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ABSTRACT
Optimization of Solid Oxide Fuel Cell Interconnect Design
by
Krishna C Pulagam
Dr. Yitung Chen, Examination Committee Chair
Professor of Department of Mechanical Engineering
University of Nevada, Las Vegas
Performance of solid oxide fuel cells (SOFC) is dependent of a set of complex
physical and chemical processes occurring simultaneously. Intercéon8QFC is
important as it provides electrical connection between anode of one individual tbell t
cathode of neighboring one. It also acts as a physical barrier to ph&text electrode
material from the reducing environment of the fuel on the fuel electrode sidé¢, and i
equally prevents the fuel electrode material from contacting with omgetimosphere of
the oxidant electrode side. A three-dimensional numerical model has been deweloped t
evaluate the SOFC including the current collector, rectangular dudbgashfannels,
gas diffusion electrodes and electrolyte layer. This model takes into account the
hydrodynamic multi-component fluid flow and heat transfer analysis. Nurheggats
from the developed model using finite element method (COM$6how that the
predicted polarization curve is in very good agreement with the published data.
Simulations were also performed for different interconnect design cas@seabby
varying electrode/interconnect contact area using finite volume methah{§lto
investigate the thermal and hydrodynamic behavior and finite element method
(COMSOL®) to investigate the electrical performance. The optimization is carriguyout

considering 25% interconnect contact area as the design criteria fanuamaxi



temperature gradient limitation. The best interconnect design with 60%oimbext

contact area has been chosen which shows good thermal behavior with considerable
power output among the different design cases. Simulations show a decreasing powe
density and reduction of temperature gradient for an increasing contad®anra@aetric
studies of the fuel cell for different mass flows, hydraulic diametersra@tonnect
material properties for optimized design have also been performed. Regedtisthat the
flow rate will have minor impact on the electrical performance compartteffect of
material properties. Strontium doped LaGi@as shown better performance than calcium
or magnesium doped LaCsecreasing the hydraulic diameter improves the mass

transport situation along the length of the flow channel.
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CHAPTER 1
INTRODUCTION

1.1  Whatis a Fuel Cell

A fuel cell is an electrochemical conversion device. It produces elgctrmm
fuel (on the anode side) and an oxidant (on the cathode side), which react in thegpresen
of an electrolyte. The reactants flow into the cell, and the reaction productsuta it,
while the electrolyte remains within it. Fuel cells can operate virtgaltyinuously as
long as the necessary reactants and products flows are maintained [1].

Fuel cells are different from electrochemical cell batteries inttiey consume
reactant from an external source, which must be replenished- a thermodylyaopeal
system. By contrast, batteries store electrical energy chéyracal hence represent a

thermodynamically closed system.

Fig.1.1 Comparison between fuel cell, battery and engine

As shown in Fig.1.1 unlike combustion engines a fuel cell produces electricity
directly from chemical energy and is far more efficient. Fuel calisbe all solid state

and mechanically ideal, meaning no moving parts. This yields the potential for



highly reliable and long lasting systems. A lack of moving parts also medriseheells
are silent. Also, undesirable products such ag, [$Qx and particulate emissions are
virtually zero.

Apart from the advantages, fuel cells also possess some serious disadvantages.
Cost represents a major barrier to fuel cell implementation, because dfifprelgosts;
fuel cell technology is currently only economically competitive in ateyhnly
specialized applications [2]. Power density is another significant liontafiithough fuel
cell power densities have improved dramatically over the past decadeg, furthe
improvements are required if fuel cells are to compete in portable and automotive
applications. Fuel availability and storage pose further problems, as igeloeks best
on hydrogen gas, a fuel that is not widely available, has a low volumetric/etesgjty,
and is difficult to store. Alternative fuels are difficult to use directly aswhily require
reforming. These problems can reduce fuel cell performance and intlrease
requirements for ancillary equipments. Additional fuel cell limitatioretude operational
temperature compatibility concerns, susceptibility to environmental poisons, and

durability under start-stop cycling [1].

1.2  Global View

Although fuel cells represent less than half of one percent of the application
markets for power of any type, including portable power (where they com@tstag
batteries and portable generators), stationary power (where they capaieist the
electric power grid), or vehicle power (where they compete against theainte

combustion engine), it is growing at a faster speed. Prices have yatiticasigly



decrease but are expected to fall as mass production ramps up. Fuel cell mamnsfactu
receive government support through subsidies as well as coordinated research and
development. Limited mass production of fuel cell vehicles is not expected to begin
before 2015, although many manufacturers will produce about 100 fuel cell vehicles a
year for fleet demonstrations. Development of hydrogen fueling stations $er the
vehicles continues at a rate of about two to four a month worldwide. More than $500
billion worth of hydrogen fueling stations will eventually be needed to comptt¢he

world-wide gasoline infrastructure [3].

The demand for eco-friendly low-maintenance energy storage solutittins wi
long life spans has resulted in the creation of a $193.64 million market for stafioslary
cells in the world. The global stationary fuel cells market, largely domingtédtedJs,

Japan and South Korea, is expected to expand with increasing interest in other nations.
While the need to replace lead acid batteries with a non-toxic-substandesttasge

solution drives fuel cells uptake in developed markets such as the US and Japan, the
demand for low-maintenance long back-up storage solutions drives technology adoption
in developing nations. Regulatory push for clean technology by the Obama
administration is expected to boost the US stationary fuel cells market. ¥ shiss and

R&D initiatives resulting from increased investment due to regulatory support ar
expected to accelerate price fall and commercialization of fuel celseritheless, mass
adoption of fuel cells is expected to be prevented by the lack of infrastructure for
supporting market development and, to certain extent, by technologicatibmstaf the

technology [4].



The lure of fuel cells is the promise to be one of the most ubiquitous products of
the 21st century. Fuel cells can compete with batteries, the internal combusiren eng
and the power grid. Hydrogen can compete with any fuel now produced and cause no
pollution but its price is higher than gasoline or natural gas because itaaltlit
transport and store. Nanotechnologies will provide the technological keys thbg fred
cells and hydrogen as a fuel to become competitive and commonplace.

According to a soon-to-be-released report from Interactive Ristbéthble
Program (IRAP), Fuel Cells, Hydrogen Energy and Related Nanotechnology—AlGlob
Industry and Market Analysis, the fuel cell and hydrogen energy industry is highly
fragmented. Worldwide about 3870 organizations are involved in fuel cells, hydrogen
energy and related nanotechnology and spent an estimated $8.4 billion in 2008. This
market is estimated at $8.8 billion in 2009 and expected to increase to $14 billion by
2014, with a compound average growth rate of 9.6%. More than 2180 organizations are
involved in nanotechnology related to fuel cells and hydrogen energy and will spend a
total of $4.7 billion for fuel cells and hydrogen energy incorporating nanotechnology. Of
that $4.7 billion, about $2 billion in 2008 represents the value of nanotechnology for fuel

cells and hydrogen energy separate from all other expenditures [3].

1.3 Fundamentals of Fuel Cell
Fuel cell is an electrochemical device which converts chemical eneegylygito
electrical energy without intermediate heat step. Fig.1.2 shows the one-idina1es0Sss

sectional view of planar SOFC. Using this figure as a map, we will now &mba



brief journey through the major steps involved in producing electricity in a fliel ce
Sequentially, as shown in Fig.1.2, these steps are as follows:
1. Reactant delivery (transport) into the fuel cell
2. Electrochemical reaction
3. lonic conduction through the electrolyte and electron conduction through the
external circuit

4. Product removal from the fuel cell

¥

Fuelin o+ =+ Air e
+ +
[l |+ 4 + ?ﬂ
Flow structute et et
@@ @,

Porouz electrode

+ o+
Lt +
FE“ +*la
+F +F

Anode Electrolyte Cathode

Fig. 1.2 Cross-section of fuel cell illustrating major steps in
electrochemical generation of electricity
The electrochemical reactions (reduction and oxidization) taking place &:thede

can be expressed as:

aA<cC+ne (oxidation)
bB+ne <> dD (reduction)
aA+bB < cC+dD (net reaction)

As all chemical reactions involve electrons, leasing these electrons defines the
efficiency of fuel cell. Fuel cells received sesaattention from last decade for their high

efficiency in the field of renewable energy sourcdes ideal fuel cell would supply any



amount of current, while maintaining a constantage determined by thermodynamics.
But in practice, however, the actual voltage outifud real fuel cell is less than the ideal
thermodynamically predicted voltag&,(,,,, ) due to irreversible losses. There are three
major types of fuel cell losses, which give a foell j —V curve its characteristic shape.
e Activation lossz,, (loss due to electrochemical reaction)
An activation barrier impedes the conversion ottaats to products and vice
versa. A portion of the fuel cell voltage is sacefl to lower the activation barrier,
thus increasing the rate at which reactants areerted into products and the current

density (j ) generated by the reaction. The sacrificed (lsiage is known as
activation overvoltagey, . The relationship between the current density wiLépd

the activation overvoltage is exponential as showkig.1.3. It is described by the
Butler-Volmer equation:
j = j (6 (FT) _ g ()P (RT) (1-1)
Fuel cells are usually operated at relatively lighrent densities (high activation
overvoltage). At high activation overvoltage, fuell kinetics can be approximated
by a simplified version of the Butler-Volmer equatij= j,e™ ="’ In a
generalized logarithmic form, this is known as Tlaéel equation
n.. =a+blogj (1-2)
where b is the Tafel slopeq is the transfer coefficient ang, is the reference

exchange current density.



¥

Cell Voltage (V)

Current Density (Afom®)

Fig.1.3 Activation loss

e Ohmic lossz,,,. (loss due to ionic and electronic conduction)

Charge transport in fuel cells is predominantlyen by a voltage gradient. This
charge transport process is known as conductioavdliage that is expended to
drive conductive charge transport represents attokgel cell performance. Known
as the ohmic overvoltage, this loss generally oligys’s law of conduction and it
varies linearly as shown in Fig.1.4.

