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ABSTRACT

This paper presents a three-dimensional model of an anode-supported planar solid oxide fuel cell with
corrugated bipolar plates serving as gas channels and current collector above the active area of the cell.
Conservation equations of mass, momentum, energy and species are solved incorporating the electro-
chemical reactions. Heat transfer due to conduction, convection and radiation is included. An empirical
equation for cell resistance with measured values for different parameters is used for the calculations.
Distribution of temperature and gas concentrations in the PEN (positive electrode/electrolyte/negative
electrode) structure and gas channels are investigated. Variation of current density over the cell is studied.
Furthermore, the effect of radiation on the temperature distribution is studied and discussed. Modeling
results show that the relatively uniform current density is achieved at given conditions for the proposed
design and the inclusion of thermal radiation is required for accurate prediction of temperature field in

the single cell unit.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Fuel cells are energy conversion devices which can produce
electricity and heat (such as high temperature fuel cell, SOFC)
directly from a gaseous or gasified fuel by electrochemical reac-
tion of that fuel with an oxidant. Because of the high efficiency and
low emission level of pollutants fuel cells are considered to be an
environment-friendly way of producing electricity. Furthermore,
with the increasingly visible multi-fuel capability, solid oxide fuel
cells are being paid more attention recently [1].

However, the development of SOFC is still facing some challeng-
ing problems, such as proven longer life time, a lower net cost and
an elevated performance, towards its large-scale commercializa-
tion and profitability [2]. In order to achieve these, a better detailed
understanding of the internal processes and an accurate prediction
of operating parameters inside the fuel cell is required. The SOFC'’s
high operating temperature makes the experimental investigation
and measurement of these parameters costly and difficult, there-
fore mathematical modeling becomes an important tool to evaluate
the performance, identify and overcome the problems faced by the
development of SOFCs.

Among all these parameters, the accurate determination of the
temperature distribution is of particular significance because the
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majority of the decisive parameters governing the performance of
fuel cells, for instance, material properties, chemical kinetics and
current densities, etc., are heavily depending on the temperatures.
In addition to these, to avoid the mechanical failure of cell struc-
ture, temperature gradients are required to calculate the thermal
stress in the cell. Therefore, a number of theoretical models have
been developed to predict the temperature profile of SOFC. Studies
of one-, two- or three-dimensional models with various configu-
rations and geometries have been published for either tubular or
planar types of SOFCs [3-15].

However, most of the models so far reported have the defi-
ciencies in either simply ignoring the electrochemical reaction
happening in the fuel cell [3], or assuming reactions taking place in
the gas phase or surface area instead of the solid-phase volumetric
reactions [4]. Some models only consider the cell as a single solid-
phase and neglect the effect of the diffusion of gases through the
porous electrodes [5]. The resistance used in the electrochemical
model is calculated theoretically rather than experimentally [6].
Additionally, for simplicities the effect of thermal radiation is not
taken into account in predicting the temperature of fuel cell [ 7]. The
limitations of these models may affect the accuracy and reliability
of the results [8].

In this study, a three-dimensional thermo-fluid model cou-
pled with electrochemical reaction for an anode-supported planar
SOFC has been developed to investigate the internal processes
and temperature distribution within a single cell unit for the
proposed design. The electrochemical reactions, heat and mass
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Nomenclature
C molar concentration
G heat capacity at constant pressure
D diffusion coefficient
E, activation energy
F Faraday constant
g Gibbs free energy
h enthalpy
H height
i current density
k conductive heat transfer coefficient
L cell length
M molar mass
n no. of moles
N molar flux
R universal gas constant
r reaction rate
S source
t time
T temperature
v velocity
%4 voltage
Vj Fuller diffusion volume
w cell unit width
X concentration
Y mass fraction
Greek
o permeability
or absorption coefficient
P density
A thermal conductivity
y porosity
uw viscosity
n potential (voltage) drop
T thickness
Subscripts
a anode
act activation
atm atmospheric
C cathode
e electrolyte
ECR electrochemical reaction
eff effective
f fuel
fl fluid
i species i
ic interconnect
inlet inlet of the gas channel
loc local
M momentum
ohm ohmic
rev reversible
S solid
tot total
Superscripts
0 reference
reac reacted
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Fig. 1. Geometric model: (a) three-dimensional view of the modeled one single
channel unit in the cell (b) the front view of the channels with grids.

