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A three-dimensional (3D) finite element model consists of positive electrodeeelectrolyteenegative
electrode (PEN) and metallic interconnect (MIC) assembly is constructed by using commercial finite
element software Abaqus. With the simulated temperature profile in the planar solid oxide fuel cell
(SOFC), the finite element method is employed to calculate the thermal stress distribution in a planar
SOFC. The effects of temperature profile, electrodes and electrolyte thickness, and coefficients of thermal
expansion (CTEs) mismatch between components are characterized. The value and distribution of
thermal stress are the functions of the applied materials CTEs, applied temperature profiles and thickness
of anode and electrolyte. The calculated results can be applied as the guide for SOFC materials selection
and SOFC structure design. The anode is subjected to large tensile stresses and the electrolyte is subjected
to large compressive stresses during the first cooling from the sintering temperature. The chemical
reduction of NiO to Ni in the porous anode lowers the absolute stress level in the PEN structure by 20%.
The large tensile stresses in the anode and the large compressive stresses in the electrolyte relax partly
when the SOFC operates at high temperature. Cracks could probably appear in the anode structure when
the PEN structure is cooling to room temperature after the sintering.

� 2013 Elsevier Masson SAS. All rights reserved.
1. Introduction

Fuel cells are the most efficient devices for the electrochemical
conversion of chemical energy of hydrogen into electricity, and
have been gaining increasing attention in recent years for envi-
ronmentally friendly with little or no toxic emission and efficient
distributed power generation. In the existing fuel cells, the solid
oxide fuel cell (SOFC) with monolithic, planar and tubular geome-
tries, as a high temperature fuel cell, makes a good performance in
power generation and continues to show great promise as a future
power source. In SOFC stack designs, the planar type design has
received much attention recently, because it is simpler to fabricate
and easier to be made into various shapes than the other type
designs. Besides, the planar type SOFC offers higher power density
relative to the tubular type SOFC due to the low electrical resistance
as a result of the shorter current paths. A typical operating tem-
perature of a solid oxide fuel cell is 600 �Ce1000 �C, which leads to
severe thermal stresses and warpage on the positive electrodee
electrolyteenegative electrode (PEN) structures of SOFCs caused by
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the mismatch of the coefficients of thermal expansion (CTEs) of
various layers in the PEN structures of SOFCs due to the tempera-
ture changes during the PEN manufacturing process and thermal
cycling. And these may lead to cracks and destroy the SOFC
structure.

Numerical studies were conducted by many investigators on
electric performance of SOFC using simplified electrochemical
models [1e3], e.g. the Tafel equation, which is linear of Butler-
Volmer equation, is widely used for activation polarization calcu-
lation. For the model of concentration polarization, the Knudsen
diffusion was neglected for gas diffusion through the porous elec-
trodes [2,3]. Ferguson et al. [4] presented a numerical model with
solving both flow equations and potential equation for various
geometries of SOFCs. The thermo-fluid analysis of a planar SOFC
was performed using the computational fluid dynamics tool `STAR-
CD’ by Yakabe et al. [5]. Since SOFCs operate at high temperature
and the cell scale is tiny, experimental studies on the thermal
stresses is difficult. The X-ray computer tomography was used to
permit an assessment of the maximum defect size by Malzbender
et al. [6]. The residual stress in the electrodes was estimated by
curvature measurement by Selcuk et al. [7]. The X-ray diffraction
methodwas used tomeasure the residual stresses in the electrolyte
of the anode-supported cell by Yakabe et al. [8] and Fischer et al. [9].
Most advanced researches of thermal stresses of SOFC were made
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by establishing computer models and numerical simulations. Nu-
merical studies for SOFC thermal stresses were conducted by
different investigators. A two-dimensional model, based on the
finite volumemethod, was developed in FORTRAN for simulation of
a planar electrolyte supported SOFC by Selimovic et al. [10]. A 2-D
mathematical model was developed to estimate the thermal
stresses and to predict the lifetime of the cell [11] and the Weibull
theory was used to predict the risk of cell degradation based on the
2-D calculation of stress field [12]. A stack modeling framework
that combines thermo-electrochemical models, including degra-
dation and a contact finite-element thermo-mechanical model
based on an anode-supported SOFC was used to study the me-
chanical reliability and durability of SOFC stacks by Nakajo et al.
[13,14]. The ANSYS software was used to carry out three-
dimensional (3D) finite element analyses of SOFC bonded
compliant seal designs by Weil et al. [15] and Jiang et al. [16].

