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Abstract

A solid oxide fuel cell based on double-sided cathodes is developed in our group,
showing special properties and much advantages under some harsh conditions. To
optimize the cell further, a thermo-electro-chemo-mechanical coupled 3D model is
developed to simulate the distributions of temperature, current density, fuel gas and
thermal stress under different voltages. The numerical results indicate that the
temperature distribution, current, fuel gases and thermal stress is non-uniform in the
cell at different voltages. The distribution of thermal stress in the electrolyte is also non-

uniform because of the un-even electrochemical reaction and convective heat transfer.
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Furthermore, the result shows that about 47%~54% maximum 1* principal stress in
SOFC is caused by the mismatch of coefficients of thermal expansion(CTEs) among

materials, while the other part of the maximum i principal stress is mainly caused by

temperature gradient.

Keywords: Solid oxide fuel cell (SOFC); Multi-physics model; Thermal stress;

Temperature gradient; 1% principal stress

1 Introduction

Solid Oxide Fuel Cell (SOFC) is a highly efficient, environmental friendly and
fuels flexible power generation device, which has a promising application in the future
[1, 2]. SOFCs are categorized into two major types as planar and tubular configurations.
Tubular SOFCs have been assessed to be more secure than the planar designed since
they can be easily sealed [3]. While, the most commercially available system
demonstrated is made by the planar configuration due to manufacturing considerations,
optimal volumetric power density [4, 5]. For the traditional anode-supported planar
cells, the mismatch of coefficients of thermal expansion (CTEs) between materials in
each layer may give rise to thermal stress during operation, resulting in cracks of ultra-
thin electrolytes, and ultimately leading to operational damages and performance

degradation [6, 7]. As researched by Guan et al. [8, 9], when the stack is short (such as
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three-cell stack), the temperature distribution is relative uniform, while the temperature
distribution is un-even for the stack modula and stack series as the discharging current
is more than a certain value. The uneven temperature will cause the thermal stress even
the proper materials was chosen at the operating temperature as reported by Chiang et
al. [10]. To remit or overcome this defect, a flat-tube SOFC based on double-sided
cathodes is proposed and evaluated recently [11, 12], as shown in Fig.1. For this double-
sided cathode structure, deformation introduced by thermal stress is partially offset
because of its completely symmetric structure. In order to further improve the cell
performance, an in-depth understanding of the distributions of temperature, current,

fuel gas and thermal stress in this newly structure is needed.
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Fig. 1 Geometry of designed SOFC with double-sided cathodes (a) schematic diagram, (b)

schematic of components

Compared with the experiment, numerical simulation is an easier, economic and
time-saving method, and was widely used to improve cell performance [13-15]. Some
researches focused on performance improvement, the heat/mass transfer and

electrochemical reaction effects have been coupled in models, while the thermal stress



is generally ignored [16,17]. Some publications focused on the cell durability and
reliability, thermal mechanical behavior was studied without considering the change of
voltage or flow condition [18-20]. But in fact, the thermal stress in SOFC is dependent
of cell performance, and can be analyzed by a thermo-electro-chemo-mechanical
coupled theoretical model. Jiang et al. [21] investigated the thermal stress in a unit cell
by exporting the cell temperature predicted by a finite-volume model to a finite-element
model. Numerical results showed that the thermal stress was underestimated by 46%
with the assumption of a uniform temperature. Xu et al. [22] have numerically
examined the thermal stress of anode-supported planar SOFC with different
interconnect designs. It was found that the thermal stress can be reduced through
structural correlations and wider interconnect of anode side. Zeng et al. [23] found that
the increase of active sites could increase the thermal stress although it facilitates the
electrochemical reactions. It could see that the researches mentioned above were mainly
focused on the thermal stress in a single cell. To research the distribution of thermal
stress in a SOFC stack, Peksen et al. [6, 24] introduced a transient, coupled 3D
computational fluid dynamics/computational solid mechanics model, and analyzed the
stress, creep strain and damage. In 2018, Fang et al. [25] calculated the thermal stress
and creep strain in a SOFC stack, and failure probability of SOFCs was predicted
through Weibull approach. The reference reported is mainly focused on the planar
structure or tubular structure. As to our newly designed SOFC structure, it is also
significant to develop a thermo-electro-chemo-mechanical coupled 3D theoretical

model to simulate the distribution of temperature, current, gas flow and thermal stress.
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In this work, a finite element model for the SOFC based on double-sided cathodes
is established. The temperature profiles of the cell under different voltages are
calculated by the thermal electrochemical model, and the distribution of thermal stress
is evaluated. The iso-thermal model is also established to calculate thermal stress
caused by CTEs. The simulation results can provide more information on the
distributions of temperature, current density, fuel gas and stress in the double-sided
cathodes SOFC, which is much useful for the cell improvement further. Simulations are

carried out by the Comsol multiphysics computer software.

