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Abstract

A micro-fabricated solid oxide fuel cell is currently being designed by the Micro-
chemical Power Team(funded under the Multidisciplinary University Research Initia-
tive(MURI) Research Program). In the current design a plate structure vital to power
generation is exposed to harsh thermal operation conditions, making it susceptible
to structural failure. This thesis investigates the mechanisms of its structural failure,
develops tools and models to understand the mechanisms quantitatively, and gives
suggestions to guide the design process with the models developed.

The thesis begins with a brief overview of the principles of fuel cell operation, their
associated operating conditions, along with a description of how these conditions may
lead to structural failure. Next a representative structure of a portion of a fuel cell
critical to power generation is analyzed, for a given temperature distribution. Differ-
ent temperature distributions across the same structure are also analyzed. Results
from these analyses are then used to provide guidance for the design process. Finally
future directions for research are given.

Thesis Supervisor: S. Mark Spearing
Title: Associate Professor
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Chapter 1

Motivation and Aim

With the current push for clean power, combined with the demand for high power den-
sity (energy per unit mass) portable power, the microchemical power team composed
of members from various departments at the Massachusetts Institute of Technology
is currently exploring different fuel cell designs to meet this need.

Currently there are four types of fuel cells that are under widespread use, with their
designs differing in the choice of their electrolytes. These different electrolytes are
alkaline, acid, molten carbonate and solid oxide. Although these four types of elec-
trolytes may be quite different in their designs, the fuel cells all generate electricity
through a very similar mechanism. Fuel cells generate electricity by the indirect re-
action between a fuel and an oxidant, where the indirect reaction occurs through
an intermediate separation layer, o£ the electrolyte. The electrolyte is partially cov-
ered by electrodes, and these electrodes provide and capture electrons during the
fuel/oxidant reaction. Overall this electron exchange process manifests itself as an
electric current flowing in the circuit.

A desirable characteristic for a fuel cell is to have a high power to mass ratio, as this
enables portability, and/or high power generation. One technique for increasing this
ratio is by decreasing the mass of the fuel cell, while keeping the power generation
constant. A considerable mass reduction can be achieved through Micro Electro-
Mechanical Systems(MEMS) fabrication technology, since fuel cell features can be

decreased to the micron-scale with accuracy and controllability. A solid oxide fuel
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Oxygen Flow

Fuel Flow

Figure 1-1: Design of SOFC Proposed by Baertsch et al.[3]

cell is suitable for MEMS fabrication, since it uses a solid electrolyte, therefore mak-
ing it the easiest to fabricate and control [12, 25].
The most recent design of a micro-fabricated SOFC proposed by Baertsch et al. [3,

9, 2] is shown in Figure 1-1. The principle of operation of this device is as follows:

With fuel and oxygen flowing over opposite sides of the YSZ electrolyte plate
structure, they react indirectly through the YSZ plate. Electrons are collected at the
electrodes on the YSZ plate, generating a current. The area of the electrode governs
the power generated for a given fuel/oxidant, temperature, and flow rate. Therefore
the YSZ plate is central to power generation. For the fuel/oxidant reaction to oc-
cur, the YSZ plate must be heated up to temperatures of 500°-1000°C. Such high
temperatures may prove to be structurally detrimental to the YSZ plate structure.
For example, during heating up of the plate structure, if the coefficient of thermal
expansion (CTE) of the substrate is smaller than that of the electrolyte, then the
electrolyte plate structure would expand more than the surrounding substrate. This
will translate to the generation of in-plane compressive stresses within the electrolyte

plate, possibly leading to its buckling and therefore structural failure. Conversely,
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during heat up, if the CTE of the substrate is larger than that of the electrolyte, in-
plane tensile stresses will be generated, leading to possible failure by brittle fracture.
Realizing that the structural failure of the plate structure hinders electrolyte opera-
tion and therefore power generation, the YSZ plate structure must be designed for
prevention of structural failure. Yet it is equally unacceptable to over-design the
structure, as over-designing will decrease fuel cell efficiency.

The aim of this thesis is to analyze the mechanics issues faced by the candidate fuel
cell design. This consists of the following tasks: 1) Analyze structural stability of the
YSZ plate under various temperature distributions, 2) Develop the necessary tools
to analyze the stability and power generation capability of the YSZ structure, 3) De-
velop design maps for the YSZ structure to indicate possible design regions where
failure could be avoided during the operation of the fuel cell, 4) Assess the power
generation capability of the current design, determining whether it could generate
sufficient power, or if a new design is needed for higher power generation.

The thesis is organized as follows. Chapter 2 provides an overview of the fuel cell
power generation mechanism and outlines a possible fabrication route. Variables af-
fecting YSZ fuel cell performance are described, and the mechanics of the structure in
relation to them is presented. Chapter 3 analyzes the mechanics of the plate under a
uniform temperature distribution. Power generation and heat loss under this temper-
ature distribution are assessed for structurally stable plates. The necessary tools and
design maps are derived for this temperature distribution. Chapter 4 explores the
behavior of the plate when exposed to non-uniform temperature distributions. Tools
are developed, and power generated and heat loss analyzed for these temperature dis-
tributions. Chapter 5 then compares the power generation capabilities of structurally
stable plates for the different temperature distributions plate geometries, to observe
whether one temperature distribution or geometry has an advantage over another. A
conclusion is drawn as to whether there is a need for a completely different design.

Finally Chapter 6 discusses possible topics for future investigations.

15
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Chapter 2

Overview of Fuel Cell Design

An understanding of the operation mechanism, design variables affecting YSZ fuel
cell power generation and the fabrication process is required to provide context for

the results from the mechanics and power generation analyses of the fuel cell.

2.1 Operating Principles of the SOFC

A cross section of a generic SOFC is shown in Figure 2-1.

In the case at hand, the fuel is assumed to be hydrogen and the oxidant to be
oxygen. The solid electrolyte is YSZ, with a porous anode and cathode on either side
of the electrolyte. The YSZ electrolyte is first heated up to its active operation tem-
perature(approximately 600°-800°C). At that temperature, oxygen obtains electrons

from the cathode:
Oq + 4e™ = 207~
The oxygen ions then diffuse through the YSZ electrolyte, and the oxygen ions
react with hydrogen molecules on the YSZ/anode interface {25, 12]:
2Hy = 4~ +4H™

The sum of the reactions is the formation of water, and the overall exchange of
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Figure 2-1: Generic SOFC Cross Section [25, 12]

electrons from one electrode to another manifests itself as an electrical current.

2.2 Transistion to Micro-Chemical Fuel Cell

The SOFC concept is translated to the micron scale through Micro Electro-Mechanical
Systems(MEMS) fabrication technology. In the proposed design in Figure 1-1, YS5Z
is the solid electrolyte. On either side of the electrolyte are a platinum (Pt) anode
and a nickel (Ni) cathode. A layer of silicon nitride (SiN;) is deposited between the
electrolyte and one of the electrodes (the exact structure is a design variable), and
the whole composite plate structure is supported at its periphery by silicon(Si). Note
that Si and SiN, serve no direct part in the generation of electric power; Si is the
underlying support for the entire structure, and the SiN, is present to increase the
stiffness of the YSZ layer.

It is anticipated that the YSZ will be operating at temperatures of 600°-800°C, and
that there will be no pressure difference between the fucl and the oxygen. Other
design variables are free for tuning to maximize fuel cell power generation capability.

The design requirements that maximize power generation capability are presented in

18



the next section.

