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A two-dimensional mechanistic model of a tubular solid oxide fuel cell (SOFC) considering momentum, energy, mass and charg
s developed. The model geometry of a single cell comprises an air-preheating tube, air channel, fuel channel, anode, cathode an
ayers. The heat radiation between cell and air-preheating tube is also incorporated into the model. This allows the model to p
ransfer between the cell and air-preheating tube accurately. The model is validated and shows good agreement with literatur
nticipated that this model can be used to help develop efficient fuel cell designs and set operating variables under practical con

ransport phenomena inside the cell, including gas flow behaviour, temperature, overpotential, current density and species conce
nalysed and discussed in detail. Fuel and air velocities are found to vary along flow passages depending on the local temperatur
oncentrations. This model demonstrates the importance of incorporating heat radiation into a tubular SOFC model. Furthermore
hows that the overall cell performance is limited by O2 diffusion through the thick porous cathode and points to the development o
athode materials and designs being important avenues to enhance cell performance.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Tubular solid oxide fuel cells (SOFCs) are considered to be
he most advanced design for mid- to large-scale applications
p to 2 MW[1]. However, due to the complex interactions of
everal physical phenomena, rigorous mathematical models
re required to analyse the impact of cell design and operating
onditions on the cell performance.

Over the recent years, various SOFC models have been
eveloped. Campanari[2] developed a tubular cell model

rom a thermodynamic point of view and included the impacts
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of thermodynamic non-idealities on cell performance
terms of parameter correlations. Nagata et al.[3] developed
a 1D steady-state tubular SOFC model considering
trochemical and internal reforming reactions. They divi
the cell into many control volumes that behave as con
ous stirred tank reactors (CSTRs). Unfortunately, the m
simplifies the actual cell geometry within a stack and
calculation of heat transfer coefficient is also based on
developed laminar flow at a constant heat flux. Aguia
al. [4,5] developed models for direct- and indirect-inter
reforming of CH4. However, they used various correlatio
to determine mass flux, heat flux and cell resistance
are specific to particular operating conditions. Moreo
they assumed uniform distributions of species conce
tions and heat along the radial direction. This implies tha
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Nomenclature

A area perpendicular to the current flow (m2)
Bo parameter defined by Carman–Kozeny

equations
c molar concentration (kmol m−3)
Cp molar specific heat (J kg mol−1 K−1)
Dij binary diffusivity of a speciesi into another

speciesj (m2 s−1)
Deff

i,k effective Knudsen diffusivity of a speciesi

through porous media (m2 s−1)
Di mass diffusion coefficient of speciesi (m2 s−1)
Deff

O2
effective diffusivity through the porous
cathode

dp particle diameter (m)
E0 reversible cell potential (V)
F Faraday’s constant (96 487 A s mol−1)
Fr correction factor for heat radiation
IAn, ICat current along the peripheral path of anode and

cathode, respectively (A)
IE current density through each cell radial

segment (A m−2)
J current density (mA cm−2)
K equilibrium constant
L cell length (m)
Lpath path length along peripheral segment of

electrodes (m)
M molecular weight (kg kmol−1)
�m mass flux (kg m−2 s−1)
�N molar flux (kmol m−2 s−1)
p pressure (Pa)
Pw partial pressure of water (millibars)
Q volumetric heating rate (W m−3)
R gas constant (8.31441 J mol−1 K−1)
r radial coordinate (m)
RCat, RAn discretized electrical resistance of the

cathode and the anode, respectively (�)
s electrode interface conductivity (�−1 cm−2)
Sj volumetric rate of generation of speciesj

(kmol m−3 s−1)
T temperature (K)
u, v velocity in radial and axial directions,

respectively (m s−1)
y mole fraction
z axial coordinate (m)

Greek letters
ε emissivity factor
φ̄An, φ̄Cat average potentials at the anode and the

cathode, respectively (V)
�Helec enthalpy generation due to electrochemical

reaction (kJ mol−1)
η overpotential (V)
λ thermal conductivity (W m−1 K−1)

µ dynamic viscosity (N m−1 s−1)
φ potential (V)
ϕ porosity
ρ gas density (kg m−3)
σ electrical conductivity (�−1 m−1)
σo Stefan–Boltzmann constant

