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Abstract

A thermo-electro-chemo-mechanical coupled 3D model was applied to simulate
the performance and thermal stress of a double-sided cathode structured solid oxide
fuel cell (DSC-SOFC) with two different air channel configurations: Z-type parallel
and triple-parallel serpentine. The distribution of temperature, current density, fuel gas
and thermal stress under different voltages in DCS-SOFC was illustrated, and the output
power density of the cell was analyzed considering both the electrochemical power and
the dissipative power caused by the pressure drop. It was found that the Z-type parallel
cell gave a better performance under a low current density, while the triple-parallel
serpentine cell was more efficient at a current density higher than 6330 A-m2. A
comparison of thermal stress distributions between the two flow field designs showed

a small difference in maximum 1% principle stresses under the same operational
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voltages. Compared to the Z-type parallel flow field, the maximum 1* principle stress
in the triple-parallel serpentine was much smaller under the same current density or

electrochemical power, while much larger under the same output power.

Keywords: Thermal stress; Channel configuration; Double-sided cathode; Solid oxide

fuel cell

1 Introduction

Solid Oxide Fuel Cell (SOFC) is a highly efficient, environmentally friendly and
fuel-flexible power generation device.! During the past decades, several different
geometries of SOFCs have been proposed. Today, commercially available systems are
mainly based on the planar configuration due to easy manufacturing, stacking, as well
as higher volumetric power densities.? For planar SOFC, the proper gas channel design
is critical, which can influence both the performance and durability.* * It is important
to ensure the uniformity of species, current density, and temperature in SOFC.> Many
numerical models have been constructed to investigate the distribution of velocities of
gases, concentrations of fuel and oxygen, electrochemical reaction rate, current density,
and temperature in SOFC with different gas channel configurations. Liu et al.® analyzed
the electrochemical performance of SOFC with different gas flow directions (co-,
counter- and cross-flow) using a 3D numerical model. The results showed a higher
current density for co- and counter-flow (-1%) than for cross-flow. Similarly, Zhang et

al.” predicted that maximum current density in SOFC is located at the interfaces
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between the channels, ribs, and the electrodes. Manglik et al.® modeled the mass and
heat transfers in SOFC with different gas channel cross sections (rectangular,
trapezoidal, and triangular). They found that rectangular gas duct offered improved
mass and heat transfer efficiency and better thermal management. Khazaee and Rava*
studied the SOFC performance of rectangular, trapezoidal, and triangular channel cross
sections with rectangular channel showing better performance. Andersson et al. ,” by
optimizing the cross-section size of channel, showed a considerable increase in

volumetric cell current of SOFC for wider and thinner gas channel.

Previously, researchers have mainly focused on the flow direction and cross-
section of gas channel in SOFC; however, the shape of flow field is also important. %2
Huang and Zhu'? studied the flow distribution in U-type fuel cells using a CFD model,
showing that the flow distribution could be improved by reducing the pressure drop or
augmenting the diameter of channel. Danilov and Tade'* redesigned the inlet anode
parallel flow field in a CFD-based SOFC model by optimizing the velocity, temperature,
and local current density distribution in anode while ignoring the cathode influence.
Huang'® experimentally measured the velocity distribution and electrochemical
performance of SOFC with and without guide vanes. They found that guide vanes help
to ensure uniform velocity distributions in SOFC with ~ 10 % power density increment.
It was also found that the re-oxidation occurred when the flow field was non-uniform.

Kapadia et al. '° got uniform fuel distribution and improved current density by utilizing

a gradient-based optimizer to update the size of parallel channels in Z-type channel.



Jackson et al.'? increased header widths to optimize flow distribution in order to assess
flow maldistribution. Wei et al.'® showed a 6.3% increment in power density by

proposing a new flow channel design. Saied et al.!’

studied the performance of the
planar anode-supported SOFC with different flow field designs and triple-entry
serpentine showed the best performance. Recently, Xu et al.'® simulated the

performance of SOFC with interdigitated flow channel. The results showed potential

application of this design in future; however, experimental verification is still needed.