Notmic = j(ASR)hmic) (1-3)

where j is the current density and ASRic is the area specific resistance which
includes the resistance from electrodes, elec&plyhterconnects and so on.

However, it is usually dominated by the electrolgsistance.

\

Current Density (A/em®)

Cell Voltage (V)

Fig. 1.4 Ohmic loss



e Concentration losg,,,. (loss due to mass transport)

Mass transport governs the supply and removalawgtamts and products in a fuel
cell. Mass transport in fuel cell electrodes is¢gfly dominated by diffusion and in
fuel cell flow structure is typically dominated bgnvection. Diffusive transport
limitations in the electrode lead to a limiting et densityj, . The limiting current
density corresponds to the point where the reactamtentration falls to zero in the
fuel cell catalyst layer. A fuel cell can nevertsirs a current density higher thgn

Reactant depletion affects both the Nernstianwmdthge and the kinetic reaction
rate. Depletion leads to similar loss in both ca$es “concentration loss” can be

generalized as and its characteristic plot is shiowg.1.5.

nconczc[jL/(jL_j)] (1'4)
j = nFD* % 1-5
Ju=n s (1-5)

where c is a constant that depends on the geomuedirynass transport properties of
the fuel cell,D*" is the effective reactant diffusivity s), Cr is the bulk (flow

channel) reactant concentration (mo)n® is the electrode (diffusion layer)

thickness (m).

Cell Voltage (V)

Current Density (A/em?)

Fig.1.5 Concentration loss



Fig.1.6 shows the characteristic polarization cdorea single fuel cell. Here it is
evident that actually as the current density inreeedhe voltage of the fuel cell decreases.
The fuel cell polarization curve can be dividedittiree regions where each of the major
losses dominate in their respective regions. Iniétep the activation polarization loss is
significant, which is controlled by the electrodeekics of the reaction; in Region Il,
which is generally the fuel cell operating regitre ohmic loss dominates, and the ohmic
loss is proportional to the current density. Thiglile to the cell resistance of the ions in
electrolyte; in Region Ill, where the current déyss very high, the mass transport of
reactants to the electrode reaches its limit, had the concentration limit loss becomes

the predominant factor.

Open crewt voltage

[Ethermc]

Cell Voltage (V)

Current Density (A/cm®)

Fig.1.6 Fuel cell polarization curve

The real voltage output (V) for a fuel cell canghae written by starting with
thermodynamically predicted voltage output of thelfcell and then subtracting the

voltage drop to the various losses:



V' = Ejamo = Mact ~ Monmic ~ Moonc (1-6)
The reversible voltage of a fuel cel, ., orE, is related to the molar Gibbs free energy
by
A§ =-nFE (1-7)
Generally, the Nernst equation describes how Eesawnith reactant/product activities:

_ E H aVi products

E=E° Ne—er———
nF H a" reactants

(1-8)

where F is the Faraday constant (96487 C/nil)s the standard potential under the
standard state (26 and 1 atm), R is gas constant, T is operatingésature (K), n is

number of moles of electrons amds the species activity.

1.4  Types of Fuel Cells
Depending upon the nature of the electrolyte, tiet fype and the type of
application fuel cells are classified into five majypes.
e Alkaline fuel cells (AFC)
e Phosphoric acid fuel cell (PAFC)
¢ Molten carbonate fuel cells (MCFC)
e Direct Methanol fuel cell (DMFC)

e Solid oxide fuel cells (SOFC)

Alkaline fuel cells use a solution of potassium fopdde in water as the
electrolyte and can use a variety of non-precioesals as a catalyst at the anode and
cathode. High-temperature AFCs operate at tempesathetween 100°C and 250°C

(212°F and 482°F). However, more-recent AFC desigesate at lower temperatures of
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roughly 23°C to 70°C (74°F to 158°F) [2]. AFCs high-performance fuel cells due to
the rate at which chemical reactions take plachencell. The disadvantage of this fuel
cell type is that it is easily poisoned by carbaoxile (CQ). In fact, even the small
amount of CQin the air can affect the cell's operation, makingecessary to purify both
the hydrogen and oxygen used in the cell.

Phosphoric acid fuel cells use liquid phosphorid as an electrolyte—the acid is
contained in a Teflon-bonded silicon carbide matrand porous carbon electrodes
containing a platinum catalyst. This type of fuell ¢s typically used for stationary power
generation, but some PAFCs have been used to plasge vehicles such as city
buses. They are 85 percent efficient when usedh®rcogeneration of electricity and
heat, but less efficient at generating electriaine [2].

Polymer electrolyte membrane (PEM) fuel cells—atstled proton exchange
membrane fuel cells—deliver high power density afidr the advantages of low weight
and volume, compared to other fuel cells. PEM feedls use a solid polymer as an
electrolyte and porous carbon electrodes containiqdatinum catalyst [1]. They need
only hydrogen, oxygen from the air, and water terape and do not require corrosive
fluids like some fuel cells. They are typically fee with pure hydrogen supplied from
storage tanks or onboard reformers. Polymer elgtéranembrane fuel cells operate at
relatively low temperatures, around 80°C (176°FQwLtemperature operation allows
them to start quickly (less warm-up time) and ressul less wear on system components,
resulting in better durability. However, it requeréhat a noble-metal catalyst (typically
platinum) be used to separate the hydrogen's efectind protons, adding to system cost.

PEM fuel cells are used primarily for transportatiapplications and some stationary
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applications. Due to their fast startup time, loengtivity to orientation, and favorable
power-to-weight ratio, PEM fuel cells are particljjasuitable for use in passenger
vehicles, such as cars and buses [2].

MCFCs are high-temperature fuel cells that use lantrelyte composed of a
molten carbonate salt mixture suspended in a pprhemically inert ceramic lithium
aluminum oxide (LIAIQ) matrix. Since they operate at extremely high terapures of
650°C (roughly 1,200°F) and above, non-preciouslnean be used as catalysts at the
anode and cathode, reducing costs. Unlike alkalpteysphoric acid, and polymer
electrolyte membrane fuel cells, MCFCs don't rezj@n external reformer to convert
more energy-dense fuels to hydrogen. Due to thé hegnperatures at which they
operate, these fuels are converted to hydrogenirwitte fuel cell itself by a process
called internal reforming, which also reduces cost.

DMFC is similar to the PEMFC in that the electrelys a polymer and the charge
carrier is the hydrogen ion (proton). However, lilheid methanol (CHOH) is oxidized
in the presence of water at the anode generating R@rogen ions and the electrons
that travel through the external circuit as thetele output of the fuel cell. The hydrogen
ions travel through the electrolyte and react watygen from the air and the electrons
from the external circuit to form water at the amotbmpleting the circuit. Current
DMFCs are limited in the power they can produce,daun still store high energy content
in a small space. This means they can produce d amaunt of power over a long
period of time [2]. This makes them presently uited for powering vehicles, but ideal

for consumer goods such as mobile phones, digitakcas or laptops.
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Solid oxide fuel cells operate at very high tempges—around 1,000°C. High
temperature operation removes the need for precimial catalyst, thereby reducing
cost [1]. It also allows SOFCs to reform fuels mtdly, which enables the use of a
variety of fuels and reduces the cost associatetth \wdding a reformer to the
system. High-temperature operation has disadvastdgeesults in a slow start up and
requires significant thermal shielding to retairathand protect personnel, which may be
acceptable for utility applications but not for risportation and small portable
applications. The high operating temperatures jlisce stringent durability requirements

on materials [2].

1.5 Why Solid Oxide Fuel Cell (SOFC)

Solid oxide fuel cells (SOFCs) are energy conversievices that produce
electricity and heat directly from a gaseous oifgasfuel by electrochemical
combination of that fuel with an oxidant. A SOFGsists of an interconnect structure
and a three-layer region composed of two ceranaictieldes, anode and cathode,
separated by a dense ceramic electrolyte (oftemreaf to as the PEN—Positive-
electrode/ Electrolyte/Negative-electrode). SOFQarate at high temperatures and
atmospheric or elevated pressures, and can usedemrcarbon monoxide, and
hydrocarbons as fuel, and air (or oxygen) as oxidarthe cell, the oxygen ions formed
at the cathode migrate through the ion-conductiagtelyte to the anode/electrolyte
interface where they react with the hydrogen amdaramonoxide contained in (and/or
produced by) the fuel, producing water and carkioride while releasing electrons that

flow via an external circuit to the cathode/elelytr® interface. Solid oxide fuel cells are
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the most efficient among all the types of fuel €@le have. The reasons for choosing
SOFC for my present thesis include its fuel fleldiai internal reforming, efficiency,
cogeneration possibility, simple design and itsiemmental impact.

SOFCs employ a thin ceramic membrane as an elgetr@xygen ions (&) are
the ionic charge carrier in an SOFC membrane. To&t sommon SOFC electrolyte is
an oxide material called yttria-stabilized zirco(¥é&5Z). In a H-O, SOFC, the

electrochemical half reactions are

H,+0* — H,0+2€e (Anode)

1O2 +2e — O? (Cathode)
2

H, +%Oz — H,0O (Net reaction)

To function properly, SOFC’s must operate at high teatpees (> 60tC). They are
attractive for stationary applications because theyhaghly efficient and fuel flexible.
SOFC can use any type of fuel for the productioaleftricity as it operates at
very high temperatures around 1000At these high working temperatures internal
reforming of the hydrocarbons takes place within gfstesn and this can reduce the high
cost external reforming techniques and allows us tomg&iad to fuel for its operation.
For combined heat and power (CHP) applications thaexicy of the fuel cell may
reach as high as 80% and this also allows possibilitp@émeration, where the high
temperature from the SOFC is used to run a turbinell Asesparts of SOFC are in solid
state with ceramic materials it has the simplest designhigtistability which allows
easy manufacturing techniques. This type of fuelisehe cleanest with low noise and

low emissions.
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1.6 History and Literature Review

Solid oxide fuel cells (SOFCs) are the most efficientices yet invented for
conversion of chemical fuels directly into electripalver. Originally the basic idea and
materials were proposed by Nernst and his colleaguesttim@en at the end of the
nineteenth century, but considerable advances imttaw experiment are still made
over 100 years later.