transfer phenomena between the solid and gas phases have all been
included in the cell model. The conservation equations are solved
by using commercial computational fluid dynamics (CFD) software
Fluent and the coupled electrochemical processes are simulated
by external user-defined subroutines. The electrochemical model
utilizes a simple equation for the cell resistance with experimen-
tally determined values of the different parameters for calculating
the electrochemical parameters. The variation of gaseous species
concentrations, distribution of current density and temperature
profile, etc., over the cell unit are presented and discussed. Fur-
thermore, the effects of thermal radiation are investigated by
comparison between the cases with and without radiation heat
transfer.

2. SOFC model development
2.1. Model specifications

The geometric model studied in this work is shown in Fig. 1. The
proposed configuration is based on the design of anode-supported
planar SOFC with corrugated bipolar plates serving as gas channels
and current collector above and below the active area of the cell.
The model developed in this work considers a single cell unit repre-
senting a repeated unit in the stack. The simulation of the single cell
unit is supposed to be representative for the behavior of the whole
stack, except the channels at the edges of the stack where bound-
ary conditions and active cell area could be different. As shown in
Fig. 1a the present model is based on the co-flow design, in which
anode gas and cathode gas flows on both sides of the cell in the same
direction. Fig. 1b shows the cross-section of the single cell unit and
resulting grids for the calculation. The mesh is locally refined at the
regions where the geometry changes dramatically. The cell is in the
middle of the corrugated plates. The fuel gas channel is between the
anode and the corrugated separator plate and on the other side the
corresponding air channel is located between the cathode and sep-
arator plate. The specifications and some input data of the present
model are summarized in Table 1.
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Table 1
Model specifications and input parameters.
Specifications Input data
Geometric parameters Anode thickness (7,) 0.55mm
Cathode thickness () 0.03 mm
Electrode thickness (7¢) 0.01 mm
Interconnect thickness (7ic) 0.2 mm
Cell length (L) 112 mm
Unit channel width (W) 4mm
Fuel channel height (Hy) 0.6 mm
Air channel height (H,) 0.6 mm
Material properties Anode density (pa) 7740 kg m—3
Anode thermal conductivity (1,) 6Wm-1K!
Anode heat capacity (Cp.) 0.6k kg1 K!
Anode porosity (y) 30%
Cathode density (poc) 5300 kg m—3
Cathode thermal conductivity (Ac) 10Wm~'K!

Cathode heat capacity (Cp,c)

0.607 kj kg~ K-

Cathode porosity () 30%

Electrolyte density (pe) 6000 kg m—3

Electrolyte thermal conductivity (A.) 27Wm K1

Electrolyte heat capacity (Cp.e) 0.4k kg~ K-!

Interconnect density (pic) 2719kgm3

Interconnect thermal conductivity (Aic) 2024Wm 1K1

Interconnect heat capacity (Cp,ic) 0.871kJ kg~ K1
Operating parameters Pressure (P) 1bar

Fuel inlet temperature (T¢jpjet) 973K

Air inlet temperature (T, injet) 973K

Top and bottom external walls Adiabatic

Operating voltage (Vcey) 0.8V

Fuel feed 95% Hs, 5% H,0

Air feed 21% 03, 79% Ny

Air to fuel ratio 10

Fuel utilization (Ugye) 0.8

Electrochemical parameters

Activation energy (E,)
Empirical parameter (ko)
Faraday constant (F)
Universal gas constant (R)

—101,248 ] mol~' K1
1.8870e~'° ohm m?
96,485 Cmole !
8.314Jmole 1 K!