2 Model description

2.1 Geometry

As the double-sided cathodes SOFC is symmetric (Fig. 2a), only half of the cell is
included for this simulation. This model consists of 26 metallic alloy interconnect tips
(1.15mm x 28mm X Imm), an air channel, a Lao.cSto4Coo.2Feos8035(LSCF) perovskite
cathode active layer (85.5mm x 41mm X 0.02mm), a yttria-stabilized zirconia (YSZ)
electrolyte layer (85.5mm X% 41mm x 0.0lmm), a NiO+8YSZ anode active layer
(85.5mm x 41lmm % 0.02mm), a NiO+3YSZ anode support layer and 13 fuel gas
channels (98.6mm X 2.5mm x 2.3mm), as shown in Fig. 2b. The schematic geometry
of SOFC is shown in Fig. 2c. To illustrate the flow of air clearly, the geometry of air

channel is given in Fig. 2d. There are total 81423 grids and 32469 nodes in this model.
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Fig. 2 Geometry of double-sided cathodes SOFC: (a) schematic of assembly system, (b)

components of SOFC, (c) overall geometry and (d) air gas channel.

2.2 Governing equations

The 3D thermo-electro-chemo-mechanical coupled numerical model fully
considers the electrochemical reactions, gases flow, species diffusion, heat transfer and
solids deformation processes. To present these processes clearly, it is necessary to
couple electrochemical reaction models, gas flow models, species diffusion models,
heat transfer model and mechanical model together. The governing equations of these

models are presented as follow.

2.2.1 Electrochemical reaction models

Hydrogen oxidation in active anode layer is considered in this work as expressed

as:



H,+0* — H,0+2¢e" (1)

where H, is supplied by fuel channel and O%"is produced in cathode and transmitted into
anode through electrolyte. In cathode, one mole O> accommodate four moles of

electrons at the surface area of LSCF which is exposed to air, as shown in Eq. (2):
0,+4e” — 20* (2)

The operating cell potential (£) from the SOFC can be determined using the

equilibrium potential and the various over potential losses:
E= EOCV - (nact + Mohm + nconc) (3)

Where E°¢V is the equilibrium potential (Nernst potential) when the current density is
Zero. Mact, Hohm and #eonc are activation, ohmic and concentration overpotentials
respectively. For the hydrogen-steam mixture fuel, the equilibrium potential can be
calculated by the Nernst equation with the stand electrode potential E°, universal gas
constant R, temperature T, pressure p, Faraday’s constant F and referential

concentration of component i (c'er )[26]:
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In addition, the stand electrode potential £° can be expressed as [23]:
E°=1.253-2.4516x10T (5)

The activation polarization/current density relationships in anode and cathode are



described by the Butler-Volmer (BV) equations, in which both 7act and #conc are

considered [22, 27, 28]:
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(6)

where, io is the exchange current density (unit), o and o are the electronic transfer
coefficients of anode and cathode, n is the number of electrons transferred per
electrochemical reaction and Stpg (unit) is the density of length of triple phase boundary
(TPB), the superscript a and ¢ represent anode and cathode respectively. ¢’ is the

concentration of component i.

The ohmic overpotential in SOFC is caused by the transfer of ion or electron. The

governing equations for the transport of electron and ion can be expressed as:

i, =—0;VO,
e (7
=-0o, VO,

ie
where i, 6° and @ are the current, conductivity and electric potential, respectively. The
subscript i and e represent ion and electron respectively, and V is gradient operator.