The principle of fuel cell operation were first refeal by Sir William Grove in
1839, ceramic came much later and began with Nernstewgkry of solid oxide
electrolyte in 1899 and the operation of the fiextamic fuel cell at 100C by Baur and
Preis in 1937.

The science and technology of ceramic fuel cells hadttitical issues posed by
the development of this type of fuel cell were discusseNguyen and Minh [5]. Use of
solid electrolyte in ceramic fuel cells eliminates matecorrosion and electrolyte
management problems. All the components of solid-oxidarfde) fuel cell should have
similar thermal expansion coefficients. They also discuabedt the types of designs,
flow patterns and the manufacturing technologies.

Yamamoto et al. [6] reviewed the science and techmedanf solid oxide fuel
cells with emphasis on discussion of their component mksteleiacept for cost-effective
manufacturing processes, the development efforts ovgrate30 years have brought the
technology of high temperature SOFC near its final.gon the other hand, technology
of intermediate temperature SOFCs is still in a developahstage and several
technological challenges remain to be solved befasaype of fuel cell can find

practical applications.
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Barnett et al. [7] used solid oxide fuel cells (SOF@gh thin yttria-stabilized
zirconia (YSZ) electrolytes on porous Ni-YSZ anodescvhwvere successfully operated
with humidified methane and natural gas. Conventianable supported SOFCs can be
operated directly with humidified methane and natgeed, yielding high open circuit
voltages and high power densities. Very little carvais detected on the anodes,
suggesting that carbon deposition was limited durinigoparation.

Porous composite solid oxide fuel cell (SOFC) elecsddemed by a mixture of
electronic conductor and ionic conductor particlesmoall size have been studied by
Costamagna et al. [8] by means of an analytical simulatiodel. Morphological effects
show strong influence on the electrode resistanctobeahin an electrode, then too small
the active area for the electrochemical reactiortsthiwk an electrode, then too high the

ohmic losses.

A three-dimensional mathematical model for a planar S@&€constructed by
Yakabe et al. [9] to calculate concentration of¢hemical species, the temperature
distribution, the potential distribution and the emtrdensity using a single-unit model
with double channels of co-flow or counter-flow patts. The internal or external steam-
reforming, the water-shift reaction and the diffusofigases in the porous electrodes
were taken into the model. They also investigateetteet of the cell size, the operating
voltage and the thermal conductivity of the celinpmnents. From the simulated
temperature distributions in the electrolyte and titericonnector, the stress distributions
were calculated using the finite element method. ‘€kalts demonstrated that steam

reforming would generate high internal stress in actikyte.
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Internal steam reforming in SOFC leads to inhomogeneonpgdrature
distributions according to the fast reforming reackoretics. This results in thermal
induced stresses and may lead therefore to mechanloat faf the material. A one-
dimensional numerical simulation program has been dewtlop@hom et al. [10] to
describe the transport of gases inside the SOFC aned® diffusion and permeation as

well as the kinetic of the reforming reaction andelectrochemistry.

Reforming of hydrocarbon fuels for SOFCs can be datieowt additional gas
purification. As both stack and hydrocarbon reformat ave to be operated at high
temperatures (700-10@), thermal management plays an important role in the
successful operation of SOFC systems this may be achig\adtable selection of
materials and right system of design and control stedegor this Apfel et al. [11] built
a finite element simulation for complete SOFC systemshvailows studying system
parameters both during steady operation and duringigats.

Lin et al. [12] in their short communication describtes ¢éffect of interconnect rib
size on the fuel cell concentration polarizatioplanar SOFCs as a function of the
different physical and geometrical parameters formugatie model in a dimensionless
framework, enabling a generalization of the result®ims of one characteristic
diffusion parameter and one dimensionless geometry pagarBaised on the results
from their analytical solution for smaller rib widthrapared to the penetration distance
of the reactant species, the gas concentration israndiad concentration polarization
with the rib presence takes the same form as that withisuexcept that the effective
current density should be used. When the rib size is a@hly large then it has high

concentration polarization.
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Grondin et al. [13] developed a three-dimensional rhimdevestigate the effect
of interconnect design on the electrical performaarmkdegradation process. As cathode
degradation is supposed due to temperature gradientmfmmmity they demonstrated
the impact of cathode/interconnect contact on theamdlelectrical behavior. In this
investigation, the effects of the two geometrical paaters are considered, the
modification of cathode/interconnect contact aredelactrical collecting pins size.

From their simulations decreasing power density andwctieth of temperature gradient
for an increasing contact area are seen and decresasingf collecting pins, better
temperature homogeneity and power density are recorded

Complete polarization model of a solid oxide fuel ¢8OFC) that eliminates the
ambiguity of the suitability of such model when usedeasrdifferent design and
operating conditions were discussed by Chan et al. Thg Butler-Volmer equation is
used in the model to describe the activation overpialein the concentration
overpotential, both ordinary and Knudsen diffusioresa@nsidered to cater for different
porous electrode designs. Results show that the perfoenoéan anode-supported fuel
cell is superior to that using cathode as the suppdergievated operating pressures.

A one-dimensional numerical simulation program has beeelalged by Lehnert
et al. [15] to describe the transport of gases in$ide&SOFC anode due to diffusion and
permeation as well as the kinetic of the reformingtrea@nd the electrochemistry. They
performed the sensitivity analysis to reduce the metbaneersion rate. Internal steam
reforming in SOFC cells leads to inhomogeneous temperdisiributions according to
the fast reforming reaction kinetics. This results inrrad induced stresses and may lead

therefore to mechanical failure of the material.
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A quasi-two- (co- and counter-flow) and three- és-élow) dimensional
simulation program for planar-type SOFC was made byalwaal. [16] considering
mass, charge and heat balances along the flow direciwhperpendicular to the
electrolyte membrane, in order to obtain temperatndecarrent density distributions
along the flow direction. Numerical results from this dision with adiabatic boundary
conditions show that the temperature increases alorfipthelirection in the co-flow
case and the temperature profile has a maximum nearahialet in the counter-flow
case.

A new numerical model which enables to calculateestbetric current path inside
the cell components was presented by Yakabe and Sgkdfairhis new model analyses
made it possible to simulate the diagonal electric atiirethe electrolyte, and, in
addition, the effects of the geometry of the cell comgnts on the cell performance was
considered perfectly in the calculation. It was mddarahat if there is a large
distribution of the electromotive force in the singkdl, the diagonal flow of the electric
current appears in the electrolyte.

The solid oxide fuel cell (SOFC) has a problem iradiity of the ceramics used
as its cell materials because its operating temperatuesyidigh and the cell
temperature fluctuation induces thermal stress in ttevges. The cell temperature
distribution in the SOFC, therefore, should be kept@stant as possible during variable
load operation through control of the average curdensity in the cell. Considering this
fact, Inui et al. [18] numerically optimized the ogeng parameters of air utilization and

the inlet gas temperature of the planar SOFC by miimgithe cell temperature shift
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from its nominal value and propose a new cell tempegatontrol method that adopts
these optimum operating parameters for each averagmtdensity.

The three-dimensional simulation code of the plandG6&tack and the detailed
effect of radiation heat transfer is investigated bpdka et al. [19]. The whole stack
simulation is needed to calculate accurately thevodhge because the radiation heat
transfer reduces it when the ambient temperature isTlhesbad influence of the low
ambient temperature on the voltage is, however, smdlbaelatively high voltage are
obtained even when the ambient temperature is very low

Janardhanan et al. [20] performed analysis on thapkolid oxide fuel cell
under direct internal reforming condition; they fdusignificant differences in efficiency
and power densities for isothermal and adiabatic apeadtregimes. For pre-reformed
fuel case, adiabatic operation results in lower perémce compared to isothermal
operation. It is further discussed that, though dirgetnal reforming may lead to cost
reduction and increased efficiency by effectivéizdtion of waste heat, the efficiency of
the fuel cell itself is higher for pre-reformed fuehepared to non-reformed fuel.

A numerical simulation tool for calculating the plasalid oxide fuel cells was
described by Wang et al. [21], where they employeitefivolume method for the
simulation (ANSYS-CFR). Simulation results show that the co-flow case has more
uniform temperature and current density distributiordssaamaller temperature gradients,
thus offers thermal structural advantages than thetectlow case, further it is effective
to improve the output voltage by reducing the thedshof anode or increasing its

porosity.
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Transient thermal analysis plays a central role irddsgn and optimization of
high temperature solid oxide fuel cells (SOFCs) dustagtup/shutdown, because of the
potential for damaging thermal gradients to develdpiwithe SOFC components. Here
Damm and Fedorov [22] consider the SOFC unit cellctvis heated by hot air supplied
into the oxidizer channel at a specified, time-depanthlet temperature and develop
and evaluate limiting cases that allow closed-formyaigal solutions of the time-
varying temperature fields, from which heating time arakimum temperature gradient
are calculated. Results indicate that the reduceeronddels’ simplicity, computational
savings, and ability to capture the essential physitseafransient process justify their
use in design calculations over more complex, highlgildet, numerical/CFD schemes.

Ho et al. [23] presented a numerical model for agrl&OFC with mixed ionic-
electronic conducting electrodes. The coupled egunstilescribing the conservation of

mass, momentum and energy and the chemical and electricaherocesses are solved.