2.2. Thermo-fluid model

In this three-dimensional CFD modeling work, the solid and fluid
(including porous part) domains are divided into many discrete
meshes, shown in Fig. 1b. In each computational grid, the following
conservation equations of mass, momentum, species and energy
are solved by finite volume method.

V(p?) = Smass (1M
- - ST Z,LL o
V(pit)+ Vp - V | u(VD+ Vi )_?vw} = Su )

The conservation equations of mass and momentum are shown
in Egs. (1) and (2), respectively, where Smass is the mass source
added to the continuous phase using user-defined sources. In order
to simplify the model, the current modeling work treats the whole
anode and cathode substrates as the porous media with same prop-
erties. However, in the model the reaction region, the active anode
thin layers, was distinguished from the thick support anode by
specifying the reaction zone inside anode. For simplification the
reaction zone is at the interface between the anode and electrolyte.
The additional momentum source caused by the porous media in
the model is contained in the term Sy;. The flow velocity of gases
in the porous electrodes is low and can be considered as laminar
flow. In case of laminar flows through porous media, the additional
momentum source caused by the porous media in the model can
be simplified as Darcy’s law (3):

U=
Vp = _EU (3)

Generally, the gas species transfer mainly by convection in the

flow channels and diffusion in the porous electrodes. The species

conservation can be expressed in Eq. (4):

n-1
V(piY;) =V an,jvyj +5; (4)
j=1

where S; are the species sources in the model, which include the net
rate of the production of species i (Hy, O,, H»0, N») and the rate of
the additional creation from user-defined sources. Dj; is the binary
diffusion coefficient. In the porous solid structure of electrodes the
gases have to diffuse through the pores of porous anode or cathode
to reach the reaction site, where the diffusion-dominated laminar
gas flows involve various chemical species.

The Fuller method based on the kinetic theory diffusion coeffi-
cient equation is utilized for the calculation of the binary diffusion
coefficients Dy;. With two gases present at the cathode side and two
gases at the anode side there are totally two possible binary diffu-
sion coefficients. The Fuller et al. expression for the binary diffusion
coefficient of a mixture of two gases i and j is shown in Egs. (5) and
(6)[16,17].

1.75
D; 0.00143T

= (5)
v 1/2,1/3 | 1,1/3:2
M2V v

_ 141
MUZZ(MI.1+M].1) (6)

Tables 2 and 3 illustrate the special Fuller et al. diffusion volume
(Vi) and binary diffusion coefficients (Dj;) used in the modeling,
respectively.

For the mass balance in the model, the chemical species of H, 0,
H, and O, are considered at the anode side and O, and N are at
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Table 2
The special Fuller et al. diffusion volume.
Hzo Hz Nz 02
Fuller diffusion volume 13.1 6.12 18.5 16.3
Table 3
Binary diffusion coefficients.
i j M Bl
H, H,0 3.626113 1.9562E-5
0, N> 29.87377 3.4549E-6

the cathode side. The electrochemical reaction of hydrogen occurs
at the interface between the anode and the electrolyte, shown in
Fig. 2.

The energy conservation equation is expressed as Eq. (7), where
kegs is the effective thermal conductivity of the medium. For
instance, in the porous electrodes the ke¢ can be calculated by using
Eq. (8), where the kq and ks are the thermal conductivities of fluid
and solid, and y is the porosity of the porous medium.

Viv ,OZY,'hi +Dp
i
n-1
=V keffVT + Zhl Z'ODUVYJ + Sh (7)
i j=1

kefr = vka + (1 — ¥ )ks (8)

For the heat balance, the considered computational domain is
a single repeated cell unit in the model and is assumed to be
thermally isolated from all sides. The heat generated by the elec-
trochemical reaction occurring in the reaction zone of the anode
will be transferred into the electrodes, gas phase and interconnect
by three ways: conduction, convection and radiation. Between the
solid and the gas streams the heat is mainly exchanged by con-
vection, while through porous or solid parts of the electrodes and
interconnects the heat conduction is considered as the dominant
way. In Eq. (7), the first and second terms on the right-hand side
represent heat transfer due to conduction and gas species diffu-
sion, respectively. The heat generated by electrochemical reaction
is included in energy source S,. While in the solid regions in the

Fig. 2. Principles of mass transfer inside SOFC.