2.3 Design Requirements of the Micro-Chemical
SOFC

Since the YSZ plate structure is responsible for ionic conduction and the overall power
generation, different YSZ structure designs will affect the power generation capability
of the fuel cell. The design requirements that ensures maximum power generation by
the YSZ plate structure are as follows:

The process of ionization of oxygen molecules and their subsequent diffusion through
the YSZ electrolyte begins at the YSZ/cathode interface. The rate at which this pro-
cess occurs depends on the accessibility of the YSZ/cathode interfaces to the oxygen
molecules. Similarly for the anode, the hydrogen molecules need to be able to reach
and access the YSZ/anode interface to react with the oxygen ions, thereby complét—
ing the reaction and the electron transfer process. To increase the rate of both of
these processes and therefore the overall power generation capability of the fuel cell,
the area of the YSZ/electrode interface must be maximized. One way of achieving
this would be to increase the porosity of the electrodes, but this will depend upon
material fabrication and electrical function of the electrodes. Another technique for
approaching the design requirement is to remove the SiN, support layer to have ef-
fectively one large YSZ composite, as this would free up area available for oxygen
transport [25, 12, 24]. Yet in turn this decreases the stiffness of the composite, mak-
ing it more susceptible to buckling failure.

Returning to the oxygen ion diffusion through the YSZ structure, the rate for this
process to occur and the overall power generated will be increased if the thickness
of the YSZ plate structure is decreased. This is due to the higher ionic conductivity
from a thinner YSZ plate.

Finally the YSZ plate structure is heated by resistive wires to temperatures of 600°-

800°C. The large temperature diffcrence between the plate temperature and the am-
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Figure 2-2: Fabrication Steps of a Microchemical SOFC [4, 3]

bient temperature would drive heat out of the device, hence decreasing the net power
generated. The design requirement from this concern is therefore to minimize heat

loss out of the YSZ structure.

2.4 Fabrication of Micro-Chemical SOFC

The proposed fuel cell design presented in Figure 1-1 is realized through the fabrica-
tion steps proposed by Baertsch [4, 3] as shown in Figure 2-2.

Starting out with a silicon wafer, a layer of silicon nitride is deposited. Next the
silicon nitride on one side of the wafer is partially etched away. To make openings for
the free-standing YSZ, the remaining unetched side is etched in a manner showed in
Figure 2-2. Heating wires and temperature sensors are deposited on one side of the
wafer. Next a layer of aluminum oxide is deposited on top of the wires and sensors to
increase heat insulation. An electrode layer, a YSZ layer, and another electrode layer

are then deposited over the silicon nitride and the insulated wires. Finally to release
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the YSZ free-standing plates, the silicon and the silicon nitride layer are etched away.

2.5 Mechanisms for Structural Failure of Micro-

Chemical SOFC

The fabricated Micro-Chemical SOFC is susceptible to structural failure through

various combinations of the following operation and loading conditions:

1. Temperature gradients

2. Absolute Temperatures

3. CTE mismatch between different materials

4. Residual stresses of different materials, developed during their fabrication

. Long term temperature fluctuations

<t

Four failure modes could occur due to the above conditions: The two failure modes
that require a long time-frame to occur are creep and fatigue, and the other two are
fracture and buckling.

Creep ensues when the material is under stress for a long period of time, and simul-
taneously exposed to a temperature in excess of approximately 1/3 of its melting
temperature [20]. Compressive stresses developed through the operation and loading
conditions could cause creep buckling, and tensile stresses could lead to creep frac-
ture [27]. Fatigue is a failure mode that also occurs over a long time frame, but this
failure mode is characterized by the plate being exposed to fluctuating stresses over
time, caused by fluctuating operation and loading conditions. Since this project is
currently in the trial device fabrication stage, these two failure modes are disregarded
in this thesis.

The failure modes that require immediate attention at this stage of device develop-
ment are fracture and and buckling.

Fracture is caused by large tensile stresses within the plate structure. These tensile
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Figure 2-3: Flow Chart of Reasons for Failure, and Resulting Failure Modes

stresses could either be initially present in form of residual stress, or they could be
generated through operation and/or loading conditions such as temperature gradi-
ents, CTE mismatches, and temperature changes. Buckling is also caused by residual
stresses, temperature gradients, CTE mismatches and temperature changes, but in
this failure mode the stresses within the plate are compressive.

Considering only failure modes pertinent to this fuel cell development stage, fracture
of the YSZ plate structure is most detrimental to the fuel cell. This is because frac-
ture of the electrolyte would allow direct mixing of fuel and oxygen, giving way to
a possible explosion. Although buckling does not directly affect electrolyte function
since this failure mode only results in electrolyte out-of-plane deformation, significant
bending stresses may develop in the YSZ structure due to this new configuration,
leading to fracture. Therefore both failure modes must be avoided to ensure fuel cell

structural stability.

2.6 Preventative Measures for Structural Failure,
and Their Impact on Design Requirements

Figure 2-4 shows the relation between failure modes and their preventative measures,
and how these preventative measures in turn affect the design requirements.
To illustrate the use of this figure, consider the buckling failure mode. This failure

mode could be prevented by increasing the thickness and/or decreasing the side length
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Figure 2-4: Failure Modes, their Preventative Measures, and their Impact on Design
Variables

of the plate, and/or adding stiffeners to the plate. Yet increasing the thickness of the
plate to avoid buckling would be in conflict with the design requirement of minimizing
plate thickness, and minimizing heat loss (heat loss out of the plate boundary increases
with thickness). Similarly, both decreasing the side length of the plate and adding
stiffeners would go against the requirement of maximizing the YSZ surface area.
Therefore the design of this plate structure is a balance between preventing structural
failure, and at the same time fulfilling the design requirements as much as possible

to maximize fuel cell power generation capability.

2.7 Required Analyses and Tools for Micro-Chemical
SOFC Design

In order to obtain the correct balance between preventative measures and design re-
quirements, tools must be developed to obtain an understanding of the mechanics,
thermodynamics and the power generation of the fuel cell. Since the structural sta-

bility and power generation capability of the YSZ plate structure is crucial to the

23



operation of the fuel cell, a representative structure of a YSZ plate is analyzed.

The mechanics and failure of the representative YSZ structure is understood through
the development of analytical models that describe the failure mechanisms of the
plate, and the design variables that are involved. Equipped with these models, the
design process can be streamlined by constructing a design map, indicating design
spaces for which the structure would not fail. Furthermore, safe operating criteria for
the representative structure can then be deduced, therefore aiding the design process.
Power generation of the plate structure is then understood through development of
analytical thermodynamics models, following that of Chan et al. [24]. The heat loss
and the power generation of a representative structure is analyzed. Coupled with
the analytical models developed for the failure of fuel cell plate structures, net power
generation of a fuel cell subject to maintaining structural stability can be assessed.
Although the results give only an order of magnitude estimate on the power genera-
tion capability, it suffices for the purposes of providing an initial design estimate by
which to compare candidate designs.

The four-step analysis procedure, namely safe operating criteria, heat loss, power
generation and net power generation, will then be used all together to construct a
design spreadsheet. Such a spreadsheet will serve the purpose of making the design
process more efficient.