1.7 Motivation for the Thesis

The fuel cells are one of the promising technologittsciing the global market
in the field of renewable energy sources. Enhandiaduel cell efficiency and reducing
its cost are two key objectives in the research andldement of fuel cell technologies.
It is very difficult to understand the heat and maasdfer coupled with electrochemical
reactions in fuel cell. It is crucially important taderstand the physics inside the fuel
cell in order to improve its performance. While thpensments are expensive to
implement and subject to practical limitations, costati¥e numerical modeling and

simulation can provide such information and predict@# of different factors including
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interconnect design, channel length and various paesswhich leads to better design

with optimized performance.

Many numerical models have been developed to prédiatell performance.
Some of them focus on the materials for different pdrtiseofuel cell, some focus on the
high temperature performances for stress analysis, while @ on the internal
reforming of the hydrocarbons. However, there areriesearch publications on the
overall SOFC modeling, in particular, coupled whie interconnect design, heat and
mass transfer and electrochemical reactions. This motithedkesis author to develop a
numerical model for the entire SOFC and optimize tleperformance by the various
interconnect contact surface areas and operatingpéees. The developed model will
give a clear view of the SOFCs, and help engineeusdierstand the effects of those

parameters, which can significantly improve the cetfggenance.

1.8 Research Objectives
These days SOFCs receive serious attention andnesasrchers are trying to

improve its efficiency and working to reduce the apieg temperature. Thermal
management, improved fluid flow, proper interconnect ehannel design are the
promising path ways. High temperature causes thermal stnebseh leads to the
degradation of the materials thereby causing impropeking of the fuel cell. In this
thesis, four research objectives were pursued, whiclsted below:

e To create a single channel fuel cell model, includiogy channels, interconnects,

electrodes and electrolyte.

22



e Simulate the hydrodynamic, heat transfer and eleatraatal phenomena to
obtain the fuel cell performance information.

e Simulating the hydrodynamic, heat transfer and edeb&mical phenomena for
fuel cell with different interconnect designs to abthe temperature and
polarization curves.

e Optimize the SOFC interconnect design depending @ne$ults obtained from

the above task and perform the parametric study.

1.9 Thesis Outline

In this thesis, the three-dimensional CFD model bags bdeveloped to optimize
the interconnect design for SOFC and a parametrity séuperformed. Chapter 2 will
discuss the SOFC modeling including the fundamentalseoélectrochemistry and fuel
cells. This model is validated using a three-dimensiongleichannel SOFC case.
Chapter 3 discusses the numerical modeling for diffenéettconnect designs of the
single unit SOFC. Temperature distribution, electnmaformance and mass fraction of
the species are investigated. Chapter 4 focuses omptingzed design case and a
parametric study is carried with different mass flows raytic diameters and
interconnects material properties. Chapter 5 concltigesurrent research, and some

recommended future work is summarized.
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CHAPTER 2
SOFC MODEL AND VALIDATION
2.1SOFC Model
A three-dimensional SOFC single cell is shown in Fig.vihich includes
interconnects, anode/cathode gas channels, gas difeisicinodes (GDESs) and
electrolyte totally to divide into seven zones. A-alensional schematic drawing is
also shown in Fig. 2.2 to have clear view of the figl working. The hydrogen gas
mixture flows through the anode gas channel. Thefffitse:s into the porous ceramic
anode electrode and contacts with the active sudia¢he electrolyte known as TPB
(Triple Phase Boundary). TPB is the surface wherthalthree important phases -
electrolyte, gas and electrically connected cataggibns are in contact. On the cathode
side, the oxygen mixture flows through the cathodecbaanel and diffuses through the
porous cathode electrode. After that, oxygen costihet active surface on the electrolyte
at the cathode side and produces oxygen ions whidheirenic charge carriers in an
SOFC electrolyte membrane. These oxygen ions migredagh the electrolyte
membrane to come in contact with hydrogen on the aiderto form water. The anode
half reaction is an oxidation reaction; the electrproduced travel along the external
circuit and reach the cathode for oxygen reduateaction there by completing an
electrical circuit. As the operating temperaturehaf 8OFCs is above 60D all the

species are in gaseous state. The chemical reactions eapiessed as:

Atanode:  H,(g)+0* < H,0(g)+2e (oxidation) (2-1)

At cathode: %Oz(g) 12 <> O (reduction) (2-2)

24



Overall: H,(9) +%Oz(g) <~ H,0(0) (2-3)

Interconnect

Anode gas channel

Anode
Electrolyte
Cathode

Cathode gas channel

) (b)

Fig. 2.1 (a) Threeimensional solid works model of SOFC
(b) Two-dimensional front view

Fig. 2.2 Schematic one-dimensional SOFC model

In order to model SOFCs, it is necessary to understenchass, momentum and

energy transport, electrochemical reactions and chig@ce inside the fuel cell.
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However, it is very difficult to take every singletdil of the whole process into account
which includes tremendous computational time. Some basiorgtions are necessary to
simplify the SOFC model, including:

e Steady-state operation

e |deal gas mixtures

¢ Single-phase flow

e |sotropic electrodes and electrolyte

e Incompressible flow

e Neglect contact resistance of current collector dect®des
We can use the concept of flux balance to solveh®one-dimensional SOFC model
making number of assumptions. However, these numerous agsusripssen the
accuracy of the model for design purpose. So, weorelye full three-dimensional
analysis of the fuel cell using sophisticated numericaleting techniques.
Computational fluid dynamics (CFD) allows us to estimateenagccurate results of fuel
cell performance. More importantly, CFD can providee-dimensional localized
information inside the fuel cell. The governing edquad employed by CFD models start
with the conservation laws. These governing equationsadified according to the

specific problem.

2.1.1 Mass Conservation
The mass conservation equation (or continuity equasiomply requires that the
rate of mass change in a unit volume must be equal gutheof all the species entering

(exiting) the volume in a given time period.
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%@m+vwaurﬂ (2-4)

The above equation is modified and expressed as:

Ve(pU) =S (2-5)
where p is the density (kg/f), U is the velocity (m/s)¢ is porosity implemented in
this equation to account for porous domains such asadecand gas channels and
SIS the source term. In the mass conservation equatias different source terms in
different cell zones. At the electrode/electrolyteiface, there are hydrogen/oxygen

consumption and water formation. The mass sink and saatedepend on the

electrochemical reaction rates. Thus they can be lasclby:

S, = MW'“Zi (2-6)
:2F 7
MW,OZ'

S, =" 4F (2-7)
Mo,

Sio=pp e (2-8)

where M, is the molecular weight, is the current density and F is the Faraday constant

(96500C/mol).

2.1.2 Momentum Conservation
Similarly to the mass conservation equation, we canpsahtequation using vector form

for momentum conservation as:

%(ng) +Ve(gpUU) = —£Vp+Ve(sl)+ ‘92"{‘“ (2-9)
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where¢ and u stand for the shear stress tensor and the fluid dynasaiasity,

respectively. The weakly compressible Navier-Stokestemsagovern the flow in the

open channels:
plueVu :Vo[— pl +§(Vu+(Vu)T)—§(V-u)I} (2-10)

Ve(pu)=0 (2-11)

In the porous GDEs, the Brinkman equation desctibeslow velocity:

(ﬁ+qu :Vo[— pl +§(Vu+(Vu)T)—§(Vou)l} (2-12)

K

Ve(pu)=Q (2-13)
wheree and x denotes, respectively, the porosity and permeglfiti’) of the medium,

| is the identity matrix an@ is the mass source term, which relates to thegehar

transfer current densitl, according to:
i M.
=y'g it 2-14
Q Ei " F (2-14)

where S, is the specific surface area andstands for the number of moles of electrons

transferred. Solving the momentum conservation t@u@ermits us to obtain the

pressure (p) distribution of the fluids flowing ¢lugh the fuel cell.

2.1.3 Species Conservation

The mass conservation and the momentum consenedigations discussed
above are used to describe the over all bulk matfdahe fluid mixture. In contrast, the
species conservation equation describes the ditiafenovement of each individual

species within the fluid mixture.
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£ (6pX)+V o (pU%) =V o (oD Vx )+ § (2-15)

where x and Dfﬁ stands for species mass fraction and effectiviagiifity (m%s) of

each specias The material transport is described by the Mak®t#fan’s diffusion and

convection equation. Leb. be the weight fraction of speciedn the stationary case, the

mass balance is governed by:
k =~
Ve a),,ou—,oa)iZ:Dij ﬂ(V(z)i + o, mj‘i‘(xj - o, )E =R (2-16)
-1 M, M p

where D; represents thg§ components of the multi-component Fick diffusiyityhich is

calculated from the Maxwell-Stefan diffusivit, (m%s) as,

Fick diffusivity: J, =-¢D; VX (2-17)

_Xixj(ui _Uj)

ij

Maxwell-Stefan diffusivity: Vx = (2-18)

where J, is the diffusion flux (mol/rfts), ¢, is the total mixture molar concentration
(mol/m®), u is the velocity (m/s)y is the density of the fluid (kg/f p the pressure (Pa),
and R is the reaction source term for spedieg&g/nr-s), andx; the molar fraction of

specieg . The average molecular weight is calculated as:
M=>xM, (2-19)

where M is the molar mass of speci¢gkg/mol). Assume the gas to be ideal, so that

the density is given by
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P
M 2-20

In the open channel, the reaction source terntigsaero. However, in the
GDEs, the source term is given by the electrochalnéaction rate. It is calculated from

the charge transfer current density accordingeéd=draday’s law

.ct,i i (2_21)

R:Vini—F

wherev, is the stoichiometric coefficient andg is the number of electrons in the

reaction.

2.1.4 Energy conservation
The energy conservation equation describes thendldralance within the fuel

cell.