(5.67× 10−8 W m−1 K−4)
τM, τK tortuosity factors for molecular and Knudsen

diffusion, respectively

Subscripts and superscripts
AC air channel
An anode
APT air-preheating tube
Cat cathode
E electrolyte
H2 hydrogen
H2O water
N2 nitrogen
O2 oxygen

concentration resistances caused by mass diffusion through
the porous electrodes are negligible. The most recent and
advanced models for a tubular SOFC have been presented by
Li and Chyu[6] and Li and Suzuki[7]. These models account
for the actual geometry of the cell and all major phenom-
ena, including momentum, heat and mass transport coupled
with electrochemical and chemical reactions. Unfortunately,
these models neglect the diffusion of oxygen through the
thick porous cathode. Since the O2 diffusivity is much less
than the H2 diffusivity, the overall cell performance is lim-
ited by the O2 diffusion through the porous electrode to
reach the reaction site at the cathode/electrolyte interface.
Furthermore, the rates of the electrochemical reactions are
expressed entirely in terms of exchange current densities as
adopted from Chan et al.[8] and are assumed to remain con-
stant along the cell length. This assumption can cause serious
errors in the determination of the current density profile along
the cell length since the kinetics of electrochemical reactions
strongly depend on temperature and local species concentra-
tions[3,9,10]. Thus, the exchange current density must vary
along the cell length. Finally, the effect of heat radiation was
not incorporated by Li and Suzuki[7]. Although the model
of Li and Chyu[6] considered heat radiation, the method for
incorporating surface radiant exchange was unclear. Campa-
nari and Iora[11] developed a tubular SOFC model supplied
by methane-reformed gases. Unfortunately, the momentum
t cal-
c stant
N alid
o ow.
H n the
r

ransport was not incorporated into this model and the
ulation of heat transfer coefficients was based on con
usselt number for both the air and fuel sides, which is v
nly when a constant heat flux is transferred to the fluid fl
owever, heat generation within an SOFC depends o

ate of electrochemical reactions which is not uniform.
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In the present work, a mechanistic model of a cathode-
supported tubular SOFC is developed. Fuel and oxidant gases
considered in this model are humidified hydrogen and air,
respectively. The model geometry comprises the air and
fuel channels, cathode, electrolyte, anode and air-preheating
tube. Momentum, heat and mass transport equations coupled
with the electrochemical reactions are solved simultaneously.
Therefore, correlations for heat and mass transfer are not
required. In addition, the model incorporates a number of
potentially important factors: finite cathode size, mass trans-
port of O2 through the cathode using the dusty-gas model,
dependence of the exchange current densities on tempera-
ture and concentration and radiative heat transfer between
the cell and air-preheating tube.

2. Model description

2.1. Basic features of the cell and model geometry

The cell components used in this simulation consist of
supporting tube, cathode, electrolyte and anode fabricated in
a tubular shape with one closed end, as illustrated inFig. 1.
The cell dimensions are taken from the work of Hagiwara et
al.[12] (Table 1). For the purposes of this model development,

Table 1
Dimensions of cell components and of the flow passages used in the model

Item Value

I. Component thickness (�m)
Supporting tube 1500
Cathode 1000
Electrolyte 50
Anode 150

II. Diameter (mm)
Inner side of air-preheating tube 8.0
Outer side of air-preheating tube 9.0
Inner side of supporting tube 13.8
Outer side of anode 19.2
Outer diameter of fuel channel 29.2

III. Cell length (mm) 500

energy and mass transport through the supporting tube are
considered to be similar to those through the cathode so that
no distinction is made between these components of the cell.

Due to symmetry conditions, only the portion on one side
of the symmetry plane is considered in the model (Fig. 2). The
anode thickness (r-direction) is not taken into account in the
model geometry since mass transfer and ohmic resistances
through the thin porous anode are much smaller than those
through the other cell components.
Fig. 1. Schematic diagram of a typical tubular SOFC: (a) lo
ngitudinal section of flow passages and (b) cell cross-section.
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Fig. 2. Schematic diagram of the model geometry (not to scale).

Since the variation of the system properties in the
azimuthal (θ)-direction is not expected to be significant, the
model equations are solved in two dimensions only in ther–z
plane (seeFig. 2) to determine the profiles of current den-
sities, temperature and species concentrations along the cell
length. However, since the current flows in theθ-direction
as it flows from one interconnect to the other, an ohmic drop
exists in this direction. This effect is incorporated in the model
by coupling the equations in ther–z plane to a separate cal-
culation of the ohmic resistance along the path of the current
flow in ther–θ plane at eachz-position. Some simplifications
and assumptions were made in order to effectively link the
calculation in the two planes, as described next.

2.2. Model assumptions

• The model is based on steady-state, non-isothermal oper-
ation using humidified H2 as the fuel source.

