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ABSTRACT

THERMAL MANAGEMENT OF SOLID OXIDE FUEL CH-LS
BY FLOW ARRANGEMENT

ken, Ferat
M.Sc., Department of Mechanical Engineering
Supervisor: Assc. Pr of . Dr . Kl ker Tar é
July2012, 114 pages

Solid oxide fuel cell (SOFC) is device thatconvertsthe chemical energy of
thefuel intothe electricity by thechemical reactiomat high temperatures (600
1000°C). Heat is also produced besidéhe electricity as a result ofthe
electrochemical reactionfHeat produced inthe electrochemical reactions
causeghethermal stressesvhich is one of the most inoptant problera ofthe
SOFC systems. Another important problem of S©FE the low fuel
utilization ratio. In this study the effect of the flow arrangement orthe
temperature distributigrwhich causeshe thermal stressesnd the method to
increasdahefuel utilization is investigated.

An SOFC single cell experimait setup is developed for CreBtow
arrangement design. Theetupand experimeratl conditions are modeled with
Fluenf. The exerimenal results araused in ordeto validate and verify &
model. The model ressltare found to capturewith the experimenal results
closely. Thevalidated model is used as a reference to dewblemodels for
different flow arrangements antb investigate theeffect of the flow
arrangement othe temperaturalistribution. A method to increasthe SOFC

iv



fuel utilization ratiois suggested. Models for different flow arrangements are

developed andhe simulation results are compared to determine the most
advantageous arrangement.

Keywords: SOFC, Modeling, CFD, Flow Arrangement, Temperature
Distribution



¥Z

KATI OYXARRKH! CRELERXKKIKIN AYARLAMASI YLA
| SIL Y¥NETKMK

ken, Ferat
Y¢éksek Lisans, Makina M¢ghendi sl iJi
Tez Y°netDrc.i skl:keDo-T.ar é
Temmuz2012, 114 sayfa
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CHAPTER 1

INTRODUCTION

In recent years, energy has become the most important and challenging aspect
of our existence due to its high usage in our dagdandin anindustry. To

supply this high demand on energy, more interest and effort are put into
developingimproved energyeneration methodsecause ofast depletion of
natural resources and meoimportantly harmful effects oburning fuels on
nature. These concerns over the consumptiomoskil fuels make the research

in using alternative fuels as an energy source ingta

At first sight, only clean and renewable energy sources such as solar and wind
energy seems to solve above concerns in a long term but in the mean time
more efficient and less polluting energy conversion devices can be very

helpful. For that purposéuel cells are appealing.

As the energy usage and pollution increases, popularity of clean and renewable
energy production methods increases. With high efficiency in energy
conversion and ability to operate from milatt to MegaWatts a Solid Oxide

Fuel Cell (SOFQ receives much more attentidBeside thisit has ability to be

used in stationary and mobile applications.
1.1 Type of Fuel Cells

A fuel cellis a device that converts the chemical energy from a fueltiveto
electricity through a chemical reamt with the oxygen or another oxidizing
agent.Based on their working temperature and typethef fuel used as an

energy sourceahere are mainly eighype of fuel cellswhich are:



Solid Oxide Fuel Cel{SOFC)

Alkaline Fuel Cell (AFC)

Direct Methanol Fal Cell(DMFC)

Phosphoric Acid Fuel Ce{PAFC)

Molten Carbonate Fuel CMCFC)

Proton ExchangMembraneg-uel Cell(PEMFC)
Protonic Ceramic Fuel Cell (PCFC)

Sulfuric Acid Fuel Cell (SAFC)

=4 =2 =4 A4 -4 A4 A -

The maincharcteristic of major fuel cells and comparisehetwesn themare

given inTablel.1.



Tablel.1 Comparison of fuel celkechnologie$l]

Types of Operating

Fuel Cell Electrolyte Temperature Fuel Oxidant Efficiency
Alkaline Potass.ium Pure hydrogen ol .
(AFC) hydroxide 50-200°C hvdrazine O, /Air 50-55%
(KOH) Y
Direct
methanol  polymer 60-200°C liquid methanol  O./Air 40-55%
(DMFC)
Phosphoric . Hydrogen from
acid Z:igsphonc 160-210°C hydrocarbons O, /Air 40-50%
(PAFC) and alcohol
Sulfuric Alcohol or
acid Sulfuric acid  80-90°C imoure hvdroaen O, /Air 40-50%
(SAFC) pure hycrog
Proton Polymer, Less pure
exchange proton 50-80°C hydrogen from O,/Air 40-50%
membrane exchange hydrocarbons or
(PEM) membrane methanol
Hydrogen,
Molten salt carbon
Molten such as nitrate monoxide
carbonate '’ 630-650°C ’ CO,/O,/Air  50-60%
sulphate, natural gas,
(MCFC) .
carbonates... propane, marine
diesel
Ceramic as
Solid stabilized Natural aas or
oxide zirconia and 600-1006°C 0 aneg O./Air 45-60%
(SOFC)  doped prop
perovskite
Protonic ngr:]brane of
ceramic bari . 600-700°C Hydrocarbons O,/Air 4560%
arium cerium
(PCFC) oxide

Fuel cells are different frorpatteriesn that they require a constant source of
fuel and oxygerto run, but they can produdlee electricity continuouslyfor as
long as these inputs are suppliédiso, fuel cellsare known as direct energy
conversion devices and are inherently more efficient becauseditrestly
convert the chemical energy afuel totheelectrical energypy eliminating the
intermediate stages dhe thermal energy (heat from combustion) atie



mechanical energy (e.g. turbine run on hot gasses or steam) as in conventional

electrical power plantg?].

Among the fuel cells,a PEMFC andan SOFCare the most populaonesfor
both the research andthe market. Being suitable for cars and mass
transportationthe P E MF C 6 investigated morand well developed. On the
other handthe SOFC beingan electricity generatingevicehas become more
important due to their fuel flexibilitgcarbonbased fuels.g. natural gas)high

efficiency and clean and quiet operation.
1.2 Solid Oxide Fuel Cell (SOFC)

Several devices are invented for conversioa diemical fuels directly int@an
electrical powerThe SOFCs are the mostfigient oneswith about 60% for

combined cycles

Osamu Yamamotd4] s ay dn 1838, &Sir Wiliam Grove reported the
principle of fuel c# operation firstly whereas usiniipe ceramic started with
Nernst at 1899 by discoveringpe solid oxide electrolyteNernst and his
colleagues in Gottingen proposed the basic idea and materials at the end of the
nineteenth century. Over 100 years latensiderable advances in theory and
experiment are mad@]. The first ceramic fuel cell study started with Baur at
1937 which works at 100{Co.

The SOFCs operate at high temperatures and enthgeramics ashe main
functional elements of the cell. Each cell is composed of an anode and a
cathode separated by a solid impermeable electrolybese three zones
togetherare called the Positive ElectrodélectrolyteNegative Electrodethe
PEN.A schematic othe Solid Oxide Fel Cell (SOFC)s shown inFigurel.1



Cathode Flow Channels

Cathede
Current —
Collector

Cathode

Cathode Electrode

Interlayer

[

o~ =+ FElectrolyte

,—.‘
Anode

Interlayer Anode

Electrode

Anode
Current —— ™
Collector

ANNEER
~

Anode Elow Channels

Figurel.1 Schematic of a Solid Oxide Fuel CEl

In an SOFC a fuel (mainly pure hydrogen or syngashich is a gas mixture
rich in hydrogen is supplied tothe electrically conducting porous ceramic
anodeandanoxidant is supplied tthe electrically conducting porous ttende
These electrically conducting poroasodeand cathodere attached on each
sides of anionically conducting ceramicelectrolyte The éectrochemical
reactions occur at the catalyst layerdie anodeelectrolyte and the
cathodeglectolyte gas interfacesvhich arealso known aghe Three Phase
Boundaries (TPBs)

At the cathode/electrolyte gas interfaogygenis reduced tothe oxygen ions.
The oxygen ions are conducted through the oxygen vacandies electrolyte
to the anode side. At the anode/electrolyte gas interflaeexygen ions react
with the hydrogen to formthe water From this reactionthe electrons are
released andhe heat is producedlhese electrons travel through an external

circuit to a load and back to the cathode electrodenaptetethe circuit.

One of the biggest advaages ofSOFG is their high efficiencywhich is not
thermodynamically restricted by the Carnot efficief@yl2]. As a resultmost

of the chemical energy of the fuel can be convertedtirgelectricityand heat
5



in an SOFC operationOn the other handmain disadvantagef SOFC is its

low fuel utilization which decreases the efficiency SOFC system.
1.2.1 Design Configurationsof SOFCs

In an SOFC an interconnector also called abipolar plate, containgasflow
channels formed on its surfacéhe gas flow kbannels ar@sedto distribute the
gasses along the anode and the cathode electrodes. eMigtréhree major

design configuratiomof the SOFG, which are

1 Monolithic,
M Tubular and

M1 Planar

The nonolithic design configuration as shown Kigure 1.2, is difficult to
manufactureg which is the main disadvantage of this desigq it is not
developed beyontheresearch

Cathode
Electrolyte

e

Current Collector

L

Anode

MCurrent Collector

Air channel

Fuel channel

Figurel.2 Monolithic SOFCdesignconfiguration[13]

The ubular design configuratioshown inFigure 1.3, is the most popular. It is
also difficult to manufacture and it has the lowest power densiten
compared withthe other design configurations. On the other handis

advantageous ithe gas sealing during stacking the cells



Interconnection

Electrolyte

Air
Electrode

Air
Flow
Fuel Electrode

Figurel.3 Tubular SOFC desigroafiguration[14]

The panar SOFC design configuration gives the maximum power density
which cannot be readed with the other configurationdt is also easy to
manufacture. Wheplanar configuration isompared withthe tubular design
althoughaninterconnector fatication costis high,a system production cost is
low becausehe planar design hasigherservice lifetime Therefore,in recent
years theplanar designanfiguration attracts researatostly inthetwo forms
which arethe flat andthe radial configuréions and they are shown Kigure

1.4 andFigurel.5 respectively.
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Anode
Electrolyte =——
Cathode

Cathodic gas channels

Current Collector

Figurel.4 Flat planar SOFC desigmefiguration[15]

Fuel

Alr Alr

Separator

Cathode

Electrolyte

Anode

Stack configuration

Figurel.5 Radial planar SOFC desigoriguration[1]

Today, these two types of designs become more populatd the nain
advantage ofhe planar type desigm the gas sealingindthe main advantage

of flat the plate designn the ease of manufacturing



1.2.2 PEN Configuration for Planar Design

The PENis the electricity generating component of the SOFC and it works
between 60-1000°C. For a plana SOFC designthe PENcan be produced
either an electrode supported oan electrolyte supportedThese possible
configurations are shown figure1.6. In view of SOFCmechanical stability

the electrdytes u p p o r t eard led8 Bukcéptible to mechanical failinan
theel ectr ode s uwighdashighat weR)i Keategroblemsdue

to thethick electrodes

(a) (b) (¢) (d)

| | anode E electrolyte cathode porous substrate

Figure1l.6 SOFC PEN struatre configurations (a) cathode supported (b) anode
supported (c) electrolyte supported (d) porous substrate suppgjrted

To increase the mechanical stabilityaPEN an idea of supporting the two
electrodes witta new material is developed. But this increases the complexity

in the porousubstratesupported designvhich is unacceptable.

1.2.3 SOFC Stacking

An SOFC gas flow channels distrilaihe fuel andthe oxidant tothe electrode
surfaces Theyare manufactured othe interconnector surfacesvhich affect
the durability andthe performance of SOFRC Mostly, three different flow
arrangements fahe flat-planar design are usedtime SOFC stac which are
Co-Flow, CrossFlow and @uner-Flow arrangementsas shownn Figurel.7.
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Co-Flow Counter-Flow

PEN (Positive electrode,
Electrolyte, Negative electrode)

Interconnect/Separator Plate —

Interconnect/Separator Plate —»
o

Figurel.7 Different flow arangements for flaplanar SOFC esign[25]

When stackinghe cells, the sammterconnector plays a role transferringthe
electrons fronthe anode side of a celb the cathode side afnother cell. At
the two ends othe stack,thetop or bottom interconnecteoarethe positiveand

thenegative pole

Usually a single cell oSOFC produces usable power at voltages between
0.5V-0.9V. Because of this fact large number of cells stacked upon each
otherin a serial manneras shown irFigure1.8. More powercan be generated

at a desiredaltagewith this arrangement

10
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cathode

gas channel

fuel

oxidant
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Figurel.8 (a) SOFC single cell (b) SOFC stack with 3 cils

1.3 Objectives

The main problem on SOFC stackis its short life time compared tahe
other conventional energy conversion methods. This madkesSOFC
unfavorable.One of the main reaserof this problemis the thermal stresses
due tothe temperaturggradiens formed by heat generah in a steady state
operation.Thesetenmperaturegradients cause some SOFC componantsil

which increasemaintenance expenses in final product

Although there are many experimental and theoretical studieghéohigh
temperature SOF there are few studies available regardthg problem

mentioned above. Therefotle objective of this study is:

1. To developexperimentallyvalidated and verifiec single cell SOFC
mathematical model

2. To use this model as a referencedi&velopthe new and different gas
flow channel designs fahe intercannectorand setum mathematical
models forasingle cell.

3. To oonsider recycling the anode exhaust foe different gas flow

channel designs

11



1.4 Thesis Outline

In Chapter 2Jiterature survey igjiven In Chaptes 3 and 4 anSOFC working
principle andthe validating and verifyinghe SOFC model withan experiment
aregiven. Then in Chapter S5improvements iran SOFC staclare explained.
Summary ofthe findings and recommendations for future wogke explained

in Chapter 6
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CHAPTER 2

LITERATURE SURVEY

Related tahe SOFCs, because of théiigh working temperaturesemperature
dependent properties and brittle structur@ ®EN, there are crucial problems
to be solvedOne of the most importamroblemsis the temperature gradient

due tothe heat gerration fromthe electrochemical reactien

During operation of SOFG, temperature gradientappearingin the cell

components will grow with temperature dependent parameterBBN. These
temperature gradiemtcause cell componento be exposed tthe thermal
stresses whichis mainly the result ofthe different Coefficient of Thermal
Expansions, CTEQf components.Thermal stresses causecracks ina PEN

structure which will result infailure of the SOFCTherefore in literature the

main focus ofan SOFC research @ the thermal management ain SOFC
single cell or stackas well agheir performance.