The purpose of the present work is to study the thermal stresses
in the SOFC components using a three-dimensional (3D) model
simulation. In order to derive the stresses, a 3D numerical model of
SOFCs for various geometries with complete polarization is
employed in this study including methane reforming and the
water-gas shift. This model is coupledwith the governing equations
through the user defined function (UDF) interface provided by the
commercial computational fluid dynamics (CFD) software, Fluent.
Transport equations for mass, momentum, species, energy and
electrical potential are solved using the software, Fluent. The
electric characteristics of the conductive components and the
profile characteristics of the temperature for the planar configured
SOFC are studied. A 3D finite element thermal stresses model
consists of PEN and interconnects assembly is constructed by using
the commercial finite element analysis (FEA) software Abaqus
based on the temperature profile in the planar SOFC calculated by
the electrochemical model. The effects of temperature profile,
electrodes and electrolyte thicknesses and CTE mismatches be-
tween components are characterized. The calculated results can be
applied as the guide for the SOFC materials selection and the SOFC
structure design to improve the SOFC structural performance and
its reliability.

2. Mathematical model

2.1. Model geometry

A fuel cell stack modeling exercise was conducted by Interna-
tional Energy Agency (IEA) involving seven European countries and
Japan in 1995. Two cases of SOFC stack operation were simulated:
(1) one cell stack operating with humidified hydrogen fuel and air
feed and (2) one cell stack operating with direct internal steam
reforming of methane and air. These two cases were called
“Benchmark Test 1” and “Benchmark Test 2” in the IEA database. In
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Fig. 1. The model geometry of the half single unit cell for the planar SOFC.
this work, a simplified single unit cell model with bipolar channels
is studied. Furthermore, since the geometry of the single unit is
symmetric, only half of the one repeating unit is simulated. The
configuration of a half unit cell is illustrated in Fig. 1. Both co-flow
and counter-flow planar SOFC are modeled in this work. The
geometrical parameters of a single cell for the calculation are
given as follows: channel reaction area 3 mm � 100 mm, channel
height 1 mm, underneath MIC reaction area 2.42 mm � 100 mm,
MIC rib width 2.42 mm, electrolyte thickness 150 mm, anode
thickness 50 mm, cathode thickness 50 mm, and bipolar plate
thickness 2.5 mm. As shown the half unit cell in Fig. 1, the active
area in the numerical computation contains a half channel reaction
area and a half underneath MIC reaction area, which equals
to2.71 mm � 100 mm. The permeability of the porous electrode is
1 � 10�8/m and the porosity is 0.2.
2.2. Electrochemical model

The electrochemical reactions taken into account in the SOFC
are as follows:

Anode side : H2 þ O2�/H2Oþ 2e�

Cathode side : 1=2O2 þ 2e�/O2�

Overall reaction : H2 þ O2�/H2Oþ 2e�

For the internal steam reforming of the SOFC, the reforming
reaction and water-gas shift reaction are added within the anode:

Methane steam reforming : CH4 þH2O/COþ 3H2

Water� gas shift : H2Oþ CO/CO2 þ H2

Electrochemical reactions were assumed to occur at the in-
terfaces between electrodes and electrolyte. The shift reaction is
fast enough and in this model we assume that the shift reaction is
in chemical equilibrium in the anode.