All the analyses and tools mentioned will be developed in the following chapters.
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Chapter 3

Modeling of Micro-fabricated
SOFC: Uniform Temperature

Distribution

Having identified the generic configuration of a micro-fabricated SOFC, the specific
dimensions and geometry of the membrane structure must be determined. To narrow
down the scope of initial design analyses, only elliptical and rectangular plates are
considered, where the criteria for selecting one geometry over another are its resis-
tance to structural failure and its heat loss. To ensure a fair basis for comparison
between these geometries, the in-plane surface areas are set equal at 40000um? for
both geometries(since the in-plane lengths of the YSZ plates proposed by Baertsch
are approximately 200um [3, 13]). Furthermore, since the exposed in-plane surface
area of the YSZ layer governs the power generation capability of the device, this basis
for comparison has an additional advantage in that it allows the determination of a
particular geometry that maximizes buckling temperature change for the same power
generation capability. Plates of various thicknesses are also considered, but only re-
sults from the same thickness should be compared. Using buckling as the failure
criterion for this analysis, the temperature change from the stress-free temperature
for buckling of different geometries is found analytically. The following are expressions

for the buckling temperature change of elliptical and rectangular plates [23]:
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Buckling Temperature Change for Various Shapes
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Figure 3-1: Buckling Temperature Change of Ellipses and Rectangles with Different
In-Plane Aspect Ratios and Thicknesses

112 [3y*+29%2+3 ,
AT = 3.1
) | e 31)
a yl?
=y(-}— 2
AT =1 (b) Aa(l+v) (32)

where AT is the temperature change from the stress-free temperature, v = a/b, ¥
are constants associated with (a/b) ratios (the aspect ratios of the elliptical plates) [23].
These expressions are plotted in Figure 3-1.

The material properties required within eqn 3.1 and eqn 3.2 are listed in Table 3.1
along with their references. The thermal conductivity of silicon required in subse-

quent analyses is also listed in this table.
Figure 3-1 shows that rectangular plates give the highest temperature change be-

forc buckling, thereforc rectangular plates are considered for subsequent analyses.
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Properties of YSZ Values References
Young’s Modulus 157GPa [1, 37]
Coefficient of Thermal Expansion | 10 x107% /K (1, 37
Poisson Ratio 0.313 1, 37]
Heat Conductivity 6W/mK [18, 38]
Residual Stress -500MPa [5, 21, 34]
Properties of Silicon Values References
Heat Conductivity 141W/mK (38, 37]

Table 3.1: Material Properties of YSZ and Silicon for Analyses

Although ellipses give a lower temperature change before buckling, circles have the
least perimeter for a given in-plane surface area, therefore leading to the least heat
loss for a given surface area. Furthermore, circular geometries are easier to fabricate
than elliptical geometries. Hence circular plates will also be considered.

The plates will initially be at room temperature, with a residual stress of o,.,. At
operating conditions, their temperatures will be increased to a uniform temperature

distribution of temperature Ty,.

3.1 Rectangular Plates

The use of the four-step analysis procedure will now be illustrated.

3.1.1 Design Criteria Against Failure
Safe Operating Criterion: Buckling of Rectangular Plates

Referring again to Figure 1-1, the approximate in-plane dimensions of the represen-
tative YSZ plate structure in the current design by Baertsch [3, 13] are on the order
of 200pm, and the thickness is on the order of 0.1-1pm, implying that the design falls
within the thin plate mechanics category.

The rectangular plate structure will be idealized as a plate infinite in one dimension,
with two sides rigidly clamped. This is shown in Figure 3-2.

Furthermore, for the time being the material will be considered to be a single
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w(X.)

Figure 3-2: Idealized Clamped Rectangular Plate

isotropic material. Other assumptions are: 1) the deflection of the plate is small after
buckling, 2) surfaces normal to the neutral surface prior to buckling are normal to
the neutral surface after buckling 3) stresses perpendicular to the surface of the plate
are approximately zero [36, 22].

Following Jensen [11], the assumed shape of the buckled plate is approximated as
w(z,y) = wo (1 + cos?)

where wq is an unknown displacement amplitude.

This yields a critical stress for buckling of

Er?t?

__ et 3.3
Ober =TT — R)2 (3:3)

The in-plane stress of the YSZ plate, o, is a sum of the residual stress measured
at room temperature, and the thermally-induced stress resulting from the constrained

expansion of the plate:
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Figure 3-3: Assumed Buckled Shape of Infinite Plate

Op = Opes T Oth

The expression for oy, is [36]

EaAT

1—v

Oth = —

Substituting eqn 3.5 into eqn 3.4 results in

EaAT
1—v

Tp = Opes —

(3.6)

The critical condition for buckling is where ¢, = 0y.. From a design point of

29

view, the stress within the plate must never be close to the buckling stress. Therefore
the maximum stress allowed in the plate should only be a fraction of the buckling

stress. This is achieved by introducing a safety factor for buckling, S [22], defined to



S::ﬁZT[ (3.7)

where S assumes a value larger than 1 [27, 22].

Eliminating o, from eqn 3.6 using eqn 3.7 results in

EaAT Er?t?

1—v  128(1— )12 (38)

Ores —

Rearranging the above equation, the following is the critical temperature change

for buckling of a plate:

(1-v) T2 £\
ATy = ~—0res + ———— | - :
’ Ea i 12Sa(l +v) \ ! (39)
Therefore if
(1-v) w2 t\?
ATy > ~———"0res + ——— | - :
©Z TEq e 12Sa(1 +v) \ ! (310)

the safety limit is crossed, and the structure fails under safety factor considera-
tions. By denoting ¢ = t/I, or the ratio of thickness to side length of the plate, 3.9

becomes:

_ 2
AT, = (l_y)gm + T

2
FEa 125a(1 +1/)C (3:11)

The introduction of the aspect ratio [27, 29] ¢ will prove to be useful later when

constructing the design map.

Safe Operating Criterion: Fracture of Rectangular Plates

The simplified structure in Figure 3-2 will again be used for consideration of failure
by brittle fracture. Before proceeding with the analytical treatment, it is useful to

first understand how fracture is treated mathematically in this thesis.
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YSZ is a ceramic, and ceramics contain a stochastic distribution of flaws of differ-
ent sizes throughout the material [15, 27]. Therefore for a ceramic material there
is no deterministic fracture strength, and only a range for fracture strength can be
provided [27]. Therefore it is more appropriate for the fracture strength to be under-

stood as the probability of fracture for a specific loading condition.

The introduction of Weibull Statistics performed by Turner [35] is as follows:

The following expression is the probability of fracture [8]:

Pi(o, V) =1—exp (—% [(Z—;)m+ (gﬁ)qu (g—f;)mD (3.12)

In the above equation, P is the probability of fracture failure, o,, oy, o3 are the
three principal stresses of the plate, V; and oy are the reference volume and stress of
the experiment determining m, the Weibull Modulus.

Since the plate is infinite in the x-direction(o; = 0), and assuming that the plate is
sufficiently thin(os =~ 0) [22, 26], the following is the probability that the plate does
not fail by fracture, denoted by F;:

P, = e—vo(%)m (313)

where 0y = 0.
Letting o = o, in eqn 3.13, and substituting the resulting expression into eqn 3.6,
the allowable temperature change ensuring a probability of survival from fracture of

P, is

1
ATy = % {Uws - 09 (—%ZOQPS> l} (3.14)
Similar to the buckling criteria, if
1
AT, < lE—au [a — oy <-%zogps> m} (3.15)

the structure is considered to have failed by fracture.
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Figure 3-4: Design Map Showing Possible Design Region, Buckle Failure Region, and
Fracture Failure Region

Inequalities eqn 3.10 and eqn 3.15 can be used to draw up a design map showing
possible design regions. To do this, two variables need to be chosen as the axes of
the design map. One factor for the choice of variables is that both failure modes
considered, buckling and fracture, should be dependent on each of those variables.
This would allow both failure modes to be placed on a single design map. Another
factor should be that the choice of variable will allow the easier use of the design
map [27]. With both these factors in mind and observing eqn 3.10 and eqn 3.15, a
reasonable choice is to pick temperature change, AT, and residual stress, oyes, as the
two axes [27]. If AT is taken to be the y-axis and o, is taken to be the x-axis, a

design map as shown in Figure 3-4 can be drawn using eqn 3.10 and eqn 3.15 .

