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Abstract

Stemming mainly from the concentration variations of the reactants and products along

the respective flow channels, the longitudinal current variations are crucial in SOFCs (solid

oxide fuel cells), as they result in the performance and structure degradations (e.g. RedOx

cycling). Being related to the current variations, the longitudinal temperature variations

are important, because they give rise to the thermal stresses. It is hence required to iden-

tify the longitudinal variations in the characteristic properties, for which in-situ spatial

characterization techniques are available (e.g. segmentation, etc.). However, it is imprac-

tical to apply the existing techniques on various forms of SOFC. Although numerical tools

are feasible, they are required to be verified with experimental data. For improving the

reliability of the numerical SOFC tools, in this Ph.D. study, the longitudinal current and

temperature variations are elaborated via applying the segmentation method along with a

finite element model on mt-SOFCs (microtubular-SOFCs) utilizing hydrogen and syngas

(a mixture of hydrocarbons).

In-situ measured current variations along mt-SOFCs are presented under various fuel (hy-

drogen) flow conditions; a remarkable performance degradation is disclosed. Additionally,

a high risk of RedOx cycling is diagnosed at low fuel flow conditions. Substantial tempera-

ture variations along mt-SOFCs in both co- and counter-flow configurations are identified.

Based on longitudinal impedance measurements, a strong impact of the large temperature

gradients on both electrolyte conductivity and reaction kinetics is shown, influencing the

longitudinal current and concentration variations. It is found that longitudinal current

(concentration) and temperature variations couple in the counter-flow configuration, ex-

hibiting larger variations in comparison with the co-flow configuration. Analysis of the

longitudinal temperature and current variations together under various operation condi-

tions discloses the contributions by current variations, and convective heat transfer between

air and the cathode surface to the longitudinal temperature variations. It is shown that

the large temperature variations stem mainly from the excess air supplied as a common

practice to sweep the waste heat produced in SOFCs. In this regard, the excess air supply

should be avoided to minimize temperature variations in the co-flow configuration, which

would also reduce the power consumption by the air blower.
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For evaluating reliability of numerical tools developed to compute spatial variations, a fully-

coupled two dimensional finite element model is presented for a mt-SOFC. The model is

validated by correlating the conventional current/voltage curve of the cell to the in-situ

measured one. This conventional validation process exhibits remarkable deviations among

numerical and experimental values (current and temperature). Exclusion of radiant heat

transfer makes the deviation among the experimental and numerical temperature values

significantly larger, revealing the notable impact of the radiant heat transfer on the longi-

tudinal temperature variations. Due to the poor accuracy of temperature computation and

substantial impact of temperature on the other processes in such a fully-coupled model,

the model is modified to capture the in-situ measured temperature variations. This val-

idation shows a positive impact on estimation of the longitudinal current variations, i.e.,

on reliability of numerical model.

Spatial variations in characteristic properties of SOFCs are anticipated to be more remark-

able while direct internal reforming of hydrocarbons. Spatial characterization is hence more

demanded in direct internal reforming SOFCs. For improving reliability of numerical tools

developed for direct internal reforming SOFCs, the impact of the endothermic internal re-

forming on the longitudinal temperature variations and corresponding rate of the reforming

reaction is analyzed while utilizing syngas. It is found that the extent of endothermic cool-

ing changes along the cell, which is attributed to the changing reaction rate related to

the concentration variations. It is found that syngas utilization yields remarkable current

fluctuations in parallel to the rate of the internal reforming. The fluctuations are ascribed

to the competition among the reforming reaction and the hydrogen oxidation reaction, as

they both proceed on the same catalysts.

It is concluded that the heat and mass transfer processes should be carefully considered

in numerical tools for precisely computing spatial variations. Besides, the rate of the

reforming reaction should be accurately defined to employ numerical tools for internal

reforming SOFCs.
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January, 2017

xv



6.1 Fluctuating segment currents and temperatures at various cell voltages for

the cell operation with the SYN-1. The segments are represented by three

different colors which are identical in both current and temperature curves. 104

6.2 Fluctuating segment currents and temperatures at various cell voltages for

the cell operation with the SYN-2. Note that the segments are represented

by three different colors which are identical in both current and temperature

curves. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

6.3 Fluctuating segment currents and temperatures at various cell voltages for

the cell operation with the SYN-3. The segments are represented by three

different colors which are identical in both current and temperature curves. 106

6.4 The occupation of the nickel catalysts in the TPB (triple phase bound-

ary) by the HOR and MSR reaction with different syngas flow rates. This

schematic is intended to capture the state of the catalysts between 240-360

s corresponding to 0.7 V . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

6.5 (a) I-V curves of the segments and (b) longitudinal current distributions

at various cell voltages with the SYN-1 and its equivalent H2/N2=80/40

cm3/min. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

6.6 (a) I-V curves of the segments and (b) longitudinal current distributions

at various cell voltages with the SYN-2 and its equivalent H2/N2=60/30

cm3/min. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

6.7 (a) I-V curves of the segments and (b) longitudinal current distributions

at various cell voltages with the SYN-3 and its equivalent H2/N2=40/20

cm3/min. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

6.8 (a)I-T curves of the segments, (b) longitudinal temperature distributions

and the temperature drops due to the endothermic cooling at various cell

voltages with the SYN-1 and its equivalent H2/N2=80/40 cm3/min. . . . . 116

Ph.D. dissertation presented by Özgür AYDIN
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Chapter 1

Fundamentals

1.1 Introduction

The growing population of the world accompanied with the rising living-standards are

raising the energy demand continuously. On the other hand, the depletion of the fossil

fuel reserves associated with the global warming, the dominance of the energy security on

the international relationships, and particularly the nuclear disasters have finally forced

humans to harvest the renewable energy sources for utilizing in the environment-friendly

energy conversion and storage systems. Owing to the severity of these evidences, and the

occurrence probability of severer ones in the future, serious actions have being quickly

taken at least in the industrialized countries. For instance, Japan has halted almost all

nuclear power plants, and has been pushing for the “Green Society”. Similarly, Germany

has been reducing the dependence on nuclear power and increasing the renewable energy

utilization.

Efficient use of energy has being globally more promoted, so that the conventional energy

conversion technologies have been rather advanced. Similarly, the modern energy conver-

sion technologies have being developed to harvest the renewable sources more efficiently.

The developments have been as remarkable as that large scale solar and wind farms are

being established all over the world. Fortunately, the environment-friendly energy conver-

sion and storage technologies have been gaining the attention which has been overlooked
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throughout the decades. Excitingly, various types of batteries have being developed and

employed in a number of applications. For instance, electric vehicles have been produced

usually for short range driving. Analogously, fuel cells, as zero-emission electrochemical

energy conversion systems, have being developed and slowly commercialized for diverse

applications. In 2014, the first commercial car (Toyota Mirai) has been released, which

has overcome the driving range and the recharging issues of the electric vehicles. Simul-

taneously, fuel cells are developed for other applications, such as the residential and the

regional power supply [6]. Attracting the second most attention after PEMFCs (polymer

electrolyte membrane fuel cells), SOFCs (solid oxide fuel cells) have been often regarded

as the strongest candidate for particularly large power demands. In this context, advance-

ment of SOFCs has been quite promising for moving toward the ‘Green Society‘”. This

PhD study is thus devoted to improvement of SOFCs.

1.2 Basics of SOFC

1.2.1 The Technology

Essentially, all fuel cells lean upon the same principle (Fig. 1.1) that an exothermic reaction

proceeding between a fuel and oxygen is rigorously controlled by directing the electrons

exchanged for the exothermic reaction through a separated pathway to exploit for the

power generation. Despite the same principle, fuel cells are classified with respect mainly

to the employed electrolyte, as it dominates in selecting the operation conditions and

complementary cell components. In this context, the core component of an SOFC is the

ceramic-based electrolyte that requires relatively high operation temperature from 500 to

1000 ◦C for a satisfactory ion/proton conduction. This high operation temperature has

been the identity of SOFCs with the advantages and disadvantages listed in the following:

Advantages

• Employing non-precious catalysts in the electrodes, thus lower cost,

• High energy conversion efficiency,

• Relatively high power density [7],
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• Releasing heat at high quality that can be utilized for cogeneration processes,

• Utilizing various fuels including hydrocarbons,

• Solid electrolyte [7].

Figure 1.1: The operation principle of SOFCs presented through the half cell reactions

proceeding in the TPBs formed among the electrolyte and electrodes: anode and cathode,

separately.

Disadvantages

• Limited materials for sealing, current collection, etc.,

• Thermal stresses among the components,

• Structure degradations,

• Relatively expensive components/fabrication [7],

• Long start-up process.

Ph.D. dissertation presented by Özgür AYDIN
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1.2.2 Components

As for the other fuel cells, an SOFC fundamentally consists of three main components.

The components are an electrolyte; and two electrodes: an anode and a cathode. Re-

garding the operation of an SOFC with hydrogen (fuel) and oxygen (oxidant), Fig. 1.1

illustrates the electrolyte and the electrodes with the respective physical/electrochemical

processes. Essentially, the electrolyte is supposed to conduct the ions between the elec-

trodes that are responsible to trigger the concerning half cell reactions with their specific

(reducing/oxidizing) attributes, so that to direct the electrons through the external path-

way.

Anode

The anode of an SOFC acts a reducing environment wherein the elementary HOR (hydro-

gen oxidation reaction)

2H2 + 2O2− 
 2H2O + 4e− (1.1)

is triggered, and water vapor is produced within the TPB (triple phase boundary). Even-

tually, the electrons are liberated to migrate toward the cathode for generating power.

As seen in Fig. 1.1, the TPB is the junction wherein the oxygen ions coming through the

electrolyte and the hydrogen molecules transported by the anode react to produce water

vapor for liberating the electrons. Namely, the anode must

• deliver the hydrogen molecules,

• catalyze the HOR,

• transport the liberated electrons toward the cathodes,

• sustain the chemical and thermal stability,

• and possess a CTE (coefficient of thermal expansion) matching to that of the other

components.

These are achieved by the porous microstructure (Fig. 1.1). To ensure these properties, the

anode is conventionally made of (non-precious) nickel. Although earlier anode materials
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did not provide the ionic conduction, i.e., the TPB was only formed in the interface between

the anode and electrolyte, the anode in the state-of-the-art SOFCs provides also the ionic

conduction for expanding the TPB length [8]. The expansion of the TPB length into the

anode is assured by adding an ionic conductor material, such as YSZ (yittria-stabilized

zirconia) [9]. In addition to the ionic conductivity, YSZ suppresses the coarsening of

nickel; and it reduces the mismatch among the coefficients of thermal expansion of the

anode and electrolyte. Alternatively, ceria or ceria/strontium titanate mixtures as well as

ceramic anodes, such as (La, Sr)TiO3, (La, Sr)CrO3 with addition of CeO2 have being

investigated [4, 7].

Cathode

The cathode of an SOFC is an oxidizing medium where the ORR (oxygen reduction reac-

tion)

O2 + 4e− 
 2O2− (1.2)

takes place in the TPB as shown in Fig. 1.1. For proceeding the ORR, the cathode must

• deliver the electrons liberated in the anode,

• transport the oxygen molecules,

• catalyze the ORR,

• maintain the chemical and thermal stability,

• and have a CTE matching to that of the other components.

As for the anode, these requirements are achieved by the porous microstructure as well.

Because metals are not stable in oxidizing mediums at high temperature, the cathodes

are usually made of ceramics; thus, the cathode shows lower electronic conductivity than

the anode. One of the conventional cathode materials has been LSM (strontium-doped

LaMnO3). The TPB length is commonly extended by adding ionic conducting materi-

als, such as YSZ [7, 9]. Alternatively, LSCF (La1−xSrxCo1−yFeyO3) has been a poten-

tial cathode material for the moderate temperature operation. Another cathode material

Sm0.5Sr0.5CoO3 is currently under development. [7].
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Electrolyte

Being the core component in SOFCs, the electrolyte must fulfill various demands. It must

• conduct the oxygen ions produced in the cathode as an ionic conductor,

• prevent the fuel cross-over between the anode and cathode as a sealant,

• inhibit the electronic conduction between the anode and cathode as an electronic

insulator,

• be chemically and thermally durable,

• and posses a CTE matching to that of the other components.

The conventional electrolyte material has been YSZ that exhibits unsatisfactory ionic con-

ductivity below 750 ◦C. Thereby, various novel electrolyte materials have being developed

to obtain higher ionic conductivity at the moderate temperature level between 500-800 ◦C.

SSZ (scandia-stabilized zirconia) shows higher conductivity; however, high cost of scandia

accompanied with the degradations make this material less attractive. GDC (gadolinium-

or samarium-doped CeO2) yield high ionic conductivity below 600 ◦C, although they give

high electronic conductivity and dimensional change in reducing environments at high

temperatures. In addition to these fluorite structure oxides, perovskite structure mate-

rials, such as LSMG ((La, Sr)(Mg,Ga)O3) have being developed as oxygen ion/proton

conducting electrolytes despite the uncertainty in their chemical and mechanical instabil-

ity [4, 7].

1.2.3 Energy Conversion Efficiency

Though SOFCs can generate power from various fuels, hydrogen is considered as the most

promising energy carrier owing to its green product water vapor. Despite the proton

conducting electrolytes are developed [10], SOFCs are identified with the ion conduct-

ing electrolytes. Besides, this PhD study was conducted on an SOFC comprising an ion

conducting electrolyte. Therefore, hydrogen and the ion conducting electrolyte will be

regarded throughout the analysis of the energy conversion efficiency.
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As previously expressed, SOFCs generate power via the HOR (Eq. 1.1)

At 800 ◦C, the total enthalpy change of the HOR [7]

∆H0 = −248.9 kJmol−1 (1.3)

Due to the entropy change ∆S0, at 800 ◦C the Gibbs free energy change of the HOR [7]

∆G0 = ∆H0 − T∆S0 = −191.3 kJmol−1 (1.4)

The electrical efficiency (ξ) of fuel cells is defined as the percentage of the extractable

energy (∆G0) from the total energy (∆H0)

ξ =
∆G0

∆H0
100 = 77.1% (1.5)

In principle, the thermodynamic potential (∆G0) is equal to electrical work W (J) that is

a function of the electrical charge Q (C) and the electrical potential U0 (V )

∆G0 = −W = −QU0 (1.6)

The Faraday’s law states that

Q = nF (1.7)

where n is the number of moles of electrons exchanged per molecule of the reactant and

F the Faraday’s constant (96485 C/mol). When Q in Eq. 1.6 is substituted with Eq. 1.7,

the thermodynamic potential can be rewritten as

∆G0 = −nFU0 (1.8)

This equation allows for calculating the standard cell voltage as the difference between the

standard potentials of the anode and cathode at 800 ◦C

∆G0 = −nFU0 ⇒ U0 = 0.991 V (1.9)

However, the cell voltage UOCV (V ) can only approach the standard cell voltage due to the

effects of temperature T (K) and the chemical activity (pressure/concentration) pi (Pa)

of the involving species i

UOCV = U0 − RT

nF
ln

(
pH2O

pH2p
0.5
O2

)
(1.10)
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where R (J/Kmol) is the ideal gas constant.

To achieve the theoretical cell voltage, which is practically referred to as “open circuit

voltage (OCV)”, a fuel cell must be under the thermodynamic equilibrium; namely, the

HOR in the anode (Eq. 1.1) and the ORR in the cathode (Eq. 1.2) must proceed in the

both directions at the same rate. To generate power, the system must move away from the

equilibrium state through the irreversible polarizations discussed in the following.

Polarizations

For the power generation, the directions of the HOR and the ORR must be enforced to the

right (Eqs. 1.1 and 1.2). This enforcement pushes the system from the thermodynamic

equilibrium to the non-equilibrium state. As a result, the liberated electrons in the anode

are enabled to move toward the cathode through the external pathway. The enforcement

is achieved by the irreversible polarization (overpotential) ηirev (V ) that reduces the cell

voltage

ηirev = UOCV − Ucell (1.11)

The external electron flow rate (current) can be controlled by adjusting the cell voltage

through a potentiostat/galvanostat. A rising current decreases the cell voltage; thus in-

creases the polarization as the I-V curve in Fig. 1.2 illustrates. The relationship among the

polarization and current may not be linear due to the fact that the polarization is the sum-

mation of the various components, which basically represent main processes manipulating

the system performance; namely, activation ηact (V ), ohmic ηohm (V ), and concentration

polarizations ηconc (V ).

ηirev = ηact + ηohm + ηconc (1.12)

Activation Polarization

The activation polarization is related to the rates of the HOR and the ORR. For each of

these reactions, this relationship is well captured by the Butler-Volmer equation under the

non-equilibrium state

i = i0

{
exp

(
βnFηact
RT

)
− exp

(
−(1− β)nFηact

RT

)}
(1.13)
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Figure 1.2: Typical I-V curve of a fuel cell illustrating the polarizations sacrificed to

generate power.

where i (A/cm2) is the current density, i0 (A/cm2) the exchange current density, and β the

symmetry factor. In the high current region ( i� i0), as the HOR and ORR are forced to

proceed to the right (Eqs. 1.1 and 1.2), Eq. 1.13 becomes

i = i0 exp

(
βnFηact
RT

)
⇒ ηact =

RT

βnF
ln

i

i0
(1.14)

The HOR and the ORR diverge in terms of the kinetics, as the ORR requires a series

of elementary reactions [4]. The respective activation polarizations differ in magnitude as

well. At small current densities, the (total) activation polarization outweighs the other

polarizations, and thus it yields an exponential voltage drop in the I-V curve depicted in

Fig. 1.2. On the other hand, as Eq. 1.13 displays, temperature reduces the activation

polarization, i.e., it increases the rate of the HOR and the ORR. Thanks to the high oper-

ation temperature of SOFCs, the activation polarizations tend to decrease, and that allows

for employing non-precious metals as catalysts e.g., nickel, doped-ceria, etc. Consequently,

the exponential voltage drop in the I-V curve might disappear.
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Ohmic Polarization

As named after, the ohmic polarization ηohm (V ) obeys the Ohm’s law defined as

ηohm = iRohm (1.15)

Since current and the ohmic polarization is linearly proportional, this polarization appears

as a linear curve in the I-V curve (Fig. 1.2). The linear I-V curves often measured in

SOFCs disclose then the fact that the ohmic polarization outweighs the other polarizations.

Essentially, the ohmic polarization is built up due to the electrical resistances of the anode

Ra (Ω) and cathode Rc (Ω); the electrolyte resistance against the ionic conduction Rel (Ω);

and the contact resistance between the components Rec (Ω)

Rohm = Ra +Rc +Rel +Rec (1.16)

In fuel cells, the resistance is more specifically defined as the area specific resistance

RA =
1

σe
δ (1.17)

where δ (m), A (m2), and σe (S/m) denote the thickness, the area, and the electronic/ionic

conductivity of the component, respectively. Because the resistance of a component is

directly proportional to its thickness, the thinner the component, the smaller the resistance.

The ionic conductivity of the electrolyte σel (S/m) is commonly described as

σel =
A0

T
exp

(
−Eact

kBT

)
(1.18)

whereA0 is the pre-exponential factor, kB (J/K) the Boltzman constant, and Eact (J/atom)

the activation energy. In fact, the ohmic polarization in SOFCs is dominated by the high

resistance of the ceramic-based electrolytes [6, 11, 12]. To reduce this resistance to a rea-

sonable level, SOFCs are traditionally operated at high temperatures (Eq. 1.18). Because

of the disadvantages arising from the high temperature listed in section 1.2, a remarkable

effort is being recently invested in developing novel electrolyte materials with higher ionic

conductivity at the moderate temperature level (500-800 ◦C) [4, 7, 13].

Concentration Polarization
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While an SOFC is operating, the reactant flux J∗R (mol/m2s)

J∗R =
i

nF
(1.19)

is consumed while the water vapor flux J∗P

J∗P =
i

nF
(1.20)

is produced. Due to the resistance against the diffusion of the reactants to the TPB as well

Figure 1.3: The concentration gradients developing across the porous electrodes.

as the removal of the product from the TPB within the porous electrodes, cbR > c∗R, whereas

cbP < c∗P , as shown in Fig. 1.3. Owing to these concentration-gradients, the diffusion fluxes

for the reactants Jdiff
R and product Jdiff

P

Jdiff
R = J∗R = −DR

∂cR
∂y

= −DR
c∗R − cbR

δ
(1.21)

Jdiff
P = J∗P = −DP

∂cP
∂y

= −DP
cbP − c∗P

δ
(1.22)

where D (m2/s) and ci (mol/m3) stand for the diffusivity and the concentration of the

species i, respectively. The relationship among current and the total polarization in the
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anode comprising both the activation and the concentration polarization can be defined as

i = i0

{
c∗H2

cbH2

exp

(
βnFηa
RT

)
−
c∗H2O

cbH2O

exp

(
−(1− β)nFηa

RT

)}
(1.23)

by explicitly stating the concentration dependence of the exchange current density

i0 = nFc∗H2
f1 exp

(
−Eact

RT

)
(1.24)

in the Butler-Volmer equation (Eq. 1.13). Here, f1 and Eact (kJ/mol) denote the decay

rate of reactants to products and the activation energy, respectively.

With the increasing current, J∗R and J∗P grow proportionally. Thereby, the concentration

gradients across the electrodes become larger, so that the concentration polarization rises.