As an energy conservation system, the voltage generated by the
SOFC can be calculated by combining the energy conservation and
entropy balance of the electrochemical reaction for the SOFC [17]. A
complete polarization model is employed in this paper [18]. The
voltage generated by SOFC is modeled as

Ev ¼ � 1
zeF

"X
i

ðligiÞp �
X
i

ðligiÞr
#
� ðhact þ hconc þ hohmÞ

(1)

where

giðT; piÞ ¼ hiðTÞ � TsiðT ; piÞ

¼
ZT
T0

cpiðTÞdT � T
ZT
T0

cpiðTÞ
T

dT � RT ln
P0
pi

(2)

In the SOFC, the voltage losses include the activation polari-
zation hact, concentration polarization hconc and ohmic polariza-
tion hohm.The activation polarization is the energy barrier
existing between the electronic and the ionic conductors in the
electrochemical reaction. The activation polarization occurs at
both electrodes in all ranges of current density. It is calculated by
the ButlereVolmer equation [26]. The transfer coefficient b is
assumed to 0.5 in this work, the activation polarization can be
calculated by
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hact ¼ 2RT
neF
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i
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(3)

where the exchange current density i0 depends on the partial
pressure of reaction gas compositions and temperature. The Eqs. (4)
and (5) are applied in the model according to Ref. [19].

At the anode side,

i0;a ¼ ga
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�
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RT
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(4)

At the cathode side,

i0;c ¼ gc

 
pO2
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!0:25

exp
�
�Ec
RT

�
(5)

The electrochemical reactions occur at the electrolyteeelec-
trode interface. The reaction gas partial pressures change as the
species diffuse through the porous material from gas channels to
the reaction sites. The diffusion processes are described by both
ordinary diffusion and Knudsen diffusion. The voltage loss due to
the species diffusion resistance is called the concentration polari-
zation, which occurs at both electrodes modeled as follows [18]:
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(6)

Ohmic losses, which arise from the resistance to electric charge
conduction through cell components, depend linearly on current.
The conductivity of the electric components is a function of tem-
perature and can be calculated by the following equation:

s ¼ A0

T
exp

�
�E0
kT

�
(7)

Therefore, the ohmic losses are written as:

hohm ¼
��� i!$ n!

���r ¼
��� i!$ n!

���lel=s (8)

Due to the high operating temperature of SOFC, methane and
water vapor in the fuel gas are adsorbed into anode and combine to
produce hydrogen. The reaction rate for methane reforming used in
the present model is shown in the following equation [3,20].

_rR ¼ k0pCH4
fe exp

��DE
RT

�
(9)

where the equilibrium factor fe is approximated as 1. The equilib-
rium constant for shift reaction is expressed as

Kshift ¼ exp
��DGwgs

RT

�
(10)

where the change of Gibbs free energy (DGwgs) is calculated by
Eq. (2).

2.3. Thermo-fluid model

The thermo-fluids analysis is performed using the CFD software,
Fluent. Thermodynamic equations for the electrochemical re-
actions and equations governing the conservation of mass, mo-
mentum, and energy are constructed and solved by the UDF. The
standard ke 3model and SIMPLEC algorithm are used.
The steady fluid flow governing equations can be written as
follows:

div
�
rV
.
f

�
¼ div

�
Gfgradf

�
þ Sf (11)

where G is the diffusion coefficient and S4 is the source term for the
generic variable 4. They are given in Ref. [21] for all conservation
equations except the species transport equation and the electric
potential equation. For the continuity equation, 4 ¼ 1. For the other
conservation equations, 4 equals Yi the mass fraction of each spe-
cies for the transport equations, Vj the velocity for each direction for
the momentum equations, T the temperature for the energy
equation and U the electric potential for the charge equation. In the
present model, the fluid is assumed to be no effect on the con-
duction of electric current.

Then, for the electric potential equation,

div
�
rV
.
F

�
¼ 0 (12)

For the species transport equations, the dilute approximation is
applied in laminar flow.

Gi ¼ rDi (13)

where Di is the diffusion coefficient for species i in the mixture. The
electric potential equation is shown as follow.

G4 ¼ s (14)

Heat and species concentrations change due to the electro-
chemical reactions, and the variations are brought into the source
terms of the governing equations.

The volumetric heat source term Sq is the sum of the ohmic heat
source, the chemical reaction heat and the radiant heat exchange.

