &&B. The model however did not predict

this phenomenon. Although the model predicted toeeiase in the total pressure of the anode
side at the higher flowrates, it did not predictiacrease in the OCV. This is because for every
mole of water vapor produced, equal number of hyeinomolecules are consumed; therefore
according to the Nernst equation for the anodetrelée, Eqg.(3.11), OCV does not change with

the total pressure, at constant concentration.theronvords, at constant concentratid@ce is

not at all dependent on the total pressure of tlogl@ gas mixture.

Table 3.3.0pen circuit voltage at various hydrogen flowratesl the corrected values.

Hydrogen oCcv OCV(simulation) H mole fraction| OCV
flowrate (experimental) (modified) (refined
(mL/sec) simulation)
400 1.119652 1.095499 0.975885 1.119663
50 1.096697 1.095477 0.961001 1.096697
20 1.091864 1.095481 0.956885 1.091863

The discrepancy between the experimental and tmellgiion results can be explained by
considering the effect of the hydrogen flowratetlom inlet concentration, in two ways. First, the
bubbler may not saturate the hydrogen stream ditehiglowrates because of the shorter
residence time for the gas. Second, the bubblepdesmture may decrease by increasing the
flowrate of hydrogen. Note that, a change in thblber temperature from 30°C to 20°C can
change the saturation mole fraction of hydrogemffb96 to 0.99. To ensure the consistency of
the model with the experimental, the mole fractadrhydrogen was back calculated from the
OCV values, hence using the fuel cell as a conagalr sensor. The inlet concentration of
hydrogen in the model was then modified accordingl/ shown in Table 3.3. Accurate OCV

values were important because, as it will be disedsn the next section, the experimental data
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corresponding to very small current levels, i.eabroverpotentials, were used for estimating the
unknown parameters. When overpotentials are ssralyl errors in OCV predictions introduce

large relative errors, and compromise the accuohtlye predicted parameters.

3.4.2 Parameter estimation

The main parameters that had to be estimated \wereurrent density generation of the cathode

and the anodei(., andi. ,,). In addition, it was decided to estimate the effe conductivity

of the anode support layer, because of the largatiens observed in the effective electronic
conductivity measured experimentally for severabden support samples. Nonetheless, it was
kept in mind that the addition of an extra fittipgrameter could result in a better numerical fit of
the experimental results, without a physical sigaiice. To find these parameters, a nonlinear
parameter estimation procedure was employed inhwihie mean square difference of the model
predictions and the experimental data were minichize five points. The experimental data
points were selected at very small currents, witegeactivation characteristics of the electrode
would be the most distinct, relative to the effetthe ohmic and concentration overpotentials.
The five points selected for fitting were evenlyaspd from 4 to 20 mA, corresponding to
experimental cell voltages ranging from 1.093 V11881 V. The zero current point (OCV) was
not used as it did not add any information abow #ctivation parameters intended to be

estimated, but it was assured that the OCV valuedigied by the model were consistent with

experimental data as explained earlier. The init#ilie of the optimization parameters fog, ,

i oy Oag Were selected to be 1e8, 1e8 and 16.9 respectifelyle 3.4 shows results of

parameter optimization.

Table 3.4.The optimized parameters based on the experimextdata.

Parameter fitted Other estimates

L pn (A m'3) 2.64e9 3.23e9 (Shi et al., 2007)

i ., (AM?) 8.61e8 6.45e8 (Shi et al., 2007)
Log(osy, 1.08 log(o) =1.56+ 0.4((experimental)
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To verify the numerical convergence of the estimhgiarameters, different initial guess values
were tried. It was observed that values ifQr, and oy, remained essentially independent of the
initial guess. However, the anode reaction congtgnt was dependent on the initial guess, and

varied from~1e9 up to~1el3. As it will be discussed further, this was doighe very high

activity of the anode catalyst which made the atibn overpotential of the anode insignificant.
This in turn prohibited an accurate estimationigf,. In other words, in the context of this
model and the TUSOFC under study,,was masked and not readily identifiable. In fact,
another group (Soderberg) also found it challengingcharacterize the electrochemical
performance of the anode, equivalent.tg . Due to the high anode activity, measurementssof i
performance were significantly influenced by expemtal errors. The estimated parameters for
both the anode and the cathode, ( andi, .,) were consistent with the values reported in the
literature; see Table 3.4. The additional fittingrameter,oSt, , was also consistent with the

experimental measurements conducted separatethdohSL samples, as explained in Chapter
6.
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3.4.3 Performance curves

The base case used for the fitting procedure wash#o cell at 808C with hydrogen and air
flowrates of 50 mL/s and 500 mL/s respectively.eath cell voltage, the current generated by

the cell was calculated from the integral of thluatetric current source term within the CFL:

loor = [ T genclV (3.72)

CFL

Figure 3.4 shows how the experimental and simulgberformance curves compare. Note that
only a small portion of the experimental curve waed for parameter estimation, and the rest
was predicted by the model. Therefore the constgtehthese two curves by itself was a model-

validation measure.

1.2 . | . .
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" Pparameter optimization & Simulation
1 . .
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o
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Current (mA)

Figure 3.4.The experimental and the simulated performanceesuior the base case.
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Figure 3.5 shows the performance curves at twemifft flowrates of hydrogen. The simulation
curves are predictions based on the parametemmatstl for the base case. The consistency
between the experimental and simulation resultsnisndicator of the proper modeling of the
mass transport on the anode side. It is worth roeimy that to obtain the experimental data for
the 20 mL.8 case, an accurate control and measurement ofytieden flowrate was critical.
The shape of the curve, especially the sudden dfdpe voltage at higher current levels was
very sensitive to the flowrate of hydrogen. Iniifah 500 mL/s mass flow controller was used
which did not perform a satisfactory control at Iéwrates. The problem was resolved by
using a 50 mL/s mass flow controller. The use abatroller which was capable of controlling
the mass flowrate, not just volumetric flowrate,svedso an important factor to obtain accurate

data; the controller measured and compensatetidqoressure of the gas.
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Figure 3.5.The experimental and the simulated performanceesuat two hydrogen flowrates.
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3.5 Results and Discussion
3.5.1 Assessment of the contributions to the cell perforance loss

As it was mentioned earlier, there are three tyges/erpotentials (losses). The model predicted
the local ohmic and activation losses were withie electrodes. The overall values for the
contribution of each type of overpotentials wasgkited by integrating the energy loss due to
that overpotential divided by the total cell cultteffor the ohmic overpotential, the local energy
loss is equal to the resistive heating in a coratudtherefore, the average ohmic overpotential is

calculated as:

o _ _[Jq-DV

Q
I

(3.73)

cell

The ohmic loss of each component of the cell wdsutated separately to identify the

contribution of each to the total loss.

The energy loss due to the activation overpoterigighe local activation overpotentiajafy)

multiplied by the current generated at that poi@,(). Therefore the overall activation

overpotential is:

s - | Qe (3.74)

act I
cell

The concentration overpotential cannot be calcdlatethe same way, as there is no actual
energy loss associated with it. Therefore it wdsutated by subtracting the total loss from the
activation and ohmic losses. This however did ndtirguish the contribution of the

concentration losses of the anode from the catlsdde, and the electrodes from the gas

channels.

Figure 3.5 shows the contribution of each type\@rpotential to the overall performance loss,
calculated from the simulation results. It is cld@at the activation overpotential of the cathode

was the biggest cause of performance loss in #iisThis is consistent with the well known fact
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that the reduction of oxygen on LSM is relativelgve. The ohmic loss due to the electrolyte
layer was minimal, which is one of the advantageshe very thin electrolyte layer of the
TuSOFC design. What is unusual for this cell is #rgé ohmic loss of the ASL, which was due

to its unusually low electronic conductivity. Thamic losses within the portion of the current

collector layers covering the active lengtff €. .cc.) were quite small. The sum of the losses

due to the electronic and ionic current within &L and the CFL plus the activation loss of the
AFL are all lumped age, and had a very small contribution to the totakloin fact, the very
small contribution of the anode activation loss pamed to the overall loss explains the

difficulty of obtaining an accurate estimate foe #inode kinetic parameter, as discussed before.
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Figure 3.6. The contribution of various overpotentials and poments of the cell to the overall
performance loss.
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To evaluate the share of the anode and the catdtie concentration overpotential, a separate
set of simulations was performed. The concentrati@rpotential of the anode porous electrode

was artificially eliminated by numerically projeng the concentration of the gas channel/ACCL
interface to the entire ACCL, ASL, and AFL domaifiee curven =0). Therefore, the

diffusion barrier of the porous electrode was mitifly eliminated, as the concentrations of

species were constant at each cross section oéldutrode, while they changed along the
electrode. Similar scheme was used for the cath@lde curve 752 =0). The resulting

performance curves are shown in Figure 3.7.
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Figure 3.7. The contribution of the anode and the cathodetreldes to the concentration
overpotential.
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The concentration overpotential of the cathode s@small that the curve representing it is
overlapping the base curve. This is because tHedatlayer was very thin and introduced a
very small concentration difference. On the othend) the anode electrode had a significant
contribution to the concentration loss, as itskhess was much higher. The contribution of both
of the electrodes to the concentration overpoterd@es not add up to the concentration

overpotential calculated indirectlyw(, -#.,..) in Figure 3.7 Therefore, the difference between

the curves forn' =0 and ¥, -7.,,.) Was not caused by the concentration gradientsirwit

the electrodes. It was inherent to the fact that glases flowing within the channels were

depleted from the reactants as they passed alengjebtrodes. Therefore the difference between

the curvesp' =0 and V., —7....) represents the concentration overpotential cabgethe

gas within the channels. A third hypothetical siatidn was performed by keeping the

concentration of all the species constant equtid¢anlet values, within the gas channels as well

as the electrodes, represented by the ciryé€x™") in Figure 3.7. This way, the concentration
losses was completely eliminated. It is clear timaFigure 3.7, the curv&/_,(x") almost

overlaps with the curve that indicate the total aamration loss \(,, —/7,,,.) obtained from

ell
Figure 3.7 This shows that our discussion aboufltve inherent concentration loss was indeed

valid.

3.5.2 Sensitivity of the simulated performance curve tolectrode properties

As it was discussed earlier, some of the paramet¢gnsired for the modeling of the electrodes
varied from sample to sample, and in some cases v different from the values calculated
based on theoretical correlations or reported énliterature. It is well known that properties of
the porous electrodes are very sensitive to tladri¢ation procedures. Therefore the sensitivity

of the simulation results to variances in the etete properties was analyzed.
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The sensitivity of the cell performance to changeshe effective electric properties of the
electrodes are shown in Figure 3.8. It is cleat tha performance is very sensitive to the
effective conductivity of the ASL. This is consistewith the findings from the overpotential

contribution plot in Figure 3.6, where the ASL oknlbss was found a key performance
bottleneck. Changes in the effective conductivityther layers did not affect the performance
much, and the curves corresponding to a 10 tim@mee in those properties overlap with the
base case. The only exception was the effectivie mmductivity of the CFL which noticeably

reduced the performance when it was lower by afauft10.
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Figure 3.8.The cell performance sensitivity to the electriogerties of the porous electrodes.
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The cell performance sensitivity to the permeapdihd the effective diffusion coefficient of the
gases within the porous electrodes was not sigmfjcsee Figure 3.9. Therefore the estimates
used for the model were good enough to have daabsy prediction of the performance. Note
that the sensitivity to these factors was analyagahanging the values for all porous layers
simultaneously. Naturally, most of the changes Itedufrom the anode electrode, and
specifically the ASL, as it was much thicker thha bther layers.
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Figure 3.9.The cell performance sensitivity to gas transpaopprties of the porous electrodes.
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Figure 3.10 shows the sensitivity of the cell perfance to the kinetic parameters of the anode
and the cathode reactions. These parameters réflecatalytic activity of the electrodes. It is
clear from Figure 3.10 that the cell performancedmtion was very sensitive to changes in the
cathode kinetic parameters. This is again condisteh the findings from Figure 3.6, where the
cathode had the single most significant contributmthe overall performance loss. The changes
in the anode kinetic parameter barely affected gleeformance curve, due to its superior
performance and minimal contribution to the ovepdtformance loss. Again, the fact that the
performance is so insensitive to changes in anodeti& parameter indicates that the
optimization scheme could not extract much infororatfrom experimental data to make

accurate estimation.
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Figure 3.10.The cell performance sensitivity to the electrocloairactivity of the electrodes.
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3.5.3 Simulated details of the cell performance

By solving the mathematical model developed for fired cell, aspects of its operation can be
studied that are often inaccessible to experimditterefore simulation results are an invaluable
tool to gain insight about the cell performancereHthe results obtained from the base case

simulation will be discussed.
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The concentration distribution of oxygen in the ghannel had a boundary layer shaped region
in which the gas was depleted from oxygen by thiacke; see Figure 3.11. For hydrogen, there
was no such boundary layer shape, and the contienta hydrogen decreased uniformly as it
passes by the active length.

0.5 055 0.6 065 0.7 075 0.8 0.85 0.9 0.95
(b)

Figure 3.11.The mole fraction of (a) oxygen on the cathode sidd (b) hydrogen on the anode
side at \4=0.4 V. Arrows indicate (a) air velocity and (befwelocity vectors.
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The mole fraction of hydrogen in the cross sectbrthe middle of the anode active length is
shown in Figure 3.12. The concentration gradienbgs:the gas channel was negligible, while it
was noticeable within the AFL. The gradient is &rgat higher current loads (lower cell

voltages).
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Figure 3.12.Themole fraction of hydrogen across the middle ofahede active length, within
the anode gas channel and the anode.

69



The hydrogen mole fraction along the AFL/electrelytterface is shown in Figure 3.13. The

concentration gradients along the active lengtlatveclarger at higher current loads.
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Figure 3.13.The mole fraction of hydrogen along the AFL/elebtte interface; zero on the x-
axis corresponds to the edge close to the open end.
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Unlike the anode side, there was a noticeable gnadin the concentration of oxygen within the
gas channel which was also observed in the colot (#figure 3.11.(b)); see Figure 3.14.
Although the gradients within the electrode werecimbigher compared to the gas channel, the

very thin cathode layer did not cause a large diffee in the concentration of oxygen.
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Figure 3.14.Mole fraction of oxygen across the middle of théhode active length, within the
cathode gas channel and the cathode.
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The concentration of oxygen along the active lengdls higher at the two ends of the electrode:
upstream of the air flow, where oxygen was still consumed; and downstream where oxygen
had the chance to diffusion axially within the gasnnel from the bulk gas toward the electrode.
See Figure 3.15.
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Figure 3.15.The mole fraction of oxygen along the CFL/elecgttelinterface; zero on the x-axis
corresponds to the edge close to the open end.
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Figure 3.16 shows the rate of volumetric electrenggation, i.e. the reaction rate, across the
electrodes. Electrons were generated on the andeevhile they were consumed on the cathode
side; hence the sign of electron generation istipesand negative for the anode and the cathode
respectively. The much higher activity of the andglelear in this figure as the peaks are much
higher for the anode compared to the cathode. Blffuthe peaks are higher at higher current
loads. Notice that reactions were faster at thetmlde/electrolyte interface, especially for the
anode. This is because the ionic conductivity oZYfarticles within the composite electrode
was much lower than the electronic conductivityhimkel or LSM particles. In fact, most of the
AFL was not contributing to reactions, and therefthe anode could be fabricated thinner
without any loss in the overall cell performancéisTwould have had the advantage of lower
ohmic and diffusion resistance for the electrond #re reacting species. However there is a
practical limitation: the AFL acts as a cushiontiog very thin but dense electrolyte layer on top
of the very porous ASL, and protects the electmlfjtom cracking due to thermal and
mechanical stresses. Unlike the AFL, most of the @Rs participating in reactions as the
reaction rate did not drop significantly in its ssosection; therefore there is a potential for

enhancing the cell performance by increasing tlekniess of the CFL.
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Figure 3.16.Volumetric electron generation within the electreda the cross section at the
middle of the active length.

74



Figure 3.17 shows the electron generation alongldetrode/AFL interface, which corresponds
to the peaks in Figure 3.16. The current generatias mostly uniform along the active length;
however at high current loads it became concavid.r&ason that the reaction rate is higher at
the two ends of the active length is that the sidse to the cell’'s open end (x=0.025) is where
electrons were being pulled out and therefore titergial was less affected by ohmic losses. On

the other end, upstream of the flow (x=0), highgdrbgen concentration enhanced the reaction

rate.
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Figure 3.17.The volumetric electron generation along the ARdgolyte interface; zero on the
X-axis corresponds to the edge close to the opén en
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Figure 3.18 shows the rate of electron generatiomgathe CFL/electrolyte interface. The rate of
reaction was higher where the wire was connecteéde@urrent collector for the same reason as
discussed for the anode. However in this casegethetion at the other end (x=0) was not as high
because it was downstream to the air flow and tmeentration of oxygen was not much higher

than the midsection, as it was seen in Figure 3.14.
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Figure 3.18.The volumetric electron generation along the CHcteolyte interface; zero on the
x-axis corresponds to the edge close to the opén en
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The relative magnitude of the convective to théugize mass transfer in the anode electrode is
shown in Figure 3.19. The convective and the dwWkismass transport were of an equal
importance. The effect of the diffusive mass tramspecame more significant at higher current

loads due to larger concentration gradients deeelaythin the electrode.