Using suggestions from Turner [35, 33], more areas in Figure 3-4 are shaded away.
To obtain the possible design region(the triangularly-shaped region in Figure 3-4),

the following further steps were taken [35, 33]:

1. It was stated previously that the plate structure is assumed to be initially at
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room temperature. This corresponds to the line AT = 0. Since the plate
structure is heated to make it operational, it must be the case that AT > 0

under all circumstances. Therefore the region AT < 0 is shaded off.

2. Since it was assumed that the device is at room temperature prior to its oper-
ation(when o,.s is measured), the initial state of the device on the design map
must necessarily be on the line AT = 0. Inspecting Figure 3-4, there are re-
gions where at the initial state, the structure would already have been fractured.

Therefore the region that should be shaded off is given by the inequality

VE) 1/m
Tres Z (o) —WIOQPS (316)

Although fracture is assessed in this section, it will be disregarded in the rest of
the thesis. The reasoning for this is as follows:
It is a fundamental design requirement that the plate structure be stable after it is
fabricated. Therefore to allow for mechanics analyses for the plate structure in the
first place, the plate structure must not have fractured initially. This assumption is
made throughout the entire thesis. Furthermore, the plate is assumed to be at room
temperature after fabrication, and that it is stable at that particular temperature.
The structure then would only be subjected to a temperature increase to make it
operational, since it was stated previously that AT > 0 at all times. Since AT > 0
and aygz > ag; [22], the stresses within the structure could only become more com-

pressive, thus rendering the only relevant failure mode to be buckling.

Although Figure 3-4 identifies design regions where designs are structurally stable,
there is another approach that allows the convenient coupling between stability and
power analyses, and gives way to the construction of a design spreadsheet, therefore
streamlining the design process.

This approach can be understood by considering the following argument:
Eqn 3.8 is a design stability condition for the structure. Out of the three design

variables ¢, [ and AT, if two of these variables are chosen, then the third variable
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Figure 3-5: Region Shaded Away due to Fracture at Room Temperature
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is determined, and this design possesses structural stability. Since the choice of ¢ is
limited to a small fabrication range of 0.1-1um, ¢ is chosen to be fixed. It is now
possible to specify a range of AT (= T,, — Treom), and to find the corresponding

maximum [ that would ensure structural stability. Rearranging eqn 3.8,

(3.17)

B E’ITQtQ 2
B { 125(1 + v)[EQAT — 0,es(1 — v)] }

One concern regarding the validity of eqn 3.17 is the situation where FaAT —

Ores(1 —v) < 0. If this were the case, then

EaAT —o.(1 —v) < 0

EaAT
— Ores < O
1—-v
EaAT
- + Ores > O
1—v
Noting that
EaAT’
Ot = -
1—v
Op = Oth + Ores
=0, > 0

Therefore EaAT — 0,.5(1 — v) < 0 implies a tensile state of stress in the plate.
Similarly FaAT — 0,.5(1 — v) > 0 means that the plate is in a state of compression.
Since it is impossible for buckling to occur for in-plane tensile stresses, any { could
be chosen and buckling will not occur.

Thus if the plate were under compressive stress(FaAT —o,.5(1—v) > 0), the value for
[is limited by eqn 3.17; if the plate were under tensile stress( E«AT —g,.s(1—1v) < 0),
any [ could be chosen (in relation to buckling only). These two conditions and eqn 3.17

will be applied to power analyses and the design spreadsheet to ensure structural
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Figure 3-6: Schematic of Structure for Heat Loss Modeling

stability. Note that eqn 3.17 is the safe operating condition.

3.1.2 Heat Loss of Rectangular Plates

To find the net power generated by the plate structure, heat loss from the plate must
be modeled. It is apparant that heat loss arises due to heat conduction out of the
plate and heat convection from the plate to the fuel/oxygen flowing on either side
of the plate structure. It will be assumed that the dominating mode of heat loss is
conduction out of the sides of the plate; convection of heat from the plate to the
fuel/oxygen will be ignored [35]. Figure 3-6 is a schematic of the structure modeled
for heat loss.

Since the plate is infinite in the x-direction, heat loss is assumed to be one-
dimensional in the y-direction. Figure 3-6 is then approximated by a two-resistor
heat conduction system. The heat conductivity associated with each thermal resistor
is calculated by averaging conductivities between the YSZ and the silicon regions,
and the cross sectional area is the average between the area where heat enters and
exits the resistor. Taking into account the 54.7° etch angle between the silicon and
YSZ, and assuming that the thickness of the silicon is approximately 500um [35], the

averaged heat conductivities (in W/mK) and areas for each resistor are calculated to
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be:

Aysz Ag;
k + kg,
! Aysz + Asi O Aygg + Ag;

i 0.00071¢ ke (0.5)(0.00071)(0.0005)
¥520.00071 + (0.5)(0.00071)(0.0005) " *0.00071% + (0.5)(0.00071)(0.0005)

- k'YSZ

t 0.0005

0.0005 5% ¥ 50005 12 (3.18)

ko =kysz

Defining the length in the y-direction as G(where it will later be eliminated),

t0 + (t + 0.0005)3

A = .
A 1
5 = 5 (2t +0.0005)

Ay = (0.0005 + t)8
22 = 0.0005+¢

Assuming that the outermost boundary of the silicon is at room temperature, the

heat loss (in W) from the plate is

_ Z(TB - Troom)
Q - 0.00071 + L—1-0.00071
B(k1AL/B) B(k2A2/B)
2ATg

0.00071 " L—1—0.00071
B(k141/8) B(kaA2/B)

Q ATp

7= 231 B [ (0.00071 n L—l—0.000?])
k141/8 k2A2/B
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ATy
! [ 0.00142 L—z—o.ooonJ
k1(

=q= (3.19)

51+0.0005) T %(0.0005+1)
where L is half the side length of the silicon die(assumed to be 5mm [27]), [ is
half the width of the free-standing YSZ plate, and ¢ is the heat loss per unit plate

area (in W/m?).

3.1.3 Power Generation of Plate Structure

The power per unit area of an SOFC YSZ plate structure is given by the following
expression [24, 37, 39, 10]:

p= Z(EO — Nohm — Tact,a — nact,c) (320)
where
R,T, : R,T. P%{ oPo .. .
Ey, = L 29K, - L Plog (—2——— Open Circuit Potential
2r b4F P, PO,
. 1000
Nohm = = it104'27<1T0°0£) 441 Ohmic Potential
Te
2R, T, ) ) o )
Nact,a = 9% aresinh -—Z— Anode Activation Potential
' F 420
2R, T, , ] . .
Nacte = —;,—garcsznh ({—) Cathode Activation Potential
20

Definitions of the symbols in the above list of equations are listed in Appendix A,
and the expression for 1/0, is approximated from the data presented in [30].
The partial pressures for the reaction concerned can be obtained from the following

equation:

1
HQ + 502 = HQO

Therefore py, = 1, po, = 1/2, pu,o = 1, and the reference pressure py = 1.

Furthermore, the logarithm of the reaction equilibrium constant log K, can be found
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from [39], and the following equation approximates the data to a good degree of

accuracy:

log K, = 129025T, ' *5% (3.21)

Knowing that To, = AT + Trpom, therefore

R AT Troom —
p="_ o 2; )[129025(AT+Tr00m) 1:2599)
iRg(AT + Troom)
Wa log2
— 241042z R )44
2iRg(AT + Troom) .
- PRET Trom) ) (3.0

where
P(i) = arcsinh (L> + arcsinh (L)
41g 219
Since the temperature distribution of the plate is uniform, every point on the plate
has the same value for p.
One additional issue that surfaces is the current that should run through the circuit
that generates the maximum power. Assuming that there are mechanisms adjusting
the current to maximize power generation, for different operating conditions and

different SOFC designs there is a particular current that maximizes power generation.