Sq ¼ Qohm þ Qchem þ Qrad (15)

where ohmic heat source is:

Qohm ¼ sgradFgradF (16)

The chemical heat source for the control volume element in the
anode side interlayer domain is:

Qchem;a ¼
�
_rf � _rb

�
DHs þ _rRDHR þ

���� i.$n
.
����

2F
ACVDHE (17)

where in other areas, Qchem ¼ 0.
The discrete ordinates radiation model (DTRM) is applied to

calculate the radiant heat exchange [22]. The equation for the
change of radiant intensity, dI, along a path, ds, can be written as

dI
ds

þ aI ¼ asT4

p
(18)

where a stands for the gas absorption coefficient, T the gas local
temperature and s StefaneBoltzmann constant (5.672 � 10�8 W/
m2 K4).

The porous media is modeled by the momentum source term to
the standard fluid flow equations. The source term consisting of
viscous loss term and an inertial loss term can be calculated by the
equation:

Sj ¼ �
 X3

k¼1

Dj;kmVk þ
X3
k¼1

zj;k
1
2
r

����V.
����Vk

!
(19)



Table 1
Basic physical parameters for the SOFC materials [13,14,24,25].

T/K E/GPa n CTE/10�6 k�1 sy/MPa

Cathode (LSM) RT 41.3 0.28 12.16 e

1073 48.3 0.28
Electrolyte (YSZ) RT 196.3 0.32 10.21 e

1073 148.6 0.32
Anode (NiOeYSZ) RT 124.9 0.39 12.37 e

1073 119.9 0.39
Anode (NieYSZ) RT 72.5 0.39 12.41 e

1073 58.1 0.39
MIC (Crofer22APU) RT 216 0.3 11.80 248

1073 65.9 0.3 35
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In the present model, the porous electrodes are simply consid-
ered as homogenous and the inertial resistance factor z can be
considered as zero. The porous electrodes model can be described
by Darcy’s Law

Sj ¼ �m

a
Vj (20)

where a is the permeability of porous material.
The potential is continuous throughout the electric fields except

for the electrolyte interfaces where the chemical reactions occur. As
shown in Fig. 2, the ionic current density through the electrolyte
can be obtained by the following equation

i
!
$ n! ¼ En � ðFP’ � FPÞ

Rn
(21)

where Rn is the local lumped area specific electric resistance for the
sum of polarization.

The thermal flux and electric current flux are zero at the
external boundary. Uniform potential is given at the current inlet
and outlet as assumed value. The pressure is given at the gas out-
lets. The temperature, the species mass fractions and the mass
fluxes are imposed at the gas inlets.
2.4. Thermal stress model

In the classical theory of linear thermoelasticity (Duhamele
Neumann’s law), the components of the strain tensor 3ij are linear
functions of the components of the stress tensor and the compo-
nents of the strain tensor due to the temperature change; that is [23]

3ij ¼ 3
e
ij þ 3

T
ij (22)

where 3eij denotes the elastic strain and 3Tij stands for the thermal
strain. When temperature changes from T0 to T, the thermal strain
of the element due to the temperature change is

3
T
ij ¼ aðT � T0Þdij (23)
Fig. 2. The grid scheme for computation of current density at electrode/electrolyte
interfaces.
where a is the coefficient of linear thermal expansion and dij is the
Kronecker delta. The elastic strain tensor is linearly proportional to
the stress tensor as

3
e
ij ¼

1
2G

�
sij �

n

1þ n
skkdij

�
(24)

where G is the shear modulus and n is Poisson’s ratio. And the total
strain tensor is

3ij ¼
1
2G

�
sij �

n

1þ n
skkdij

�
þ aðT � T0Þdij (25)

Eq. (25) is called the constitutive law of linear thermoelasticity.
Solving this equation for the stress tensor sij gives

sij ¼ 2G
�

3ij þ
n

1� 2n

�
3kk �

1þ n

n
aðT � T0Þ

�
dij

�
(26)

The stressestrain relations in terms of Young’s modulus and
Poisson’s ratio are frequently used, and they are

3xx ¼ 1
E

	
sxx � n



syy þ szz

��þ aðT � T0Þ
3yy ¼ 1

E

	
syy � nðszz þ sxxÞ

�þ aðT � T0Þ
3zz ¼ 1

E

	
szz � n



sxx þ syy

��þ aðT � T0Þ
3xy ¼ sxy

2G

3yz ¼ syz

2G

3zx ¼ szx
2G

(27)

In isotropic material without mechanical loads and temperature
distribution, each element expands uniformly in every dimension.
In SOFC, the components expansions are different due to the CTE
mismatches between the cell components. Under the constraints of
the interfaces, thermal stresses are generated to keep the size and
interface continuous.