Fig. 3. Principles of electrochemical reaction and heat transfer.

model such as the interconnect the energy transport equation is
simplified to the following form (9). And the convective heat trans-
fer is represented as the first term of Eq. (9):

V(vph) = V(kVT) + S, 9)

Besides the heat conduction and convection, due to the SOFC’s
high operating temperature the effect of radiative heat transfer is
also evaluated in the study. For this purpose, the radiative heat
transfer equation (RTE) is implemented to model the radiation heat
transfer by using the discrete ordinates (DO) method. The DO radia-
tion model solves the radiative transfer equation for a finite number
of discrete solid angles, each associated with a vector direction s
fixed in the global Cartesian system. The DO model treats the RTE in
the direction s as a field equation. The radiative heat transfer equa-
tion for an absorbing, emitting, and scattering medium at position
7 in the direction § can be written as Eq. (10):

47
I(7,5)P(5,5)d2

(10)

di(7,3) .. ,0T4 o
T +(ar +05)I(r,s)=an -t In ;

However, due to the lack of sufficiently accurate properties of
gases, for simplicity in this work it is assumed that the phenom-
ena of absorption, of the participating gases in the fuel are ignored.
Therefore, in the radiation heat transfer the gases are considered
as transparent media and the absorption coefficient «; is zero. Only
the radiative heat exchange between gray walls (interconnects and
PEN) are considered with emissivity of 0.9.

The rate of heat generation Q is determined from Eq. (11):

. i .
Q= EAHECR — Vel (11)

where Q stands for the heat generation rate; AHgcg represents the
enthalpy of the electrochemical reaction occurring at the reaction
zone close to electrolyte inside anode; i is the current density at
each point; n is the number of electrons transferred through the
reaction; F is the Faraday constant; Vg is the voltage of the cell.
Figs. 2 and 3 represent the principles of mass transfer and heat
transfer inside SOFC, respectively.

2.3. Electrochemical model

The electrochemical model calculates the local current density
in the cell. In SOFCs, the oxidant, which is oxygen in the air in this
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Fig. 4. Gibbs freee energy change for the H, oxidation reaction.

case, is fed into the cathode gas channel. At the cathode the oxidant
reduction occurs, which can be expressed as Eq. (12):

%02 +2e” — 0% (12)

The oxygen ions generated at the cathode pass through the elec-
trolyte and then take part in the electrochemical reaction at the
active reaction area of the anode, which in this model is the thin
layer of the anode close to the electrolyte, as shown in Fig. 3. The
electrochemical reaction of hydrogen with oxygen ions is repre-
sented in Eq. (13). The overall reaction is an exothermic process,
shown in Eq. (14):

Hy + 0% — Hy0 + 2e~ (13)
Hy + %02 — Hy0; AHgg = —241kJmol”! (14)

The cell voltage (Vrey) is locally changing with gas composition
and temperature at the electrodes, and can be determined by the
Nernst Eq. (15) for the electrochemical oxidation of hydrogen.

0.5
Viey = V3, + L1 (p“;f:loé) (15)
2

where the py,, po,, PH,0 and R represent the partial pressure of
hydrogen, oxygen, water vapor and gas constant, respectively. ng
stands for the standard potential for the hydrogen oxidation reac-
tion at temperature T, and is the change of Gibbs free energy for the
formation reaction of water divided by 2F, as shown in Eq. (16) [1].
In this model the value of the Gibbs free energy is calculated using
Eq. (17), deduced from experimental value shown in Fig. 4.

