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Abstract

Numerical simulation was implemented on a tubular solid oxide fuel cell (SOFC) with indirect internal reformer used in the demonstration
projects of Siemens—Westinghouse. The Navier—Stokes equations and the charge equation were solved by means of a generalized, three-
dimensional complete polarization electrochemical model for SOFC. The distributions of both the molar fraction of gaseous species and the
temperature were presented. The characteristic of thermal energy generation was analyzed based on the simulation results. The electrochemical
process was exothermic reaction, which contributed 82.7% in the total heat generation. The ohmic heat possessed 17.3% in the total heat genera-
tion. About 47.3% of the generated heat in the cell was absorbed by the reforming reaction. The air flow took away 36.6% the generated heat and

the remainder 16% was taken away by the fuel flow.
© 2008 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Solid oxide fuel cells (SOFCs) are power generation de-
vices that convert the chemical energy directly to electrical
energy by electrochemical reaction. It is considered as one of
the most important technologies to solve the energy and envi-
ronmental problems in the future thanks to its high efficiency
and low emission. As a high temperature fuel cell, the SOFC
can be combined with a gas turbine (GT) to form hybrid cy-
cle. The electric efficiency of hybrid cycles of SOFC/GT is
believed to reach more than 75% (LHV) while fueled with
natural gas [1]. Moreover, SOFC can be made in various ge-
ometries such as planar, tubular, and monolith attributed to the
solid electrolyte being used in SOFCs. The commercial SOFC
is expected to have lifetime of 10 to 20 years, two to four times
longer than other type fuel cells [2]. For these good advantages,
SOFC research has been accelerated since 2000. In particu-
lar, some demonstrations have been performed by Siemens—
Westinghouse based on the tubular SOFC [3].
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Thermal characteristic has an important impact on the per-
formance of SOFC. The solid thermal stress and the stack cool-
ing are closely correlated with the thermal characteristic in the
design of SOFC. Furthermore, the temperature has strong ef-
fect on the chemical reactions and on the conductivity property
of electric material, which affect the electric characteristics of
fuel cell and the distribution of gaseous molar fraction. In cur-
rent, detailed information in the fuel cell was acquired mostly
by numerical method due to the complex geometry, the high
operating temperature, and complicated physical processes in
the fuel cell. Although many previous publications [4—11] cal-
culated the parameters distribution (e.g. gas species, current
density, voltage, temperature and polarization losses) using nu-
merical method, thermal characteristic on view of macrograph
as an important factor in the design of SOFC was scarcely re-
ported. For example, as coolant medium of fuel cell stack, both
the air flow and the fuel reforming process absorb the generated
thermal energy in fuel cell. In order to design the stoichiomet-
ric times of air flow and the fuel internal reforming ratio under
a definite operating load of SOFC, we need to calculate the
proportion of the absorbed thermal energy by air flow and by
the fuel internal reforming, respectively. We studied the elec-
tric characteristics and the generated ohmic heat on a single
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Nomenclature
a absorption coefficient
g scattering coefficient
Acy the specific surface area of control volume .. m~!
cp specific heat capacity ................ Jmol~!' K
D diffusion coefficient ................... m2s~!
div operation symbol — calculate divergence
E activation energy ...................... Jmol™!
E, Nernst potential ............... ... ... ..... v
E, VOltage ... e A\
F Faraday constant ............. = 96485 Cmol ™!
fe equilibrium factor for reforming reaction
g molar Gibbs free energy ............... Jmol™!
G Gibbs freeenergy ..............coiiiiiiia J
grad operation symbol — calculate gradient
h molar enthalpy ........................ Jmol~!
AH change of enthalpy for chemical reaction Jmol ™!
1 radiation intensity
i current density ............ceeiiiiiin... Am™2
ip exchange current density ................ Am™?
K equilibrium constant
k stoichiometric reaction coefficient
ko constant parameter for the rate of reforming
reaction ..................... mols~ ! m=2 p_ !
k1 constant parameter for the rate of shift
reaction ..., molm ™3 s~!
M molecular mass
n refractive index
n the unit normal vector
Ne electrons transferred per reaction
p PIESSULE .. .tttteeeeeeeennn Pa
pt evaluation value of pressure ................. Pa
Py standard pressure ................ociiina... Pa
q heat transferrate ......................... Js7!
0 heatsource ............................ Wm3
F volumetric reactionrate ........... mols~! m~3
P position vector
R universal gas constant .. ... =8.314 Jmol~' K~!
R, area specific resistance ................. Qm™2
S source component
s molar entropy ...............o.... Jmol ' K~!
5 direction vector
s scattering direction vector
T EMPETAtUIe ... ...vvvteneeeeeennnn.. K