The characteristics of thermal stresses in SOFC PEN structure are
calculated from the simulated temperature distribution in SOFC
using the SOFC thermal stress finite-element model developed by
the commercial finite element software Abaqus. In the stress
calculation, the element type C3D8R (3D elements of eight-node
linear brick) is employed to create the meshes for the SOFC ther-
mal stress model. The temperature distribution calculated by the
SOFC thermal-fluid model is read into the Abaqus as the predefined
temperature field. In the stress calculation, it’s assumed that no
mechanical loads are put on the fuel cell components and the
components could deform freely. The available data of mechanical
properties for SOFC stack materials is scarce. A linear elastic
behavior is assumed for all ceramic components. Plasticity with
isotropic hardening and von Mises yield criterion is used for the
MIC. The basic physical parameters for the materials of SOFC
components used in this model are listed in Table 1 [13,14,24,25].



Fig. 3. The calculated profiles of temperature in the cell (a) Co-flow, (b) Counter-flow
(T/K).

Fig. 5. The residual stresses in the PEN structure before and after the reduction of the
anode (T ¼ 298 K).
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3. Results and discussion

3.1. Thermo-fluid analysis

Half of the one single symmetric unit cell model with bipolar
channels operating with direct internal steam reforming of
methane and air in a planar SOFC are modeled in this work. Nu-
merical simulations are performed with both co-flow and counter-
flow.

In the former work [17,26], the profile characteristics for the
temperature, the electrical potential and the current density
calculated by the same model were compared to the benchmark of
International Energy Agency (IEA) and showed good agreement
with the IEA database [27]. And the comparisons show that the
electrochemical model used is accurate in predicting the behavior
Fig. 4. Simulated stress distribution in the electrolyte at room temperature.
of the SOFC with various geometries. The operating conditions of
the case are as follows: system pressure: 1 bar, air ratio: 7, fuel
utilization: 85%, the mean current density: 3000 A/m2, and cell
operating voltage: co-flow 0.65 V, counter-flow 0.69 V.

The profile characteristics for temperature are shown in Fig. 3(a)
and (b). In the co-flow case, it can be seen that the temperature
drops at a short distance from the gas inlet because of the endo-
thermic internal steam reforming reaction of methane. And then
the temperature increases toward the gas outlet as the stream
reforming reaction is complete. In the counter-flow case, the tem-
perature increases rapidly at fuel inlet because of the exothermic
electrochemical reaction and the heated air through the air chan-
nel. At the downstream of fuel, the cell temperature decreases
along the fuel stream, since the heat generation is small and the hot
fuel is cooled by the incoming air.
3.2. Thermal stress calculation

A 3D FEA model consists of positive electrodeeelectrolytee
negative electrode (PEN) and interconnects assembly is constructed
by using commercial finite-element software Abaqus. Thermal
stresses in SOFC are calculated in different conditions. The



Fig. 6. The relationship between the residual stresses and the thicknesses of different components of PEN (T ¼ 298 K).
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simulated temperature profile for both co-flow and counter-flow in
the planar SOFC are employed in the model. The profile charac-
teristics of stresses in the PEN structure are investigated in partic-
ular as the PEN structure materials are normally brittle ceramics.
Large thermal stresses will properly lead to the cracks or damage in
the PEN structure of SOFC. However, a linear elastic behavior is
assumed for the PEN structure and a plastic behavior is used for the
MIC, as a consequence it may result in higher cell curvature and
different deformation of the SOFC.

In order to justify the accuracy of the FEA model, a SOFC model
was constructed in the same way according to the experiment
sample in the reference [8]. As shown in Fig. 4, the simulated stress
distribution in the electrolyte at room temperature is calculated.
The compressive stresses are almost homogeneous values of
-560MPa to -610MPa over the electrolyte plane except for the edge
part. The maximum stress value is �610 MPa which is about 8%
smaller than the stress (about�670MPa) reported in the reference.
Near the corner part the stress is slightly larger than that at the
center part, which is qualitatively consistent with the result of the
X-ray stress measurements in the reference too.