• Gas flows in the channels are laminar.
• The fuel cell operates with 100% current efficiency, i.e.,

no reactant gas crossover or side reactions.
• There is no variation of temperature and species concen-

trations in the azimuthal direction within the cell.
• Heat transfer within the porous cathode occurs by conduc-

tion only, i.e., the enthalpy carried by oxygen in the pore
space is negligible.

• air-
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phery

2.3. Equivalent circuit of a tubular cell

In order to describe the flow of current and the effect of
ohmic resistances on cell performance, the equivalent circuit
shown inFig. 3 is used. The flow of current from the anode
interconnect to the cathode interconnect through the cell com-
ponents can be described in terms of an equivalent circuit over
the cross-sectional area of the cell. To determine the ohmic
drop within the cathode and the anode, the peripheral path of
the cell is divided into many small equal segments. The resis-
tances of the cathode and the anode to current flow between
the nodes are given as:

RAn = Lpath,An

σAnAAn
(1)

Fig. 3. Schematic diagram of equivalent circuit to account for ohmic resis-
tances in ther–θ plane (not to scale).
Heat transfer by radiation occurs only between the
preheating tube and cell structure. The radiant heat
one cell to the next cell within the stack is negligi
because of geometrical symmetry, i.e., the temperatur
tribution along the cell length is the same from one ce
the adjacent cells.
The mass transfer resistance through the porous an
ignored because of its small thickness and comparat
high H2 diffusivity.
The ohmic drop within the cell is due to ionic resista
of the electrolyte and electronic resistance of the po
electrodes along the peripheral current path in ther–θ plane
at eachz-position.
The current density along the peripheral path at the cat
is equal to that at the anode since the radius at the peri
of the cathode is similar to that of the anode.
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RCat = Lpath,Cat

σCatACat
(2)

whereLpath,An andLpath,Catare the path lengths along each
peripheral segment of the anode and the cathode, respectively.
σAn andσCat represent the conductivities of the anode and
the cathode, respectively. However, in the range of SOFC
operating temperature (800–1200◦C), σAn andσCat remain
virtually constant[13]. AAn andACat are the areas perpendic-
ular to the flows ofIAn andICat, respectively.

Assuming no ohmic resistance within the interconnects,
φa,0 and φc,N are the same as the potentials of the anode
interconnects, i.e.,φa,0=φAn andφc,N =φCat. Moreover, the
current density flowing from the anode to the cathode (IE) at
every node is the same because it is determined by the elec-
trode kinetics that are functions of temperature and species
concentrations for which no angular dependence is assumed.
The current balance for the anode region can be described
as:

For nodej, j = 1,. . ., N − 1:

φa,j − φa,j−1

RAn
− φa,j+1 − φa,j

RAn
− IEAE = 0 (3)

For nodeN:

n can

the
l n-
a bal-
a on
w -
s sport
e es
f -
e
d h
L

I

T
o d
c in the
a

lyte
i
t aces,
r the
e rs
p us,
t s

determined as follows:

∇ · (−σE∇φE) = 0 or

1

r

∂(rσE ∂φE/∂r)

∂r
+ ∂(σE ∂φE/∂z)

∂z
= 0 (6)

This equation can be solved numerically subject to the fol-
lowing boundary conditions:

n · (σE∇φE) = −JAn at r = rE

(anode/electrolyte interface) (7)

n · (σE∇φE) = JCat at r = rC

(cathode/electrolyte interface) (8)

whereJCat andJAn arise due to the electrochemical reactions
of O2 reduction and H2 oxidation, respectively, in units of
A m−2. These rate expressions are obtained from the work of
Nagata et al.[3]:

JAn = 10 000RT

3F
sAn

{
exp

(
2FηAn

RT

)
− exp

(−FηAn

RT

)}
(9)

J

w rpo-
t

η

η

w ode
a rule
u :

φ

φ

S nstant
o oten-
t -
i
t
T mer-
i

φa,N − φa,N−1

RAn
− IEAE = 0 (4)

The current balance of each node at the cathode regio
be formulated similarly.

Although IE has no angular dependence, it varies in
ongitudinal direction (z-direction). It becomes computatio
lly prohibitive to solve the anode and cathode current
nces for each value ofz and then use them in conjuncti
ith the transport equations in ther- andz-directions. Con
equently, the approach used is to first solve the tran
quations in ther- andz-directions to obtain numerical valu

or the current densityJAn (=JCat) over the entire periph
ral path as a function ofz. Once this is obtained,IE is
etermined as the average value ofJAn over the cell lengt
, i.e.,

E = 1

L

∫ L

0
JAn dz (5)

he current balances given by Eqs.(3) and (4) are solved
nce using this value ofIE to yield one set of anodic an
athodic potentials representing the average behaviour
xial direction.