Vv VeloCity ..o ms~!
Y mass fraction of gas species
w rateof work ........ ... ool Js~!

Greek letters

o the permeability of porous material
B current transfer coefficient
B1, B> coefficients of Eq. (8)
n polarization ............... .o i, \"
Sel thickness of electrolyte ...................... m
0 fluid density .......... ..., kgm™—3
o conductivity ......... ... ..., Sm™!
Oy Stefan—Boltzmann

constant ............. 5672x 1078 Wm—2 K~
o) electric potential ............................ \"
z inertial resistance factor
A heat conductivity .................. Wm~!K™!
y coefficient in Egs. (4), (5)
" fluid viscosity ..., Pas
r diffusion coefficient of control equations
() phase function
2 solid angle
) surface of control volume
Subscript
a anode
b back
act activation
c cathode

chem chemical reaction
conc concentration

E electrochemical oxidize reaction
el electrolyte

f forward

i chemical species

j direction of coordinate
ohm ohmic

rad radiant

ref reference

R reforming reaction

S shift reaction

tot total

planar SOFC with various gas flow configuration and a single
tubular SOFC fueled with hydrogen in reference [12]. How-
ever, in real operation of a tubular SOFC stack, neighbor cells
affect each other. Furthermore, the fuel reformer is often indi-
rectly internally reformer and thermally integrated with the tube
bundle. The fuel reforming process has strong influence on the
parameters distribution in the cell. Therefore, it is valuable to
investigate the thermal characteristics in the tubular SOFC stack
with internal reformer. In this study, a tubular SOFC stack with
indirect internal reformer configuration is investigated.

A complete generalized polarization mathematical model of
SOFC was presented by Chan [13]. According to this mathe-
matical model, a three-dimensional numerical model is devel-
oped in this study. The electrochemical model equations are
solved coupled with Navier-Stokes equations and charge equa-
tion. Numerical simulation is implemented on the tubular SOFC
stack issued by Siemens—Westinghouse with the help of the
computational fluid dynamic (CFD) software Fluent 6.1. The
distribution for both of the gaseous species molar fraction and
the temperature are presented according to the simulation re-
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sults. The electrochemical generated heat, the ohmic generated
heat, the air flow absorbed heat, the fuel flow absorbed heat,
and the reformer absorbed heat are calculated and analyzed in
detail.