This current can be found through the following expression, and solving for i:

Oop
= =0 (3.23)

The resulting equation to be solved is a transcendental equation. 7 can then be
found by the “bisection method” [7].
In subsequent calculations for power generated of an SOFC, only the maximum power

is presented.
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3.1.4 Net Power Generation of a Structurally Stable Rect-

angular Plate

The net power generation of a plate structure is then simply the power per unit area

minus the heat loss per unit area, or

Pnet =P — (¢ (324)

Pret 18 coupled with the safe operating condition by specifying that ¢, AT and [ in
eqn 3.17 be the same as those in expression for p,.;. This means that p,., calculated

are those for stable plates.

3.2 Circular Plates

The analyses for circular plates are similar to those for rectangular plates. The four-

step analysis procedure is again carried out.

3.2.1 Safe Operating Criterion: Buckling of Circular Plates

The circular plate modeled in this section is shown in Figure 3-7.

The buckling stress for such a circular plate is [23]

E £\?
Oper = ~1.22—— (E) (3.25)

Using eqn 3.6 and eqn 3.7, the largest circular plate radius R with a stress safety

factor S for a particular ¢t and AT is

1.22E¢ 12
ft= {5(1 + EaAT = oras(1 = )] } (3:26)

3.2.2 Heat Loss of Circular Plates
The schematic of the plate modeled for heat loss is shown in Figure 3-8.
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Figure 3-7: Schematic of Circular Plate Modeled
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Top-Troom Composite
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Figure 3-8: Schematic of Circular Plate Heat Loss Modeling
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Modeling the heat loss as two-dimensional steady state conduction, Laplace Equa-

tion then holds:

*AT N LOAT N __1_82AT 0 597
Or? roor r? 092 (3.27)

Assuming that AT (r,0) = I'(r)©(8) [32], the solution is [32]:

AT(r,0) = %(Oo—i-Dologr)—f—Ef;l KOJ” + %) cos(nf) + (Anr" + %) sm(n@)}

(3.28)

The constants Cy, Dy, A, Bn, C, and D, are found through the following bound-
ary conditions [32]:

AT(R,0) = ATg
AT(R.,§) = 0

The temperature difference distribution is then

AT, R

The total power loss out of this structure is

OAT
or

Q=—kA (3.30)

r=R

In order to use eqn 3.30, £ and A must be found. Considering the structure
outside the free-standing YSZ plate, average values of £ and A are found through the
following process:
The volume of YSZ outside the free-standing plate is simply Vy gz = (7 R"? — 7 R?)L.
However, to find the volume of silicon, it is first separated into two portions, finding
the volume of each and finally summing them together. The two portions are shown

in Figure 3-9.
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Portion 1 Portion 2

Figure 3-9: Two Portions for Consideration of the Volume of Silicon

The volume of the second portion is (7 R? — 7(0.00071)2)(0.0005). As for the first
portion, the volume is found by integrating the expression for a cone with the limits
shown:

The expression for the cone shown is [31]

(et N R (3.31)
“= (tanb4.70)2 tanb4.7° '

Although the use of an anisotropic wet etch will not result in a conical surface,
nevertheless it is a useful approximation for modeling purposes.

The volume is then

27 £0.00071
Volume = / / zdzdy
o JRr

2 0.00071 1
= /O\ A W(T - R)Tde0
2m

1 s R , 1
tan54.79 {3V - —(0. 1 “R
tan54.7° [3(0 00071) 5 (0.00071)° + 5

The total volume of silicon, Vg;, is then

T

—[2(0.00071)% — 3R(0.00071)% + R*] + 7[R — (0.00071)?](0.0005
3(ta72,54.70)[( 071) (0.0 )+ B ( )X )

(3.32)

Vi =
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The value of k is then

Vysz Vsi
k= kygge¥52 g VSL
Y+ Vess S W + Vsz

The averaged area is

A = 7[Rl + R'(t 4+ 0.0005)]

(3.33)

(3.34)

The heat loss during steady state operation can then be found from the following

equation [16]:

OAT
or r=R
kAATg
Rlog(R'/R)

Q = —kA

The heat loss per unit area of the free-standing YSZ plate is then

_ kAATy
1= T Rlog(R/R)

3.2.3 Power Generation of Circular Plates

(3.35)

Since the circular plate is exposed to a uniform temperature distribution, the power

per unit area for a circle is also given by eqn 3.22.

3.2.4 Net Power Generation of Structurally Stable Circular

Plates

Similar to rectangular plates, the net power generation p,.; is also given by eqn 3.24.

The coupling between the net power and the safe operating condition is again achieved

by applying both equations assuming the same R, t and AT
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Maximum Does Maximum |

Temperature Maximum Temperatige H Radius Exist, if
of Difference from Room i Tensile=(, ves, Radius of
Tempetature  Temperature of Temperature  Cotnpressive=t  Plate with Safety ;
_ Profile (k) Profile (K} atOperation | Factor {m) q W | Ideal Current (Ao} p (Wim?) Prec (W) :
293 e 1 1.8812064497E-06 . 0.0000E+00 0,000434882 2.7584E-04 27664608
323 0 1 1.764170B264E-06 | 341B7E407 . 0.009568839 SH0IIED3 . -34187E7
373 ) 80 1 1609B078432E-06 | 1.0824E+08 0.544922054 3.23335-01 -1 0824E+08
423 : 130 1 | 14893514629E.06 © 2.0337E+06 . 11.84723377 6.5108E+00 | 20337E+08
473 e 1 1.3334291685E-06 | 319326408 | 129.2304993 7.2087E401 . 319326408
53 23 1 1. 3135162079E-06 | 455896408 ¢ 7468170166 3TB1EG2 -4.5589E+08
573 280 1 1.2459429111E-06 | 6.12906+08 2498178482 1.1400E+03 -5.1290E+08
593 300 1 1.22169034056-06 . 6.5139E+08 3600.451273 1.5043E+03 -6,8139E+08
613 30 1 1.1988014042E.06 = 7 5312E+08 4662.223434 185166403 . 75X 2E«08
633 340 e 1177152395606 . 8.2809E+08 6143402863 [ 213616+03 -8.2809E+08
BS3 : 360 1 1.15663543006-06 | 9.0627E+06 7256 22408 | 232266403 -9,0527E+0¢
873 380 1 11A371551672E-06 | QE7BIE+D8 8023926544 2.3970E+03 | -98767E+08
693 400 1 1.1186271428E.06  1.0723E+08 8352.960205 2.3708E+03 1072308
713 ) 420 1 1.1009762227E-06 ¢ 1.1BD1E+08 5268527985 22724E+03 -1 1601E+09
733 o 1 1.08413531906-06 | 1.2511E«09 7884269951 213356403 ¢ -1.2891E409
753 o 460 1 1.0680443147€-06 © 1.3453E409 7335.293683 1.8798E403 134536409
773 80 1 | 1DS26491593E-06 | § 4427E+09 67290800 | 1.8273E+03 144276409
mme a8 1 1.041529937SE-06 © 16178E408 5278130341 171896403 A 5178E08
803 si0 1 1.0307557915E-06 © 1.5947E+09 5548.144531 1.5175E+03 -1.5947E409
818 s 1 1.02030923436-08 © 1.6734E+09 | 5446.750641 152376403 ° 1 BIBEY08
833 34 1 J01017393568-06 | 175386400 | SOTTO04242 14373E403 . A 75386408
848 555 1 1.0003349120E-06 . 1.6361E+00 4733025879 1.35826+03 -1.8381E+09
863 570 1 9.9077783847E-07 © 1.9201E+09 4431 438446 1.2858E+03 1 9201E+08
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938 £45 1 945786319107 - 2.3667E+DG 3265453217 100336403 2.3567E+09

Table 3.2: Design Spreadsheet for Circular Plates under Uniform Temperature Dis-
tribution

With the four-step analysis procedure performed for both plate geometries, a

comparison between rectangular and circular plates is now possible.