ZASAN

(ts‘ph)+V0(ngh):Voke'ﬁVT+g%—j77+ﬂ+8r (2-22)
o

0

ot
wherehand k" stand for enthalpy of the fluid flowing througtetfuel cell and its
effective thermal conductivity respectively. Theil enthalpy may be calculated based
on the species present in the fluid and the flerdgeraturel . The first term on the RHS

accounts for the rate of energy change due to tlecamduction. The second term on the

RHS accounts for rate of energy change due to #whamical work of the fluids. In the

last three terms on the RH{,i 0, S; stand for overvoltage, current flux vector,

electric conductivity and heat sources, respegtivel
During the electrochemical reaction, the heat sourcludes the ohmic heat and

reaction heat. In different zones, the heat soisrddferent, such as in GDEs, the
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reaction heat is the primary part; while in elelgtt® ohmic heat is the main heat source.
From our basic assumptions the above general equatsimplified as:
Ve(pUT)=Ve(kVT)+s (2-23)

eff

where source ter® = 1°R,, + h+7,i. + 7.4, K" is the effective thermal

conductivity (W/m-K), | is the electric current (A), R is the electriciseance (ohm).

2.1.5 Charge Conservation

From the continuity of current in a conducting nnizile

N

Vei=0 (2-24)
wherei stands for the current flux vector. Two types lzdiges are present in fuel cell
systems-electrons and ions. Since, both typesarfjehare generated from originally
neutral species (hydrogen and/or oxygen), ovehatge neutrality must be conserved.

Veiy.+Vei, =0 (2-25)
wherei,,, stands for the ionic current through an ion cotidgghase such as the

catalyst layer or membrane ang. stands for the electronic current in an electron
conducting phase such as a catalyst layer or et#tiThe electronic charge balance in
the anode current feeders is given by:

Ve(-0,Vy,)=0 (2-26)
where o, denotes the electronic conductivity of the curfeetler and,, is its
electronic potential. Similarly, the ionic chargadnce, valid in the ionic conductor is:

Ve(-o,Ve,)=0 (2-27)

where o, is the ionic conductivity ang,, is the ionic potential.
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In the anode and cathode GDE, electrons are traedfbetween the ionic
conducting electrolyte phase and the electronicalyducting phase. This implies that
the charge balance equation have current sounoes f@resent as:

Ve (-0,Vde)=Siic (2-28)
Vo (= 0,V fion) = Sii (2-29)

where Si,, denotes the specific surface a®atimes the charge transfer current

reaction densitly, . To solve these above two equations, the bountarglitions are

specified. Electrons pass through the anode amddatcurrent collector to the external
electric circuit. At the anode side, the electreditage is usually set as 0V, while at the
cathode side; the electrode voltage is set asdlhealtage. For the electric field, the
boundary conditions are:
Py =0 (anode) (2-30)
Daee =Voui (cathode) (2-31)

For the ionic field, there are no ions transfertimgpugh any current collector.

The boundary conditions are:

a¢elecf\rolyte — 0 (2_32)
on
wheren is the unit vector, pointing outward on the boureta
Assume that Butler-Volmer charge transfer kinetiescribe the charge transfer current

density. At the anode, hydrogen is reduced to faater, and the following charge

transfer kinetics equation thus applies:

=iy, 3 {exp{@j—exp{mﬂ (2-33)
e RT RT
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wherei,, is the anode exchange current density (%NmHZ is the molar fraction of
hydrogen,c, the total concentration of the species (md)/rand Cu, e IS the reference

concentration (mol/f). Furthermore, F is the Faraday’s constant (985@00l), R is the

gas constant (J/ mol-K), T is the temperature (J a is the overvoltage (V).

For the cathode, the relation is:

S C aFn) —(l—a)Fnj 2.34
TG {ex{ el (&34

wherei, . is the cathode exchange current density é\and X,, Is the molar fraction

of oxygen.
During the chemical reaction, the driving forcéhe overpotential between the

solid electronic phasg,,. and the ionic phasg,.,, which is also known as the activation
lossy . The overpotential is defined as:

1= Paec = Pon — A (2-35)
where Ag,, is the equilibrium potential difference (V).
At the cathode side the cell voltayg, is defined as:

Vo1 = Adye = Aoy a — Voo (2-36)
whereV,, is the polarization. In our simulationsg,, , = 0V andAg,, .= 1V and we

changeV,,, as the parameter. For ionic charge balance eqsaamplying perfect

insulating boundary conditions at all external baantes and for the interior boundaries,

continuity in current and potential applies by ddtia
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2.2 Numerical Method

A finite volume method has been applied to simutléemal behavior of SOFC. The
computational mesh has been created using comrhsofiaare Gambft and it is
loaded into the CFD software Flu@nb calculate temperature profiles. A part of the
computational domain is considered and simulatwere performed to investigate the
electrical performance of the fuel cell using tbenenercial software COMSOL
multiphysics which uses finite element method. Buthe memory constraint in
COMSOL? the entire fuel cell simulation is difficult to gierm. The computational mesh

for simulating electrical behavior has been creatsidg COMSOE itself.

2.2.1 Computational Domain

In order to validate the developed SOFC numericadeh a single channel, three-
dimensional numerical model has been created withrszones, which are
anode/cathode current collectors, anode/cathodehgamiels, anode/cathode gas
diffusion electrodes and electrolyte membrane ifs€ég. 2.1). The model dimensions
are listed in Figure 2.3 and Table 2.1, which dr@sen based on the work by Yakabe et
al. [9], who have conducted a parametric studyrajle channel SOFC performance. The
current collector contacts with the gas diffusiapdr while the gas mixtures flow
through the inner channels surrounded by the cucalector. The electrodes/electrolyte

assembly locates at the center of SOFC with tlapers.
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Table 2.1 Dimensions of single channel SOFC model

Dimensions Value
Gas channel length 100 mm
Gas channel width 2mm
Gas channel height 1 mm
Electrolyte layer thickness 0.1 mm
Anode layer thickness 0.15 mm
Cathode layer thickness
0.1 mm
Current collector width
4 mm
Current collector height
2 mm
0.10
¥ 00
0.15
8
= -
Q) , B
4.00
B | -

Fig 2.3 Front view of a single channel SOFC (umnmisn)

From Fig 2.3, the membrane electrode assemblydinal the anode/cathode
electrode layers and the electrolyte, has a samdstracture. The current collector

contacts with the GDE’s outer surfaces. Based eraisumption of the periodic
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conditions between each channels, it is reasonalsienulate only a single channel
computational domain. In the real fuel cell actareas, there are thirty or more channels.
Those channels are relatively long, compared tahia@nels’ width and height. Usually
the transport phenomena are similar between thumenels. Another reason is the
computational power limitation of current resea@thniques. SOFC model contains
many transport equations and each of them is cdwpih another, such as the energy
equation coupled with the hydrodynamics equatitmsspecies transport equation
coupled with the electrochemical equation, etc. Wamoperties have been approximated
based on velocity, temperature, pressure and g#n@bles. Those require a huge
amount of computing tasks. So that this single nbekeRBOFC model is reasonable and
affordable. After the model validation for the demghannel solid oxide fuel cell, it will

be very straightforward to apply it to SOFCs wither geometries and design cases.

Fig 2.4 shows the part of the computational mesh ®&88,000 cells and 217,974
nodes, which is created using the Gafhbiiftware. It includes the aforementioned seven
zones. The hexahedral type mesh is applied, beth@s®mputational domain is
rectangular. The heat transfer simulations areopmeéd using Fluefitsoftware and only
the middle some part of the above mentioned contipunt mesh is taken and the
electrochemical simulations are performed usingraegal purpose multi-physics

package, COMSOY (FEMLAB) software.
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Cells: 188,000
Nodes: 217,974
Type: Hexahedra
Zones: 7

Air
o

" Fuel Fig 2.4 Computational mesh

2.2.2 Boundary Conditions

1) Mass Inlet

In this single channel SOFC model, there are tdetsnhydrogen mixture inlet
(anode), air inlet (cathode). The velocity inlehddion is used for both the inlets which
are counter flow type. According to work done byk¥le et al. [9] air velocity is taken
as 3 m/s and fuel velocity as 0.4 m/s and apphddde momentum equation.

The material transport is described by the Max@édifan’s diffusion and convection
equation which is described above. The inlet flnithe SOFC is the gas mixture. At the
anode side, the gas components are hydrogen aed wegior, while in the cathode side,
it contains the oxygen, water vapor and nitrogdre mass fraction is set as 0.4 for
hydrogen and 0.6 for water vapor in anode fuel amextIn the cathode the air mass
fraction is set as 0.15 for oxygen and 0.37 forewagpor and the rest for nitrogen. The

diffusivity D; for the species is calculated using the kinetlawes from the equation.
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(2-37)

D__eff _ D__gl.s (2-38)
wherek, is the reference diffusivityy is the kinetic volume of the specie[‘;i,.Eff is the

effective diffusivity, T is the temperature (K) and stands for porosity of the flow
structure.

2) Thermal Boundary Conditions

The energy equation is solved to obtain the tentpegalistribution within the solid
oxide fuel cell. Heat is generated by the electengical reaction in the
electrolyte/electrode contact layers and the ctiftew in the inter-connector. The
“coupled” heat transfer is solved between the fkodes (fluid in gas channels) and the
solid zone (the current collectors, the electrofne the electrodes). The inlet fuel
temperature is set as 1073K and the air temperatu8d 3K, which is the operating
condition used by Yakabe et al. [9]. The side wallthe fuel cell are considered as
adiabatic since it is assumed as the periodic tiondiof parallel channels.