0.85 1

0.8
0.75

. 07
=

m*

0.65

ci /J

0.6
0.4V

0.55}
0.5}

0% o5 1 15 2 25 3
Length (m) -4

Figure 3.19.The ratio of convective to diffusive mass transfehydrogen within the anode, in
the cross section at the middle of the active kengt



The magnitude of the convective to the diffusivessnransport at a cross section of the porous
cathode is shown in Figure 3.20. The convectigadport was less significant for the cathode

compared to the anode.
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Figure 3.20.The ratio of convective to diffusive mass transi€oxygen across the cathode at
the middle of the active length.
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The pressure distribution in the cross sectiorhefdanode is shown in Figure 3.21. There was a
pressure buildup within the anode electrode. Thisecause water was produced while hydrogen
was consumed within the porous electrode, whicls@awa net outflux of mass. The net outflux
of mass created a pressure gradient within the earedectrode. Higher current generation
obviously resulted in a higher pressure builduphinithe electrode, which was as much as 10
kPa for \fe=0.4V.
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Figure 3.21. The (gauge) pressure distribution on the anode, sidthe cross section at the
middle of the active length.
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Figure 3.22 shows the pressure distribution altvegAFL/electrolyte interface. At higher current

loads, there was a higher pressure gradient alengdtive length of the cell.
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Figure 3.22.The (gauge) pressure distribution along the ARdeblyte interface; zero on the
x-axis corresponds to the edge close to the opén en
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The pressure distribution on the cathode side @vsehin Figure 3.23. Contrary to the anode
electrode, a net mass flux existed from the gaswakatowards the electrolyte due to the
consumption of oxygen within the CFL. Therefore edative vacuum developed within the
cathode electrode. Notice that the pressure difteravas not as significant as the anode side

because the cathode electrode was much thinnethbanode electrode.
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Figure 3.23.The (gauge) pressure distribution on the cathadie # the cross section at the
middle of the active length.
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The pressure distribution along the CFL/electrolyteerface is indicated in Figure 3.24. A
pressure gradient was developed along the ceighehcurrent loads, similar to but not as much

as the anode electrode.
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Figure 3.24.The (gauge) pressure distribution along the Clecteblyte interface; zero on the x-
axis corresponds to the edge close to the open end.
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3.6 Conclusion

A tubular micro solid oxide fuel cell was simulatedsed on detailed mathematical modeling of
the physical phenomena occurring within the celie Tnodel was verified to be numerically
consistent, and was successfully validated ag#wesexperimental data. The model was used to
get a detailed insight into theySOFC performance. The simulation results were used
determine and distinguish the performance lossasechby various irreversible effects. It was
found that due to the special design of this ¢dll, the very thin electrolyte, significant losses
commonly caused by low ionic conductivity of YSZ swainimal. The loss due to low activity
of cathode was found to be the major performandgeneck. In addition, the ohmic loss in the
anode support layer was found to be significantcabee of its unusually low effective
conductivity. Therefore the two areas to focusronder to enhance the performance of the cell
are identified as: first, engineering the anodepsupmicrostructure to improve its electronic
conductivity; second, improvement of the cathoddalgat. Obviously enhancing the
conductivity of the anode support is a goal achdvavith the available material knowledge,

and should have a higher priority in further depéig this fuel cell.

On the numerical aspect, it was found that mod®ie$timating various properties for the cell,
especially those for the porous electrodes shbeldsed with special care. This was especially
prominent in the case of electronic conductivitythod anode support layer, which was unusually
low. This indicates the danger of assuming properbased on correlations, especially when
novel fabrication techniques are employed; usingplid values can mislead the modeling

results, and be inconsistent with the reality ef sigstem.
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Chapter 4. The non-isothermal model

4.1 Introduction

Solid oxide fuel cells (SOFC) typically operate @md 800°C, and maintaining them at a
uniform temperature is a major challenge of critiogportance. Excessively high temperatures
result in agglomeration effects within the eleceasdwhich leads to reduced performance,
material degradation, and ultimately complete failaf the cell. High temperatures also increase
the mechanical stresses caused by the thermal sigpamismatch of the SOFC components,
which can lead to cracking, delamination, and meidaa failure of the cell. A more uniform
temperature reduces the mechanical stresses chydbe temperature gradients. On the other
hand, lower temperatures reduce the cell performaby decreasing the electrodes’
electrochemical activity, and by increasing thectle resistance of the electrolyte. An SOFC
generates heat as it operates and experiments dieoxen that the temperature differences
between the cell surface and the gas inlet carhrepdo hundreds of degrees Celsius (Zinovik
and Poulikakos, 2009). Effective removal of theegated thermal energy is essential to avoid
excessive temperatures, while a stack of SOFC siretk to be thermally self-sustained.

Therefore, the thermal management is a delicatmbalin the SOFC design and development.
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For these reasons, it is essential to assess mhgetature distribution within an SOFC, and

assure that it remains within the acceptable limitke experimental measurement of the
temperature distribution within the SOFC systemd #s layers, and assessing the effect of
various parameters on it is quite difficult. Themef, mathematical modeling can be a superior
tool for gaining an accurate understanding of tleathransfer effects in an SOFC, barely
accessible through experimentation. In additiondetiog the electrochemical performance of an
SOFC is not possible without considering its thdrivehavior, as the reaction rates and the

material properties are highly dependent on tentpera

Many mathematical models for SOFCs are presentethanliterature, for a wide range of
geometries, designs, and operating conditions;ifelude heat transfer effects, and even fewer
include a complete treatment of it. Excellent rexdeby Bove and Ubertini, (2006); Colpan et
al., (2008); Faghri and Guo, (2005); Kakac et @007) summarize the ongoing efforts on the
thermal modeling of SOFCs.

This model developed here is unique in several cspdt presents one of the most
comprehensive models developed for any type SOIC just the TISOFC. Radiative heat
transfer was modeled comprehensively on the anoddhe cathode sides. The model included
the reversible and irreversible heating effectthasn SOFC. The reversible heating was modeled
based on the single-electrode entropy generataloulated locally within the volume of each
electrode, as the volumetric reactions were assuméun the composite electrodes. The
irreversible heat generation was also estimatetinvihe volume of the SOFC layers. A novel
approach was implemented for calculating the edeottive potential that can account for the
thermoelectric effects in a non-isothermal eledtsmical cell. The materials’ physical
properties were calculated based on the local tondj i.e. temperature, pressure, and

composition.

This work is especially distinguished as it presahie experimental results conducted on the
TuSOFC, specifically to validate the mathematical elo@his is the only modeling effort that

has validated the model predictions both in terinthe cell’s electrochemical performance as
well as its detailed thermal behavior. In additispecial attention was paid to the validity of the

simplifications assumed to develop the model, dbagethe numerical consistency of the model.
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No parameter fitting was required for this model,tike parameters form the isothermal study
presented in chapter 3. The purely predictive satmh results were found to be consistent with

the physical reality of the cell.

The validated model was used to investigate thentalke behavior of the ISOFC. The
temperature distribution profile was simulated etail, and the significance of radiative heat
transfer was investigated. In addition, the effetthe non-isothermal conditions on the cell
potential was assessed. Validated for a single ttellmodel can be further extended to model a

stack of mSOFCs, which can be a significant development tool.
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4.2 Model development

The non-isothermal model includes the heat transiedel in addition the equations presented
for the isothermal model. The isothermal model &igua remain essentially unchanged once
they account for the temperature dependency ophlysical properties. The only exceptions are
the electrochemical potential equations which havelifferent form for a non-isothermal
electrochemical system, and are further discusseithe following. The buoyancy effect was
ignored in the fluid flow model. The diffusion-tmeo effects on the mass and the energy
transport, i.e. thermal diffusion and Dufour efigatvere also ignored, as their contributions are
negligible (Bird et al., 2002).

The cell overall electrochemical reaction of hydmgeacting with oxygen, as in Eq.(3.1)(a), is
exothermic for an SOFC system. Therefore whileantris drawn from the cell, heat must be
taken away from the cell active length to preséheesteady-state conditions. Heat is transported
by conduction, convection, and radiation. Whiler¢ghis no doubt that radiation is significant at
the SOFC operating temperatures, including it i@ thermal modeling of SOFCs has been
debated in the literature. About 50 papers pubtisihem 2003 to 2009 have discussed the heat
transfer effects in SOFCs or included it in theodals; only about 20 included radiative heat
transfer, half of which were directly dedicatedr&aliation. Interestingly enough, most of the
models that include radiative heat transfer aresehfor the tubular geometry. Earlier models
presented in the literature more often ignoredatacd heat transfer (Ackmann et al., 2003;
Chyou et al., 2005; Haberman and Young, 2004; lal.et2004; Lu et al., 2005b). An increasing
number of studies suggest that including radiaisoaessential for an accurate thermal model of
both tubular and planar geometries (Calise et28l07; Sanchez et al., 2006; Sanchez et al.,
2007; VanderSteen and Pharoah, 2006). Some stsuljgrest that radiation can be ignored; any
conclusion however should be investigated with sperare. For example, a study suggested
that including radiation is not inevitable for prethg the maximum temperature in a planar
SOFC stack, and that the effect of radiation islkmaits central part (Tanaka et al., 2007).
However, they included radiation only on the owtierfaces of the stack to draw this conclusion,
but not among the cells. Their conclusion therefaoald be just a natural result of the well-
known thermal radiation shielding phenomena (Holn2002). In another study, it has been

suggested that including radiative heat transfea imodel is essential for analyzing the local
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temperature distribution; however ignoring it wosglil result in an acceptable evaluation of the
overall electrochemical performance (Sanchez et 2007). Another study suggested that
including radiative heat transfer lowers the maximtemperature by as much as 100°C, and
mitigates the temperature non-uniformities withime tstack (Burt et al., 2004). Some of the
different conclusions about radiative heat transfan be associated to the variations in
geometries and designs studied, which can haverafisant effect on the overall effect of
radiative heat transfer. In fact, some have propassigns which employ radiative heat transfer
as the main mechanism for enhanced thermal managevhéheir stacks (Krist and Jewulski,
2006).

Modeling radiative heat transfer is a challengiagkt The data available on the radiative
properties of materials used in the SOFC comporenets/ery limited (Faghri and Guo, 2005),
which also faces the reproducibility issue assediavith the SOFC fabrication. From the
mathematical point of view, a comprehensive treatnoé radiative heat transfer can be quite
difficult. The integro-differential equations deing radiative heat transfer are highly non-
linear, and must be solved numerically with schethasare inherently very different from those
implemented for solving the conventional transgaations. Including radiation can drastically
increase the computational requirements of the niealescheme and the solution time. Hence,
radiative heat transfer, when modeled, is ofteaté@ with significant simplifying assumptions;
i.e. using view factors for relatively large sudasegments (Calise et al.,, 2007; Calise et al.,
2009; Haberman and Young, 2008; Li and Suzuki, 200ghino et al., 2006; Song et al., 2005),
assuming radiation only in the radial direction fobular geometries (Jia et al., 2007; Jia et al.,
2008; Suwanwarangkul et al., 2006, 2007; Xue et24l05), or assuming radiative exchange
with an environment at constant temperature (Sarinet al., 2008) . Verification of these
assumptions is critical and often not straightfadyavhich leads to inaccuracies of unknown
magnitude. It seems that these challenges havedee authors, even in very recent detailed
modeling studies, to ignore radiative heat transfitogether without any mentioning of it
(Mounir et al., 2009; Ni, 2009; Suzuki et al., 2088ang et al., 2009; Yuan et al., 2009).

The definite conclusion about radiative heat trans that it is important in SOFCs, and any
assumption should be made with special care, cernisglthe geometrical design and operating
conditions. In the model developed for this wavk, include surface to surface radiation on both
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the air side and the fuel side; the assumptionsenaad the basis of their validity will be further

discussed.

4.2.1 Conductive and convective heat transfer

The conductive and convective heat transfer cambdeled by the energy balance equation.
Although these equations are well established, ssonal mistakes in the SOFC modeling

literature calls for a brief discussion of its dieyenent here to reinforce the correct formulation.

The steady state energy balance equation with humedric heat source is:
O«(N") =0 (4.2)
The total heat fluxN', includes thermal conduction and the energy tramneg by the mass flux
of components:
N =-kOT+> HN" (4.2)
where K is the overall thermal conductivity of the gas ranet I—A|i is the partial enthalpy of the

component, where for an ideal gas mixture is equal to theemomponent enthalpy. The total

mass flux of the componentN™, is the sum of its diffusive mass flu3,",and convective mass

flux, c™:

N"=J"+¢"=J"+wpu (4.3)

wherew represents the mass fraction of the componanénd o are the average mass velocity

and the density of the gas mixture respectively.
Combining Egs. (4.1) to (4.3):
Oe(-k OT)+ > (H,0-N"+N"™0H ) =0 (4.4)
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The spatial gradient of enthalpy of each compormant be related to its specific heat capacity
and the spatial gradient of temperature:

=21\ =94 —T=g,0T (4.5)
. ;

With no gas phase chemical reaction, the compamasst balance equation dictates that:

0-N"=0 (4.6)

Therefore, from Eqgs. (4.4) to (4.6):

O«(-x OT) +Z(pcqcpyiu-DT+ G J"0T) =0 4.7)

Considering the ideal gas mixture specific heatcdyp defined as:

c,= Z(a)lcpyi) (4.8)
the final form of the energy balance equation foideal gas mixture is:
Os(—K DT)+(,0UEp +ZJ{“cp’ij-D T=0 4.9)

The first term of Eq.(4.9) represents the thernmaidtiction when there is no mass transfer; the
second term represents the heat transfer due t@dheection of mass; and the third term
represents the heat transfer by the diffusion efg@mponents, which may be significant (Bird et
al., 2002). In some SOFC modeling literature (Lwaket 2005b; Suwanwarangkul et al., 2006;

Wang et al., 2009) the, was incorrectly included inside the divergence afwer which should

be outside as in Eq.(4.9).
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Heat transfer in the porous electrodes can be raddey the volume averaged equations, in
which the quantities of interest are averaged avespresentative elementary volume (REV). A
rigorous development of these equations for mogdetiattery systems is presented elsewhere
(Gu and Wang, 2000) which can equally be appliednoSOFC porous electrode. A basic
assumption made is that the local thermal equilibricondition exists, which is the case for
SOFC electrodes (Damm and Fedorov, 2006). The gefugm of the equation for a composite
electrode comprising d&f phases is (Gu and Wang, 2000):

Oe(-A0T) + pc,us0T = g, ., (4.10)

pc,uand Aare the average heat convection and the averagjedreductivity of REV calculated

as pC U= @pC, U, and A=> A +A, . @, g, C,. and uare respectively the
k k

volume fraction, density, specific heat capacityd arelocity of the phas& The effective
conductivity of the phas&, A", includes the tortuosity effectsl, , is the hydrodynamic
dispersion and appears as an artifact due to thueneoaveraging of the equations — it represents
the effect of velocity and temperature variatiorithin the REV. q, ., is the volumetric heat

source, which includes the volumetric and the fat2al heat generation within the REV.

Within the SOFC porous electrodes, the gas phastilootion to heat transfer is quite small

compared to the solid phase, because of its relgtigmall heat capacity and thermal

conductivity. A, is zero by definition for the solid phase. Theref&q.(4.10) for the porous

electrode simplifies to:
D'(_Asgid DT) = qh, gen (411)

/1eff

solid

is the effective thermal conductivity of the sofidase. The heat transported by the flow of

oxygen ions, the ionic current, can be includedthie model (Fischer and Seume, 2009).
However, its effect is negligible as the Thomsoefficient, equivalent to the heat capacity, of
the oxygen ions in YSZ is shown to be half of tbithe oxygen gas (Ratkje and Tomii, 1993).
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Therefore if the convection of oxygen gas can kglawted, the Thomson effect can be ignored

as well.

The heat generated within an electrode results fitmanmreversible and the irreversible effects.
The reversible heat is generated due to the entobyyge of the electrochemical reactions,
which will be discussed further. The irreversibEatresults from the heat generated due to the
resistive heating within the electrically condugtigolids, i.e. the ohmic overpotential, and the

heat generated because of the irreversibly activasture of the electrochemical reactions, i.e.

the activation overpotential. The volumetric ireesible heat source, ;. , is calculated as:

Onirr = Tronie I Vonic 0 Ve + Tl Voot O Vet 1047 4 (4.12)

ionic ionic lonic ele elec elec
The first two terms on the RHS of Eq.(4.12) repnéske resistive heating caused by the ionic

and the electronic currents, while the third terepresents heating due to the activation

overpotential. Note that the irreversible heat widag zero for an ideal fuel cell.
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4.2 .2 Radiative heat transfer

Thermal radiation is significant at the SOFC opatatemperature. Surfaces exchange heat
through radiation, and gases can absorb and emiati@n. The significance of the gas
participation in radiative heat transfer dependshenphysical nature of the gas and the geometry
of the gas enclosure. The non-polar molecules ercéthode side, nitrogen and oxygen, do not
participate in radiative heat transfer at all ane tansparent to radiation. On the other hand,
H,O on the anode side participates in the bulk gdgtian and absorption. However, for a
narrow gas channel (<5 mm) the gas is opticallyhso that makes it practically transparent to
thermal radiation (Damm and Fedorov, 2005).Simatatresults also have shown that the
participation of the anode gas in thermal radiattam be safely ignored for the tubular and
planar geometries when the aspect ratio of the apasinel is high (Sanchez et al., 2006;
VanderSteen and Pharoah, 2006). Therefore surfasarface radiation is the only significant
radiative heat transfer mode in an SOFC with aavaranode gas channels. Radiative heat
transfer not only occurs between the surfacesefgds channels, but also between the surfaces
within the porous electrodes. Radiative heat temsithin an optically thick porous medium can
be approximated as an enhancement to its thernmaluctivity, i.e. Rosseland approximation.
However, the Rosseland thermal radiative condugtivi the SOFC porous electrodes is much
smaller than its solid phases thermal conductivatyd therefore can be safely ignored (Damm
and Fedorov, 2005).