The parameters used in these electrochemical reaction models are summarized in table

1as[7,17,29-31]:

Table 1. Parameters for the electrochemical reaction model
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Parameters

Value

Ionic conductivity of anode (S-m™) [7,29]

Tonic conductivity of cathode (S-m™)[7,29]

Tonic conductivity of electrolyte (S-m™)[7,29]

Electronic conductivity of anode(S-m™) [17]

Electronic conductivity of cathode(S-m™) [17]

Electronic conductivity of interconnect(S-m™) [17]

Stes (Mm®) [30,31]

SSpg (Mm3) [30,31]

a? [30,31]

o [30,31]

io? (A-ml)

io® (A-m?)

9.5x10’ ( 1150)
—exp| ———
T T

4.2x10’ ( lZOOj
————exp| ——— |[7,18]
T T

33.4x10° exp(—loiﬁj [7,18]

30300
17000
769000
2.14x10°
2.14x10°
05
05

630

60

From the table 1, it can be seen clearly that the electronic conductivity of anode

and cathode are much higher than that of the electrolyte. Thus, the effect of the



electronic conductivity of the anode and cathode on the distribution of multi-physics
fields could be ignored. Thus, the electronic conductivity could be assumed as

temperature and oxygen partial pressure independent.

2.2.2  Gas flow models

The gases can flow between electrodes and gas channels freely. The fluid flow in
porous electrodes and gas channels could be simulated together. However, the
governing equations are different for electrodes and channels. To describe the
momentum conservation in porous electrodes, the widely used Navier-Stokes equation

is modified by introducing Darcy’s term and the porosity is also considered [28, 32]:

V- (pV) = Smass

pv-Vv=—Vp+V-{y(Vv+vV)—§/Nv}—%
M, ,—M, i (8)
Anode: smass:( H20 Hz)
2F
Mg i
Cathode: S =——2
4F

where v is the velocity vector, Smass 1S the mass source term, ¢ is the porosity and £ is
specific permeability which depends on the geometry of the porous medium. In gas
channels, the flow of gases is not related with porosity, and the Darcy’s term are
neglected. The governing equations can be expressed as:

V- (IOV) = Smass

9
pV.VV:—Vp+V-{u(VV+VV)—§,uVV} ©)

In addition, p and u are the total gas density and gas dynamic viscosity which are
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dependent on the component of gas. The values of p and u are calculated with the

following equations [33]:

B pZXiMi
P=—"7 (10)
,U:ZXi/ui (11)

where x;, M; and w; are the mole fraction, molecular weight and dynamic viscosity of
component 1. To get these three parameters, the species diffusion models are needed in
the next section. For the electrolyte in SOFC, the fluid flow could be neglected because

it is full dense, and gas can’t pass through freely.

2.2.3 Species diffusion models

The electrochemical reactions happen near the interface of electrolyte and
electrodes [34]. To reach the reaction sites, gases must diffuse through the gas-filled
pores of the electrode. The pores in active anode layer are small in comparison with the
mean free path of the gas, which means that molecules collide more frequently with the
pore surfaces and Knudsen diffusion plays an important role in diffusion [35]. Thus,
the general Fick’s law which combines Knudsen diffusion and Fick’s laws is employed

in species diffusion models:

j,=—pD™V o — po D™ %-}-p@Z%DE‘kVXk (12)
k
1 1)
or-4{ed)
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y :[zﬁ] (14)

Here, w; is mass fraction of specie i, j; is the mass flux of species i, € is the volume
fraction of the pores, T is the tortuosity factor, M is total molar mass, D™ is total
diffusion coefficient of species which can be calculated by Fick’s diffusion coefficient

(D™) and Knudsen’s diffusion coefficient (D¥) [36, 37].
In addition, for the species diffusion models, the conservation of mass is:

V-ji+p(ev-V)o =S,

S I
TR
i (15)
SHZO H,0 E
S, =M, —

In which S; is the mass source term of component i which is produced or consumed
by electrochemical reaction per second per volume. The change of materials in quantity
caused by diffusion(first term), convection(second term) and reaction(third term) are

all taken into consideration in Eq. (15).

2.2.4  The heat transfer model

The classical heat transfer governing equation is:
pCV-VT =V(14VT)+Q (16)
where C, is the specific heat capacity, and Q is the heat source term in the cell. Ay is

the effective thermal conductivity which is determined by the components of gases in
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gas channels. While the A of the porous electrode is calculated as
A = (1) A + edy (17)
where A; and A are the thermal conductivity of gases and solids.