3) Fluid Flow

The gas mixture is assumed to be an incompredtilde At the wall boundary, a
non-slip boundary condition is assumed. The inlassflow rate of the gas mixture is set
according to Equations (2-12) and (2-13). The oulb@indary condition is the pressure

outlet with no viscous stress and the outlet pmessuset to the atmospheric pressure.

38



4) Fluid and Solid Zones

The gas channels and the electrode structurebauddifterent types of fluid zone,
while the others are of solid zones. The electsidectures are also porous zones, the gas
channels are the normal fluid zone. In the curceliector zones, for the energy
equation, the source term is the ohmic heat sotiaethe interface layers, they are fluid
zones and the gas mixture will diffuse through th&he electrode layers have three
source terms for different equations: electric poé field Equation (2-26), protonic
potential field Equation (2-27) and mass conseovaliquation (2-5). In the electrode
layers, the source term of the energy equationsgexladditional term, which accounts
for the chemical reaction heat generation at teetedde/electrolyte interface. The

catalyst is the solid zone. The ohmic heat ger@rasi used in the energy equation.

2.2.3 SOFC Model

The SOFC model is now brought into the COMSQbftware with SOFC
module loaded into it. There are many parametebe teet properly and many scalar
equations which need to be defined prior to stgiine simulations. In the published
literature, different research groups have usderéint sets of parameters based on the
materials, temperatures and the fuel cell operatorglitions. In order to validate the
SOFC model, the parameters are carefully set acptd the physical properties in the
research work done by Yakabe et al. [9], the t8@FC parameters are listed in Table
2.2, which include the electrochemical reactiomcsgs transport and heat transfer
parameters. Some of the missing parameters are taka other research groups

Achenbach et al. [25].
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Table 2.2 SOFC parameters [9]

Parameters Value
Anode exchange current 1 [A/ m7]
Anode specific surface area 10e8 [1/m]
Anode permeability le-13 [nf]
Anode equilibrium voltage 01[V]
Anode thermal conductivity 1.86 [W/m-K]
Cathode exchange current 0.1 [A/nT]
Cathode specific surface area 10e8 [1/m]
Cathode permeability le-13 [nf]
Cathode equilibrium voltage 1[V]
Cathode thermal conductivity 5.84 [W/m-K]
Viscosity of air 3e-5 [kg/(m-s)]
Initial cell polarization 0.05[V]
Electrolyte effective conductivity, anode 1 [S/m]
Solid effective conductivity, anode 1000 [S/m]
Electrolyte effective conductivity, 1[S/m]
cathode
Current collector conductivity 5000 [S/m]
Solid effective conductivity, cathode 1000 [S/m]
Electrolyte conductivity 5 [S/m]
Electrolyte thermal conductivity 2.16 [W/m-K]
Kinetic volume, H 6e-6
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Kinetic volume, Q 1.66e-5
Kinetic volume, N 1.79e-5
Kinetic volume, HO 1.27e-5
Reference diffusivity 3.16e-8 [Mi/s]
Porosity 0.4

2.2.4 Numerical Techniques

In Fluent®, the default under-relaxation parameseesset to values that are near
the optional largest possible number. The higheuthder-relaxation factor, the faster the
calculation reaches the convergence. Usually logletinelaxation factors can provide a
stable iteration process. The implicit formulatierapplied while the solver is set as
pressure based. The SIMPLE (Semi-Implicit MethadHessure-Linked Equations)
scheme is selected to treat the pressure-velazitglmg, and the discretization scheme
is chosen as the “standard” for the pressure argt trder upwind” for the momentum
and energy fields. With these we solve for hydra@agit and energy equation for
temperature profiles.

For the electrochemical simulations it is broughoiCOMSOL® with SOFC
module. As we assumed the steady state simulatiomsnalysis type for Maxwell-
Stefan’s and Navier-Stokes are set to stationa@@MSOL®. The parametric solver is
used for running the electrochemical simulationslivkct (PARDISO) method is used as
the linear system solver with a tolerance valug.0E-6. With these values we solve for

the voltage, current density and species concemtsat
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2.2.5 Grid Independency

A grid independent study is performed by increasimgmesh density for the
single channel case. The results are shown in2fgIn this case the SOFC works at
1083K operating temperature. As the mesh densitgases, the numerical results of
temperature approach to converged value. Basedeoresults of this grid independent
study, the element size of the third case with@@8 elements is selected for further
mesh generation for other cases.

1000
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TeT perature(K)
Q
(=]
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No. of elements

Fig. 2.5 Grid Independent Study

2.3 SOFC Model Validation

Numerical simulations were performed for the sirdiannel solid oxide fuel cell
using COMSOF® software with all the parameters stated aboveatnld 2.2 under
several cases with different operating temperatanelscounter flow types. Each

simulation has obtained a converged solution. Baped this the current density-voltage
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(-V) curves are drawn, as this j-V curve is onghe SOFC'’s important characteristics,
which shows the fuel cell’'s performance under cerd@erating conditions.

Fig 2.6 shows the comparison between the preserg-tlimensional model and the
research work done by Yakabe et al. [9] at 1073KnFthe figure, it can be seen that,
the simulated j-V curve shows good agreement viehcompared published data. This
good agreement indicates that the current SOFC Inhadebeen validated by Yakabe et

al’'s published work.

1

- whA
v\\ [Model Validation at 1073 K|
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—&—— H.Yakabe et al. (2001)
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Fig 2.6 Comparison of j-V curves with publishedadat

Fig 2.7, Fig 2.8 and Fig 2.9 show the oxygen, hgdroand water mass fractions.
From these figures and from equation (2-3) it islent that as we move from the inlet
there is species degradation for hydrogen and oxgged there is a water production at

the anode.
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Fig 2.7 Oxygen Mass Fraction
Fig 2.8 Hydrogen Mass Fraction
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Fig 2.9 Water Mass Fraction
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CHAPTER 3
NUMERICAL MODELING FOR DIFFERENT INTERCONNECT DESIS
In this chapter, a three-dimensional model has blegeloped in order to
investigate the effect of interconnect design @tteical performance and degradation
process. Numerical results are discussed to ewathatperformance of different kinds of
SOFC interconnect designs. The current density@mgerature distributions within the
fuel cell have been studied. Depending on the abesdts the SOFC interconnect

design has been optimized for better electricaloperance and higher thermal stability.

3.1 Interconnect Design Description

In the planar configuration, interconnect playsiacal role. It is the element
which ensures an electrical bond between cellssapglies reactive species on the
electrodes. The experimental investigations hawvevslthat interconnect decreases fuel
cell electrical performance and cell durability [1@ptimizing the interconnect design
assures the better performance and stability ofudlecell. Fig. 3.1 shows front views of
the different interconnect designs which have lmsrsidered for the analysis in this
thesis. These vary according to the percentagecbatea of the interconnector rib with
the electrodes. Here, a 0% contact area denoted adll with no interconnect rib. The
anode supported design is considered to reduaghtinec and activation losses which
will incur for electrolyte support and cathode sopipespectively. Moreover, the anode

has Ni doped in it which acts as catalyst for gmection.

46



(a) 25% interconnect contact area (b) 40% interconnect contact area (c) 50% interconnect contact area

Fig. 3.1 Different interconnect designs
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Fig.3.2 Dimensions of the interconnect design f@¥%5contact area (units: mm)

Fig.3.2 shows the dimensions for the design ca#&s58% interconnect contact

area. The dimensions of the fuel cell are the seonsidered above for validation. The
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different designs are obtained by varying the odrgarface of the interconnect rib with
the electrode. In the present thesis, five diffedasign cases are considered and
optimization among them is studied. The percentageact surface is defined as the
amount of area covered by the interconnect ritheretectrodes. The different design
cases considered are 25%, 40%, 50%, 60% and 75éhate shown in Fig.3.1.

Fig. 3.3 shows the computational mesh for 50% owienect contact area which
has been developed in COMS®ITo simulate the different application modes which
includes electronic conductive media, ionic contkecmedia, Maxwells-Stefan’s
diffusion and convection for anode species, MaxsvBliefan’s diffusion and convection
for cathode species and weakly compressible N&tigkes equation, a very large
memory is needed. To reduce the computational @incdememory storage the size of the

mesh is decreased to its minimum for which a cageesolution is obtained.

Cells: 1,500

Nodes: 1,936

Type: Hexahedral :

Zones: 7 //
Air

Fig.3.3 Computational mesh for 50% interconnectacrarea
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3.2 Operating and Boundary conditions
The commercial CFD software Fluent® and COMSOL®ued for our
simulations as computational tools. Hydrodynamid beat transfer simulations are
performed using Fluent® and electrochemical sinmatare done in COMSOL®. All
the electrochemical parameters and the boundanjitcmms are specified the same as the
validated SOFC model.
1) Velocity inlet
The velocity of the air at the cathode is much brgtompared to the velocity of
the fuel (hydrogen), this is due to the fact tihat dxidation of hydrogen is fast
compared with the reduction of oxygen. So, to camspte, more oxygen is supplied
within the laminar region. One more advantage efrigahigh mass flow or the high
velocity is that it can keep the fuel cell withlretoperating temperature range. Here,
in the present simulations the air and hydrogeocireés are 3 m/s and 0.4 m/s with
corresponding Reynolds numbers of 230 and 16, ctspby.

2) Thermal boundary conditions

The fuel inlet temperature is taken as ®(1073K) and the reaction hea;;)(at

the electrolyte due to the chemical reaction i®gia value of 10E5 W/mAIl the
walls are considered to be adiabatic. Conducti@ominant within the solid
materials and convection is dominant within the gjaannels.
3) Species boundary conditions

The reference anode gas channel inlet mass fraabiotne species are taken 0.4
and 0.6 for hydrogen and water, respectively, actithode gas channel 0.15, 0.37

and 0.48 for oxygen, water and nitrogen, respelgtivedl the outlets are considered

49



as convective fluxes. The effective diffusion foe tspecies is taken in the electrodes

and normal diffusion for the gas channels.
4) Charge transport boundary condition

For electronic conductive media the anode is grednghereas the cathode is
given the cell potential. All the other parts of thuel cell are electrically insulated for

ionic conductive media.

