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Abstract

Resulting from elevated temperatures the major structural problem foreseen with planar SOFCs is their thermal stress. Due to the brittle
nature of ceramic material, operation in or near the material plastic limit can be very critical. Therefore stress levels must always be kept
below the tensile and shear limits. The analysis is focused on determination of the stress caused by the difference in thermal expansion
coefficients when high temperature gradients occur in the SOFC layers during steady state and transient operation (heat-up, start-up and
shut-down). Utilizing an in-house developed tool for assessment of the electrochemical and thermal performance of a bipolar planar cell the
input temperature profiles are generated for a finite element analysis code to predict thermal component of the stress. The failure criterion
adopted is based on the strength of the cell materials and the principal stresses developed by the thermal loading. To visualize the stress
concentration in the fuel cell layers, maximum principal stress is calculated and compared with the yield strength of the SOFC materials found
in the literature. The in-house code is capable to predict both steady state and dynamic temperature profiles. Of particular importance is the
knowledge gained of the transient stress in the cell, which can be used to establish control parameters during transient operations.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Recognizing advantages of the low-cost and high volume
manufacturing with high volumetric power densities, most
Solid oxide fuel cell (SOFC) has been identified as a of the fuel cells manufacturers are concentrating on the pla-
forward-looking technology for a highly efficient, environ- nar SOFC concept. However, a challenge with the planar
mentally friendly power generation. Within recent years sub- geometries is in obtaining mechanically stable structure, as
stantial progress in materials and fabrication-technologies thin layer ceramics are inherently susceptible to failure when
enabled both prototype and field tests of SOFC-systems forsubjected to moderate stresses. The developers have found
small stationary applications in the power range of 1-200 kW that when scaling up planar cells much beyond 108cm
capable of electrical net efficiencies between 48 and 52% (in active area they become prone to mechanical fai[Bie
stand alone and hybrid concepts, respectively). Regarding theThe stresses to which the ceramic components are subjected
fuel cell electrical performance future SOFC systems for sta- can arise from: manufacturing (residual stresses); differen-
tionary applications are targeting power densities larger thantial thermal expansion coefficients (TEC) of the cell layers;
0.25W cn12 with degradation rates lower thapy h—1 and spatial or temporal temperature gradients; oxygen activity
fuel utilization larger than 809il]. Target SOFC lifetimes  gradients; and external mechanical loading. The magnitude
are of the order 10to 1P h [2]. of the stresses depends on the materials properties, the oper-
ating conditions and the geometry of the deggjnResidual
stresses will arise from the difference between the thermal
* Corresponding author. Tel.: +46 462229231; fax: +46 462224717.  €Xpansion coefficients and the effective Young’s modulus of
E-mail addressazra.selimovic@vok.lth.se (A. Selimovic). adjacent layers. These mismatch stresses can resultin delam-
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ination of layers or formation of micro-cracks in the weaker
layers[5]. Stresses caused by the thermal gradients and ther-
mal expansion mismatches will increase with increasing cell

Volume element

area which conflicts with the desire to maximize the active |-IC
cell area and therefore output. Further, SOFC stacks are me- PEN
IC

chanically loaded with weights, during operation, in order to
secure proper alignment and good contact between the cell
components. This, together with the seals required around
the edges of cells to separate the fuel and air compartments,
can cause higher mechanical stresses transmitted to brittle
elements in the stacks.

Practical applications for fuel cell systems are obviously
the best way of testing the viability of a particular system.
Nevertheless, for advancing the understanding of the fuel cel
systems, computational models can be very useful. In the lit-
erature, there is a plethora of mathematical models describing
general thermal—electrical planar SOFC performdée&?2].
However very few of thenf9] are capable of simulating dy-  2-2. Dynamic modeling
namic fuel cell behavior with more than one spatial dimen-
sion and most of the authors do not consider the thermal stress  For the investigation of unsteady processes the 2D, steady
modeling with exception dfL2]. state, fuel cellmodel has been completed to allow for dynamic