The amount of current flowing through the electro
s related to the electrochemical reactions of O2 and H2 at
he cathode/electrolyte and the anode/electrolyte interf
espectively. No homogeneous reactions occur within
lectrolyte and transport by O2− across the electrolyte occu
redominantly by migration rather than by diffusion. Th

he distribution of the potential,φE, within the electrolyte i
Cat= 10 000RT

4F
sCat

{
exp

(−2FηCat

RT

)
− exp

(
2FηCat

RT

)}
(10)

hereηAn andηCat represent the anode and cathode ove
entials, respectively, i.e.,

An = φ̄An − φE − E0
An (11)

Cat = φ̄Cat − φE − E0
Cat (12)

hereφ̄An and φ̄Cat are the average potentials at the an
nd the cathode, respectively, estimated by Simpson’s
sing the potentials obtained from the equivalent circuit

Ān =

φAn + 4φa,1 + 2φa,2 + 4φa,3 + · · ·
+ 2φa,N−2 + 4φa,N−1 + φa,N

3N
(13)

C̄at =

φc,0 + 4φc,1 + 2φc,2 + 4φc,3 + · · ·
+ 2φc,N−2 + 4φc,N−1 + φCat

3N
(14)

ince the electrode resistances remain essentially co
ver the range of temperatures within the SOFC, the p
ials within the electrodes can be determined onceIE is spec
fied. The dependence ofφAn − φ̄An andφ̄Cat − φCat on IE at
emperatures between 800 and 1200◦C is shown inFig. 4.
hese simple relationships were used to facilitate the nu

cal algorithm to solve the model.
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Fig. 4. Plot ofφAn − φ̄An andφ̄Cat − φCat as a function ofIE between 800
and 1200◦C.

E0
An andE0

Cat are the reversible half-cell potentials of the
anodic and cathodic reactions, respectively, as expressed by:

E0
An = −RT

4F
ln pO2,An (15)

E0
Cat = −RT

4F
ln pO2,Cat (16)

wherepO2,An andpO2,Cat are partial pressures of O2 (atm)
at the anode/electrolyte and cathode/electrolyte interfaces,
respectively. The former can be calculated assuming that
pO2,An is in chemical equilibrium with other fuel gases, and
hencepO2,An can be written as:

pO2,An =
(

pH2O,An

KH2pH2,An

)2

(17)

whereKH2 is the equilibrium constant for H2 + 1/2O2 → H2O
which depends on temperature.

The termssCat and sAn given in Eqs.(9) and (10) are
estimated by the following correlations[3]:

sCat = 1.047× 106 exp

(
−130 000

RT

)
p0.50

O2,Cat (18)

s 7
(

120 000
)

0.133

2

s
f Eqs.
( as-
s l).

Momentum inz-direction:

∂(ρivivi)

∂z
+ 1

r

∂(rρiuivi)

∂r

= −∂pi

∂z
+ ∂

∂z

(
µi

∂vi

∂z

)
+ 1

r

∂

∂r

(
rµi

∂vi

∂r

)

+ ∂

∂z

(
µi

∂vi

∂z

)
+ 1

r

∂

∂r

(
rµi

∂ui

∂z

)
(21)

Momentum inr-direction:

∂(ρiviui)

∂z
+ 1

r

∂(rρiuiui)

∂r

= −∂pi

∂r
+ ∂

∂z

(
µi

∂ui

∂z

)
+ 1

r

∂

∂r

(
rµi

∂ui

∂r

)

+ ∂

∂z

(
µi

∂vi

∂r

)
+ 1

r

∂

∂r

(
rµi

∂ui

∂r

)
− 2µiui

r2 (22)

Energy transport:

∂(ρiCpi
viT )

∂z
+ 1

r

∂(rρiCpi
uiT )

∂r

= ∂

∂z

(
λi

∂T

∂z

)
+ 1

r

∂

∂r

(
rλi

∂T

∂r

)
+ Q (23)

Species transport:
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in the

( f heat
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a at
t on
d place
a
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p ince
t rt. On
t e the
p rec-
t s of
t SM)
a

λ

w l
c

An = 6.166× 10 exp −
RT

pO2,An (19)

.4. Momentum, mass and energy transport equations

According to the geometry shown inFig. 2, the equation
or momentum, heat and mass transport as indicated in
20)–(24)are solved simultaneously within the gas flow p
ages (air-preheating tube, air channel and fuel channe

Overall mass balance:

∂(ρivi)

∂z
+ 1

r

∂(rρiui)

∂r
= 0 (20)
∂(cjMjvi)

∂z
+ 1

r

∂(rcjMjui)

∂r

= ∂

∂z

(
Dj

∂cj

∂z

)
+ 1

r

∂

∂r

(
rDj

∂cj

∂r

)
+ Sj (24)

wherei denotes fuel or air andj represents H2 in the fuel
stream or O2 in the oxidant stream. The mass diffus
coefficients,DH2 andDO2, as well as the air and fuel he
capacities, are determined using the equations found
literature[14,15].