In this model, an assumption is made that the heat source is introduced by Joule

effect of ions and electrons:
Q=c;V®, -VO, + VO, - VO, (18)

The parameters used in these gas flow, species diffusion and heat transfer models are

presented in table 2 [38]as:

Table 2. Parameters and values used in the heat and mass transfer models

Permeability =~ Thermal Conductivity Thermal capacity

Parameters Porosity
(m?) (W-m.K™ (W-Kg'K™)
Anode active
0.23 1x10™ 6 450
layer [38]
Anode support
0.46 1x10™ 6 450
layer [38]
Electrolyte [38] - - 2.7 550
Cathode layer
0.3 1x10™% 11 430

[38]
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Interconnect
- - 20 550
[38]

2.2.5 The mechanical model

The mechanical model in this work assumes that solid materials in SOFC are
elasticity, and the deformation caused by thermal stress is small. The traditional three-

dimensional governing equations can be sorted into three types of equations as [39]:

Geometric equation  £=(Vu+uV)/2
Momentum equation V-6+f=0 (19)
Constitutive equation ¢=C:(s—¢g,)

where € and o are two-order tensors which represent total strain and stress respectively.
€ 1s the thermal strain. u is the displacement. f is body force and C is a fourth-order
elastic coefficient tensor. For the isotropic materials, the constitutive equation in Eq.

(19) can be simplified as:

1-v v Vv 0 0 0
o, ] 1-v v 0 0 0 |lee ]
o, v v 1-v 0 0 0 £,
°z|____E I
7y | (@+v)(1-2v) © L Vo
7 o 0o 0o o =X 0|y
TYZ _ y;z
0o 0 0 0 0o 1 22"

where E and v are Young’s modulus and Poisson’s ratio respectively. &%, €%y, €%z ¥,

1%z ¥4z are the longitudinal and shear components for elastic strain. gy, )y, 0z, Tx, Tns
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7,- are the longitudinal and shear components for stress.

In the thermo-mechanical problem, the thermal strain (€#) depends on the

temperature and CTE with the assumption of isotropic is:
en=a(T Ty )l 21)

Here, T

 (1023K) 1s the reference temperature, I is a two order unit tensor. In general,

the thermal stress has the lowest value before the cell heating. However, it can be known
that the cell will generate and accelerate creep during the reduction after heating, and
thus the thermal stress in the half-cell (support, fuel electrode and electrolyte) will be
relaxed and practically goes to zero [40, 41]. In this work, the thermal stress is assumed
to be zero at 1023K, accordingly. The parameters used in this mechanical model are

given in table 3 [42, 43] as:

Table 3. The parameters used in this mechanical model

Young’s modulus
Layer Poisson’s ratio CTE (10°K1)
(GPa)

Anode active layer

220 0.3 12.2
[42, 43]
Anode support layer
213 0.3 12.2
[42, 43]
Electrolyte [42, 43] 205 0.3 10.3
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Cathode layer [42,
30 0.3 12,5
43]

Interconnect [42, 43] 205 0.3 12.3

To simulate the SOFC under working conditions, it is necessary to choose proper
boundary conditions. In this work, the laminar flow profile is specified at the gas inlet,
and the average flow velocities are calculated under different gas flow rates. As for the
gas outlet, the pressure is fixed at 1 atm (1.013x10° Pa). In addition, the fuel inlet
fraction is defined as 3% H,O (mole fraction) and 97% Ha. The gas in cathode is defined
as oxygen (21%, mole fraction) and nitrogen (79%, mole fraction). To simulate the
SOFC under the real condition, the initial, boundary and gas inlet temperature are set
as 1023K. The potential at the anode current collector is zero, while the one at the

cathode connector varies from 1.15Vto 0.3 V.

3 Results and discussion

3.1  Model evaluation

To valid our model, the results of current-potential (I-V) characteristics and power
density obtained in simulation are presented and compared with experimental data as
shown in Fig.3. It can be seen that the simulation results agree both qualitatively and

quantitatively well with the experimental data even the voltage is lower than 0.5V.
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Fig. 3 I-V characteristics and power density.