As discussed earlietthe experimental setup for investigatirgn SOFC is
difficult and expensive so many studies are based on modelag3IDFCto

investigate critical parameters. These modeling studies diffteegeometrya

PEN structure and size ah SOFC single cell oa stack o identify unresolved
problems Sgq, literature survey can be categorized into tpartsas cell and
stack level mdeling relevant to this thesis study.

2.1 Cell Level Modeling

In literature, cell level modeling studies are maifdgused orthe effect of

parametes (e.g. thickness and porosity of electrodes) of the RBH#the
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design ofthe interconnect® on the performance of a cell under various
operating conditions. These modeling studies include zerone or
multidimensional approaches depending on the type of problem investigated.
Bovea et al[26] studied the requirement$ an SOFC mathematical model for

a system simulationThey aimed in guiding future researdor an SOFC
improvements and optimizations by reviewing most significant SOFC models
and the possibility of theiuse in a macronodel with different assumptions
made when adapting micnmodel equations to a maenoodel.In micro scale
models behavior of individual SOFC components are fogusbite in macro
scale modelsall operation behaviors ahe SOFCs are investigated.hey
concluded with performing quantite¢ analysis for differences between
different assumptions and estimated reliability of the madelthe other hand

in their second studyBovea et al.[27] say that zero dimensional
approximationsin which gas omposition variation is neglectethay lead to
inaccurate resultsSq theydeveloped an analytical, one dimensiomaidelby
integrating the local equations defined in Part 1 of his studyhdt model,
changes in gas composition is assumed to be gigntfiin outlet direction
only,

There are2-D studies based othe effects ofan electrode andhn electrolyte
thickness and their porosity on the cell performalBaiza et al]28] studied

effect ofthe electrodeand electrolyte thickness on the temperature increment
attributed tathe chemical reactions and the irresiilities Junxianget al.[29]

in their study,investigated heterogeneous electrode propesibeh includes
various nonlinear distributions in a general sense according to the porous
electrode features as well Bsear functionally graded porosity distribution.
They performed extensive numerical analysis to elucidate various
heterogeneous porous eleceogroperty effects orthe cell performance.
Results indicate thathe cell performance is strongly dependenttbeporous

microstructure distributions afeelectrodes.
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Besideghe1-D and 2D simulationsthe 3-D simulations are very important in
predcting SOFC performance, optimizirige interconnector design, studying
the effect of some parameters time performance ofin SOFC Yakate et al.

[30] studied a different approach in whi@n electric current flowand a
chemical anda thermcfluid phenomena were carried out in a consecutive
repetition and thethe results of both calculations were correlated each pther
which made it possible to simulate the diagonal electric current in the
electrolyte In addition the effects of the geometry of the cell components on
the cell performance wereonsidered perfectly in the calculatidftom this
study it can be concluded th#te diagonal flav of the electric current appears
in the electrolyte when there is a lamjstribution of the electromotive force.
In this thesisstudy theelectrolyte is not fully defined that, i is defined as a
wall with a certain thicknesswhich is betweerthe anode andhe cathode
electrodesBecause of this assumptiocurrent path lang the diagonal othe
electrolyte should not be examinédso, affect ofthediagonal current patbn

the temperature distribution ithe electrolyte thickness and diagonal direction
due toan ohmic heating should not be examinedFurthermore,the heat
generated as a resulttbk electrochemical reaction is arbitrarily assumed to be
distributed equally tohe anode andhe cathode electrodeSq the affectof the
heat transferrate from the anode andthe cathodeelectrodesdue to the
electrochemicaleaction and comparison die affect of this rate withan
ohmic heating due tthe diagonal currenpath on the temperature gradient
should not be completely distinguished. Adiyiafor a PEN the most critical
region inview of mechanical stability ahelectrochemical performance is the

electrolyte.

As discussed earliethe temperature gradient plays a very important role in
both the performance and lifetime @n SOFC. So it is invagated in lots of
studies.Yunzhenet al.[3]] studied the temperature distributions, variations of
reaction species and current densities of raook layers built (MOLB)type

SOFCunder the dferent working conditions for G&low and CounteFlow
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cell designs.The esults sbw that Co-Flow design has more uniform
temperature and current density distribution. Ao interesting result is that
the average temperatures of the PEN (positive/electrolyte/negative) and the
current densities rise whehe flow rate orthe hydrogen mass fraction in the
fuel is increasedHowever the average temperatures thfe PEN decrease with
increasing the delivery rate tife air, from which it isobservedhatthe design

of thecathode side gas flow channels aream@nt inthe cell performace and
the optimum flow rate otthe air for the SOFC operation andn experimerl
setup should be usefihe sameresult is also concluded [Buopeng et al[32]

for the anode supported planar SOR@Gd the suggesbns for improved cell
designs are discussethey also concluded with an interesting resuiat the
most critical region inview of electrical performance itne interconnector is
where the cathode is directly connectedthe separator plate with no air
channel in between. In suehregion thelocal current density and electrical
potential are recordeavhich results imalocal minimum power production. In
addition, highest temperature gradients s&enin this region.So, from this
study it can be regarded thatsimplifications in the model geometry are very
important depending on tlexpectations from the stuénd should be thought

carefully.

Recknagle et al.33] studied three dimensional model geomettie simulate

the CrossFlow, CoFlow and CounteFlow interconnector designs. When
these three interconnector designs compategtesults show thasimilar fuel
utilizations are achieved for a given average cell temperatioeever the
temperature diributions which largely determinéhe thermal stresses during
operation are dependent on the interconnector destignFlow design has the
most uniform temperature distribution and the smallest temperature gradient
thus offers a thermstructural advatage over the other flow cases shown

in Figure2.1.
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Figure2.1 Temperaturelistributions on the cell activeea for (a) Cros§low,
(b) Co-Flow and (c) CounteFlow arangement$33]

The similar study witH33] is also investigated by Achenbal4], Mitsunori
Iwata et al[35] and Christoph Stiller et aJ36]. Achenbach34] investigated
three flow arrangements and concluded with shene temperaturprofiles
with [33], while Mitsunori Iwata et al.[35] studied only CrossFlow
arrangement and concluded hithe same temperatupgofile with [33] and
[34]. This profile is such thathe temperature isighest near the fuel inlet and
the air outlet.For CrossFlow arrangementall the three studief83-35], agree
in thereason for the type @& temperatire profile which is since the air flow
rate is much larger than the fuel flow rate, larger convection heat of thewair
determines the temperature distributidihe similar resuff arealso discussed
in studies ofMOLB-type SOFC[31] and the anode supported planar SOFC
[32]. Although the same resulivith above for CeFlow and CounteFlow
arrangementsan also be concluded fro@hristoph Stiller et al.36], a slightly
different temperature profile is obtainddr the CrossFlow arrangement
which is shownin Figure 2.2. It is observedthat the maximum temperature
occurs atthe air outet and nearly midpoint othe fuel inlet and outlet. The
different resul, in studies througfi33-36], caneasilybe attributed tdahe flow
rate oftheair and ratio otheair flow to the fuel, which is emphasized in these
studies. Alspa valuable reas can be argued th#te PEN electrochemical
parametersas well as mechanical propertiese very important ithe SOFC

modeling result.
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Figure2.2 Temperature distributions on the cell active areaCharssFlow
arrangemeni36)

In literature there are also severdudies forthe different type ofthe PEN
configuration.Yuzhang Wang et al.37] studied simulating thetsady state
electrochemical characteristicscaime multi-species/heat transport to simulate
the variation ofspeciesconcentrationsa temperaturalistribution, a potential

and a current density for two types @& PorousElectrodeSupported (PES)
SOFCin Co-Flow pattern. These two type of cells use the same material and
manufacturing procedsut they are differ irthe gas flow channel design and
electrolyte as showm Figure 2.3. The esults show thatype-ll PESSOFC

has beker performancéhan typel. Also it is concluded thathe fuel and air

are heated up continuously through the flow channel and the maximum
temperature of thesgases occur at the end of the anode near the electrolyte.
This resultagres with the results obtained $1-36] and should be taken into

account in studyinghe SOFC model results.
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Figure2.3 Schematic viewof two types of planar PESOFC: (a) typd (b)
type-1l [37]

As discussed aboyean study of [32], simplifications done in the model
geometriesto makethe modekasier and decrease the solution fiafects the
model resultsThe main simplifiation done in model geometry is leaving out
of count the SOFC components and some parts of these components, That is
only thegas flow channels are included in the solution domaimch assumes
that the fuel and air coming fronthe feed headefmanifolds are equally
distributal to the fuel and air corresponding gas flow channels in contact with
the anode and cathode surface tbé PEN respectivelySo, this brings the
necessity of developing and optimizing the feed heafakated to this issye
Hong Liu et al.[38] proposed a novel desighsr general applications ithe

fuel cells andhe fuel processing reactoend studied themumericallyusing
Fluent and validated the modeéxperimentally.Another importantstudy in

this issue is conducted by Huang et[&B)]. In this paperthe flow uniformity

in various interconnectors and its influencehecell performance ofraSOFC

is investigated both numerically and expeentally. Four different designs are
developed andnexperimenal setup is developed as showrFigure2.4.
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The numerical results anithe experimendl setup for this study showhat
improvement onthe flow uniformity in the interconnectors can effectively
removethe local hot spots on the PEN and increase the peak power density of
the singlecell stack at least up to 11%. Alssuggestions fothe fuel and air
Reynolds Nimbet by considering the achiement of a reasonably good power
density while remaining an economic fuel utilization rate and having a smaller

temperature gradieatre discussednportarce of which is discussed above.

Another important parameter related witBOFC performance andhe
temperature homogeneity is the cathode/interconnect contact area and electrical
collecting pins sizewhich is investigated by Grondiet al.[40]. The results

show thatincreasinghe contact area decreases thevpodensity of a cell and
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also decreases the temperature gradient.,Alsetter homogeneityon the
temperature and increase time power density is achieved with a deasing
collecting pins sizeDecrease ira collecting pin sizes will result ia decreas
in across section dheair flow channels and increase in the velocityhwair
besides the convective heat transfer coefficierthatcathode sidewhich is

similar to conclusions obtainedrough[31-38].
2.2 Stack Level Modeling

The SOFC stack isomposed of two or more cells arranged in a series manner
in view of electrical connection. In literatyt@n SOFC stack is investigated for
thetemperature distributiorthe gas flow uniformity for each celthe thermal
stresses as a result of tempemtgradientLockettet al.[41] investigated 20

cell microtubular SOFC stack and a CFD model of this system using the
commercial codéluenf 6.0 to be compared with trexperimerdl results in
further studies taobtain a first approximation tthe temperature and flow

distributions.

In literature there are also several important studies investigatiatransient
behaviorof stack He et al.[42] studiedMolten Carbonat Fuel @Il (MCFC)
stackin a 3D and presentedhe transient three dimensional modelhich is
capable of doinghe transient calculations. With this mogdél is possible to
investigate the response of thack tothe sudden changes ihe load which
gives a good ideaboutthetime dependent responsetbé stack temperatures
andthe current distributions fo€rossFlow arrangementSince most of studies
investigatedthe steady statébehaviors,with this study the effect of this

assumption can kenalyzed.

In the cell level modeling section, importance tifie model geometry
simplifications generally on feed headers, are discussed. When modeling
stacks beside feed headersmplifications ofthe gas manifolds are also done
in the geometry to decreaghe solver time The resuls obtained with this
assumptiorassumes thaall of the cells inthe stack gets the same amount of
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the fuel andthe air, which is different ina real situation as discussed in the
study by Boersma et a[43]. They suggested a useful tool for the flow
distribution forthe fuel cell stacks. Alspthe resultsshow thatat 38% height
of the stack height receives a flow that is equal to the averagedimhabout
25% of the cells receivegds than the average flpwhile the rest receives
more are obtainedA similar study related to fields done byHaruhikoet al.
[44]. Theyinvestigated the relationships between the-fgg uniformity in
the ganar direction, the gafow uniformity in the stacking directiorgand the
cell performance if€o-Flow type MCFC. A comparison is made for the effect
of the uniformity of these two types of gas flows. Results show ti@pas
flow uniformity in the plaar directionhave2 or 10 times more effect thane
gasflow uniformity in the stacking direction othe cell performancewhich
reveals the fact that, it is important to achi¢we gasflow uniformity in the
stacking direction in order to attain the id@®d cell performancd3y making
into account this conclusipdoonguen et a[45] studied the characterization
of an electrochemical reaction aradthermaofluid flow in the metalsupported
SOFCstacks with six ells with various manifold designs and concluded with
the effect ofthe manifold designs omhe current density anthe temperature
distribution. This phoneme was also studied by Bi ef46] and showed that
theratio of the outlet manifolavidth to the inlet manifold widthwhich has a
suitable value of larger than i$,thekey design parameter that affects the flow
uniformity,. Theseresults which areobtainedthrough[43-46], revealthe fact
that to obtainbetter and reliable stack model resultoth the gasanifold and

thefeed headers must be included in the model geometry.

Several studies are available in literature concernedthéthermal issues of

an SOFC in stacKkevel besidethe cell level. Koeppel et al [47] studied the
effect of various design changes on the temperature distribution and uniformity
for a tall multicell stack and then several parametric studies were performed
2-D. The multicell stackconsists ofninety six cells stacked in series. They

concluded with several importamesults one of which isthe increased
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interconnector thickness reslh a linear reduction ofhe peak temperature
differenceand also the increase in aspect rati@ akll results in the decrease
of temperature difference @stack.Also Burt et al.[48] studied thenumerical
investigation for five cell stackonsideringthe impact ofa flow distribution
and a heat transferBesides this, the influence ofthe radiative heat transfer
between the PEN and the neighboring separator platethe temperature
distribution is also considered. They concluded with the result that
variations ina cell temperature are attributéd the asymmetries irthe stack
geometry andhe nontuniformity in thefuel and airflow rates which results in
the temperature neaniformities. They recorded thahese temperature non
uniformity is large when onlyhe convection andhe conduction heatransfer
considered so large variations time cell performance is recorded. Whére
radiative heat transfer is includedthre mathematical modeit is recorded that
the uniformity in the mathematical model is improved thus leading to more
uniform cel voltages Also, the effect ofthe flow distribution is investigated
and compared witthe radiation effect. It was found to bne radiation effect

is lower than effect ofthe flow uniformity, which was also investigated
through[43-46]. Effect of the radiation is also investigated by Tanaka et al.
[49] and concluded with its effect dhe stack cell performangevhich agrees
with the result obtained Hy§].