The effect of flow field design on SOFC performance has been studied during
the past decades. However, these studies mainly focused on the electrochemical power
while neglecting the power loss caused by pressure drop in channels. In fact, to maintain
the gas flow in a channel, pumping power is needed to ensure a higher pressure at the
inlet than that at the outlet, which in turn reduces the total output power of SOFC. Thus,
the total output power, which is important, of SOFC equals the electrochemical output
power of SOFC deducted by the pumping power due to pressure loss in the gas channel.
It is necessary to calculate the total output power of SOFC with different channel
configurations. In this study, the total output power of DSC-SOFC with two typical
channel configurations (Z-type channel and triple-parallel serpentine channel) are
simulated and compared. The former configuration was reported to have a smaller
pressure drop, while the serpentine channel provided a higher electrochemical
power.!%!8 Moreover, some researches were conducted to simulate the thermal stress in

SOFC, while most of them investigated the distribution of thermal stress under a certain



condition (such as fixed operation voltage or cell configuration)!*-!. Detailed study on
the stress distribution under different channel shapes or under different operational
voltages is still lacking in the literature. In this work, the distributions of thermal
stresses in above two typical channel configurations were analyzed and compared,
when they were simulated under the same operational voltage, current density,
electrochemical power and total output power. In the present work, a thermo-electro-
chemo-mechanical coupled theoretical model with different gas channel configurations
(Z-type parallel and triple-parallel serpentine) was developed and solved by Comsol
multiphysics computer software.”> The models were validated by comparing the
simulation results with experimental data. The performance and the distribution of
thermal stresses of different SOFCs were simulated with different operating voltages.
The results of this work provide guidance for designing gas channel configuration to

achieve high performance and high durability.

2 Model description

The 3D thermo-electro-chemo-mechanical coupled finite element model is
developed and takes the gas flow, heat flow, electrochemical reaction, mass/ion/electron
transportation, and thermal deformation into consideration. The complicated geometry,
governing equations, and boundary conditions used in this model are illustrated in this

section.



2.1 Geometry

In this work, the double-sided cathode structure SOFC is employed as shown in
fig.1. For this type of SOFC, deformation introduced by thermal stress is partially offset
by its completely symmetric structure, which benefits the redox performance of

SOFC. %24

(@) (b)

Fig. 1 Geometry of designed SOFC with double-sided cathodes (a) schematic diagram, (b)
schematic of assembly system.

As the double-sided cathodes SOFC is symmetric, only the half-cell is included in
the simulation. This model consists of 26 metallic alloy interconnect tips (1.15 mmx28
mmx1 mm), an air channel, a Lao.¢Sr0.4Coo.2Feo303.5 (LSCF) perovskite cathode active
layer (85.5 mmx41 mmx0.02 mm), a yttria-stabilized zirconia (YSZ) electrolyte layer
(85.5 mmx41 mmx0.01 mm), a NiO+8YSZ anode active layer (85.5 mmx41 mmx0.02
mm), a NiO+3YSZ anode support layer, and 13 fuel gas channels (98.6 mmx2.5
mmx2.3 mm), as shown in Fig. 2a. The schematic geometry of SOFC is shown in Fig.

2b. To illustrate the flow of air more clearly, the geometry of Z-type parallel air channel
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is given in Fig. 2¢, and the geometry of triple-parallel serpentine air channel is given in

Fig. 2d.
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Fig. 2 Geometry of double-sided cathodes SOFC: (a) components of SOFC, (b) overall
geometry, (c) Z-type parallel air gas channel and (d) triple-parallel serpentine 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 below.

2.2.1 Electrochemical reaction models

Hydrogen oxidation in active anode layer is considered in this work as:
7



H,+0% — H,0+2¢" (1)

where H- is supplied by fuel channel and O* is produced in cathode and transported
into anode through the dense electrolyte. At the cathode, one mole 0> accommodates
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 overpotential losses:
E= EOCV _(nact + Hohm +77conc) (3)

where E9¢V is the equilibrium potential (Nernst potential) when the current density is
Zero. 7act, NMohm and 7eonc are activation, ohmic and concentration overpotentials,
respectively. For the hydrogen-steam mixed fuel, the equilibrium potential can be
calculated by the Nernst equation with the standard electrode potential E°, universal gas
constant R, temperature T, pressure p, Faraday’s constant F and partial pressure of

component i (p*)?>:

T o058 4

In addition, the standard electrode potential £° can be expressed as®:

E°=1.253-2.4516x107*T (5)



The activation polarization and current density relationships in anode and cathode
are described by the Butler—Volmer (BV) equations, in which both #act and #conc are

considered?®-23:

e a al et (amtF(m o nte)) O [(1-at)ntF ()
Anode: 1" =S50, o exp T —Cgfzo exp T
. (e R (g i) e ((1-at)nF(nt )
Cathode: ¢ =Sil; -
athode [ ealo | €XP T © exp =T
(6)

Where ij is the exchange current density (unit); o and o are the electronic transfer
coefficients of anode and cathode, respectively; n is the number of electrons transferred
per electrochemical reaction; Stps (unit) is the triple phase boundary (TPB) length per
unit volume; the superscript a and ¢ represent anode and cathode, respectively; ¢’ is the
concentration of component I; #%c and #“onc are anode activation and concentration

overpotential; 7t and # conc are cathode activation and concentration overpotential.

The activation polarization is related to the ion and electron transport, and also

related to the gas-phase partial pressure?’:

77:0'[ :q)e _(Di - E:q

(7)
n;ct :(De _(Di - Eecq

where £, and E¢, are the equilibrium potentials for anode and cathode, and ®. and
@; are electric potential of electron and ion. In this work, E% is defined as zero, and

E¥eq is set as E°V 2627



The concentration polarization is caused by the diffusion resistance of the porous

media, and can be calculated as*>:

szo,b : pHZ,TPB

77a :ﬂlnL pHZO,TPB ’ sz,b]

(8)

here, b represented the anode surface, g represents the cathode surface.

The ohmic overpotential in SOFC is caused by the transfer of ions or electrons.

The governing equations for the transport of electrons and ions can be expressed as:

I, =—0 VO,
e ©)
=—0o,VOD,

ie
where, I and o° are the current, conductivity, respectively. The subscript i and e

represent ion and electron, respectively, and V is divergence algorithm. Moreover, the

ohmic overpotential can be calculated as:

| 1.
Mobm =__e|i

O

1 (10)
nghm :__eie

O

where 7'o5m and 7% are ion and electron ohmic overpotentials respectively.

The parameters used in these electrochemical reaction models are summarized in

table 1:
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Table 1. Values of input parameters for the electrochemical reaction model

Parameters

Value

Effective ionic conductivity of anode

(S_m-1)30
Effective ionic conductivity of cathode
(S_m-1)30

lonic conductivity of electrolyte (S-m™)°

Electronic conductivity of anode
(S-m'1)31

Electronic conductivity of cathode
(S-m'1)31

Electronic conductivity of interconnect

(S_m-l) 31

TPB length per unit volume of anode

(m.m3)*

TPB length per unit volume of cathode

(m.m3)3
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4.2x10’ 1200
.

33.4x10° exp(——
30300

17000

769000
2.14x10°

2.14x10°



Electronic transfer coefficients of anode 2 0.5

Electronic transfer coefficients of cathode

0.5
34

2.2.2 Gas flow models

To describe the momentum conservation in porous electrodes as well as gas

channels, the widely used Navier-Stokes equation is modified by introducing Darcy’s

term and the porosity is also considered?® 3*:

V- (IOV) = Smass

pv-Vv:—Vp+V~[y(Vv+vV)—§ﬂvV}_ﬂ

k
M, o—M, )i (11)
Anode: Smass:( ne HZ)
2F
Mg i
Cathode : Shass =———
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. p and u
are the total gas density and gas dynamic viscosity which are dependent on the

component of gas. The values of p and u are calculated with the following equations®>:

B pZXiMi
P=TRT (12
/’lzzxi:ui (13)

where x;, M; and y; are the mole fraction, molecular weight and dynamic viscosity of

12



component i. To get these three parameters, the species diffusion models are needed

and are discussed in the next section.