3.3  Results and Discussions

Converged numerical results were obtained foraldesign cases. The heat
transfer and electrochemical phenomena are inastigor the counter-flow type. The
hydrogen/oxygen mass fraction and current densstyiloution are also examined. The
pressure drop along the channel for all the intemeat design cases was calculated

analytically [1] and compared with the numericdlgons.

dp _

- fR u -1
dx D% G p 3-1)

f Reg, = 24(1—1.3550(* +1.94670 -~ 170120 + 0.9564x ™ — 0.25370(*5) (3-2)

wheref is the friction factorD, is the hydraulic diameteRe, Reynolds numbeyy” is

the aspect ratio of the channel cross sectioand u are the viscosity and mean velocity
of the flowing fluid in the gas channel.

Table 3.1 shows the similarity between the numéeend analytical outcomes
with an error percentage less than five. This cgswtoseness of the numerical solution
with the analytical real model. Also, Table 3.1aals the fact that numerical model

always over predicts the actual results.
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Table 3.1 Pressure drop along the channel

Interconnect Numerical Analytical Error %
contact area model solution
(Pa) (Pa)
25% 87.6 83.46 4.49
40% 93.5 89.34 4.70
50% 100 95.62 4.61
60% 111 106.46 4.26
75% 155 150.27 3.14

3.3.1 Temperature Distribution

The temperature graphs were drawn for the fuelatefig middle length of the
electrolyte/anode interface for all the differemierconnect design cases using the
Fluenf. The temperature difference between the fuel amet air inlet are calculated and

tabularized in Table 3.2 for all the design cases.

Table 3.2 Temperature difference between fuel ehet air inlet at electrolyte/anode

interface
Design Cases Temperature Difference
25% interconnect contact 47K
40% interconnect contact 43K
50% interconnect contact 40K
60% interconnect contact 37K
75% interconnect contact 26K
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Fig.3.4 shows the temperature graphs for diffeir@etconnect contact area.
From Table 3.2 and Fig.3.4 it is evident that &sitherconnect contact area increases the
temperature difference between fuel inlet andrdatiis decreasing effectively. The
increase in the interconnect area decreases tive aatface for the electrochemical
reaction. As the overall reaction is an endotheinid the reaction heat is proportional to
the reaction site area there will be decreasedrndmperature difference for increase in
the interconnect contact area. The temperaturgaing on the electrode/electrolyte

interface at the fuel inlet is around 925K fortak design cases.
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Fig.3.4 Electrolyte/anode interface temperatur&itistion
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3.3.2 Polarization Curves

Polarization curves are also known as performanoees estimates the fuel cell
performance in terms of voltage, current density power density factors. From Fig.1.2
in Chapter One it can be noticed that current efftiel cell increases as the voltage
decreases. This is because power equals to vditags the current. Therefore, current
and voltage are inversely proportional. The bdtterfuel cell, the closer to zero is the
slope of the polarization curve.
3.3.2.1 Current Density

The current density of the fuel cell reflects iegsfprmance and how much power
it provides to the outside circuit. The electrocihmhsimulations were performed for all
the above described interconnect design cases t@rgOMSO® multi-physics and
the current density profiles were plotted. Fig. $h®ws the current density and voltage

(-V) curves for all the interconnect design cases.
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Fig.3.5 Current density versus voltage curves

From Fig.3.5 it can be seen that at high workimggeratures of SOFCs, the
activation losses are minor. In SOFC major losseslaminated by ohmic resistance
offered by the electrolyte [34], and this is evitlEom the obtained j-V curves. For large
active area at 25% interconnect contact area theetdration losses are minimal and it is
gradually increasing with the increase in the it@nect contact area. Further, there is
decrease in the ohmic overvoltage with the incr@adiee interconnect contact area. As
the channel width decreases the active diffusiofase area also decreases, thereby
causing difficulty for the species to diffuse thghwuthe porous electrodes. It is also even

difficult to remove the product species making ntasssport losses dominate the fuel
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cell performance. From Fig.3.5 it is seen that it increase in the interconnect contact
area there is substantial decrease in the curessity within the operating voltage. This

establishes the importance and the effect of tteedannect design for a fuel cell.

3.3.2.2Power Density

Power density curves directly give the maximum powleich can be obtained for
a specified fuel cell. As power is equal to prodofoturrent and voltage, it is very easy to
get the power density plots for a given fuel détbm Fig.3.6 and Fig.3.7 the trend
follows the same pattern with the increase in thierconnect contact area there is
decrease in the power density. The highest powesityerecorded at 0.6V operating
voltage is 3142.8 W/frfor the 25% interconnect contact area and the dowgeor the
75% interconnect contact area with a value of ZBBSV/nf. So, from the calculated
values there is an approximate 24% decrease ipaWwer density with the interconnect

contact area increasing from 25% to 75%.
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Fuel velocity: 0.4 m/s
Air velocity: 3 m/s
Fuel inlet temperature=1073K
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Fig.3.6 Power density versus voltage curves

The peak power densities for different interconmecttact areas are plotted in
Fig. 3.8 to observe the trend of how the power ijgnaries with the interconnect
contact area. As explained above, the power deissitgcreasing with the increase in the
interconnect contact area. This shows that thedotmect design influences the fuel cell
performance significantly. So, optimizing the ii@nnect design is very important for

SOFC performance as this aspect has a great irapall performance.
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3.3.3 Hydrogen Mass Fraction

Hydrogen mass fraction along the length refleatssiipply of hydrogen to the
fuel cell. Hydrogen fuel is supplied to the anods ghannel with an inlet mass fraction
of 0.4. Fig. 3.9 shows the consumption of hydrogleng the channel length and
diffusion through anode electrode from fuel intethe outlet for all the interconnect
design cases. Hydrogen diffuses through the palmetrode to reach the reaction site
and oxidize due to the chemical reaction. From3#g(a)-(e) as the interconnect area
increases the hydrogen consumption decreases wsloieis down the electrochemical
reaction at the electrolyte/electrode interfacee @mount of reaction is proportional to
the number of electrons harnessed through theratteircuit. So, it is evident from the

above polarization curves that power density desa®avith increase in the interconnect

area.
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(a) 25% interconnect contact area
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Fuel velocity: 0.4 m/s
Air velocity: 3 m/s
Fuel inlet temperature: 1073K
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Fuel velocity: 0.4 m/s
Air velocity: 3 m/s

Fuel inlet temperature: 1073K
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Fig.3.9 Hydrogen mass fraction
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3.3.4 Oxygen Mass Fraction

Oxygen mass fraction along the length reflectsstipgly of oxygen to the fuel

cell. The inlet mass fraction of oxygen supplietha&t cathode gas channel is 0.15. Fig.

3.10 shows the supply of oxygen to the cathodecgasnel and its diffusion through the

cathode electrode for all the interconnect desages. The mass fraction of oxygen at the

air entrance is high and it gradually decreaseasgdlioe channel length due to the oxygen

species diffusion through porous electrodes anedaction at the electrolyte/electrode

interface. It is similar to the hydrogen mass fiacin the anode channel.

Fuel velocity: 0.4 m/s
Air velocity: 3 m/s

Fuel inlet temperature: 1073K

(a) 25% interconnect contact area
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Fuel velocity: 0.4 m/s
Air velocity: 3 m/s

Fuel inlet temperature: 1073K
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(c) 50% interconnect contact area

62

Max: 0.150

01

-0.08

002

Min: 0.0150

Max: 0.150

0.1

0.08

Min: 3.586e-3



Fuel velocity: 0.4 m/s
Air velocity: 3 m/s

Fuel inlet temperature: 1073K
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(d) 60% interconnect contact area
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(e) 75% interconnect contact area

Fig.3.10 Oxygen mass fraction
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CHAPTER 4
OPTIMIZATION OF INTERCONNECT DESIGN FOR PLANAR SOFC
In this chapter, the planar SOFC interconnect tsroped among the five
different cases explained in the previous chajpbetetter performance and stability of
the fuel cell. For the best design the parametudysis carried out with different mass
flow rates, hydraulic diameters and interconnettsterial properties. From the results

obtained the effect of each parameter can be glaaderstood.

4.1 Interconnect Design Optimization

The results obtained from the numerical simulati@nghe different interconnect
designs from the previous chapter allows the ogtion of interconnect design for the
planar SOFC. Interconnect design have been moddieeduce the thermal gradient and
improve the electrical behavior. The smaller is¢betact surface; the better the
electrical performance (see in Fig.3.5). Neverthgl¢he temperature gradients increase
with decreasing contact surface (see in Fig.3.d)tl8 optimization is carried out
considering the temperature gradient and electbehavior.