Besidesthe theoretical investigationgoncerning thermal and performance of
stack issuesthe experimental methods are also develop@édan et al[50]
studiedthe experimental method to measure temperaturebetells inside
threecell SOFC stacksby using ktype thermocouples and seléveloped
CAS-| sealing materials in which the thermocouple is inserted. The active area
of aneach cell is 10x1&h? with the total area of 13xt&¥. The dfect of the

gas flow ratesthe directcurrent (DC) discharging arttie discharging time on

the temperatures difie cell surfaces are investigatethe esults show that the
discharging DC has more significant impact than the gas flow rate on the

temperatures insiddae SOFC stacks.
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In view of life cycle of SOFC operatiothe thermal stresses caused tne

temperature gradients are almost determinist. et al. [51] aimed in their
study to characterize the thermal stress distribution in sapB@FC stack

during various stages in a multiptell stack by using 8D Finite Element

Analysis model. The model, in whicthe temperature profiles are integrated

from thethermaoelectrochemical model, includes complete components used in

a practical SBC stack.They concluded thathe CTE mismatch between the

PEN andhe connecting components generated a more significant effect on the

thermal stress distribution than did the temperature gradients, dohée

effect of the temperature gradient is sig f i cant

disregardedt hat i s CTEOGs of

stack

when

CTEOG s

components

To conclude literature survey, several brief guidelines can be argued from

thosestudies as summarized Tiable2.1.

Table2.1 Summary of literature results for calhd stackevels modeling

Conclusions References
Electrode and electrolyte thicknessand heterogeneous electro [27-29]
properties are important on cell fammance
Diagonal flow of the electric current is duethe electromotive force [30]
Air side has higher heat transfer rate [31-37], [40]
Co-flow has better temperature profile [33-38]
Geometric simplifications effe¢che SOFC model results {22]4[2]9 11481,
Increase in contact area decreases the power density and temp [40]
gradient
Interconnector thickness and aspect ratio of channels effect [47]
temperature gradients astack
Thermal boundary conditions effects SOF@reltteristics [48], [49]
Flow uniformity per cell in a stack effects the performance of SOFC | [43-46]
Discharging DC has more significant effect on the temperatures i [50]
SOFC stacks than the gas flow rate
CTE mismatch between the PEN and othemponents has a moi
significant effect on the thermal stress distribution than did | [51]
temperature gradients alone
Ef fect of temperature gradi en

[51]
components are close to each other.
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CHAPTER 3

SOFC OPERATING PRINCIPLE AND MODELLING

3.1 Operation Principle of SOFC

The SOFC is an electrochemical device for the conversioa dfemical
energy of afuel intotheelectricity andheat.The followingequations are taken
from [52]. When hydrogens used as a fueteactionsoccurringat an SOFC

are:

Anode H, +0* - H,O+2e
Cathode %oz +2e - O” (3.1)

Overall: H, +}éo2 - H,0

The oxygen ions produced dhe cathode, pass througthe electrically
insulated etctrolyte to the anodede At theanodetheoxygen ions react with
the hydrogenionsto formthewater and 2 moles of electarereleasedor a

1 mole ofthehydrogen.These steps are shownHigure 3.1.
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Figure 3.1 SOFC working pnciple

These electrons are conductedhe cathod¢hroughthe external circuit with
the help of the electrically conducting interconnector materidd. these
electrons were condtexd throughthe electrolyte the same overall reaction
would occur but at this timethe power could not be obtained. Therefattee

electrolyte must be electrically insulated otherwekewould be lost.
3.1.1 Open Circuit Potential

In SOFC,the maximum eledrical power obtained is equal tbe maximum
theoreticalwork that can be obtained frotine overall electrochemical reaction.
This maximum theoretical work is equalttee change in the molar Gibbs free

energy of equatior8(1):
DG=DH- T3 DS (3.2)

where DH is the enthalpy change dhe total energy that can be obtained
theoretically, DS is the entropy change by the reantiand T is the
temperature in Kelvin. Since this change in molar Gibbs free energy is equal to
themaximum electricalwork, we have:

W™ =DG =V 3 | (3.3)

elec
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where V is the potential difference across the cell and | is the current passing

through the external circuit.

When equation3.1) is consideredt is obvious thatfor 1 moleof hydrogen 2
moles of electrons released. If the charge obstead by one electrors - e,

current |, can be calculated as:
| =23 N3 (-e) =-2Ne=-2F (34)

where N is the Avogadro number and F is the Faraday constant meaning the

chargeon one mole o&nelectron.

For equation §.1), change in molar Gibbs free energyG, can also be

calculated as:

Hf(%)%
P ,0

DG=DG°- R T2 In (35)

voag?d%)o

I+ O: OO

where DG? is themolar Gibbs free energy titestandard pressure and R is the
universal gas constanBy substitutingthe equation 8.4) and 8.5) into the

equation 8.3) we obtain:
DG=V?3 |

0=V 3 (- 2F) (3.6)

The wholeequaton 3.6) is calledNernst equation giving the Nernst voltage V
andthe first term on the right hand side i§ Wnown as the electromotive force
or thereversible/no loss open circuit voltage (OCV). That is, it is the maximum
voltage that can be reached.
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3.1.2 Polarization

Due toirreversibilities fuel cell operates at voltagémlow that ofNernst
potential. Theseirreversibilitiesare commonlycalledthe polarizations and are
the function of the current density.There exst mainly three dominant
polarizatiors as shown inFigure 3.2, which arethe ohmic, activation and

concentratiohmass transpogolarizations.

T Open Circuit Voltage or Ideal Voltage

Activation Loss

g

or short circuit density

-

Y Diffusion Limiting current

|

| ) .

I Ohmic Loss

| I

| 7
|

|

|
Concentration Loss |
|

Cell Voltage (V)

Current Density (mA/cny2)

Figure3.2 Polarization ypes

3.1.2.1 Ohmic Polarization

The dmic polarizations/losses ogc due tothe electronic conduction othe
currentthroughthe interconnectors and electrodes d@hdionic conduction of
the oxygen ions througkhe solid electrolyte.So, the conductivity of materials
plays a very importantale for the ohmic polarizatiomhe voltage dropdue to

theohmic polarizabn, can easily be calculated as:
D\/ohm: I 3 R (37)

where nAl cenits dtemesidcwrrand ARO is the area

corresponding to 1chof acell.
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3.1.2.2 Activation Polarization

The activation polarization is the energy lost due to the slowness of the
electrochemical reactions at the anode Hredcathode electrodeactually at

the TPBs It can also be regarded as an extra energy necessary to overcome the
energy barrier created by slowness of the electrochemical reaciibe.

activation pdarization can be calculated as:

R3T ai o
DV, , =——Inga— 38
wriarE "B 8 (38)
where fAi 0 is the& Csrtaet edehane, cdirent
t he charge/ el ectrochemical transfer coe-

electrons transferreavhich is equal to 2dr the hydrogen fueled SOFChe

equation 8.8) is the same fothe anode and cathode polarizations. Thus we

have:
3 ai @ 3 ai a
DV, =T L8 BT gl g (3.9)
23aa3F ijc+ 23ac3F g:xc+

giving thetotal activation polarization wheré& . and i;  are the exchange

exc

current densities for the anode and cathode respectively,, and a_ are the

charge transfer coefficients for the anode #metathode respectivelfygoth of
these paramets are dependent tine materials and electrochemical reactions
involved. For the hydrogen fueled fuel cells like SOF@\e anode activation
polarization is negligible compared to that tife cathode. Moreoverit
becomes less important at high tempeedudueto the increase inthe

electrochemical reaction kinetics.
3.1.2.3 Concentration/Mass Transport Polarization

The concentration polarization is called the reduction in the cell voltage due to
the decrease irthe partial pressure othe hydrogenand the oxygen This

decrease inthe partial pressures isesulted fromthe corsumption of the
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hydrogenand oxygen in the direction dhe gas flow channels. The total

potential loss due tthe concentrationgolarizations can be written as:

3T e a 5 a P, 3i
DV, =- R*T 1 %' —8 Ing- —8 In%+H2—_a..‘ (3.10)
ns F @2 c i = c i = ¢ Pio® iy

im

ECR

where i, and i;, are the limited current densities ftre anode andhe

cathode respectively. The anode limited current densiyeisurrent density
at which the hydrogen is assumed to be fully comsd and the partial pressure
of hydrogen is nearly zero at the anode/etdgte interface. Similarly, the
cathode limited current density ike current densityat which the oxygen is
assumed to be fully consumed and the partial pressule okygen & nearly
zero at the cathode/electrolyte interfad@oth of these parameters are

dependent on the electrode microstructures suttea®rosity.
3.1.3 Actual Cell Voltage

The actual cell voltage can be found by adding three polarizations and then
subtractingthis total polarization from the Nernst voltagehat isthe actual

cell voltage is equal to:

V,, =V-DV, - DV, - DV (3.11)

cell conc

where all the unknowns are explairazbve
3.1.4 Cell Efficiency

For SOFC themaximum energyhat can be converted intioe electricity is the
enthalpychangeDH , as denoted in equatioB.@). If this was the changten

the theoretical voltage should be:

Vv DG

theoretich =
2F

(3.12)

Sothecdl efficiency can be written as:

30



el (3.13)

where V_, is the actual cell voltage. Buivhenthe SOFC is runningall the

fuel supplied isnot consumed that is some fuel is unused. ,Sihe fuel

utilization factorm,,, can be defined as (fuel consumedaifuel celly (fuel
supplied to afuel cell). Thenthe SOFC efficiency can be written in terms of

Me AS:

Vcell

hcell = muel (314)

theo

3.2 SOFC Modeling

Numerical modeling is fonulating the relationships betweeithe process
variables and then solving them to predict the behavior of the procetee for
different sets of input conditionsThe main advantages dhe numerical
modeling argherelatively low cost andhigh speed. Howver, experiments are
still needed to validate the numerical models. In some cassdlifficult and
expensive to setup an experiment. Therefare optimum balance should be

maintained betweethe modelng and experiment.

In afuel cell, sometimethe experimendl setupis difficult and expensive. Also
due tothe its high working temperatured is not possible to obtain some
parameters and dispersion of properties at a specified syrfacesmmercial
Computational Fluid Dynamics (CFD) softwareckages now become an
important tool in investigatinghe fuel cell behavior undethe various
operating conditionghe effects of various parameters and the performance of

a particular design.
3.3 SOFC Mathematical Model

The considered model @in SOFC is sbhwn in Figure 3.3 schematically. The

system consistf an SOFCceramic PENa crofer mesh and nickel porous on
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the cathode andhe anode side of the PEN respectively andhe current
collectors on which there arthe gas flow channels alsdhe crofer mesh and
nickel porousare used as a current collector to improve the capability of

collectingthe current produced ianSOFC cell.

Interconnector

Crofer Mesh
Cathode

Nickel Porous

Anode

Gas Flow Channel

Figure3.3 Schematic of SOFC

In this study a commercial product Fluéntwith SOFC With Unresolved
Electrolyte Modeladdon nodule isused to modethe SOFC single cellin
SOFCWith Unresolved Electrolyte Modelddon module the anode andhe
cathode interlayer andhe electrolyte arenot actually included in the
computational domain. That, ihespecies and energy sources and sinks due to
the electrochemical reactionasre added to the adjacent computational cells.

More specifically with this addon modug, the followings are done:

1 The fluid flow, the heat transfer and the mass transfer in the flow
channels antheporous anode and cathode electrodes are captured,

1 The transport ofthe current and the potential field in the porous
electrodes and ithesolid conducting regions are moeie,

1 The electrochemical e@actions that take place at the electrotyte/

electrodegaseous species interface are modeled.
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In Fluenf SOFCWith Unresolved Electrolyte Mod@ddon module a User

Defined Runction UDF, is employed to model the electrochemiocahctions

particularly, since they involve some electrical principleghich have to be

defined inUDF. The UDF solves for the potential developed in the operation,

the current distribution and the different over potentials (losses) in the fuel cell
operdion. The electrical model accounts for the potential field in the
conductive layers of the cell. The two electrodes in the model are connected
using the potential jump feature in the
mass diffusion model used ihe solver, corrects the effect thie porosity and

tortuosity in the porous media using the matimponent diffusion model.

Details of the modeling approaches, equationslved in each domain,

parameters and model setup are given below
3.4 General GoverningEquations

Modeling approach anelquations solved in each domain are given beldve.

equations are taken froraferencg5] and[53].
3.4.1 The Mass Conservation Equation

The equation forthe conservation ofa mass or continuity equatiofor all
domains i.e. thanode, the cathode, the current collecttre ¢rofer mesh and

thenickel porous) and the gas channeln be written as follows:

K+D®

v@=s_ (3.15)
M ¢ *
where r is the density,\/ is the velocity vector an&,, is the additional mass

source. Density of the mixture can be calculated based on the volumetric ratio

species in the mixtureas:

N
r=8rc (3.16)

i=1
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where r, and c, are the density and the concentration of speci@s the

mixture. On the other handensity of the species can be calculated ftben
Ideal Gas Law as:

R=rRT (3.17)
where P is the pressure ang is the ideal gas constant.
3.4.2 The Species Balance

Thespecies balance equation is defined as

&(rUJ+DC§%VUi 8=- BU+R +S (319
(; -

whereY; is the mass fractions of each speci8sjs the net rate of production

of species by the chemical reactios) S is the additionabpeciessource and
J. is the diffusion flux ofspeciesi, which arises due tthe gradients ofthe

concentration and temperatur®y default the mass diffusion due to
concentration gradients is modelesingthe multicomponent diffusion model

The mass diffusions obtained from MxwellStefanequations and can be

written as:
- N-1
3. =4 rD, DY, - D;, DT—T (319

=1

where (N - 1) is the number of species| is the total number of fluigghase

chemical species present in the syst@mis the temperature and, ; is the
thermal diffusion coefficient of speciésand D, ; is the diffusion coefficient.

For the poros electrodesan effective binary diffusion coefficient is calculated
accounting for the porosity and tortuosity of the electrode stru¢tuhesh can

be calculated as:
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D, i =<D,, (3.20)

Where e is the porosity and/ is the tortuositythat is the average path length

over the actual lengthAlso, additional species source terny, can be

calailated as:
S = M; (321)
nF

where M, is the molecular weight of the specied is the current density and

n is the number of electrons involved in the electrochemical reaction.
3.4.3 The Momentum Equation

In SOFC since the velocity of fluids is small artke utilization factor ofthe
fuel is low, the flow is assumedtbe laminar. Then momemh equation can

be expressed as:

H
Ht

L) amo

_\/8+E)C'%' _\/_\/8:- $+D% 8+ r g+F (3.22)
= (s: = ({‘ =

where r g and F are the gravitational body force atite external body forces

respective}. F, dso containghe model dependent source terms suchhas
porous mediaAlso ¢ is the stresgensor and can be calculated as:

_ é R T R
t:n@vﬁ)v bv
&

wIiN

(3.23)

QOO

[(adeg ]

where m is the viscosity obtained similar to the density calculation.