A8
0 _ B8
Vi, = F (16)
Agg = 0.053T — 245.58 17)

The open-circuit potential (Vyey) is the maximum voltage which
can be achieved by a fuel cell under specific operation conditions.
However, the actual voltage of a real cell (V), equal to the volt-
age difference between the cathode and the anode, is lower than
Vrev. The difference between Viey and Vg is due to the internal

resistances, electrode overpotential losses and contact resistances.
In this work the resistance values used for the electrochemical
reactions are values from the single cell measurements in alumina
housings using Pt and Ni grids and the resistance of the contact
coatings are not included in the equation. The resistance values
for these coatings were not determined in the current work and it
is assumed that this will not be important for stack behaviors. An
empirical formula Eq. (19) was derived for estimating the value of
the total local losses (Rt 1oc) OCcurring in the operating cell, which
is a function of temperature T, where ko, E; and R are constants,
summarized in Table 1. Therefore, the operating cell voltage (V)
can be expressed as Eq. (18):

Vcell = Viev — iRtot.loc (18)

Since the anode and metal parts in the stack are good conduc-
tors, a constant cell voltage of 0.8 V is assumed in this work. All the
losses are in part responsible for the heat generated in an operating
fuel cell and will be explained later.

—E
Rtot.loc = kO exp ( RTa ) (19)

The derived empirical formula of total resistance in the cell is
valid in the temperature range between 950 and 1073 K. Finally
the current density is calculated by Eq. (20):

i— Viev — Vcell (20)
Rtot.loc

In order to better explain the method for the electrochemical
reaction model, the whole single cell unit can be treated as a num-
ber of small sub-cells or elements in series in Figs. 2 and 3. In each
element, the electrochemical reaction rates are calculated based
on the inlet boundary conditions (species concentrations, tempera-
tures, etc.) resulting from the previous element. For the first sub-cell
in the calculation, the initial inlet boundary condition is assigned.
By this way, the local electrochemical parameters will be known
for each element in the whole domain. According to Faraday’s law,
the rates of the electrochemical reactions depend on the current
density i [11,12],

. dH, do,

i=2F—% =4F = (21)
where the dH,/dt and dO,/dt are the molar consumption rates of
the hydrogen and oxygen at the anode and cathode, respectively.
Therefore, in this element the number of moles of hydrogen and
oxygen consumed and water produced can be calculated by Eq.
(22):

i = 2Fnf§* = 4Fnfsac = 2Fnieag (22)

This relation relies on the fact that the electrolyte in SOFCs, such
as YSZ, are pure ionic conductors, and therefore only oxygen ions
can permeate through the electrolyte to participate in the oxidation
reaction at the anode/electrolyte interface.

3. Results and discussion

The Navier-Stokes and transport equations are solved in each
grid of the model by the finite volume method using a commer-
cial computational fluid dynamics simulation code, Fluent, coupled
with the user-defined electrochemical reaction model to inves-
tigate the operating parameters of the proposed SOFC. In the
calculation, the information of gas species concentrations and tem-
peratures at the local points in the cell unit obtained from the
thermal fluid model is passed to the electrochemical model to
calculate the local current density, which is utilized for the cal-
culation of the hydrogen and oxygen reaction rate, species sources
and heat generated in the cell. And then the updated information
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Fig. 5. Gas species concentration in the anode gas channel along the length of the
cell.

of species concentrations and temperature distribution will be cal-
culated again for the next iteration, and so on, until convergence of
the solution is achieved. The current modeling work concerns with
the study of two cases, which are the basic case with inclusion of
the conduction and convection heat transfer, and the second case
with the additional effect of radiative heat transfer considered. For
simplicity, here the basic case is defined as case I and the second
case as case II.

In this section, the model results for the gas species concentra-
tion and current density profiles along the length of the cell will
be discussed first for the case without considering radiative heat
transfer. Then the temperature distributions at different locations
within the cell along the length will be given for both cases with
and without radiation. Finally the effect of radiation heat transfer
will be evaluated by comparison of temperature profiles of the two
cases.