The aim of this work was to develop a fuel cell modeling analysis. Looking atthe transients of the transport phenomena
tool which couples thermal and structural analysis to provide taking place within the SOFC, electrochemical and electrical
not only the information about the cell's electrical perfor- changes occur very fast in comparison to thermal changes
mance but also to give further |ns|ght to the Ce”’s Structura' [15] Further the relaxation time for convective heat transfer
response to different Choices Of the design parameters ands about a mi||iseC0nd Wh||e Conduction takeS SeVeraI SeCOHdS
also to different operating conditions. For a system designer 0 relax. Thus, the major assumption of the dynamic model is
this will allow to define safe operational points for the com- thatthe transientterm needs to be included only in the energy
ponent while Opt|m|z|ng the System performance. Especia”y' balance of the solid material of the cell and it is given by the
the thermal stresses caused by spatial and temporal temperdeft hand side of Eq(1):
ture gradients and mismatches in TEC between the different

Fig. 1. Investigated cell design.

tests were defined for a flat plate SOFC design and the test
input conditions have been set up according to IEA Annex
I report[14]. The developed model showed good agreement
with the other model results and it has been accepted as a
reliable tool for fuel cell performance simulati¢h3].

oTs 92Ts 32Ts
celllayers are under study. After the model development para- VpCp— = M Yo
metric analysis has been performed to identify some of the dx dy
design parameters and operating conditions which may be _I_Z AgastgadTs — Tgad + O 1)

important for the structural reliability of the fuel cell system. gas

whereV represents the volume of the characteristic element,

2. SOFC modeling p andC, represent specific density and specific heat of the
solid material respectively. To enable simulations of transient
2.1. Steady state model heat up and shut-down, chemical reactions can be excluded

from the model.

A 2D model, based on the finite volume method, has been  Due to lack of the experimental data for transient model
developed in FORTRAN for simulation of a planar electrolyte Vvalidation a qualitative comparison has been made to a model
supported SOFC with internal reforming and bipolar inter- from the literaturg9] and shown good agreement.
connect (IC) plates. The model was described in dedtt&h
The investigated cell geometry is shownhiyg. 1 together 2.3. Structural mechanics model
with a characteristic volume element. The model allows for
calculation of the temperature and current density distribu-  Thermal stress in the three-layered structure (anode,
tion, the species concentration, and the channel flows. Thiselectrolyte and cathode) was calculated using the solid
requires solution of mass balances of the chemical speciesmodel within Structural Mechanics Module in the com-
and the energy balances of the gases in the gas channels armercial finite element based tool FEMLARG]. With the
the energy balance in the solid structure for each volume el- electrochemical-thermal FORTRAN code, first the temper-
ement. ature field in the fuel cell is solved. In-plane temperature

The steady state model was validated by comparison of thegradients are calculated in an intermediate step and imported
simulated results to the results of different models from liter- to the FEA code. It has been assumed that the same tempera-
ature obtained for two benchmark tests. Standard benchmarkure field occurs in each of the fuel cell layersi.e. the in-plane
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Table 1

Material data for the fuel cell materials

Material Young modulus (GPa) Poisson’s ratio Thermal expansion coefficiert) (K Mechanical strength (MPa)

8YSz 215[2] 0.32[2] 10e-6 14.1 aw=10"%, 30 atw=10"5[17]
LSM 35[2] 0.25[2] 11e-6 6.6 aW=10"%, 9.3 atW=10"5[17]
Ni-YSZ 55[2] 0.17[2] 13e-6 58 alW=10"%, 71 atWw=10"5[17]