2.2.3 Species diffusion models

The electrochemical reactions happen near the interface of electrolyte and
electrodes.®® To reach the reaction sites, gases must diffuse through the 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.?” Thus, the general
Fick’s law which combines Knudsen diffusion and Fick’s laws is employed in species

diffusion models:

ii :-pDi’“kVa)i —pa)iDimk%ija)iDime%in (14)
k
1 1)
€
DikZ;(F*'gJ (15)

M {zﬁ} (16)

Here, w;is mass fraction of specie i, j; is the mass flux of species i, € is the volume
fraction of the pores, 1 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¥).3% %

In addition, for the species diffusion models, the conservation of mass is:
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» TR
s i (17)
H,0 H,0 oF
i
So, =Mg —
% 4R

In which S; is the mass source term of component | 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. (17).
2.2.4  The heat transfer model

The classical heat transfer governing equation is:
PCV-VT =V (1, VT)+Q (18)

where C, is the specific heat capacity, and Q is the heat source term in the cell. Aeyis

the effective thermal conductivity which is determined by the components of gases in

gas channels. The A of the porous electrode is calculated as
Ay =(1-8) A + €4, (19)
where As and A are the thermal conductivity of solids and gases.

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

effect of ions and electrons:

Q=6:V®D, - VD, + VD, - VD, (20)
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The parameters used in these gas flow, species diffusion and heat transfer models are

presented in table 2:

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

Thermal
Permeability N Thermal capacity
Parameters  Porosity Conductivity
(mz) (J_Kg-l_K-l)
(W-m1K?)
Anode active
0.23 1x10™ 6 450
layer’
Anode
0.46 1x10™ 5 400
support layer’
Electrolyte’ - - 2.7 550
Cathode
0.3 1x10™ 11 430
layer’
Interconnect’ - - 20 550

2.2.5 The mechanical model

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

dimensional governing equations can be sorted into three types of equations as*:

15



Geometric equation  &=(Vu+uV)/2
Momentum equation V.6+f=0 (21)
Constitutive equation o¢=C:(s-¢,)

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 four-order
elastic coefficient tensor. For the isotropic materials, the constitutive equation in Eq.

(21) can be simplified as:

[1-v v Vv 0 0 0 |
v 1-v v 0 i XX‘
v 1-v 0
2 yy
1-2v c
6 E 0 0 0 = 0 0 e (22)
(1+v)(1-2v) L Yy
O 0 0 0 _2 oo |7
o L7
O 0 0 0 o 1L 22"

where Eand v are Young’s modulus and Poisson’s ratio respectively. %, €%y, €%z, Yy,
1%z ¥4z are the longitudinal and shear components for elastic strain. oy, )y, 0z, Tx), Trz

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 isotropy and is given by*!:
En = CZ(T _Tref ) I (23)

here, Tr.r(1023K) is the reference temperature under which the cell is considered stress
free (The reduction of cell is conducted at 1023K. Due to accelerated creep, the stress

is zero at that state).*> *3 I is a two-order unit tensor. The parameters used in this
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mechanical model are given in table 3:

Table 3. The parameters used in the mechanical model

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

Anode active

220 0.3 12.2

layert4 4°

Anode support

213 0.3 12.2

layer4 4°
Electrolyte** 4° 205 0.3 10.3
Cathode layer* 4° 30 0.3 12.5
Interconnect** 4° 205 0.3 12.3

2.3 Boundary conditions

To simulate the SOFC under working conditions, proper boundary conditions of
the cell are necessary. 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
fractions are defined as 0.2% H>O (mole fraction) and 99.8% H>, and the volume flow

rate is 0.6 L-min™', which is the same as the experiment. The air inlet is defined as air,
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including oxygen (21%, mole fraction) and nitrogen (79%, mole fraction), and the
volume flow rate is 5 L-min™! according to the experiment. To simulate the SOFC under
the real condition, the initial and boundary temperature are set as 1023K, the same
temperature for the gas inlet. The potential at the anode current collector is zero, while
the one at metal connector varies from 0.3 V tol.15 V. Moreover, the SOFC is in the

stress-free state when it is at the reference temperature (7).

3 Results and discussion

3.1 Distribution of velocity and pressure in air gas channel

For different channel configurations, the velocities of air in Z-type parallel and
triple-parallel serpentine gas channels are different as presented in Fig. 3 when the
operational voltage is 1V. For the Z-type parallel gas channel, the flow velocities in 27
parallel channels are non-uniform, which coincides with previously published results.!?
The velocity of air in middle channels flow is much slower than that in channels near
the inlet and outlet. The triple-parallel serpentine channel gives uniform velocity

distributions in cathode, which benefits the electrochemical performance of SOFC.