3.4.4 The Charge Balance

The conservation ad charge principle applied the conductive regions is:
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B0=0 (3.24)
where
i =-sbf (3.25)

In above equationss is the electrical conductivity and is the electrical

potential. Thereforethe governing equation for the electtidéeld is the

Laplace equation:
pdsbr)=0 (3.26)
which also cabines the following attributes:

1 Ohmic losses in all the conducting materials, including the electrolyte,
theelectrodes and the current collector

1 Contact resistances at the appropriate interfaces
Ohmic heating througtthe conduction materials aa result of the

ohmic losses and the current density throughout the domain
3.4.5 The Electrochemical Model Equation

As described abovyactual cell voltage is less th#ime open circuit voltage due
to theirreversbilitiesand it is equal to:

V,

cell

=V - I:)vohm_ D\/act_ DV,

conc

(3.27)

The exchange current density should be calculatede able to daulate the

actual cell voltagelt is calculated by Butle¥olmer formulation which is

given below:

' ' é a.n(f-fo)F _acn(f—fO)F 17

i=i,ee M -e R (3.28)
é a

where i, is the exchange current density at equilibrium, and a, are the

transfer coefficients othe anode andhe cathode respectively and is the
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number of eleitons that are releasefliso, activation loss#/. ., can be defined

act?

as:
h=f-f, (3.29)

Using this relationthe ButlerVolmer equation can be written:as

é a nh,4F _achhyqF 7]
izij g 7 -e R g (3.30)
é a
where
o ~Ji
. _. 4¢ @
IO,eff _IO,ref%C 0 (331)
(; jref =

andi, ., is the exchange current densitytia¢ reference conditiong; is the
mole fraction andg, is the concentration exponent for specigs More

specifically at the anode side we have:

é ~OH, é ~OH,0
i anode_ ; anodeg CHz 8 e CHzO 8 332
IO,ef‘f - IO,ref % O % O ( . )
(; H,,ref = (; H,O,ref =
Likewise at the dhode side we have:
ac, 07
i cathode_ ; cathodga ~ Q2 333
IO,eff - IO,ref % o ( . )
(; O,,ref =

The ButlerV o | mer equation can be solved wusing
the initial input values for the model provided. The activation over potentials
for the anode anthe cathode are calculated using this equation.
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3.4.6 The Energy Equation

For an incompressibleflow, the energy equationwithin the each

computational dmain is given by the following:

&(rE)+Dc'é$/(rE+ p)3=DGk,BT- & h jj +§aéeﬁd/88+sh (3.34)
- (; -—

where S, is the volumetric source or sink ahenergy where:

2

E=h- P+ (3.35)
r 2

and:

h=&,uh, (3.36)

where h is the enthalpy. ltne all electrically conducting zongshe ohmic
heating is added to the energy equati®@a aource termnlother words:

Sh =i 2'Rohmic (337)

In addition, the energy equation needs treatment at the eleeiextmlyte
interface to account for the heat generated or lostaa®sult of the

electrochemistry and the over potentials

The total energy balance on the electrolyte interface is computed by
enumerating the enthalpy flux of all species including the heat of formation
(sources othe chemical energy entering the system) and then subtracting off
the work done (leaving the sgst), which is simply the local voltage jump
multiplied by the local current density. What remains is the waste heat due to
the irreversibilities to satisfy the ?' Law of Thermodynamics For the
hydrogen reactiarthe balance should be:

eeé

Q =h®S +h& - hdo - iDV (338)
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where Q is the heat generation and is the total enthalpy of species

composed of the sensible enthalpy in addition to the enthalpyro&fimm.

Thestandard enthalpig:

.o et (%]
h,, =M, €ff,dT + 0 (3:39)
@rref H

Thesource term is then addedthe cell energy equation by:

SfQ

= (3.40)
Volume

One half of this value is applied as a source term to the energy equation of the
anode computational cell adjacent to the electrolyte and the other half is
applied as a source term teetbnergy equation for the cathode cell adjacent to
the electrolyte. This equal distribution of the heat generation/destruction is
purely arbitrary Note thaf by using the work term, the effect from all oike
potentials are taken into account.

The ohmc resistance in the conding region is calculated as:

hohmic = I m (341)

3.4.7 Modeling Reactions

The electrochemical reactions at the anode and oathmmindaries are
modeled by calculating the rate of species production and destruittien
calculatingthe dependence of the concentration of species on the eurrent
voltage characteristics of the cell:

ai

S=-— 342
nkF ( )
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where a is the stoichiometric coefficienBy conventionthe current density is
positive when it flows from the electrode into the electrolyte solutionthe.
current densities are positive at the anode and negative at the cathode.

3.4.8 Boundary Conditions

All the external boundary walls are assumed to be adiabatic surfaces and no

flux condition is applied to the el field at the boundaries as:

W o
pun (3.43)
Q =0

where n is the unit normal vector of the boundary waBgside thisjnternal
boundary walls, exposed to fluitbw, areassumed to be impermeablethe

species antheno-slip cordition is applied tdahevelocities:

un (3.44)
V=0

U'Ci _O

3.5 Numerical Solution Technique

The equations mentioned abowvare solved by a commercial CFD code
Fluenf. The finite volume approach is used #s numerical solution
technique andhe pressure basecoupled algorithnmis used athe numerical
solution techniqueln the pessure based coupled algorithm, by solving a
pressure equation, the constraintled mass conservation of the velocity field

is obtained.From the continuity and the momentum equatiohs, pgressure
equation is derived in such a way that the velocitydfieorrected by the
pressure, satisfies the continuitfhe solution process involves iteratipns
where entire set of equations are solved repeatedly until the solution converges

because the governing equations are nonlinear. The steps areaxplaiow
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1. Fluid properties are updated (e.g. density, viscosity, specific heat).

2. System of momentum and pressbesed continuity equations are
solved simultaneously.

3. Mass flux is updated.

4. Energy, species, turbulence and other scalar equations are solved.

5. Convergace is checked.

If the convergenceriterion isachievedwhich is 1*10* for the continuity, X,
y, and zvelocities and 1*18 for the energy, bD, H, O, and User Defined
Scalar equations, then titeration processes stqpsnot, it returns to the fist

step[53].

3.5.1 General Scalar Transport Equation

Fluenf converts a general scalar transport equation to an algebraic equation
that can be solved numerically. The transport equation is integrated about each
control volume which vyields a discrete equation that expresses the
conservation law on a contreblume basisThe following equations are taken
from [53].

For a scalaquantity, /, which is unity inthe continuity equation,\/ in the

momentum equation, h ithe energy equation and concentration of each
species inthe species conservation equatiothe unsteady conservation
equation illustrating the governing exjions most eady can be written as

follow:

ﬁ,%’éVﬂ’f K 1dA=FED7 Td A+ i, S,dv (345)

wherev is thevelocity vector, A is thesurface area vectoG is thediffusion
coefficient for f, Bf is thegradient of/ and S, is the source off per unit

volume The equatior§3.45) is applied to each control volume,axzell, which

is shown inFigure3.4, in the computational domain.
41



Figure3.4 Schematic of 2D control volumg53]

Discretization otheequation 8.45) on a given cell yields

Nfaoes - - Nfaces -
WT]{H A r,v,f, 1A = 4 GBf, TA +SV (3.46)
f f
where N, ... is the number of faces enclosing celf, is the value of f

conducted througtheface f, r, Vi ﬂAf is the mass flux through the face

f, A is the area ofheface andDf is thegradient off attheface f .

3.5.2 Spatal Discretization

Fluenf stores the scalar of at the cell centers default. Buf, values are

required for the convection terms in equati@r) and must be interpolated
from the cell center values. This iscamplished by using an upwind scheme

which means thatf, is obtained from quantities in the cell upstream, or

Aupwindo relative to t hev,ditheeqoata o n
(3.46). Among the differentypes ofthe upwind schemes available fdoine
pressure based coupled algorithithie second order upwind scheme is used in
this study which is the most accurate and reliable one. In this schalinthe

quantities atthe cell faces are computed using aultidimensional linear
42
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reconstruction approachin which the higher order accuracy is achieved
throughthe Taylor series expansion of the cell centered solution about the cell

center. Spthe face value of ; is obtained by:

f,=f+DFAr (347)

where f and 7, are the cell centered values and its gradient in the upstream

and r is the displacement vector from the upstream cell center to the face

center.
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CHAPTER 4

SOFC MODEL VALIDATION AND VERIFICATION

In order to start numerical analysis of SOFC parameters with a validated
model, an experimental setup is prepared and tteeatdained fom the setup

is used fowvalidation and verification.
4.1 Description of Experimental Setupand Results

The experiments are done at Vestel DefdnskistriesLaboratoriesusing its
instruments necessary fthre experimentSincethe experiment islone at high
temperaturg there is no kance to repair any mistakes in teeperimersl
setup.That is,the gas sealing and the electrical contact between the PEN and
the current collectors must b a good condition before starting the

experimentSo, anextra care is giveto prepae experimerdl setup

The experimerat procedure starts with productionioterconnectgron which
the gasflow channels are machine@rossFlow arrangement is selected for
the experimers. Interconnecta are sentto suface grindingto ensure the
flatness of the surfac&€rofer22 Apu is selectedor interconnector material
since it hasagood electrical conductivity aralhigh corrosion resistance te
high temperatures.Detailed description of the geometryised in he

experimenal setup is given inTable4.1.
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Table4.1 Details ofgeometry used in experimahsetup

Parameter Value
Numberof air/fuel channels 14
Active areahm | mm) 4351 435
Total interconnect thickness (mm) 25
Heightand width offuel and air channels (mm 1.5

A 2 meter long pipe is curled from stainless steel AISI 810t able to supply
the fuel and air t@ stack and heat them up to 1073w&ich is the working
temperature of SOF({55], [56]. The pipeis welded to the interconnectoiss
shownin Figure4.1. Also, two probesare welded on the pipés measure the

voltage and current durirgxkperiment

Figure4.1 Interconnector and pipes

After the interconnectors are readlge seal material is placaxh both of the
interconnetors. Then the nickel porous and crofer mesh as current collectors
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are cut inthedimensions of a celind alsglaced on the interconnectabove
the flow channelsAfter that SOFC membraneas shown irFigure4.2 (a.l)
ard (a.2) is placedand squeezebetween thenterconnectors by facing the
green par{anode)and the nickel poroyss shown irFigure4.2 (b), to form
the SOFC single cell stack.

(b) ()

Figure4.2 (a.1) and (a.2pOFC membrané) crofer mesl{c) nickel porous

The dimensions of the nickel porous, crofer mesh and memhbramggven in
Table4.2.

Table4.2 Dimension otthe nickel porous, crofer mesh and membrane

Parameter Value

Anode thickness ( 15

El ectrolyte thickn 200

Cathode thickness 20

Thickness of Nickel Porous and Crofer Mesh (mm) 0.4
Active areal mm | mm) 43.5 1

This single cell is then is placed in an electrical furnaidhe temperature of

800°C, which is controlled byelectronic controller The temperatures
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increased by °C/minute.Then the probes on the pipes are connected te DC

Load to determinghe currentvoltage characteristiat several voltages

After that the flow-metershownin Figure4.3, is connected tahe fuel and air
inlet and outlet ofthe cell to measurethe flow ratesin milliliter per minute

(ml/min) with a sensitivity of 10 ml/min.

H2
300 x 10 SCCM.

GAS
Range
Max Pressure ; 250 psi §|

Figure4.3 Flow-meter

During experimerd, within the limitations of the available equipmeat

possible measurements are taken to be ablerify iee mathematical model.

Some parameters are Iimpossible to measur
measurementsare very expensivesuch asthe temperature and current

distribution at the PEN surfac&he power output ahe stack and flow rates of

the air and fuel are easy to measusehich are used in this study in

verification. Schematic othe experimenrdl setupis shown inFigure4.4.
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Performance measurement Furnace

¥ .
§

Flow Meters
Exhaust
/J

Gas
Channels

Inlet gases

Interconnector

Air Hydrogen
tank tank

Figure4.4 Schematic oexperimenal setup

4.1.1 Gas Leak Test

Sealing is one of the most important probsesh a SOFC stacklt is hard to
find or developa sealing material ahigh temperatures. If good sealing is not
achievedthen there is a risk of explosion thie hydrogen or hgrogen will just
burn which will reduce the efficiency. Sbefore starting experimergas leak
test should beoneto avoid any misleadingesultsin experimentThe gaséak

test schematic is shown kigure4.5.

INLET OUTLET

) SOFC STACK
V E ;Iz v
igb C C

A-Anode side, C-Cathode side, M — Manometer, V - Vane

Figure4.5 Gas leak test schematic

The gas leak test isone by using helium gas to prevent any accidents

according to th&JS Fuel Cell Council standar{is7]. Test isdone atheanode
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side firstby closingthe vanes athe anode side and opening the vaneghat
cathode sidatthe SOFC working temperature of 1073 Khen the vane dhe
anode inlet is opened slowly to pressurize the anode side up to 10Gmabar
thenvane is closed. Then after 10 mirgjtdhhe manometer is read. The same
procedure is applied tthe cathode side and it iebservedin both of the
experiments that there is no change in manonretatings,so it can be said
that no gas leakage @bservedfor both the anode and cathode sgleAs a

result the experimendl setupis ready to beused forfurtherstudies.
4.1.2 SOFC Performance Test

The performanceest is donesfter the gas leak testThe st starts with
supplying 99% pure hydrogenat 250 ml/min andair at 320 mfmin to the
anode ad the cathode sidg respectively These flow rates are taken from
studies done at Vestel Defense Industries assumed thathehydrogen gas
mixture carries 1% mass fraction of water vapor in it. Then aftenour,the
experimenal datacollection is startect several voltagesvhich are possible
working voltages ofthe SOFC For a voltage change from onealue to
another at least 10 minugeof waiting period is requiredor the system to
reachequilibrium. The voltage of a cell is controlledith DC-Load and the

obtainedcurrentvoltage characteristicurveis given inFigure4.6.
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Figure4.6 Currentvoltage charaeristicof the SOFC single cell

4.1.3 Flow Rate Measurements

After currentvoltage characteristicare obtained the flow rates are measured
for the inlet and the outlet ahe fuel and the air under differentthe load
conditions by waiting at least 10 minutestweenthe different loads Results

aregiven inTable4.3.