At very high current densities (i� i0),

exp

(
βnFηa
RT

)
� exp

(
−(1− β)nFηa

RT

)
(1.25)

As a result, Eq. 1.23 becomes

i = i0
c∗H2

cbH2

exp

(
βnFηa
RT

)
(1.26)

In this case,

ηa =
RT

βnF
ln

(
i cbH2

i0 c∗H2

)
(1.27)

which can be written as

ηa =
RT

βnF
ln

(
i

i0

)
+

RT

βnF
ln

(
cbH2

c∗H2

)
(1.28)

Since ηa = ηact,a + ηconc,a

ηconc,a =
RT

βnF
ln

(
cbH2

c∗H2

)
(1.29)

On the other hand, when i0 � i, the electrochemical reaction is limited by the diffusion

process. Assuming i/i0 = 0 at the thermodynamic equilibrium state

0 =

{
c∗H2

cbH2

exp

(
βnFηa
RT

)
−
c∗H2O

cbH2O

exp

(
−(1− β)nFηa

RT

)}
(1.30)
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Since ηact,a → 0,

ηa = ηconc,a =
RT

nF
ln

(
c∗H2O

cbH2

c∗H2
cbH2O

)
(1.31)

The concentration polarization can be derived for the cathode in a similar way.

In fact, the effective diffusivity through the porous structures is related to the characteristic

properties of the porous medium, for instance, porosity, pore diameter, and tortuosity. In

this context, optimization of these properties can reduce the concentration polarization.

As long as the inlet hydrogen flux J in
H2

is sufficiently high, the concentration polarization

decreases. However, high hydrogen flux reduces the fuel stoichiometry

λH2 =
J∗H2

J in
H2

100 (1.32)

and thus decreases the energy conversion efficiency, provided the exhaust gas flow from the

anode is not utilized for a secondary purpose, such as anode-off-gas recycling, and post-

combustion, etc. However, under normal supply conditions, the concentration polarization

becomes as severe as to limit the power density as depicted in Fig. 1.2.

Basically a similar situation exists in the cathode as air containing only 21% oxygen is

supplied as oxidant. Thanks to the abundance of air, it is easy to supply at excess rates

to suppress the concentration polarization.

1.2.4 Forms of SOFC

On the one hand, the high operation temperature of SOFCs provides various advantages

listed in subsection 1.2.1. On the other hand, it causes thermal stresses among the compo-

nents, threatening the mechanical stability of the cell, as broadly discussed in subsection

1.3.3. In order to cope with the thermal stresses, SOFCs are designed in various forms.

From the main planar and tubular forms illustrated in Fig. 1.4, several forms, e.g., flat-

tubular, honeycomb, and microcone, etc. have been derived.

The planar-SOFCs are recognized with high (volumetric) power density, high modularity,

and low cost; however, they are vulnerable to the thermal stresses. In contrast, the tubular-

SOFCs exhibit moderate power density, low modularity, and high cost; but they are robust
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Figure 1.4: Basic forms of SOFCs: a) Planar-SOFCs designed in various shapes and b)

tubular-SOFCs [4].
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against the stresses [6, 13–16]. The flat-tubular-SOFCs blend the advantages of both the

planar and the tubular forms; namely, they show high power density [17] as well as high

strength [18]. The honeycomb-SOFCs are identified with high volumetric power density

[19, 20]; however, it is expensive to fabricate such a structure. The microcone-SOFCs are

developed for improving the volumetric power density of the tubular form [21–23].

As summarized, all the SOFC forms have advantages and disadvantages. Therefore, they

are all being developed according to the application. For instance, tubular-SOFCs are

developed for stationary power generation, where the strength outweighs the other pa-

rameters. Planar-SOFCs are developed for transportation, wherein the volumetric power

density matters [6].

In addition to the form, dimension is an effective parameter on the performance and dura-

bility of SOFCs. Particularly, miniaturization of tubular-SOFCs yields promising (vol-

umetric) power density and higher modularity while sustaining the strength against the

thermal stresses. Tubular-SOFCs with diameters as small as a few micrometer are being

developed and referred to as mt-SOFC (microtubular-SOFC) [11, 14, 24]. Referring to the

challenging start-up process in SOFCs, mt-SOFCs can be started in relatively shorter time.

These features render mt-SOFCs rather promising for various future applications [11, 14].

Nonetheless, the concentration polarization and its impacts on mt-SOFCs deserve further

investigations to improve their performance and durability.

1.2.5 Types of SOFC

In order to reduce the irreversible polarizations, the SOFC components are designed rather

thin; in the micrometer range. Though it is desired to design all the components very thin,

this desire cannot be realized; because a sustainable mechanical strength is required. The

mechanical strength is ensured by providing larger thickness in one of the components as

the supporter. Therefore, there are three types of SOFCs: electrode (anode/cathode)-

supported, and electrolyte-supported [7] .

From a microstructure point of view, the anode and cathode are porous, whereas the

electrolyte is relatively dense. The electrolyte-supported type thus exhibits the highest
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mechanical strength; however, it gives rise to quite high ohmic polarizations at a sustainable

thickness (Eq. 1.16). Though the anode- and cathode-supported types reduce the ohmic

polarizations, allowing for operation at lower temperatures, they raise the activation and

concentration polarizations [11,12,25]. Nonetheless, particularly, the anode-supported type

yields high power density as well as sufficient strength at a particular thickness; and thus

it has been superior to the cathode and electrolyte-supported types [6, 26, 27]. In this

respect, the planar-SOFCs are usually designed as the electrolyte-supported, whereas the

tubular-SOFCs are designed as the anode-supported for ensuring the durability of the

systems.

1.3 Background of Dissertation

1.3.1 Current Variations

The power generation in SOFCs via oxidizing hydrogen with oxygen flowing in the re-

spective flow channels is illustrated in Fig. 1.5. For an infinitesimal current density ∂i

Figure 1.5: The power generation principle of SOFCs by using hydrogen and oxygen

flowing in the regarding flow channels.

generated within an area of ∂x (for the unit width) depicted in Fig. 1.5, the consumed
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reactant fluxes can be written as

∂J∗H2
=

∂i

nH2F
∂J∗O2

=
∂i

nO2F
(1.33)

according to the Faraday’s law in the anode and cathode, respectively. Here,

∂i =
∂I

∂x
(1.34)

Since the consumed reactants are converted to the water-vapor

−
∂J∗H2

∂t
=
∂J∗H2O

∂t
= −1

2

∂J∗O2

∂t
(1.35)

the concentrations of the reactants and product vary as

−
∂c∗H2

∂t
=
∂c∗H2O

∂t
= −1

2

∂c∗O2

∂t
(1.36)

Regarding the continuous flow of the reactants and product along the respective flow

channels within the electrodes, the longitudinal concentration variation can be expressed

as

−
∂c∗H2

∂x
=
∂c∗H2O

∂x
= −1

2

∂c∗O2

∂x
(1.37)

As stated by Eq. 1.23, for a constant ηa comprising the concentration and the activation

polarizations in the anode, current is a function of the reactant and product concentrations.

Because the concentrations vary along the channel, Eq. 1.23 becomes

i(x) = i0

{
c∗H2

(x)

cbH2
(x)

exp

(
βnFηa
RT

)
−
c∗H2O

(x)

cbH2O
(x)

exp

(
−(1− β)nFηa

RT

)}
(1.38)

Since the drops in the reactant concentrations give rise to the product concentration,

i(x) = i0

{
c∗H2

(x)−
∂c∗H2

∂x

cbH2
(x)−

∂c∗H2

∂x

exp

(
βnFηa
RT

)
−
c∗H2O

(x) +
∂c∗H2O

∂x

cbH2O
(x) +

∂c∗H2O

∂x

exp

(
−(1− β)nFηa

RT

)}
(1.39)

current decreases along the channel. This longitudinal decrease in the current is equivalent

to the reversible voltage-loss referred to as “Nernst-loss” [28,29].
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1.3.2 Temperature Variations

While converting the chemical energy of hydrogen into power through the HOR at current

density i, heat q̇tot (W/m2) is unfavorably released due to the entropy change ∆s (J/mol K)

and Nernst-loss, together categorized as the reversible polarization ηrev; and due to the acti-

vation, ohmic, and concentration polarizations, categorized as the irreversible polarization

ηirev, as given in the following equation

q̇tot = i (ηrev + ηirev) (1.40)

At a given polarization ηtot, which includes both the reversible and irreversible contribu-

tions, current varies along the channel owing to the concentration variations, assuming

that the variations in the other directions are negligible. As a result, the heat production

rate becomes a function of the position

q̇tot(x) = i(x) ηtot (1.41)

implying that temperature is also a function of position along the channel.

On the other hand, the released heat is removed through the conductive, radiative, and

convective heat transfer processes to maintain the cell temperature at a desired level. The

conductive heat transfer along the x axis can be defined according to the Fourier’s law as

q̇cond(x) = −k∂Ts
∂x

(1.42)

Due to the large temperature difference between the cell and ambient temperature, radiant

heat transfer plays an important role. According to the Stefan-Boltzman law, the maximum

rate of radiation emitted from a black body at the position of x

q̇emit,max(x) = σSBT
4
s (x) (1.43)

where σSB is the Stefan-Boltzman constant. In fact, the emissivity of a real object ε

diverges from the unity (0 ≤ ε ≤ 1) that adopted for the black body. This divergence

modifies Eq. 1.43 as

q̇emit(x) = εσSBT
4
s (x) (1.44)
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Additionally, the absorptivity of a real object α departs from that of the black body

(0 ≤ α ≤ 1). As a result, the absorbed heat from the surrounding is defined as

q̇abs(x) = α q̇inc(x) (1.45)

where q̇inc (W/m2) denotes the incident radiation.

In this case, the net radiant heat transfer at the position of x can be expressed as follows

q̇rad(x) = q̇abs(x)− q̇emit(x) (1.46)

Owing to the continuous flow of the reactant and product gases, the convective heat transfer

is also effective for removing the heat from cell. Depending on the heat transfer coefficient

h (W/m2K) and the inlet gas temperature T∞, the convective heat transfer at the position

of x can be written according to the Newton’s law as

q̇conv(x) = h(Ts(x)− T∞) (1.47)

Depending on the balance between the heat production rate and the total heat transfer

rate, consisting of the conductive, convective, and radiant heat transfer rates, the surface

temperature differentiates along the channel

Ts = f(x) (1.48)

Herein the surface temperature refers to either of the anode or cathode. Thanks to the

rather small thickness and high thermal conductivity (k (W/m2K)) of the components

(subsection 1.2.2), the temperature difference among the components in the through-plane

direction (y-direction in Fig. 1.5) is numerically estimated to be trivial.

Endothermic cooling

Despite hydrogen is considered in the previous analyses, the tolerance of SOFCs to the

hydrocarbon fuels is one of their advantages. As depicted in Fig. 1.6, there are two driving

forces for sticking on the hydrocarbon fuels. Firstly, the infrastructure for storing and

distributing hydrogen is yet insufficient, whereas the storage and distribution of hydrocar-

bons is relatively easy. In fact, methane (in the city gas) is effectively distributed all over
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Figure 1.6: The concept of direct internal reforming in SOFCs.

the globe. Secondly, at the moment, the most of hydrogen (ca. 96%) is produced from

hydrocarbons via various processes [30]; thus, the direct use of hydrocarbons theoretically

is more efficient owing to the reduced entropy loses [31]. Thanks to these convincing facts,

various hydrocarbon fuels, such as methane, ethane, and butane, etc. are under investiga-

tion to utilize for power generation in SOFCs. Among them, methane has been regarded

as the most promising fuel.

Nickel being the most commonly used catalyst of SOFCs is very active for methane cracking

reaction

CH4 
 C + 2H2 (1.49)

which leads to “carbon deposition”, resulting in irreversible degradations, as discussed in

subsection 1.3.3. Therefore, the electrochemical oxidation of methane has been achieved for

only short-term. Similarly, the “dry methane reforming” often terminates the cell operation

with the carbon deposition. Fortunately, methane has being successfully reformed via the
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January, 2017

20



Chapter 1: Fundamentals

endothermic MSR (methane steam reforming) reaction

CH4 + 2H2O 
 CO2 + 4H2 ∆H = −195.8 (kJ/mol) (1.50)

As shown in Fig. 1.6, hydrogen is usually produced through the MSR in the catalytic steam

reformers, where nickel is employed as the catalyst as well. The operation temperature of

the catalytic reactors approaches to the typical operation temperature of SOFCs. These

analogies have been inspiring for the unification of the MSR and the HOR in SOFCs

and referred to as “direct internal reforming”. Although, the original idea is to exploit

the water-vapor and heat produced by the exothermic HOR for the endothermic MSR,

unfortunately this idea can only partially be realized due to the carbon deposition. Thereby,

methane is fed along with steam at a particular S/C (steam/carbon) ratio to prevent the

carbon deposition.

Depending on the concentration of the species, the rates of the HOR and the MSR reaction

change along the channel. It is often reported that the MSR reaction rate is rather high

in the fuel inlet vicinity and decreases longitudinally. Depending on the rate of the MSR

reaction, the SOFC is cooled down at longitudinally varying degrees via the “endothermic

cooling”. This type of cooling is expected to be rather effective according to the numerical

calculations.

1.3.3 Consequences of Longitudinal Variations

In the previous subsections (1.3.1 and 1.3.2), the longitudinal concentration, current, and

temperature variations were theoretically derived and explained. The variations are likely

to result in performance and structure degradations in SOFCs. The relationships among

the degradations and the variations are depicted in Fig. 1.7; and discussed in the following.

Performance Degradation

Arising mainly from the longitudinally growing concentration polarization including the

Nernst-loss toward the fuel outlet under the assumption of negligible concentration po-

larization in the cathode, the current variation results in power-loss that is referred to
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Figure 1.7: Concentration, current, and temperature variations and consequential per-

formance and structure degradations while utilizing hydrogen as well as hydrocarbon.

as “performance degradation”. This sort of degradation implies that the electrochemical

capacity of the active area within the cell cannot be effectively exploited as explained in

the following.

Since current is a function of the distance from the fuel inlet, the total current produced

along the channel (Fig. 1.5) for the unit width can be defined as

Itot =

∫ x

0

i(x)dx (1.51)

Assuming that the electrochemical capacity of the cell is maximum in the fuel inlet, wherein

the concentration polarization tends to minimize, the total electrochemical capacity of the

cell can be expressed as

Icap =

∫ x

0

i(0)dx = i(0)

∫ x

0

dx (1.52)

In this case, the performance degradation can be written as

Icap − Itot = i(0)

∫ x

0

dx−
∫ x

0

i(x)dx =

∫ x

0

(i(0)− i(x))dx (1.53)
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Note that the smaller the activation polarization in the cell, the larger the maximum

current in the fuel inlet; however, the bigger the current drop toward the fuel outlet.

As explained in subsection 1.2.3, the high operation temperature of SOFCs favors the

HOR and ORR. As a result, the respective activation polarizations become small while the

performance degradation large. From this point of view, the diagnosis and mitigation of the

performance degradation is of great importance. For the diagnosis, the in-situ longitudinal

characterization of the active area would provide sufficient knowledge to estimate the extent

of the degradation. In this way, the cell geometry, referring to the dimension and form,

and the microstructure of the cell components could be modified to mitigate the current

variations.

Thermal stresses

The mechanical failure of SOFCs is mainly ascribed to the thermal stresses emerging among

the cell components [1, 32, 33]. Essentially, thermal stresses are related to the volumetric

thermal expansion of a component that is a function of temperature and the volumetric

CTE (coefficient of thermal expansion)

αv =
1

V

∂V

∂T
(1.54)

where V (m3) stands for volume of the component.

As explained in subsection 1.2.2, SOFCs are composed of the ceramic-based components.

Thereby, the CTE differs among the components, and the differences give rise to the

thermal stresses in conjunction with temperature.

To achieve the desired functionality from the ceramic-based components, they are exposed

to heat treatment processes at high temperature (1000-1450 ◦C). Conventionally, the heat

treatment processes are carried out at distinct temperatures in the given range for each

component, consecutively. Due to this consecutive thermal cycles, the induction of the

residual stresses is indispensable. As a result, operating SOFCs inherently accommodate

(residual) stresses. Similarly, additional residual stresses are induced during thermal cy-

cles for the occasional shut-down processes [34]. On the other side, temperature varies

along the channel in relation with the current variations and the heat transfer processes,
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as clarified in the subsection 1.3.2. In this circumstance, the residual stresses are presum-

ably accompanied with the thermal stresses emerging from the longitudinal temperature

variations [1, 32,35–37].

In order to reduce the residual stresses, there have been various attempts, such as conduct-

ing the heat treatment for all the cell components at once, and controlling the temperature

ramp, etc. However, the severity of the stresses stemming from the longitudinal temper-

ature variations has not yet been clarified. Although there have been some numerical

studies leaning either upon particular assumptions for the longitudinal temperature varia-

tions [1] or upon the thermo-electrochemical models predicting the variations [32,35,36,38],

the temperature variations have not yet been in-situ characterized. Thereby, the in-situ

characterization of the variations with feasible methods for mitigating/eliminating them is

substantial.

Structure Degradations

Although nickel has being regarded as the most appropriate element for the anode in an

SOFC, its instability under electrochemically harsh conditions poses serious degradation

issues. Depending on the operation conditions, the degradations can be as harmful as to

terminate the power generation as explained in the following.

RedOx Cycling

It is stated in subsection 1.2.2 that the nickel-coarsening (happening at high temperature)

is suppressed by the addition of more stable YSZ. Namely, the anode is usually made of

Ni/YSZ cermet. In fact, at high temperatures nickel oxidizes easily through

2Ni+O2 
 2NiO (1.55)

This implies that the cermet anode is originally made of NiO/YSZ, since the anode is

fabricated through the sequential heat treatment processes at high temperature (subsection

1.3.3). At this state, the anode is not porous indeed. Thanks to the fact that the molar

volume of nickel oxide is 1.66 times of that of nickel, the porous cermet anode (Ni/YSZ)

is obtained through [39,40]

NiO +H2 
 Ni+H2O (1.56)
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In other words, upon subjecting the anode to hydrogen, the YSZ phase remains stable,

whereas the nickel oxide particles are converted to the smaller nickel particles, forming the

pores as sketched in Fig. 1.8. However, this porous structure is not stable at all; the nickel

particles keep coarsening with time, despite the stable YSZ. Besides, if the cermet anode is

somehow exposed to an oxygen containing environment at high temperatures (above 600
◦C), the nickel particles can readily re-oxidize, and thus convert back to the larger nickel

oxide particles. Such a reduction/oxidation cycle is known as “RedOx cycling”, which

can result in the following irreversible structure degradations: i) the catalyst loading of

the anode reduces, so that TPB length becomes smaller, deteriorating the electrochemical

performance, ii) if the RedOx cycles take place consecutively, the destructive micro-crack

formation in the anode as well as the adjacent electrolyte can occur. In order to avoid the

Figure 1.8: Modification of the Ni/YSZ anode’s microstructure at various states including

the RedOx cycling [5]. In this figure, YSZ, NiO, and Ni are illustrated by pink, green, and

dark-blue, respectively.

RedOx cycling, the cermet anode must be isolated from the oxygen containing environ-

ments via robust sealing and supplying an inert gas during standby modes. Nonetheless, at

high fuel stoichiometry, the Nernst-loss rises toward the fuel outlet. As a result, the oxygen

partial pressure can locally increase up to a critical value, and that intuitively increases

the risk of the RedOx cycling. In terms of diagnosing the risk of RedOx cycling due to the

Nernst-loss, the longitudinal characterization of SOFCs is of great importance.

Carbon Deposition
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Nickel is a very good catalyst for the HOR as well as the methane cracking reaction.

Therefore, when the hydrocarbon fuels are in use via the electrochemical oxidation and

the dry reforming, carbon can deposit on the nickel catalysts (particles). The deposition is

classified under three different groups: pyrolytic, encapsulating (gum), and whisker carbon

deposition [41]. Though the pyrolytic and the encapsulating carbon depositions block the

pores within anode and degrade the catalytic activity, the whisker carbon deposition can

destroy the catalyst’s structure.

Even though it is less pronounced with the direct internal reforming process (Eq. 1.50),

the carbon deposition takes place at low S/C ratios. When the deposition is intended to

be inhibited by keeping the S/C ratio sufficiently high, the Nernst-loss becomes effective

on the energy conversion process. During the internal reforming, both the HOR and MSR

proceed simultaneously, so that the degree of the carbon deposition depends on the rates

of these reactions. In this respect, the deposition is related to the local conditions, such as

current, temperature, concentration of the involving species, as they influence the reaction

rate of the internal reforming reactions. In order to understand the relationship among the

carbon deposition and the local operating properties, the longitudinal characterization of

SOFCs is also crucial. Such an understanding is believed to allow for modifying the cell

microstructure for mitigating/eliminating these degradations.

1.3.4 Scope of Dissertation

As described in the previous subsections, the longitudinally varying concentration, current,

and temperature cause the performance and structure degradations in SOFCs. Spatial in-

vestigations of the degradations through the varying electrochemical (current, voltage) and

the physical (temperature, microstructure) properties are of great importance for improving

the performance and durability of SOFCs. Such investigations are promising for gathering

fundamental understanding to mitigate/eliminate the degradations, and for developing the

SOFC geometries and materials further.