The PEN structure sintering temperature is commonly at 1673 K
[8]. The NiO in the porous anode is reduced by humidified hydrogen
at the temperature of 1073 K for hours. As shown in Fig. 5(a) and
Fig. 5(b), the residual stresses at 298 K in the PEN structure caused
by the manufacturing before the reduction and after the reduction
for anode are calculated. It can be seen from Fig. 5(a) that the re-
sidual tensile stresses in the anode are much higher than the
stresses in the cathode and electrolyte. The maximum tensile stress
in the anode is 224.67 MPa before the reduction of anode and it
drops to 174.94 MPa after the reduction. The anode is subjected to
large tensile stress during the first cooling from the sintering
temperature (1673 K). The cracks could probably appear in the
anode structure when the PEN structure is cooled to the room
temperature after sintering. As shown in Fig. 5(b), the residual
compressive stresses in the electrolyte are much higher than the
stresses in the anode and cathode. The maximum compressive
stress in the electrolyte changes from�216.67 MPa to�167.05 MPa
after the reduction of anode. The electrolyte is subjected to large
compressive stress during the cooling from sintering temperature
to balance the large tensile stress in the electrodes. The compres-
sive stresses in the electrolyte are much lower than the strength of
YSZ. The chemical reduction of NiO to Ni in the porous of anode
lowers the absolute stress level in the PEN structure by 20% and in
the mean time the strength of the anode becomes lower too.

The relationship between the residual stresses and the thick-
nesses of different PEN components at 298 K are calculated to
investigate the thickness influences of different PEN components
on the residual stresses. As shown in Fig. 6(a), the maximum tensile
stress in the anode increases with increasing the thickness of
electrolyte, while the maximum compressive stress in the elec-
trolyte increases a little and then stay almost constant. The
maximum tensile stress in the electrolyte slightly fluctuates around
145 MPa and stress in the cathode remains almost constant at
112 MPa. The maximum compressive stress in the electrodes is
much lower than that in the electrolyte. The maximum tensile
stress in PEN structure increases from 174.94 MPa to 202.42 MPa as



Fig. 7. The relationship between the residual stresses and temperature in the PEN
structure before the assembly of the MICs.

Fig. 8. The relationship between max stresses and temperature.

Fig. 9. The relationship between Max Principal stresses and temperature in SOFC
structure.
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the thickness of electrolyte increases from 0.15 mm to 0.24 mm. As
shown in Fig. 6(b), the residual tensile stresses in the electrolyte
and the cathode decrease with the increases of anode thickness.
The residual tensile stresses in the anode firstly increase but then
decrease a little with increasing the anode thickness. The residual
compressive stresses in the electrolyte are much higher than those
in the electrodes, which increase a little to �232.96 MPa and then
decrease to �211.73 MPa with increasing the anode thickness. The
maximum tensile stress in the PEN structure decreases from
164.21 MPa to 155.81 MPa as the thickness of anode increases from
0.1 mm to 0.4 mm. It can be seen from Fig. 6(a) and (b) that both
thinner electrolytes and thicker anodes lead to lower residual
stresses in the PEN structure. It indicates that thinner electrolytes
and thicker anodes are good to the electrolyte-supported SOFC
structural performance and reliability.

The distributions of the maximum principal stresses and the
minimumprincipal stresses in PEN structure before the assembly of
MICs are calculated at different temperature distributions. As
shown in Fig. 7, both the tensile stresses and the compressive
stresses decrease almost linearly as the temperature increases from
673 K to 1373 K. The tensile stresses in the anode are larger than
those in the electrolyte and cathode while the electrolyte is sub-
jected to the much lager compressive stresses than the other
components. Both the tensile stresses and the compressive stresses
in the PEN structure are nearly relaxed to zero as the temperature
increases to the sintering temperature of PEN structure at 1673 K.