It is noteworthy that the solid electrolyte, YSZ,an optically thin medium (Damm and Fedorov,
2005), and therefore radiative heat transfer oceuthin the electrolyte as a participating
medium. Some have suggested that the thermal i@diatithin the electrolyte can play an
important role in heat transfer (Murthy and Fedor@003). However, a detailed modeling
analysis has concluded that radiation within a @lectrolyte has an insignificant effect on the

temperature distribution within the system (Daunlet2006).

Based on the arguments presented above, only thative heat exchange among the gas
channel surfaces was modeled, while the gasesagstened transparent and non-participating.
On the air side, the inner surface of the furnabe texchanged radiative energy with itself and

with the outer surface of thewBOFC. Similarly, the inner surface of thaSOFC exchanged
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radiation with itself and the outer surface of thel injector tube inside it. Finally, the inner
surface of the fuel injector tube exchanged raoiatvith itself. In addition, surfaces could
exchange radiation with the environment when pdsdiirough the outlet of the air and the fuel

gas channels.

A simplified schematic of radiative heat transfethm an enclosure is shown in Figure 4.1. The

net radiative heat flux leaving any poind ©n a surfaceg,,,, is the difference between the

radiative flux leaving, the radiosityg( ), and that arriving at that point, the irradiatiag) ):

Gret(¥) = (R = G.( 3 (4.13)

oy

Figure 4.1.A schematic of the surface to surface radiatiathiwian enclosure.
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The radiosity of a surface consists of the emitted the reflected radiation. For an opaque, gray,
and diffuse surface it is:

(X =€ (T(X)" +@-£) ¢, (¥ (4.14)

The first term in Eq.(4.14) is the Stefan-Boltzmasxpression for the radiative power of an
opaque, diffuse, gray surface.is the emissivity of the surface, is a temperatependent
physical property, and can vary for different raelthwavelengthss is the Stefan-Boltzmann
constant (5.67e-8 W.AK™).

The irradiation at any poink) on the surface, is the sum of the radiative Raatarriving to that

point from every other point§) on the surrounding surfaces ).

A, = [ (OO A x &) & (4.15)

wherew is a geometric factor accounting for the effecthaf surfaces relative orientation on the

radiative power exchanged, afids the visibility factor:

1 x and¢é see each otf

, 9@5)={ (4.16)

0 otherwise

_ _(rnx)(rn {)

a(x, &) =
7|

wherer is the vector connecting the two points, ands the normal vector at each point, as

shown in Figure 4.1.

Equation (4.14) and (4.15) form a set of integrifedential equations on the radiating surfaces,
the radiosity equation (Voigt et al., 2004), thatdals the surface to surface radiative exchange
in an enclosure. The effect of radiative heat tiemis included in the model through Eq.(4.13)

as a boundary condition which will be further diseed.
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4.2.3 The thermodynamics of a non-isothermal electrocheral cell

Two aspects of the thermodynamics of a non-isotaketectrochemical cell are important for
our model: the reversible heat generation and ¢ieeisothermal electromotive force of a single-
electrode. They should be calculated at each pathin the electrode volume based on the local
temperature, pressure, and composition. This isotilg model to calculate electrochemical

potentials locally within the SOFC electrodes elgering temperature gradients.
4.2.3.1The single-electrode reversible heat generation

Reversible heat generation is inherent to any &a#ll because the cell can only harvest the
reaction Gibbs free energy change as electric pavagrits enthalpy change. Therefore heat can
be generated or consumed depending on the relatlues ofAH andAG. The overall reaction

in an SOFC is exothermic, and the amount of helstased is significant; hence thermal

management is a critical issue even in a veryiefiicSOFC.

Although the overall reaction in the SOFC is exathie, the half-reactions occurring at each
electrode are not necessarily exothermic. In faadtas been shown that although the cathode
reaction is always exothermic, the anode reactamlm®e endothermic (Ratkje and Mollerholst,
1993). This is in contrast with the assumption thatoverall heat of reaction is released on the
anode electrode, seen in some SOFC modeling lerdLi and Chyu, 2003; Li et al., 2004; Lu
et al., 2005a, b; Yuan et al., 2009).

It is straightforward to calculate the reversibeahgeneration of the overall reaction from basic
thermodynamics. In contrast, the estimation ofdimgle-electrode reversible heat generation is
not as simple. In this work, we calculate the relse heat generation of each electrode
individually as a function of the local temperatarel pressure conditions, based on the entropy

change of each half reaction:

G, =-TAYT, p) (4.17)
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The entropy change of the cathode reaction, EQ((3,1per half a mole gaseous oxygen

consumed is (Takehara et al., 1989):

DSl T P)= $-(T B3 §(T p-2 S T) (4.18)

where ng, and S;, are the transported entropy of the oxygen ionsthacelectrons respectively,

and S, is the entropy of gaseous oxygen.

The challenging aspect of Eq.(4.18) is the estomatf the transported entropy of oxygen ions
and electrons. They are not values reported ivexaional thermodynamic references, unlike
the entropy of neutral components. An excellentieserof studies were conducted to
experimentally estimate the transported entropythe oxygen ions specifically in YSZ

(Kanamura et al., 1991; Ratkje and Forland, 1994tkjg and Tomii, 1993; Takehara et al.,
1989). This was done by the measurement of thentbedectric effect that was induced between
two oxygen electrodes by a temperature gradierd hefoss a YSZ electrolyte. An excellent
summary of these studies can be found elsewhemeh@i and Seume, 2009). Based on
irreversible thermodynamics, the Seebeck coefficievhich is the change in the electric
potential difference between the two oxygen eletds) divided by the temperature gradient

across them, is related to the entropy changeeoéléctrode half-reaction as:

AScathode( T' p@) =n (4 19)

QT'Q
= m

where%is the Seebeck coefficierf,is the Faraday constant, amds the number of electrons

exchanged in the half reaction.

Experiments showed that the measured Seebeck aerffiwas essentially independent of
temperature (Ratkje and Tomii, 1993). In addititre transported entropy of the oxygen ions
was independent of the oxygen gas partial preg®atkje and Forland, 1991). It was also found
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that the measured Seebeck coefficient was indepéradehe electrolyte sintering conditions,
i.e. the electrolyte grain size, and the Yttriateom of YSZ(Ratkje and Tomii, 1993).

We are interested in the reversible heat generatorthe entropy change, of the cathode
reaction, within an electrode where temperature @gen concentration are not necessarily
constant. Therefore, based on the available expet@mhdata at a given condition, the terms on
the RHS of Eq.(4.18) should be calculated for @mygerature and oxygen partial pressure.

The first term on the RHS of Eq.(4.1$;2_, was observed experimentally not to be a function

of oxygen partial pressure, and therefore is onfurection of temperature (Ratkje and Tomii,
1993):

S (T R)=$ (D4, In(%) (4.20)

wherez_, is the Thomson coefficient of the oxygen ion inZ/'S

The second term on the RHS of Eq.(4.18), the eptdpoxygen gas, can be calculated as a
function of temperature and oxygen partial pressassuming ideal gas conditions:

S.(TR)=S(T B)+ gozln(%)— m(f—é’z) (4.21)

The transported entropy of eIectroS;s,, is relatively small compared to other terms anRHS

of EQ.(4.18), and its change with temperature aresqure is negligible. At 1000°(S; is
estimated to be 2 (Pollock, 1985), 3 (Pollock, 19&md 1 (Ahlgren and Poulsen, 1996) J.K

L morl™ for Pt, Ni and LSM respectively. These values @mparable to the measurement error

of the Seebeck coefficient, and therefore not §igamt. Hence, the transported entropy of

electrons was assumed to be equal to that OS;PF,Z J.K mol™, in all of our calculations

regardless of the type of the electrode electroarductor.
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Combining Eqgs.(4.18), (4.20), and (4.21), one walithin:

ASoed T P) = S (T)+7, m(;)_"p_;m(%)-iz( S(T §)- %(%)J-Z S 7(4.22)

Based on the observation that the measured Seebefficient was independent of temperature,

it can be concluded that, =c,, /2. Therefore the entropy change of the cathode wbeld

only a function of the partial pressure of oxyged amdependent of temperature:

BSaonl P)= $ (M5 S( T B)-2 S T+ In(%) (4.23)
or
R, Po
AScathode( pg) =A Scathodg T, pp) +E ln( poz ) (424)

The Seebeck coefficient of a Pt/YSZ electrode wapeementally estimated to be
-0.463+ 0.000mV.K™ at 1273K and 1 atm pure oxygen (Ratkje and Tod®i93), which

corresponds taS., =-41+ 1J.K .mol" and AS.y,e.= =89.3+ 1 J.K*.mol™; AS.,.q iS Per one

mole of & generated, equivalent to half a mole efd®nsumed, as in Eq.(3.1)(c).

The final expression for calculating the volumetegersible heat generation within the cathode

is:

rev I en I er:r R P )
qh,Ca= 2i]: (_TAScathod‘_(T’ p@)): : (_8934-_ In(—O]J (425)

2F 2 | 1x10

Note thati, is the rate of electron generation, while electrare consumed according to the

stoichiometry of the half-reaction, as in Eq.(30))hence the negative sign is used in Eq.(4.25).
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Knowing the entropy change of the cathode electrode can conveniently calculate the entropy

change of the anode half-reaction. The entropy ghaf the overall reactiomdS., (T, R), is

the sum of the entropy changes of each half raactio

ASanode(T! p|) =A %ell( T Q_A %thodé T D) (426)

Based on the thermodynamics of an ideal gas systerhave:

(P, / AR,/ 1) } (4.27)

AS, (T, p)=AS, m :
cell( p) $ ( T b)+ [ (pHZO/ pHZO)

From Eqgs.(4.26) and (4.27):

(P, / PR, ! B
(Pro ! Piio)

ASceII(T! p):A$eII( T p)+ Hh( J_[A (§thode( GT o(? +§In(%)] (428)

Assuming the same standard pressure for all thgponents, the entropy change of the anode

reaction per mole of hydrogen consumed is:

Py,

H,0

ASanode( T! p|) =A iell( T p) + Hh[ J_A éthodé T OD] (429)

Note that, unlike the cathode, the anode reactidropy change is a function of temperature.

The final working expression for calculating thduroetric heat source within the anode is:

P,

H,O

}Jr 89.3} (4.30)
2F 2F

rev. _ igen _ I ger:r
qh,andoe__(_TASanod(( T pp)) - A Sce( T On + R

where a polynomial expression for calculating theapy change of the overall reaction at the

standard pressuréS., (T, §), is given in the appendix. Note again thgf is the volumetric
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electron generation rate and electrons are gewkeaatording to the stoichiometry of the anode
half-reaction, as in Eq.(3.1)(a), therefore itmsigmains unchanged. Note also that in the above
development it was implicitly assumed that the $poted entropy of electrons within the anode

and cathode conductor were the same, which isic approximation as discussed before.

The entropy change of the anode and the cathodeéaes are plotted against the composition in
Figure (4.2). It is clear that within the operatimghge of SOFCs, the cathode reaction is
exothermic. The anode reaction however tends torheanore endothermic at a higher partial
pressure of hydrogen compared to oxygen. In faetanode reaction is endothermic even when
the partial pressure of hydrogen is as small asraltedth of that of gaseous water. Hence, the
anode reaction is practically endothermic for SGly§tems, as fuel utilization is much less than
those levels. Therefore it is more appropriatessuane that the overall heat of electrochemical
reactions in an SOFC is released on the cathodg ifidn assumption should be made. In this
work that the reversible heat of each electrodealsulated within each electrode, the cathode

would generate heat while the anode would absordt. h&gain, the overall reaction is

exothermic at SOFC operating conditiofsS,, (1073K , § )= -55.6 J.K".mol™.
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Figure 4.2. The entropy change of the anode and the cathai#iors as a function of partial
pressure of the components.
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4.2.3.2The electromotive force of a non-isothermal electchemical cell
The electromotive force of an isothermal cell carchlculated based on the change in the Gibbs

free energy of the overall cell reaction accordmghe Nernst law:

-nFe&

cell

= AGceII(Ta’ H) (431)

The Gibbs free energy change of the cell reacdsayming an ideal gas system is:

(4.32)

AG, (T, B) =8 Gy (T, p)+ Rﬂn( (o Bro) 1/2J

(P, / PR, )

Calculation of the electromotive force of a nonti®mal cell is not as straightforward. The
Gibbs free energy change of a cell with its anodeé @athode aT, and T, is the sum of the

Gibbs free energy changes its electrodes each:

ACacell = AC;An(Ta’ pl) +A Gba( 1::’ p) (433)

From basic thermodynamic relations, one can reii{€4.33) as:

DGy =0G, (T, P)+AG(T, p-[AS(T p d (4.34)

and therefore:

Tc
DGy =AGy (T, )= [AS(T p o (4.35)
Ta

In an alternative development, the electric workhud can been applied to a non-isothermal
electrochemical cell to obtain the exact same eguas Eq.(4.35) (Ratkje and Mollerholst,
1993).
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In the previous sectiomdS., (T, p) was shown to be independent of temperature; there¢he

last term of Eq.(4.35) can be integrated analyiyic&or the overall cell reaction of Eq.(3.1)(c),
and based on Egs.(4.24), (4.32), and (4.35), th@atntial can be calculated as:

_2F£cell = AGceII Ta’ p|)_ (-I:: - -I;)(A %athode( p)+§ ln( E?Z )J (436)

2

The second term on the RHS of Eq.(4.36) showsithabn-isothermal cells, there is an added

effect to the cell electromotive force, proportibteathe temperature difference of the electrodes.
As it was discussed beforAS.,,... was experimentally estimated to be -89.3 Jkol™ for a

YSZ based SOFC. Therefore a YSZ based SOFC thaithaathode at a higher temperature
than its anode would have a higher electromotivegfacompared to an isothermal cell. Note

however thatAG_, at 800°C and standard pressure is -188.6 kJ;miblerefore a 20°C

cell
difference between the anode and the cathode intesda small difference, about 1%, in the
electromotive force of a cell at 800°C and standarelssure. Add to that the fact that the
temperature differences across the very thiBOFC layers is expected to be much smaller than
20°C, as it will be seen in the simulation resultenetheless, it is interesting to estimate how the
temperature gradients within each electrode atfeetcell’s overall electromotive force, as the

temperature gradients within the same electrodegatiioe tubular cell can be quite significant.

It is clear that the electromotive force of an #&lede is a function of the components partial
pressures, as seen in Eq.(4.36), which is not aonhstithin each electrode. Therefore variations
in the local electromotive force within each elede& should be accounted for. The absolute
value of the electromotive force of each electroglenot be estimated, as the absolute Gibbs free
energy change of each electrode cannot be detetmiines sufficient however to calculate the
electromotive force of each point within the eled#s compared to a reference electrode at the
standard conditions. Using the same reference Heranode and the cathode, the potential
difference between them can be obtained propetheré&fore, we develop expressions for the
anode electromotive force by pairing each poinhinithe electrode with an oxygen electrode at
the standard conditions as the reference electi@eare interested in the cathodic half-potential

of each electrode while Eq.(4.36) estimates theli@nmotential, as the electrode of interest is the
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anode while the cathode is the reference electrodetefore the negative of the cell potential

calculated from equation (4.36) is the cathodiepbéal of each electrode. For the anode:

Hy

-2F(-€anode(T ,p%.pwo))=AGce”(T, B)+ Rﬂn(@J—(T— T S D (4.37)

Similarly for the cathode, we would have a concaaidn / thermoelectric cell against an oxygen
reference electrode. Note that the last term it4E86) is equal to zero, as the partial pressure of
oxygen corresponds to that of the reference catheldetrode, which is at the standard

conditions. The Gibbs free energy change wouldhbedf a concentration cell:

1 1 __ Po,
Eoz(Poz)DD*—Zg(F&Z) AG, (T, ) > ln[p J (4.38)

O,
The cathodic half-potential is negative of the ptité calculated from Eq.(4.36); therefore:

Po,

Oz

_ZF( cathode(T pg)) 7' ( } (T T)A %athode( p) (439)

Egs. (4.37) and (4.39) are the working relations dalculating the local OCV within each
electrode; they are consistent overall, as Eq.{3caé be recovered assuming constant partial

pressures within electrodes and considering £1at (€ .ode— € anod) -
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4.3 Model implementation

The model equations form a set of highly nonlineserdependent differential equation that had
to be solved simultaneously, with proper boundasgditions. Taking advantage of the axial
symmetry of the system, the equations had to beedatumerically on a 2-dimensional domain,

see Figure 3.2, without any loss in accuracy.

4.3.1 Model parameters

The model parameters included the thermo-physicgigrties and the kinetic constants, which
were calculated using appropriate local conditioms,pressure, temperature, and concentration.
Expressions to estimate the thermo-physical pragsrite. the heat capacities, the enthalpy, the
entropy, and the Gibbs free energy change of tleeativeaction, the thermal conductivity of the

gases and the solids, and the emissivity of thdsale given in the appendix.

The reaction kinetic constants for each electrode citical for the accuracy of the model
predictions. For the isothermal model, the reackoretic parameters had been estimated by
fitting the performance curve against the experit@eresults conducted at isothermal conditions
in a three-zone furnace. For the purpose of theisathermal study, Arrhenius type functions
were used to extrapolate the temperature dependdribe reaction kinetic constants estimated

for the isothermal model in Chapter 3. The valuespaesented in Appendix A.