Table4.3 Fuel flow rate at outlérom experiment

OUTLET
INLET (N0.005 Vol
09V][08V[07V][06V][05V

250 210 | 190 | 170 | 160 | 150

H, Flow Rate (ml/min)
(N10 ml /1

Air Flow Rate (ml/min)
(N10 ml /1

320 300 | 280 | 270 | 260 | 250

It is observedthat, as the operating voltage decreasasre current is drawn
from the cell andalsothe outlet flow ratesleceasesThis is caused by the fact

that,more electrochemical reacti®is occurring to supplyhe load.
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4.2 Experimental Uncertainty

No physical quantity can be measured exactly and one can only know its value
with a certain range of uncertainty. This unceraiis dependent on the
calibration of the instrument Also, the resolution ofthe instrument is
important since it must capture the changes in the physical value correctly.

In experimentsall of the instruments usedere calibrated.When calibration
forms are checkedt is observedhat the error fotheflow meter is-0.77% and
+0.3% for the hydrogen andhe air flow meters respectively. Thisasvery low
uncertainty it the resolution ofhe flow meter isquite insufficient since it has
a low sensivity of 10 ml/min. Therefore in order to capture the flow rates
more accuratelyflow meters with higher sensitivity should be used. Atbe
flow rate ofthe air atthe cathode outlet is measured witilow meter for air
but, since the oxygen inhe air is used ina fuel cell, the measured value
contains some error. But this error is acceptable because the dertbgyaof
is close tahe density ofthe oxygen so consumption tie oxygen will cause a

small error ithemeasuredalues

Beside flow meters DC-load used inthe experimens, has measurement
inaccuracy forthe voltage and current as +0.05% and +0.00i8gpectively
as given in its calibration formAlso electrical furnace has uncertainty of
N 0 °C 4t 806C.

4.3 SOFC Model Setup

After expaiment witha single cell is concludedhe SOFCnumericalmodel
with Fluenf commercial program is setup. This model is verified and
validated with the experimeaitdatato show the reliability othemodel. Thus

a reference case is formed for furtherdsés. Alsq with thedeveloped model
one gets chance to investigatke several parameterghich are impossible to
obtain from a&perimens. This is the most important advantage GFD

simulation
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In Fluen{E, the SOFC model setup divided the solubn domain into control
volumes. The related governing equations are integrated @oér @ntrol

volume numerically.

The nodel setumeeds various parametesinput in mainly5 distinct steps
The steps arg¢he selection of thephysical model and matati properties,
assigning cell zone conditions and boundary conditions and selecting

numerical solution method.
4.3.1 Physical Model

The SOFC model setup consists tife physics of flow, energy, species
transport and reactions atfte SOFC electrochemist The nodel consists of

the anode/cathode interconnector, anode/cathode gas flow chanmnisy;
mesh, nickel porous, anode and cathode. The electrolyte is not actually
included in the solution domaimhich is the species and energy sources and
sinks due to thelectrochemical reactions added to the adjacent computational
cells[5].

For the modelto work properly the electrical and electrochemical parameters
must be definectorrectly. The necessary parameters are tdkamn Vestel

Defense Indusiesand are given ifable4.4.
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Table4.4 Electrical and electrochemicalqgperties inthe SOFC [17]

Property Value
Current Under Blaxation Factor 3
Total System Voltage (V) 0.6
Electrolyte Thickness(m) 0.002
Electrolyte Resistivity 0.16
(ohmm)
Anode Exchange Current Density
(Amp/n?) 15500
Cathode Exchange Current Density 2675
(Amp/n)

Mole Fraction Reference Values

for Hy, O, and HO !
Concentration Exponents for 05
H,, G, and HO )
Anodic and Cathodic Transfer Coefficie 05
for Anode and Cathode Reactions )
Anode and Cathode Tortuosity 3
Anode Conductivity (1/ohrm) 100000
Cathode Conductivity (1/ohim) 7700

Anode ContatResistance (ohmm?) 1*107
Crofer Mesh Conductivity (1/ohsm) 1460
Nickel Porous Conductivity (1/ohsm) | 100000
Cathode Contact Resistance (emf) | 1*10°

4.3.2 Material Properties

For different cell zones and boundary conditiorappropriate material
propeties must be applied he properties are given irable4.5.

Table4.5 Material popertieq17]

Anode | Cathode | Electrolyte | Interconnector Crofer Nickel
Mesh Porous
Ni- Crofer
Material Doped| LSM YSz Crofer22 Apu -22 Nickel
YSZ Apu
Density 6220 | 6180 5820 7700 7700 8900
(kg/m’)
Thermal
Conductivity | 6.23 | 11 2.7 25 25 | lSTerafe
(W/m-K) P
Specific heat Temperature
(J/kg-K) 450 600 480 650 650 Dependent
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These parameters are also taken from Vestel Defense irduStbme of those
parameters are determined from experiments and some of them are taken from

manufacturer.
4.3.3 Cell Zone Conditions

At the model the anode and cathie interconnectors are defined as solid
regions whereas other regmare defined atuid zones.But the gas channels,
anode/cathode electrodes and current collectors are different type of fluid zones
wherethe anode/cathode electrodes aheé current cdlectors arethe porous
zones.The porosities and viscous resistasfg porosity definition are given

in Table4.6.

Table4.6 Porosities of zongd 7]

Anode | Cathode Electro_lyte Interconnector U Nickel

Material Mesh Porous

Po(rgs)lty 0.4 0.5 Impermeable| Impermeable 0.5 0.5
Viscous

Resistance| 1*10% | 1*10"® - - 1*10° 1*10°
(1/mP)

4.3.4 Boundary Conditions

In the modelamass flowinlet boundary condition is defined ftlne anode and
cathode inletFor the outlets, thepressure outlet boundary condition is applied.

The aitlet pressurgareassumed to be atmospheric.

The conjugate heat transfer is solveétween the flow zones (flow channels,
electrodes and current collectors) and solid regions (interconneetbits the

zero velocity is assumed #te walls for the laminar flow. The model is also
solved withthet ur bul ence meAd d Imaforfahe fuld glav ar t
equationsin order to seg¢he effect ofthefluid flow model type orthe resuls

and the effect of the wall roughness orthe cell performance The wall

54



roughness height of 0.00001ns taken from the manufacturerof the

interconnectar

For the wall boundary conditionsappropriate material types are selecfEae

boundary conditioparaneters are given ifiable4.7.

Table4.7 Operating and boundarypidtions

Operating and Boundary Conditions Reference

Fuel Flow Rate (kg/s) 3.4466*10" | Vestel Defenséndustries

Air Flow Rate (kg/s) 6.194¥10° | Vestel Defenséndustries
Fuel Inlet Temperature (K)| 1073 Vestel Defenséndustries [35]
Air Inlet Temperature (K) | 1073 Vestel Defenséndustries [58]
Operating Pressure (Pa) | 101325 Vestel Defenséndustries[32]
Mass Fraction of K 0.99 Vestel Defenséndustries
Mass Fraction of KD 0.01 Vestel Defenséndustries
Mass Fraction of @ 0.23 Vestel Defenséndustries
Wall Roughness Height (m 0.00001 Vestel Defenséndustries
External Walls Insulated [32],[35]

4.3.5 Numerical Solution Method

For the solution othe governingequations, a commercial CFD cocﬁ‘duenF,

is used. The numerical solution tec:hniqueFd]ﬂenlE is based on the Finite
Volume Method in which the solution domain is divided intthe smaller
control volumes. The equations are then numerically integrated over these
control volumeswithin which the value of any quantity is given by its value at
the center ofhe control volume othe cdl. Since this solving technique is an
iterative process, errors due the truncation and roundff become more
important as the iteration progresses the discretization method used in
solving Finite Difference Equation (FDE) is very important. Amoihng
discretization methods, Second Order Upwind with Coupled PreSalmeity
Coupling schemewhich is used in this stugygives the more accurate results

compared to others
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4.4 Verification and Validation of the Model

After developing any physical model twithe numerical technique, model
must be verified and validatedwo conditiors must be satisfiedwhich are
checkingthe model if it is solving the model correctly and checking the
solution if it represents the reality or noto verify and validate # model

Generally the former is called verification and latter is called validation.

Verification andvalidationof a model is usually done by comparithg model
results withthe ones fromexperiments ofrom other models with the same
operating and bawdary conditions. In SOF verification ofa model is very
difficult and sometimes impossible to compaee model results with
experiments because tieir high working temperatureThe hgh working
temperature oin SOFC makes it impossible or very expgasto collect or
measure some properties duriag experiment and alsat is hard to find
suitable numerical results ithe literature. Because of this reason, to verify
SOFC model withan experimerdl setup, quantity othe output power of
SOFC atthe certain voltages of 0.5 V, 0.6 V, 0.7 V, 0.8 V and 0.9 V will be
compared Also, with the certain air and fuel flow rasesupplied tothe SOFC
stack,the outflow rates will becompared Also, tendency and distribution of
some results will be compared witlhetmodel results found in the literature to
validate the modelAlso, different SOFC single cell modelare formed

differing in mesh density to show mesh independence.

In verifying the SOFC model with experimealt resuls and determinig
optimum grid typeCrossFlow arrangement ahe SOFC single cellas shown

schematically irFigure4.7, is used.
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Figure4.7 SOFC single cell CrosSlow arangement$§54]

4.4.1 Verification of the Numerical Model

For most of the studies to verify the model, comparing the output power from
the experiment and model should be sufficient but more data should be used
for comparison to obtain a betterodel. For this reaseibeside output peer,

thegas flow rates aheoutles will also be used in verification of model.

To verify model with the experiment, af the parts used ithe experimentis
meshed with four differenihesh densities to shoile grid independencéll
of the four different grids are structured type with the highest quality in terms

of orthogonal quality.

The nodel is solved for steady state operation. Using these reanltsV
(currentvoltage) curvewhich is the charactistics ofthe SOFC performance,
is plotted andthe results are compared with the results obtained ftben
experiments. Theomparison ishown inFigure4.8.
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Figure4.8 Comparison othemodel and eperimenal results for different cell
numbers

As can beobservedfrom the graphthe model and experimealt results are
very close to each other fall cell numbersAlso at Table4.8, theerror in the

current obtained from the models is shown.

Table4.8 Errorin thecurrentobtained fronthemodels and experiment

Operating Voltage Errors for Different Number of Cell
(V) 645888 | 1,051,250 | 1,574352 | 3,014144
0.5 1.4% 0.3% -0.6% -1.6%
0.6 -1.6% -2.9% -3.8% -4.7%
0.7 -1.8% -2.6% -3.3% -4.2%
0.8 -5.2% -6.1% -5.1% -7.4%
0.9 -6.5% -71.3% -7.6% -1.%

The small difference between the model and experiment should be attributed to
the wcertainties in instruments and unexpected losses at the experiment such
as the electrical losses at cables. Also, note that, the experimental voltage
points do not correspond to the model voltage points exactly, because of DC

load uncertainty. So, if theyere the same, then the difference between results
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should be less, because the current decreases as the voltage increases and vice
versa. With a detailed investigation, it is observed that by this arrangement

results become closer.

Beside currentoltage characteristicsmore data are compareat 0.6 Vto
determine the optimum number of cells for further studiée comparison is
done atheanode outlet side fa single outlechanneln the middle as shown
in Figure4.9 andtheaverageH, and Q mole fractions at outlets.

0,000 10,000 20,000 (mm)
]

5,000 15,000

Figure4.9 The anode outlet used for verification

At the shownsingleanode outlethannelin Figure4.9, variousparameters are
compared such athe mass flow rate, average temperature andntble

fraction. The results are giveim Table4.9. Note that theerrors for all of the
parameters arealculated with repect tothe model with 3014,144 number of

cell.

From Table 4.9, it is observedthat the error decreases as the numbeithod
cellsincreases. But it isbservedhat maximum error is1.31% for 1,051,250
numberof cell for mass flow rateSince this error is quite low and to decrease
the solution time for further modela model with 051,250 is selected as a
reference for further studies.
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Table4.9 Parameters dheselected single anodeitletfor the different

models
Number of
Parameters
at 0.6V Cell
645888 | 1,051,250 | 1574352 | 3,014144

Mass Flow

Rate*10° 8.9 9.1 9.1 9.2
(kg/s)

Error -2.23% -1.31% -0.68% -
HoMole | o660 | 063 | 06% | 0.6%
Fraction

Error 1.64% 0.96% 0.50% -
Average
Temperature | 1241.63| 1230.18 | 1223.08 | 1214.36
(Kelvin)

Error 2.25%%0 1.30% 0.7 -

Also, in Table4.10 the flow rates in (kg/s) fothe model andn (ml/min) for
the model andhe experimenare given. Please note thdahe volumetric flow
rates forthemodel results aheoutlet are calculated frothe model mass flow
rate results aheoutlet.

Table4.10 Outlet flow ratesfom the experimentand moded with 1,051,250

cells
OUTLET
o9V |08V |07V |06V |05V
H,MassFlow Rate (kg/s)*10 | Model 29 |27 |25 |22 |19
H, Flow Rate (mi/min) Model 216.8 | 198.9 | 180.4 | 162.3 | 145.5
2 Experiment | 210 [ 190 [170 |160 | 150
Error -3.2% | -4.7% | -6.1% | -1.4% | 3%
Air Mass Flow Rate (kg/s)*10 | Model 58 |56 |54 [52 |51
Air Flow Rate (mi/min) Model 301.4| 291.4 | 280.9 | 270.9 | 261.4
Experiment | 300 280 270 260 250
Error -0.5% | -4.1% | -4.1% | -4.2% | -4.5%

As can beobservedrom the resuk, a model with 051,250 numbes of cells
gives very close result® the experimenfor output power anautlet flow
rates from which it can be concluded that the model capturesstperimental

case setup correctly. Furthermore, since as the number sirmatbasesthe
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time neededor themodel to be solved incregs® the grid typesimilar to the

modelwith the number of cell4,051,250 are used in further studies.
4.4.2 Validation of the Numerical Model

To validatethe model, it is sufficient to investigate some results.Flgure
4.10, scaled residuals are shofar CrossFlow arrangementScaled residuals
show the convergence dtiie selected equations. In this studgn absolute
convergencecriterion of 1*10° is selected forthe continuity, x,y, and z
velocities and an absolute criterion of 1*13 selected fothe energy, HO,

H,, O, andUser Defined Scalagquations. From the figur# is observedhat a
convergence criterion is reached foe selected equations and there is no need

for more iteration.

Residuals 1e+08 5
——continuity
—x-velocity

y-velocity | 1e404 -
——2z-velocity 1

energy 1e+02 3
—h2o0

o2 1e+00 3

h2

uds-0

1e+06 o

1e-02

1e-04

1e-06 o

1e-08 - e

1e-10 T T T T T

lterations

Scaled Residuals Mar 31, 2012
ANSYS FLUENT 13.0 (3d, dp, pbns, spe, lam)

Figure4.10 Scaled residuals fahe selected guations

In Figures 4.134.15 some results for the model with 1051250 cells are shown.