2. SOFC model
2.1. Description of a tubular SOFC configuration

The most common original design of tubular SOFC was
issued by Westinghouse Electric Corporation (now Siemens—
Westinghouse Power Corporation), which the cell components
are deposited in the form of thin layers on a cylindrical tube.
Since 1986, Siemens—Westinghouse has tested several fully in-
tegrated SOFC systems on customer sites, ranging from 0.4 kW
to 220 kW [3,14]. One of the most recent demonstrations was
a 100 kW atmospheric SOFC-CHP system sponsored initially
by EDB/ELSAM, a consortium of Dutch and Danish utilities.
Fig. 1 shows the scheme of the tubular SOFC field unit mod-
ular for the 100 kW demonstration. The SOFC field unit was
fuelled with natural gas and was operated as an auxiliary district
heat plant near Arnhem in Netherlands between 1998 and 2000.
This system supply AC power to the utility grid and hot water
to the district heating system serving the Duiven/Westervoort
area. It generates approximately 110 kW net AC power at 46%
efficiency (LHV) and nearly 75% energy efficiency [3]. This
SOFC-CHP unit was moved to Essen, Germany in July 2001
and Torino, Italy in July 2004 [15,16]. Fig. 1(a) shows the ex-
ternal geometry of the sub-stack that consists of 576 unit-cell.
That is also the basic unit building block used in the others
Siemens—Westinghouse demonstrations. Each of the sub-stacks
has its own ejector and pre-reformer. A gas plenum is deployed
as air distribution at the uppermost of sub-stack. In the stack
(see Fig. 1(b)), four cell bundles are connected in series to form
a bundle row, and 12 bundle rows are aligned side by side, in-
terconnected in serpentine fashion with an in-stack reformer
between each bundle row. This stack can be viewed as com-
posed of two basic unit sub-stacks. The next level of fabrication
hierarchy after the cell is the cell bundle. As Fig. 1(c) shows, the
cell bundle is central symmetric configuration, consisting of a
24-cell array arranged as eight cells in electrical series by three
cells in electrical parallel. The dimensions of the unit cell are
22 mm diameter, 1500 mm active length with 834-cm? active
area.

Fig. 2 shows the details gases flow route in the stack. The
stack is separated horizontally into five zones by ceramic baf-
fles in the vertical. These five zones are as follows: the fuel
distribution plenum below the cell stack, the active cell space,
the depleted fuel plenum, the combustion zone above the cell
stack, and the air plenum. Desulfurized natural gas is intro-
duced as the primary fluid in an ejector. The incoming natural
gas mixes with the recirculated exhaust stream, which is from
the depleted fuel plenum in the anode. A small percentage of
methane is reformed in the adiabatic pre-reformer. The mixture
is then routed to the top of the in-stack reformers from where it
flows downward through a catalytically active space to the fuel
distribution plenum. The in-stack reformers are heated radiantly

|_— Air plenum

—— Combustion zone

—— Recirculation plenum
2246.9

— Iniector

Pre-reformer

(a) The basic unit building block (576 cell substack) [3]

g ” Ejector

// ___ . ? Pre-reformer
| {u 1 @u ! J‘. ! @ﬁ}//&ack reformer

Cell bundle rows
Inner insulation

Inner canister

|_-Power lead

Symmetric axis

(b) The cross-section of stack [17]

zZ

(c) The typical 24-cell bundle of tubular SOFCs [17]

Fig. 1. The typical tubular SOFC designed by Siemens—Westinghouse Corpo-
ration [3,17].

by the fuel cells. The fully reformed fuel passes over the exte-
rior of the fuel cell where it is electrochemically reacted. The
depleted fuel is passed to the fuel plenum where some of the
exhaust fuel is recirculated and the other passes to the combus-
tion zone. Air is introduced into the air plenum and is routed to
the interior and the bottom of each tubular cell by an air feed
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Fig. 2. The internal configuration of the Siemens—Westinghouse tubular
SOFC [17].
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Fig. 3. Cross-section of unit-cell of tubular SOFC [1,4].

tube. The air passes upward in the annular space between the
cell cathode and the air feed.

As shown in Fig. 2, methane is reformed in the in-stack re-
former board, which is separated from the tubular anode space
by a baffle-wall. The required energy for reforming reaction
is provided by the heat exchange between the fuel cells ac-
tive zones and the reformer zones. This indirect internal re-
forming (IIR) configuration is different from the direct internal
reforming (DIR) configuration, where the methane is directly
reformed on the anode.

The schematic cross-section of the tubular SOFC with
Siemens—Westinghouse design is shown in Fig. 3. In this SOFC,
the thickness of the electrolyte and the outer anode layer are
40 um and 100 um, respectively. Since it is a cathode supported
cell, the cathode thickness is designed as 2200 pum, which is
larger than those of electrolyte and anode. The electrode poros-
ity is 30—40%. At the bottom of the cell there is the current
collection component named inter-connector. Its thickness is
80 um. The cathode is continuously throughout the cylinder.
The electrolyte acts through 312° of the circumference and it
is interrupted by the inter-connector. The anode is also discon-
tinuous, acting through a circumference of 288°, leaving the
opening for electrical contact to the adjacent cell [1-3].