The exponential constant (the activation enefgy, of the cathode kinetic expression was
estimated experimentally based on the electrocha@nmgedance spectroscopy technique (EIS)
of symmetric electrodes on button-cell samples,e®glained in Chapter 6. For the anode
however, a value obtained from the literature wsedu It was concluded in Chapter 3 that the
cathode electrochemical kinetic is a major perfarogabottleneck, while the anode was highly
active and influenced the overall performance nmalty. Therefore using an anode activation
energy value from the literature instead of an exrpental estimation was not expected to

introduce a significant error.

The temperature-dependent effective electronic woindty of the cathode layer was also

estimated experimentally, as explained in ChapterTide temperature dependent electric
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conductivities of the solids are presented in thpeadix. The effective electronic conductivity
of the anode support and the anode functional leser extrapolated from the values estimated
in our 800°C isothermal experiments, using nicked&ivation energy obtained from the
literature. The error introduced because of thisnedion was of concern, as it was observed that
the electronic conductivity of the anode suppoyetawas unusually high and therefore could
significantly influence the overall performance diotions; see Chapter 6. Although the
experimental measurement of the ASL electronic aondty was made at various temperatures,

severe irreproducibility made them practically esslto be implemented in the model.

The fuel and air flowrates were 50 and 100 nilasstandard conditions for the experiments and
the model.
4.3.2 Boundary conditions

A Dirichlet boundary condition was used at the tindé the air and the fuel gas channels,
prescribing the inlet temperature. Experiments sitbthat air was preheated before entering the
system, due to the relatively low air velocity. Téfere the air inlet temperature was set to
625°C, consistent with experimental measuremen@&5Tin Figure 2.5). The hydrogen inlet

temperature was assumed to be 25°C, as it wasrenteith a high velocity into the system.

On the outlet of the gas channels, a pure convetiimndary condition was assumed, by setting

the thermal conduction equal to zero:

n'{ -K DT} gas outlet =0 (440)

A constant inward heat flux was assumed along tineate’s outer surface, representing the

effect of the electric heating-coil:

solid — A
n '{ K DT} furnace external boundary~ q furna (441)

wheren®" is the unity vector normal to the boundary, fgdioward the furnace wall.

107



The surface to surface radiation was implementetdtesat source on the solid/gas boundaries:

_nsolid.({ x0T} solid ry_{ -k OF s )dary: q' (4.42)

solid/gas boundal solid/gas bou

solid

wheren®* is the unity vector normal to the boundary fadmgard the solid domaing,, is the

net radiative out-flux at every point on the bounydaalculated from the radiation model.

For all the boundaries separating the domainsganénuity of temperature and conductive heat

flux was assumed:

n{ Nih} solid 1 _ _n.{ Ni h} solid 2 (443)

solid/solid boundary solid/solid bounde

solid 1 solid 2
{T}solid/solid boundary_ { T} solid/solid bounda (444)

Note that this boundary condition is valid at tikerfaces with different porosities because
superficial fluxes and intrinsic temperatures wesed in the averaged transport equations within
for the porous electrodes.

The flux along the geometry’s axis of symmetry wasto zero:

n.{ —K DT} axis of symmetryzo (445)

The boundary conditions for the rest of the equatiare the same as those for the isothermal
model, explained in Chapter 3.
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4.3.3 Geometry discretization

The model geometry was discretized by a numerieshpas shown in Figure 3.2. As explained
before, a structured multi-scale mesh was usedigdoredize the domain, as there was a
significant length-scale difference within the miediedomains, from the micron thin electrodes
to the centimeter wide gas channels. The mesh Badodes in the cross section of the air
channel, the diffuser tube, and the annular spateden the diffuser and the cell. It had 320
nodes along the active length of the cell and al tmimber of 480 nodes along the furnace. 40
nodes were used to resolve the cross section of leger of the active length. The mesh was
finer where steeper changes were expected, i.esecto the solid walls, as well as the

electrode/electrolyte interface where most of thexteochemical reactions were expected to
occur. Using a structured mesh drastically redubedcomputational demand of the numerical
scheme, as illustrated before. In addition, the emiral convergence was faster and much
smoother due to alignment of transport fluxes \thiga mesh.

4.3.4 Equation discretization

The model equations formed an inter-coupled syst#mhighly non-linear equationsA
commercial finite element solver, COMSOL, was usednumerically discretize the model
equations on the 2D axi-symmetric domain, anddxatively solve it. Second order Lagrangian

polynomials were used to discretize and approxirtteesolution on the numerical grid.

Note that unlike the transport equations, planaaxal symmetry does not exist for radiation
models. Although there is no net heat flux acrbessymmetry boundary, the surfaces do “see”
and exchange heat with each other across the sygmke. Therefore any geometrical
symmetry is meaningless for radiation models, drel thave to be solved on the complete
geometry. Despite this, the symmetry boundary dmrihas been occasionally used for the
radiation model (Sanchez et al.,, 2006; Suwanwamangk al., 2006) which would imply
inaccuracies of unknown magnitude. The completengdéxy of our model was generated by
rotating the 2D domain around its axis of symmaetryi28 azimuthal sectors. The radiosity
equation, Eq.(4.14), was discretized on the ragyithesh into surfaces that exchanged radiation
with each other (Weichmann et al., 2004). The viattors between the surface elements were
then calculated based on the hemi-cube method (Cahé Greenberg, 1985). The hemi-cube
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method is commonly used in computer graphics tdeegeometrically complex environments,
and can effectively handle the effect of objectscking each other out. The view factors were
calculated once and for all at the beginning of $bkition. The resulting discretized radiosity
equation was linear in terms of the radiosity, Wh@d to be simultaneously solved with the rest

of the model.

4.3.5 Numerical solution

The discretized equations were solved using thetbl@witerative method, with a direct solver,
UMFPACK, to solve the linearized set of equationse computations were performed on 16
Quad-Core AMD Opteron 8274 CPUs equipped with 66@GRAM.

As the system of equations were highly non-linearappropriate solving strategy and a suitable
initial solution were essential for obtaining a werged numerical solution. To solve the non-
isothermal model, a solution for the isothermal slodas used as the initial solution: the

temperature of the entire domain was fixed at émeperature of the middle of the active length
(TC-2). The solution strategy for the isothermdl,de have a guaranteed and stable numerical
convergence, was explained in Chapter 3. The ferhaat flux however was unknown and had
to be found such that the temperature of the midtithe active length (TC-2) was equal to the

desired value. This was done by solving a functloat solved the non-isothermal model, and
had furnace heat flux as its input variable and2l'&s its output variable; Newton’s method was

used to find a solution for the heat flux.
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4.4 Experimental validation

The model predictions were compared to the experiaheesults in two aspects: the overall cell
performance, and the temperature distribution withe system. As it was mentioned before, no
parameter fitting was done for this model; all ffemameters were obtained experimentally or
from the literature, and the kinetic parameter8Qi°C were estimated in the isothermal model.

Therefore all the results presented here are caetpleredictive.

The overall cell performance predicted by the madelarious temperatures is compared to the
experimental results in Figure 4.3. There is arebewt agreement between the predictions and
the experimental results, indicating the predictoagpacity of the model most notably for

predictions at temperatures other than 800°C whetdnetic parameter fitting was done.
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Figure 4.3. The overall performance prediction of the cellvarious temperatures and the
experimental results.
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The predicted temperature distribution is compacedhe experimental in Figure 4.4. As the
three thermocouple rods attached to the cell hddckness comparable to thggSOFC’s very
thin wall, they influenced the temperature disttibn around the cell within the furnace. The
thermocouple rods enhanced the thermal conductamgahe cell, acting similar to a thermal
fin. The thermocouples could not be included in 2Draxi-symmetric model because it would
not be symmetric anymore, requiring a full 3D siatidn. Therefore the influence of the
thermocouples was accounted for by enhancing thenidd conductivity of the anode support
layer. This enhanced the radial conductivity of &im@de support layer; however its effect on the
radial temperature distribution was negligible; dese as it will be shown by the simulation
results, the radial temperature gradients acrassviil were very small. Including the effect of
thermocouple rods in fact did improve the predidemperature distribution in the cell, as seen
in Figure 4.4. This is especially true for TC-1,igthwas closest thermocouple to the furnace
outlet, and therefore the thermal fin effect was tfost among the other thermocouples. It can
be concluded that the thermocouples did indeedctaffiee thermal distribution within the
furnace. A similar effect has been reported to oedathin monolith reactors, where the fin effect
of the thermocouple rods interfered with the terapee readings (Rankin et al., 1995).
Nonetheless, without the thermocouple effect, teatpee distribution predictions and its trend
were quite acceptable. As we were interested irbétavior of the cell itself, all the subsequent

results are reported for the model that does rabuidle the thermocouples effect.
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Figure 4.4.The temperature distribution prediction within fbenace versus the experimental.
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4.5 Results and discussion

The model was numerically solved to obtain detafldhe temperature distribution, the fluid
flow, the concentration profile within the gas chals and the porous electrodes, and the
electrochemical reactions within the electrodes. Wilefocus mainly the thermal aspect of the
model here; the essence of the results on thetése model was very similar to the isothermal
results presented in Chapter 3.

4.5.1 Gas flow and concentration distribution

Hydrogen and oxygen were consumed as the flow gdsgehe active length of the cell, and
their concentration decreased; see figure 4.5.

0.14 0.16 0.18 0.20
(b)
Figure 4.5. The simulated concentration distribution and te&egity profile: (a) the hydrogen

mole fraction on the anode side; (b) the oxygen ehédction on the cathode side. The arrows
show (a) the hydrogen, and (b) the air velocityfigro
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Note that the velocity profile within the gas chalsis shown by arrows, which are normalized
within their own gas channel. The velocity in theelf cell tube was much higher than the

velocity in the air channel.

4.5.2 Volumetric current and heat generation within eachelectrode

Figure 4.6 shows the volumetric electron generattthin the anode and the cathode, which
corresponds to the rate of electrochemical reasti®he reaction rates were clearly higher at the
electrode/electrolyte interface due to the lowemidoconductivity of YSZ compared to the

electronic conductivity of LSM or Ni. Note that theaction rate peaked much higher within the
anode compared to the cathode and had a shortensgom within the electrode. These are

because of the much higher electro-catalytic agtivi the anode compared to the cathode.
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Figure 4.6. The volumetric electron generation within the am@ohd the cathode in the radial
cross section at the middle of the active length.
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Figure 4.7 shows the total volumetric heat genemnatvithin the cell layers. There are peaks at
the electrolyte/electrode interface, correspondingthe peaks in the volumetric electron
generation profile, as the reversible and the atibm heat generation are proportional to the
reaction rates. Clearly, heat was absorbed onnbdedelectrolyte interface and was generated
on the cathode/electrolyte interface.
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Figure 4.7. The volumetric heat generation within the celldesyin the radial cross section at the
middle of the active length.
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The total volumetric heat generation on the andeett®lyte and the cathode/electrolyte
interfaces along the cell active length are respelgtpresented in Figures 4.8 and 4.9. Although
they changed along the cell, the anode remainedtle@dnic, and the cathode remained
exothermic. This is consistent with the conclusizede previously, based on Figure 4.2, that the
anode and the cathode reactions are expected taysllwe endothermic and exothermic

respectively, within the concentration range entexed in an SOFC.
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Figure 4.8. The volumetric heat generation along the activegtle at the anode/electrode
interface.
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Figure 4.9. The volumetric heat generation along the activegtle at the cathode/electrode
interface.

4.5.3 Temperature distribution within gas channels and ck layers

The predicted temperature profile within the fumaod the RSOFC for a range of cell voltages

is shown in Figure 4.10; a lower voltage correspgaioda higher current load, as shown in Figure
4.3. Note that the temperature decreased towagdsuitiet mainly due to the thermal radiation
lost to the ambient, through the open end of tmeafte. It is clear that the temperature profile
had a complex pattern, which completely changetth@urrent load changed. At a low current
load, the furnace heat flux kept the cell at iteraping temperature, because not much heat was
generated by the active length. The maximum tenwperaoccurred around the middle of the
furnace tube. At a high current load however, thape of the temperature profile changed
around the active length, and had a maximum airtidele of the active length. This is because

of the significant heat released by the electrogbainreactions occurring within the active
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length of the cell. Note that these simulations fane the case were the furnace load was

controlled to maintain TC-2 at 800°C; the furna@ating load was smaller at higher current

levels as explained later in Figure 4.17.

VceII =1.0V
1600
1500
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VceII =0.7V

1300

200

100

Vce” =04V

Figure 4.10. The predicted temperature distribution at variaedl voltages. The adjacent
contours are 5°C apart.
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The temperature within the electrode and the elgetincreased because of the heat generation.
It is of practical importance to know the magnitunfethis temperature rise, and whether it is
within the acceptable range. The temperature grafiross the active length is shown in Figure
4.11, distinguishing the several cell layers. Icisar that the temperature rise within the cell
active length was very small, less than 0.05°Cneatethe highest current load. Interestingly,
despite the small magnitude of the temperature gdqmgnminute details are apparent in the
temperature profile. The temperature profile sligipeaked at the cathode/electrolyte interface,
where most of the heat was generated. The temperad a flat peak within the anode support
layert at the high current load, resulting from tfenic heating. The temperaure within current

collectors were very flat, due to the very highrthal conducitvity of gold.

800.020 ———————— 7T

CFL
800.015 0.4V Electrolyte\::ﬁ‘

800.010 [_! AceL

800.005 | |
800.000 | < AnodesupportLayer —s,

799.995

T(°C)

799.990

799.985

799980 L

0 0.1 0.2
Length (mm)

Figure 4.11.The temperature distribution within the cell las/@n the radial cross section at the
middle of the active length.
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The temperature distribution in the radial directiat the middle of the furnace is shown in
Figure 4.12. The temperature gradients were vellsmthin the fuel channel, because of the
strong convective heat transfer, resulting fromhlgh gas velocity. The temperature difference

between the cell surface and the furnace wall redels high as 30°C.

835
830
825
820

T N T T T T T T T
Air channel ————————

|

Furnace wall

|||||||||||||||||||||||||||$|||||||
M
c
o
O
=
Q
=
=
o

I &
I
- <

5 10 15
Length (mm)

Figure 4.12. The temperature distribution within the furnacethe radial cross section at the
middle of the active length.
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Figure 4.13 shows the temperture profile alongabive length of the cell at the cathode/gas
channel interface; the temperature across thedagehe same as discussed before. Temperature
gradienst were higher at higher current loads, dways less than about 25°C. All curves
intersect at the same point at the middle of thevedength, which corresponts to TC-2 being

kept at 800°C by the furnace controller.
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Figure 4.13.Temperature distribution along the active lendttha cathode/air interface.

Figure 4.13 also shows that the temperature didgtab along the active length of the cell
changed negligibly when radiative heat transfehwithe cell was ignored. This is because of
the strong thermal convection inside the cell, Wwhgignificantly reduced the temperature
gradients and therefore the effect of thermal taghanside the cell.
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4.5.4 Overall reversible and irreversible heat generation

The total electric power and the total heat germaratate by the cell, as well as the contribution
of irreversible and reversible effect to the tdtaht are presented in Figure 4.14. The electric
power produced by the cell peaked around 1.5 dedlined at higher current levels as a result of
the increased performance losses. The total heetraged by the cell increased with a higher
rate at higher current loads. The enthalpy of reacvas almost equally split between electric
power and heat generation around 1.1 A. In contaséversible heat generation, irreversible

heat generation increased significantly with therent load.
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Figure 4.14.The cell overall electric power and heat generataie.
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The overall heat generation rate by each electeydkthe contribution of the reversible and

irreversible effects to each is presented in Figudb. The irreversible heat generation was
always positive for the anode and the cathode. rélersible heat of the anode was negative,
while it was positive for the cathode. Therefore tathode was exothermic overall. The anode
however was endothermic, as the magnitude of tegarsible heat generated was less than the
reversible heat absorbed. The total heat genemtdtie anode side had a minimum as current
increases, and was less endothermic at higherntueeels as the effect of irreversible heat

generation became greater.
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Figure 4.15.The overall heat generation rate within the etetgs.
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The temperature of the cell would increase dueeit lgeneration as it operates if the furnace
heat flux is constant. This is shown in Figure 4.TBe temperature of the middle of the active
length (TC-2) was 800°C, initially when no curremais drawn from the cell. Keeping the
furnace heat flux constant, the temperature rosaldput 40°C when ~2A (corresponding to

Vcei=0.4) current was drawn from the cell.
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Figure 4.16.The temperature of the middle of the active le@¥@-2) as current is drawn from
the cell.
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4.5.5 The significance of modeling heat transfer

The performance predictions of the isothermal mad@&00°C and the non-isothermal model are
compared in Figure 4.16. The predicted performauicees are very close. This is due to the fact
that the temperature of the active length was higiinen 800°C at some regions, and less than
800°C at some other regions. Therefore for ouresgsian isothermal model predicted the cell
overall performance quite accurately. This obsémmais consistent with a previous modeling
study concluding that isothermal models can be @abdy used for the overall performance
prediction (Sanchez et al., 2007). Figure 4.16 alswws that including the effect of temperature
gradients in the electromotive force of the cetl dot affect the overall performance of the cell

predictions at all, as its curve overlaps with tloa-isothermal model curve.
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Figure 4.16. The overall performance curves predicted by tlethsymal model, the non-
isothermal model, and the non-isothermal model auitithe effect of temperature gradients on
the cell electromotive force.
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Heat should be always provided to the system t@ keat its operating temperature, as the
numerically estimated furnace heat flux was alwpgsitive; see Figure 4.17. These values
should be lower than real values, as in reality fthreace tube loses heat to the environment
despite the insulation around it. The trend shdvas &t higher current loads, when the cell was

generating more heat, less heat flux had to beigd\by the furnace.
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Figure 4.17.The estimated furnace heat flux at various cureads.
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4.5.6 The significance of radiative heat transfer

The heat transferred from the cathode at the catlyed interface, due to thermal radiation and
thermal conduction were relatively comparable at murrent loads, see Figure 4.18. At high
current levels radiation became much more signifidhan thermal conduction, practically
becoming the main mechanism for heat transfer. dintevard radiative flux was positive all
along the active length, indicating that the cathedhs losing heat to the surfaces around it.
Figure 4.18 illustrates how complex the interactwdnhe heat transfer mechanisms can become,

making it difficult to draw general conclusions gut a detailed assessment.
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Figure 4.18. The heat transferred away from the cathode byntakradiation and thermal
conduction at the cathode/gas interface.
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The effect of ignoring radiation was studied focell operating at 0.4V. The initial effort to
model heat transfer without including radiation wasuccessful, as the numerical solver did not
numerically converge to a solution. In a trans&nulation, which started from the converged
steady-state isothermal simulation at 800°C, theperature of the active length increased from
800°C in a run-away fashion. This was because ¢hewctive and the convective heat transfer
could not dissipate enough heat from the cell tontaa a steady state, even when the heat flux
provided by the furnace was zero. Higher tempeeatur turn increased the current generation,
as the reaction kinetics were faster at higher &atpre, causing an unrealistic reaction run-
away. To avoid the temperature run-away in theaubation model, a hypothetical simulation
was conducted where the kinetic and the materigbgaties were decoupled from temperature,
and evaluated at 800°C. The result is shown in rBigdt19. The cell active length still
experienced a maximum temperature of about 8508€pitk zero furnace heat flux. This again
indicates that not including radiation in the higahsfer can result in a non-physical situation. In
practice, the cell rapidly cooled down and lost pows soon as the furnace was turned off.
Radiative heat transfer on the anode side had significant impact on the temperature
distribution along the active length, as shown iguFe 4.13, due to the high convective heat
transfer inside the cell. Therefore radiation oe #ir side was the significant heat transfer
mechanism which could not be ignored.
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Figure 4.19.The simulated temperature distribution when ragkabeat transfer is not included;
Ve = 0.4V and no heat is provided by the furnace.