In the last decades, there have been valuable attempts to longitudinally characterize the

current variations with appropriate experimental methods [42–49]. Even though these

methods were applied in varying means, they are generally referred to as “segmentation”.
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The segmentation method rests on the division of the electrochemical active area into

small compartments called “segments”, which are electronically isolated from each other.

The segments’ dimensions and amounts are determined according to the gas flow fields;

so that the desired resolution is achieved. The segments are individually characterized by

various electric loads and impedance spectroscopies. Eventually, longitudinally resolved

electrochemical properties are analyzed, and representing conclusions are deduced.

The segmentation method can be applied on SOFCs to characterize the longitudinal cur-

rent and temperature variations in SOFCs and the relationship among the variations. To

prevent the degradations stemming from the variations, specific countermeasures can be

taken. Metzger et al. applied the segmentation method on a planar-SOFC, where they

segmented all the components (gas distribution plates, anode, and cathode) of an SOFC

except the electrolyte [50,51]. The realization of such a segmented planar-SOFC for the spa-

tial characterization requires specific design, manufacture, and assembly processes, which

demand significant amount of investment. Shimizu et al. implemented the segmentation

method on a mt-SOFC (microtubular-SOFC) [52], where they segmented only the cathode

of the mt-SOFC. In comparison with the planar-SOFC, the realization of the segmented

mt-SOFC seems much simpler.

Bearing in mind that SOFCs are being developed in the various forms, development of a

universal characterization method that is easily applicable onto tubular, planar and other

forms of SOFCs is highly desired. In this regard, numerical models are quite practical,

providing high resolution, reducing investigation time and expenses, and avoiding the ex-

perimental difficulties stemming from the high operation temperature. Nonetheless, the

numerical models are required to be validated with reliable experimental results.

This PhD study is thus devoted to elaborating the current and temperature variations

along mt-SOFCs utilizing hydrogen and hydrocarbon (syngas) by applying the segmenta-

tion method along with a finite element model to improve the reliability of the numerical

SOFC tools for computing the spatial variations in the characteristic properties. Since the

segmentation method can easily be realized on mt-SOFCs [52], the study was carried out

in mt-SOFCs.
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Longitudinal Measurement of

Characteristic Properties in

Microtubular-SOFCs

2.1 Segmentation

In order to experimentally analyze the processes associated with spatially varying prop-

erties in SOFCs, such as concentration of species, current, and temperature, appropriate

spatial characterization methods have been developed. Although the sophisticated “Vi-

brational Raman Scattering” and “Infra-red Temperature Measurements” are available for

identifying spatial concentration and temperature variations [53–55], respectively, they re-

quire particular modifications on the cell design, e.g., transparent windows, etc. On the

other hand, “segmentation” method appears to be more advantageous mainly from the

points of simplicity and cost. The segmentation refers to the division of the EASA (elec-

trochemical active surface area) of a cell into small partitions (Fig. 2.1), called “segments”,

which should be electronically isolated from each other for measuring spatial current and

temperature variations, from which the linked concentration variations can be extracted.

The segmentation method is extensively applied in PEMFCs (polymer electrode membrane
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Figure 2.1: Schematic of an anode-supported mt-SOFC onto which the segmentation

method is applied for measuring longitudinal current, temperature, and impedance varia-

tions.

fuel cells), where it is usually realized on gas distribution plates due to practical limitations.

In this method, the EASA is not virtually splitted into segments; namely, the charge

transport among the segments is not completely obstructed. In other words, depending on

the potential difference between the segments, charge might flow among the segments. In

the case of charge flow, accuracy of the spatial measurements becomes questionable. It is

hence obligated to establish identical potential for all the segments. Depending on the size

of the segments, the resolution of the spatial characterization can be adjusted; the smaller

the dimension of the segment, the higher the spatial resolution.

2.2 Fabrication of Segmented mt-SOFCs

The process-flow for fabricating the segmented mt-SOFCs (microtubular-SOFCs) is illus-

trated in Fig. 2.2. The tubular anode substrates were manufactured by Repton Co. Ltd.,

Japan. These substrates were composed of NiO/Y SZ (65:35 wt%); upon reduction, they

yield ≈ 37% porosity. After dip-coating with 8Y SZ electrolyte at room temperature, the

substrates were sintered at 1420 ◦C for two hours. By masking the electronically-isolated
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areas for the segmentation, the cathode slurry of La0.7Sr0.3MnO3/Y SZ (10 : 3wt%, Dai-

ichi Kiganso Kagaka Kogyo Co. Ltd., Japan) was brush-coated onto the electrolyte surface

at room temperature. Subsequently, the cathodes were sintered at 1050 ◦C for two hours.

Ultimately, the segmented mt-SOFCs were obtained with the dimensions displayed in Fig.

2.7. Moreover, silver-paste was brush-coated onto the cathode surfaces at room tempera-

ture to enhance the electronic conductivity.

Since all the SOFC components were made of ceramic-based materials, full-segmentation of

the EASA of the electrodes was indeed possible to inhibit the charge transport among the

segments. However, we could have segmented only cathode, since anode was functioning

as the electrode as well as the mechanical support. Given anode was made of highly

conductive Ni/Y SZ, charge might have flown among the segments depending on the

spatial potential difference. We hence opted potentiostatic measurements where the same

potential was applied on all the segments. The cathode of the cell was divided into three

segments, as shown in Fig. 2.2. Although a higher spatial resolution could be realizable,

the configuration of the peripheral equipment would be rather impractical.

Figure 2.2: The process flow for fabricating segmented mt-SOFCs.
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2.3 I-V Curve

Alike other electrochemical systems, such as battery, electric double layer capacitor, etc.,

performance of SOFCs is essentially characterized with current and voltage properties.

These properties are measured with the aid of electric loads in either galvanostatic or

potentiostatic modes referring to the constant-current or constant-voltage, respectively.

Conventionally, current is plotted against voltage and the emerging curve is called as “I-V

curve” as shown by Fig. 1.2. The I-V curve measurement is regarded as the fundamental

characterization method. In fact, I-V curves appear with characteristic shapes representing

the main processes within the systems.

2.4 Electrochemical Impedance Spectroscopy

Despite the I-V curve of a fuel cell provides general and quantitative information about

the concerning processes, more detailed information is required to clarify the fundamental

phenomena. This requirement is satisfactorily met by EIS (electrochemical impedance

spectroscopy) which is a well established and non-intrusive characterization method applied

in various disciplines as well as in fuel cells. Depending on the frequency range, EIS has

the competence to quantify diverse physical and electrochemical processes simultaneously

occurring within a cell. Thereby, it is extensively used in SOFCs to characterize the

electrical and electrochemical charge transfer, and the mass transport processes.

Figure 2.3: The principle of the EIS measurement.

EIS measurements are carried out via exciting the diagnostic system at the steady-state
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and then detecting the response of the system as depicted in Fig. 2.3. When the excitement

signal is a voltage (U (V )), the response signal must be a current (I (A)) and vice versa.

The relationship among the voltage and current signals is defined as “impedance” according

to the Ohm’s law

Z(t) =
U(t)

I(t)
(2.1)

Apart from the resistance, the impedance is defined with a phase and a magnitude. The

phase refers to the shift among the voltage and current signals at a given frequency as

displayed in Fig. 2.3. With this more comprehensive definition, the impedance can rep-

resent the resistive property of other circuit elements, such as capacitors and inductors;

rather than solely resistors. As the resistive property of capacitors and inductors depends

on the frequency, the impedance is a function of the frequency, unlike the resistance of

the resistors. Considering as the excitement signal in an EIS measurement, a sinusoidal

Figure 2.4: The principle of the EIS carried out at the steady-state shown on a typical

I-V curve.

current is given as

IAC(t) = I0sin(ωt) (2.2)

where IAC (A) represents the sinusoidal input current at the time t, I0 (A) the amplitude
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of the sinusoidal current, ω (r/s) the radial frequency. The radial frequency is equal to

2Πf where f (1/s) is the frequency. As illustrated in Fig. 2.4, the response of the excited

system is a sinusoidal voltage

UAC(t) = U0sin(ωt+ Φ) (2.3)

where UAC (V ) is the response voltage at the time t, U0 (V ) the amplitude of the sinusoidal

voltage signal and Φ (◦) the phase.

According to Eq. 2.1, the impedance can be written as

Z(ω) =
UAC(t)

IAC(t)
=
U0sin(ωt+ Φ)

I0sin(ωt)
(2.4)

Upon applying the Laplace transform, and substituting the trigonometric functions with

the complex numbers, the impedance can be expressed in the complex domain as

Z(ω) = |Z(ω)| ejΦ(ω) = Zre(ω) + jZimg(ω) (2.5)

Since the impedance is computed in the complex domain, it is usually visualized in Nyquist

plots, in which the negative imaginary part of the impedance is plotted against the real part

as depicted in Fig. 2.5. However, impedance data are interpreted via equivalent electrical

circuits, wherein basic circuit elements, such as resistors, capacitors and inductors are used

to represent the processes proceeding in the system (e.g., SOFC). In fact, Fig. 2.5 presents

the impedance spectrum of the Randle’s electric circuit drawn in the upper corner of the

diagram that is commonly employed in the fuel cell systems. In this circuit, Rohm stands

for the ohmic resistance of the cell components, Ract the charge transfer resistance giving

rise to the activation polarization, Cdl (F ) the double layer capacitance formed between

the electrolyte and electrode. Being function of these parameters, the total impedance Ztot

of the Randle’s circuit can be written as

Ztot(ω) = Rohm +
Ract

1 + jωRactCdl

(2.6)

The capacitance and the resistances enabling the computed impedance spectrum to match

the experimentally measured spectrum allow us to quantify the ohmic and charge transfer
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Figure 2.5: Impedance of the elementary Randle’s cell on the Nyquist plot accompanied

with the corresponding equivalent electric circuit.

resistances as well as the double layer capacitance. In the equivalent circuits, each compo-

nent does not need to represent a physical process happening in the system; some circuit

elements can be employed in order solely to match the spectra results.

According to Eq. 2.6, in Fig. 2.5, the intercept of the arc on the X-axis at high frequency

divulges the Rohm, whereas the other intercept on the same axis at low frequency shows the

summation of the ohmic resistance and charge transfer resistance. Adopting the Randle’s

Figure 2.6: The equivalent circuit commonly used for interpretation of SOFC impedance

spectra. Herein, the subscript “a” stands for anode whereas “c” for cathode.

circuit, the processes in SOFCs are modeled with the equivalent electric circuit given in

Fig. 2.6 wherein both of the electrodes (anode and cathode) are regarded within the cell.

From this circuit, two arcs are expected to appear on the Nyquist plot. Depending on the
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characteristics of the cell and the experimental conditions, the arcs might get unified; as a

result, they cannot be distinguished evidently. The total impedance for this circuit can be

stated as

Ztot(ω) =
Ract,a

1 + jωRact,aCdl,a

+Rohm +
Ract,c

1 + jωRact,cCdl,c

(2.7)

Based on Eq. 2.7, at frequency approaching the infinity, the impedance spectrum intercepts

the X-axis Rohm. At frequency decreasing to zero, the spectrum intercepts again the X-axis

disclosing Ract,a +Rohm +Ract,c. Considering these parameters, the regarding processes can

be evaluated.

2.5 Longitudinal Measurements of Current, Temper-

ature, and Impedance

Segment currents were measured through three electrical loads (ELZ 175, Keisoku Giken

Co. Ltd., Japan), separately connected to the segments through silver wires as depicted in

Fig. 2.8. The electrical measurements were carried out by the “four point probe method”

to eliminate the peripheral resistances. In addition to the segmentation of the cathode,

the uniform voltage distribution along the cell was ensured by the “potentiostatic mode”

to prevent the lateral current flow among the segments.

Segment temperatures were sensed on the cathode surfaces by K-type thermocouples, sep-

arately. The standard precision for this type of thermocouple is given as ±1 ◦C [56, 57].

At a constant voltage, segment currents and temperatures were simultaneously recorded

by a data logger (midi LOGGER GL800, Graphtec Co. Ltd., Japan) per 200 ms for at

least 30 s. The collected current and temperature data populations were averaged and

plotted in the regarding figures. The standard deviation for the current measurements is

approximately 0.01, whereas it is ca. 0.1 for the temperature measurements.

In order to measure the longitudinal impedance variation, two types of EIS (electrochemi-

cal impedance spectroscopies) were employed: an NF 5022 FRA (NF Co. Ltd., Japan) that

swept the frequency from 100 kHz to 0.1 Hz, and a Solartron 1280Z FRA (Solartron An-

alytical) that swept the frequency from 20 kHz to 0.1 Hz. Impedance measurements were
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January, 2017

35



Chapter 2: Longitudinal Measurement of Characteristic Properties in mt-SOFCs

performed by an AC perturbation voltage of 10 mV (peak-peak). For the measurements,

the preceding EIS was coupled with the ELZ 175 electrical load of the concerning segment

by the four point probe method. However, the Solartron EIS was originally coupled with

an internal electrical load, therefore, it was directly connected to the concerning segment.

Figure 2.7: Picture of a segmented mt-SOFC.

2.6 Operation Conditions

Fig. 2.8 illustrates a schematic of the experimental setup used for the investigations pre-

sented in this dissertation. The investigations were conducted at 800 ◦C sustained by an

electric furnace. The segment temperatures were risen to 800 ◦C prior to the gas supply.

A quartz tube placed in the furnace served as an insulator to prevent the heat-loss to the

surrounding as well as the air flow domain. The mt-SOFCs were positioned in the quartz

tube by a metal fixture. The mt-SOFCs were sealed to the metal fixture by commercial

sealants Ceramabond 516 and 552 (Aremco, USA). The fuel inlet tube was preheated, so

that the convective cooling in the anode side was avoided. The fuel outlet tube was also

heated to prevent the condensation of the product water vapor. Air was supplied into the

quartz tube at room temperature, and preheated by the electric furnace prior to reaching

the cell. The air temperature at the cell inlet was lower than the furnace temperature for

the common convective cooling. Gas flow rates were metered at 25 ◦C and 100 kPa with

mass-flow-controllers (SEC-40, Horiba STEC, Japan) governed by LabVIEW 8.6. The

setup was designed to supply the reactant gases in the co- and counter flow configurations.
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Additionally, it comprised a humidifier (Chino Co. Ltd., Japan) used for humidifying the

fuel stream for the investigations with syngas presented in Chapter 6. In order to reduce

NiO to Ni, a dry mixture of H2/N2 = 40/40 cm3/min (99,99 % pure) was initially fed to

the anode for two hours.

Figure 2.8: Schematic of the experimental setup designed for the longitudinal character-

ization of mt-SOFCs.
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Chapter 3

In-situ Diagnosis and Assessment of

Longitudinal Current Variations

3.1 Introduction

Regardless of dimension, hydrogen and air supplied to SOFCs as the fuel and oxidant

deplete, while the product water-vapor increases from fuel inlet to outlet during electro-

chemical energy conversion. As a result, Nernst-loss develops along the gas flow field,

affecting cell performance in relation with gas supply conditions, such as flow rate and

partial pressure, particularly in anode [28,29,58].

In general, a tendency is expected in current variations along the flow filed, that is to grad-

ually decrease from fuel inlet to outlet if solely the concentration polarization (including

the Nernst-loss) is taken into account. In contrast, current of the downstream segment in

a preliminary study was shown to be higher than that of the midstream segment under

a particular fuel flow condition [52]. This phenomenon is attributed to the accelerated

kinetics of the anodic reactions owing to higher concentration of the product-water in

the downstream segment, pointing out that the spatial characterization of SOFCs might

provide more insights into the electrochemical reactions.

From the durability point of view, so-called nickel RedOx cycling possibly occurs during the
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local fuel starvation. Due to high volumetric expansion/contraction ratio of nickel (1.66),

micro-cracks might form in anode [34, 39]. Durability and performance of SOFCs, as the

most substantial properties, are hence related to concentrations of the species through

current and temperature variations, which can be identified by spatial characterization.

Development of SOFCs requires elimination of the performance and structural degradations

stemming from inhomogeneous fuel distribution (assuming sufficient air supply) within the

EASA (electrochemical active surface area). Thus, spatial characterization of SOFCs in

terms of current variation is of great importance. Although a number of numerical studies

focusing on longitudinal current and temperature variations along SOFCs are presented

in the literature [17, 59–64], experimental studies have been quite limited. This study

is therefore devoted to in-situ diagnosis and evaluation of current variations in anode-

supported mt-SOFCs (microtubular-SOFCs) by implementing the segmentation method

described in section 2.1. mt-SOFCs were preferred due to the simple tubular form that

can readily be segmented for spatial characterization.

3.2 Experimental

A segmented mt-SOFC was manufactured with the identical dimensions (Fig. 2.7), ma-

terials and processes given in section 2.2. Spatial current measurements were conducted

according to the definition provided in section 2.5. Experimental conditions were estab-

lished by the setup explained in 2.6. The operation temperature was 800 ◦C throughout

the experiments. For reducing NiO to Ni, the procedure described in 2.6 was followed.

All the investigations were performed in the co-flow configuration. As Table 3.1 displays,

the air flow rate was kept rather high given that the concentration polarization including

the Nernst-loss was of main interest; so that H2/N2 flow rate was systematically varied.

Table 3.1: Reactant and oxidant flow rates in cm3/min given at 25 ◦C and 100 kPa.

Anode H2/N2 80/40 40/20 40/40 20/20

Cathode Air 2000 2000 2000 2000
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3.3 Results and Discussion

As described in section 2.3, electrochemical performance of fuel cells is essentially evalu-

ated by conventional I-V curves, which display average electrochemical performance of the

EASA. In contrast, this study intends to diagnose spatial current variations and to un-

derline the importance of spatial current variations. For the latter intension, conventional

I-V curves are presented along with longitudinal I-V curves in the following figures. The

conventional I-V curves of the segmented mt-SOFCs were however obtained by summing

the longitudinally acquired segment currents according to Eq. 3.1

Isum =
∑
seg

Iseg (A) (3.1)

leaning upon the satisfactory agreement achieved between the conventional I-V curves

directly acquired from a full mt-SOFC and indirectly obtained from spatial current mea-

surements shown in Fig. 3.1.

Figure 3.1: Comparison of the I-V curves drawn by the currents summed from the seg-

ments and conventionally measured. H2/N2=40/40 and O2/N2 (air)=2000 cm3/min, and

Tfur=800 ◦C.
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3.3.1 Longitudinal Current Variations

Current variations along the cell were characterized through measuring the current of each

segment in the potentiostatic mode. The evaluation of the experimental data is carried

out over the graphs where the I-V curves are plotted for the corresponding segments for

various fuel flow rates, respectively. The conventional I-V curves accompanied with the

estimated total fuel stoichiometry are presented in the regarding graphs, too.

Figure 3.2: Longitudinal current variations in the cell at H2/N2=80/40 and O2/N2

(air)=2000 cm3/min, and Tfur=800 ◦C.

Fig. 3.2 presents the current variations among the segments at a high fuel flow condition.

The overall current density represented by the conventional I-V curve attains 0.65 A/cm2

at 0.35 V where the fuel stoichiometry remains at 34%. Even though the current variations

among the segments are not significant at high cell voltages, they become considerable at

lower voltages. In this voltage range, no indication of the mass transport limitation exists.

In a wide range of the voltage, the conventional I-V curve overlaps with the midstream I-V

curve, which represents the mean current density of the EASA.

In Fig. 3.3, the difference among the segment currents becomes prominent with the de-
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Figure 3.3: Longitudinal current variations in the cell at H2/N2=40/20 and O2/N2

(air)=2000 cm3/min, and Tfur=800 ◦C.

creasing voltage. This variation is ascribed to the concentration polarization comprising

the Nernst-loss. Accordingly, typical concave characteristic initiates firstly at 0.4 V and the

fuel stoichiometry of 50% in the downstream, revealing the fuel starvation. Similar to the

previous case, the conventional curve overlaps with the midstream I-V curve down to 0.4

V , but it distinguishes from the other segments remarkably. The concave characteristic of

the conventional curve notably differs from that of the downstream segment in a way that

the downstream current concurrently diminishes with the decreasing cell voltage, while the

preceding segments generate higher currents with the increasing fuel stoichiometry.

For the case where the fuel dilution is enhanced with the higher flow of nitrogen, longi-

tudinal current variations are presented in Fig. 3.4. Herein, the general characteristics of

the segments are fairly analogous to the ones noted under the former conditions. However,

the remarkable fuel starvation initiates at 0.4 V in the downstream at a higher fuel stoi-

chiometry of 51%. The overlap between the conventional I-V curve and the midstream I-V

curve down to 0.4 V fairly resembles the preceding case.

In contrast to the previous cases, longitudinal current variations were measured for a
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Figure 3.4: Longitudinal current variations in the cell at H2/N2=40/40 and O2/N2

(air)=2000 cm3/min, and Tfur=800 ◦C.

lower hydrogen flow rate; the regarding I-V curves were drawn in Fig. 3.5. Despite of

the analogous characteristics of the I-V curves, at any voltage the current variations are

more significant than those in the preceding circumstances. The severe mass transport

limitation initiates at 0.6 V at a lower fuel stoichiometry of 40%, implying the ineffective

use of the downstream segment. With the declining cell voltage, even if the midstream

and downstream segments exhibit the mass transport limitation, the situation is severer in

the downstream, restricting the voltage range. On the other hand, the upstream segment

continues to increase its current further leading to the higher fuel stoichiometry. Taking

account of the significant fuel starvation in the downstream, the re-oxidation of nickel

catalyst particles in the anode is likely to occur. The average of the segment currents

giving the conventional curve overlaps with the midstream I-V curve. This finding shows

that the conventional curve is the representative of the mean current of the EASA [65].