The sink termQ in Eq.(23)and the source termSj in Eq.
24) are set to zero because generation/consumption o
nd mass is considered to occur only at the domain bo
ries. In this model, O2 and H2 consumption takes place

he boundaries,r = rC andrE, respectively. Heat generati
ue to the electrochemical reaction is assumed to take
t r = rE.

Within the porous cathode, the momentum and mass t
ort equations are different from the previous equations s

he porous cathode is treated as a barrier to gas transpo
he other hand, the energy equation can be applied insid
orous cathode without much modification. Only the cor

ion of the thermal conductivity to combine the propertie
he cathode material, lanthanum strontium manganite (L
nd the gas filling the pores must be made:

Cat = ϕCatλair + (1 − ϕCat)λLSM (25)

hereϕCat is the cathode porosity andλLSM is the therma
onductivity of the cathode material.
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The most practical model widely used to describe mass
transport inside porous media isthe dusty-gas model [16–18].
This model allows for both Knudsen and bulk diffusion mech-
anisms in the overall diffusive flux and mass-average velocity
in convective flux. The expression governing the molar flux
of gas is given by:

−p

RT
∇yl =

�Nl

Deff
l,k

+
n∑

l=1,m�=l

ym
�Nl − yl

�Nm

Deff
l−m

+ yl

RT

(
1 + Bop

Deff
l,kµ

)
∇p (26)

whereyl andp denote mole fraction of speciesl and the total
pressure inside porous media, respectively.Deff

l,k andDeff
l−m

are the effective Knudsen and molecular diffusivities, respec-
tively. �Nl and �Nm are the molar fluxes of the participating
gases.Bo characterizes the pore structure and can be deter-
mined from the Carman–Kozeny relationship[19]

Bo =
(

d2
p

72τ

)(
ϕ3

(1 − ϕ)2

)
(27)

where dp, τ and ϕ are the particle size, tortuosity factor
and the porosity of the porous media, respectively. The first
and second terms on the right-hand side of Eq.(26) repre-
s hile
t d by
D

the
p
t is
i thode
i
a :

m ]MO2

w ode
( r-
m

D

D

D

w lar
a f the

cathode porosity. Iwata et al.[10] used the same value of
τM andτK in the range of 3–6 in their mathematical model.
Williford et al. [20] used a Wicke–Kallenbach experimental
apparatus to estimate the tortuosity of porous anode. They
found that the anode materials with typical porosities greater
than 30% exhibit tortuosities in the range of 2.5–3.0, which is
somewhat smaller than what Iwata et al. expected. However,
in the present model, the tortuosity factors are estimated from
formula based on Monte-Carlo simulations[21].

Since the O2 reduction reaction occurs only at the cath-
ode/electrolyte interface, the steady-state mass transport for
O2 within the cathode layer yields

∇ · �mO2 = 0 (32)

2.5. Boundary conditions

On the symmetrical axis at the air-preheating tube, i.e.,
r = 0:uair = 0,∂T/∂r = 0,∂cO2/∂r = 0 and∂vair/∂r = 0, and at
the fuel channel, i.e.,r = rFC: ufuel = 0,∂T/∂r = 0,∂cH2/∂r = 0
and ∂vfuel/∂r = 0. At the fuel inlet, i.e.,z = 0, the inlet
velocity, temperature and species mole fraction are pre-
scribed by the known operating conditions. Similar inlet
conditions for air are given atz = L. At the outlet of the
air and fuel channels (i: fuel or air) at z = L, pi = 1 atm,
∂ui/∂z = 0 and∂vi/∂z = 0. For heat and species transport,
∂

e
0
H e
g
− in
t
a
a due

t -
q
a the
o

�

T cath-
o
i
σ

−
t

1 + r

w ir,
a

ent Knudsen and molecular diffusions, respectively, w
he third term accounts for convective flow as describe
arcy’s law.
With typical pore sizes and material properties of

orous cathode (dp = 1�m, τ = 4, ϕ = 0.3), Bo is estimated
o be 1.91× 10−16 and 1+ Bop/Deff

i,kµ to be close to 1. Th
ndicates that convective transport inside the porous ca
s insignificant. Substituting this approximation into Eq.(26)
n expression used to determine O2 mass flux is as follows