2.2. Electrochemical models

From the pre-reformer outlet, the fuel mixture first flows into
the in-stack reformer. The residual methane is reformed in the

catalyze layer. The reforming reaction equation is written as
follows:

CH4 + H,O — CO + 3H»

The reversible gas-shift reaction is included in both the in-stack
reformer and the anode.

CO + H,0=CO;, + Ha

More than 99% methane is converted into hydrogen after the
in-stack reformer.

The electrochemical reactions occur at the interfaces be-
tween electrolyte and electrode. H» is oxidized at the anode and
the released electrons are transported to the cathode through the
external electric circuit. Combing with the electrons, O; is re-
duced to the oxygen anions at the cathode. The oxygen anions
are transported through the electrolyte to the anode and react
with Hj. The overall reaction is expressed as follows:

1/20, + H, — H,O
Additionally, the carbon monoxide is oxidized at the anode:
CO + 0% = COy + 2e~

However, the reaction velocity of CO oxidation is 2-5 times [8]
slower than that of hydrogen oxidation. The rapid gas-shift re-
action becomes the dominant reaction. Therefore, the oxidation
of carbon monoxide is neglected in this study.

The voltage of electrochemical reaction is modeled as fol-
lows:

E,= —H%F[Z(kigi)p - Z(k,-gl-)r]

i

— Nact — Nohm — Tcon (1)
where
&i(T, pi) =hi(T) — Tsi(T, pi)
T T
:fc,,,»(T)dT - T/ C”iT(T)dT _RTHY )
T T !

The voltage loss for polarizations, which include the activa-
tion polarization, the ohmic polarization, and the concentration
polarization, are calculated at the anode and the cathode respec-
tively. Very often, the activation polarization calculation was
simplified with Tafel equation and the Knudsen diffusion was
neglected in the gas diffusion through the porous electrodes. To
avoid the ambiguity of the suitability of such models used in
the calculation of cell polarization. This work employ a com-
plete polarization model [13], which uses the Butler—Volmer
equation to calculate activation polarization and considers the
Knudsen diffusion in the modeling of concentration polariza-
tion.

For both the anode and the cathode sides, the activation po-
larization is calculated by Butler—Volmer equation:

2RT . _, (i

sinh — 3)
neF 2ip
The current exchange iy is the function of the local species con-
centration and temperature. The model is formulized as follows:

Nact =
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At the anode

. PH, \ [ PH,0 E, )
io= — Jexp| —— @
ya(ﬁrcf)( Pref ) p( RT

At the cathode
0.25
. PO, E. )
ip= exp| —— ®))
re < pref) p< RT

The partial pressures of reactive species, which are em-
ployed to calculate the Nernst potential in Eq. (1) are not the
local values at the reaction site. In the present model, these pa-
rameters are determined by the corresponding local values at
the control volume grid cell adjacent to the reaction surface.
Therefore, correction to the actual gas partial pressures both
at the anode and at the cathode is necessary. The correction is
generally called concentration polarization. The concentration
polarizations are modeled as follows [13]:

At the anode

_ _RTH (PH) | (PH:O
Nconc,a = ToF n\ — —In| —
sz pHQO

RT | [ 1= (RT1yi - 7i])/ (2F Dacetry 1§y, } ©)
= ——1N <7 S
2F L1+ (RT1Li -iil)/ (2F Dagein Py 0)

At the cathode

- _E In PO,
Nconc,c AF pgz

RT e
= —E ln{((Pc/502) - [(pC/SOZ) - pOz]

x exp| (RT 80,1cli - 7il)/(4F Doyt pe) )/ P5,}  (7)
where 7 is the normal vector and [ is the distance calculated

from the center of the neighbor grid cell to the electrolyte inter-
face, and

_ Do, K (eff)
Do, k etty + D0, —N; (eff)

80,

The conductivity of these components is the function of the
temperature. It is modeled by the following equations:

B2
=prexp| ——== 8
o =pi P( T (®)
For the electrolyte, the ohmic polarization is described as
Nohm = Seli /0 )]

The methane reforming rate has been modeled by many re-
searchers. In the present study, following equation is employed
[8,18]

i = kope feexp( o (10)
TR = KopCH, Je ©Xp| —m
where the equilibrium factor f, is approximated as 1. The re-
action rates of the shift reaction are determined by the forward
and the backward processes [19]

(11a)
(11b)

7t = k1 pco PH,0

b = k1 Kshife PCO, PH,

where k; is a constant and equals to 1.2 x 10* mol/m?s. The
equilibrium constant is expressed as

—AGygs
K it = exp(ng”) (12)

and the change of Gibbs free energy is calculated by Eq. (2).
3. Numerical method

The governing equations such as the continuity conserva-
tion, momentum conservation, energy conservation, species
transport, and electric potential equation are solved at the con-
trol volume. The generalized form of the steady governing
equations is written as follows [20]:

div(pV¢) = div(I grad ) + Sg (13)

where ¢ is a generalized variable. For the continuity equa-
tion, ¢ = 1. For other control equations, ¢ is replaced by the
mass fraction of each species Y; for the transport equations, the
velocity V; for momentum equations, the temperature 7" for en-
ergy equation, and the electric potential @ for the charge equa-
tion. I'y is the diffusion coefficient and Sy is the source term for
the general variable ¢. To the species transport equations, dilute
approximation is applied in the laminar flow. For the electric
potential equation, the diffusion coefficient I'p equals to the
material electric conductivity.

Laminar model and SIMPLEC algorithm are employed in
the simulation. The species transport equations are solved for
seven species: Hp, Oz, HyO, CH4, CO, CO», and Nj. The fluid
convection is assumed to have no effect on the electric con-
ductivity. Then, the convection term of the electric potential
equation could be set to zero within the fluid zones.

The heat source of energy equation is the sum of the ohmic
heat term, the chemical reaction heat term and the radiant heat
exchange. In present model, we neglects absorption, emission
or scattering in the gas media and only accounts for the surface-
to-surface radiation effects in the simulation. The discrete ordi-
nates (DO) radiation model is applied to calculate the radiant
heat exchange [21]. The field radiative transfer equation is writ-
ten as

V- (I(F.5)3) + (a+a)I(F,5)
4

T4 L
% S 17506 57)de (14)

2
—an T + 4
0
In the simulation, the radiative transfer equation is solved for
a finite number of discrete solid angles, each associated with a
vector direction, 5, fixed in the global Cartesian system. The
radiant heat exchange is calculated by integrating the radiative
transfer equation over the surface of control volume:

de=/1~§~ﬁd2‘ (15)
X

In the electric zone, the ohmic heat source was given by

Qohm = o grad @ grad @ (16)
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The chemical heat source in the anode is expressed as follows:

Qchem = ('t — b)) AHs +7FrRAHR
+ AHgAcvli -nl/(2F) a7
Therefore, the following equation is obtained:

Sq = Qohm + Qchem + Orad (18)

The mass source term of species is calculated according to the
rate of chemical reaction, abides by the following equation

Si = Mi[kR iFR + ks, i (P — Fo) + ke i1 - 711/ (2F)] (19)

In addition, porous media is modeled by adding a momen-
tum source term to the standard fluid flow equations. The source
term consists of a viscous loss term and an inertial loss term,
which is given as follows [21]:

3 3
S,~=—(ZD,;WVHZQ,%;)WW;() (20)
k=1 k=1
where j denotes the jth (x, y, or z) momentum equation, and
D and ¢ are prescribed matrices. In the present simulation, the
porous medium is simply considered as homogeneous. For the
laminar model, the pressure drop is typically proportional to
velocity and the constant ¢ could be considered to be zero. Then
the porous media model can be described by Darcy’s Law [21]:

By, Q1)
—v

Si=-—
At the interface between the electrolyte and the electrode, the
current density through the electrolyte is obtained according to
the following equation
i Enm (0= @)
Ry
where R, is local lumped electric resistance including ohmic
resistance of the electrolyte and polarization losses of elec-
trodes. At the external boundary, the thermal flux and the elec-
tric current flux are zero. A uniform potential is assumed and its
value is given at the current inlet and outlet. The temperature,
the species mass fractions and the mass fluxes are imposed at
the gas inlet. The pressure is given at the gas outlets.