temperature gradients are much larger than cross-plane gradieients for heat conduction for the different materials are set
ents (through the cell thickness). Although the model solves to 2 and 49 W m® K1 [18] for ceramic and metallic inter-
only for mechanical stresses in the three-layered structure,connect respectively. The cell with metallic interconnect is
the impact of the interconnect layers is accounted for in the operated at a cell voltage of 0.7 V while the voltage was set
heat balance of the solid, and in the ohmic resistance term ofto 0.73 V for the cell with metallic interconnect.
the electrochemical-thermal model. An unconstrained cell The problem of thermal expansion mismatch in the
plate has been assumed and the analysis is fully elastic. present SOFCs mainly centers on the anode, since nickel
The typical materials used in the state-of-the-art fuel cells has a higher coefficient of thermal expansion than YSZ. The
and also assumed for this study are as follows: (1) cathode — Sranodes typically must contain more than 30 vol.% nickel to
doped LaMnQ@ (LSM), (2) electrolyte — ¥Os-doped ZrQ have sufficient conductivity19]. A parametric study has
(YSZz), and (3) anode — Ni+YSZ. Iifable 1the Young's been performed with variable expansion coefficients of the
moduli, the thermal expansion coefficient, and the Poisson’s anode and cathode to study the impact on the thermal stress
ratio of the cell materials used in the study are given. All of of these design parameters.
the materials were assumed to be isotropic. For transient SOFC simulations the following operation
The calculated stresses are compared to the mechanicainodes were defined:

strength of the cell materials, which is also giverTable 1 4 Heat-up To enable start of the electrochemical reactions

and was taken from the work of Montros et fl7] who  jthin the SOFC, the cell has to be heated up from am-
used Weibull statistics to describe ceramic failure behavior  pient temperature to start-up temperature (0D For

of laminated SOFC plates. Since the analysiglif] was heat-up simulations, an air stream with a mole flow rate
purely theoretical, an experimental confirmation of the results 4t 10.6 mol ! was fed into the air channels. This airflow
IS necessary. corresponds to the amount of air needed to fulfill the oper-

ating conditions described for the base case when applying
_ ceramic IC. The difference between the minimum temper-
3. Investigated cases ature of the cell and the temperature of the incoming air

was held constant as shown in ER):
The base case for both steady-state and transient calcula-

tionsis athick electrolyte cell with ceramic interconnectand a Tairjin = Tsolidmin + AT ()

mean operating temperature of 9%Dfuelled with 30% pre- o Start-up When the heat-up process is finished the tem-

reformed natural gas and with gases arranged in cross-flow. perature level necessary for starting the electrochemical
The fuel cell operates under uniform mass flow distribution  eactions is reached. Air and fuel of 900 are fed into

rent density of 0.3 Acm?. The fuel flow is chosen to meet gjlization and the air flow is adjusted to limit the maximum
the required fuel utilization and the air flow is adjusted to  ggig temperature to 105C.

limit the maximum solid temperature to 1030. The fol- shyt-downWhen starting the shut-down process, the cur-
IOW|r_19 cases are mvgstlga'Fed for steady state stress analysis, rent density and the inlet fuel mass flow are set equal to
all with different configurations of the gas flows: zero. Afterwards, the SOFC is cooled down to ambient
temperature by feeding a cold air stream of 10.6 mdl h

e Hydrogen-fuelled cell with ceramic interconnect. . he air ch Is. The inlet ai : led
e Hydrogen-fuelled cell with metallic interconnect. Intot ea|.rc annels. The inletair temperature s controlle
¢ Methane-fuelled cell with ceramic interconnect. by Eq.(3):

o Methane-fuelled cell with metallic interconnect. Tairin = Tsolidmax — AT (3)

To describe the performance of the cell with metallic
interconnect it has been assumed that the .str.ucture is stilly  Model results
electrolyte-supported and that only ceramic interconnect
material has been replaced with metallic material without 4.1, Steady state results
changes of the cell geometry (i.e. layer thicknesses). In the
case of the hydrogen-fuelled cell the fuel consists of ahydro- Fig. 2 shows an example of the output from the
gen and water vapor mixture (90%HL0% HO). Coeffi- electrochemical-thermal model and from the stress model for
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Fig. 2. Temperature gradients (left) and maximum principal stress distributions (right) of the base case.