3.1. Gas species concentration

Mole fraction profiles of the reactant and product gas species
in the anode gas channel along the length of the cell are shown in
Fig. 5. Due to the electrochemical reaction between the hydrogen
in the fuel fed from inlet and oxygen ions from cathode side passed
through the electrolyte, the concentration of hydrogen in the anode
gas channel keeps dropping from the maximum of 95% at the inlet
to the lowest point at the outlet with the consumption of hydro-
gen along the flow direction. Meanwhile, the concentration of the
product gas, water vapor, shows an increase along the length of the
cell unit, correspondingly. At the exit of the fuel channel, the aver-
age concentration of hydrogen in the gas stream is 19% with a fuel
utilization of 0.8.

The hydrogen mole fraction distribution on the middle verti-
cal cross-section of the anode gas channel is shown in Fig. 6. The
enlarged part in Fig. 6 shows the hydrogen concentration distribu-
tion in the vertical direction of the cross-section. In the model, it is
assumed that the electrochemical reaction occurs at the interface
(reaction zone) between the anode and electrolyte, where hydro-
gen is consumed and reacted. Therefore, in Fig. 6, along the vertical
direction from the cathode and electrolyte to the top of the fuel
channel the mole fraction of hydrogen shows an increasing trend.
The difference of the concentration of the hydrogen in the vertical
direction makes the hydrogen diffuse to the reaction site from fuel
gas channel through the porous anode substrate.

3.2. Current density profile

The predicted current density profile, Nernst voltage and resis-
tance (Ryoroc) along the cell length are shown in Fig. 7. Under

Fig. 6. Hydrogen concentration on the middle cross-section of anode gas channel.

the proposed operating conditions the current density varies in
the range from 5100 to 7900 Am~2 and keeps rather steady along
most of the length of the cell except for the ending region, with
an average current density of 7276 Am~2. At the beginning part,
the current density profile keeps flat till the length of 10 mm.
Afterwards, the current density steadily rises to the peak value of
7900 Am~2 at 62 mm along the cell length. For the final 50 mm of
the cell length a severe drop of the current density is observed. As
Eq. (16) expressed, the current density depends on several factors
and operating parameters implemented into the model, e.g. the
concentrations of gas species, the temperature and the cell oper-
ating voltage, etc. In this work, the inlet temperature of gases is
assumed to be 973 K and the cell voltage is 0.8 V. In Fig. 7, the Nernst
voltage and cell resistance are both declining along the length of
cell. However, in the beginning part the rate of decrease of Nernst
voltage is slower than the rate of decrease of the resistance. At a
certain point which is around the location where the highest cur-
rent density appears, the decrease of resistance becomes slower
than the Nernst voltage. The combination of both cell resistance
and Nernst voltage results in the convex curve of the current den-
sity shown in Fig. 7.The difference between the Nernst voltage and
the cell voltage decreases rather fast from inlet to outlet, by which
the driving force for the current at the outlet is low resulting in a
decrease in current density near the outlet of the cell.

3.3. Temperature distribution

In this section, the temperature profiles for the locations of the
interconnect, PEN structure and bottom of cathode gas channel

Fig. 7. Current density, Nernst voltage and resistance along the length of the cell
unit.
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Fig. 8. Temperature profiles of interconnect, cell and bottom of the cathode gas
channel along the length of cell without radiation heat transfer.

along the cell length and temperature distributions on the cross-
sections in the model are presented for both case I and case Il. In this
work, the temperature gradient over the stack is set to be around
100°C. In order to maintain this gradient at a certain power level
a certain amount of air is needed. Therefore a ratio of air to fuel is
set as 10 here to make sure the designed temperature difference in
the channel.