After the assembly of MICs at room temperature, the distribu-
tions of the maximum principal stresses and minimum principal
stresses in the SOFC are calculated at different temperature distri-
butions. As shown in Fig. 8, the maximum tensile stresses increase
with increasing the temperature from 873 K to 1273 K. The
maximum compressive stress that the electrolyte is subjected to
is �167.05 MPa at room temperature. It decreases to �102.74 MPa
as the temperature increases from room temperature to 1073 K.
Then it increases to �131.04 MPa with the temperature increasing
to 1273 K. Fig. 9 shows the calculated maximum principal stresses
at different temperatures for each component. The thermal stresses
in the electrolyte are larger than those of other components in
uniform temperature distributions. As the temperature increases
from 873 K to 1273 K, the maximum principal stresses in the
electrolyte increase from 150.43 MPa to 236.53Mpa while the
maximum principal stresses in MIC slightly fluctuate around
46 MPa. This is because the coefficients of thermal expansion (CTE)



Fig. 10. Max Principal stresses in (a) SOFCs, (b) PEN structures and (c) electrolytes for 1273 K Co-flow and Counter-flow cases.
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mismatches between electrolyte and electrodes are comparatively
large. As the temperature increases, the mismatch of CTE leads to
the increases of the deformation with the components and results
in larger stresses. It can also be seen that the maximum principal
stresses in the anode decrease from 111.5 MPa to 70 MPa and the
stresses in the cathode decrease from 118.52 MPa to 105.21 MPa as
the temperature increases from 873 K to 1273 K. The results indi-
cate that the compressive stresses in the electrolyte and the tensile
stresses in the anode partly relax whereas the tensile stresses in the
electrolyte become larger at a higher temperature in SOFC.

The simulated temperature profile in the planar SOFC can be
imported into the thermal stresses finite element model. The pro-
file characteristics of thermal stresses in the PEN structure and
MICs are calculated for cases of co-flow, counter-flow and uniform
temperature field at 1273 K. The distribution of maximum principal
stresses of SOFC, PEN structures and electrolytes are presented in
Fig. 10. It can be seen from Fig. 10(a) and (b) that the maximum
principal stresses are larger in PEN than that of MICs. The stresses in
the electrolyte are much higher than other locations for all cases.
The maximum principal stresses in the counter-flow are higher
than that of co-flow. The stresses at 1273 K are lower than that of
both co-flowand counter-flow. In all the cases above, themaximum
value of the tensile stresses is 248.46 MPa appearing in the elec-
trolyte of the counter-flow case. This value is smaller than the
failure stress of electrolyte (343 MPa) [7].

In the case of SOFC co-flow, as shown in Fig. 10(c), there is a
tensile stress concentration in the electrolyte near to the gas outlet
since the temperature increases along the gas flow due to the
exothermic electrochemical reaction. The maximum principal
stress reaches the maximum value in the electrolyte near the fuel
outlet. The reason is that the tensile stress increases with the in-
creases of temperature while the temperature reaches the
maximumvalue at the fuel outlet of SOFC in the case of co-flow. The
CTE mismatch between electrolyte and electrodes is comparatively
larger.

It is noted from Fig. 10(c) that the tensile stress concentration is
near to the fuel inlet in the case of counter-flow. This is because the
temperature gradient reaches maximum at the fuel inlet. The
mismatch of CTE between electrolyte and electrodes is larger
compared to that of the others. Additionally, the stress increases
with the increases of temperature. Therefore, the maximum value
of maximum principal stresses appears in the electrolyte at the
location of maximum temperature.

Fig. 11(a) shows the temperature distributions in the center of
electrolyte along the fuel flow direction for both cases of co-flow
and counter-flow. In the counter-flow case, the temperature in-
creases rapidly near the fuel inlet. A larger temperature gradient
around 10 K mm�1 is found within this area. The maximum prin-
cipal stress distributions along the fuel flow direction are shown in
Fig. 11(b). In the co-flow case, the maximum principal stress in-
creases since the temperature increases along the fuel flow direc-
tion. The stress reaches maximum near the fuel outlet. In the
counter-flow case, the maximum principal stress increases
rapidly near the fuel inlet since the high temperature gradient
appears in this area. The maximum principal stress reaches
maximum at a little ahead of the position where the highest tem-
perature appears. It is indicated that both higher temperature and
larger temperature gradient lead to larger tensile stresses. This



Fig. 11. Max Principal stresses and temperature in the center of the electrolyte along
the fuel flow direction.
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means the operation temperature and temperature gradient should
be reduced in SOFCs to lower the thermal stress.