In Figure 4.11, temperaturedistribution is shown atthe anode/cathode
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electrolyte surface whethecell is at 0.6 V. It iobservedhat thetemperature
differenceis increasing along thdiagonal of the geometnyhen CrossFlow
arrangement used. The reastor this difference is the electrchemical
reactiors occurring at the anode/cathedkectrolyte surface which is
exahermic. 3milar resuls are also reportedby [33-36], which are mainly
attributed to different flow rates tifieair and fuel. The flow rate dheair isas
much as9 timesof the fuel flow rate in[33-36], whereas in this studyt is
about 1.3imes, thus herthe difference in the region of maximum temperature

is reasonable

In Figures 4.124.14 for CrossFlow case,contours ofthe mole fraction of
H.O and H at the anodeelectrolyte surface anthe mole fraction of Q atthe
cathodeelectrolyte surface are shown respectiveNote that ripples in
Figures 4.124.14, correspondo the flow channeldn which the cathode side
flow is from the top tothe bottom andthe anode side flow is fronthe left to
the right.From the figuresit can beobservedhat the mole fraction of KD
increases as the mole fraction of decreases. Moreovghe mole fractions of
H, and Q decrease to the end ghasflow channels perpendicular to each

other.
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Figure4.12 Contours of molerfction of HO attheanodeelectrolyte srface
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Interface current density isnather important result to be checked the
anode/cathodelectrolyte surfacgewhich is shown inFigure 4.15. From the
figure, it isobservedhat higher current density is achieved at the first meeting
region forthefuel and air flows with a decrease along the diagonal through the
end of the channelbecause there are higher mole fractions of gases at the first
meeting regionwhich results ina higher electrechemical reaction rate. These
resuls arealmost similar with the orsmbtained inN33-36]. Also, whenFigure

4.12 and Figure 4.13 are comparedvith Figure 4.15, it is observedthat the

mole fraction of HO isthe highest andhe mole fraction of H is the lowest at

upper right cornemwhich is the end of the uppermost gas flow channel
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Figure4.15 Contours of interface current densitytlae anode/cathode
electrolyte arface

In Table4.11, themole fractions of species titeinlet andthe outlet are given.
There s a recordethcrease in the mole fraction ob@, whereas a decrease in
the mole fraction of KHandO,. With a detaid investigationjt is observed

that the observed changes in the species mole fracaomgproportional to
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overall chemical reaction ostants given in equatior8.L). Sq these results

show thathemodeb s p r eatereasbnalden s

Table4.11 Specees mole fraction aheinlet andthe outlet

. Mole Fraction Mole Fraction

Species at the Inlet at the Outlet
H,O 0.02 0.35
H, 0.9 0.65
O, 0.21 0.08
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CHAPTER 5

EFFECT OF FLOW ARRANGEMENT

In this study several interconnector geometrigsterminingthe fuel and air
flow directions are developed and compared wtik traditional onesby
mathematical modelingrhe aim of developinthe new interonnector designs
is to minimizethe temperature gradienivhich cancausethe thermal stresses.
These thermal stresses resultsaifracture ofthe PEN, which decreaseshe
lifetime of the SOFCstack Thisis themost important problem dhe SOFG.
Other parameters, that effect performance of an SOFC must also be checked,
while optimizing the geometry forthe temperature gradientThe results
obtained fromthe previous chaptersare going to beised as a reference case
for themodelsdiscussedn this chapter.

Traditional andhe newlydeveloped fuel and air flow directions studied in this
work, are shown schematically iFigure5.1. Traditional designsra the most
popularonesbecause otheir simplicity in formingan SOFC stackandease of

manufacturing.
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(a) CrossFlow, (b) CoFlow, (c) G1, (d) G2, (e) G3

In Figure 5.1, only the fuel and air flow directions are shown schematically.
However it mustalsobe shown thatit is possible to manufacture a complete
interconnector forhe newly developed fuel and air flow arrangements. The
proposed complete interconnector geometries are designed witAVGdtE)]

and they are shown figure 5.2.
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5.1 Resultsfor Different Configurations
5.1.1 Results with Laminar Flow Model

Five different flow arrangementsasshown inFigure5.1, are modeled with the
same electr@hemical parameters, boundary conditions and tyfpegrid in
order to offer a new interconnector desigmhich improves the thermal
stability ofthe SORC stack

Several paameters must be investigateehen comparing results for different
geometriedecause its not acceptablayhile optimizingthe one parameteto
cause another parameter to go wokdso, one should note thahe results are

evaluated at the same volead.6 V, which isa possible workingroltage.

In order toobservethe improvementin the thermal management tfie SOFC
stack temperature profiles @he PEManode/cathodelectrolyte surfaces are
plotted for the five different gas flow channels arrangents.In Figures 5.3
5.7, temperature profiles dhe PEN anode/cathodelectrolyte surfacdor Co-
Flow, CrossFlow, G-1, G2 and G3 stack designare shown. In these figures
the same temperature scales are usedder to makéhe comparison easy.

From these figurest can be said tt, the traditional designs havearkerand
lighter colors representing the temperatureshatselected surfaces than the
newly developed ones.Moreover G-3 has better distribution othe
temperaturgewhich is observedfrom Figure 5.7. Sq it can be said thathe
newly developed interconnector designs have more uniform temperature
profiles atthe selected surfaces than the traditional oAés0, note that for all

of the designstemperature increased the end of the channelhich isthe

result oftheheat generatian
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Figure5.3 Temperature pfile attheanode/cathodelectrolyte srfaceof Co-
Flow design
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Figure5.4 Temperature file attheanode/cathodelectrolyte srfaceof
CrossFlow design
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Figure5.5 Temperature file attheanode/cathodelectrolyte srfaceof G-1
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Figure5.6 Temperature file attheanode/cathodelectrolyte srfaceof G-2

design
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Figure5.7 Temperature jfile attheanode/ethodeelectrolyte srfaceof G-3
design

Scalar temperature values must be compared make the temperature
comparison for the five different designs more reliable

In Table5.1, temperaturescalar values are giverkor thetraditional designsit

is observedhatthe minimum and maximum temperature values are lower and
higher respectively thathe newly developed onesvhich results irthe higher
temperature difference. Alsthe area weighad averags of the temperature is
higher. This increases the possibility of occurrencehe problems caused by
thehigh temperature gradient atite high temperatureSo, it can be concluded
that the newlydeveloped designs are advantageous than the traditional ones in
terms ofthe temperaturggradient andhe maximum temperature that occurs at
selectedsurfaces Also, note that when G&low and CrossFlow results &
comparedit is observed thatCo-Flow design is advantagequshich is the
same result obtained §3-35].
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Table5.1 Scalar values of temperature resaltithe anode/cathodelectrolyte

surface
T min at T max at T at Taveat
Design Electrolyte Electrolyte Electrolyte Electrolyte

Configuration Surface Surface Surface Surface
(Kelvin) (Kelvin) (Kelvin) (Kelvin)

CrossFlow 1195.9 1230.9 34.9 12165
Co-Flow 1196.2 1230.1 33.9 12198
G-1 11965 12191 22.6 1213.4

G-2 1199.2 12204 212 1216.1

G-3 11998 1217.2 175 12138

Besideghe temperatureyniform distribution ofthe temperatue at the selected
surfaces is also important and must be includederomparison. This can be
observedby obtaining standard deviation vatuef the temperature at these
surfaceswhich is the variation or dispersion tife selected valugfrom the
avaage. The hgher standard deviation value meath® datas spread over a
larger range with respect to averayeTable5.2, the standarddeviation ofthe
temperature athe selected surfaces igiven. It is observed that for the
traditional designsthe standard deviation is highewhereas forthe newly
developed designs it is lower. This result gives weight to the ideatibatew
designs have more uniform temperature profilthaselected surfaces thamet
traditional ones. This development decreases the probability of occurrence of

theproblems caused lfie high temperature gradient.

When these results, minimum temperatugg, Tmaximum temperature nky,
temper at ur e dthdsfardarc dedsen atpdlectadrsarfacese
investigated in detaiit can be saidhat besides the five designg;3 is more

advantageous than the other four

74



Table5.2 Standard deviation oétnperature

. Standard Deviation
Design
Configuration of Temperature
at the Selected Surface

Cross-Flow 9.1

Co-Flow 95

G-1 5.2

G-2 45

G-3 3.9

One must be aware of the fact thifiese increasan the temperatureduring
SOFCoperation ara result ofoccurringelectreachemicareactiors. As a result
of the reactiors, an electric power and a heat are generated. The power
obtained andhe heat generatedre dependent on each other linearly. That is
when power obtained is high, more heat is generdtsm, please note that
the anode/cathodelectrolyte surface is the center tie heat/electricity
generation. Soit is observedthat there must be relationship betweethe
temperature distribution andhe current density atthe anode/cathode
electrolyte surfaceThis relationkip can be investigated froffigures 5.35.7
and fromFigures 5.85.12 respectively From comparisonit is observedhat,

at the anode/cathodelectrolyte surfacethe temperature andhe current
density values are inversely proportional to each otheat iEhat any point on
the anode/cathodelectrolyte surfacewhen the temperature is high thetme
current density is low and vice verdgis again can be explained by the fact
that heat generated in electrochemical readtisncarried through the ot
where the maximum temperature occurbut the maximum current density
occurs atdifferent regioms depending on thenole fractions of hydrogen and
oxygen.Also, from Figures 5.85.12 it is observedhat G-3 has more uniform
current density distribun than the othersvhich is important irthe lifetime

of thePEN.
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Figure5.8 Interface current density #teanode/cathodelectrolyte surfacéor
Co-Flow design
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Figure5.9 Interface current density #teanode/cathodelectrolyte surfacéor
CrossFlow design
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Figure5.10 Interface current density #te anode/cathodelectrolyte surface
for G-1 design
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Figure5.11 Interface current density Hie anode/cathodelectrolyte surface
for G-2 design
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Figure5.12 Interface current density #ie anode/cathodeledrolyte surface
for G-3 design

When dealing with temperatungroblems withthe aim of developments in
designsthe SOFC stack power must also be compared for different designs.
Table 5.3, the powerand currenbtained fromthe five SOFC stack designs
under 0.6V is given.lt is observedhat underthe same operatingonditions
CrossFlow design and>-3, have the maximum output powén fact Cross
Flow design has the mawmum output power with only 05% highe than G-3.
But, when the advantages GF3 in terms of temperaturare consideredthis

0.15% output power difference e&cceptable

Table5.3 Poweroutputfor differentgeometries

Design Current at 0.6 Volt | Power
Configuration (Ampere) (Watt)
Cross-Flow 11.8 6.89
Co-Flow 11.4 6.8
G-1 11.3 6.81
G-2 1140 6.84
G-3 11.46 6.83
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Besides the power obtained from any desigine species concentrations should
also be comparedbecause it is another indicai of the efficiency in design.

For the same power outpubwer fueland airutilizations mearbetter design.

As shownin Table5.4, the species concentrations are very close to each other.
Sq it can be concludethat with the newlydevelop designsgood therme
structural ability withthe similar power output ischievedwith the similar fuel

and air utilization ratios.

Table5.4 Species concentrationstheoutlets

Design Mole fraction of H, | Mole fraction of O,
Configuration at outlet at outlet
CrossFlow 0.648 0.0795
Co-Flow 0.65 0.08(7
G-1 0.64% 0.0813
G-2 0.65® 0.08@
G-3 0.648 0.07%8

To operatean SOFC stack more efficientlythe power consumed dugn
operation ofthe SOFC stack must also be considered and must be as low as
possible. The major power used to opetie SOFC stack is consumed in
heating the SOFC tthe operating temperatures and pumping the fuel and
oxidant tothe SOFC stackAfter the SOFC stack starts to generate paqviter

also starts to generatiee heat sahe energy nedfor the heatingvanishesBut

the pumpingpower need fothe fuel and oxidant supply goes on as long as the
SOFC stack runs.

The pwer consumedn supplyingthefuel and oxidantmainly depends othe
pressure drops #heinterconnecta. Sq this situation must also be taken into

account in developingewinterconnector designs.

In Table5.5, thepressure losses #ite anode and cathode gas flow channels are
given. From the resultsit is observedthat G-3 ha another important
advantagever the other dgns, which is the lowest pressure losgls anode
gasflow channels.
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Tableb5.5 Pressuréossattheanode and cathode flovhannels

Design P Rnode | P Rathode
Configuration | (Pascal)| (Pascal)

Cross-Flow 7.86 13.38

Co-Flow 7.95 13.%4
G-1 7.39 12.85
G-2 7.58 13.23
G-3 7.29 12.93

5.1.2 Results with TurbulenceModel

The same modefor all of the designsrealso solvedvith aturbulercemodel
to show the reduindeperency on the flow modednd see the effect ahe
wall roughness orthe cell performanceAlso, the turbulencemodel resul
should reveal theexistence ofthe turbulence, ifany. From Table 5.6, the
resuts related tothe temperature are given fdahe laminar and turbulese
models. It isobservedhat theresults onlydiffer after the secondigit afterthe
floating point sgit can be said thathe two models giveery close answers to

each other.

Table 5.6 Temperatureesultsfrom thelaminar andheturbulenceanodeb

T min at T maxat Taveat
Design Configuration Elecr:TFolyte EIe(r:ntE;t)Iyte Elec?tvreolyte Dif/?;gg rr1d0f
Surfa_ces Surfa_ces Surfa_ces Temperature
(Kelvin) (Kelvin) (Kelvin)
Cross Laminar 1195.982 1230.945 1216.496 9.10384
Flow Turbulence 119%.974 1230.910 1218.878 9.10381
Co- Laminar 1196.238 1230.144 1219.791 9.45826
Flow Turbulence 1196.230 1230.137 1219.784 9.45825
Laminar 1196.483 1219.091 1213.434 5.20091
i Turbulence 1196.472 1219.080 1213.422 5.20067
Laminar 1199.215 1220.393 1216.099 4.46543
T2 Turbulence 1199.207 1220.384 1216.090 4.46512
- Laminar 1199.748 1217.233 1213.781 3.94745
3 Turbulence 1199.738 1217.221 1213.769 3.94695

When power outputs are comparédis alsoobservedthat resuls are very

close to each othgas shown inmable5.7.
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Tableb.7 Power fromthelaminar andheturbulencemodebk

Design Configuration Currentat 0.6 V Power

(Ampere) (Watt)
Laminar 11.48847 6.89308

Cross-Flow
Turbulence 11.48883 6.89330
Laminar 11.40823 6.84494
Co-Flow

Turbulence 11.40821 6.84493
- Laminar 11.34580 6.80748
! Turbulence 11.34689 6.80753
- Laminar 11.39881 6.83929
2 Turbulence 11.39889 6.83933
- Laminar 11.46280 6.87768
s Turbulence 11.46291 6.87775

Also, the species concentrations thie outlets must be compared. The results

areshown inTable5.8. It is observedhat results are very close to each other.