the base case at steady state. The case results in significan Maximum principal stress at steady state
temperature gradient in solid cell material of2mmit and *
with corresponding maximum principal stress of 17 MPa lo-

cated in the electrolyte close to the interface with the anode
layer and close to the fuel inlet. The location of the highest

stress can be explained by the steep temperature drop cause
by endothermic reforming and also by larger difference in 51

25

Stress (MPa)
>

TEC between anode and electrolyte material. O e
The stress exceeds the material strength of the electrolyte interconnect (Hp) interconnect (CH,) interconnect (H,) interconnect (CH,)
according to[17] (seeTable 1) for probability of failure [@ Crossflow & Co-flow @ Counter-flow|
10-% but is well below the strength for probability of failure
10-°. Simulations of the base case performed with the co-and Fig. 3. Maximum principal stress of investigated cases.

counter-flow gas configurationEify. 3) show that the stress
is moderate and below the critical when applying co-flow  When the ceramic interconnect material was replaced by
but increases above the limit with counter-flow comparing metallic the stresses were lowered noticeably. This is also
to the cross-flow configuration. However, the configurations shown inFig. 3. The highest stress was observed for the cell
with gases in counter-flow will result in the best electrical fuelled with hydrogen and with the gases in cross-flow. This
performance as given ifable 2 was an opposite behavior if compared to the ceramic cell
If humidified hydrogen is used as fuel gas i.e. if internal which experienced highest stress with reformate fuel. The
reforming of methane is avoided the temperature gradientsdecreased sensitivity to the variation of fuel and the flow
become much lower which results in maximum stresses fartype can be explained by high thermal conductivity of the

below the allowed limitFig. 3). metallic interconnect.

Table 2

Performance results for investigated steady state cases

Case Electric efficiency (%) Power density (Wt Air flow (molh—1)

Ceramic IC, H fuel Cross-flow 39.00 0.208 1B
Co-flow 48.41 0.219 1P
Counter-flow 48.44 0.219 16

Ceramic IC, CH fuel Cross-flow 53.29 0.166 1®
Co-flow 54.20 0.152 1
Counter-flow 55.95 0.157 2

Metallic IC, Hy fuel Cross-flow 49.70 0.221 12
Co-flow 49.82 0.222 17
Counter-flow 50.24 0.227 18

Metallic IC, CH;, fuel Cross-flow 54.06 0.214 .ag
Co-flow 53.89 0.214 D
Counter-flow 54.66 0.217 3
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Fig. 4. Maximum principle stress at variable thermal expansion coefficient
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The results of reducing the differences in TECs of the 9 eat-up process fat o

anode and cathode in respect to that of the YSZ electrolyte
are shown irFig. 4 for the base case. For fixed TEC of the made between the ceramic and metallic IC cell. The differ-
electrolyte, the thermal expansion coefficients of the anode ence between the minimum cell temperature and the one
or the cathode material have been varied one at a time. Byqf the incoming air,AT, is 100 K. While both cells need
fixing the cathodic TEC and decreasing the TEC of the anode ghout the same time to reach the start-up temperature level of
the maximum stress in the cell decreases while the opposite7oo°C, the trends of the maximum thermal gradients within
behavior is obtained when varying the cathodic TEC for fixed the cells are quite different. Due to the relatively small heat
anodic TEC. conduction coefficient of the ceramic IC, higher maximum
Fig. 5shows the maximum stress variation with operat- thermal gradients occur at the beginning of the heat-up pro-
ing voltage and fuel utilization for the base case cell (refor- cess. Those thermal gradients produce a principal stress peak
mate fuel, cross-flow). The maximum stress varies exponen-of 12 MPa in the cell with ceramic IC. After 30 min the prin-
tially with the cell voltage. Operation at lower cell voltages cipal stress decreases to a steady value of 1.9 MPa. Since the
causes higher stresses due to much higher local currents ange|| with metallic IC has a relatively high heat conduction
consequently higher temperature gradients. There is a linearcoefficient, the maximum thermal gradient distribution over

dependency of the maximum stress with the utilization and the time is uniform causing a continuous principal stress level
higher stresses can be expected with operation at lower fuelgf 0.9 MPa.

utilizations. The reason is that the heat generation at the fuel | Fig. 7, the results of dynamic heat-up simulations with
inlet decreases (due to lower currents) and the endothermicgifferentAT are presented. For increastd the time needed
temperature drop becomes larger which causes, again, largefor reaching the start-up level decreases. At the same time,
temperature gradients. the maximum principal stresses increase linearly.