4. Conclusions

A 3D complete polarization electrochemical model and a ther-
mal stress finite-element model for a planar SOFC are employed in
this paper. The internal reforming reaction and water-gas shift re-
action are taken into account in the simulations for both co-flow
and counter-flow. With the simulated temperature profile in the
planar SOFC, the finite-element analysis is employed to calculate
the thermal stress distribution in the planar SOFC. The effects of
temperature profile, anode and electrolyte thicknesses and co-
efficients of thermal expansionmismatch between components are
characterized and analyzed.

The thermo-fluid simulation results indicated that the temper-
ature gradient near the fuel inlet for counter-flow pattern is much
larger than that of co-flow pattern. The thermal stress is mainly
contributed by the reason of CTE mismatches between different
materials. The anode is subjected to large tensile stress and the
electrolyte is subjected to large compressive stresses during the
first cooling from the sintering temperature. The cracks could
probably appear in the anode structure when the PEN structure is
cooled to room temperature after the sintering. The chemical
reduction of NiO to Ni in the porous anode lowers the absolute
stress level in the PEN structure by 20% while in the mean time the
strength of the anode becomes lower too. When the SOFC works at
a high temperature, the tensile stresses in the anode and the
compressive stresses in the electrolyte relax partly.

Thicker electrolyte leads to larger residual tensile stresses in the
anode. The residual compressive stresses in the electrolyte are the
maximum among the components of PEN structure. The maximum
tensile stress in the PEN structure decreases firstly but then stays
stable with increasing the thickness of anode. Both the tensile
stresses and the compressive stresses relax as the temperature
increases before the assembly of MICs. After the assembly of MICs,
the compressive stresses in the electrolyte and the tensile stresses
in the anode partly relax whereas the tensile stresses in the elec-
trolyte become larger at a higher temperature in SOFC. The oper-
ation temperature and the temperature gradient are the main
factors that cause the tensile stress concentration in the electrolyte.
As a larger tensile stress may lead to the cracks in the anode, lower
operation temperature gradient, close CTE materials and thinner
electrolyte are recommended to achieve better performance and
higher reliability for SOFCs.
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Nomenclature

A0 the coefficient of conductivity
cp specific heat capacity, J mol�1 K
D diffusion coefficient, m2 s�1

E activation energy, J mol�1

Ev voltage, V
En Nernst potential, V
E Young modulus, Pa
F Faraday constant, 96485C mol�1

g molar Gibbs free energy, J mol�1

G shear modulus, Pa
h molar enthalpy, J mol�1

i current density, A m�2

i0 exchange current density, A m�2

K equilibrium constant
l distance, m
L the length of cell, m
n! the unit normal vector of reaction interface
p pressure, Pa
P0 standard pressure, Pa
P evaluation value of pressure, Pa
Q heat source, W m�3

r area-specific resistance, U m�2

_r volumetric reaction rate, mol s�1 m�3

R universal gas constant, 8.314 J mol�1 K�1

Rn ohmic resistance, U
s molar entropy, J mol�1 K�1)
S source component
T temperature, K
V velocity, m s�1

ze electrons transferred per reaction
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Greek letters
a coefficient of linear thermal expansion, K�1

b current transfer coefficient
h polarization, V
r fluid density, kg m�3

s conductivity, S m�1

F electric potential, V
z inertial resistance factor
l stoichiometric reaction coefficient
g coefficient in Eqs. (3) and (4)
m fluid viscosity, Pa s
3ij strain tensor
sij stress tensor, Pa
sy elastic limit, Pa
n Poisson’s ratio
Subscript
a anode
act activation
b back
c cathode
conc concentration
el electrolyte
f forward
i chemical species
j direction of coordinate
ohm ohmic
p product
r reactant
rad radiant
ref reference
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