(22)

4. Numerical simulation results

Fig. 4 shows the topology of computational domain in
present simulation. Since each bundle of cell with a row internal
stack reformer has an axisymmetric geometry, the symmetric
boundary condition and the periodic boundary condition could
be employed in the simulation. Only one and half neighbor cell
with half of internal reformer is simulated in present study. But
in order to simplify the computational geometry, we assume
that the temperature is uniform over the cross section of the
fuel feed tube in the internal reformer. The computational do-
main excludes the fuel feed tube and the fuel inlet is moved to
the top of fuel feed tube (see Fig. 4). The fuel inlet is adjacent
to the exhaust gas where the temperature is around 1073 K [1].
This work specifies the fuel inlet temperature 1023 K giving
—50 K grads to the exhaust gas temperature. Both of the heat
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Fig. 4. The topology of the computational domain and gases flow configuration.
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flux and the electric current flux at the external wall boundary
are assumed as zero. The temperature and the mass fractions
of species as well as the mass fluxes are imposed at the gas in-
let, while the pressure is given at the gas outlets. The operating
conditions are specified in Table 1.

The computational domain is composed of the anode, the
cathode, the inter-connector, the contact, the reformer catalyzed
zone, and the gas flow channels. The electrolyte is consid-
ered as solid wall and the inter-connector is solid zone. The
porous zones include the anode, the cathode, the contact and
the reformer catalyzed zone. Both of the construct and the non-
construct topology grids are applied to each of these zones
according to the geometry. The total grid cell is about 711 160
for the whole computational domain. The interior interface con-
dition is employed between the fuel flow and the anode zone,
the air flow and the cathode zone, and the fuel flow and the
catalyzed zone within the reformer. Compared to the fuel cell
dimension, the anode thickness 100 pum is too thin to gener-
ate a good topology grid that has impact on the simulation
convergence and numerical accuracy. Therefore, in this study,
the anode thickness is expanded to 1000 um and its electric
conductivity is reduced correspondingly 10 times. The detailed
information of the grid topology around the electrolyte is illus-
trated in Fig. 5.

Numerical simulation is preformed using CFD software tool
Fluent 6.1. Electrochemical model is programmed in C com-
pile language. It is solved coupling with Navier—Stokes equa-
tion through the UDF interface tool that is provided in Flu-
ent 6.1. To validate the model, a single tubular and a planar
geometries SOFC were simulated using the same as present
numerical model and program in references [12,23]. The sim-
ulation results were good agreement with the experiment data
and benchmark data, respectively. In present simulation case,
the mean current density is 2793 A/m? and it has 4.6% er-
ror comparing to the experimental data 2670 A/m? given by
Siemens—Westinghouse Corporation in reference [3].

For discussion, two areas called the middle zone and the cor-
ner zone are defined in this study (see Fig. 6). Fig. 6 shows the
distribution of gaseous molar fraction in the fuel channel. The
reactant gas species Hy decreases along the flow direction due
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Table 1
Material properties and operating conditions [1,3,4,22]
Cathode Electrolyte Anode Inter-connector
o 1.232 x 10%e7090/T 3401 x 10%~10350/T 1117 x 10713927 3.981 x 1034690/ T
A 6.23 2.7 9.6 10.0
Operating conditions
Operating pressure (bar) 2.9
Operating voltage (V) 0.610
Electrode porosity 0.3
Fuel utilization 85%
Air intake rate (kg/s) 7.55e — 04

Gas inlet temperature (K)
Inlet gas composition
The exchange current parameters [22]

1123 K for fuel inlet, 1073 K for air inlet

Air: 03 21%, Ny 79% Fuel: Hy 21.7%, HyO 31.7%, CO 5.7%, CO 22.3%, CHy 12.3%, N, 6.3%
Ya=15.5x 108 A/m?, E; = 1.0 x 10° J/mol