130



4.5.7 Sensitivity analysis

As it was mentioned before, the knowledge availaitethe emissivity of various fuel cell
components is very limited. In this work, the emigg was assumed to be 0.5 for the furnace’s
alumina wall, and 0.9 for all the fuel cell compatseregardless of their material. It is of interest
to know the sensitivity of the simulations to thaissivity values. The cell operating at a high
current load, i.e. y=0.4 V was investigated. Two cases were studiezlfitet case where the
emissivity of the furnace wall was high, i.e. (€ second case where the emissivity of the cell

was low, i.e. 0.5.

The furnace heat flux in the model was estimatezh shat TC-2 was at the desired value, i.e.
800°C. By changing the emissivity at constant foendeat flux, the temperature profile
completely changed, hence TC-2 was not the samerefidre the sensitivity analysis was
conducted for two cases, one where the heat flusckeat constant, and second where the heat
flux was re-estimated to maintain TC-2 at 800°Ce Eistimated furnace heat flux when the cell
emissivity was low was 5.7 kW while it was 6.2 kW.i for the base case. This is because
the cell active length remained hotter as less Waatdissipated by thermal radiation which also
required the furnace to provide less heat to ke€p2Tat 800°C. The furnace heat flux was
estimated to be higher at 6.3 kWPrwhen its emissivity was high, as it lost more aigie heat

to the ambient through its open end, requiring nin@a&t flux to keep TC-2 at 800°C.
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The temperature distribution along the cell acterggth was naturally more sensitive to its own
emissivity than the furnace wall emissivity; segufe 4.20. The temperature gradients along the
active length increased by reducing its emissiwiich is consistent with previous studies

concluding that radiative heat transfer decredsasital gradients within the system.
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Figure 4.20. The sensitivity of the temperature distributioors the cell active length to the
surfaces emissivities, when the furnace heat wastimated.
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When the furnace heat flux was re-estimated, dsetrgathe cell emissivity decreased the
furnace wall temperature, as shown in Figure 4¥2is is because the furnace provided less heat
for the same temperature at TC-2, as explainedréefon the other hand, the furnace wall
remained cooler when its emissivity was higheritasould more effectively heat the active

length through radiation, requiring a lower tempeara
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Figure 4.21.The sensitivity of the temperature distributioaraj the furnace wall to the surfaces
emissivities, when the furnace heat was re-estunate
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When the furnace heat flux was not re-estimatedredsing the emissivity of the cell increased
the temperature along the active length noticeaddy Figure 4.22. This indicates again that

thermal radiation is a significant mechanism irsgliating the heat generated by the cell.
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Figure 4.22. The sensitivity of the temperature distributioors the cell active length to the
surfaces emissivities, when the furnace heat wpsdanstant.
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Higher emissivity of the furnace wall decreasedtdmperature along the active length, as more
heat was lost to the ambient; see Figure 4.23.uéted the emissivity of the active length had a

minimal effect on furnace wall temperature, whisltrivial.
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Figure 4.23.The sensitivity of the temperature distributioarad the furnace wall to the surfaces
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4.5.8 The overall energy balance and the overall thermoettric effect in the
non-isothermal electrodes

A detailed energy balance of the non-isothermdlag@rating at 0.4 V is presented in Table 4.1,
breaking down various contributions for each etat#r The overall values in Table 4.1 were
obtained by integrating local expressions overaggropriate domains. The current generated by

integrating the volumetric electron generation ratebefore:

I(:eII = J. igen Cadv (446)

CFL

The overall ionic current ohmic heating rate on¢hthode side was calculated as:

[ (om0v

ionic ionic
CFL

LV,

ionic

)dv (4.47)

The overall ionic current ohmic heating rate onahede side was calculated as:

LV,

ionic

( ot v

ionic ionic )dV (448)
AFL+ASL
The overall electronic current ohmic heating ratdle cathode side included the contribution of
the cathode and its current collector:

j (ae” OV__«0V

elec elec ele
CFL+CCCL

Jdv (4.49)

Similarly, the overall electronic current ohmic tieg rate on the anode side was calculated as:

(o5 OV oDV

elec elec elel
AFL+ASL+ ACCL
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The heat generation rate due to activation losse¢lecathode side was calculated as:

_[ iger\ ng acdv (451)

CFL

The heat generation rate due to activation loss¢h@anode side was calculated as:

j igen, Ar{7 anIV (452)

AFL+ASL

The reversible heat generated on the cathode sidealculated as:

[ ace.av (4.53)

CFL

rev

where q;¢,is the local rate of reversible heat generatiornttencathode side, as defined in Eq.

(4.25).

The reversible heat generated on the anode side was

[ amdv (4.54)

AFL+ASL

rev

Where q ,, is the local rate of reversible heat generatiorttenanode side, as defined in Eq.

(4.30).

Adding up the total heat generation, and the olretattric power of the cell, the total chemical
energy converted is accurately comparable to theate of enthalpy change due to the reaction.
This indicates that the model was consistent amdntimerical solution was conservative. The
net rate of enthalpy change was calculated baseteoxH,«, at 800°C, and then accounting for
the integral of the enthalpy change of reactarf800°C to their local temperature within the

electrodes.
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The rate of change in enthalpy due to electroch&méactions at 800°C calculated as:

Leen X
< xAH (800°C 4.55
oF ( ) ( )

The actual rate of change in enthalpy of reactimiuded the effect of reactants not being at
800°C:

Ca T AN T

@xAH (800°C)+j _Igﬁj‘c dT |dv+ J' Ige”j EGh, * Guo)dT|dv(4.56)
2F rxn AF .G, Hp +H0 '

N

CFL 800 AFL+ ASL! 800

The two biggest sources of the irreversible heaegaion were the anode ohmic heating and the
cathode activation heating, consistent with thectimion of chapter 3 that those two effects
were the major contributors to the overall perfoncea loss. The anode reaction was
endothermic, while the cathode reaction was exotleerAlthough the irreversible heating of the

electrodes were equal, the total heat generatelsinmhe anode was much smaller than the

cathode, in fact negative, due to the anode’s negegversible heat generation.

The integral of the electromotive force resultimgni the temperature gradients within the
electrodes, the last term on the RHS of Eqgs.(4a8id) (4.39), cancelled each other out. This
indicates the thermoelectric electromotive forceswsegligible for this cell, because the
temperature gradients across the layers are veail,sand the temperature gradients within each
electrode did not have a significant impact whatsoe
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Table 4.1.The energy balance of the TuUSOFC operating at;uAWNs are all in watts.

Anode Total (An.+Ca.
[.1. Ohmic losses
l.1.a. lonic current 0.001558 0.082439 *
l.1.b. Electronic current 0.457647 0.485178
[.2. Activation Losses 0.001499 0.556697
I. Total Irreversible (1.1 + 1.2) 0.460704 1.124314
Il. Reversible heating -0.474128 0.539633
Total Heat generated (I + 1I) -0.013424 663947
. Electric power (keiXVcen) 0.750767
Total energy converted(I+11+111) 2.414715
AHxn rate at 800°C, -2.414977
Effect of the reactants not being at| -0.001864 (HO) 7.70969%e-4 (¢ -0.000257
800°C -0.00135(H)
AH of the non-isothermal reaction -2.414720

* Includes the electrolyte ohmic losses of 0.040928%ts.
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4.6 Conclusion

A detailed non-isothermal model was developed faru&OFC. The model predictions were

found to be consistent with the experimental rasatt the cell overall performance as well as
temperature distribution. The temperature profiesiound to be a complex outcome of various
effects, especially radiation. If the furnace héat was constant, the heat generated by the cell

could raise its temperature as much as 40°C.

It was found that including thermal radiation issastial for any meaningful heat transfer
modeling of our system. In fact, for our case, mmdeling heat transfer at all was closer to
reality than modeling heat transfer without thermzaliation. The prediction of the cell overall
performance by the isothermal model was very ckos¢he non-isothermal model. Thermal
radiation was the main mechanism of transportingyatihe generated heat by the electrodes.
Thermal radiation inside the cell, in our systerasviound to be negligible because of the strong
convection flow inside the cell. The thermal radiaton the air side was the main mechanism
for the dissipation of the heat generated by tlie ce

The effect of emissivity of the cell components wsaglied for a wide range of values, i.e. 0.5 to
0.9, as there is limited data in the literaturer #@t range of values, a maximum temperature
difference of 50°C was observed in the predictedperature profile. Not including thermal

radiation however resulted in the temperature efdlectrode to run-away, inconsistent with the

experimental.

It was also found that the cathode reaction is lexotic, while the anode reaction is
endothermic for our cell and for SOFCs in genehal.addition, the effect of temperature
gradients within electrodes on the overall electstwe force of the cell was found to be
negligible, as the temperature gradients acrosesdlhéayers were less than 0.05°C.
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Chapter 5. TnuSOFC transient simulation

5.1 Introduction

The transient behavior of an SOFC is of practicapartance, especially as the technology
approaches commercialization. Transients are agparable aspect of SOFC operation; the
current and voltage of an actual SOFC system cheasigeificantly during its operation
depending on the load requirements. The controlpaneer conditioning components, one of the
major elements of any SOFC based power generaiistern, are designed to regulate its
transients. The changes in load require changesirilmus operating parameters to keep the
SOFC running effectively and within the acceptatalege. For example, an increase in SOFC
load would require a higher flowrate of reactant&eéep the same utilization and efficiency. In
addition, to avoid excessive temperatures, theagx#at generated at the higher loads must be
removed for example by increasing the air flow. rim@ transients are also important during the
start-up and shut-down cycles, as the thermalssesiust be managed to ensure the mechanical
stability and the safe operation of the SOFC.
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Computer simulation is a powerful tool to gain d@tdeunderstanding of the SOFC transients, to
predict them, and to effectively control them. Saledynamic SOFC models have been
developed which vary in their details, designs, andpose. A nice review can be found by
(Bhattacharyya and Rengaswamy, 2009). The confr&QGFCs is one of the main focuses of
transient modeling, and a large number of dynamadets are developed for studying and

optimizing control strategies. A model that cortetathe input parameters of an SOFC to
parameters that need to be controlled, such asrpowiage, current, and temperature can be
sufficient for this purpose. Therefore the contvaked models are usually simplified zero (Lin
and Hong, 2009; Gaynor et al., 2008; Wang and Ke20D7; Haynes, 2002) or one dimensional
(Pradhan et al., 2007; Gemmen and Johnson, 200%iaAgt al., 2005). Transient models are
also developed for studying the systems aspedieoSOFC operation, i.e. the balance of plant,
which focus on the interaction of the componentsl, the control and optimization of the overall

system (Mueller et al., 2009; Vijay et al., 200@rtari et al., 2005, Li et al., 2007; Mazumder et
al., 2007; Kaneko et al.,, 2006). On the other haigsic-based dynamic models have been
developed that capture the detailed phenomenamgun an SOFC, such as models developed
that simulate the impedance response of electr(essler, 2006; Bessler and Gewies, 2007;
Jacobsen et al., 2008; Sasaki et al., 2002; ZhKaed2006).

The various phenomena occurring in the fuel cellehdifferent transient time-scales. The

electrochemical reaction steps are very fast amé time constants of milliseconds. The mass
transport phenomena have larger time scales, obrtter of seconds. The thermal transients of
SOFCs are the slowest of the order or minutes twshd he transient time constants, especially
those for mass and heat transport are very dependethe design and operating conditions of
the cell. For example cells with thicker electrodesslower gas velocities would have slower
mass transport transients. The thermal transiestsféen the controlling transient and therefore
of the most importance from a practical point oéwi- which has led some models to only

include only the thermal transients in their transimodels. In fact, one of the earliest dynamic
SOFC only modeled temperature distribution andtelebhemical reactions (Achenbach, 1994,

1995). Nonetheless, there are transient modelsrasgusothermal conditions (Murshed et al.,

2007; Bhattacharyya et al., 2009).
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In this chapter we extend the steady-state modaledict the transient behavior of theSOFC.

The validated steady-state model being one of th&t atetailed models presented for any type of
SOFC, the transient model is unique in the phenanienaptures compared to other transient
models. It includes the transient transport phemareecurring within the gas channels and the
electrodes. The transient model presented herriggai@ because of its experimental validation.
This is significant because little work has beenalon experimental validation of the transient

models (Bhattacharyya et al., 2009).
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5.2 Model development

The equations used in the transient model are aino the steady state equation, while they

account for transient accumulation or depletios@sgce terms.

The unsteady continuity equation is:

.(pu) = _%p (5.1)

The unsteady component mass balance equation is:

D.(N{“):—a(\g‘tp) (5.2)

The unsteady momentum equation is:

ouu-0.[-pl +(0u +(Cu)") —%,U(Du)l 1= —pz—tt‘ (5.3)

The unsteady heat transfer is:

oT
0.(N!) =-pc, o (5.4)

whereN"and N are the mass and heat flux vectors of compoinesgpectivelyu andl are the

mass velocity and the unity vector respectivelyis the mass fraction of the componemn, L,

andc, are the gas pressure, viscosity, and specificdazcity.

All the physical properties were calculated as ussed for the steady-state model. The solids
specific heat capacities are given in the apperdiite that within the porous electrodes, the heat

and mass fluxes as well as the velocity are theréigml ones.
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5.3 Experimental validation

The model predications of the thermal transientseva®mpared with the experimental results
when a step occurred in the cell current and inaihélowrate. The transient experiments were
conducted by disabling the feedback loop of the Edntroller, hence keeping the furnace
heating load constant. The furnace heating loathénsimulations was estimated for the steady
state conditions, as explained for the non-isotlarsimulations. The mild drift in the
temperature observed in the open-loop experimeassignored in the simulations. In the model,
the step was applied as a Heaviside function thahged over a 0.001 second time period. The
use of the Heaviside function, which is a smootlestep with continuous first and second order

derivatives, enhanced the numerical convergencthévery fast steps.

The validation simulations were conducted for thie tases with and without the thermocouples
effect. The thermocouples attached along the nethe experimental, affected the temperature
distribution within the furnace, as it was explarer the non-isothermal mode. Note that for the
dynamic model, the thermocouples affected the systee to their thermal mass in addition to
their thermal conductivity. These effects were noked by enhancing the thermal conductivity
and the heat capacity of the cell as for the stestaly non-isothermal simulations. Notice that a

change in the heat capacity affects unsteady stronf but not the steady-state results.