The comparison of the longitudinal current variations previously discussed for various cell

voltage and flow rates is presented in Fig. 3.6. The severity of the longitudinal current

variation is clearly shown by the steep slopes of the curves, especially at low cell voltages.
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Figure 3.5: Longitudinal current variations in the cell at H2/N2=20/20 and O2/N2

(air)=2000 cm3/min, and Tfur=800 ◦C.

As expected, the cell performance is the highest for H2/N2 = 80/40 cm3/min condition.

On the other hand, the overall performance improvement of the cell as a result of higher

nitrogen flow at the identical hydrogen flow rate is evident. At 0.45 and 0.5 V , the slight

impact of the higher nitrogen flow rate on the homogeneity of the longitudinal current

distribution is recorded. Based on the fairly steep slope of the current distribution curve

for H2/N2 = 20/20 cm3/min, the re-oxidation of nickel catalysts is anticipated.

3.3.2 Performance Degradation Analysis

The current variations among the segments due to the Nernst-loss included in the concen-

tration polarization were analyzed for various fuel flow conditions in the previous section.

From the practical point of view, the impact of the longitudinal current variations on the

cell performance depending on the fuel flow rate is of great importance. In fact, the inher-

ent electrochemical capacity of the cell can be computed as threefold of the highest current

density generated by one of the segments at any voltage, as given with Eqs. 3.2 and 3.3.

Based on this approach, the performance degradation of the cell can be assessed over the
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Figure 3.6: Current distributions along the cell for various cell voltages and fuel flow

rates at Tfur=800 ◦C and O2/N2 (air)=2000 cm3/min.
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Figure 3.7: Comparison of the conventional I-V curves of the cell for various fuel flow

rates.

conventional and capacity I-V curves drawn for various fuel flow rates in Figs. 3.7 and 3.8.

Max(Iupstream, Imidstream, Idownstream) = Iupstream (3.2)

Icap = 3 ∗ (Iupstream) (3.3)

Comparison of the conventional and capacity I-V curves in Figs. 3.7 and 3.8 reveals the

performance degradation in the cell regardless of the fuel flow condition. Based on the nu-

merical calculations, 10.5%, 18.8%, 19.3%, 29.6% performance degradation at 0.6 V is esti-

mated for H2/N2 = 80/40, H2/N2 = 40/20, H2/N2 = 40/40 and H2/N2 = 20/20 cm3/min,

respectively. As a result of the fuel dilution with H2/N2 = 40/40 cm3/min, the maximum

fuel stoichiometry increases by 2.7%. It is important to note that the I-V curves drawn for

the cell capacity for H2/N2 = 20/20 cm3/min overlap with the conventional I-V curves of

H2/N2 = 40/40 cm3/min and H2/N2 = 40/20 cm3/min, implying that if the capacity of

the cell would have been fully utilized, the energy conversion efficiency would double.
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Figure 3.8: Comparison of the capacity I-V curves of the cell for various fuel flow rates.

3.4 Conclusions

Current variations along an anode-supported microtubular-SOFC were experimentally

measured by the segmentation method for various cell voltages and fuel flow conditions.

Relying on the negligible deviation between the performance of the whole and the seg-

mented cell, the conventional I-V curves, as the summation of the segment currents, were

presented along with the I-V curves of the segments. Current distributions for various

cell voltages and flow rates were shown along the cell. From the practical point of view,

an analysis of the performance degradation due to the mass transport limitation was car-

ried out on the basis of the measured and estimated electrical quantities. Based on the

evaluations, the following conclusions are drawn:

I) The segmentation is a useful method to in-situ reveal the current variations along mt-

SOFCs,

II) Due to the remarkable current variations, notable temperature variations are antici-

pated,

III) The performance characteristics of the segments differ considerably. The downstream

Ph.D. dissertation presented by Özgür AYDIN
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current concurrently decreases with the declining voltage, implying the partial fuel starva-

tion, whereas the currents of the other segments increase further,

IV) The partial fuel starvation in the downstream is not clearly presented by the con-

ventional I-V curve, which overlaps with the midstream I-V curve regardless of the fuel

flow conditions. Given that the fuel starvation causes nickel re-oxidation, the longitudinal

characterization of the microtubular-SOFCs is highly appreciated,

V) Higher nitrogen flow rate improves the cell performance,

VI) The Nernst-loss included in the concentration polarization results in a remarkable

performance degradation, which enhances at lower fuel flow rates.
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Elaboration of Processes Involving in

Temperature Variations

4.1 Introduction

With a consensus among the researchers, the thermal stresses are accounted for the me-

chanical failure of SOFCs [1,32,33]. To resist the thermal stresses at the maximum achiev-

able electrochemical performance, SOFCs are designed in various forms, for instance flat-

tubular, tubular, and planar, etc.

Table 4.1: The CTE of the cell components [1]

Material CTE [K−1]

Ni/YSZ 13× 10−6

8YSZ 10× 10−6

LSM 11× 10−6

An SOFC fundamentally consist of three main components, anode, electrolyte, and cath-

ode. The cell fabrication requires sequential heat-treatment processes at high temperature
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(1000-1450 ◦C) for each component; thus, induction of the residual stresses to the cell is

inevitable [1,32,37]. Because the components are made of distinct ceramic-based materials,

they possess diverse CTE (coefficients of thermal expansion), as given in Table 4.1.

Basically, the CTE and temperature are the main parameters determining the thermal

strain of materials according to

εth = αv(T − Tref ) (4.1)

where εth is the thermal strain, αv (1/K) the CTE, T (K) the temperature, and Tref (K)

the reference (stress-free) temperature. According to Eq. 4.1, even a small difference among

the CTEs of the components might result in thermal stresses due to the high operation

temperature of mt-SOFCs [1,32,35–37]. Therefore, the cell components are required to be

made of materials possessing similar CTEs.

Even if the materials with similar CTEs were selected, longitudinal temperature variations

over the cell surface might induce thermal stresses [1, 32, 33, 35–37, 66, 67]. While a cell

is operating with hydrogen and air (excess amount), concentrations (partial pressure) of

the reactant and product gases in the anode differentiate along the flow field, resulting in

the Nernst-loss due to the electrochemical HOR (hydrogen oxidation reaction) [28,29,58].

The Nernst-loss eventually gives rise to longitudinal current and temperature variations,

as it affects the reversible and irreversible losses, such as the activation and concentration

polarizations [52, 65, 68, 69]. In addition, as a common practice, air is supplied at high

velocities (excess amounts) to the cathode for removing the waste heat via the convective

cooling that intuitively influences the longitudinal temperature variations [32, 36, 70–72].

Thereby, in-situ investigation of the processes involving in the longitudinal temperature

variations has been interesting to alleviate the variations.

Experimental difficulties in measuring the longitudinal temperature and current variations

over the cell surface due mainly to the high operation temperature of SOFCs have been

leading researchers to focus on numerical tools [66, 67]. Researchers have been develop-

ing thermo-electrochemical models by which they have been exploring the longitudinal

variations of temperature, current, and concentration of species. They have been transfer-

ring the temperature variations to thermo-mechanical models for predicting the induced
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thermal stresses [1,32,35–38,72]. Although the thermo-electrochemical models are usually

validated with conventional I-V (current-voltage) curves, they are hardly validated in terms

of the in-situ measured temperature variations. Given that temperature exerts remarkable

impact on various processes involving the electrochemical energy conversion in SOFCs, for

instance, reaction kinetics, ionic conductivity of electrolyte, etc., characterization of the

temperature variations is of great importance to evaluate the reliability of numerical tools

for computing spatial properties.

For in-situ measuring the longitudinal temperature variations, there have been valuable

attempts indeed. Morel et al. predicted the temperature variations over a planar SOFC

relying on the relation between ionic conductivity of electrolyte and temperature. Razbani

et al. reported the temperature variations measured by thermocouples positioned in the

gas stream of a planar SOFC [33]. Santarelli et al. measured the local temperatures at the

inlet, middle and outlet of a 1.5 m long tubular cell bundle; unfortunately, they did not

provide sufficient information on the positions of the thermocouples [73].

In this study, the processes involving in the temperature variations with their respective

contributions are explored in mt-SOFCs (microtubular-SOFCs). Regarding as the main

processes, the study focuses on the current variations and the convective heat transfer due

to the fact that air is usually fed at excess rates for the cooling purpose in the practical

systems. Thereby, the variations are analyzed with the co- and counter-flow configurations.

The analyses are conducted based on the spatial properties in-situ measured through the

segmentation method. In addition, the influence of the temperature variations on the cur-

rent and concentration variations is investigated via analyzing spatial impedance variations.

4.2 Experimental

A segmented mt-SOFC was manufactured with the identical dimensions (Fig. 2.7), ma-

terials and processes given in section 2.2. Spatial current, temperature, and impedance

measurements were conducted according to the definition provided in section 2.5. Ex-

perimental conditions were established by the setup explained in 2.6, which was however

modified as in Fig. 4.1 to set the direction of the gas streams in the co- and counter-flow
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Figure 4.1: Schematic of the modified experimental setup for the longitudinal charac-

terization of mt-SOFCs in the co- and counter-flow configurations, where the impedance

spectroscopy is also attached.
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configurations. To be consistent throughout the analyses of the variations in the co- and

counter-flow configurations, the segments are called as “up-, mid-, and down-segments”,

referring to their positions on the cell. The operation temperature was 800 ◦C throughout

the experiments, whereas the air inlet temperature was ca. 775 ◦C. For reducing NiO to

Ni, the procedure described in 2.6 was followed.

4.3 Results and Discussion

The segment temperatures are plotted as “temperature rise (∆Tseg)” that is the difference

between the segment temperature (Tseg) and the furnace temperature (Tfur = 800 ◦C), as

given in Eq. 4.2.

∆Tseg = Tseg − Tfur (4.2)

Figure 4.2: I-V curves of the segments with the co-flow configuration for H2/N2=80/120

and O2/N2 (air)=2000 cm3/min.
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4.3.1 Prevailing Processes on Longitudinal Temperature Varia-

tions

Since the reversible and irreversible losses are effective on the longitudinal temperature

variations [65], and these losses are dependent upon current, elimination of the current

variations is essential to disclose the other involving processes. Therefore, the analysis

is beginning at a high fuel flow rate to keep the fuel stoichiometry low (λH2 = 29% at

0.4 V ). Under these conditions with the co-flow configuration, the measured segment I-

V curves are depicted in Fig. 4.2. In this figure, the I-V curves almost overlap, i.e., the

current variations are quite small among the segments through the voltage range. Thereby,

insignificant temperature variations are expected.

Figure 4.3: I-T curves of the segments with the co-flow configuration for H2/N2=80/120

and O2/N2 (air)=2000 cm3/min.

Fig. 4.3 provides sufficient evidence to justify the stated expectation for the longitudinal

temperature variations with the co-flow configuration. In this figure, all the segment tem-

peratures are higher than the furnace temperature at OCV (open circuit voltage). The

temperature rise at OCV stems from the combustion of the leaking hydrogen that mainly

Ph.D. dissertation presented by Özgür AYDIN
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occurs around the sealant (Aremco, Ceramabond 552) among the cell and metal holders.

The extent of the hydrogen leakage can be estimated via analyzing the heat balance within

the system. For this analysis, the initial state of the system, right after the hydrogen and

air supply was regarded; and the segment temperatures were in-situ measured as plotted

in Fig. 4.4.

Figure 4.4: Temperature difference normalized to the furnace temperature (800 ◦C) for

the segments and air right after the supply of hydrogen and air with the co-flow configuration

at H2/N2=40/40 and O2/N2 (air)=2000 cm3/min.

In the transition state, the total heat production rate ∆ḢHOR (kW ) is released via the

combustion of the leaking hydrogen ∆ṅH2 (mol/s)

∆ḢHOR = ∆hHOR∆ṅH2 (4.3)

∆ṅH2 = ṅH2,in − ṅH2,out = ṅH2,leak (4.4)

While Qcell (kJ) is absorbed by the cell, Qconv (kW ) is simultaneously removed by the air

flow via the convective heat transfer on the cathode surface. Owing to the relatively low

thermal conductivity of the sealant (k = 30 W/mK), the conductive heat transfer to the
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adjacent piping is neglected. Since the segment surfaces were coated with silver-paste that

resembles the gray body (poor radiative properties), the radiative heat transfer is ignored,

too [74]. In this regard, the heat balance within the system can be formulated as∫ t

0

∆ḢHORdt = Qcell +

∫ t

0

Qconvdt (4.5)

Herein the time interval for the temperature rise in the segments t = 140 s from Fig. 4.4.

When the Qcell and Qconv are calculated, ṅH2,leak (mol/s) can be found.

Due to the varying thermo-physical property of the cell components

Qcell = Qa +Qel +Qc (4.6)

where the subscript “a” stands for the anode, “el” for the electrolyte, and “c” for the

cathode. For i ∈ (a, el, c)

Qi = ρiViCp,i(Tt − T0) (4.7)

where V (m3) represents the solid volume of the cell. The density ρ and the heat ad-

sorption coefficient Cp of the cell components are given as 3310, 5160, and 3030 (kg/m3);

and 450,470, and 430 (J/kgK) for Ni/YSZ (anode), 8YSZ (electrolyte), and LSM/YSZ

(cathode), respectively [71,75].

According to the Newton’s law

Qconv = hA(Tcell − T∞) (4.8)

where A (m2) is the surface area over which the convection takes place and the heat transfer

coefficient h = 2.8 W/m2K calculated from the Nusselt number Nu

Nu = hDh/k = 10.2 (4.9)

which is accepted due to the rather low Reynolds number (Re = 6.98 << 2300 (laminar

flow)) [76]. Herein, Dh (m) is the hydraulic diameter and k (W/mK) the thermal con-

ductivity of air. T∞ = 775 ◦C is taken from Fig. 4.4. Considering the arithmetic average

temperature of the segments at t = 140 s as

Tcell = (Tseg,up + Tseg,mid + Tseg,down)/3 (4.10)
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The fuel leakage rate
ṅH2,leak

ṅH2,in

100 = 0.77 (4.11)

Such amount of leakage rate is acceptable considering the operation at high temperature. In

Figure 4.5: Impact of the convective heat transfer on the segment temperatures at 0.7 V

with the co-flow configuration for H2/N2=80/120 and O2/N2 (air)=2000 cm3/min, which

is equivalent to 2.0 cm/s.

Fig. 4.3, the slight temperature drops with the rising segment currents are associated with

the reduction in the fuel leakage rate owing to the increasing consumption of hydrogen by

the electrochemical reaction. Though the up- and down-segments are nearest to the main

combustion areas (sealant), at OCV the down-segment exhibits the smallest temperature,

whereas the mid- and up-segments’ temperatures are similar and rather high. Since the

cell is positioned in the geometrical center of the furnace, and the segment temperatures

were set approximately the same prior to the gas supply, such variations are not expected

from the radiative and conductive heat transfers upon supplying the gases. Thereby, this

temperature distribution profile is ascribed to the convective heat transfer. In fact, this

argument is verified by Fig. 4.5, wherein the temperature of the down-segment at 0.7 V

significantly drops with the rising air flow velocity. Note that, in this velocity domain no
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mass transport limitation exists in the cathode side.

Figure 4.6: I-V curves of the segments with the counter-flow configuration for

H2/N2=80/120 and O2/N2 (air)=2000 cm3/min.

As Fig. 4.1 displays, the convective heat transfer is occurring in two distinct interfaces:

firstly, between the quartz tube and the air stream; secondly, between the air stream and

cell. The air is initially heated about 775 ◦C (Fig. 4.4) by the quartz tube which is in

direct contact with the furnace. This heated air proceeds along the cell; and cools the cell

down. Although the flow velocity range shown in Fig. 4.5 is quite small, forming laminar

flow (Re = 6.98 at 2.0 cm/s), the thermal boundary layer is not developed within the

entrance region of the cell. This means that the flow in the entrance regions is not laminar

yet. As a result, the local Nusselt number/heat transfer coefficient within the entrance

region of the cell is higher than what was assumed while estimating the hydrogen leakage

rate [67, 74] and it is a function of the flow velocity. The entrance length Lh (m) is given

as [74]

Lh u 0.05ReDh (4.12)

From Eq. 4.12, Lh = 12.9 mm can be calculated, that is slightly longer than the length

of the down-segment (9 mm). The down-segment’s temperature is thus highly affected by
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the air flow velocity. In this respect, the hydrogen leakage is anticipated to be somewhat

higher than 0.77%. However, the flow is fully developed around the mid-segment, so that

the mid- and up-segments exhibit similar temperatures. As a result, the temperature

gradient becomes significant along Lh. Assuming that temperature rises from the air inlet

along the Lh linearly, and Tseg,down = 12 K represents the local temperature at x = 4.5 mm,

the longitudinal temperature gradient ∂T/∂x = 4000 K/m. According to Chiang et al.,

the temperature gradient must be below 2666 K/m to inhibit the crack formation [38].

Besides, 4000 K/m is relatively higher than what is estimated to be small by Fischer et

al. [32]. Regarding these references, the temperature gradient developing in the entrance

length is likely to pose crack formation.

Figure 4.7: I-T curves of the segments with the counter-flow configuration for

H2/N2=80/120 and O2/N2 (air)=2000 cm3/min.

Since temperature is effective on the involving physical and electrochemical processes (ionic

conductivity, kinetic, etc.), such a longitudinal temperature distribution profile points out

the limitation in the down-segment, that probably reduces the local fuel stoichiometry

and thus lets the mid- and up-segments to produce larger currents owing to their higher

temperatures. Ultimately, the current variations become quite small as shown in Fig.
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4.2. This hypothesis can be justified by switching the gas flow configurations to counter-

flow (reversing the fuel flow direction), so that the up-segment would receive the highest

hydrogen concentration with similar longitudinal temperature distribution profile by the

prevailing impact of the convective heat transfer.

Upon switching the gas flow configuration to counter-flow, I-V curves depicted in Fig. 4.6

were measured. In contrast to the I-V curves measured with the co-flow configuration,

current variations among the segments are observed, despite the low fuel stoichiometry

(λH2 = 31% at 0.4 V ). The mid- and up- segments produce higher currents than the

down-segment through the voltage range. In terms of the flow configuration, at 0.4 V ,

the counter-flow configuration enhances the mid- and up-segments’ currents, while the

down-segment’s current remains nearly the same. As a result, the fuel stoichiometry (total

current output) at 0.4 V with counter-flow is slightly higher than that observed with co-

flow.

Figure 4.8: Impact of the convective heat transfer on the segment temperatures at 0.7 V

with the counter-flow configuration for H2/N2=80/120 and O2/N2 (air)=2000 cm3/min,

which is equivalent to 2.0 cm/s.

In fact, the longitudinal current variation profile in Fig. 4.6 resembles the longitudinal
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temperature variation profile shown in Fig. 4.7, which is acquired with the counter-flow

configuration. This resemblance justifies the respective hypothesis that the temperature

variations affect the current variations. In Fig. 4.7, the development of such a temperature

distribution profile at OCV again confirms the prevailing impact of the convective heat

transfer. This prevailing impact can be clearly seen in Fig. 4.8 as well. Alike the co-flow

case (Fig. 4.3), herein, the segment temperatures are higher than the furnace temperature

at OCV, that stems from the combustion of the leaking hydrogen. The exchange of the

fuel flow direction influences the leakage rate somewhat.

As shown in the previous figures, the mid- and up-segments exhibit similar temperatures

owing to the convective heat transfer. While analyzing the effect of the longitudinal tem-

perature variations on the current variations in the next subsection, only the up-segment’s

temperature will thus be considered for the sake of simplicity.

4.3.2 Influence of Temperature Variations on Ohmic Resistance

Along Cell

As mentioned previously, assuming that the main contribution to the ohmic resistance of

an SOFC comes from the ionic resistance, Morel et al. proposed a method for predicting

the temperature variations over a cell comprised a rather thick electrolyte (500 µm) by

using the relationship between the ionic conductivity and temperature given as

σel =
A0

T
exp

(
−Eact

kBT

)
(4.13)

where σel (S/m) is the ionic conductivity, A0 the pre-exponential factor, Eact (J/atom)

the activation energy for the ionic conduction, kB (J/K) the Boltzman constant, and

T (K) temperature. In fact, the thickness of the electrolyte in this study is relatively

smaller (≈ 20 µm), and approximately constant along the cell. However, the significant

temperature variation among the down- and up-segments depicted in Figs. 4.5 and 4.8

causes notable ohmic resistance difference between them. Table 4.2 presents the resistances

measured by impedance spectroscopy for the co- and counter-flow configurations.