4.2. Dynamic heat-up 4.3. Dynamic start-up

Fig. 6 presents the results of the heat-up process for cell  Fig. 8 presents the start-up process for a cell with ceramic
with a cross-flow gas arrangement. A comparison has beenlC and cross-flow gas configuration. A comparison between

Maximum principal stress vs. operating voltage Maximum principle stress vs. fuel utilization
50 60
45 L\ 5 N
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5 35 T 40
€ 30 = \
@ 25 » 30
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B 15 S & 20 s
e
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Fig. 5. Maximum principle stress variation with operating cell voltage (left) and fuel utilization (right).
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700

Fig. 9. Temperature profiles occurring at different times during start up of a

the start-up of a cell operated witiptdnd one operated with H, fed cell with ceramic IC and cross-flow gas configuration.
CH4 has been made.

The start-up process for the cell fed with gtdkes about
an hour. The highest principal stress (17 MPa) occurs when4.4. Dynamic shut-down
steady state is reached, as already discussed. For the cell fed
with H the start-up process takes about 30 min. A principal ~ The shut-down behavior of the four cases described above
stress peak of 13 MPa occurs at the beginning of the procesgor a AT of 100K was investigated. Similar to the heat-up

but is still lower than the stresses occurring in the,getd process, the shut-down times for the different cell types vary
cell at steady state. not very much.
The temperature profile within the cell fed withoH The shut-down behavior of the four cases described in

changes considerably due to heat generation by electrochem€hapter 3 for aAT of 100K was investigated. Similar to
ical reactionsFig. 9 presents temperature profiles develop- the heat-up process, the shut-down times for the different
ing at different times during start-up. Since the incoming air cell types vary not very much. Time needed to cool the cells
stream at the beginning of the process heats the cell up, thedown is about 4 h. Due to th&T of 100 K, the stresses do not
maximum cell temperature can be found at the air-inlet side. overstep the maximum principal stresses occurring at steady
At steady state, chemical reactions cause a maximum tem-state.

perature of 1050C. However, the incoming air has a cooling

effect on the cell resulting in a non-uniform temperature dis-

tribution with a maximum situated at the air-outlet/fuel-inlet 5 conclusions

corner.

Capability of performing steady state and transient ther-
_ mal stress analysis in a planar bipolar solid oxide fuel cell
Start up ceramic IC . .
1100 ‘ has been developed by coupling electrochemical, thermal and
i et T T eS| structural modeling. The main objective is enabling predic-
960 ,a-ff" o Topgchd | tion of the reliability of the cell structure under given oper-
m‘;;" — s h2 | ational conditions when fuel cell is operating within a sys-
ik e — tem. The modeling approach can be used in system studies
win 12 but also as a simplified engineering tool in fuel cell design
9 b L ¥ i % » development. Steady state and transient stress analysis per-
Time in minutes . . . . .
formed with different interconnect materials and different
15 fuels showed that:

Temperature in C
W
3
5

600

10 — e Largest stress occurs in a ceramic cell fuelled with pre-
// reformed methane and it is located in the electrolyte layer
1

at interface with the anode. The stress is slightly above the
T~ strength of the electrolyte material. Arranging the gasesin
¢ g o 2 @ different flow configurations can improve the cell perfor-
Time in minutes mance but on the other hand can have a significant effect
Fig. 8. Start up process for cells with ceramic IC. on the structural reliability of the cell.

Effective maximum
temperature gradient in K/mm
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