The experimental and the predicted transient respaf the temperature at the middle of the
active length (TC-2 in Figure 2.5) is compared igufes 5.1 and 5.2, when the cell current
stepped from 0 Ato 0.5 A, and 0 A to 1 A. Notettatler a while, the current was switched back
to 0 A for the experimental curve, which was nafuidled in the results shown in Figures 5.1 and
5.2. Naturally, including the effect of thermocoeplincreased the simulated cell response time,
which is more consistent with the experimental tssi’he experimental response has a time
constant of ~30 seconds. The simulated curves seéave two constants, which is very clear in
the case where TC effects are not modeled; thisheifurther discussed. Nonetheless, the initial
rise of the predictions, i.e. the fast transiestzonsistent with the experimental for both 1A and

0.5A steps responses when TC effect is included.
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The new steady state predicted by the model was@18r the 1A step compared to the
experimental value of 808°C, and was the same dégg of the TC effect. For the 0.5A step,
the predicted new steady state was 805°C not imguthe TC effect and 805°C including the
TC effect, while experimentally it was 803°C. THere, the heat transfer model overestimated
the temperature rise in the cell. This can be dicator that heat transfer was under-estimated by

the model, which will be further discussed.
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Figure 5.1.The temperature transients for a current stepfAdt®1 A.
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Figure 5.2.The temperature transients for a current stepAt®0.5 A.
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The slow temperature transients predicted by théemas it will be discussed in the next
section, is caused by the furnace wall. In the haxdy the furnace tube, but not the insulation
and the structure around it, was modeled. It wellshown that increasing the furnace wall heat
capacity makes the slow transient very sluggishfetdooking. When the thermal mass of the
furnace wall was included, the slow response tiras wery long, essentially making it look flat
in the time-frame of our experiments. Considerinig,ta second set of validation simulations,
including the TC effect, was conducted where thradae wall specific thermal conductivity was

multiplied by 100; see Figure 5.3. The outcomertyga more consistent with the experimental.
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Figure 5.3. The temperature transients for a current step/Adt® 1 A. Note that the second step
from 1 A back to 0 A was only modeled for the cagere Cp was multiplied by 100.
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The experimental and predicted thermal respongeeotell to a step in the air flowrate from 300
mL.s* to 400 mL.8 and back to 300 mL’ss shown in Figure 5.4. The predicted temperature
clearly changed less than the experimental. Thiskea an indicator that the convective heat
transfer is underestimated in the model, whichoissestent with the observations in Figures 5.2
and 5.3. This can be due to the fact that theoawrfin the experimental was not perfectly
distributed by the inlet diffuser and its velocityas higher in the centre of the furnace along the
cell; this in turn caused higher heat transfer eatd lower temperatures. Figure 5.4 shows the
temperature transient for a bigger step in airfloe, higher gas velocity, which confirms the

effect of higher velocity.
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Figure 5.4.The temperature transients for a current stepAdt®0.5 A.
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5.4 Results and discussion

The effect of various parameters on the thermal\aithge transients to a step in the current
load from 0 A to 1 A was studied. Because the behaf the TuSOFC itself is of importance,

the results presented are for the case with noffeCte

In general, the time constant of a transient theésystem is proportional to its thermal mass,
mG, and to the inverse of the heat transfer coefiici@he thermal transient response of a

lumped system can be written as:

AT(t):AT(O)e_Lf ; r:TJ—C" (5.5)

wherem, c,, andU are the mass, the specific heat capacity, antdéhetransfer coefficient and

is the time constant of the system. EQ.5.5 indgadkat the transient response of the system
becomes slower by increasing its heat capacity, faster by increasing its heat transfer

coefficient. The heat transfer coefficient is highden factors such as the thermal conductivity,

the gas velocity, and the thermal radiation arédig
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With no TC effect, the fast transient had a timastant of 2 seconds with a temperature rise of
~10°C; see Figure 5.5. The slow transient howewagr & time constant of 230 second with a

temperature rise of ~3°C. The combined time condtarthe thermal transients was 4 seconds.
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Figure 5.5.The predicted fast and slow temperature transignt3to 1 A.
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Changing the specific heat capacity of the furnae# only changed the slow segment of the
temperature response, indicating that it is assegtiaith the furnace wall. Note that changing
the heat capacity of the furnace wall did not cleatig final steady-state of the system; therefore
all the responses eventually converged to the sahee. However, by increasing the furnace
heat capacity by ten times, the slow response besansluggish that its steady-state was well

beyond the time-frame simulated in Figure 5.6.
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Figure 5.6.The sensitivity of the cell thermal transientgfe furnace wall heat capacity; I=0 A
tolA.
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Changing the heat capacity of the cell changedasietransient of temperature, see Figure 5.7.
This indicates that the fast response is assocwitidhe cell itself. As the cell had a very small
thermal mass, decreasing its heat capacity affettiedfast response negligibly. However,

increasing the heat capacity of the cell signiftsaslowed down the overall thermal response of

the cell.
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Figure 5.7.The sensitivity of the cell thermal transientsghe cell heat capacity; I=0to 1 A.
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The effect of cell components emissivity on the gemature transients are presented in Figure
5.8. Reducing the emissivity of the cell increadsdinal steady-state temperature. However the
rate of changes, i.e. the time constant of the omesg changed negligibly. Changing the
emissivity of the furnace wall had a negligibleeetf of the transient response and the final

steady-state of the cell.
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Figure 5.8.The sensitivity of the cell thermal transientsdhe surface emissivity of components;
I=0to 1A.
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Increasing or decreasing the air flowrate by thiees slightly changed the final steady-state
temperature, without affecting its transient nadlaly; see Figure 5.9. This is because the thermal
convection on the air side was not significant doiehe low velocities. Increasing the fuel
flowrate by 10 times had a more significant effectthe steady-state temperature of the cell, but

its transient was again affected negligibly.
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Figure 5.9.The sensitivity of the cell thermal transientghe gas velocity; I=0to 1 A.
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Changing the thermal conductivity of the cell stiglchanged the final steady-state temperature

of the cell, with no noticeable effect on its tremd; see Figure 5.10.
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Figure 5.10.The sensitivity of the cell thermal transientstsathermal conductivity; I=0to 1 A.
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Increasing the thermal conductivity of the furnasall decreased the final steady-state
temperature of the cell and resulted in a fastesral transient, as shown in Figure 5.11.
Decreasing the thermal conductivity of the furnaadl slightly increased the final steady-state

temperature.
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Figure 5.11. The sensitivity of the cell thermal transientsthe furnace thermal conductivity;
I=0to 1A.
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The transients of hydrogen concentration within ¢hectrodes at three point along the active
length is shown in Figure 5.12. It is clear that thansient of hydrigen concentration were very
fast. Note that they become slower in the directbthe flow, from the top of the active length
to the bottom, close to the open end. The timetenits for the top, middle and the bottom of the
active length were 0.007, 0.023, and 0.040 secmaspectively.
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Figure 5.12.The concentration transient at the anode/elecgahgerface; 1= 0 to 1 A.
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The oxygen concentration transient became slowehéndirection of the flow, towards the

bottom of the active length and closer to the oped. The time constants for the top, mid and
bottom of the active length were 0.010, 0.044, &tO8 seconds respectively. The time
constants of oxygen transient on the cathode sigi® \yreater than that of hydrogen on the

cathode side. This is due to the much slower gigiies on the cathode side.
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Figure 5.13.The concentration transient at the cathode/elgtéranterface; I=0to 1 A.
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The voltage transient for a 1 A and 0.5 step a$ agethe expanded views are shown in Figures
5.14, 5.15, and 5.16. For both of the steps, théage dipped rapidly, and then gradually
increased. The increase is because of the temperiea of the electrodes. The electrodes have
higher performance at higher temperatures, i.e.efowverpotential. Therefore, as the
temperature of the electrode rose, the cell pakmicreased as well. The time constant of the
0.5 A and 1 A step were 4.8 and 5.7 seconds, densiwith the time constant of the cell thermal
transients as discussed before. The 1 A step eelsulta larger voltage recovery compared to the
0.5 A step, as the increase in the electrode teatymerwas higher for the 1 A step.
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Figure 5.14.The cell potential transient as the current stdgpem 0 A.
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The pattern of an initial dip followed by a graduatovery can be found in other modeling
papers as well (Jia et al., 2008; Saarinen e@Q7; Xi and Sun, 2008; Jia et al., 2007; Magistri
et al., 2006; Lu et al., 2006; Nehter, 2006; Sesighrchi and Feliachi, 2004).
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Figure 5.15.The expanded cell potential transient; I= 0 toA.5
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The effect of the gas flow on the voltage trangastshown in Figure 6.17. The time constants
of all the curves were negligibly affected by thasdlowrate. The initial dip was different

because of the different flow pattern and tempeeatiistribution within the system.
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Figure 5.17.The effect of gas flowrate on the cell potentiahsient; I= 0 to 1 A.
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5.5 Conclusion

The transient model was compared with the experiaheasults and was found to be consistent
in its predictions. Similar to the steady-state “swthermal simulations, including the effect of

thermocouples attached to the cell resulted in mnoeelictions closer to the experimental.

Two transients could be identified for the thertmahsient of the system; a faster transient which
corresponded to the cell, and a slow transient wbarresponded to the furnace wall. The fast
thermal transients had a time constant of aboet@rsds, consistent with the expected advantage
of the TuSOFC for rapid heating and cooling. While it wagd mluded in the model, the
insulation covering the furnace wall made its trants even slower by adding a significant

amount of thermal mass.

The transients in the concentration were very fagh time constants of a fraction of a second.

It was faster for the anode due to higher velcgiitteits gas channel.

The cell's voltage transient was control by thertia transients, with a time constant of ~5
seconds. Therefore the small thermal mass of {(f@OFC, or in other words it fast thermal
response, is directly translated into a fasterteteresponse. As current was drawn from the cell,
its voltage had a rapid dip and a gradual recovEng. gradual recovery was due to the increase

in cell temperature.
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Chapter 6. TnuSOFC characterization and

performance diagnostic

6.1 Introduction

The very thin electrolyte layer is an important atage of the ISOFC design, which should
result in superior cell performance due to sigatfity lower ohmic losses in the electrolyte
layer. It was suspected that the cell was suffefiogn an unidentified performance bottleneck.

Another group studied (Soderberg) the same typeceadf to identify the cause of its
underperformance by characterizing each electrodengu EIS. They found that the
electrochemical activity of the electrodes was radrrand in fact the anode was too active to be
accurately characterized. Their study concludetl tttea ohmic resistance of the cell was higher

than expected, potentially due to high contacstasce.

The contact resistance between the current coliéayer and the electrode could indeed be the
problem. The gold current collector did not adhezey strongly to the electrode surfaces inside

and outside the cell, and could be peeled off ikedbt easily. The issue of contact resistance is
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more pronounced for tubular designs compared toaplabecause no direct pressure can be
applied to the current collectors to ensure thiem fattachment to the electrode surface. The
contact resistance is more concerning for tha8@FC design, as it is impossible to even visually
inspect the attachment quality inside the cell.eDturrent collector materials were tried, such as
silver/palladium. Ag/Pd attached very well to efede surfaces but shrank significantly after
sintering such that the current collector layer waspletely detached, forming a hollow tube of

smaller diameter inside the cell.

In addition to the cell performance being lowentlepected, it varied from cell to cell, changed
with time, and from cycle to cycle when the cellsm@oled down to room temperature and
heated up again to its operating temperature. bfitied, some cells suffered from severe
performance degradation, especially during the festing cycle; see Figure 6.1. Nonetheless,

that the issue of irreproducibility and performanegradation is common in SOFCs.
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Figure 6.1. An experimental example of severe performanceattsgion in a ISOFC. Each of
the 176 1-V cycles lasted ~3 minutes, 1000 mA/miith a 1 minute break after each cycle.
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Therefore, an experimental study was conductethtbthe cause of the underperformance and
its irreproducibility issue, by characterizing ceimponents and the variability associated with
them. The electrochemical performance of the cahadd its electronic conductivity was
measured initially, as it is the main contributorperformance losses in aJOFC. The results
were normal, although the electronic resistance lasr than theoretical values. Next, it was
attempted to identify and measure the contactteesie of the current collectors. This was done
by fabricating samples that only had an anode stipgoger (ASL) between two current collector
layers (CCL). It was found that the resistancehef samples was much higher than expected,
potentially because of the high contact resistaHosvever, further investigation using computer
simulation indicated that not the contact resistamait the resistance of the anode support layer
itself could be the main cause of the high reststaiiherefore the conductivity of the ASL tubes
was measured directly, and found to be severalrerde magnitude lower than expected. In
addition, the ASL conductivity significantly charhevith temperature and time, taking several

hours for the changes to settle once it was at@00°

In this chapter, the experimental results on thleetednic conductivity of the electrodes, the
cathode electrochemical performance, and theirggswith time are presented and discussed. It
is concluded that the low ASL conductivity andvegiation is the main cause for theSOFC

lower than expected and varying performance.
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6.2 Experimental
6.2.1 The cathode effective conductivity measurements

The effective electronic conductivity of the catbddnctional layer (CFL), a porous LSM-YSZ
composite, was measured by the van der Pauw méfadv and J. 1958). This method is used
to measure the specific conductivity of a flat,fammly thin sheet of conductor. A thin layer of
the cathode paste was screen-printed on a YSZ aligkyvas sintered according to theSDFC
cathode fabrication method. The current and voltagdbes of a four-probe ohmmeter were
connected to four small contact points on the rerp of the CFL layer. Note that the contact
points do not necessarily have to be symmetri¢fervan der Pauw method. The resistance was
measured for two configurations, shown in Figur@. @n practice, instead of measuring
resistance, the voltage was measured at five dueeels from 1 mA to 5 mA in 1 mA intervals.
The resistance of the sheet in each configuratias ebtained from the slope of the line passing
through voltage versus current plot. Hence, moreii@te data were obtained as measuring the

resistant with just an ohmmeter was significanithgtuating.

The effective electronic conductivity of the shé&f) can be calculated by numerically solving
the van der Pauw equation:

Y | (6.6)

where d is the thickness of the layer amRl and Rs is the resistance measured for each
configuration.
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Configuration A Configuration B

Figure 6.2. The two configurations used for the van der Pawndactivity measurements
method.
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6.2.2 The cathode electrochemical performance measurement

The performance of the cathode was characterizedthey electrochemical impedance
spectroscopy technique (EIS) of symmetric buttdisc&he cells had circular electrodes (area =
1 cnf, thickness = 3(um), symmetrically deposited on each side of a tM&8Z disk (Fuel Cell
Materials, thickness = 25@m). The electrodes were fabricated by screen-pgntif the cathode
paste on both sides of the YSZ disk followed bytesing. The gold current collectors were
paint-brushed on the top of each electrode follovegdsintered. The sintering steps were

according to the fTSOFC fabrication programs, given in tables 2.1 22d

The activation polarization of the cell was meadureder air atmosphere using a Solartron 1255
Frequency response analyzer connected to a Soldr2®7 potentiostat. The impedance spectra
were measured at OCV with a 10 mV AC perturbatigna at frequencies ranging from 0.1 Hz
to 1 MHz.

6.2.3 The anode support layer effective conductivity meagements

The effective electronic conductivity of a porousYsZ composite can significantly change by
the arrangement of the particles within its streetuA thin flat sheet of Ni-YSZ composite

fabricated by EPD or by screen printing does noessarily result in a micro-structure similar to
the actual ISOFC anode. Therefore a four-probe conductivitysueament was performed on
bare tubes of the anode functional layer (AFL) #melanode support layer (ASL) fabricated by
EPD, exactly the same way they were fabricatedtlier TuSOFC. The fabrication of AFL

samples with EPD was challenging, as they frequem#re fractured or destroyed during the
sintering stage. The fabricated samples were vagilé. This was not a problem for the actual
TuSOFC, as ASL was deposited on the graphite rodRly Bnd supported the AFL deposited

on top of it.

The tubes were 4-5 cm long. A conductive Ag/Pdeasts applied to firmly attach the wrapped
connecting wires to each end of the tube. The pastered the edges of the tubes to eliminate
the possibility of results being affected by anguaulation of YSZ particles on the surface of

the tubes.
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Figure 6.3. A schematic of the four-probe measurement of ti®&l Aand the AFL tubular
samples.

The samples were tested in a tubular electric ter{h = 50 cm, ID = 2.5 cm), and were heated
and cooled at 5°C/min. A PID controller maintainee temperature of the thermocouple
attached to the samples inside the furnace at ¢éseed level. The reducing atmosphere was
maintained by flowing 100 mL’sof hydrogen, humidified at room temperature, tigtouhe
furnace tube. The resistance was measured at gaeowperatures in a four-probe configuration
by an Agilent 34970A DAQ switch equipped with a 848 multiplexer module. Several

samples could be placed in the furnace and testibeé same time.

The effective specific electronic conductivity diet ASL and AFL composites were calculated

as:

R L
g ff =HQ (67)

whered, R, andL are the thickness, inner radius, and length ofube.
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6.2.4 The contact resistance measurement

Samples with only the ASL and the gold currentexibrs layers (CCL) were used to measure
the contact resistance between the ASL and the TG¢.CCL covered the exact same areas as
the TuSOFC current collectors. It covered inside the twethe open end, and a length of 2.5 cm
outside the tube close to its close end - simdathe active length in the actughJOFC. Once
the ASL was reduced, there was a complete electyni conducting path between the
electrodes. The resistance measured across theodkst included the resistance of the CCLs,

the ASL, and the contact resistances between yleesiasee Figure 6.4.

The experimental setup and procedures were the samthe ASL effective conductivity
measurement, described in section 6.2.3. The sampkre reduced prior to the actual
measurement at 800°C for 2 hours under humidifigdrdgen atmosphere, and were cooled

down to room temperature.