3.3 Comparison between Rectangular and Circu-

lar Plates

Using the non-buckling conditions, expressions for heat loss per unit area, power
generated per unit area and the net power generated per unit area, design spreadsheets
are constructed for uniform temperature distributions over circular and rectangular
plates. These are presented in Table 3.2 and Table 3.3. These design spreadsheets
are then in turn used to assess the power generation and heat loss under uniform
temperature distribution for both plate geometries.

Instead of presenting a single graph and plotting p,., with operation temperature
T,y directly, separate graphs for power gencration and heat loss are plotted for clarity.

Figure 3-10 shows that the power per unit areca of a rectangle superimposes on that
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Table 3.3: Design Spreadsheet for Rectangular Plates under Uniform Temperature
Distribution
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Heat Loss per Unit Plate Area of Rectangular and Circular Plates
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Figure 3-11: Heat Loss per Unit Area of Stable Rectangular and Circular Plates

of a circle. This is true because power per unit area is independent of geometry.
Furthermore there is an optimal temperature for maximum power generation. There-
fore for a uniform temperature distribution, that plate should be operating at that
particular temperature. To confirm that the values obtained for power per unit area
are in fact correct, the maximum value for power generation per unit area in this
analysis is compared to that of a commercially available SOFC [25, 12], and they are
in agreement within an order of magnitude.

Heat loss per unit area of stable plates are shown in Figure 3-11, and it shows that
the amount of heat loss is detrimental to power generation. For example, for the
temperature where there is maximum power generation for a rectangular plate, the
heat loss is approximately 10° times larger than the power generated. The figure also
shows that choosing a circle instead of rectangle for the plate geometry reduces heat
loss. This is correct because for a given in-plane surface area, circles have the least
perimeter, thus restricting heat loss.

Although a comparison between rectangular and circular plates has been achieved,
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both plate structures failed to achieve the aim of producing a positive net power. One
possible way to decrease this heat loss would be to lower the boundary temperature
in eqn 3.35. However, if the temperature profile were uniform, decreasing the bound-
ary temperature will also decrease the operation temperature, therefore lowering the
power per unit area. Therefore non-uniform temperature profiles of the form where

the temperature at the center of the plate is higher than that at the boundary should

be considered.
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Chapter 4

Modeling of Micro-fabricated
SOFC: Non-Uniform Temperature

Distribution

In this chapter non-uniform temperature distributions will be investigated in an at-
tempt to decrease the conductive heat loss out of the plates. The power generation
capability of rectangular and circular plates will again be found under such temper-

ature distributions.

4.1 Normal Temperature Distribution

The first non-uniform temperature distribution investigated is the normal tempera-
ture distribution. This particular distribution is chosen because it has a simple func-
tional form, along with specifiable temperature maxima location and temperature
decay rate. Although it is true that specifying a particular temperature distribution
initially may not be achievable in practice, the analyses performed for this temper-
ature distribution will nevertheless provide insights into the effects of non-uniform
temperature distributions and also need to develop analysis tools for dealing with

non-uniform temperature distributions.
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Figure 4-1: Normal Temperature Distribution over a Rectangular Plate (idealized to
be infinite in the x-direction)

4.1.1 Rectangular Plates

Rectangular plates will again be approximated by a plate infinite in the x-direction.
The normal temperature distribution across the rectangular plate is given by the

following expression:

AT(z,y) = ATpe ¥/ (4.1)

The temperature distribution over the plate is shown in Figure 4-1.

Safe Operating Criterion: Buckling of Rectangular Plates

To determine the thermal stress resulting from the constrained expansion of the
plate [35, 36], the deformation from the temperature distribution is first calculated,
and through Hooke’s Law, the thermal stress is then determined {27].

With A = 1/s, the deformation § resulting from the normal temperature distribution
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l
0 = /nydy
0

!
= / aATme—yQ/szdy
0
alAT,s\/T

= BT iy
=0 = ———QAT;Sﬁerf(A)

Using Hooke’s Law, the stress from the normal temperature distribution is [19, 26]

Oth = Oy

_ BaATy,7

AR,

= Tth

Again using eqn 3.6, eqn 3.7 and eqn 3.3, the maximum [ that ensures safe oper-

ation is:

— EalATy/rerf(A) En*t?
2A(1 - v) T 128(1 - 22
Em?At? 1z
{68(1 + V)[EaAT,/rer f(A) — 2A(1 — V)0 }

=] =

The dimensionless variable A is intepreted as the decay rate of the normal tem-
perature distribution. It is one of the variables that defines the normal temperature

distribution, and is used in lieu of s to simplify calculations.
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Heat Loss of Rectangular Plates

Eqn 3.19 is also used here to describe the heat loss per unit area. However, the

boundary temperature ATy is now given by

ATg = AT’ (4.2)

Power Generation of Rectangular Plates

Unlike the previous chapter for uniform temperature distribution where power per
unit area is the same at all points of the plates, the normal temperature distribution
across the rectangular plate means that power per unit area is different at different
locations on the plate. Therefore a single value for power per unit area is required
for the normal temperature distribution in order to compare with the power per unit
area for the uniform temperature distribution. An average power per unit area for a

non-uniform temperature distribution is defined as

1 !
Pave = "l'/ p(AT)dy (4‘3)
0

Using eqn 3.22, pgye is

129025:R, 1

l
Pave = oF ] / (ATm€~y2/52 + Troom)“o'%%dy
0

l
4F l/O(ATmCyQ/Sz)dy“f'Tfoom}

{ 1000
— ﬁ% / 104'27(ATme-U'Z/s%Tmom ) ~4'41dy
0

2R,
F

iR,log2 [l

1/ 242 .
[i/ ATmeW /s dy + Troom] @b([) (44>
0

Therefore
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129025 Rz, 1

A
ave = ATm ~¢? room ~0.2596
p S50 | (AT 4 T

iRglog2 | AT,
4F l: 2A erf(A) + TTOOTTIJ

A 1000 _
—i2tl/ 104‘27<_—7—Mmc—c +Tmom) 4.41dC
A Jo

_ 2iR,
F

AT/ |
[ 9A erf(A) + Troom:i '(,D(Z> (45)

The integrals presented in the previous expression are computed by numerical
means and using the definition of the Riemann Sum [28].
Since the present power under consideration is the average power pg.., the current
that should run through the circuit to maximize power generation is found by the

following expression:

apave
= 4.
=0 46

Similar to Chapter 3, 4 is found through the “bisection method” [7].
The paye for stable structures is found by eqn 4.5 assuming the same AT, t and A as
those in eqn 4.2.

Net Power Generation of Structurally Stable Rectangular Plates

The net power generation pye is given by eqn 3.24, with p replaced by paye.