At 1.0 cm/s, the ohmic resistance in the down-segment is 16% higher than that in the

up-segment with both flow configurations. As the air flow velocity increases, the down-
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Table 4.2: Impact of the temperature variations on the ohmic resistance along the cell at

0.7 V for H2/N2=80/120 cm3/min. Note that 2000 cm3/min is equivalent to 2.0 cm/s.

segment’s temperature drops (Figs. 4.5 and 4.8), which results in higher local ohmic

resistance. In contrast, the temperature of the up-segment is weakly dependent on the air

flow velocity; thus, the ohmic resistance of this segment changes slightly. Consequently,

the resistance difference along the cell rises. This implies that at a constant cell voltage,

the down-segment suffers from both ohmic and kinetic limitations that influence both the

current and temperature variations.

4.3.3 Longitudinal Current Variations Arising from Nernst-loss

Coupled with Temperature Variations

While analyzing the impact of the convective heat transfer on the longitudinal temperature

variations in the preceding subsection, a high fuel flow rate (low fuel stoichiometry) was

opted to eliminate the contribution from the Nernst-loss. This analysis has disclosed the

effect of the temperature variations on the current variations (counter-flow). However, it is

a fact that the Nernst-loss in the realistic fuel flow conditions is significant [12]. Therefore,

the impacts of both the temperature variations and Nernst-loss on the current variations

will be analyzed under the realistic conditions in the following.
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Figure 4.9: I-V curves of the segments with the co-flow configuration for H2/N2=40/40

and O2/N2 (air)=500 cm3/min.

Fig. 4.9 illustrates the longitudinal current variations measured at the realistic fuel flow

conditions. In comparison to the high fuel flow rate, herein the fuel stoichiometry is rather

high (λH2 = 50% at 0.4 V ). As a result, the current variations are larger, especially at

lower voltages. Despite the higher temperature of the up-segment shown in Fig. 4.10

(mid- and up-segments have similar temperatures), the lower performances of the mid-

and up-segments indicate that the Nernst-loss is the limiting factor. On the other hand,

the longitudinal current distribution profile is different, i.e., the up-segment exhibits better

performance than the mid-segment. Taking merely the continuous hydrogen consumption

into account, such a current distribution profile would not be acceptable. However, it is

known that the increasing concentration of the product water favors the HOR to an ex-

tent [77]. Relying on the development of a similar longitudinal temperature distribution

profile with the counter-flow configuration, owing to the prevailing convective heat trans-

fer, the interrelation among the temperature and current variations can be analyzed. This

analysis will be carried out on Fig. 4.11 that presents the I-V curves measured under the

realistic conditions with the counter-flow configurations. Herein, the current variations
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Figure 4.10: Impact of the convective heat transfer on the segment temperatures at 0.7

V with the co-flow configuration for H2/N2=40/40 and O2/N2 (air)=500 cm3/min, which

is equivalent to 0.5 cm/s.

Figure 4.11: I-V curves of the segments with the counter-flow configuration for

H2/N2=40/40 and O2/N2 (air)=500 cm3/min.
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are quite large and they become larger with the rising fuel stoichiometry (decreasing cell

voltage). Beyond 0.5 V , the down-segment’s current reduces, whereas the other segments’

currents rise; namely, the down-segment experiences severe fuel starvation. In comparison

to the co-flow case (Fig. 4.9), the longitudinal current distribution profile is distinct as

well. Since the only difference between Figs. 4.9 (co-flow) and 4.11 (counter-flow) is the

fuel flow direction, the large current variations can be attributed to the high tempera-

ture of the up-segment (Fig. 4.12) that boosts the local current production. Eventually,

the Nernst-loss becomes more significant in the down-segment, changing the longitudinal

current distribution profile.

Figure 4.12: Impact of the convective heat transfer on the segment temperatures at 0.7

V with the counter-flow configuration for H2/N2=40/40 and O2/N2 (air)=500 cm3/min,

which is equivalent to 0.5 cm/s.

Even though the longitudinal temperature and current variations at low fuel utilization

conditions are analogous in terms of the flow configurations, they become rather different

under the realistic operation conditions, where the temperature and concentration varia-

tions couple. Through the analyses of Figs. 4.9-4.12, it is evident that the temperature and

current variations are larger with the counter-flow configuration. The larger temperature
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and current gradients are in good agreement with the numerical studies, which estimate

quantitatively higher gradients indeed [35,72,78].

The boost in the up-segment’s current production attributed to the high local temperature

(Fig. 4.12) can be elaborated through the impedance analysis in a wide frequency range. In

fact, the high frequency impedances (ohmic resistance) of the up- and down-segments were

already discussed on Table 4.2. It was concluded that the up-segment exhibits smaller high

frequency impedance owing to its higher temperature. The effect of the high temperature

on the other processes will be analyzed through longitudinal impedance variations.

Figure 4.13: Impedance difference between the up- and down-segments measured at 0.7

V with the counter-flow configuration for H2/N2=40/40 and O2/N2 (air)= 2000 cm3/min,

which is equivalent to 2.0 cm/s.

Impedance spectra of the up- and down-segments measured with the counter-flow con-

figuration are illustrated in Fig. 4.13. Though it is not easy to distinguish, in these

spectra, three different frequency ranges can be defined, ≈ 10 kHz− 376 Hz,≈ 375 Hz−
5 Hz, and ≈ 4 Hz − 0.1 Hz, as the HFI (high frequency impedance), MFI (medium

frequency impedance), and LFI (low frequency impedance), respectively. Herein, the sig-

nificant impedance difference in the MFI and LFI of the segments is obvious. This no-
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table impedance difference confirms the I-V curves depicted in Fig. 4.11. Namely, the

total impedance is remarkably smaller in the up-segment that operates at high tempera-

ture (Fig. 4.12) and receives hydrogen at the highest concentration. Owing to the small

impedance, the up-segment’s current is boosted, so that the Nernst-loss rises toward the

down-segment. As a result, the down-segment does not only suffer from the Nernst-loss,

but also from rather low temperature shown in Fig. 4.12.

Figure 4.14: Impedance difference between the up- and down-segments measured at 0.7 V

with the co-flow configuration for H2/N2=40/40 and O2/N2 (air)= 2000 cm3/min, which

is equivalent to 2.0 cm/s.

In contrast to the counter-flow, with the co-flow configuration the longitudinal temperature

variations (Fig. 4.10) promote the uniformity of the current production along the cell. Fig.

4.14 depicts the impedance spectra of the up- and down-segments acquired with the co-

flow configuration. Due to the lower temperature in the down-segment, the MFI is larger

than that of the up-segment, implying the higher activation impedance. Despite the highest

hydrogen concentration delivered to this segment, current production is kinetically limited.

This limitation favorably restricts the boost in the Nernst-loss. Although the up-segment

receives hydrogen at a smaller concentration, the total impedance of this segment is smaller
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than that of the down-segment owing to the higher temperature and restricted Nernst-loss.

Namely, the current distributions are leveled by the temperature variations. As a result,

the further temperature variations stemming from the current variations are mitigated.

Figure 4.15: Impedance spectra of the “upstream” segments in the co-flow (down-

segment) and counter-flow (up-segment) configurations at 0.7 V for H2/N2=40/40 and

O2/N2 (air)= 2000 cm3/min, which is equivalent to 2.0 cm/s.

Comparison of the “upstream” segments in the co- and counter-flow configurations sup-

ports the coupling of the temperature and current variations. Herein the “upstream”

segment refers to the segment that receives the highest hydrogen concentration, i.e., the

up-segment in the counter-flow case (Fig. 4.13) whereas the down-segment in the co-flow

case (Fig. 4.14). Fig. 4.15 plots the impedance spectra of the upstream segments in both

flow configurations. In this figure, the difference between the impedances of the up- and

down-segments comes from the temperature difference. As the up-segment operates at

higher temperature (Figs. 4.10 and 4.12), the MFI and LFI in this segment are smaller.

Consequently, the current in the up-segment is boosted, resulting in larger Nernst-loss in

the down-segment and eventually increasing the current variations (Fig. 4.11). In contrast,

the down-segment operates at lower temperature that raises the MFI and thus reduces the

Ph.D. dissertation presented by Özgür AYDIN
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Nernst-loss. Ultimately, the longitudinal current variations become smaller (Fig. 4.9).

Since the activation and mass transport (including the Nernst-loss) impedances are coupled

in the previous impedance analyses, the sensitivity of the local impedance to the temper-

ature cannot be evidently observed. Yet, due to the direct impact of the convective heat

transfer on the down-segment’s temperature, it is possible to control the temperature of

this segment at the same hydrogen concentration owing to the almost constant currents in

the mid- and up-segments for identifying the effect of the local temperature on the local

impedance. With this intention, the impedance of the down-segment was measured at

Figure 4.16: Impact of the temperature drop achieved by increasing air flow velocity on

the impedance of the down-segment measured at 0.7 V with the counter-flow configuration

for H2/N2=40/40 and O2/N2 (air)= 2000 cm3/min, which is equivalent to 2.0 cm/s.

various air flow velocity with the counter-flow configuration as plotted in Fig. 4.16. In

this figure, the sensitivity of the MFI and LFI to the local temperature is clearly shown.

As the air flow velocity rises, the down-segment’s temperature drops (Fig. 4.12) which in

turn increases the MFI and LFI in this segment.
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4.4 Conclusions

For ensuring the reliability of numerical tools developed for computing spatial variations

in SOFCs, the processes involving in the temperature variations were investigated in a

microtubular solid oxide fuel cell. For this elaborated investigation, in-situ measured cur-

rent, temperature, and impedance variations were analyzed for the co- and counter-flow

configurations at various air flow velocities. These local properties were measured by the

segmentation method. Through these analyses, the following conclusions are deduced:

I) Determining the convective heat transfer rate, particularly in the entrance region, air

flow velocity dominates on the longitudinal temperature variations,

II) The counter-flow exhibits larger temperature, current, and impedance variations in

comparison with the co-flow configuration,

III) The high temperature coupled with the high fuel partial concentration in the fuel

upstream with counter-flow configuration boosts the current density. As a result, the

Nernst-loss grows toward the downstream, leading to larger current variations,

IV) Considering the dominance of the air flow velocity on the longitudinal temperature

distribution and thus on the current variations, the temperature variations can be reduced

by decreasing the excess air flow, so that the power consumption by the air blower can be

reduced.
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Chapter 5

Reliability of Numerical Tools for

Characterizing Spatial Variations

5.1 Introduction

Basically, the high operation temperature (500-1000 ◦C) of SOFCs poses nontrivial exper-

imental difficulties [79,80]. When it comes to the in-situ spatial characterization of current

and temperature variations, the measurement becomes rather impractical. Although the

segmentation method is feasible for the spatial characterization of SOFCs, application of

this method on various forms of SOFC is not practical. While tubular SOFCs can easily be

longitudinally characterized by the segmentation method, as they do not require gas distri-

bution plates over the electrode surfaces, planar-forms demand a remarkable investment,

because they need gas distribution plates on both anode and cathode. In other words, gas

distribution plates are obliged to be segmented for longitudinal characterization [50, 51].

For such an instance, numerical models are particularly invaluable. Contribution of the

numerical models to SOFC research and development can be evidently seen from the ref-

erences [2, 3, 12, 25, 35, 36, 38, 61, 71, 72, 79–89, 91–98]. In principle, reliability of nu-

merical calculations depends on the model-validation with the benchmark experimental

data [82, 84–86]. Regarding the main principle of model development, the non-validated

models [80, 87–92] are questionable in terms of their reliability.
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The fact is that the existing SOFC models were utmost validated by conventional I-V

curves [38, 71, 72, 79, 81, 83, 84, 86, 93–98]. Even though conventional I-V curves provide a

good basis for the model-validation, they may not disclose spatial current and temperature

variations accurately. First of all, a conventional I-V curve displays average current density,

which can be mean value of different distributions of current density over the EASA at

the corresponding voltage [68]. Thus, exact current variations and associated performance

degradation might not be accurately identified. Secondly, an I-V validated model can

predict a number of distinct temperature fields with respect to the incorporated heat

transfer processes. As clearly seen from the studies by Fischer et al. [3] and Campanari

et al. [2], the estimated temperature fields can in fact vary substantially from model to

model. Evaluation of the temperature variations computed by numerical tools has been

thus quite interesting. Thirdly, the models usually consider the influence of temperature on

the overpotentials; however, they were not validated in terms of the temperature variations,

except the models developed by Costamagna et al. and Razbani et al. [83,93]. The impact

of the temperature variations on the other parameters spatially computed by numerical

tools has also been rather attractive.

In this study, reliability of the numerical tools for computing spatial properties is thus

investigated by following analyses: first of all, accuracy of the current distribution pre-

dicted by the model validated with only the conventional I-V curve is evaluated; secondly,

reliability of the temperature variations predicted by the model verified solely with the

conventional I-V curve is assessed; finally, impact of validating the model with spatial tem-

perature variations in addition to validating with the conventional I-V curve is presented

for ensuring reliability of numerical tools.

For these evaluations, experimentally and numerically obtained spatial current and tem-

perature variations are exploited. The experimental data were acquired by implementing

the segmentation method on mt-SOFCs (microtubular-SOFCs). The numerical data were

computed by a two-dimensional model developed for the experimental conditions.
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5.2 Experimental

A segmented mt-SOFC was manufactured with the identical dimensions (Fig. 2.7), ma-

terials and processes given in section 2.2. Spatial current and temperature measurements

were conducted according to the definition provided in section 2.5. Experimental con-

ditions were established by the setup explained in 2.6. The operation temperature was

800 ◦C throughout the experiments. For reducing NiO to Ni, the procedure described in

2.6 was followed. All the investigations were performed in the co-flow configuration. The

air flow rate was kept rather high given that the concentration polarization including the

Nernst-loss was of main interest, so that H2/N2 flow rate was systematically varied.

5.3 Modeling

Thanks to the coupling feature of COMSOL Multiphysics (4.3a), this software was pre-

ferred to model mt-SOFCs. In order to consider various intertwined processes progressing

simultaneously in mt-SOFCs, a complete model requires the equations standing for the

mass, momentum, charge, and heat balances. Due to the concurrent calculation of the

diverse nonlinear partial differential equations representing the balances, the coupling fea-

ture, on the other hand, constitutes a substantial computation burden. For alleviating this

burden, the system was simplified as such that the mathematical equations were solved for

only the EASA of the cell conjugated with the fluid channels. The model was constructed

in two-dimension (2D-Axisymmetric), leaning upon the axial symmetry of the tubular ge-

ometry, which allows for well distribution of the species and the generated electrical charges

in the polar coordinates. Such an approach alleviates the computation burden consider-

ably, while yielding results as precise as a 3D model. The model was based on the following

general assumptions:

• The system was at the steady-state,

• The involving species were ideal gases,

• The cell components possessed isotropic microstructures.
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January, 2017

73



Chapter 5: Reliability of Numerical Tools

Figure 5.1: The geometry and boundary conditions of the system considered in the model.

5.3.1 Mass Transport

Hydrogen-nitrogen mixture was supplied to the anode, whereas air was fed to the cathode.

Air was assumed to be composed of oxygen and nitrogen, ignoring the trace gases e.g.,

carbon-dioxide, water-vapor, etc. Upon production of water-vapor electrochemically, the

gas mixture in the anode becomes three-component, (hydrogen, nitrogen, and water-vapor);

however, the two-component composition of air is preserved in the cathode. Owing to the

multicomponent composition of the fluids, the transport of the species was modeled by

Stefan-Maxwell equations, where the divergence of the mass flux through diffusion and

convection processes was considered. For each species, the following expression was solved

within the channels and the porous electrodes of the anode and cathode depicted in Fig.

5.1

∇ · (Υ + u(ρwi)) = Xi i ∈ (H2, N2, O2, H2O) (5.1)

where the first term on the left-hand side of the equation stands for the diffusive mas

transport, while the second term in the same side represents the convective mass transport.

Herein u (m/s) and ρ (kg/m3) symbolize the velocity and density, respectively. wi, Xi,
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and Υ are the mass fraction, the source term, and the diffusive mass flux vector of species i,

respectively. The mass fraction was provided as the inflow boundary condition, separately

for the anode and cathode.

wi = w0,i (5.2)

The velocity was calculated by the momentum balance equation, which is given in the next

subsection. The density of the mixture was computed via assuming the species as the ideal

gases; namely,

ρ =
pMi

RT
(5.3)

where p (Pa), Mi (kg/mol), R (J/molK), and T (K) stand for the pressure, the molar

mass, the universal gas constant, and the temperature, respectively. The pressure and

temperature values were predicted by the momentum and heat balance equations, respec-

tively, which are described in the following subsections. In Eq. 5.1, the source term was

defined as

Xi,e =
νi,eiv
neF

e ∈ (anode, cathode) (5.4)

where νi,s, iv (A/m3), ne, and F (C/mol) are the stoichiometric coefficient, the volumet-

ric current density, the number electrons participating in the reaction, and the Faraday

constant (96485 C/mol), respectively.

The diffusive mass flux vector in Eq. 5.1 was described as

Υ = −ρwi

∑
j

DijΥ−DT
i

∇T
T

(5.5)

where DT
i (m2/s), Dij (m2/s), and Υ denote the thermal diffusion coefficient, the binary

diffusion coefficient of the species i and j, and the diffusion driving force, respectively.

Based on the kinetic gas theory, the binary diffusion coefficient was calculated as [99]

Dij =
1× 10−3T 1.75(1/Mi + 1/Mj)

1/2

p(Λ
1/3
i + Λ

1/3
j )2

(5.6)

where Λi (m3/mol) is the specific atom diffusion volumes, given in Table 5.1.

In contrast to the mass transport in the channels, the mass transport within the porous

electrodes was modeled by the effective binary diffusion coefficient of the species defined
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by the Bruggeman correlation [100]

Deff,ij = Dijε
1.5 (5.7)

assuming that τ ∝ ε−0.5 in the

Deff,ij = Dij
ε

τ
(5.8)

where, ε and τ denote the porosity and tortuosity of the electrode. The porosity was

determined as 0.4 for both electrodes according to the measurements.

In Eq. 5.5, the diffusion driving force is given as

Υ = ∇xj + (xj − wj)
∇p
p

(5.9)

where xj is the molar fraction of the species j, which is defined as

xj =
wj

Mj

Mtot, Mtot =

(∑
i

wi

Mi

)−1

(5.10)

Upon inserting Eqs. 5.5 and 5.9 into Eq. 5.1, the following explicit expression is acquired

∇ ·

[
−ρwi

∑
j

Dij

(
∇xj + (xj − wj)

∇p
p

)
−DT

i

∇T
T

+ u(ρwi)

]
= Xi (5.11)

Table 5.1: Properties of the species involving in the model.

Species Viscosity Specific Heat Thermal Conductivity Diffusion

(107Pa s) [94] (J/kgK) [94] (W/mK) [94] Volume [99]

H2 46.96 + 0.156T 12986 + 5.421T − 0.0045T 2 0.0784 + 3.7310−4T 7.07

N2 114.5 + 0.371T 1070− 0.198T + 0.00034T 2 0.0116 + 5.3910−5T 17.9

O2 101.93 + 0.306T 896 + 0.0115T + 0.00026T 2 −0.0085 + 6.310−5T 16.6

H2O −9.88 + 0.361T 1672 + 0.477T + 0.00019T 2 −0.00784 + 8.3710−5T 12.55
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5.3.2 Momentum Transfer

Being coupled with the mass balance equations, the velocity and pressure of the concerning

species in the free-flow mediums (channels) were modeled by weakly compressible Navier-

Stokes equations. In the porous electrodes, however, Brinkman equations were employed

in order to take account of the shear stress emerging within the flow. The Navier-Stokes

equation reads

ρ(u · ∇)u = ∇ ·
[
−pI + µ

(
∇u+ (∇u)T

)
− 2

3
µ(∇ · u)I

]
+ F (5.12)

where I, µ (Pa.s), and F (N/m3) are the identity matrix, dynamic viscosity, and the

volume force, respectively. In this equation, the term on the left-hand side represents the

inertial forces. On the other side of the equation, the pressure forces, the viscous forces,

and the external forces (e.g., gravity) applied to the fluid are standing, respectively. This

equation was solved together with the continuity equation stated as

∇ · (ρu) = 0 (5.13)

Since the mixture of gases flow in the channels as well as in the porous electrodes, the

dynamic viscosity of the mixture was averaged as

µf =
∑
i

wiµi (5.14)

on the basis of the dynamic viscosity of the single species presented in Table 5.1.

Accounting the impacts of the porous structure via introducing the characteristic porosity

(ε) and the permeability κ (m2) (Table 5.2), Brinkman equation is

ρ

ε

(
(u · ∇)

u

ε

)
= ∇ · [−pI +

µ

ε
(∇u+ (∇u)T )− 2µ

3ε
(∇ · u)I]

−
(
µ

κ
+ ψ|u|+ Xi

ε2

)
u+ F

where ψ and Xi symbolize the Forscheimer drag and the source term, respectively. Alike

the Navier-Stokes equation, the Brinkman equation was solved together with the continuity

equation

∇ · (ρu) = Xi (5.15)
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Xi =
∑
m

∑
i

Xi,eMi (5.16)

The inlet boundary for the momentum balance was described as the volumetric flow rate

υ̇ = υ̇i,0 (5.17)

At the outlet, the pressure was defined to be equal to the atmospheric pressure

p = pA (5.18)[
µ
(
∇u+ (∇u)T

)
− 2

3
µ(∇ · u)I

]
· y = 0 (5.19)

At the wall surfaces, the non-slip (u = 0) condition was applied.