The temperature profiles of case I are shown in Fig. 8. The elec-
trochemical reaction takes place in the reaction zone, close to the
electrolyte, inside which the reaction heat is generated. Therefore
the temperature at the interface between the anode and electrolyte
is the highest. Due to the good thermal conductivity of the whole
PEN structure (cell part) the heat is uniformly distributed within
the PEN and, the temperature of the reaction zone inside the anode
here stands for the whole PEN structure. And PEN structure is the
location with the highest temperature in Fig. 8. The temperature
profile of the interconnect is identical to that of PEN, which can be
explained by the fact that in the proposed design the interconnect

Fig. 9. Temperature profiles of interconnect, cell and bottom of the cathode gas
channel along the length of cell with radiation heat transfer.

has a good connection with the PEN structure and thus the heat can
be conducted rapidly. Because the interconnect is solid metal with
a high thermal conductivity the temperature is uniform inside the
interconnect.

As the cathode gas serves as both the coolant and oxydant, the
temperature of the bottom of the cathode gas channel, in Fig. 8,
is the lowest for case I under the assumption that the single cell
unit is thermally isolated from the surroundings. The temperature
difference between the PEN (location with the highest tempera-
ture) and the bottom of the cathode gas channel (location with the
lowest temperature) is in the range of 20-26 K. On the other hand,
through the length of the cell unit the temperature keeps increasing
from inlet to outlet due to the exothermic electrochemical reac-
tion. The inlet temperature of the interconnect and PEN structure
is 997 K and the outlet is 1090 K. Therefore, approximately 93 K of
temperature rise takes place between the inlet and outlet. Mean-
while, the temperature of the bottom of the cathode gas channel

Fig. 10. Comparison of the temperature profiles of the interconnect (a), cell (b) and bottom of cathode gas channel (c) for both cases.
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Fig. 11. Temperature distributions on the cross-section of cell unit for both cases [K].

increases from 973 K at the inlet to 1075 K at the outlet, and 102 K
of temperature difference is seen.

The temperature profiles of the corresponding locations for case
Il are illustrated in Fig. 9. Similarly an increasing trend of the tem-
perature along the cell length is present. However, with the heat
transfer due to radiation considered, the temperature difference
between the PEN and the bottom of the cathode gas channel is
much less than for case I. For most parts of the cell length the tem-
perature of the PEN is only 11K higher than the temperature of
the bottom of cathode gas channel. Unlike the same temperature
profile between the PEN and interconnect in case I, in Fig. 9 the
temperature of interconnect is 1-2 K lower than the PEN. The tem-
perature increase of the PEN is 96 K (from 993 to 1086 K) and that of
the cathode gas bottom is 95K (from 973 to 1082 K). Therefore, in
case Il the temperature increases less from the inlet to outlet than
in case L.

In order to clearly observe the difference in temperature pro-
files for both cases and analyze the effect of heat radiation, Fig. 10
shows the comparisons of the temperature profiles at the different
locations in the cell unit for case I and case II. Fig. 10a is the com-
parison of interconnects; Fig. 10b is the PEN structure; Fig. 10c is
the bottom of the cathode gas channel. In Fig. 10a and b it can be
found that the temperatures of the interconnect and PEN for case
Il are 7-8 K lower than for case I at the corresponding cell length.
However, on the cathode gas side, the temperature of the bottom
of the cathode gas channel is 12-13 K higher for case II. Apparently,
the heat transfer enhancement by the thermal radiation decreases
the temperature differences in the whole cell unit.

The temperature profiles of the different locations in the cell
unit mentioned above show the temperature differences along the
cell length. However, the details of temperature variation on the
cross-sections of the cell unit cannot be seen from the general
trends of temperature profile. Only with the detailed tempera-
ture field on the cross-sections the effect of radiation heat transfer
on the temperature distribution could be correctly evaluated and
explained. Fig. 11 demonstrates the temperature distribution on
the cross-section of the cell unit, for both cases. Fig. 11a is case
I and Fig. 11b is case II. In Fig. 11a the temperature of case I
varies between 1028 and 1057 K and a difference of 29K across-
the section is observed. In the region of the interconnect, the PEN
structure, and fuel gas, the temperature is higher and comparatively
evenly distributed. Across-the cathode gas channel from top to bot-
tom the temperature decreases dramatically with the minimum