Table5.8 Species concentrations fraimelaminar andheturbulencemodek

Design Mole fraction of H, | Mole fraction of O,

Configuration at outlet at outlet
Laminar 0.647777 0.079502

Cross Flow Turbulence 0.647704 0.0794¢
Laminar 0.650078 0.080680
CoFlow I bulence|  0.65007 0.080677
Laminar 0.648579 0.081304
T Turbulence 0.648577 0.081300
Laminar 0.650587 0.080162
T2 Turbulence 0.650584 0.080157
Laminar 0.644788 0.079772
Ts Turbulence 0.644785 0.079768

Also, when pressure drop for two models are compaagdin it isobserved

that theresults are nearly the sanpas shown inrable5.9.
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Table5.9 Pressure drop results fraitme laminar andheturbulencemodek

DeSign Cp I%node Cp Fc)athode
Configuration (Pascal)| (Pascal)
Laminar 7.8623 | 13.3744

Cross-Flow
Turbulence| 7.8608 | 13.3674
Laminar 7.9527 | 13.330®

Co-Flow
Turbulence| 7.9498 | 13.32364
- Laminar 7.3865 | 12.85229
! Turbulence| 7.3838 | 12.8458
- Laminar 7.5768 | 13.228%4
2 Turbulence| 7.5723 | 13.21718
- Laminar 7.2929 | 12.93313
3 Turbulence| 7.2903 | 12.9262

From those comparisons ftre laminar andurbulencemodes, it can be said
that theresults are nearly the same., 8eereis no turbulencén those designs.
Also, it can beobserved fronthis studythat, theperformance othe cell is not
dependent othewall roughness.

5.2 Anode Gas Recycle

Besides thetemperature gradienlipw fuel utilization ratio is another problem
for the SOFC system Large amounbf energy is consumet generateghe
hydrogen. Generally ithe SOFC systemsthe reformer unis are used to
generatethe hydrogenwhich needshydrocarbon fuel, water and sometimes
heatfor the endothermic reforming reactionhere is a need for energy in
pumping fuel and war to a reformeunit, in addition tothe heat necessary for
the reforming reactionsLots of electricity generated ithe SOFC system is
consumed in pumpinthpe fuel and water becausarge pressure drops occur in
a vaporizationprocessof the fuel and vater and inthe reformer unit during
reforming processThe fecycling of the anode gas is a good solutida
decrease this demand in ener§y, the recycling technique is also suggested
in this study forthe newlydeveloped designs as well the traditional designs

Numericalmodels are developed for each desagdtheresultsare compared.
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In Figure5.13, themass flow inlets anthe pressure outlets for thosifferent
designs are showfor those designsnly theanode outlet is recycled because
the cathode recycling is not efficient. As can be seen fromFigare 5.13,
therearetwo mass flow inlet and two pressure outktorresponding tahe
mass flow inletsThetotal mass flow rate ahe hydrogen for recycling is half
of the original cas¢hatis supplied to mass flownlet-1. The outlet from mass
flow Inlet1, which is called pressur@utlet-1, is fed to mass flow hlet-2. By
doing so, the temperatureghe species concentrations arttle mass flow rate

for Inlet2 are compared withthe model resultor original casefor each

design
tttttr o IZZTTEE =
MassFlow | 1 1 1 11 * Pressure MassFlow — — — — — — — = Pressure
Il’l’l?tl —T—T—T—T1—T1" Outlet2 Inlet2 = = = = = — = —»  Outlet 2
| I T T [ _;
L1111 1, MassFIOW m e o= o o o < Pressur
MassFlow | 1 | I 1 1  Pressure Inlet 1 > OE:ISI:IIE
Imlet1 T T 1 T 1T 1 Ouletex  ————==-=—-= —> Uutle
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Figure5.13 Traditional and developed geometries for recycling: (a) Gross
Flow, (b) CoFlow, (c) G1, (d) G2, (e) G3
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For all of the designsother than CrosElow, there is only onepossible
configuration but for CrosBlow there are two possibilitiethat are feeding
Outlet-1 to the Inlet-2 or feeding @tlet2 to thelnletl, which maketwo
different gas flow configuratia sothedifferent resul areobtained.The first
configuration is referred to as CreBkw-1 and the second referred to as
CrossFlow-2. But for other design configuratisnit does not make any

differencebecause they are symmetric.

From Figures 5.14.19 the temperature profiles athe anode/cathode
electrolyte surface for different designs are shown.these figures, the
temperature scale is the same for easeoaiparisonlt is observedrom the
figures that G-3 has the best temperature profile tae anodécathode
electrolyte surfacewvhich is the most important regiontime SOFCalso forthe

recycling case

Also, please note thdifference between the two different arrangements for
CrossFlow design. In Figure 5.15 and Figure 5.16, it is observed that the
coldest region is different for the two differeédtossFlowsrecycling whichis
observed at the originatlet not at the recycled inlebecauséhe recycled gas

temperature is higher than the original one.
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Figure5.14 Temperature profile ahe anode/cathodelectrolyte srfaceof Co-
Flow stack design with recyadlg
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Figure5.15 Temperature profile dheanode/cathodelectrolyte srfaceof
CrossFlow-1 stack design with recycling
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Figure5.16 Temperature profile aheanode/cathodelectrolyte srfaceof
CrossFlow-2 stack design with recycling
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Figure5.17 Temperature profile dheanode/cathodelectrolyte srfaceof G-
1 stack design with recycling
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Figure5.18 Temperature profile aheanode/cathodelectrolyte srfaceof G-
2 stack design with recycling
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Figure5.19 Temperature profile dheanode/cathodelectrolyte surfaceof G-
3 stack design with recycling
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Besides the temperature profiles figyres Table 5.10, scalar values othe
temperature resdtat the anode/cathodelectrolyte surface witthe recycling
are shownAs can beobservedfrom CrossFlow results there is a distinct

difference betweethetwo different arrangements.

Also, when Table 5.1 and Table 5.10 are comparedit is observedthat the
minimum andthe maximum temperatures arttie standard deviatianare
higher forthe recycling case. This is caused by tingher inlet temperature
than the originafor the recycled fuel Temperature othe fuel increasesintil

reachinghe outlefwhich is then recycled to the second inlet.

When Table 5.10 is investigated for temperature differences thie
anode/cathodelectrolyte surfaceit is observedthat G-3 has the lower
temperature diffieence atthe anode/cathodelectrolyte surface than the other
designs Also, again G3 has the lowesstandard deviatiowalue. From the
results obtained foithe original case these two resulisthe temperature
difference andhe standard deviationare &so the lowesfor G-3 as can be
observedrom Table5.1. Sq, it can be said thaB-3 hasthe best temperature

characteristisfor thefuel recycling as welfor theoriginal conditions.

Table5.10 Scalar values of temperatuesult athe anode/cathodelectrolyte
surface with recycling

Tmin at T maxat T a Taveat
Desi Electrolyte | Electrolyte Eleogtrolyte Electrolyte Sta_mc_iard
esign Deviation of
Surface Surface Surface Surface Temperature
(Kelvin) (Kelvin) (Kelvin) (Kelvin)
Co-Flow 1230.9 1271.9 41.0 12622 9.0
Cross Flow 1228.6 1269.2 40.6 1258.6 8.6
1237.4 1271.3 339 1261.1 7.1
G-1 1226.0 1260.2 342 12528 6.6
G-2 12288 1261.5 32.8 12554 6.1
G-3 1229.5 1257.3 27.8 1252.0 5.6

Besides the temperature comparison other parameters should also be
comparedIn Table5.11, the pressure losses with recycling are sho#rom

the tableit is observedhat the anode side presse drop isthe lowest forG-3

88



while the cathode side pressure drophislowest for G1. These two results
are also obtained fdhe original case as can lmdservedrom Table5.5. The
results with recycling are slightly higher than the original cas€his can be
explained by the increased inlet temperatoreherecycled inletlt increases
both the minimum anthe maximum temperatusewhich can be argued from
Table 5.1 and Table 5.10 and pressure losses at flow channéls.a result,
there will be less energy need for pumpthg air and fuel with G1 and G3

respectivelywith recycling case alsevhich is an important advaaige.

Whenthe recycling andthe original case are comparedalthoughthe results
for recycling are higher, recycling the advantageof lower pumping power
because thershouldbe less pressure drajuringthe vaporization ofthe fuel,

which is very hidp compared tthe pressure drop theflow channels.

Table5.11 Pressure loss #tteanode and cathodiw channelswith recycling

) Average Average
Design PRhose | PRanode | “yp 7| pp
Configuration (Pascal) | (Pascal) (Pascal) | (Pascal)
Inlet 1 8.11 14.12
Co-flow 9.%4 14.28
Inlet 2 11.57 14.44
Inlet 1 8.05 11.62
9.4 14.21
Inlet 2 14.03 14.3
CrossFlow
Inlet 1 12.10 14.21
10.07 14.36
Inlet 2 8.4 14.2
Inlet 1 7.55 13.%
o1 9.17 13.71
Inlet 2 10.78 13.86
Inlet 1 7.74 1394
G2 9.43 1410
Inlet 2 11.12 14.%
Inlet 1 7.47 1380
53 9.11 13.76
Inlet 2 10.76 13.73

Besides the pumping powerheat isalso needed becausd# the endothermic
reforming reactionsAs discussed aboydy recycling the mass flow rate is
half of the original caseso the energy needed fibre reforming is also halved.

In Table 5.12, the species concentrations tite outlet with the recycling are
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shown.In thattablg themole fraction of H atthe outletsaregiven forthetwo
outlets but the value at let2 for all design cases except Crddew
arrangement represents the final hydrogen concentratioa discharged. Also
for CrossFlow arrangementthe smakest value forthe mole fraction of H at
the outlets representise final hydrogen concentration to be dischary&ten
Table5.4 andTable5.12 are comparedt is obseredthat the mole fraction of
H, at the outlets is smallefor the recycling case. Sdy taking intoaccount
that the fuel flow rateis halved,it can be said thathe fuel utilization is

increased.

Table5.12 Species concentrationsthe outles with recycling

Desian Mole Fraction Mole Average Mole
Confi ur%tion of H, at Fraction of Fraction of
9 Outlets O, at Outlets | O, at Outlets

Outlet 1 0.6224 0.08%

Co-Flow 0.100r
Outlet 2 0.436al 0.1117
Outlet 1 0.6037 0.0929

0.10%®
Cross Flow Outlet 2 0.434 0.108a
Outlet 1 0.4439 0.09(8

0.09%
Outlet 2 0.6298 0.1065
Outlet 1 0.6027 0.09&1

G-1 0.1006
Outlet 2 0.448 0.1m0
Outlet 1 0.6173 0.0879

G-2 0.0998
Outlet 2 0.4402 0.1117
Outlet 1 0.600% 0.1037

G-3 0.09%
Outlet 2 0.4418 0.0954

WhenTable5.12 is compared withTable5.4, for the average moleréction of
O, atthe outlets it is observedhat the mole fradion of O, is higher forthe
recycling caseThis can be explained lifie decrease ithe H, massflow rate
and concentration due therecycling. So as a result of thesdecrease ithe
power output is also expected. The power output for recycling iend
comparison witithe original case aregiven inTable5.13. Fromthis table it
is observedthat there is a decrease the output power.Total amount of

decrease irthe power needed fathe fuel pumping andhe energy needed for
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the endothermic reforming reactions, higher tharthe decrease in the output

power.Sq, therecycling oftheanode gas should be preferable.

Table5.13 Comparison othe output power fotherecycling andhe original

case
Currentat 0.6 V Percent
(Ampere) Power (Wat Decrease
Design With Original With Original In Power
Configuration | Recycling Case Recycling Case Output
Co-Flow 9.81 11.8€ 5.88 6.89 14.63%
9.83 5.90
0
Cross-Flow 997 11.4 598 6.84 13.85%
G-1 9.81 11.3% 5.89 6.81 13.54%
G-2 9.83 1140 5.90 6.84 13.72%
G-3 9.89 11.46 5.4 6.88 13.70%
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CHAPTER 6

CONCLUSION AND FUTURE STUDIES

In this thesis,a planar ®lid Oxide Fuel Cellstack mathematical model
including thefluid flow, heat and mass transfend electrechemical reactions

is developedIn this mode] all of the components ithe SOFC stackwhich

are the solid interconnector, anode and cathode current collector, anode and
cathode gas flow channels andositive ElectrodélectrolyteNegative
Electrode PEN), are considered. The model is formed usiﬁQJenF
commercial product. The model is verified and validated Whigexperiments
consideringhe single SOFCcell. The validatedcaseis used as a refanee for
further studies The electra¢hemical parameters, operating conditions and
boundary conditions are optimizedingthe experiments performed at Vestel
Defense Industries

6.1 Conclusion

The aim of this study jsto offer a newflow arrangemento minimize the
problems caused lire heatgeneration during the operation of tR®OFC stack
and to offera recycling technique to increagbe fuel utilization Three
different designs are developede\2loped designs are compared wiitie

traditional oneso see the improvements.

The mathematical model results show sevemgrovementsThe major ones

are listed below:

a) The developd interconnector designs givelower maximum
temperature over the PEdurface which decreases the possibility of
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failure ofthe SOFCstack components such the sealing material, due
to the high temperature.

b) When an SOFC stack is formedhe components are assumed to be
bonded together.Lower thermal stresses will occuwith the
achievement of a lower maximum temperature

c) The newly developed interconnector designs also show lower
temperature differenseand standard deviatisnn the most important
component othe SOFC, PENThis improvement decreases the thermal
stressormed as a result of temperaturadjens, which may causée
SOFC PENo break down.

d) The lower temperature difference and standard deviation also results in
the more wiform power generation fronthe PEN, which is also
advantageous considering the long time operatidghe8OFC stack.

e) With G-3, the lower pressurdosssin the anode andhe cathode gas
flow channelsare achieved with only 5% difference inthe power
compared tothe traditional Crosd-low design This increases the
efficiency ofthe SOFC stack sinceoWwer pumping powes for the fuel
and airareneeded.

f) The anode gas recycling technicuareoffered for allof the considered
designs The fuel utilization is increased with an acceptable decrease in
thepower output.

g) With the recycling caseit is also obvious thats-3, is advantageous
than the tradtional and newly developed onda terms of thar

temperature characteristics.
6.2 Future Work Suggestions

By its nature, the mathematical modeling includes several assumptions and
simplifications. Several assumptions and simplifications are done inttioig s
also. These assumptions and simplifications affect the reliability of the

mathematical model. Therefore, the following studies are planned for further
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studies to improve the mathematical model and to improve the thermal stability
of the SOFC stack:

1 The temperature dependent exchange current ttessire going to be
evaluated.

1 The experimental setup is going to be devised for the developed designs
to validate the mathematical model

1 The mathematical model will be improved by including the furnace in
the model to account for the heat transfer caused by the convection and
radiation at the external surfaces of 8@FC stack.