4.1.2 Circular Plates

The normal temperature distribution over a circular plate is assumed to be of the

form

12+y2

AT(z,y) = ATne o2 = ATpne™™ /% = AT(r) 4.7
This is shown in Figure 4-2.
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Figure 4-2: Normal Temperature Distribution over a Circular Plate

Safe Operating Criterion: Buckling of Circular Plates

The deformation ¢ from AT(r) is [19, 26, 27|

R
§ = / a AT (r)dr
’ R 2/.2
= aATm/ e dr
0
AT, s/

= T i)

Denoting A = R/s, the stress arising from AT'(r) is therefore [19, 26, 27]

Oth = —Opr
. E s
T 1-vR
E oAT,/mer f(A)
O 2A
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Through eqn 3.25, eqn 3.6 and eqn 3.7, the maximum R before buckling failure is

2.44Et°A

1/2
= {S(l + V) [EaAT/Ter f(A) = 28075(1 = V)] }

(4.8)

Heat Loss of Circular Plates

Eqn 3.35 provides the heat loss per unit area for a circular plate. For the normal

temperature distribution, the boundary temperature ATg at r = R is

ATy = AT,e N (4.9)

Power Generation of Circular Plates

Again, the normal temperature distribution will give a non-uniform power per unit
area across the circular plate. To find the average power per unit area of the circular
plate, first find the total power of a circular plate with radius R, then divide the total

power by the area mR%:

2m R
P = / / p(AT(r))rdrdf
0o Jo
o [H

ave T rdr
2 R
= Pave = ﬁ prdr
0

Substituting eqn 3.22 into the above equation,

I
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129025:R, 1 [
Pave = {_——Z—_g——— (ATmeuTz/sz + Troom)yo'%%rdr

2F R? J,
B Z'Rgl()gQi
4F R?

9, 1 R 427( — 50/0% )—4.41
— 9 t._.-E 10 ATme "/ 5"+ Troom Tdr
1’2 Jo

R
/ (A,Tme_'”z/82 + Troom)rdr
0

2iRap(i) 1 [ 2
———E%L(Z)ﬁ/ (AT, e /¢ +Tmom)rdr} (4.10)
0

129025:R, 1 [*
2F A? ),
1Rgylog2
~8FA?

A 1000 _
_ Z'Zt_l._ 104'27<Mme—<2+mnm> 4'41Cd§

A? ),
iRY()
FA?

o P = 2 { (ATe=S & Too) 59

AT (1 = &™) + ThoomA?]

[ATm(l . e—AZ) + Troom]} (411)

Net Power Generation of Structurally Stable Circular Plate

The net power generation is given by eqn 3.24, with average power generation given

by eqn 4.11.

4.2 Comparison between Rectangular and Circu-

lar Plates

Two design spreadsheets are again constructed for normal temperature distribution
across circular and rectangular plates. They are presented in Table 4.1 and Table 4.2.
Power generation between uniform and normal temperature distributions are com-
pared by both temperature distributions having the same maximum temperature. For

the choice of A = 1.2, the change in power gencration and heat loss due to a change

P
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Table 4.1: Design Spreadsheet for Normal Temperature Distributions over a Circular
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Table 4.2: Design Spreadsheet for Normal Temperature Distributions over a Rectan-
gular Plate
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Figure 4-3: Power Generation of Stable Circular Plates under Uniform and Normal
Temperature Distributions
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from uniform to normal temperature distribution is similar for both plate geometries.
Observing Figure 4-3 to Figure 4-6, although the change in temperature distribution
decreases heat loss from the plates, it also causes a decrease in maximum power gen-
erated. This is accounted for by portions of the plate having lower temperatures in a
normal temperature distribution, thus decreasing the power generated in those por-
tions. An ideal temperature distribution would therefore consist of a portion where
the temperature is constant over the plate center to maximize power generation, and
at the boundary the temperature would taper off to close to room temperature to
minimize heat loss. This temperature distribution can be considered to be a hybrid
between the uniform temperature distribution and the normal temperature distribu-

tion, and such a hybrid temperature distribution is considered in the next section.

4.3 Modeling of Micro-fabricated SOFC: Hybrid

Temperature Distribution

The analysis for the hybrid temperature distribution will again be performed for a

rectangular and a circular plate.

4.3.1 Rectangular Plates

The hybrid temperature distribution over a rectangular plate is shown in the following

equation and Figure 4-7:

AT, if0 < |yl <
AT(y) = ,

—Y

(y-y"?
ATe™ o if ly| > o'

The four-step analysis process is now carried out for this temperature distribution.

Safe Operating Criterion: Buckling of Rectangular Plates

The deformation ¢ resulting from this temperature distribution is
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Figure 4-7: Hybrid Temperature Distribution over a Rectangular Plate

I
d = /aAT(y)dy
0

Y ! _(y=y")?
= « AT,dy+ | AT,e” % dy
0 y’

- / yovfs
= a |AT,y + sAT,, e d¢
0

Denoting A = /s and A = ¢/s,

T :
=6 =alAT,y + WS@”]‘(A —A) (4.12)

7 18 then
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E AT,
T 1w {QAT’"% 2aﬁ_erf( >J

o () S

Using eqn 3.6, eqn 3.7 and eqn 3.3, the maximum rectangular plate side length

that avoids buckling is

2AET? 1/2
[ = {125(1 + U EaAT,[2) + /Ter f(A — )] — 2A0,s(1 — y)}} (4.13)

Similar to the case for a normal temperature distribution, A and X are non-
dimensional variables that define the hybrid temperature distribution. They are used

in place of ¥ and s to simplify calculation.

Heat Loss of Rectangular Plates

Heat loss of this rectangular plate is again given by eqn 3.19. The boundary temper-

ature of the rectangular plate for this temperature distribution is

ATB = ATme— 52

= ATy = ATpeV0-3)

Power Generation of Rectangular Plates

The average power per unit area is found through the following expression:

1{ /v L
Dave = 7 / pdy +/ pdy (414>
[ Jo v
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Using eqn 3.22, the above integration results in

A [129025¢R, iRylog2
ave = 5 AT + Troom —0290 8
P A o ( + 1y ) AF (ATm + Troom)
— z'2t1()4‘27(ATml+oc7)gaom )“4'41
2iR .
- F £ (ATm + Troom)w(z):l

129025¢R, 1
+ -

A=)
—(2 —0.2596
Ta A /0 (ATme ™" + Troom) d¢

iR4log2 A
- —g—F'Y\*“ {ATm\'/%GTf(A - )\) + 2AT’I‘00m (1 - K):I
A=A 1000
_ 2'215_1_/ 104127(ATme—C2+Troom)—4A41d<
A Jo
iRy (1) A
A AT v/merf(A = X) + 20T rom | 1 7 (4.15)

Net Power Generation of Rectangular Plates

The net power per unit area is given by eqn 3.24, using the average power calculated

from eqn 4.15.

4.3.2 Circular Plates

The hybrid temperature distribution over a circular plate is given by

AT, if0<r <7
AT, = 2
ATne 2 ifr>7'

The temperature distribution is also shown in Figure 4-8.

Safe Operating Criterion: Buckling of Circular Plates

The deformation & of the circular plate associated with the hybrid temperature dis-

tribution is
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= aAT, [r' + #erf(A - /\)J

The stress from this deformation is then

Oth = —UOpp
E §
1—=vR
EaAT,,

= _m[ZA + Vmer f(A = A)]

Therefore the maximum R that just avoids buckling failure is
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P { 2.44A B2 2
L SA 4+ v){EaAT, 20 + rer f(A — N)] = 206A(1 — 1/)}}

(4.16)

Heat Loss of Circular Plates

The heat loss of this circular plate is given by eqn 3.35. The boundary temperature

in this equation is in turn given by

ATy = ATpe ¥ (-3)’ (4.17)

Power Generation of Circular Plates

Similar to the previous chapter on the average power generation of circular plates, the
average power generated for a circular plate under such a temperature distribution is

given by the following expression:

R
pTerr/ prdr) (4.18)

The above equation results in
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— QiQtF 104 27(ATme—C +Troom> 441(C+/\)dc
0
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-2 (AT e O T A=A+ AT A Fer F(A=N)+2Ts (A=)}

(4.19)

Net Power Generation of Circular Plates

The net power generation is given by eqn 3.24 and average power by eqn 4.19.