Ye=7.0x 108 A/m2, Ec = 1.2 x 10° J/mol

Air Cathode

Air

Air tube

Fig. 5. The topology of the grid around the electrolyte.

to the electrochemical reaction, while the product of the elec-
trochemical reaction H>O increases as the gases flow toward
the outlet. Accordingly, the water-gas shift reaction presents
more positive trend while the molar fraction of H,O increases
and H; molar fraction decreases along the stream at fuel side.
Therefore, the CO molar fraction decreases but the CO; mo-
lar fraction rises from the inlet to the outlet at the anode side.
As can be seen in Fig. 6, lower molar fraction of H, and CO
with higher molar fraction of H;O and CO, were formed in
the middle zone between each of unit-cell comparing to that
of the corner zone, which could be interpreted with two rea-
sons. One is that the spatial volume within the middle zone is
smaller than that of corner zone and the space affects the ve-
locity of gases species diffusion (as the velocity vector shown
in Fig. 8). Another reason is that there is an open circumfer-
ence (see Fig. 3) at the anode and the electrolyte around corner
zone, which causes the chemical reactive area to be smaller than
that of middle zone. Therefore, it is very easy to generate local
fuel starvation in the middle active zone if the fuel utilization is
too high. Even in the case of normal fuel utilization, fuel star-

vation might occur within the middle active zone. There exists
an optimum space between cells that acquires the SOFC peak
efficiency with definite fuel utilization.

The heat was produced ascribed to the chemical reaction
and the electric resistance. The electrochemical reaction and
the positive direction of shift reaction are exothermal while the
fuel reforming is endothermic. Table 2 summarizes the gen-
erated total heat on the whole simulation field according to
the simulation results. The data is calculated with the integral
method in the whole computation field. The total generated heat
is 220 W without including the absorption heat by the reform-
ing process. 91% of the total generated heat is attributed to
the chemical reactions within fuel cell. The ohmic heat con-
tributes 9% in the total generated heat due to electric resistance
within the electric components. As we know, the methane ref-
ormation is endothermic reaction. If the total generated heat
is subtracted by the reforming process within the indirect in-
ternal reformer, then the percentage of ohmic heat in the total
released heat is up to 17.3%. This value is higher than that of
8% for the same geometries tubular SOFC without internal re-
former, which was presented in reference [12]. The maximum
part in the total ohmic heat is come from the cathode, which
contributes 79.6%. This is caused due to the design and config-
uration of tubular SOFC. One hand, the route of current within
cathode is much longer than that of both electrolyte and incon-
nector. On the other hand, the electric conductivity of cathode is
much lower than that of anode. The second part after the cath-
ode is the inter-connector with 16.4% contribution to the total
ohmic heat. According to the data in Table 2, we can calcu-
late the percentage of the absorption heat associated with the
reforming process, air flow and fuel flow in the total generated
heat. 47.3% of the sum of the generated heat within the cell
is absorbed by the endothermic process of fuel reforming in
the reformer. Furthermore, calculation results show that about
36.6% of the generated heat is taken out by the air, which is
greater than 16% of the heat taken out by the fuel stream.

The temperature distribution is shown in Fig. 7. The temper-
ature increases along the fuel stream since the electrochemical
reaction is exothermic process. At the downstream of the fuel,
the temperature decreases with the fuel stream flow to the out-
let, which is due to the coolant effect by the incoming inlet
air in the air feed tube. The minimum temperature is found
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Fig. 6. Distribution of gas species molar fraction in the fuel channel.
Table 2
Summary of the generated heat
Fueled with indirect internal reformer Fueled with
hydrogen [12]
Anode Cathode Electrolyte Inter-connector Reformer

Qchem (W) 200.0 0 0 0 —104.0 78.1
Qohm(W) 0.2 16.0 0.6 33 0 6.8
Oohm/ Qohm, tot (%) 1.0 79.6 3.0 16.4 - -
Quhm/QtOt (%) 17.3 8.0
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Fig. 7. Distribution of the temperature in the fuel channel.

at the location nearest to the reformer where the endothermic
reformation of methane absorbs much of the thermal energy
produced by the cell.