(a) (b)

Fig. 3 velocity distribution of air in different gas channels (m-s?): (a) Z-type parallel, (b) triple-
18



parallel serpentine.

The distributions of pressure drop in Z-type parallel and triple-parallel serpentine
gas channels are shown in Fig. 4 when the operational voltage is 1V. It is noted that the
pressure drop in triple-parallel serpentine channel is ten times higher than that in Z-type
parallel. This is because the length of triple-parallel serpentine channel is much higher
than that in Z-type parallel channel, and the pressure drop increases as the channel

length increases.* The power loss caused by pressure drop is defined as*’#:

P =0Ap (24)
where ¢ is the flow rate in channel, Ap is the pressure drop through the gas channel.

The power loss increases linearly with the pressure drop and flow rate, and the power

loss decreases the total output power of SOFC. In this work, at the flow rate of 5 L-min
!, the power loss caused by pressure drop for Z-type parallel channel (P%,q) is about

0.16W, and for triple-parallel serpentine channel (P5,4) is about 1.80W.

(a) (b)
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T
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T "
20l 0w " ™

Fig.4 The distribution of pressure drop in different gas channels (Pa): () Z-type parallel, (b)

triple-parallel serpentine.
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3.2 Mole fraction distribution of gases in cathode

The distribution of oxygen in cathode is greatly influenced by the flow in air gas
channel, and the results above show that the distributions of velocity and pressure in air
gas channel are different. Thus, it is necessary to calculate and compare the distribution
of gases in cathode with different channel configurations. The mole fractions of oxygen
in the middle of cathode layer (10 um from the interface of cathode and electrolyte) at
different operation voltages are illustrated in Fig. 5; the color legends are the same for
all cases. For the Z-type parallel gas channel, the distribution of oxygen mole fraction
is non-uniform as shown in Fig. 5a and Fig. 5c. Firstly, the velocities of air in the middle
parallel channels are smaller than those near the inlet and outlet (illustrated in Fig. 3),
and the oxygen consumed by electrochemical reaction cannot be supplied by
convection immediately in that area. Thus, the mole fraction of oxygen in cathode layer
near middle parallel channels is much smaller, compared with other areas, especially at
a low voltage. Secondly, as the air flows from right to left and from up to down, the low
oxygen mole fraction area exists at lower left side of middle parallel channels. For the
triple-parallel serpentine gas channel, oxygen mole fraction in cathode is well-
distributed. The mole fraction of oxygen in cathode layer decreases along the flow

direction, and there are no highlighted low oxygen mole fraction areas.
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Fig. 5 Mole fractions of oxygen in cathode layer: (a) Z-type parallel, V=1V, (b) triple-parallel
serpentine, V=1V, (¢) Z-type parallel, Veen=0.6V, (d) triple-parallel serpentine Vee=0.6V.

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, TPB length per unit volume, partial
pressure of hydrogen, oxygen and water as expressed in Eq. (6). The partial pressure
of oxygen is related to the mole fraction of oxygen in cathode (which is discussed in
section 3.2). To understand the impact of mole fraction of oxygen on current density,
the distribution of current density in electrolyte is presented and discussed in this
section. As presented in Fig. 6, when the voltage decreases from 1V to 0.6V, the current
density in electrolyte increases significantly. The fuel gas flows from left to right, as
concentration of H> in left side is higher than that in right side, and the rate of

electrochemical reaction in left side is faster. Moreover, the current density in
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electrolyte is also influenced by the concentration of oxygen in cathode. For the area

where the concentration of oxygen is low in cathode in Fig. 5, the current density in

electrolyte is also small.
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Fig. 6 Distribution of current density in electrolyte (A m™): (a) Z-type parallel, Vcar=1V, (b) triple-
parallel serpentine, Veai=1V, (c) Z-type parallel, Vee=0.6V, (d) triple-parallel serpentine Veci=0.6V.