� O2 = − Deff
O2,k

Deff
O2−N2[

Deff
O2−N2

+ (1 − cO2/ctot)Deff
O2,k

+ (cO2/ctot)Deff
N2,k

herectot is the total gas concentration in the porous cath
ctot = cN2 + cO2). Deff

O2−N2
, Deff

O2,k
andDeff

N2,k
can be dete

ined as follows:

eff
O2−N2

= DO2−N2

(
ϕCat

τM

)
(29)

eff
O2,k = DO2,k

(
ϕCat

τK

)
(30)

eff
N2,k = DN2,k

(
ϕCat

τK

)
(31)

hereτM andτK denote the tortuosity factors for molecu
nd Knudsen diffusion, respectively, and are functions o

Fr = [
1 −

{

∇cO2 (28)

T/∂z = 0, ∂cO2/∂z = 0 and ∂cH2/∂z = 0. At the closed
nd (z = 0), uair = 0, vair = 0, T = Tfuel,inlet and∇cO2(r, z) =
. Since the electrochemical reactions consume O2 and
2, the boundary conditions for O2 and H2 transport ar
iven byn · �mO2 = −JCatMO2/4F at r = rC andn · �mH2 =
JAnMH2/2F at r = rE, respectively. For transport with

he electrolyte, the boundary conditions aren·(σE�φE) = JCat
nd n·(σE�φE) =−JAn at r = rC and rE, respectively. It is
ssumed that the heat generation in the tubular cell is

o the exothermic electrochemical reaction atr = rE. Conse
uently, n·(λE�T) = JAn[�Helec/2F + (φCat− φAn)] applies
t r = rE, where�Helec is the enthalpy change due to
verall electrochemical reaction, i.e.,

Helec = �Hf,H2O − �Hf,H2 − 0.5�Hf,O2 (33)

he radiative heat exchange between the surface of the
de (r = rAC) and that of the air-preheating tube (r = rAPT)

s incorporated as boundary conditions,n · (λAPT∇T ) =
oFr(T 4|r=rAC − T 4|r=rAPT) at r = rAC and n · (λAPT∇T ) =
σoFr(T 4|r=rAC − T 4|r=rAPT) at r = rAPT, whereFr denotes

he correction factor for heat radiation defined as[22]:

εairεAPT(1 − εair)

APT
rAC

(εCatεair − εair − εCat)
}

(1 − εair)(1 − εAPT)
] (34)

hereεair, εAPT and εCat represent the emissivities of a
ir-preheating tube and cathode, respectively.εair strongly
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depends on the amount of H2O in air as given by[23]:

εair = 0.66+ 0.4P0.5
w (35)

wherePw is the partial pressure of H2O (millibars).

2.6. Numerical implementation

The finite-element software packageFEMLAB® [24] was
used to solve the transport equations coupled with electro-
chemical reactions. Depending on the initial guesses for the
state variables, the time required for each simulation was from
10 to 40 min on a Pentium IV 2.6 GHz. It should be noted here
that the number of grid points used to discretize the geometry
is a compromise between accuracy of model results and com-
putational capacity. The grid spacing at the anode/electrolyte
and cathode/electrolyte interfaces along the cell length was
finer than in other regions since high gradients of temperature
and species mole fractions occur in this region.

3. Results and discussion

3.1. Model validation

To ensure that the model can predict the observed
b one
t t al.
[ per-
a d in
T

tes
w iven
i ere
f
∼ -
p were
n al
p the
e f Li
a the
e ty on

Table 3
Operating conditions used in this simulation

Item Symbol Value

Species and its molar fraction
Hydrogen cH2,in 98.6%
Water cH2O,in 1.4%
Nitrogen cN2,in 79.0%
Oxygen cO2,in 21.0%

Inlet pressure
Fuel pfuel,in 1.0135× 105 Pa
Air pair,in 1.0135× 105 Pa

Inlet temperature
Fuel Tfuel,in 870.0◦C
Air Tair,in 600.0◦C

Fuel utilization Ufuel 85.0%
Air utilization Uair 16.7%
Cell potential Vcell 0.6–0.8 V
Average current density IE 100–520 mA cm−2

Fig. 5. Comparison of current–potential plots by the present model (�),
model from Li and Suzuki[7] (�) and the experimental data (Hagiwara et
al. [12]) (♦) at Uair ∼ 0.167 andUfuel ∼ 0.85.