3.2 Mole fraction distribution of gases in SOFC

The mole fractions of hydrogen in the middle of active anode (10 pm from the
interface of anode and electrolyte) and oxygen in the middle of cathode layer (10 pm
from the interface of cathode and electrolyte) at different operation voltages are
illustrated in Fig.4-5. It is noted that the color legend is kept the same for all cases.
Based on Fig.4, the hydrogen concentration decreases along the anode flow direction
due to the continuous electrochemical reaction (along with x axis). In addition, with
decreased voltage, the gradient of mole fraction of hydrogen in x direction become
larger because of faster electrochemical reaction. When the voltage is 1V, the difference
of maximum and minimum mole fractions of hydrogen is only 8%. However, when the
voltage reaches 0.4V, the mole fraction of hydrogen in active anode ranges from 68%
(near the inlet) to 4% (close to outlet). As for the oxygen in cathode shown in Fig 5, the

distribution of mole fraction becomes more non-uniform because of the complicated
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geometry of cathode gas channel. Firstly, the interconnection tip directly isolates the
contact between the gas and the cathode layer. Thus, it is harder for the oxygen to reach
these areas and the mole fraction of oxygen in these areas is smaller compared with
these exposed to air. Secondly, because of the unique design of cathode gas channel
which is different from traditional cross-flow or counter-flow configuration, the
velocity of air in cathode gas channel is non-uniform as shown in Fig. 6. The velocity
of air in the middle area (low velocity area in Fig.6) is small, and the oxygen consumed
by electrochemical reaction can’t be supplied by convection immediately. Thus, the

mole fractions of oxygen in cathode layer near low velocity gas channel is much smaller

compared with other areas, especially at a low voltage.
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Fig. 4 Mole fractions of hydrogen in active anode with different operation voltages: (a) Veen =1V,
(b) Vcell :O.SV, (C) Vce[[ :06\/, (d) Vce[[ :04V

18



0,043
o
0.03%
003
0.02%
0.02
0.01%
0.01
0.005

0043
o
0.03%
003
D05
0.02
0.01s
0.01
0.005

o0 Q.04 L.oe 008 m

Fig. 5 Mole fractions of oxygen in cathode layer with different operation voltages: (a) Veen =1V,
(b) Veen=0.8V, (¢) Veen =0.6V, (d) Veen=0.4V.

0.045 A6s T
0.04
0.035
0.03
0.025
0.02
0.015
0.0}
0.005

.02 0.04 0.06 0.08 m

Fig. 6 Velocity of air in cathode gas channel (Veen =1V).

3.3 Distribution of current density in electrolyte

The current density in electrolyte is dominated by the rate of electrochemical
reaction which is influenced by the voltage, density of the TPB length, partial pressure
of hydrogen, oxygen and water, as expressed in Eq. (6). Thus, as presented in Fig.7,
when the voltage is decreased from 1V to 0.4V, the current density in electrolyte is
increased significantly. Moreover, the current density in electrolyte is also low for the
area where the concentration of oxygen is low in cathode, as shown in Fig. 5.

19



D045
aod
0035

0.02
0.01%
0.01

0.04 0.06 0.08 m oo 0.04 0.06 0.08 m

D045

oo
0o

0.02
0.0)5
0.0l

0.04 0.06 0.08 m o0 0.04 0.08 0.08
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3.4 Distribution of temperature in electrolyte

To investigate the distribution of thermal stress in SOFC, the profiles of
temperature in SOFC electrolyte are calculated and shown in Fig.8. The temperature
increases rapidly because of the electrochemical reaction and ohmic heat. The high
temperature zone located at the lower left corner near the outlet of air and inlet of
hydrogen. The temperature differences are 4°C, 37°C, 112°C and 222°C under the
voltage of 1V, 0.8V, 0.6V and 0.4V, respectively. The relation between average or
highest temperature and voltage in electrolyte is non-linear, as illustrated in Fig. 9. The
peak temperature at 0.3V is more than 250°C higher than that at an equilibrium potential.
In all, the temperature distribution is non-uniform, especially at a low voltage, which

may cause local thermal stress and lead to cell failure.
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3.5 Distribution of stress in SOFC