5.3.3 Charge Transfer

In fuel cells, electrochemical, ionic, and electronic charge transfer processes occur. The

electrochemical charge transfer takes place in the TPB (triple-phase boundary) of the

anode and cathode, separately. To model this type of charge transfer, Butler-Volmer

equation was employed. Considering the concentration variation of the reacting species, in

the present model, the concentration-dependent Butler-Volmer equation

iloc = i0

{
c∗i
cbi

exp

(
βneFη

RT

)
−
c∗j
cbj

exp

(
−(1− β)neFη

RT

)}
(5.20)

was used. In this equation, iloc (A/cm2), i0 (A/cm2), β, and η (V ) are the local current

density, the exchange current density, the symmetry factor, and the mixed (activation and

concentration) overpotential, respectively. While cbi (mol/m3) and c∗i (mol/m3) denote the

concentration of the reactant species i in the channel inlet and in the TPB, respectively,

cbj (mol/m3) and c∗j (mol/m3) symbolize the concentration of the product species j in the

channel inlet and in the TPB, respectively. Among these parameters, the symmetry factor

was employed to correlate the simulation results to the experimental data, whereas the

concentrations were computed from the mass balance equations.
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Table 5.2: Characteristic properties of the cell components.

Specific heat of anode Cp,a 450 J/kgK [75]

Specific heat of cathode Cp,c 430 J/kgK [75]

Specific heat of electrolyte Cp,el 470 J/kgK [75]

Porosity of anode and cathode ε 0.4

Activation energy of anode E0,a 140 kJ/mol [12]

Activation energy of cathode E0,c 137 kJ/mol [12]

Thermal conductivity of anode ka 1.86 W/mK [75]

Thermal conductivity of cathode kc 5.86 W/mK [75]

Thermal conductivity of electrolyte kel 2.16 W/mK [75]

Reaction coefficient for anode γa 1011 Ω−1m−2

Reaction coefficient for cathode γc 1011 Ω−1m−2

Density of anode ρa 3310 kg/m3 [75]

Density of cathode ρc 3030 kg/m3 [75]

Density of electrolyte ρel 5160 kg/m3 [75]

Specific surface area of anode ζa 0.25× 104 m2/m3

Specific surface area of cathode ζc 2.9× 104 m2/m3

Permeability of anode κa 10−14 m2 [101]

Permeability of cathode κc 10−14 m2
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Being characteristic to the electrode and electrolyte materials exist in the TPB, the ex-

change current density was described as [12]

i0 = γe
RT

neF
exp

(
−E0,e

RT

)
(5.21)

where γs (Ω−1m−2) and E0,s (kJ/mol) denote the reaction coefficient and the activation

energy for the hydrogen oxidation and oxygen reduction reactions in the anode and cathode,

respectively. Upon inserting the values of the reaction coefficient and activation energy

given in Table 5.2 into Eq. 5.21, at 800 ◦C the exchange current density is estimated 4585

and 1153 A/m2 for Ni/YSZ and LSM/YSZ, respectively.

The mixed overpotential was described as

η = φe − φel − φeq (5.22)

where φe (V ), φel (V ), and φeq (V ) symbolize the potential of the electrode, the electrolyte,

and the equilibrium, respectively. The equilibrium potential is

φeq = φc − φa (5.23)

at standard conditions. When the chemical activities of the species are taken into account

along with the operation temperature in the Nernst equation, the equilibrium “open-circuit

voltage (OCV)”

φOCV
eq = φeq −

RT

nF
ln

(
cH2O

cH2c
0.5
O2

)
(5.24)

The electronic and ionic charge transfers by the electronic and ionic conductions were

modeled by the Ohm’s law given in the general form as

∇ · im = Qm, im = −σm∇φm, m ∈ (el, e) (5.25)

where Qm and σm (S/m) represent a general source term and the ionic/electronic conduc-

tivity for the electrolyte (el) and the electrodes (a, c), which are [12]

σel = 33.4× 103 exp

(
−10.3× 103

T

)
(5.26)

σa =
4.2× 107

T
exp

(
−1200

T

)
(5.27)

σc =
9.5× 107

T
exp

(
−1150

T

)
(5.28)
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Due to the intrusion of the TPB into the three dimensional structure of the porous elec-

trodes via incorporation of the 8YSZ into the electrodes, the ionic and electronic charges

within the electrodes were defined as

∇ · iel = Qel + iv,tot (5.29)

∇ · ie = Qe + iv,tot (5.30)

(5.31)

where

iv,tot =
∑
m

iv,m + idl (5.32)

given with the Faradaic and double-layer current densities represented by iv,m (A/m3) and

idl (A/m3). The Faradaic current was defined as

iv,m = −ζeiloc (5.33)

where ζe (m2/m3) is the specific surface area of the electrodes, which was exploited in

parallel to the symmetry factor for correlating the simulation results to the experimental

data.

In order to control the cell voltage, the inner surface of the anode (the interface with the

fuel stream) was set as the “electric ground” (Fig. 5.1), namely,

φe = 0 (5.34)

whereas the outer surface of the cathode, the interface with the air stream, was defined as

the “electric potential”

φe = φcell (5.35)

where φcell (V ) stands for the cell voltage.

5.3.4 Heat Balance

The heat released during the electrochemical energy conversion process is mainly removed

by the convection and radiation heat transfer processes occurring among the electrode
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surfaces and the gas (fuel/air) streams. In this study, however, the heat transfer in the

anode side was ignored on the ground of pre-heating pointed out in the experimental

section. On this basis, the heat transfer in the cell was modeled by the general heat

balance equation

ρCp,iu · ∇T = ∇ · (km∇T ) +Xheat (5.36)

where Cp,i (J/kgK), km (W/mK), and Xheat (W/m3) symbolize the specific heat of the

species i, the thermal conductivity of the cell components, and the source term. The term

on the left-hand side of this equation stands for the convective heat transfer, whereas the

first term on the right-hand side represents the heat conduction by the Fourier‘s law. The

density and the velocity were coupled with the mass and the momentum balance equations.

Since the mixture of gases flow in the channels and porous electrodes, the specific heat of

the mixture was described as

Cp,f =
∑
i

wiCp,i (5.37)

(5.38)

considering the specific heat of the single species given in Table 5.2.

Due to the porous structure of the electrodes, the effective thermal conductivity of the

electrodes

keff,e = (1− ε)ke + εkf (5.39)

where kf (W/mK) stands for the thermal conductivity of the fluid mixture f given as

kf =
∑
i

wiki (5.40)

where ki (W/mK) is the thermal conductivity of species i (Table 5.2).

The fact of the power generation by a fuel cell is that the reversible overpotential (Nernst-

loss) corresponding to the entropy change and the irreversible overpotential arising due to

the electrochemical, electronic, and ionic charge transfer processes are converted to heat.

Including both the reversible and irreversible components, the heat sources in each domain

were coupled with Eq. 5.36.
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The convection heat transfer occurring between the cathode surface and air stream was

described by the Newton’s law of cooling

− y · (−kc∇T ) = h(T − T∞) (5.41)

where h (W/m2K) and T∞ (K) refer to the heat transfer coefficient and the external

temperature, respectively. In the present model, the external temperature equals to the

temperature of the air stream.

The heat transfer coefficient was estimated via

NuD =
hDh

ki
(5.42)

where NuD and Dh (m) denote the Nusselt number and the hydraulic diameter, respec-

tively. Considering the constant heat flux through the boundary between the cathode and

air stream, and the annular geometry of the system, NuD = 10.2 was adopted [76]. This

condition was applied for the default temperature calculations, yet, it was altered for the

temperature validation purposes.

Relying on the electric furnace that maintained the cell operation temperature at 800 ◦C,

the temperature at the outer surface of the quartz tube was assumed to be constant at

800 ◦C for the default temperature calculations; however, it was changed for validating the

temperature variations.

As for the radiation heat transfer, only the surface-to-ambient radiation is considered

between the cathode surface and the air stream in this model, which was defined by the

Stefan-Boltzmann law

−y · (−kc∇T ) = εσSB(T 4
∞ − T 4) (5.43)

where ε and σSB = 5.67×10−8 W/m2K4 represent the emissivity of the silver paste coated

on the cathode surface and Stefan-Boltzmann constant, respectively. The emissivity was

set 0.49 [102] for the default temperature calculations, whereas it was varied for verifying

the temperature variations. The ambient temperature equals to the air temperature.

The surface-to-surface radiation was omitted to alleviate the computation burden.
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5.4 Results and Discussion

5.4.1 Experimentally and Numerically Obtained Conventional

and Spatial I-V Curves

Due to the continuous consumption (e.g., hydrogen and oxygen) and production (e.g., wa-

ter, carbondioxide) of reactants and products, respectively, variation of the current over the

EASA of an SOFC is inevitable. These spatial current variations might result in remarkable

performance degradation, depending on the cell design and the operation conditions [68].

In SOFCs, the obligation of the high operation temperature, for attaining a satisfactory

ionic conductivity, favors the electrochemical charge transfer kinetics to a notable degree;

as a result, the concentration gradient over the EASA becomes substantial [103]. For

mitigating/eliminating the concentration gradient, numerous studies were devoted to the

diagnosis of the current variations. Many of these studies have been conducted via the

numerical models, but the accuracy of the models has not been discussed anywhere, due

presumably to the difficulties in executing experiments at high temperatures. Based upon

the in-situ measured spatial data, in the following subsection, the reliability of the numeri-

cal models are analyzed in terms of the current variations. At a given temperature and cell

voltage, the spatial current variations in an SOFC are a function of the inlet conditions,

for instance, the flow rates and the compositions of the gases flowing into the anode and

cathode, separately. To alleviate the current variations, the inlet conditions should thus

be optimized, for which the numerical models are extensively exploited.

The conventional and spatial I-V curves of the cell are hence presented for distinct inlet

flow rates and compositions in this subsection. In order to obtain realistic results for

practical applications, the operation conditions yielding the conventional I-V curves plotted

in Fig. 5.2 were determined as the “benchmark conditions” in this study, as will be referred

hereafter. Upon adjusting the specific surface areas (ζa and ζc) and the symmetry factor

(β) of the electrodes finely, the numerical and the experimental conventional I-V curves

were correlated and plotted in Fig. 5.2. The agreement between the conventional I-V

curves is rather good down to 0.5 V ; however, it deteriorates at lower cell voltages. Such

characteristics appear in the other SOFC models as well [38,83,86,93,95]. Relying on this
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Figure 5.2: The conventional and spatial I-V curves of the mt-SOFC obtained experi-

mentally and numerically for H2/N2=40/20 and O2/N2 (air)=2000 cm3/min.
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correlation, the spatial I-V curves in the mt-SOFC were also computed and attached to

Fig. 5.2. Overall, the numerical model estimates smaller current variations, irrespective

of the cell voltage. Since the current variations grow at low cell voltages, the numerical

results depart from the experimental ones further. The largest deviation between the

numerical and experimental I-V curves is observed in the midstream segment. According

to the experimental data, the most striking evidence is that the downstream segment yields

higher performance than the midstream segment, despite the higher reactant concentration

(hydrogen and oxygen) in the midstream. This “irregular” longitudinal current distribution

profile does not appear in the numerical results, disclosing the fact that an additional

process takes place in the cell, which is not considered in the model.

As stated previously, inlet flow rates and compositions of the gas streams are typically

optimized via employing the numerical models, which are validated by the conventional

I-V curves under benchmark conditions. With the same approach, preserving the inlet

fuel composition in the benchmark conditions, the numerical data for higher hydrogen

and nitrogen flow rates were computed by the model validated with the benchmark con-

ditions (Fig. 5.2). The correlation between the numerically and experimentally obtained

conventional I-V curves accompanied with the spatial I-V curves are illustrated in Fig. 5.3.

In contrast to Fig. 5.2, Fig. 5.3 presents a better correlation between the conventional I-V

curves through the cell voltage span. From this correlation, it is possible to deduce that the

discrepancy at low cell voltages (below 0.5 V ) in Fig. 5.2 is associated with the transport

of hydrogen to the TPB. In other words, the model does not compute the mass transport

limitation accurately. According to the spatial I-V curves, the numerical calculations

underestimate current variations, due evidently to the inaccuracy in the computation of

the mass transport limitation. The experimental results again exhibit the irregular current

variation profile at higher fuel flow rates, too.

While exploring the optimum operation conditions by employing a numerical model, as

outlined previously, the second practice would be varying the inlet composition of the gas

streams. In this respect, the inlet molar ratio of hydrogen is reduced from 0.66 (Figs. 5.2

and 5.3) to 0.4, which would intuitively disclose the competence of the model in predicting

the mass transport limitations. Note that the numerical calculations were carried out
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Figure 5.3: The conventional and spatial I-V curves of the mt-SOFC numerically and

experimentally acquired for H2/N2=80/40 and O2/N2 (air)=2000 cm3/min. The numerical

calculations were executed by the model validated for H2/N2=40/20 and O2/N2 (air)=2000

cm3/min (Fig. 5.2).
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by the model validated under benchmark conditions (Fig. 5.2). The obtained numerical

results are compared with the experimental data in Fig. 5.4.

Alike Fig. 5.3, Fig. 5.4 depicts a good correlation between the numerical and experimental

conventional I-V curves, through the voltage range. However, Fig. 5.4 displays also a

rather good correlation among the numerical and experimental spatial I-V curves. This

correlation could get distorted, if the I-V curves were plotted down to 0.3 V . Note that

Fig. 5.4 shows the I-V curves down to 0.4 V , due to lack of experimental data; in contrast

to the former figures presenting the curves down to 0.3 V .

In Fig. 5.4, the experimental results show that the decrease in the inlet molar ratio of

hydrogen via increasing the nitrogen flow rate restricts the current variations, indicating

the improved mass transport process. The increase in the nitrogen flow rate (molar ratio)

Figure 5.4: The conventional and spatial I-V curves acquired experimentally and numer-

ically for H2/N2=80/120 and O2/N2 (air)=2000 cm3/min. The numerical data are from

the model validated for H2/N2=40/20 and O2/N2 (air)=2000 cm3/min. (Fig. 5.2)

seems to aid the removal of product water-vapor. Since the model lacks the function to
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capture the mass transport limitation, the numerical data agree well with the experimental

data. When the nitrogen flow rate is lower, as in Figs. 5.2 and 5.3, the mass transport

limitation emerges in the midstream because of the product water-vapor, which yields the

irregular current distribution profile. Depending on the concentrations of hydrogen and

water-vapor, however, the product water-vapor favors the reaction kinetics [77], as noticed

in the downstream segment.

The good correlations among the numerically and experimentally obtained conventional

I-V curves for different fuel flow rates and compositions allow us to state that the model-

validation with the conventional I-V curve under benchmark conditions provides accurate

results for other fuel flow rates and compositions as well. However, the numerical calcu-

lations exhibit smaller current variations than the experimental measurements. In par-

ticular, the mass transport limitation appearing at low cell voltages (smaller than 0.5 V )

is not captured by the model, which might be related to the temperature variations. If

the temperature elevates toward the downstream, the mass transport limitation can be

compensated; because temperature can favor the reaction kinetics in a fully coupled mul-

tiphysic model [103]. The presence of the compensating effect is analyzed in the following

subsection.

5.4.2 Experimentally and Numerically Acquired Spatial Tem-

perature Variations

Basically SOFCs are obliged to operate at rather high temperatures, at which only a lim-

ited number of materials can sustain. Besides, the specific functions of the components are

assured upon subsequent heat treatment processes at temperatures even higher than the

operation temperatures (ca. 1450 ◦C). Since an SOFC is composed of various components

(electrodes, electrolyte, interconnectors), the divergence among the thermal expansion co-

efficients of the cell components poses a high risk of thermal stresses. Due to the high

temperatures, the thermal stresses can either arise during fabrication or during the op-

eration; as a result, the components can get cracked [32, 37, 54, 55, 90] For the thermal

stresses emerging during the operation, the spatial temperature variations are held re-

sponsible. In this respect, modeling has been widely applied to estimate the temperature
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variations [2, 3, 35, 38, 72, 79, 80, 84, 86–91, 94–96, 98]. However, the regarding models are

hardly validated with the experimentally collected temperature data. The models devel-

oped by Costamagna et al. [83] and Razbani et al. [93] indeed present the agreement among

the numerical and experimental temperatures. Yet, in these studies, the temperatures were

measured in the gas streams for only quite small current densities, utmost 0.25 A/cm2.

The rest of the SOFC models are either not validated at all [2, 3, 35, 80, 87–92], or rely on

the validation with the conventional I-V curves [38, 72, 79, 84, 86, 94–96, 98], as discussed

in the former subsection. Therefore, in the following, it is attempted to analyze the reli-

ability of the temperature variations computed with the model validated solely with the

conventional I-V curve.

When the SOFC models validated with the conventional I-V curves are evaluated, it can

be seen that the temperature variation profile and the maximum temperature gradient

change significantly from model to model. Thus, it is difficult to draw a trustworthy con-

clusion about the contribution of the spatial temperature variations to the thermal stresses.

As the models are contrasted, the incorporation of the radiant heat transfer appears to

be the major difference among them. In the planar-SOFC models, both the surface-to-

ambient and the surface-to-surface radiations are often neglected [67, 72, 86, 87, 104]. The

surface-to-surface radiation is omitted, because the planar-SOFCs are sandwiched between

interconnectors; namely, the temperature difference between the contiguous cell surfaces is

negligible. Within the gas channels, the length-to-height ratio is quite large to restrict the

surface factor for radiation [72]. However, this assumption does not hold according to the

study conducted by Yakabe et al. [35]. In their model, the radiant heat transfer influences

the spatial temperature profile and the gradient considerably. After adding the radiant

heat transfer, albeit the maximum and minimum surface temperatures do not change, the

temperature distribution profile changes, dropping the maximum temperature gradient sig-

nificantly. It is usually stated that the surface area of a single planar-SOFC opening to the

ambient is sufficiently small to ignore the surface-to-ambient radiation. This type of radi-

ation is indeed considered by Costamagna et al.; as a result, a good agreement is achieved

among the numerical and experimental results, at least for small current density [83].

In tubular-SOFCs, the impact of the radiant heat transfer is expected to be quite large,
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Table 5.3: Spatial temperature distributions along with the concerning processes and

parameters from the model developed by Campanari et al. [2]. Note that the numerical

values corresponding to the cell voltage are approximately extracted from the respective

graphs.
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January, 2017

91



Chapter 5: Reliability of Numerical Tools

because the total EASA of a cell interacts with the ambient and the neighbor cell surfaces

in a bundle. Regarding the Westinghouse concept, the surface-to-surface radiation occurs

between the cell and the air feed tube as well. Incidentally, the models from Campanari et

al. and Fischer et al. were developed for the same Westinghouse concept and they present

numerical results for rather similar boundary conditions, as presented in Tables 5.3 and 5.4.

Although both models ignore the surface-to-ambient, only Fischer et al. take account of

Table 5.4: Spatial temperature distributions along with the concerning processes and

parameters from the model developed by Fischer et al. [3]. Note that the numerical values

corresponding to the cell voltage are approximately extracted from the respective graphs.

the surface-to-surface radiation between the cell and the air-feed-tube. Due primarily from

this difference, the maximum temperature gradient as well as the temperature distribution

profile along the cell alter considerably.

As to the other models, it is hard to conduct a fair comparison among them, because the

calculations were carried out under diverse boundary conditions. In this circumstance, it

is more straightforward to analyze the temperature variations computed by the present

model, as realized in the following.
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Table 5.5: The parameters employed for computing the temperature variations.

Figure 5.5: The numerically computed and experimentally measured segment temper-

atures normalized to the operation temperature (800 ◦C) for H2/N2=40/20 and O2/N2

(air)=2000 cm3/min. Note that the numerical temperatures were calculated by the model

verified for H2/N2=40/20 and O2/N2 (air)=2000 cm3/min (Fig. 5.2).
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Following the identical model-validation strategy with the other models, based on the con-

ventional I-V validation for H2/N2 = 40/20 cm3/min and O2/N2(air) = 2000 cm3/min

(Fig. 5.2), the segment temperatures were numerically computed on their cathode sur-

faces. The parameters employed for the calculations are given in Table 5.5; which were

determined according to the concerning material characteristics and the experimental con-

ditions. Unlike that of the current variations, the accuracy of the temperature variations is

analyzed for only the benchmark conditions, because the difference in the cell performance

with respect to the fuel flow conditions is negligible, as presented in the previous subsection.

Besides, the heat transfer was neglected in the anode side, owing to the pre-heating.

The numerical and experimental segment temperatures are presented for various cell volt-

ages in Fig. 5.5. In this figure, the numerical and experimental segment temperatures

exhibit distinct temperature distribution profile as well as the maximum temperature gra-

dients. Herein, the numerical segment temperatures are higher than the experimental ones,

and the difference grows significantly with the decreasing cell voltage.

Even though the descending cell voltage prompts the steep elevations in the numerically

estimated segment temperatures, the experimental temperatures do not exhibit such big

elevations. The large difference seen among the experimental temperatures of the upstream

and the other segments remains almost the same regardless of the voltage. This tempera-

ture difference is attributed to the convective heat transfer, because it is a function of air

velocity [103].