temperature appearing at the bottom of the cathode gas channel.
Nevertheless, in case II, as illustrated in Fig. 11b, the tempera-
ture is changing between 1036 and 1051 K with the temperature
difference of only 15 K. Compared with case I, the variation of tem-
perature of case Il is much less. In this study, the absorption of the
gas medium was not considered. The heat produced by electro-
chemical reaction in the reaction zone will be transferred to the
interconnect and the bottom solid wall of the cathode gas channel
by thermal radiation besides conduction and convection. In Fig. 11b
the temperature distribution is different from case I especially on
the region of the cathode gas channel. The temperature of the bot-
tom of the cathode gas channel is higher than the center of the
cathode gas in case Il because the radiation effect. Therefore, for
case II the center of the cathode gas channel is the location with
the lowest temperature. Due to the lower temperature difference
in case Il it can be deduced that considering radiation heat transfer
can result in a more uniformly distributed temperature in the sin-
gle repeated cell unit, and furthermore thermal radiation can also
lead to more moderate temperature gradients in the cell unit.
Figs. 12 and 13 illustrate the temperature variation on the cross-
section of anode gas channel (A-A) and cathode gas channel (B-B)
along the cell length for case I and case II, respectively. In order

Fig. 12. Temperature distributions on the cross-sections of anode gas channel and
cathode gas channel in the cell unit for case I.
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Fig. 13. Temperature distributions on the cross-section of anode gas channel and
cathode gas channel in the cell unit for case II.

to clearly show the temperature field, the enlarged pictures are
presented, giving the details of the temperature field for different
positions in the figures. The results show that radiation has a sig-
nificant effect on the temperature fields in the cell, especially for
the cathode gas channel. Due to the inclusion of the heat radia-
tion, a lower temperature change is observed in case Il and thus
the thermal stress could be less, which could minimize the proba-
bility of thermally incurred failure. Therefore, it can be concluded
that for evaluating the temperature distribution of a single unit cell
the effect of radiative heat transfer should be considered.

4. Conclusions

A three-dimensional = anode-supported intermediate-
temperature planar SOFC unit model including anode, cathode,
electrolyte, fuel, air and an interconnect incorporating electro-
chemical reactions has been developed. The developed model
can be used as a tool to investigate the thermal, fluid dynamic
and electrochemical behaviors of the proposed SOFC design
operating at given conditions. The SOFC system with a co-flow
design studied in this work is with inlet fuel and air temperatures
of 973K and 80% fuel utilization operated at an output voltage
of 0.8V. Detailed results from the studies have been reported.
The reaction regions modeled in this work are distinguished in
the SOFC instead of simply assuming surface reactions or solid
reactions in the PEN. The model results were calculated based on
the proposed cell design, but is also applicable for the analysis of
other designs. Modeling results of the gas species concentrations,
the current density distribution and the temperature profiles along
the cell length and the cross-sections of the cell unit are obtained.
Especially the effect of the thermal radiation on the temperature
distribution was evaluated by the comparison of two cases. Based
on the modeling results and analysis, it can be concluded that a

relatively uniform current density distribution was achieved for
the proposed design at the given operating conditions with the
average value of approximately 5800 Am~2 over the active area
of the cell. Additionally, the radiation effects are important on the
accurate prediction of temperature field for the single repeated
fuel cell unit. Neglecting the radiation in the model will result
in an incorrect temperature distribution, and thus misleads the
calculation of temperature gradients and other properties and
parameters in the single cell unit. Therefore, for modeling and
accurate prediction of temperature field in the single SOFC unit
with the assumption of the adiabatic top and bottom external
boundaries, the inclusion of radiative heat transfer is necessary.
However, radiation phenomena are rather complicated, and the
current work will not go to the details of the radiation. In future, the
model could be further improved by incorporating the effects of
these participating media. A model with multiple cells connected
in series is developed for the study considering the heat transfer
from one single cell unit to another.
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