From Table 4.1 the best thermal behavior is reafde75% interconnect
contact area but it has the poor electrical peréoee. Similarly, for 25% interconnect
contact area it has the best electrical performandefailed to have good thermal
behavior. It is that, for SOFC to have high currdensity we need to pay for the material
stability. So, the optimization of the interconndesign is carefully performed to get

considerable power output with long running of filnel cell.
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Table 4.1 Temperature gradient and power densitgliffierent interconnect design cases

Design Cases Temperature Gradient [K] Power Defidityn?]
% decrease| %decrease

25% interconnect contact 47 3142.86
8.52 112

40% interconnect contact 43 3109.35
6.91 516

50% interconnect contact 40 2953.66
7.56 4.04

60% interconnect contact 37 2834.31

29.72

15.83

75% interconnect contact 26 2385.72

If 25% interconnect contact area is considerecetthb design criteria with
maximum temperature limit for the material stajlihe 60% interconnect contact area
has the better performance considering both theamdlkelectrical behaviors. At high
operating temperatures thermal stresses are inducdte fuel cell materials which
drastically affect the fuel cell performance. Sajucing the temperature gradient
improves the operating life of the fuel cell. Aetbperating voltage of 0.6 V there is
4.04% decrease in the power density and 7.5% deeiadhe temperature gradient are
recorded for 60% interconnect contact area compaitbdthe 50% interconnect contact
area. In SOFCs the stability and degradation ofitaterials is very significant as they
work at high temperatures. So, temperature gragieys a vital role while defining the
SOFC overall performance. For every one degreegehamthe temperature gradient
along the length of the fuel cell impacts on thee€Qlegradation process. Considering
all the above statements the 60% interconnect costaface has the better temperature

gradient with considerable power density.
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4.2  Parametric Study For Optimized Design

Parametric study is carried out for the optimizé8oanterconnect design case for
different mass flows, hydraulic diameters and icwenects material properties. The
results allow having the fuel cell with the bestfpemance.
4.2.1 Mass Flow

For the optimized 60% interconnect design thaltesvere plotted for different
mass flows inlets. This is carried out by chandhmegyvelocity for the fuel inlet at the
anode gas channel. Mass flow rate at the anodehgemel is important because it affects
the economics of the fuel cell in terms of fuel ®mmption. Fig.4.1 shows the current
density and power density plots for velocities ®/4 (Re=16), 0.6 m/s (Re=21), 0.8 m/s

(Re=25) and 1 m/s (Re=31), respectively.

1+~

—FF— v=0.4m/s
e v=0.6 m/s
| 3 < v=0.8 m/s

S v=1.0 m/s
08 i —=— v=4.0 m/s

Veoltage [V]
o
@
1

0.4

1 L 1 L L 1 |

2000 4000 6000 8000 10000
Current Density [A/m~2]

(a) Current density
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086
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(b) Power density

Fig.4.1 Polarization curves for 60% interconnedigie for different mass flows rates

From the above plots, it can be seen that the pdemsity decreases with an

increase in the velocity. In general increasinggae flow velocity will improve the mass

transport situation

along the length of the flovachel. This effect of velocity also

increases the temperature of the fuel cell whicghtha direct effect on the open circuit

voltage from equation (1-7). It can be seen th&@t@&tv operating voltage as the velocity

is doubled from 0.4 m/s to 0.8 m/s there is 0.6@¥Hrelase in the power density and

2.83% decrease in the power density for the velatiange from 0.4 m/s to 4.0 m/s.

Fig.4.2 shows the mass fraction of hydrogen aatiamle gas channel and anode

electrode. From the contours it can be seen thidweagelocity increases the mass fraction

of hydrogen also increases.
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Air velocity: 3 m/s

Fuel inlet temperature: 1073 K
Hydraulic diameter: 1.23 mm

Air velocity: 3 m/s
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(b) Mass fraction of hydrogen at v=0.6 m/s
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(d) Mass fraction of hydrogen at v=1.0 m/s
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Air velocity: 3 m/s
Fuel inlet temperature: 1073 K
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Min: 0.291

(e) Mass fraction of hydrogen at v=4.0 m/s

Fig.4.2 Mass fraction of hydrogen for different mélsw rates for
60% interconnect design

4.2.2 Hydraulic Diameter
The hydraulic diameteb,, is a commonly used term when handling flow in
noncircular tubes and channels. It is defined as

_4A

Dy =5

(4-1)

where A is the cross sectional area and P is tliavperimeter of the cross-section.
The optimized 60% interconnect design has the hdrdiameter 1.23 mm.
Simulations were performed fby, =1 mm andD,, =1.5 mm to investigate the effect of it
on the electrical performance of the fuel cell..&ig gives the clear picture of the
different hydraulic diameters used in this chapi&ese are formed by changing the

height b for the gas channel.
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The anode gas channel velocity (0.4 m/s) is kepstamt for all the different
hydraulic diameters. Fig.4.4 explains the electivedavior of the fuel cell for different
hydraulic diameters. At the operating voltage 0,d®wer density is increasing
gradually with increase in the hydraulic diameEaren forD,, =1 mm the flow is still in
the laminar region. As the hydraulic diameter dases for the same mass flow, pressure
along the gas channel increases. This effect aspre has small impact on the electrical
performance of the fuel cell which can be foundrfreig.4.4. For the change in hydraulic
diameter fromD,, =1 mm to D, =1.5 mm for the same mass flow there is only 1.4%
decrease in the power output. The mass flux dtieeteonvective mass transfer for the

species along the electrode thickness is given by

Jei = hm(pi ~ P ) (4-2)
h,=Sh—L (4-3)

where J.; is the convective mass flux (kgirs), p; is the density (kg/f) of species at

the electrode surfacey is the mean density (kgAnof species in the bulk fluid,h, is
the mass transfer convection coefficient (m/s) &ds the Sherwood number.

It is clear that as the hydraulic diamef®y; increases the area also increases and
for constant mass flow rate and species densitydlaeity decreases. The velocity is
proportional to the convective mass transfer cokeiffit, this decrease has an effect on the
convective mass flux from equation (4-2) which @agses the concentration loss. This

explains the decrease in the power density foirtti@ase in the hydraulic diameter.
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Fig.4.3 Front view of the 60% interconnect desigthwlifferent hydraulic diameters
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Fig.4.4 Power density curves for different hydrauliameters
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4.2.3 Interconnect Material Conductivity

Interconnect for the SOFC plays an important rblassures the electrical
connection between anode of one individual cetheocathode of neighboring one and it
harness the electrons produced from the electrelgtErode structure during reaction. It
also acts as a physical barrier to protect thelastrode material from the reducing
environment of the fuel on the fuel electrode sate] it equally prevents the fuel
electrode material from contacting with oxidizingnasphere of the oxidant electrode
side.

Under the SOFC operating environment, interconmexgt exhibit excellent
electrical conductivity and its absolute magnitstleuld be reasonably large. A value of
5000 S/m for LaCr@-based solids is a well-accepted minimum electaoalluctivity
for the usefulness of interconnects in SOFC [3bthk present thesis different electrical
conductivity values for interconnect material h&veen used which are in the acceptable
range. Simulations were performed for calcium dofed4500 S/m) and strontium
doped (K= 5500 S/m) LaCr@ Fig.4.5 shows the current density and poweritiens
comparison between the different electrical conditgtvalues including the K-5000
S/m which has been used throughout our simulatiboan be seen electrical

performance of the SOFC is better at high eledtdoaductivity values.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS
5.1 Conclusions

A three-dimensional SOFC model has been formulateddnumerical methods
have been applied to solve this model. This SOF@aniocludes the current collectors,
gas channels, gas diffusion electrodes and catalyst. The single unit solid oxide fuel
cell with rectangular channel is modeled for thrawdtaneously occurring
hydrodynamics, heat transfer, multi-species difiasand electrochemical reaction
within it.

This model is validated in the single channel fuedl case by comparing the
numerical results of current density with publishiada in the literature. The obtained
numerical results are in good agreement with tlagl@ve published data. All the
validated parameters are then applied to the singtesolid oxide fuel cell. Simulations
were performed for different interconnect desigmsc vary with the percentage contact
of the interconnector rib with the electrodes. Fribiresults 60% interconnect contact
surface is considered to have better performanderthe same operating conditions. A
parametric study is carried out by varying the nfkmss rate, hydraulic diameter and
material conductivity.

The conclusions pertaining to the present thesik we summarized below:

= The SOFC interconnect design is optimized to hatebperformance and
stability of the fuel cell. Among the different @itonnect design simulations for

25% interconnect contact area to be the desigarieritvith maximum

temperature limit, 60% interconnect design hadttter electrical performance
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and considerable temperature gradient for the libm@f the materials. This
optimization is carried out having a good proparto@tween the electrical
performance and temperature gradient.

At an operating voltage of 0.6 V, the optimized 60f&rconnect design has a
current density and power density of 4723.85 2&md 2834.31 W/f)
respectively and temperature gradient of 37 K albwegotal length of the
channel.

A parametric study is carried out by varying thelfanass flow, hydraulic
diameter and interconnects material conductivitythe optimized 60%
interconnect contact design.

At different fuel mass flow rates for anode gasmei@d, even if the velocity is
doubled from 0.4 m/s to 0.8 m/s there is only 0.662rease in the power output.
So, velocity at 0.4 m/s is kept constant for furthienulations. Also, the mass
fraction of hydrogen increased with the increasialpcity.

Simulations were performed for different hydrawiametersD,, =1 mm,
D, =1.23 mm andD,, =1.5 mm. For an increase in the hydraulic diamieten
D, =1 mmtoD, =1.5 mm there is 1.4% decrease in the power oultpiallows

that there is a decrease in the power densityrfan@ease in the hydraulic
diameter.

Electrical conductivity of the interconnect matéf@a SOFC should be
reasonably high to have less resistance for tletreletransfer. Simulations were

performed for electrical conductivities Ks=4500 SKs=5000 S/m and Ks=5500
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S/m. The electrical performance improves with amease in the electrical

conductivity values.

5.2 Recommendations

Fuel cell structural design and operating parameatgectly influence the fuel cell
performance. Most of these parameters are coupl@dedated to each other, such as the
flow rates, hydraulic diameter, operating pressfurel, cell temperature and diffusivity,
etc. Further parametric studies such as with @iffemass fraction of the species,
different material properties, etc., are needeabtain the optimized fuel cell
performance. As a SOFC runs at very high tempezstaine material stress analysis has
to be considered. Due to its high temperature etyaof fuels can be used in the SOFC
which can even produce high power densities. Fugkperimental investigations have
to be developed to design the best interconnedidtier electrical performance and high

stability of the fuel cell.
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