4.3.3 Comparison between Rectangular and Circular Plates

Two design spreadsheets are presented in Table 4.3 and Table 4.4.

Again, the behavior of the power generated and the heat loss under the hybrid
temperature distribution is similar for both plate geometries: The change from a
normal temperature distribution to a hybrid temperature distribution causes an in-
crease in the maximum power generated. However, the heat loss is higher than that
of normal temperature distribution. This can be explained by understanding that
under a hybrid temperature distribution, more of the plate is at a high temperature
than under a normal temperature distribution. Therefore the size of a plate under a
hybrid temperature distribution must be smaller than one under a normal tempera-
ture distribution for the plate to be stable, increasing the heat loss per unit arca of
the plate [35].

Although the analyses performed on two plate geometries under three diffferent tem-
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Table 4.3: Design Spreadsheet for Hybrid Temperature Distributions

over a Circular

Plate
Average i Does Maxinwm
Maxisnum Temperatire { Side Length Exist,
Temperature Maxinwm Termperature Differente from if yes, 0.5'Side
of Difference from Room Room Temperature Difference . Tensile=d, | Leogth of Plate : :
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Table 4.4: Design Spreadsheet for Hybrid Temperature Distributions over a Rectan-

gular Plate
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Power Generated by Rectangular Plates with Different
Temperature Distributions{(1=0.25, A=1.2)
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Figure 4-9: Power Generated for Stable Rectangular Plates under Uniform, Normal
and Hybrid Temperature Distributions

Heat Loss of Rectangular Plates with Different Temperature
Distributions{1=0.25, A=1.2)
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Figure 4-10: Heat Loss for Stable Rectangular Plates under Uniform, Normal and
Hybrid Temperature Distributions
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Power Generated by Circular Plates with Different Temperature
Distributions
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Figure 4-11: Power Generated for Stable Circular Plates under Uniform, Normal and
Hybrid Temperature Distributions

Heat Loss of Circular Plates with Different Temperature
Distributions
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Figure 4-12: Heat Loss for Stable Circular Plates under Uniform, Normal and Hybrid
Temperature Distributions
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perature distributions have suggested pessimistic power generation capabilities for
the current SOFC design(with the heat loss out of the plate larger than the power
generated by approximately 10°W/m?), a functioning design can still be realized if a

high degree of thermal isolation can be achieved.
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Chapter 5

Conclusions, and Future
Investigations for Micro-Chemical

SOFC Modeling

From the preceding analyses, it was shown that power generated and heat loss differ
by a factor of approximately 10%, with power generated smaller than heat loss. It
is therefore apparent that the current design will not be able to produce net power;
either power generated must be increased or heat loss must be decreased.

As for the geometry of the plates, although circular plates proved to have a lower
heat loss than that of rectangular plates, the heat losses for the two different geome-
tries are nevertheless still comparable(Heat loss per unit area for rectangular plates
is approximately four times that of circular plates, both under uniform temperature
distribution at 800K). Furthermore, the buckling AT for rectangular and circular
plates are also comparable(For plate thickness of 1 micron, buckling AT for rect-
angular plates with aspect ratio of a/b=2.5 differ from that for circular plates by
approximately a factor of 2). Therefore at this stage the only criterion for selecting
the plate geometry is through the case of fabrication [21]. However, it seems to be
the case that altering the plate geometry will not be sufficient to render p,e; positive.
Although the analyses reported a rather pessimistic picture for the current design,

nevertheless a systematic technique is developed in this thesis to solve the coupled
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problem: The initial problem is broken down into analyses of mechanical stability,
heat loss, power generation, and finally the results are integrated together to pro-
vide an evaluation of power generation capabilities of stable designs. This systematic
technique can be adapted to future design analyses and evaluations.

Several topics for future investigation follow from the conclusions drawn previously.
To investigate the possibility of increasing power generation, it is important to note
that the power generation of a YSZ plate is governed by eqn 3.20. It is possible that
for other electrolyte candidates the components in eqn 3.20 are different, and these
other candidates may prove to produce more power than YSZ. Alternatively, the
prospect of heat loss minimization through better insulation or employing non-planar
structures such as tubes should also be investigated for the purposes of increasing
et [14, 9, 25, 12].

The next set of future topics attempts to improve the accuracy of the model. One
topic that must be investigated is the heat generation from the water formation re-
action, as this would make the model much more accurate [17, 6]. Next, confidence
in the models developed can be increased by verifying the material properties used
in the models through experiments. It is well known that the properties of materials
such as YSZ are highly dependent upon processing conditions, therefore there is no
guarantee that the material properties obtained from literature are the same as those
in the model developed [9].

Finally the model itself can be made more useful by interfacing it with the system-
level models. This is because although the fuel cell is the part of the device that
generates power, other aspects of the device such as fuel/oxygen management is also
important to the overall power generation. Therefore the interfacing between the

fuel-cell-level and the system-level models will make the overall design process more

convenient,.
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Appendix A

Nomenclature
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Temperature

AT Temperature change from room temperature
AT, Temperature change for buckling

ATy Temperature change for fracture

ATg Temperature difference between the plate

boundary and room temperature
AT, Difference between maximum temperature of
the temperature distribution and room temperature

Top Operation temperature

Tg Boundary Temperature

Troom Room Temperature

Table A.1: Temperature-Related Symbols and Their Definitions

Dimensional /Non-Dimensional Lengths

t

Thickness

a

Plate length

b

Plate width

v

a/b

w(z,y)

Deflection in the z-direction
(Out-of-plane deflection)

Arbitrary constant for deflection profile

Half of plate side length

Half of silicon die side length

£/l

Dummy length variable

Radial coordinate

Plate radius

Standard deviation

Deformation

Lol o | Iy 3 [y =]~ E

Length where temperature profile changes
from uniform to normal distribution

ﬂ\

Radius where temperature profile changes
from uniform to normal distribution

/s, R/s

A
A

y'/s,r'/s

Table A.2: Dimension-Related Symbols and Their Definitions
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Material Properties
@ Coeflicient of thermal expansion
v Poisson Ratio
E Young’s Modulus
m Weibull’'s Modulus
k Heat conductivity
O¢ Electrical conductivity
20 Exchange current density

Table A.3: Material-Properties-Related Symbols and Their Definitions

Stresses
Ores Residual stress
Ober Critical buckling stress
O, Thermal stress
Op Plate stress
09 Reference stress
o1 Principal stress in 1-direction
b Principal stress in 2-direction
03 Principal stress in 3-direction

Table A.4: Stress-Related Symbols and Their Definitions
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Other Quantities

S Safety factor

P Probability of failure

P, Probability of survival

Vo Reference volume

V Volume

A Area

Q Heat loss

q Heat loss per unit plate area
Ey Open circuit potential
Nohm Ohmic potential
Tact,a Anode activation potential
Nact,c Cathode activation potential
PH, Partial pressure of hydrogen
PO, Partial pressure of oxygen
PH,0 Partial pressure of water
Po Reference pressure

F Faraday’s constant

R, Gas constant

K, Equilibrium constant

i Current per unit area

P Power per unit area
Pret P—4q
Pave Average power per unit area

Table A.5: Other Symbols Used and Their Definitions
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