Since all the physics are coupled in the model, the rather high numerical temperatures

displayed in Fig. 5.5 should have enhanced the current density at low cell voltages (below

0.6 V ). Due to the large deviations between the numerically and experimentally acquired

segment temperatures, the discrepancy among the numerical and experimental I-V curves

analyzed in the former subsection should have enlarged. This argument is justified in the

next subsection, upon validating the model in terms of temperature variations.

Previously, it was argued that the radiation has a big effect on the accuracy of the temper-

ature variations in tubular-SOFCs. In order to justify this effect, the surface-to-ambient

radiation is ignored in the present model, so that the calculations were conducted, maintain-
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ing all the other settings. In Fig. 5.6, the calculated segment temperatures are compared

with the numerical and experimental segment temperatures depicted in Fig. 5.5

Figure 5.6: The numerically computed segment temperatures normalized to the operation

temperature (800 ◦C) with/out surface-to-ambient radiation contrasted with the experimen-

tally measured segment temperatures for H2/N2=40/20 and O2/N2 (air)=2000 cm3/min.

Note that the numerical temperatures were estimated by the model verified for H2/N2=40/20

and O2/N2 (air)=2000 cm3/min with/out radiant heat transfer.

Fig. 5.6 manifests the enormous temperature rise in all the segments, when the radiant heat

transfer is not considered. The temperature rise increases with the reducing cell voltage.

From this finding, it can be concluded that the radiant heat transfer must be included in

the similar SOFC models.

Ph.D. dissertation presented by Özgür AYDIN
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5.4.3 Impact of Model Validation by Spatial Temperature Mea-

surements

As expressed with the equations in the charge transfer subsection, temperature is quite

influential on the kinetics of the electrochemical reactions, and on the electronic and ionic

conductivities of the electrodes and the electrolyte [103]. Temperature is also effective

on the diffusion processes. As presented in Fig. 5.5, the numerically estimated tempera-

tures substantially depart from the experimentally measured ones at high current densities,

Figure 5.7: The agreement among the numerical and experimental segment temperatures

normalized to the operation temperature (800 ◦C) for H2/N2=40/20 and O2/N2 (air)=2000

cm3/min after validating the model for the temperature variations, in addition to the vali-

dation with the conventional I-V curve.

where the electronic/ionic conductivity of the components and the diffusivity of the species

play a quite important role in terms of the respective overpotentials. Recalling the devia-

tion among the numerical and experimental I-V curves in the high current density region

(below 0.5 V , Figs. 5.3 and 5.2), validation of the model in terms of the temperature

variations is anticipated to improve the accuracy of the numerical calculations. To justify

Ph.D. dissertation presented by Özgür AYDIN
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this anticipation, the numerical and experimental segment temperatures were correlated,

as illustrated in Fig. 5.7. For achieving this correlation, the parameters associated with

the convection and radiation heat transfer processes, namely, the air flow velocity, the heat

transfer coefficient, the furnace temperature, and the emissivity of the cell material (silver

paste) were finely adjusted. With this model, the conventional and spatial I-V curves were

computed for the benchmark conditions, as illustrated in Fig. 5.8.

Figure 5.8: The numerically computed and experimentally measured conventional and

spatial I-V curves for H2/N2=40/20 and O2/N2 (air)=2000 cm3/min upon validating the

model with temperature variations, in addition to the validation with the conventional I-V

curve.
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Fig. 5.8 shows a better correlation between the numerical and experimental conventional

and spatial I-V curves. The improvement in the correlation appears particularly in the low

voltage (high current) region. Thanks to the rather high temperatures predicted based on

the essential consideration of the heat transfer processes (Fig. 5.5), the concerning overpo-

tentials were underestimated; as a result, the numerical current density was greater than

the experimental one (Figs. 5.3 and 5.2). After verifying the temperature variations with

the spatially measured values (lower temperatures), the numerical current density reduces

due to the smaller segment temperatures, which approaches to the experimental current

density. These findings demonstrate that the model-validation with the spatial tempera-

ture measurements improve the reliability of the numerical SOFC tools for computing the

spatial variations in the characteristic properties. It should be recalled that the mass and

heat transfer processes in the recent model were simplified as much as possible. It is hence

expected that more precise numerical results might be obtained upon improving the mass

transport modeling.

5.5 Conclusions

Due mainly to the concentration variations of the reactants and products along the re-

spective flow channels, the longitudinal current and temperature variations are crucial in

SOFCs, as they result in the performance and structure degradations (e.g. RedOx cycling).

It is hence required to characterize the longitudinal variations. The high operation tem-

perature of SOFCs poses nontrivial experimental difficulties. When it comes to the in-situ

spatial characterization of the current and temperature variations, the measurement be-

comes rather impractical. Although numerical tools are available, they need to be verified

with the experimental data. Based on the spatial current and temperature measurements,

which were in-situ carried out via the segmentation method, in this study, the reliability

of a numerical model was evaluated and the following conclusions are drawn:

I) Validating the model with only a conventional I-V curve obtained under benchmark

conditions provides good conventional I-V prediction at high cell voltages for other inlet

fuel flow conditions as well,

II) Spatial current variations computed by the conventional I-V validated model are un-
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derestimated, particularly at low cell voltages,

III) Numerical and experimental results display substantially distinct spatial temperature

distribution profiles,

IV) The radiant heat transfer exhibits significant impact on the spatial temperature gra-

dients emerging in microtubular-SOFCs,

V) Verification of the model with both the conventional I-V curve and the temperature

variations improves the accuracy of the numerical calculations, particularly at low cell

voltages.
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Chapter 6

Spatial Variation in Reforming Rate

of Methane in SOFCs

6.1 Introduction

In combination with its storage and transport issues, the insufficient distribution infrastruc-

ture of the most appropriate energy carrier hydrogen has been postponing the commercial-

ization of various fuel cell systems. In regard of the recent demands for using conventional

fuels, such as methane and other higher hydrocarbons, owing to their widespread distri-

bution lines accompanied with the easy-to-store characteristics [75, 105, 106], SOFCs have

been relatively promising for various applications, ranging from mega-scale power plants

to micro-scale portable applications.

Referring to the fuel tolerance of SOFCs, though the electrochemical oxidation of methane

in SOFCs is quite slow [31, 107, 108], the rate of the electrochemical carbon-monoxide

oxidation is reported to be comparable to that of the HOR (hydrogen oxidation reac-

tion) [31, 108]. Since SOFCs operate with nickel-based catalysts at high temperatures,

they resemble CSRs (catalytic steam reformers), which are usually employed to produce

hydrogen from hydrocarbons through reforming processes [13,25,41]. The operational and

structural analogy between CSRs and SOFCs inspires researchers to unify the regarding

fuel reforming and energy conversion processes. This unified concept is referred to as
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DIR (direct internal reforming) and investigated extensively with various numerical and

experimental approaches [13,25,31,41,53,60,61,105–107,109–113].

In CSRs, methane is reformed through so-called MSR (methane steam reforming) and water

gas shift reactions given in Eq. 6.1 and 6.2, respectively. During the DIR, however, the

water gas shift reaction is frequently reported to remain in the thermodynamic equilibrium.

Therefore, the MSR reaction has been the focus of researches [75,107,113].

CH4 +H2O � CO + 3H2 ∆H1273K = 227kJ/mol (6.1)

CO +H2O � CO2 +H2 ∆H1273K = −31kJ/mol (6.2)

Despite CSRs operate with the external supply of heat and water, the DIR allows for

replacing the external sources by the products of the exothermic HOR in SOFCs written

as

2H2 +O2 � 2H2O ∆H1273K = −250kJ/mol (6.3)

Depending on the conditions, 40-70% of the heat released from SOFCs is estimated to be

sufficient for maintaining the power generation through the MSR reaction [25, 75, 110]. In

practice, the waste heat generated during the operation of SOFCs is removed by an excess

flow of air in the cathode channel based on the convective heat transfer. This waste heat

can indeed be internally consumed by the MSR reaction, so that the air flow rate, size of

the air blower, and the respective power consumption can be reduced.

It is a fact that the rate of the MSR reaction substantially varies along the flow field of

fuel depending on the thermodynamic equilibrium of the MSR reaction, which is estab-

lished by concentrations of the involving species. Namely, concentrations of the species

change notably along the fuel flow field. As a result, the heat absorption rate by the MSR

reaction and the heat production rate by the HOR alter spatially. The balance between

the absorption and production rates of heat affects the temperature distribution profile

remarkably [25, 41, 107, 108, 110, 112, 113]. Given temperature variations are very crucial

in SOFCs, their characterization is highly appreciated. Bearing in mind that SOFCs

are designed in various forms, numerical tools are considered to be the most appropriate

spatial characterization tools for DIR-SOFCs as well. For computing temperature vari-

ations in DIR-SOFCs, the energy balance in numerical tools requires accurate definition
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of the MSR reaction rate as a function of species-concentrations. Due to the complexity

of the DIR, the experimental investigation of the MSR reaction rate has been conducted

in CSRs [25, 31, 75, 105–107, 109, 110]. Although CSRs operate at similar temperatures

on the nickel-based catalysts, characteristics of operating SOFCs remarkably differ from

CSRs because of the HOR. Moreover, particular structural differences between them were

reported [41, 105, 110]. Even though few research groups explored the DIR in operating

SOFCs [110, 113], they did not address the spatial variations in the MSR reaction rate

along the cell, which is highly demanded for ensuring reliability of numerical SOFC tools

for spatial computation.

Given that the segmentation method can easily be applied on mt-SOFCs (microtubular-

SOFCs), temperature variations can be in-situ identified. Comparison of the local tempera-

tures obtained from the operations of a mt-SOFC with syngas (a mixture of hydrocarbons)

and its equivalent H2/N2 would disclose the endothermic cooling by the MSR reaction, and

provide insights into the MSR reaction rate along the cell. In this study, local currents and

temperatures were thus in-situ measured by the segmentation method along a mt-SOFC

operated with syngas (50% pre-reformed methane) and equivalent (100% conversion of syn-

gas to hydrogen) mixture of H2/N2. Leaning upon the longitudinal current (concentration)

and temperature variations, variation in the rate of the MSR reaction is analyzed.

6.2 Experimental

A segmented mt-SOFC was fabricated with the same dimensions, materials, and processes

described in section 2.2. Spatial current and temperature measurements were conducted ac-

cording to the definition provided in section 2.5. Experimental conditions were established

by the setup explained in section 2.6. The operation temperature was 800 ◦C throughout

the experiments. For reducing NiO to Ni, the procedure described in section 2.6 was

followed. All the investigations were performed in the co-flow configuration. The air flow

rate was rather high at 2000 cm3/min (25 ◦C, 100 kPa) for all the experiments, given

that the internal reforming was the main focus. On the other hand, the fuel type and

flow rate were changed consistently as shown in Table 6.1. In this table, the inlet syngas

compositions are identical and correspond to 50% pre-reformed methane [114], assuming a
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Table 6.1: Syngas and equivalent H2/N2 flow rates in cm3/min at 25 ◦C and 100 kPa.

Syngas Equivalent

Matrix H2 H2O CO2 CH4 CO H2/N2

SYN-1 36.0 33.4 8.0 10.4 2.4 80/40

SYN-2 27.0 25 6.0 7.8 1.8 60/30

SYN-3 18.0 16.7 4.0 5.2 1.2 40/20

S/C (steam/carbon) ratio of two. The equivalent H2/N2 flow rates in Table 6.1 correspond

to 100% conversion of syngas to hydrogen. The content of water in syngas was adjusted

by a humidifier (Chino Co. Ltd.) depicted in Fig. 2.8.

It is important to note that the ideal DIR-SOFCs concept aims to eliminate the pre-

reforming process completely, where the inlet H2 and CO concentrations would be zero. In

this case, SOFCs would operate under quite severe conditions, e.g., substantial temperature

gradient, carbon deposition, etc., which would likely prompt rapid degradation processes.

The inlet syngas composition in this study was hence arranged relatively mild in comparison

with the ideal conditions for conducting reliable and sustainable operation at least during

the investigations.

6.3 Results and Discussion

6.3.1 Current and Temperature Fluctuations

Segment currents were measured during the cell operations with three different syngas

flows, the SYN-1, SYN-2, and SYN-3 and their equivalent H2/N2 flows as defined in

Table 6.1. Although the segment currents were rather stable (±10 mA) at any voltage

with the H2/N2 mixture, they became relatively unstable with the supply of syngas. The

segment currents and temperatures were thus recorded with a sampling rate of 200 ms

for all the syngas flow conditions through the voltage range and plotted in Figs. 6.1, 6.2,

6.3, respectively, to provide insights into the simultaneously progressing HOR and MSR
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reaction.

Figure 6.1: Fluctuating segment currents and temperatures at various cell voltages for

the cell operation with the SYN-1. The segments are represented by three different colors

which are identical in both current and temperature curves.

Fig. 6.1 presents the current and temperature fluctuations at various voltages from 0.9 to

0.3 V for the cell operation with the SYN-1. In this figure, all the segments show irregular

fluctuations in their temperatures. However, the midstream and downstream segments ex-

hibit similar and more frequent fluctuations with the larger amplitudes than the upstream

segment. As the segment currents rise, the amplitudes of the temperature fluctuations in

all the segments increase. Despite the upstream and midstream segments indicate rather

stable currents in the low and middle current regions until 600 s, the amplitudes of the

current fluctuations in both segments become larger with the increasing currents. More-

over, the midstream and downstream segment currents temporarily approach to zero in

the high current region between 650− 850 s. On the other hand, the downstream segment

current fluctuates through the voltage range with an amplitude growing as the segment
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current rises.

Figure 6.2: Fluctuating segment currents and temperatures at various cell voltages for

the cell operation with the SYN-2. Note that the segments are represented by three different

colors which are identical in both current and temperature curves.

The current and temperature fluctuations of the segments at various cell voltages from

0.9 to 0.3 V for the cell operation with the SYN-2 are shown in Fig. 6.2. Similar to

the previous case, the midstream and downstream segment temperatures vary with the

quite similar fluctuations, where the upstream segment indicates the smallest fluctuations.

The amplitudes of the fluctuations in all the segments grow with the increasing segment

currents. Apart from the SYN-1 case, all the segment temperatures exhibit almost the

same fluctuation profile in varying amplitudes. Although the segment currents are stable

and analogous in the low current region until 240 s, they become rather unstable with the

increasing segment currents. In the high current region beyond 480 s, the segment currents

temporarily approach to zero. Unlike the SYN-1 case, the fluctuation profiles of all the

segment currents are rather similar through the voltage range.
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Figure 6.3: Fluctuating segment currents and temperatures at various cell voltages for

the cell operation with the SYN-3. The segments are represented by three different colors

which are identical in both current and temperature curves.
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In Fig. 6.3, the fluctuating segment currents and temperatures are plotted through the

voltage range from 0.9 to 0.4 V for the SYN-3. In this condition, the fluctuation profiles

of the segments are rather similar. Further, the amplitudes of the fluctuations in all

the segments are quite analogous. The current fluctuation profiles of the segments are

also resembling each other. Moreover, the fluctuation amplitudes are similar through

the voltage range. The segment currents are unstable in the low current region, and the

fluctuations become quite larger as the segment currents increase. In addition, the duration

of the drops in the segment currents are considerably wide in the high current region.

The experimental results reveal that the increasing segment currents and decreasing syngas

flow rates from the SYN-1 to SYN-3 make the segment temperature fluctuations resemble

each other. Besides, the temperature fluctuations become larger with the increasing seg-

ment currents. In particular, the midstream and downstream segments show fairly similar

temperature profiles, regardless of the flow rates. The instability in the segment currents

initiates at higher segment voltages as the anode gas flow rate decreases from the SYN-1

to SYN-3. Even though the instability of the upstream current in the SYN-1 and SYN-2

is less than that of the other segments, it becomes rather similar to the others in the SYN-

3. In addition, the frequency and duration of the current drops enhance from the SYN-1

to SYN-3. Regardless of the fuel flow rate, the downstream segment exhibits the largest

current fluctuations.

The current and temperature profiles disclose the relation between the fluctuations and the

hydrogen partial pressure in the regarding segments due to the fact that the fluctuations

become more frequent and larger with the increasing segment currents and decreasing

fuel flow rate from SYN-1 to SYN-3. The inlet hydrogen flow rate even in the SYN-3

case is adequate to maintain the current generation by the HOR reaction [52, 68]. As the

contribution of the MSR reaction is taken into account, fuel starvation is not expected, at

least in the upstream segment. Therefore, it is speculated that the MSR reaction starts

to dominate occupying the nickel catalysts in the TPB, causing fluctuations as the local

pressure of hydrogen falls down. Namely, the MSR reaction does not proceed along with

the HOR, but instead the nickel catalysts in the TPB are temporarily occupied with the

MSR reaction as sketched in Fig. 6.4.
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Figure 6.4: The occupation of the nickel catalysts in the TPB (triple phase boundary) by

the HOR and MSR reaction with different syngas flow rates. This schematic is intended

to capture the state of the catalysts between 240-360 s corresponding to 0.7 V .
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In fact, Timmerman et al. have experimentally investigated the electrochemical perfor-

mance of the planar type electrolyte-supported SOFCs operating at 800 ◦C with the DIR

over Ni/YSZ anodes [113]. With a mixture of CH4/H2O at three different S/C ratios (0, 1,

and 3), they show the experimental I-V curves of the whole cell for the current density up

to 0.16 A/cm2. They conducted the experiments with a fuel flow rate that is 246% larger

than the SYN-1 (the inlet fuel flow rates are compared considering the electrochemical

active surface area, and 100% conversion of syngas to hydrogen). They have not stated

the current fluctuations in their cell, which indeed agrees well with recent findings in the

same current range.

6.3.2 Longitudinal Current Variations

Based on the averages of the fluctuating currents discussed in the previous subsection,

I-V curves of the segments are presented for the SYN-1, SYN-2, and SYN-3 accompanied

with their equivalent H2/N2 flow rates in Figs. 6.5, 6.6, and 6.7, respectively. In these

figures, longitudinal current distributions are shown at selected cell voltages (0.5, 0.6, and

0.7 V ) in addition to the I-V curves. The fuel distribution along the cell is analyzed during

the internal reforming by comparing the current distributions obtained with the syngas

and H2/N2 flows. During the fuel distribution analysis, the water gas shift reaction is

disregarded, as is frequently reported to remain in the thermodynamic equilibrium [75,

107,113].

For the SYN-1 and the equivalent H2/N2 flows, I-V curves of the segments and the longitu-

dinal current distributions at the selected cell voltages are depicted in Fig. 6.5 (a) and (b),

respectively. In the H2/N2 case, the downstream current is close to the upstream current

despite the lower fuel concentration. The high downstream current is attributed to the

enhanced rate of the anodic electrochemical reaction owing to the higher partial pressure

of water by the HOR [52,115]. In the SYN-1 case, all the segments exhibit lower currents

than those in the H2/N2 case. As the highest current in the SYN-1 case, the upstream

current approaches the midstream current of the H2/N2 case, which is the smallest current

indeed. In contrast to the H2/N2 case, the downstream current in the SYN-1 case is lower

than the upstream current; whereas it overlaps with the midstream current for a wide
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Figure 6.5: (a) I-V curves of the segments and (b) longitudinal current distributions at

various cell voltages with the SYN-1 and its equivalent H2/N2=80/40 cm3/min.
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voltage range. This overlap agrees well with the analogous temperature fluctuations in the

midstream and downstream segments due to the occasional occupation of the catalysts in

the TPB by the MSR reaction.

Fig. 6.6 (a) and (b) present I-V curves of the segments and the longitudinal current

distributions at the selected cell voltages for the SYN-2 and the equivalent H2/N2 flows,

respectively. The I-V curves for both types of fuels are rather similar to those in the former

case. In the H2/N2 case, the downstream current approaches the upstream current as the

cell voltage decreases. The segment currents in the SYN-2 case are lower than those in

the H2/N2 case, where the differences increase at lower voltages. In the SYN-2 case, the

downstream current approaches the midstream current, whereas the midstream current is

relatively lower than the upstream current. The longitudinal current distribution with the

SYN-2 flow is thus different. This difference is attributed to the occasional occupation of

the nickel catalysts in the TPB by the MSR reaction.

I-V curves of the segments and the longitudinal current distributions at the selected cell

voltages are plotted for both the SYN-3 and equivalent H2/N2 flows in Fig. 6.7 (a) and

(b), respectively. Apart from the previous conditions, the longitudinal current distribution

profiles are different for both types of fuels. In the H2/N2 case, the downstream current

is smaller than the upstream current. This lower downstream current shows the fuel

starvation due to the lower gas flow rate. Alike the previous cases, the segment currents are

smaller with the SYN-3. As the cell voltage decreases, the current differences between the

SYN-3 and H2/N2 flows increase in all the segments. The downstream current in the SYN-

3 case is lower than the midstream current, where the midstream current is considerably

smaller than the upstream current. This finding discloses that the fluctuations expanded to

the upstream and became larger in the midstream and downstream due to the dominantly

occupation of the nickel catalysts in the TPB by the MSR reaction.