Bulk resistance

Contact resistance

Figure 6.4. A schematic of the various contributions to thesrall resistance of the contact
resistance samples.
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6.3 Results and discussion
6.3.1 The cathode electrochemical polarization resistancand its degradation

The polarization resistance of each electrodg (#as calculated as the half of the horizontal
distance between the two x-axis intercepts of thpedance curve, shown in Figure 6.5. This
implied the assumption that the electrodes hads#nee B, or in other words the calculated, R
was the average of the two electrodes.ifkan indicator of the electrode performance and
represents the activation resistance and diffuBraitation of the electrode, but not the ohmic
losses. Figure 6.6 shows the calculatgé®a function of temperature. The activation enefg
the cathode was estimated to be ~128 kJ'mobmpared to other values reported in the
literature, 200 kJ.mdl (Shi et al., 2007), 120 kJ.mbl(Costamagna and Honegger, 1998)
(Nehter, 2006), and 160 kJ.rifo{Costamagna and Honegger, 1998). The long tegrof Rhe
cathode at 800°C settled within 20 hours, a leas 0% change; see Figure 6.7.
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Figure 6.5. The impedance spectra of the symmetric planaratefarious temperatures; the high
frequency tail below x-axis is truncated.
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Figure 6.7.The change in the polarization resistance of tBMLYSZ cathode with time.
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6.3.2 Electronic conductivity of the cathode and its degadation

The electronic conductivity of the LSM-YSZ cathodas measured at various temperatures, as
shown in Figure 6.8. The effective electronic castoity of the cathode at 800°C did not
change significantly with time; see Figure 6.9. Toaductivity at the end of the test, after ~30
hours at 800°C, was ~242 S'ntompared to 13400 Sin(Shi et al., 2007), 12800 Sim
(Ferguson et al., 1996) and a theoretical valus60 S.rit based on the percolation theory.
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Figure 6.8.The effective electronic conductivity of the LSMSY electrode versus temperature.
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Figure 6.9. The change in the effective electronic conductiat the LSM-YSZ electrode at
800°C versus time.
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6.3.3 The contact resistance measurement

The resistances of the “contact resistance” sangile@arious temperatures are shown in Figure
6.10. To have a better sense of the resistanceyatote that the ASL ohmic contribution to the
performance loss simulated for the isothermal défjure 3.5, was equivalent to 0.£2 An
initial calculation indicated that the resistanadsthe samples were higher than expected.
Therefore contact resistance could indeed be are.iddowever, contact resistance should not
change with temperature if the sample microstrect@mains unchanged, while Figure 6.10
shows the overall resistance changes with temperdtuvas noticed that the resistance changes
were consistent with the change in the conductieftgold and nickel. To further confirm this,

the overall resistance was predicted with the nmattieal model as a function of temperature.

The current conduction within the samples was nmattieally modeled using Ohm’s law,
similar to the WISOFC model, which included ASL and the inner anteoaurrent collector
layers. Temperature dependent conductivities wesed ufor the ASL and the CCLs, and
therefore the resistance of the samples could édigied at various temperatures. Values found
for the ASL effective conductivity are subject tigrsficant uncertainty, due to the percolation
effects in the Ni-YSZ composite; 3e4 S.ifFerguson et al., 1996), 2e6 S-iShi et al., 2007),
and a theoretical value of 7e5 S-iased on the percolation theory. Using the figdtie as a
conservative estimate of the ASL conductivity, tiverall resistance of the sample at 800°C was

estimated to be ~0.023, which is smaller than the experimental valuessshim Figure 6.10.

Further developing the model, the effective conigitgt of ASL was estimated as the

temperature dependent Ni conductivity, multiplied & factor. The factor was estimated such
that at 800°C the predicted overall resistance nemtd¢hat of the experimental. Using the same
factor, the overall resistance was predicted foe tomplete temperature range of the
experimental, see Figure 6.10. The predicted eesist followed the experimental trend very
well and captured the changes in the sample resistavith temperature. This led to the
conclusion that the ASL low effective conductivigpuld be the main cause of the high
resistance, not the contact resistance. Thereferednductivity of ASL samples were measured

experimentally, which confirmed this hypothesisijtagill be discussed in the next section.
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Figure 6.10.The experimental and simulated overall resistaridhe contact resistance samples
versus temperature.

The effective conductivity of the ASL for the sirateéd overall resistance of the samples shown
in Figure 6.10 at 800°C were estimated, by fittitmbe 1.8, 24, and 1305 S'nfor an overall
resistance of 0.86, 0.15, and 0.@Z,/respectively. Clearly, the effect of ASL conduitti on the
overall resistance becomes more significant at tod®L conductivities. Therefore changes in
the ASL conductivity at those low conductivity vagj which would normally have a minor
effect on the overall resistance, can become amhajleneck that cause large changes in the

overall performance of the cell.

The resistance of the ACCL was predicted by the ehod be 0.034Q at 25°C, which is
consistent with the experimental value. The reststaof the sintered CCL layer inside the

unreduced cell was measured experimentally to b@3+0 (the conductivity of the inner CCL
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layer, as the unreduced ASL was non-conductingjciwturther validates the conduction model.
It was mentioned earlier that the model predictexldverall resistance of the samples ~XB25
using an expected value for the ASL conductiviopyeér than the resistance of the inner CCL
even at room temperature — note that the resisianoeased with temperature. This is because a
highly conductive ASL layer would contribute to cemt conduction, hence reducing the overall
resistance of the sample. In other words, wherctimeluctivity of ASL is high, it conducts the
current along the gold CCL. On the other hand, wimenASL conductivity is low, only CCL
conducts the current along the cell. In that casesat would flow across the ASL to get to the

CCL, while negligible current passes along the AlBE to its high resistance.

At 800°C, the overall resistance of the samplesigbd significantly with time; see Figure 6.11.

The sample resistance reduced to a fifth of itsailvalue within 10 hours.
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Figure 6.11.The overall resistance changes in the contactteggie samples versus time.
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6.3.4 The anode support layer effective electronic condtiwity

The conductivity of the ASL tubular samples was soead to be much lower than expected and
changed significantly with time and with temperatuFhe tests were conducted under a reducing
atmosphere, i.e. humidified hydrogen. Some seleptedlts are presented in this section, as

shown in Figures 6.12 to 6.20.

Figure 6.12 shows the conductivity of four ASL sdesp ASR87-1, ASR87-2, ASR89-1, and
ASR89-2. All four samples were tested togetherxpose them to the exact same temperature
history and therefore to minimize the variationsttlcould be caused by testing them
individually. In addition, each pair of samples waalf of a longer ASL tube, ASR87 and
ASR89. Therefore the samples ASR87-1 and ASR87+2 vabricated on the same EPD rod,
and had the exact same fabrication history; sityilfor ASR89-1&2. This minimized the
variations in the microstructure of each pair ofnpkes as much as possible. Despite the
variations observed in the measurements of thasestimples, they have a common trend and
share several distinct characteristics. The samplese initially non-conducting. As the
temperature rose, an abrupt increase in the condyadf all the samples can be seen around
450°C, which indicated the reduction of non-conthgetNiO to metallic Ni. The initial
conductivity of all the samples was about 1e5 S.ms expected for Ni-YSZ composite
electrodes. This shows that the Ni particles weedl-percolating and formed a full path for
electronic conduction. However, the conductivitytté samples dropped significantly, by 1000
times, as the temperature rose to and stayed aC80lie temperature ramp took about 2 hours
to complete and reach 800°C. Note that the x-aximast figures are in log scale to expand the
initial time-frame, when most changes occurredotik from 20 minutes to 40 hours for the
conductivity of different samples to settle. Thodehe samples showed significant oscillation in
their conductivities during that period. After ~180urs at 800°C, the conductivities of all the

samples were about 50 to 100 S.and had a gradual decreasing trend.

Once the samples were cooled down to room temperathe samples had conductivities
varying from 10 to 1e4 S see Figure 6.13. During the second heating cyieéeconductivity
of all the samples experienced a sharp drop as iseEBigure 6.13. Although the sharp drop

occurred for all the samples, its time and tempeeavaried for different samples from 20
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minutes to 2 hours into the experiment at tempegatuanging from 100°C to 450°C. The
magnitude of the drop on the log scale varied &mn@es, and was less for those with a higher
initial conductivity. After the drop, the condudti of all the samples gradually increased to
values ranging from 1 to 10 Sim10 hours into the experiment at 800°C. Figurd 8Hows that
the conductivities of the samples after 120 hour8°C were about 5 to 30 S'mAs the
samples were cooled down for the second cycle;, tieeiductivity dropped significantly, making

the samples essentially non-conducting.

Figures 6.15 and 6.16 show the conductivities & thvo samples ASR89-1 and ASR89-2
throughout their second testing cycle, as a functibtemperature. Both samples share similar
features, as their conductivity went through theleystarting at a low value, increasing with
temperature, and decreasing to levels below timéiali value when they are cooled down to
room temperature. A significant observation is ttegt conductivity of the samples experience
step-like changes, which occurred around the sem@dratures for the heating and the cooling

stages.

Figure 6.17 shows the conductivity of the sampld&RAG, which was reduced under humidified
hydrogen for 2 hours prior to the actual experiméiiterefore it was essentially the second
heating cycle for the sample. The sample condugtiucreased by about 100 times from room
temperature to 800°C. No sharp drop in the condiizctivas observed unlike the second heating
cycle of ASR87&89-1&2. At 800°C, the conductivityadh a decreasing trend with a final value
of about 8 S.i after 50 hours into the experiment. The step-tikanges can be observed in the
heating and cooling curves, Figures 6.17 and 6A8arge step in the conductivity can be seen
in Figure 6.19, which occurred around the same &atpre during the heating and cooling
ramps. The final conductivity of the sample was030S.m', lower than its initial value before

the testing cycle.

The conductivity of the sample ASR39, which wasueti for 2 hours before the experiment, is
shown in Figure 6.20. The conductivity of the saenphd a sharp drop as it was heated up,
similar to the second testing cycle of the ASR87&R&8mples. Similarly, the conductivity
increased as the temperature rose. The final condyoof the sample at 800°C was about 2

S.nmi%, ten times higher than its value of 0.2 $.m
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Therefore, a significant variation was observethis ASL conductivity measurements, even for
samples made from the same tubes and tested togethaliscussed above. However, the

following common observations can be identified:

1- The samples were highly conductive, as expected firYSZ composite, right after
they were reduced.

2- The conductivity degraded very rapidly to valuegesal orders of magnitude below the
initial values.

3- Significant oscillation in the conductivity was @pged during the early stages of the first
cycle, just after reduction, and it took tens ofifsofor the changes to settle. The
conductivity did not have these oscillations during second heating cycle and beyond.

4- Once the initial changes were settled, the conditicthad a very gradual decline.
5- In general, the conductivity decreased from ondectacthe next.

6- After the first cycle, the conductivity of the salepincreased with temperature. In fact,
some samples were essentially non-conducting at temperature, became conductors
as their temperature was increased, and becameamalucting again once they were
cooled down to room temperature.

7- Step-like changes occur in the conductivity, esgdcduring the heating and cooling
stages, and frequently around the same temperature.

Observation 1 indicates that the Ni particles weedl percolated and initially well connected in
the composite. Observations 2 and 3 show that theetlvork microstructure in the composite
experienced significant changes once the NiO wdsced to Ni. This should be mainly due to
the significant agglomeration of Ni particles, whis a well known issue for high temperature
Ni-YSZ electrodes. In addition, the NiO particldsriek when they are reduced to Ni. This
would introduce transients in the microstructurel drence its effective conductivity. The
agglomeration effects are faster for smaller pl@gicwhile it slows down as more as the
agglomerates grow. Therefore the slow reductiocooiductivity is still present in long term and

from cycle to cycle; i.e. observations 4 and 5.

Observations 6 and 7 are more difficult to expldlote that the intrinsic conductivity of Ni
decreases with increasing temperature. Thereferetitease in the effective conductivity of the
Ni-YSZ composite should be due to changes in therostructure of the Ni network in the

composite. A theory can be presented to consigtexplain observations 6 and 7. The Ni
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microstructure, formed and agglomerated at 800~h@nlss relative to the YSZ structure due to
the higher thermal expansion coefficient of Ni camga to YSZ. This causes mechanical
stresses on the Ni network, which can lead to teaathment of some of the contacts, and
therefore reduce the effective conductivity of tbemposite at lower temperatures. When
temperature is increased again, the Ni particlgmed relative to the YSZ structure, forming

new contacts and hence increasing the conductofitthe network. If the percolation of the

network is low enough, or if the microstructure tbé Ni network is such that “bottleneck”

bridges are present for electron conduction, brgakd those few bottleneck contacts will result
in a significant drop in the effective conductivity the sample. This can explain the step-like
changes in the conductivity versus temperatureegjrand the fact that they occur around the

same temperature during the heating and coolingsyc

Figures 6.21 to 6.27 show SEM images of the ASRR9astructure, after the conductivity tests.
Note the spherical Ni particles trapped in cavike lenclosure of the YSZ structure, and the
clearance that exists between the sphere andritsusiding, especially in Figures 6.23, 6.24, and
6.27. Also, note the gap between the sphericalgbestsitting by each other. In addition, the
nickel particles appear as discrete cavities seatteéhroughout the relatively continuous
microstructure of YSZ; see Figure 6.21. The premupowder of the ASL had NiO particles of
0.65 um, and YSZ particles of 0.3mm, which explains why the YSZ structure is more

continuous after sintering.
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Figure 6.12. The conductivity of the ASL samples during thestficycle of heating and long-
term testing. The samples were tested togetherrumdeimidified hydrogen atmosphere, and
were initially unreduced. ASR87-1 and ASR87-2 werade from the same longer tube; same
for ASR89-1 and ASR89-2.
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Figure 6.13.The conductivity of the ASL samples during theasetcycle of heating and long-
term testing. ASR87-1 and ASR87-2 were from theesdonger tube; same for ASR89-1 and
ASR89-2.
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Figure 6.14.The conductivity of ASR89-1&2 during the coolinigage of the second cycle. They
were from the same longer tube.
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Figure 6.15.The conductivity of ASR89-1 as a function of temgtere during the heating, long-
term and cooling stages of the second testing cycle
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Figure 6.16.The conductivity of ASR89-2 as a function of temgtere during the heating, long-
term and cooling stages of the second testing cycle
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Figure 6.17.The conductivity of ASR40 during the heating andd-term testing. The sample
was reduced for 2 hours prior testing.
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Figure 6.18. The conductivity of ASR40 during the cooling stagkits first testing cycle
(second heating cycle).
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Figure 6.20.The conductivity of ASR39 during the heating andd-term testing stages. The
sample was reduced for 2 hours prior testing.
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Figure 6.21.The SEM microstructure of ASR39 after the conduigtimeasurements.
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Figure 6.22.The SEM microstructure of ASR39 after the conduigtimeasurements.

196




Figure 6.23.The BSE microstructure of ASR39 after the conditgtineasurements.
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Figure 6.24.The SEM microstructure of ASR39 after the condudigtimeasurements.
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Figure 6.25.The SEM microstructure of ASR39 after the conduigtimeasurements.
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Figure 6.26.The SEM microstructure of ASR39 after the conduigtimeasurements.
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Figure 6.27.The SEM microstructure of ASR39 after the conduigtimeasurements.
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6.3.5 The anode functional layer effective electronic catuctivity

Figure 6.28 shows the conductivity measurementrnofiaode functional layer (AFL) tubular
sample, which was reduced before the experimerd.réduced sample was very conductive at
room temperature, however its conductivity droppgdabout 1000 times as it was heated up to
800°C. The final conductivity rose to a final valo7000 S.rt after ~100 hours at 800°C still
more than 10 times lower than its room temperawwaductivity. Note that the settled
conductivity of the AFL is still much higher thahat of the ASL, indicating the significance of
the microstructure and particle size ratio of Nd&fSZ on the percolation of the Ni network.
The precursor powder used for fabricating the AR 10.3um NiO particles compared to the
0.65 um used for the ASL. The ASL precursor power corgdipore former to create extra
porosity, while for AFL no pore former was addedv&al studies have shown that composites

Ni-YSZ have a higher conductivity when the partcéizes are closer to each other.

Significant oscillation can be seen in the AFL s&mmnductivity in the first 30 hours of the
experiment, as seen in Figure 6.28. This behasianlike the second heating cycle for the ASL
samples, but similar to the first heating cycleA&L samples just after reduction. This indicates
that the major changes in the network formed byfither Ni particles did settle within the first

cycle, i.e. reduction for 2 hours at 800°C. It motvn that finer particles agglomerate more.

Figures 6.29 to 6.31 show the SEM images of the Aktrostructure after the conductivity
tests. Note the smaller spherical Ni particlehm AFL compared to what was seen for the ASL,
and their more homogenous distribution within tlracture - they still appear as spheres loosely

trapped in their enclosures.
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Figure 6.28.The conductivity of ASR40 during the heating andd-term testing. The sample
was reduced for 2 hours prior testing.
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Figure 6.29.The SEM microstructure of AFR2 after the conduttimeasurements.
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Figure 6.30.The SEM microstructure of AFR2 after the conduttimeasurements.
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Figure 6.31.The outer surface of AFR2 after the conductivigasurements.
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6.4 The use of computer simulation as a diagnostic tool

As it was mentioned briefly in the isothermal moslettion, when the typical physical properties
reported in the literature were used in the isattf@model, the optimization procedure could not
find the Butler-Volmer kinetic parameters that désdiin I-V curve predictions that satisfactorily
match the experimental data. Figure 6.32 showsp&dl case, where the ASL electronic
conductivity was taken from the literature, muchar than the actual measurements made later
on. An I-V curve is primarily dominated by activatti effects at lower currents, i.e. reaction
kinetics. However, ohmic resistance dominates #teabior of the curve at higher currents, and
eventually concentration limitations. When the kineparameters were optimized for low
current levels, i.e. 1 V & 0.7 V, the model preditta much higher performance at higher current
levels. This was due to the underestimation inAB& conductivity in the model. The estimated
kinetic parameters were close to the actual valasghe initial slope of the |-V curve which
reflects the kinetics, matches for the simulation &xperimental results. On the other hand,
when the high current level experimental data patrd.3 V was used for parameter fitting, the
kinetic parameters were underestimated - note llaepsslope of the I-V curve at low current
levels. This was because the underperformance d¢aogehe high cell resistance, and not
included in the model, was compensated by loweetlinperformance. The result was an

underestimation of the cell performance for thé petentials higher than 0.3 V.