The 1% principal stress is normally the maximum stress normal to a plane which
may induce thermal crack in ceramic cell, and is always used to predict the lifetime of
a cell. The distribution of the 1* principal stress at different voltages is shown in Fig.
10. It shows that the 1% principal stress in electrolyte is much higher than that in anode

and cathode (especially when the voltage is low) because of low CTE. And thus, the
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electrolyte is more easy to fail because of its high thermal stress [7]. The distribution of
1% principal stress in electrolyte is shown in Fig. 11. The maximum 1* principal stress
in electrolyte ranges from 3.51 MPa to 177 MPa when voltage decreases from 1V to
0.4V. It is because that a lower voltage leads to a higher temperature and a higher
thermal deformation. Moreover, the distribution of stress in electrolyte is non-uniform,
and its maximum 1* principal stress is 6.62, 5.17, 4.56 and 4.56 times the value of the
lowest one at the voltage of 1V, 0.8V, 0.6V and 0.4V. The non-uniform distribution of

stress is mainly caused by non-uniform temperature distribution.

In fact, the maximum 1% principal stress in electrolyte is influenced by both
temperature and temperature gradient. When the voltage is 1V, 0.8V, 0.6V and 0.4V, the
maximum temperature is 1027K, 1059K,1136K and 1245K, with the corresponding
maximum 1% principal stress of 3.51 MPa, 30.5 MPa, 92.1MPa and 177 MPa,
respectively. For comparison, an iso-thermal model was also developed with uniform
temperature (1027 K, 1059 K,1136 K and 1245 K). And only the thermal and
mechanical fields are considered in the new model. The distribution of stress is shown
in Fig.12. and the maximum 1* principal stresses are about 2.32 MPa, 20.7 MPa, 64.5
MPa and 127 MPa. It can be seen that the distribution of 1% principal stress is more
uniform with a uniform temperature distribution. Even at the maximum temperature
under the voltage of 1V, 0.8V, 0.6V and 0.4V, the maximum 1% principal stresses are
34.1 %, 32.3 %, 30% and 28.7% smaller than those reported with the previous models

(non-isothermal models). In addition, the maximum 1* principal stresses in SOFC at
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different average uniform temperature of different voltages are presented in Fig.13. The
results show that about 46%~53% maximum 1% principal stress can be eliminated,
while the other part of 1% principal stress still exists because of different CTE among
various materials even the SOFC is optimized well and its temperature distribution is

uniform.
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Fig. 10 Distribution of the 1% principal stress in SOFC with different operation voltages:
(a) Vce]]zlv, (b) Vce[[ :OSV, (C) Vce[[ :O6V, (d) Vce[[ 20.4\/.
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Fig. 13 The maximum 1* principal stresses in SOFC under different voltages.

4 Conclusions

A comprehensive thermo-electro-chemo-mechanical coupled 3D theoretical
model has been applied to characterize the performance, temperature and stress
distributions in a flat tube SOFC based on double-sided cathodes. The model is
validated by comparing the results with experiment. The distributions of mole fractions

of gases, current density, temperature and stress are analyzed in detail.

The mole fraction of hydrogen in active anode layer decreases along the fuel gas
flow direction and the gradient becomes larger with the decrease of voltage. Different
from the design of cross-flow or counter-flow configurations, the position with low
oxygen mole fraction in cathode layer exists in the middle of the cell where the velocity
in air channel is low. In addition, for the place where the mole fraction of oxygen is low,
the current density in electrolyte is also low because of the concentration polarization.
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Thus, it is necessary to redesign the configuration of cathode gas channel to make the

distribution of oxygen in cathode more uniform.

The high temperature zone located at the low left corner near the outlet of air and
inlet of hydrogen. The relation between average or highest temperature and voltage in
electrolyte is non-linear. The lower the voltage, the larger the temperature gradient in

electrolyte, and thus causes the higher thermal stress.

The 1% principal stress in electrolyte is much higher than that in anode and cathode,
which indicates that the electrolyte is easier to fail under the working condition.
Moreover, the distribution of thermal stress in electrolyte is non-uniform because of the
un-even temperature. In this SOFC, more than 28~35% maximum 1% principal stress is
caused by the temperature gradient. In addition, about 47%~54% maximum %

principal stress is caused by different CTEs of various materials.
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