3.4 Electrochemical performance of SOFC

The distribution of current density in electrolyte is revealed in section 3.3, which
also dominates the electrochemical performance of SOFC. The current-potential (I-V)
characteristics and power density of Z-type parallel and triple-parallel serpentine air
gas channel SOFC obtained in simulation are modeled and presented in Fig.7. To
validate our model, experiments with Z-type parallel gas channel are carried out, using
the Bio-Logic VMP3B-20 electrochemical workstation (France). It shows that the

simulation results agree with the experimental data qualitatively and quantitatively. The
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power density of SOFC is calculated as:

Pie =1V /S (25)

where I, V, Ser are the total current, operational voltage, and effective electrochemical
reaction area, respectively. The electrochemical power density of triple-parallel
serpentine gas channel SOFC is higher (especially at the low voltage), because triple-
parallel serpentine gas channel gives a higher current density distribution compared to
that of the Z-type parallel gas channel. Hence, the triple-parallel serpentine design may

succeed in reducing the concentration polarization loss.
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Fig. 7 I-V characteristics and electrochemical power density.

The above results show that triple-parallel serpentine design reduces the
concentration polarization losses. In section 3.1, it was found that triple-parallel

serpentine design increases the pressure drop power loss. To evaluate the total output

power of these two channels, the power loss caused by pressure drop is defined as*’#%:
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A
Py =02 (26)
M oump

where 7., is the pump efficiency. In this work, the pump efficiency is assumed
as 1 for simplicity. The power loss increases linearly with the grows of pressure drop
and flow rate, and the power loss decreases the total output power of SOFC. The output
power density shown in Fig. 8 considers both the electrochemical power density and
pressure drop power loss. It is noted that when the current is low, the power consumed
by pressure drop is higher than the power generated by the electrochemical reaction,
which means that the SOFC needs the external power to maintain the flow of gas in
channel, and the output power density is ‘negative’. The output power of Z-type parallel
SOFC is higher than triple-parallel serpentine when the current density is low. When
the current density is higher than 6330 A-m?, the power loss caused by concentration
polarization in Z-type parallel SOFC is higher than the power loss caused by pressure
in triple-parallel serpentine SOFC, and the output power in triple-parallel serpentine

SOFC is higher than that in Z-type parallel SOFC.
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Fig. 8 Output power density vs current density.

3.5 Distribution of temperature in electrolyte

On one hand, the flows of ions and electrons heat up SOFC because of Joule effect
as shown in Eq. (20). On the other hand, the heat transfer is also influenced by the flow
of gases in Eq. (18). The distributions of electrical and flow fields of SOFCs with
different channels are different, and the distribution of temperature is also not the same.
The profiles of temperature in SOFC electrolyte are calculated and shown in Fig.9. The
high temperature area locates near the fuel inlet and the air output edge, which was also
reported by Mastropasqua.*’ The temperature distributions are characterized as highly
non-uniform, especially at a low voltage, which may cause local thermal stress and lead
to the failure of SOFC. The relation between (average and maximum) temperature and
operating voltage in electrolyte is non-linear as illustrated in Fig. 10. Compared with

Z-type parallel SOFC, the maximum temperatures in electrolyte in triple-parallel
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serpentine cells at the same operating voltages are higher because of the stronger Joule
heating process introduced by larger current densities. Moreover, the average output air
temperatures of triple-parallel serpentine SOFC are higher than Z-type parallel SOFC
under the same operating voltages as presented in Fig. 11, which indicates that the
convective heat loss in triple-parallel serpentine SOFC is much higher than that in Z-
type parallel SOFC. Compared with Z-type parallel SOFC, triple-parallel serpentine
SOFC has a stronger Joule heating process and higher convective heat loss. Therefore,
the overall average temperatures in electrolyte for two kinds of SOFCs are almost the

same as shown in Fig.10.
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Fig. 9 Distribution of temperature in electrolyte (K): (a) Z-type parallel, Veer=1V, (b) triple-
parallel serpentine, Veei=1V, (c) Z-type parallel, Ve =0.6V, (d) triple-parallel serpentine Veei=0.6V.
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Fig. 11 The average temperatures of output gas under different voltages.