To conclude, the model indicated signs of the uallguhigh cell resistance. Parameter
optimization is often an inseparable part of mathigral modeling. However, not every
experimental trend can be arbitrarily fitted if thdel captures enough details of the system.
Therefore a detailed model can be used to diagamodedentify unusual experimental results. In
addition to |-V performance simulation, the mathéoe model developed for current
conduction in the contact resistance samples,deslspecting the ASL high resistance rather

than contact resistance, as discussed earlieciinseé.3.3.
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6.5 Conclusion

The electronic conductivity of the anode and thih@ade as well as the electrochemical activity
of the cathode and their temporal changes werestigaged, to identify the cause of the lower
than expected and occasionally degradin@@FC performance. It was found that the effective
conductivity of the anode support composite wagidf magnitude lower than expected, and
changed significantly with temperature. In additiah took tens of hours for the ASL
conductivity to settle once it was at 800°C, esplcduring the first cycle after the reduction of
NiO to Ni. It can be concluded that the microstunet of the Ni network in the composite
changed significantly with temperature. There aeesal indicators that the Ni particles in the
Ni-YSZ composite form or lose their connection asresult of thermal expansion and
contraction, which leads to changes in the overatiductivity with temperature. The average
value of 1.56+ 0.4( was found for the logarithm of the effective coaitikity of the ASL, based
on long term tests of several samples over sevestihg cycles. The low conductivity of the
ASL causes the ohmic resistance to be a performbatteeneck for the cell. In addition, the
performance of the cell becomes quite sensitive@aigations in ASL conductivity. This can
explain why cell performance changes over timefao cycle to cycle: if the ASL resistance is
low enough to be a performance bottleneck, itsati@ms result in significant variations in the I-

V curve.

The effective conductivity of the AFL changed muess with temperature and time, with a final
conductivity several orders of magnitude highemt#eSL. This indicates the significance of
particle size ratio of the precursor powders onrtherostructure behavior of the composite. In
this case, the bigger NiO particle size compared 3@ used for fabricating ASL resulted in a
microstructure that was more vulnerable to chamgese by agglomeration and thermal stresses
compared to the smaller AFL which was fabricatethwiO particle size close to YSZ.

The change in the effective conductivity of ASL hvitemperature can be explained by the
contact formed and broken among the Ni particleghiwithe composite, as a result of the
thermal expansion. At higher temperatures Ni piagiare bigger, and form connections, while
at lower temperatures they shrink some of the ctmtanay break. An indicator of this

phenomenon is the step-like changes in the condiycof ASL, which occur consistently
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around the same temperature when the sample ischaatl then cooled. Another indicator is
SEM images which show the Ni particles appear dwigshual spheres trapped within the YSZ

enclosures with a bigger diameter.
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Chapter 7.  Concluding remarks

A detailed model was developed for theSOFC to gain a better insight into its performance.
The isothermal and non-isothermal steady-stateedlsas the transient performance of the cell

was simulated and was successfully validated agtiasexperimental results.
The following highlights the conclusions of this ko

1- Detailed modeling can result in numerous parametesreflect the physical reality of
the system in the model. These parameters are e$ttmated based the available data.
While this is a commonplace approach, special ttershould be paid to the values
used. Nothing can reliably replace the experimemt@asurement of a parameter.
Identifying which parameters should be measured vamich can be assumed is the art of
effective modeling. For thelilSOFC, the much lower conductivity of the anode supp
layer and its variation with time was the most bi@some issue, while it was one of the

least suspected.

2- For our specific system, modeling radiation waseesal for a proper heat transfer

model, such that without it no physically meaningimulation was possible. In fact, not
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modeling heat transfer at all was a better reptaten of the reality, compared to
including it without radiation. This again indicatéhe critical task of making valid

assumptions.

Modeling indicates that the heat generated by #flecan increase its temperature by as

much as 40°C.

The surface emissivities were found to have a Bggmt effect on the temperature
distribution and the dissipation of the heat geteereby the cell. In general, higher
emissivity results in more uniform temperaturesnéte thermal radiation has a great

capacity for effective thermal management.

The overall thermal behavior of the cell was fotade a complex pattern. Modeling is

an effective tool for gaining an insight about thermal behavior of the system, as the
experimental characterization may be difficult @othetimes misleading. In our case, the
thermocouples used to measure the temperaturejficagitly altered the thermal

behavior of the system due to theSOFC low “thermal footprint”.

A thermodynamic framework was developed to estintia¢esingle-electrode reversible
heat generation within the volume of the composiéetrodes. The cathode reaction was
found to be exothermic, while the anode reactiors wadothermic. The predicted

temperature gradients across the cell layers vessethan 0.05°C.

A thermodynamic framework was developed to estinthéelocal electromotive force
within non-isothermal electrodes. The simulationsveed that the thermoelectric effects
caused by the temperature gradients had a negligiilect on the overall cell

performance. This was due to the very small temipegradients across the cell layers.

The transients of thepySBOFC were very fast with a time constant less thaeconds.
The overall transient of the system was found tedm®rolled by the thermal transients,

which was very fast because of the small thermalsnadi the cell.

The furnace wall and its insulation induced a stbermal transient on the cell, with a

time constant of several hundreds of seconds.
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10-The experimental measurements revealed that tleete# conductivity of the anode
support composite was several orders of magnitoder than expected. In fact initially,
for a short period of time after the reduction dONo Ni, the effective conductivity of
the anode support was very high, indicating that ¢bmposite was well-percolated.
However, at 800°C the conductivity dropped by salve@rders of magnitude which

indicates significant change in the microstruciofr&li particles within the composite.

11-1t was consistently observed that the reduced arsoggort samples had a very low
conductivity at room temperature, essentially iasoh in several cases, while it
increased by several orders of magnitude when dh#ple was at higher temperatures.
This anomalous behavior, along with few other obeons, indicates the significant
change in the microstructure of Ni within the cormsip®, by changes in temperature. This
can be explained by considering that the Ni pasi¢thermal expansion can result in the
particles to touch and to form a conducting path.

12-The ohmic resistance of the anode support was arrpayformance bottleneck for this
cell, due to its very low conductivity. This alsade the overall performance of the cell
very sensitive to the changes in the thermal caindtyc of the anode support, which
normally would not be noticeable. This can expliie severe performance degradation
observed for some cells.

13-The anode functional layer also showed significdr@nges in its electronic conductivity.
However, its conductivity was much higher than dhede support layer, which indicates

the significance of particle size ratio on the cosife behavior.

14-Detailed modeling, if used effectively, can be gndiicant diagnostic tool. Modeling was
used in this capacity at least in two cases forctireent study: the model’s prediction of
a much higher cell performance if the anode supipadt its expected conductivity, and

the modeling of current flow in the contact regista samples.
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Recommendations and future work

The TuSOFC is practically an outstanding cell. It is mamabally very robust, and can
effectively withstand severe thermal shocks. ttaavenient to seal and to operate. It has an ideal
electrolyte, very thin but impermeable, which mimags its ohmic resistance. In terms of
electrochemical performance however, the cell caaffectively take advantage of its strengths.
This study suggests that the ohmic loss of the esogport, and activation losses of the cathode
are the two major performance bottlenecks. Enhanitie conductivity of the anode support to
have its expected conductivity should be the frstl foremost objective in further developing
the TuSOFC. This is an objective within reach, as thedergupport was indeed very conductive
initially after reduction. Parameters such as pity@nd particle size ratio should be investigated
to optimize the anode support conductivity. Anotagpect of improving the cell performance is

the cathode, which involves developing more aatatalyst material.

This work concludes that by mathematical modeling can accurately predict thetSOFC
performance. Therefore the model can be extend&Dtéor designing a stack, especially for

studying and optimizing its thermal managementféowd configuration.
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Appendix A. Physical properties

A.1 The gas mixture density

The density of gases at low pressures can be escubased on the ideal gas law:

Py =—=M (A.8)

|\/|g:in|v|i -1 (A.9)

wherepq is the gas density (kg B P is the total pressure (Pd);is temperature (K)Mg is the
gas mixture average molecular mass (kg:mdR is the ideal gas constant, 8.314 3ol ™?; x;,
wi, andM; are the mole fraction, the mass fraction, andrtfméecular mass (kg.md) of the

component respectively.
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A.2 The gas mixture viscosity

The viscosity of a low pressure gas mixture isracfion of its composition and temperature. A

semi-empirical and widely tested Wilke equationlifpet al., 2001), developed based on the

kinetic theory of gases, is used:

oy X4
m _Z‘_

! ZXJC‘H
J

g =F M
I M Mj ]
For a binary system this would be:
e Y Yl

Vit Y, Yot Y@

w2

(o))

Y
B B

The pure component viscosities can be calculateddan a polynomial correlation (Todd and

Young, 2002):
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4 =107 xZ A (ﬁj (A.16)

where ; is the viscosity (Pa.s) of component The polynomial coefficients\y for each
component can be found in Table A.1.

Table A.1. The polynomial coefficients of the viscosity cdateon.

Ao AL A, [As  [A:r [As A Error | u(1473K
%  UP)

H, 15,550 | 299.7¢| -244.3. | 24541 -167.5.| 62.96¢ | -9.989: 10 270.0¢

H,O | -6.754" | 244.9(| 419.F| -522.3t| 348.1: | -126.9¢| 19.59: 3| 553.2¢

N, 1.271¢| 771.4%| -809.%| 832.4:| -553.9:| 206.1¢| -32.4¢ 3| 533.0

O, | -1.691¢| 889.7¢| -892.7¢| 905.9¢| -598.3t| 221.6¢| -34.75 5|  632.3¢
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A.3 The gas mixture thermal conductivity

The average thermal conductivity,, of a gas mixture can be calculated based ongbhatens
developed by Wassiljewa(Todd and Young, 2002):

,7=i XK (A.17)

. [1+(/1itr /AJU )1/2(Mi /Mj )1/4j|2 (A 18)
' [8+M, /m))]” |

UM,

AA"

(A.19)

wherep; andM; are respectively the dynamic viscosity and theamolass of the component

The thermal conductivity of a pure gas(W.m.K™?), can be calculated as (Todd and Young,
2002):

K=0.0]§;h (%ooj (A.20)

whereT is in the absolute temperature (K). The polynora@fficients for each componeft,
are listed in Table A.2.

Table A.2. The polynomial coefficients of the pure componé&etrmal conductivity correlation.

by by b, bs b, bs bg Error % | x (1473K)
H, 1.504 62.892 -47.19  47.763 -31.989 11.972 -1.8954 5 57.705
H,O 2.0103| -7.913¢ 35.92p -41.39 35.993 -18.974 4153 1 16.303
N, -0.3216 14.81 -25.473 38.837 -32.133 13.493 -2.2741 5 9.4124
0, -0.1857 11.118 -7.3734 6.713 -4.1797 1491 -0.2p78 10 9.9832
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A.4 The gas mixture specific heat capacity

The specific mass heat capacity of an ideal gasum@xc,, can be calculated as a function of its

composition as:

cM=73 oD

A.21
species Mi ( )

where M; and w; are the molecular mass (kg.fiipland mass fraction of componentThe

specific molar heat capacity of a pure componept,, can be calculated as a polynomial

function of temperature(Todd and Young, 2002):

c,(T)= 26;, b (ﬁj (A.22)

whereg; is in (J.mot.K™) and T is in (K); the polynomial coefficients imEA.15),b;, are listed
in Table A.3.

Table A.3. The polynomial coefficients of the pure componkeeat capacity correlation.(Todd
and Young, 2002).

by b, b, b, b, bs bg Error % | C, (1473K)
H, 21.157| 56.03§ -150.5p 199.29 -136[15 46.903 -6.4725 1 32.146
H,O 37.373| -41.20% 146.00  -217.08 18154 -79.409 1B40 1 46.831
N, 29.027 4.8987 -38.04 105.17 -113.p6 55.554 -10.35 1 34.756
O, 34.85| -57.975 203.68 -300.37 23172 -91.&1}21 14]776 1 36.469
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A.5 The gas binary diffusion coefficients

The binary diffusion coefficients were calculateaséd on the Chapman and Enskog relations
(Poling et al., 2001):

3/2
- 0.00268°% (_1+_1] (A.23)
I:)O—ij§2D,ij I\/Ii Mj
21
g; —E(Ui +0;) (A.24)
Q,, = 1.0(‘2?51216;_'_ 0.19300 + 1.03587 + 1.76474 (A.25)
T (T exp(0.47635T*) exp(1.52996T*) exp(3.821T*)
Te= Kol (A.26)
&
& =4 &¢ (A-27)

whereD; is the binary diffusion coefficient (¢is?); T andP are the gas temperature (K) and
pressure (bars); is in the molecular mass of the comporiefg.mol*).

Q. ;is the collision integral for diffusions and ¢ are the characteristic Lennard-Jones energy

and length respectively, and can be found in TAbde

Table A.4.The constants of the Chapman and Enskog relaongrious components.

Component o (A & 1k, (K)
Ho 2.827 59.7
H.O 2.641 809.1
O 3.467 106.7
N2 3.798 71.4
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A.6 The reaction specific enthalpy, entropy, and Gibb$ree energy
change

The specific enthalpy chang&H,) and specific entropy chang&3y,) of the overall chemical
reaction H, +%O2 0O 0O- H,0) at any given temperature, assuming ideal gasitonsl can

be calculated as:

BH 1, (T) = Hi (1) = Hiy ()= Ho () =AHM(T)+TT[A Gt (A28)
and
85,(T. )= $o(T P- $(TH5 S Tha g T )pj oall) 7 (p 29)
WhereAC, = C, 0 Cy 1 —% o

Based on Egs. (A.21) and (A.22), and considemytd), = -241820 (J/mol) and\S,,=-44.37

(3.mol*.K™) at standard conditions (25°C and 1bar)(Daubeat.ef989), the following working
expressions can be obtained:

AH,,(T) = Zn(loooj (A30)

05,.(T, p=1ban=Y. o ;| + bif 1 (.31

whereAH, in (J.mol*) andASy, in (J.mol*.K™) are based on one mole of hydrogen consumed.
T is the absolute temperature (K). The coefficidats€Egs. (A.23) and (A.24) are listed in Table
AL,
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Table A.5. The polynomial coefficients of theH,x, andASy, correlation polynomials.

bo by b, bs by bs b bz
AHyq -239706 -1.209  -34.126B  64.90667 -66.54625 401366.3.4003| 1.871357
ASi -32.1487| -68.253%  97.3600 -88.72833  50.4575 -TR(8 2.18325( -1.209

The specific Gibbs free energy change of reactib@,) at any temperature and standard

pressure can be simply calculated as:

AG, (T, p=1bar)=AH,, (T TA S, (T, p= 1bar (A.32)
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A.7 The thermal conductivity of solids

Table A.6. Thermal Conductivity of the solids.

Thermal conductivity of solids (W.K*.m™)

Cathode, effective (Li and 6
Chyu, 2003)

Anode, effective (Li and Chyu, 11
2003)

YSZ(Li and Chyu, 2003) 2.7

Gold(Shackelford and -0.0583 + 336.08
Alexander, 2001)

Alumina(Shackelford and 568.71
3691 T
Alexander, 2001)

*Tin (K)

A.8 The specific heat capacity of solids

Table A.7. Specific heat capacity of the solids.

Specific heat capacity (J.kd)

LSM (Petruzzi et al., 2003) 573
Nickel” 293 + 0.496T T<630K
489 + 0.061T T>630K
Ysz®
68659 10
Gold” 145- 2.6 10°T + 4.15 10T2
Al - EZ3 E
umina 1413.6—18961
*Tin (K) - (Purdue University. Thermophysical Properties Rese@enter. and

Touloukian, 1970)
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A.9 The emissivity of solids

Table A.8. Emissivity of the solids.

Emissivity of solids

All components

0.7(Calise et al., 2007); 0.9 (Fescind Seume, 2009)

Alumina(Purdue University.
Thermophysical Properties
Research Center. and
Touloukian, 1970)

0.5 at 1073K

A.10 The electric conductivity of solids

Table A.9. Electric conductivity of the solids.

Electric conductivity (S-m™)

Anode support, effective
" experimental
M(Ferguson et al., 1996)

1150"
3.77x 10" & AT
T

Anode functional, effective
" experimental
"(Ferguson et al., 1996)

2.17x 167 1159
—e

RT

Cathode functional, effective

(Experimental)

3350
6.10x10 7
T

Electrolyte (Ferguson et al.,
1996)

10300

3.34x 10e RT

Gold, fitted(Chemical Rubber
Company.)

1
9.22x 10"'T - 5.3710

Nickel(Hellwege and Olsen,
1982)

log(c) = 8.2475 4.%10°T + &10°T2- x 10°T?

*Tin (K)
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A.11 Temperature dependent reaction kinetic parameters

Table A.10. Temperature dependent kinetic parameters.

Reaction kinetics; volumetric electron generation&/m°)

Anode (Zhu et al., 2005)
" experimental

1.5F _0F
i =| eRT,]An—e RT’]An
gen An o, An

/7An :Velec An_Viom An_g Al
(P, ! P, (Ru)™
1+ (py, / P, )"

88120

P, =1.22x 16T e *T

o,An — '* An

88000

i oy =5.08x10°" e RT

Cathode (Zhu et al., 2005)
" experimental
Mexperimental, 200000 by
(Zhu et al., 2005)

05F _oF,
i =i @RT “_@g RT'™
gen Ca o, C

I7Ca = Velec Ca_viom ca £ Ci

)1/ 4

A
o,Ca *,Ca1+ (po2 / p*oz )1/2

_128000"

i, =1.47x10°" e RT

*Tin (K)
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