cell potential very well. Excellent agreement is also obtained
in the low current density region where the fit of the model
from Li and Suzuki[7] shows some deviation. As expected,
higher current density leads to a lower cell potential due to

T
P

I Value Reference

C 0.30 [8]
T 1.50 [21]
T 3.44 [21]
I 3.3× 104 exp(−10 300/T) �−1 m−1 [13]
E 12 800�−1 m−1 [13]
E 30 300�−1 m−1 [13]
T 4 W m−1 K−1 [26]
T 2 W m−1 K−1 [26]
T 2 W m−1 K−1 [26]
T 1.1 W m−1 K−1 [6]
T 0.05 [25]
T 0.35 [25]
ehaviour of an operating tubular cell, a simulation was d
o compare with the experimental data of Hagiwara e
12]. Physical parameters of cell components and cell o
ting conditions used in this simulation are summarize
ables 2 and 3, respectively.

In this simulation, the values of fuel and air flow ra
ere adjusted to match the values of utilization factors g

n Table 3. For different operating cell potentials, they w
ound to vary from∼0.002 to 0.008 kg h−1 for the fuel and
0.4 to 0.9 kg h−1 for air. However, it is impossible to com
are these values with the experimental data since they
ot reported by Hagiwara et al.[12]. The current–potenti
lot obtained from this simulation is compared with
xperimental data and the predictions from the model o
nd Suzuki[7] in Fig. 5. The present model can predict
xperimentally observed dependence of current densi

able 2
hysical properties of the cell components used in this simulation

tem Symbol

athode porosity ϕCat

ortuosity for molecular diffusion τM

ortuosity for Knudsen diffusion τK

onic conductivity of electrolyte σE

lectronic conductivity of cathode σCat

lectronic conductivity of anode σAn

hermal conductivity of cathode λCat

hermal conductivity of electrolyte λE

hermal conductivity of anode λAn

hermal conductivity of preheating tube λAPT

hermal emissivity of preheating tube εAPT

hermal emissivity of cathode εCat
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Fig. 6. Surface and arrow plots of velocity profiles for air (a) and fuel (b) inside flow passages for the base case model (IE ∼ 300 mA cm−2, Vcell ∼ 0.7 V,
Uair ∼ 0.167 andUfuel ∼ 0.85).

the increase in the activation, ohmic and concentration over-
potentials.

3.2. Simulation results

3.2.1. Flow behaviour
The velocity profiles for air and fuel are presented inFig. 6.

The gas velocity inside the air-preheating tube increases
along the tube length since air expands due to preheating
(Fig. 6(a)). Once air is discharged at the closed end of the
cell, it impinges on the cell wall and flows further along the
air channel in the reverse direction in the annular region
between the cell and the air-preheating tube. At a given
mass flow rate, the velocity inside a tube is inversely propor-

tional to the tube diameter. Accordingly, the lower velocity
at the closed end of the cell is expected since the size of
the closed end tube is larger than that of the air-preheating
tube. Moreover, once air hits the cell wall, it loses momen-
tum and its velocity is reduced. The velocity profile changes
only slightly along the cell length outside the air-preheating
tube because the temperature does not change much in this
region. This is confirmed in the temperature profile along the
cell length as shown inFig. 7. Although the mass of O2 is con-
sumed by the electrochemical reaction along the cell length,
this does not affect the air velocity profile since the total
mass of air flowing through the air channel is much greater
than the mass of oxygen consumed by the electrochemical
reactions.

F e base
ig. 7. Surface and contour plots of cell temperature distribution (◦C) for th
 case model (IE ∼ 300 mA cm−2, Vcell = 0.7 V,Uair ∼ 0.167 andUfuel ∼ 0.85).
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Fig. 8. Rate of radiative heat transfer from the surface of the cell to the
surface of the air-preheating tube along the cell length atr = rAC.

In contrast, the velocity profile of the fuel, as shown in
Fig. 6(b), decreases along the cell length although the tem-
perature along the cell length increases. This can be explained
by the fact that H2 is being consumed electrochemically to
form water in the fuel channel. Although the molar consump-
tion of H2 is the same as the molar generation of H2O, the
rate of H2O generation on a mass basis is nine times the rate
of H2 consumption. As a result, the velocity of fuel stream is
reduced because of an increase in its total mass.

3.2.2. Temperature distribution
The temperature distribution is crucial to SOFC opera-

tion. The reaction kinetics strongly depends on the local cell
temperature, thus affecting the overall cell performance. Fur-
thermore, heat management is a challenging problem during
cell operation. Since the cell length is quite long, cracking
of the ceramic material can occur due to thermal gradients
and hot spots within the cell. Consequently, this simulation
focuses not only on the temperature distribution within the

F cell
l ed.

cell, but also on improving cell design so as to minimize
temperature non-uniformity.