1 The mathematical model will be improved by including the gas feed
headers/manifolds in the model geometry to increase the reliadsili
the mathematical models.

1 Optimization of parameters such #ee anode and cathode gas flow
rates andhe concentrations is going to be modeled and verified with
experiments.

1 ThePEN with ahigher active aree going to be modeled and verified.
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APPENDIX A

A SOFC MODEL SETUP PROCEDURES FORFLUENT ©

Fluent developedhe SOFC Unresolved Electrolyte ddule forthe modeling
and simulating @& SOFC designs. Aseparate license is needed for this
module. The following steps illustrate hatve SOFC model is setup with
Fluent.
i.  Start Fluent® and Import the Mesh
1 StartFluent 13.0 with 3D and double precisio
1 Importthemesh file File A ReadA Mesh.
1 Scale the mesh if necessa@eperalph MeshA Scalg.
1 Check the mesiJeneralpA MeshA Check.
1 Selectthe solver type (Generad, SolverA TypeA Pressure
Based)
1 Determine the velocity formulation (Generalh Soler A
Velocity FormulatiorA Absolute)
1 Selectthe time formulation (General®, Solver A Time A
Steady)
ii.  Start SOFC Module
1 Via text user interface (TUI) write the followings the order
and press fdentero afA eodelshach ¢ omme
addormo d u. |l e
1 A list of Fluent addonmodules vill be displayed as shown
below:
Fluenf Addon Modules:

0. None
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1. MHD Model
2. Fiber Model
3. Fuel Cell and Electrolysis Model
4. SOFC Model with Unresolved Electrolyte
5. Population Balance Model
Enter Module Numeér: [0]

T Write A40 and press fAentero

iii. Model Setup for the Fluid Flow, Heat Transfer and Species
Transport
1 Turn onthe energy equatioProblem SetupA Models A
Energy)as shown in Figure A.1.

E Energy ——

Energy
Energy Equation

I OK I [Canr_eIJ lHeIp I

Figure A1 A screen shot for turngnon energy equation

1 Determinethe flow characteristicProblem Setugy ModelsA

Viscous)as shown in Figure A.2.
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- B
Viscous Model M

Model

() Inviscid

(@) Laminar

(7) Spalart-Allmaras (1 eqn)

() k-epsilon (2 egn)

() k-omega (2 eqn)

() Transition k-+-omega (3 eqn)
(0) Transition S5T {4 egn)

' | ©) Reynolds Stress (7 egn)

() Scale-Adaptive Simulation (SAS)
(7) Detached Eddy Simulation (DES)
() Large Eddy Simulation (LES)

Options
|:| Viscous Heating
[ Low-Pressure Boundary Slip

[ OK ] [Cancel] [Help ]

[

Figure A2 A screen shot for determining the flow characteristic

1 Determine the species transport anthe reactiom model as

shown in Figure A.3.

Dveve . =

Model Mixture Properties
O off Mixture Material
©) Species Transport mixture-template - | | View...
MNon-Premixed Combustion [ = I u
e B s Number of Volumetric Spedes [ 3
Partially Premixed Combustion
Composition PDF Transport Turbulence-Chemistry Interaction

Reactions (@) Laminar Finite-Rate
Finite-Rate Eddy-Dissipation
Eddy-Dissipation
Eddy-Dissipation Concept

Volumetric
wall Surface
Partide Surface

Ods

Coal Calculator...

[a]

O0OEEEO (&

ns

Inlet Diffusion

Diffusion Energy Source

Full Multicompenent Diffusion
Thermal Diffusion

Relax to Chemical Equilibrium

Stiff Chemistry Solver
CHEMEKIN-CFD from Reaction Design

[ Ok ] [.llpply] [Canoel] [Help]

e ——

Figure A3 A screen shot for determining the species transporteaadion

iv.

model

Model Setup forthe SOFC Electro-Chemical Parameters

In this section, the parameter scalar values shown irfighees arean

example fora planar SOFC.
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1 Turn onthe SOFC Model Problem Setu@y ModelsA SOFC
(Unresolved Electrolyte)and edit the parameters shownthe
red bracket under t has shovhoird e | Par a
Figure A.4

[ FC M [
B sorchicis i o —

| Enable SOFC Model

Model Parameters | Bectrachemistry | Blectrolyte and Tortuosity | Blectric Fiekd |
Model Options

Byable Electrolyte Conductivity Submo ble Spedes Sources
ble Volumetric Energy Source Difsble CO Electrochemistry
ble Surface Energy Source
#on Underrelaxation Factor
Current Underrelaxation Fac -
i| Electrical and Electrolyte Parameters
|| Set Inividual Electrical Boundary Condition in Boundary Conditions Task Page

/| Converge to Specified, Qtage
/79 Total System Voltage

Leakage Current Density (Amp/m2): |°

Electrolyte Thickness (m Electrolyte Resistivity (0'“"""

[Lox | [Reset] [oply ] [cancel] [rieb |

Figure A4 A screen shot for turning on the SOFC model

1 Edit the parameters shown ithe red bracket under the
AEIl ectr oc hasshows in Figute A6 ab

B3 soFc Medel

e

7] Enable SOFC Model
Model Parameters Electrochemistry | Blectrolyte and Tortuosity | Electric Field |

Constant Exchange Current Densities (Amp

2)

Anode Exchange Current m:y:@* Cathode Exchange Current Dengg‘,
Mole Fraction Reference (moles/moles)

H2 Reference Values H2O Reference v

02 Reference Valuel

Concentration Exponents

H2 Exponent: /—0‘5 H2O0 Exponent: ’—0'5 ©2 Exponent: ,—075

Butler-Volmer Transfer Coefficients
Anode Reaction

Anodic Tranafer Cocfiidents g5 | CathedcTransfer Cocfidents [.5 |

Cathode Reaction
Anodic Transfer Coefficent: [ 5 Cathodic Transfer Coefficient: ’05—

Temperature Dependent Exchange Current Density
| Enable Temperature Dependent1_0

L Ca— L Ca—

oK Reset Apply [cancel [ Help

Figure A5 A screen shot for editing the electrochemistry pararaete
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T Under AEl ectr ol

yt e

a thedtortiosity t uosi t y C

value forthe anode andhe cathode and determirtbe anode

and cathode interfaces thie PENas shown in Figure A.6.

& SOFC Model

[V]Enable SOFC Model
Mode! Parameters | Electrochemistry Electrolyte and Tortuosity |Eedn:F-dd]
Anode Electrolyte

Zone(s) Interface
cc-anode

cc-cathode

m.|»

Zone(s) @mbk Tortuosity
cc-anode

a
8
i
m.|»

| wall-slectrolyte-anode-shadow
contact-cc-cromesh-shadow

contact-cc-niporous
wall-rr-annda-franndechadnw | Tortuosity Value : Thread 27

< m » 3

(Lox ] (Reset] [aoply ] (Concel] [reb ]

Figure A6 A screen shot for defining theERl properties

M1 Definetheel ectri cal

shown in Figure A.7

parametersas under 0
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V.

SOFC Model

. =

Conductive Regions - 1 (&) (5] Conductive Regions - 2 (8] (=) Conductive Regions - 3 (B] (5] Conductive Regions - 4 (B (5] Conductive Regions - 5 (&) )

fc-cathode fc-cathode - fc-cathode - fc-cathode - cc-anode
fc-anode fc-anode fc-anode fc-anode cc-cathode
cromesh cromesh cromesh fc-cathode =
niporous B porous £ || |niporous =|| FEETE = | | | fc-anode
cathode cathode cathode omesh
2 lanode > anode X NIPOrous i

S — anode =
= —— o 5 - Conductvipf Taooooo )  Conducy ~ Conductivity [o.1
[x/or-nm]onn” [1/ohm [l/ohmm] [1/ohm [1/ohm-m]: [o-1

V| Enable SOFC Model
Model Parameters | Electrochemistry | Electrolyte and Tortuosity Electric Field |

Contact Surfaces - 1 (8 (& contact Surfaces - 2 (8 & contact Surfaces -3 @6
interior -fc-anode - }wdl-electlolyhemode—ﬁudow - ‘wal-electrolv!e-uwode—shadow -
contact cc-niporous -sadow contactcccromesh-shadow |contact-cc-cromesh-shadow
contact-cc contact-cc-niporous
wall-electrolytecathode iwall-(c-mode-f(-anode—shadow wall-cc-anode-fc-anode-shadow
wall-cc~ iwali-(:-(mhode-f(-(amdeshadow wall-cc-cathode-fc-cathode -shadow
wall-cccathode ~ | linterior<cromesh-fccathode ~ | |interiorcromesh-fccathode
Contact Reﬁs Contact Resvs Contact Resistance (5.1
[ohm-m2]: [ohm-m2]: [ohm-m2]:

Voltage Tap Surface (8] () current Tap Surface B86E
wall-anode | [wallcathode -
currenttab |wal-anode
mass-flow-inlet-anode [voltagetab
pressure-outiet-anode |mass-flow-inlet-anode
mass-flow-inlet-cathode ~ | lpressure-outiet-anode =

([Cok ] (Reset] (appy] [cancel] [(Hep ]
Figure A7 A screen shot for defining the electrical parameters

Specify the Material Properties

)l

Define a Usedefined scalar. Ging the Number of User
Defined scalars to 1 and indicate node as the Flux Function
(DefineA UserDefinedA Scalars).

Define 14 UseiDefined Memory LocationgDefine A User
DefinedA Memory).

Define UsetDefined Function ldoks Change the Adjust
function to adjust_function (Define A UserDefined A
FunctionHooks).

Create or ralefinethenew solid materials as appropriate for the
electrodes and the electrolyte according to the problem
specifications.

Edit the mixture template by specifying the mixture cspe
names Problem SetupA MaterialsA Mixture). Change the
names in the order same witke screen shads shown in Figure
A.8.
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| TTEE— =

Name Material Type Order Materials by
' mixture-template [ e '} 9 Name
3 Chemical Formula
Chemcal o FLUENT Mixture Materials
| = - Cruniomas... |
M User-Defined Database...
none
Properties P —
5 ) [/ »
Mixture Species [m H[ Edit... D
l N
paatn [fnite-rahe v] Edit...
I
Species — . ﬂ

Mixture ’mixu.lre-bendate

Available Materials

ar

Figure A8 A screen shot for editing the mixture template

1

Change dnsity to the incompressibledealgas, G to the

mixing law, thermal conductivity andscosity tothe idealgas

mixing law, Mass Diffusivity to Usebefined and select
diffusivity::SOFC, the UDS Diffusivity to Usebefined and
select E_Conductivity::SOFC.

Operating and Boundary Corditions

)l

There is no need to make chanign the operating condition
unless otherwise specified (Problem SetupA Cell Zone
ConditionsA Operating Conditions

Define Cell Zone Conditions fothe each component oén
SOFC separatelywith their correspondingaluesas shown in

Figure A.9 and as shown in Figure A.10
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dLES | Reaction | Source Terms | Fixed Values | Multiphase |

-~

Rotation-Axis Origin Rotation-Axis Direction
X('“)|o constant v Xlo constant v'
V('“)Io constant - Ylo constant v|

, Z('“)Io constant - Z|1 constant v

e —

I Zone Name
|annde
Material Name [ mixture-template ~ | [Edit...

[ Frame Motion [¥]Source Terms [V]Reaction

[IMesh Motion [ | Fixed values

[¥] Porous Zone

Reference Frame | Mesh Motion Porous Zone | Embedded LES | Reaction | Source Terms | Fixed values | Multiphase |

[ Conical
T [constant =]~
o constant -~
Z
| (7] Retats : :
Viscous Resistance /_"“\\
e Ol 1o +13 \ ' [constant ~]
Direction-2 ( [1e+13 [constant -]
Direction-3 (1/m. |1=+13 / [constant ~]
[7] Alternative Formulation
Direction-1 (1/m) [ [constant =)
Direction-2 (1/m) [o [constant ~] =

Figure A9 A screen shot for defining the cell zone conditidns
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1 Zone Name

| anode

Material Name | mixture-template | (Edit... |
[]Frame Motion [¥]Source Terms [¥]Reaction
[TMesh Motion  [] Fixed Values

[¥] Porous Zone

Reference Frame | Mesh Motion Porous Zone | Embedded LES | Reaction | Source Terms | Fixed Values | Multiphase |
[ conical

\ . [ -

Inertial Resistance

[] Alternative Formulation

Orecton-1(ym [0 " [constant =
Direction 'Z(Mﬂ)lo—- [mt v]
Direction-3 (1/m) Io—' [mt ']

Power Law Model

Colo Cllo

Fluid Porosity R ——

—
ity [0.4 [constant T~
wmwmlmw v]
— _

[Lox ] [cancel] [rep |

1

B Fluid -

lZoneName
Ianode

Material Name | mixch re-template ~| (Edit... |
[ Frame Motion (V] Source Terms [¥|Reaction |
["]Mesh Motion [ ] Fixed Values
[¥]Porous Zone

Reference Fr
/ozom34)|om (e
hzoauhm)|1m (Edt... ]

|
\ Ewcv(whn:v‘)llma (Edit... | %
(Edit... ]

Electric Potential [0sources

LES | Reaction Source Terms | Fixed Values | Multiphase |

-

Figure A10 A screen shot for defining the cell zone condiibn
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1 Fortheinlet boundary conditions entdre mass flow rate, inlet
temperature of fluids and species mole fractions as described in

thescreen shaas shown in Figure A.11

e I
Zone Name
mass-flow-inlet-anode

Momentum | Thermal | Radiation | Species| DPM | Multiphase| ups |
Refa’enceﬁm[mlt

Mass Flow Specification Method vJ
Mass Flow Rate /s) [ 3.44966e-07 D [cnnslznt v]
f Supersonic/Initial Gauge Pressure (pascal) |5 [onnstant ,.,]

I Direction Spedfication Method [Normal to Boundary

[ox ] [concel] [Heb ]

Figure A11 A screen shot for defining the inletdradary conditions
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