3.6 Distribution of stress in SOFC

The thermal stress in SOFC is generated by the mismatch of CTE (Coefficient of
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Thermal Expansion) and the temperature gradient. Based on the results of temperature
distribution in section 3.5, the thermal stress in SOFC is modeled and analyzed. The 1%
principal stress is normally the maximum stress normal to a plane which may induce
thermal cracks in the ceramic cell, and it is always used to predict the lifetime of a cell
and its cracking occurrence. For the SOFC in operation condition, the 1% principal stress
in electrolyte 1s much higher than that in anode and cathode, and the electrolyte is easier
to fail because of the high thermal stress.’ The distribution of 1! principal stress in
electrolyte is shown in Fig. 10. It can be seen that the distribution of thermal stress in
triple-parallel serpentine SOFC is symmetrical and the maximum stress areas appear at
the left up and left down sides in electrolyte, while for the Z-type parallel SOFC, the
maximum stress area located at the left down side in electrolyte. The maximum 1%
principle stress under different conditions are presented in Fig. 13. When the operating
voltages are the same, the difference of maximum 1* principle stresses between these
two channel configurations is small. In contrast, the maximum 1% principle stress in
triple-parallel serpentine SOFC is much smaller than that in Z-type parallel SOFC under
the same current densities or the same electrochemical power densities, as presented in
Fig. 13(b) and Fig. 13(c). Thus, for constant current discharge process, the triple-
parallel serpentine channel configuration is a better choice. Moreover, Fig. 13(d)
reveals that the maximum 1* principle stress in triple-parallel serpentine SOFC is larger

than that in Z-type parallel SOFC under the same output powers.
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output powers.

3.7 Discussion

The results above explicitly show the distributions of gases, current density,
temperature and thermal stress in SOFC, and the model is also validated by comparing

the modeled I-V results with experiment results.

On one hand, the pressure drop in Z-type parallel channel is ten times lower than
that in triple-parallel serpentine, and the power losses caused by pressure drop in Z-
type parallel and the triple-parallel serpentine channel are about 0.16W and 1.8 W,
respectively. On the other hand, the electrochemical performance of Z-type parallel
SOFC is smaller than that of triple-parallel serpentine SOFC. This is because the flow
velocities in Z-type parallel are non-uniform, which results in the low oxygen mole
fraction area in cathode and the low current density area in electrolyte. To evaluate the
efficiency of these two channels, the output power density is put forward and calculated,
which considers both the electrochemical power and the power loss caused by pressure
drop. The result shows that when the current density is higher than 6330 A-m2, Z-type
parallel SOFC has a higher output power, while when the current density is smaller than

6330 A-m?, triple-parallel serpentine SOFC has a better efficiency.

Compared with Z-type parallel SOFC, the maximum temperatures in electrolyte
of triple-parallel serpentine SOFC at the same operating voltages are higher because of
the stronger Joule heating process. Moreover, triple-parallel serpentine SOFC has

higher convective heat loss. Consequently, the overall average temperatures in
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electrolyte of these two SOFCs are almost the same.

The distributions of thermal stress in Z-type parallel and the triple-parallel
serpentine SOFC are calculated and compared. When the operating voltages are the
same, the difference of maximum 1% principle stresses between these two channel
configurations is small. The maximum 1% principle stress in triple-parallel serpentine
SOFC is much smaller compared with that in Z-type parallel SOFC under the same
current densities or the same electrochemical power densities, which indicates that the
triple-parallel serpentine channel configuration is a better choice for constant current
discharge process. Moreover, the maximum 1% principle stress in triple-parallel
serpentine SOFC is larger than that in Z-type parallel SOFC under the same output

powers.

4 Conclusions

A comprehensive thermo-electro-chemo-mechanical coupled 3D theoretical
model was applied to characterize the performance and thermal stress distributions in
DCS-SOFC with Z-type and Serpentine-type channels. In this work, not only the
electrochemical performances of SOFC with these two channels are compared, but the
power losses caused by pressure drop are also considered. Results show that Z-type
parallel SOFC has higher output power with low current density, while triple-parallel
serpentine SOFC has better efficiency when the current density is high. Moreover, the

distributions of thermal stress in Z-type parallel and the triple-parallel serpentine SOFC
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are calculated and compared. The maximum 1% principle stress in triple-parallel
serpentine SOFC is smaller than that in Z-type parallel under the same electrochemical

powers while larger under the same output power.
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