Fig. 8(a) shows the temperature distribution in the profile
z = 1.35 m. The heat of electrochemical reaction is produced
around the electrolyte. These heats are shifted to the gas main-
streams for both of fuel and air by the way of thermal convec-
tion and conduction. As shown in Fig. 8(a), air is pre-heated in
the bleed tube before it enters cathode side. At the fuel side,
the gradient of temperature is relatively smaller comparing to
that of air side. A higher temperature area occurs at the corner
zone. On the one hand, the higher temperature gases around the
electrochemical reaction site are transferred to the fuel channel
with gases diffusion. On the other hand, the negative direction
of gas-water shift reaction is exothermic. Therefore, there is
higher hydrogen molar fraction and lower water molar fraction
at the corner zone comparing to the middle zone according to
Fig. 6. This tendency makes the gas-water shift reaction present
more negative direction. Fig. 8(b) shows the vector of gaseous
velocity in the middle profile. The gases species in the air chan-
nel flow to the cathode catalyze interlayer, where the oxygen
is consumed beside the electrolyte for the reason of the elec-
trochemical reaction. Accordingly the water is produced in the
anode side field and the gases species diffuse from the anode
catalyze interlayer to the fuel channel.

Fig. 9 shows the contour of current density and the heat pro-
duced due to the ohmic resistance at the middle profile z = L /2.
As shown in Fig. 9(a), the current density in the anode decreases
with the current flow because the current passes through the
electrolyte from the anode to the cathode. Therefore, the cur-
rent density increases along the current flow at the cathode side.
Furthermore, since the anode thickness is much less than that
of cathode, the current density in the anode is much higher than
that in the cathode. Fig. 9(b) shows the distribution of the pro-
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Fig. 8. The velocity vector and the distribution of temperature.

duced heat caused by electric resistance. Much of the ohmic
heat comes from the cathode side ascribed to the large elec-
tric resistance. The maximum ohmic heat occurs at the contact
of the cathode and the inter-connector. It is also more possible
that the excess threshold of thermal gradient arises from this
area. At the anode side, the ohmic heat can be almost neglected
even though the current density is very high.

5. Conclusions

A three-dimensional numerical model of SOFC is devel-
oped based on the complete polarization mathematic mode in
the present study. Numerical simulation is implemented on a
tubular solid oxide fuel cell stack with indirect internal fuel re-
former. The mean current density acquired by the numerical
simulation is agreement with the experiment data for the SOFC
stack. The thermal characteristics of the SOFC stack are inves-
tigated based on the simulation results.

Numerical simulation shows that the molar fractions of the
gaseous species perform very non-uniform in the normal sec-
tion of the gas flow direction. The reactant concentration within
the middle zone is much lower than that of the corner zone due
to the spatial effect. Fuel depleted regions might first appear in
the middle zone if the provided fuel decreases or the fuel uti-
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Fig. 9. Distribution of electric characteristic in the middle profile (z = L/2).

lization increases. In order to avoid the fuel starvation to be
happen, the space between each of the cells should be made as
large as possible in the design of SOFC stack. In the generated
total heat within the cell, the heat generated by the chemical
reactions contributes to 91% and the ohmic generated heat con-
tributes to 9%. Since the ohmic heat is produced in very small
volume components such as inter-connector, the cathode and
the electrolyte, it might makes the component exceed the tem-
perature limit or the temperature grads limit. Simulation results
also show that as much as 79.6% of the ohmic heat comes from
the cathode. The second contributor is inter-connector, which
possesses about 16.4 % in the total ohmic heat. The high ohmic
heat is found around the contact between the inter-connector
and the cathode. As much as 47.3% of the generated total heat
is absorbed by the reforming reaction. The air flow and the fuel
flow take away 36.6% and 16%, respectively. In the fuel flow
direction, the highest temperature area is found in the middle of
stack.
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