The experimental results in Figs. 6.5-6.7 show that the segment currents in the syngas

conditions are lower than those in the equivalentH2/N2 cases. The deviation in the currents

increases in all the segments as either the cell voltage or the gas flow rate decreases. This

tendency agrees well with the fluctuations happening due to the occasional occupation of

the nickel catalysts in the TPB by the MSR reaction.
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Figure 6.6: (a) I-V curves of the segments and (b) longitudinal current distributions at

various cell voltages with the SYN-2 and its equivalent H2/N2=60/30 cm3/min.
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Figure 6.7: (a) I-V curves of the segments and (b) longitudinal current distributions at

various cell voltages with the SYN-3 and its equivalent H2/N2=40/20 cm3/min.
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6.3.3 Longitudinal Temperature Variations

In parallel to the previous subsection, I-T curves of the segments are presented for the

SYN-1, SYN-2, and SYN-3 and the equivalent H2/N2 flows in Figs. 6.8, 6.9, and 6.10,

where the segment temperatures and currents are means of the fluctuations. These figures

show also the longitudinal temperature distributions and the temperature drops due to

the endothermic cooling at the selected cell voltages (0.5, 0.6, 0.7 V ). For displaying

the longitudinal distributions, the segment temperatures are given as the temperature rise,

which refers to the elevation of the segment temperature from the furnace temperature (800
◦C). The temperature drop associated with the endothermic cooling was computed as the

difference between the temperatures acquired with equivalent H2/N2 and the equivalent

syngas conditions.

Fig. 6.8 (a) and (b) present I-T curves and the temperature distributions of the segments at

the selected cell voltages for the SYN-1 and the equivalent the H2/N2 flows, respectively.

Note that the segment temperatures are higher than the furnace temperature even at

the OCV (open circuit voltage), indicating the heat production by the combustion of a

particular amount of H2 leaking from anode to cathode. The amount of the leakage is

estimated to be negligible in subsection 4.3.1. Considering the slightly deviating segment

OCVs with respect to the fuel type, the fuel leakage rate is assumed to be identical in the

syngas and equivalent H2/N2 cases. On this basis, the temperature drops because of the

endothermic cooling were computed and shown in Fig. 6.8 (b). The convective heat transfer

between the cell surfaces and the co-flowing reactant/oxidant gases reduces the upstream

segment temperature for both types of fuels. This heat transfer results in a significant

temperature gradient between particularly the upstream and midstream segments, whereas

the temperature difference between the midstream and downstream segments is small [103].

Due to the prevailing effect of the convective heat transfer, the decreasing cell voltage

makes all segment temperatures rise, whereas the upstream temperature remains relatively

smaller than the others. The cell operation with the SYN-1 flow causes the temperature

drops in all segments with varying magnitudes, comparing with the local temperatures

in the equivalent H2/N2 case, as presented in Fig. 6.8 (b). The temperature drop in

the upstream segment is smaller than those in the other segments, which exhibit similar
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temperature drops. The variations in the temperature drop of the segments are in line

with the temperature fluctuations analyzed previously.

Given methane and water are reacting in the upstream, their partial pressures decrease

towards the downstream. Accordingly, the temperature drops of the midstream and

downstream segments are expected to decline due to the smaller methane conversion.

Inversely, these segments show larger drops than the upstream segment, indicating the

higher methane conversion. These larger temperature drops can thus be ascribed to the

higher temperatures of the segments, which accelerate the MSR reaction according to the

Arrhenius equation

ν = Kexp

(
−Eact

RT

)
(6.4)

where ν (mol/s) is the rate constant of a chemical reaction, K the pre-exponential factor,

and Eact (kJ/mol), the activation energy.

With the rising segment temperatures (increasing cell current), higher methane conversion

and hence greater temperature drops are anticipated. In contrast, the temperature drops

become smaller in all the segments. This implies that the local heat production rate asso-

ciated with the polarizations with the syngas flow is higher than that with the equivalent

H2/N2 flow. Thereby, the impact of the endothermic cooling on the local temperatures is

smaller [65, 116].

Fig. 6.9 (a) presents I-T curves of the segments for the SYN-2 and the equivalent H2/N2

flows, while Fig. 6.9 (b) shows the segment temperatures (rise) accompanied with the

temperature drops due to the endothermic cooling at the selected voltages. Similar to

the prior case, Fig. 6.9 (a) displays the segment temperatures higher than the furnace

temperature at the OCV, indicating the H2 leakage from anode to cathode. Leaning upon

the slightly diverging segment OCVs according to the fuel type, the fuel leakage rate is

again assumed to be identical in the syngas and equivalent H2/N2 cases while calculating

the temperature drop due to the endothermic cooling. In Fig. 6.9 (a), the longitudinal

temperature distribution profiles for both types of fuels resemble those in the previous case

due to the convective heat transfer [103]. In Fig. 6.9 (b), all the segments exhibit the

temperature drops with altering magnitudes by the endothermic cooling. In comparison
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Figure 6.8: (a)I-T curves of the segments, (b) longitudinal temperature distributions

and the temperature drops due to the endothermic cooling at various cell voltages with the

SYN-1 and its equivalent H2/N2=80/40 cm3/min.
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with those in the SYN-1 case, the temperature drops are smaller in all the segments.

These smaller drops confirm the impact of the segment temperatures on the methane

conversion according to the Arrhenius equation. The temperature drops tend to decrease

with increasing cell current in all the segments, as shown in Fig. 6.9 (a). This decrease is

analogous to that in the SYN-1 case, indicating the larger polarizations during the syngas

utilization. It should be underlined that the endothermic cooling reduces the maximum

temperature difference at the OCV from 18 to 13 ◦C along the cell. This maximum

temperature difference becomes even smaller with growing cell current.

I-T curves of the segments for both the SYN-3 and equivalent H2/N2 flows are shown in

Fig. 6.10 (a). Segment temperatures (rise) with the temperature drops at the selected

voltages are displayed in Fig 6.10 (b). Alike the preceding cases, Fig. 6.10 (a) presents

higher segment temperatures than the furnace temperature at the OCV, pointing out the

H2 leakage from anode to cathode. Since the difference in the segment OCVs is rather

small in terms of the fuel type, the fuel leakage rate is again assumed to be same in

the syngas and equivalent H2/N2 cases while determining the temperature drop due to the

endothermic cooling. In Fig. 6.10 (a), the temperature distribution profiles with both types

of fuels are analogous to the preceding cases because of the convective heat transfer [103].

Despite the smallest segment temperatures in comparison to the previous cases, the highest

temperature drops are observed in all the segments. These smallest drops contradict the

impact of the segment temperature on the methane conversion according to the Arrhenius

equation; however, they agree well with the large temperature fluctuations. The largest

methane conversion (in this case) is thus ascribed to decreasing hydrogen partial pressure

towards the downstream. In parallel to the former conditions, the temperature drops in

all the segments reduce with increasing current. Again, this finding reveals that the heat

production rate by the polarizations are larger than the heat consumption rate by the MSR

reaction. The maximum temperature difference along the cell at the OCV falls from 15 to

9 ◦C by the endothermic cooling. This maximum temperature difference decreases further

at lower cell voltages.
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Figure 6.9: (a) I-T curves of the segments, (b) longitudinal temperature distributions

and the temperature drops due to the endothermic cooling at various cell voltages with the

SYN-2 and its equivalent H2/N2=60/30 cm3/min.
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6.3.4 Impact of Gas Flow Rate (Residence Time) on Methane

Conversion Rate

Timmerman et al. and Saunders et al. have investigated the impact of the gas flow rate on

the methane conversion over the Ni/YSZ anodes in an operating SOFC (at the OCV) at

800 ◦C and in a single catalytic stream reformer at 700 ◦C, respectively [53,113]. They both

state that the methane conversion decreases with increasing inlet gas flow rate (reducing

residence time). As the HOR exhibits a notable effect on the methane conversion revealed

by the current and temperature fluctuations, herein, it is intended to analyze the impact

of the gas flow rate on the methane conversion at a high current density. Thereby, the

longitudinal temperature (rise) distributions are compared with the temperature drops

discussed previously for the three different syngas and equivalent H2/N2 flow rates at 0.6

V in Fig. 6.11.

The longitudinal temperature distribution profiles for both types of the fuels resemble each

other regardless of the flow rate due to the convective heat transfer [103]. The temperature

drops in all segments reduce with decreasing anode gas flow rate, from the SYN-1 to

SYN-2. This reduction in the temperature drops implies that the methane conversion

diminishes with the smaller anode gas flow rates. However, this evidence disagrees with

the other researchers [53, 113]. On the other hand, all the segments show the highest

temperature drops in the SYN-3 with the lowest anode gas flow rates (longest residence

time). These highest temperature drops are in line with the largest and most frequent

fluctuations, indicating the prevailing occupation of the nickel catalysts in the TPB by the

MSR reaction. In this case, it is deduced that the effect of temperature and residence time

on the methane conversion is limited in a particular range.

6.4 Conclusions

Local currents and cathode surface temperatures were in-situ measured along an anode-

supported microtubular SOFC by the segmentation method for syngas (a mixture of hydro-

carbons) at various flow rates. The same experiments were carried out with the equivalent

H2/N2 flow rates, which correspond to 100% conversion of syngas to hydrogen. The current
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Figure 6.10: (a) I-T curves of the segments, (b) longitudinal temperature distributions

and the temperature drops due to the endothermic cooling at various cell voltages with the

SYN-3 and its equivalent H2/N2=40/20 cm3/min.
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and temperature distributions were analyzed along the cell during the cell operation with

both types of the fuels to address the fuel distribution, endothermic cooling, and methane

conversion.

The cell operation with syngas exhibits remarkable irregular fluctuations in the currents

and temperatures of the segments. Analysis of the fluctuations allows us to ascribe the

occurrence of the fluctuations to the occasional occupation of the nickel catalysts in the

triple phase boundary by MSR (methane steam reforming) reaction.

Comparison of the current distributions along the cell for the regarding fuels reveals that,

with the use of syngas, the overall performance of the cell degrades, and the inhomogeneity

in the current distribution increases. Considering the local current, it can be deduced that

the fuel starvation is enhanced during the syngas utilization, as a result of the insufficient

methane conversion.

While using syngas, all the segment temperatures drop in the varying magnitudes due

to the endothermic MSR reaction comparing to the operation with the equivalent H2/N2

flow. However, the maximum temperature difference along the cell becomes smaller with

the internal reforming, which cancels the impact of the convective heat transfer. The

temperature drops enhance from the upstream to the downstream segment regardless of

the fuel flow rate. The temperature drops become smaller with the increasing segment

currents. This means that the heat production rate by the polarizations is higher than the

heat absorbed by the MSR reaction.

Diminishing inlet syngas flow rate (increasing residence time) makes the temperature drops

larger, which implies the larger methane conversion. However, this is not consistent with

all the flow rates, due to the effect of temperature. It can thus be concluded that the effect

of the each parameter on the MSR reaction rate is limited in a particular range.
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Figure 6.11: At 0.6 V longitudinal temperature distributions with the temperature drops

due to the endothermic cooling for SYN-1-3 and their equivalent H2/N2=80/40, 60/30,

and 40/20 cm3/min.
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Chapter 7

Conclusion and Outlook

7.1 Conclusion

Owing to the continuous consumption of the reactants and the release of the products in

SOFCs (solid oxide fuel cells), as in any fuel cell, the concentrations of the reactants and

products vary along the respective flow channels of the electrodes. Being related to opera-

tion conditions, the longitudinal concentration variations lead to a reversible polarization,

referred to as Nernst-loss. Ultimately, in the practical sense, longitudinal current and re-

lated temperature variations emerge in the cell, resulting in performance and structure

degradations (e.g., thermal stresses, RedOx cycling, and carbon deposition while utilizing

hydrocarbons, etc.). Conventionally, the degradations are investigated with small cells

(button cell) to gather fundamental understanding, wherein the longitudinal variations

cannot be observed. In this context, the degradations are required to be elaborated in

the realistic dimensions via analyzing their relationships with the longitudinally varying

parameters.

The longitudinal variations can be identified either experimentally or numerically. The seg-

mentation method being extensively applied in PEMFCs (polymer electrolyte membrane

fuel cells) is feasible for the longitudinal characterization of SOFCs. In fact, it has been

already implemented to characterize the Nernst-loss in few projects. Unlike PEMFCs,

SOFCs are designed in various forms, such as planar, tubular, etc., to cope with ther-
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mal stresses. Although the longitudinal variations and the regarding consequences occur

regardless of the form, the application of the segmentation method on the various forms

is not practical. While tubular-SOFCs can easily be longitudinally characterized by the

segmentation method, as they do not require gas distributing plates over the electrode sur-

faces, planar-SOFCs demand a remarkable effort, because they need gas distribution plates

on both anode and cathode. In other words, the gas distribution plates are also obliged

to be segmented for the longitudinal characterization. Numerical investigations are hence

quite practical, as they save time, energy, material to be invested for the investigations,

and provide high resolution in terms of the longitudinal investigations. Nevertheless, nu-

merical models can only be trusted upon validation with reliable experimental data. This

Ph.D. study has thus been devoted to elaborating current and temperature variations

along mt-SOFCs utilizing hydrogen and syngas (a mixture of hydrocarbons) by applying

segmentation method along with a finite element model for improving the reliability of the

numerical SOFC tools. Since the segmentation method can easily be realized on mt-SOFCs

(microtubular-SOFCs), this study was carried out in mt-SOFCs.

Initially, the extent of the performance degradation due to the Nernst-loss was necessary to

disclose. Accordingly, longitudinal current variations were in-situ measured in a mt-SOFC

utilizing hydrogen. The importance of the longitudinal investigations was drawn upon

demonstrating the incompetence of the conventional characterization method for longitu-

dinal variations. The current variations were analyzed under various fuel flow conditions,

and the severity of the longitudinal variations was identified under realistic operation con-

ditions. The high risk of the RedOx cycling at low fuel flow conditions was clearly shown.

Secondly, the relationship among the longitudinal current and temperature variations was

explored by analyzing longitudinal current, temperature, and impedance variations, which

were in-situ acquired in a mt-SOFC. The experimental data exhibit remarkable temper-

ature variations along the cell in both co- and counter-flow configurations. Longitudinal

impedance measurements show a strong impact of the large temperature gradients on

both electrolyte conductivity and reaction kinetics, influencing the longitudinal current

and concentration variations. It is found that the longitudinal current (concentration) and

temperature variations couple in the counter-flow configuration, exhibiting larger variations
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in comparison with the co-flow configuration. Analysis of the longitudinal temperature and

current variations together under various operation conditions discloses the contributions

by the current variations, and the convective heat transfer between the air and the cathode

surface to the longitudinal temperature variations. It is shown that the large temperature

variations stem mainly from the excess air supplied as a common practice to sweep the

waste heat produced in SOFCs. In this regard, the excess air supply should be avoided to

minimize the temperature variations in the co-flow configuration, which would also reduce

the power consumption by the air blower.

In the third phase, reliability of numerical tools was evaluated, for which a two dimensional

finite element model was constructed for a mt-SOFC. With the model, the conventional

I/V curve of the cell was numerically computed and correlated to the in-situ measured one.

Upon this conventional validation process, longitudinal current and temperature variations

were predicted by considering the heat transfer processes (including radiant heat transfer);

however, remarkable deviations among the numerical and experimental values (current and

temperature) were identified. Upon excluding radiant heat transfer, the deviation among

the experimental and numerical temperature values became significantly larger, revealing

the notable impact of radiant heat transfer on the longitudinal temperature variations. Due

to the poor accuracy of temperature computation and substantial impact of temperature

on the other processes in such a fully-coupled model, the model was modified to capture

the in-situ measured temperature variations. As a result, a positive impact of the spatial

temperature validation on estimation of the longitudinal current variations, i.e., on the

reliability of numerical model is shown.

Spatial variations in characteristic properties of SOFCs are expected to be more crucial

while internal reforming of hydrocarbons due to the fact that the rate the reforming reac-

tion also spatially varies depending on the concentrations of the species exist in the fuel

mixture. In this regard, numerical tools are to play a substantial role. Apart from the

hydrogen-utilizing SOFCs, the rate of the heat absorption by the reforming reaction, which

results in the endothermic cooling, is required to be considered for estimating the spatial

variations. The endothermic cooling and the associated spatial variation in the rate of

the reforming reaction were thus in-situ analyzed in this study. For these investigations,
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longitudinal temperature and current variations were measured in a mt-SOFC for differ-

ent syngas and equivalent (100% conversion of hydrocarbons to hydrogen) hydrogen flow

conditions. Leaning upon the local temperature difference between syngas and hydrogen

utilizations, the extent of the endothermic cooling along the cell was identified. Based

on the endothermic cooling, the variation in the rate of the reforming reaction along the

cell was analyzed as well. It is shown that the endothermic cooling varies along the cell,

leveling the temperature variations identified during hydrogen utilization. The variation in

the endothermic cooling was affected by the gas flow rate (residence time). In parallel to

the varying rate of the endothermic cooling, remarkable fluctuations in the local currents

and temperatures were observed, which were affected by the residence time. The fluc-

tuations were attributed to the competition among the reforming reaction and hydrogen

oxidation reaction, as they were both catalyzed by nickel within the anode. With syn-

gas the electrochemical performance of the cell was lower than the counterpart seen with

hydrogen.

In summary, the importance of the longitudinal current and temperature variations and

the regarding characterization methods in terms of the performance and structure degra-

dations has been disclosed. The processes involving in the temperature variations and their

respective contributions have been revealed. The relationship among the current and tem-

perature variations has been elucidated. The reliability of numerical tools for the spatial

characterization of SOFCs has been analyzed; for improving the reliability of numerical

tools, the spatial temperature variations has been proposed as an advanced validation

method. It is concluded that accurate computation of the longitudinal current and con-

centration variations by numerical tools strongly depends on rigorous consideration of the

mass and heat transfer processes along the cell. Furthermore, the endothermic cooling and

the corresponding rate of the reforming reaction have been in-situ analyzed along a mt-

SOFCs utilizing syngas to improve the reliability of numerical tools employed for internal

reforming SOFCs .
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7.2 Outlook

For improving the reliability of the numerical tools to characterize spatially varying prop-

erties (concentration, current, and temperature) in SOFCs regardless of the form, in this

study, the segmentation method was applied on mt-SOFCs along with a two-dimensional

finite element model. Through diverse experimental and numerical investigations, the lon-

gitudinal current and temperature variations were elaborated. All the processes involving

in the temperature variations including the current variations have been disclosed and their

respective contributions were analyzed. With the numerical method, the reliability of nu-

merical tools has been evaluated. However, the precision of the numerical computation

has been seen to be insufficient due presumably to the simplified heat and mass transport

processes. Improvement of the heat and mass transport processes in the numerical model

would hence enhance the precision of the numerical computation.

Spatial variations in the characteristic properties of SOFCs are more crucial while direct

internal reforming of hydrocarbons. This is due to the fact that the rate the reforming reac-

tion also varies spatially with respect to the concentrations of the species present in the fuel

stream. In relation with the rate of the reforming reaction, particular issues, e.g., endother-

mic cooling, carbon deposition, etc. occur, resulting in the structure degradations. The

spatial characterization is hence more demanded in the direct internal reforming SOFCs.

In this regard, the numerical tools are expected to play a substantial role. Apart from

the hydrogen-utilizing SOFCs, the rate of the heat absorption by the reforming reaction is

required to be incorporated for accurately estimating the spatial variations. The endother-

mic cooling and the associated spatial variation in the rate of the reforming reaction was

indeed in-situ analyzed in this study. Although this study has revealed the extent of the

endothermic cooling due to the internal reforming, it is found that the spatial variation in

the rate of the reforming reaction could only be elucidated by a more fundamental study.

Diagnosis of the spatial variation in the rate of the reforming reaction would allow for

shedding light on the issues related to the rate of the reforming reaction.
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Hartnett, and E. N. Ganić, eds.), McGraw-Hill, 1985.

[77] S. Jensen, A. Hauch, P. Hendriksen, M. Mogensen, N. Bonanos, and T. Jacobsen,

“A method to separate process contributions in impedance spectra by variation of

test conditions,” J. Electrochem. Soc., vol. 154, no. 12, pp. B1325–B1330, 2007.

[78] Y.-P. Chyou, T.-D. Chung, J.-S. Chen, and R.-F. Shie, “Integrated themal engineer-

ing analyses with heat transfer at periphery o f planar solid oxide fuel cell,” J. Power

Sources, vol. 139, pp. 126–140, 2005.

[79] Y. Wang, F. Yoshiba, T. Watanabe, and S. Weng, “Numerical analysis of elec-

trochemical characteristics and heat/species transport for planar porous-electrode-

supported SOFC,” J. Power Sources, vol. 170, pp. 101–110, 2007.

[80] Y. Lu, L. Schaefer, and P. Li, “Numerical study of a at-tube high power density solid

oxide fuel cell Part i. Heat/mass transfer and uid ow,” J. Power Sources, vol. 140,

pp. 331–339, 2005.

[81] S. Bedogni, S. Campanari, P. Iora, L. Montelatici, and P. Silva, “Experimental anal-

ysis and modeling for a circular planar type IT-SOFC,” J. Power Sources, vol. 171,

pp. 617–625, 2007.

[82] R. Bove and S. Ubertini, “Modeling solid oxide fuel cell operation: Approaches,

techniques and results,” J. Electrochem. Soc., vol. 159, pp. 543–559, 2006.

[83] P. Costamagna and K. Honegger, “Modeling of solid oxide heat exchanger inte-

grated stacks and simulation at high fuel utilization,” J. Electrochem. Soc., vol. 145,

pp. 3995–4007, 1998.

Ph.D. dissertation presented by Özgür AYDIN
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