Fig. 7 shows the temperature distribution inside the cell.
In the air-preheating tube, the air temperature increases as
one approaches the closed end of the cell. The gradient is
very high near the air inlet and low at the closed end of the
cell before it enters the air channel. This can be explained by
the fact that a high amount of heat is transferred from the cell
to the preheating tube due to the exothermic electrochemical
reaction. A significant rate of heat transfer occurs near the
inlet of the preheating tube because of a large temperature
difference between the air and the cell. When this difference
is reduced, the rate of heat transfer also declines as observed
near the closed end. The temperature variation within the air
channel is less than that inside the air-preheating tube since
the temperature difference between the air channel and the
cell is not as high as that between the air-preheating tube
and the cell. The radial temperature distribution within the

Fig. 10. Distributions ofE0 (a), overpotential (b) and current density
(c) along the cell length for the base case model (IE ∼ 300 mA cm−2,
Vcell = 0.7 V,Uair ∼ 0.167 andUfuel ∼ 0.85).
ig. 9. Comparison of computed cell temperature profiles along the
ength between the cases where heat radiation is included and exclud
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fuel channel and cell structure is quite uniform primarily due
to high thermal conductivity of the electrode material. With
regard to the axial direction, the temperature within the fuel
channel reaches a maximum of about∼1110◦C near the cen-
tre of the cell, which is∼230◦C greater than the inlet fuel
temperature. Therefore, this region requires particular atten-
tion since the electrode material can crack due to the stress
created by hot spots.

The three mechanisms that drive heat from the cell to the
air are conduction, convection and radiation. Radiative effects
are significant only when the operating temperature is quite
high, as in a SOFC.Fig. 8 shows the amount of heat radi-
ated from the cell surface to the surface of the air-preheating
tube. Near the fuel inlet, the temperature difference between
the air-preheating tube and the cell is low enough that only a
small amount of heat is transferred to the air-preheating tube.
On the other hand, it is relatively uniform betweenz ∼ 0.26
and∼0.34 m where the temperature difference between the
air-preheating tube and the cell is relatively constant. At an
axial distance greater than∼0.34 m, the rate of radiative
heat transfer decreases slightly from∼700 to∼550 W m−2

before drastically increasing from∼550 to∼1450 W m−2 in

the fuel outlet region. The high radiation rate atz ∼ 0.5 m
is caused by the large temperature difference between the
cell and the inlet air and makes an important contribution
to air preheating.Fig. 9 compares the cell temperature pro-
files in the cases where the radiative heat transfer is included
and where it is not and indicates that its inclusion leads to
a decrease in the cell temperature of∼60◦C near the cen-
tre of the cell. This temperature difference is relatively small
because heat convection in the air channel is the predomi-
nant mode of heat transfer. The contribution of heat radiation
should increase as the air velocity is reduced. Although the
temperature difference seems small when compared to the
operating temperature, it is still critical for the heat manage-
ment since the extra amount of heat generated inside a cell
can cause material degradation.

3.2.3. Distributions of reversible cell potential,
overpotential and current density

Fig. 10 illustrates the distributions of the reversible cell
potential (E0), overpotentials and current density along the
cell length.E0 decreases along the cell length because of
the depletion of fuel and oxidant downstream. The reversible

F
C

ig. 11. Surface plots of distributions of H2 (a) and O2 (b) concentrations for the ba
oncentrations are expressed in terms of molar fractions.
se case model (IE ∼ 300 mA cm−2,Vcell = 0.7 V,Uair ∼ 0.167 andUfuel ∼ 0.85).
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cell potential at the fuel outlet is about 73% of that at the
inlet end. This implies that the reduction of the reversible
cell potential is one of the major reasons for decreasing cell
performance. On the other hand, the overpotentials at the
cathode and the anode decrease as one moves away from the
fuel inlet. In general, the overpotential increases as the current
density rises. Nonetheless, the overpotentials still decrease
even when the current density increases in the region from
z = 0 to ∼0.2 m. The reason is that the effect of increasing
current density is more than compensated by the concomitant
increase in temperature (seeFig. 7), which leads to a decrease
of overpotential. Moreover, the overpotential at the cathode
side is greater than that at the anode side over the entire length
of cell because of inherently slower kinetics of the cathodic
reaction and large cathode thickness[8].

As shown inFig. 10(c), the current density increases
and reaches a maximum of∼440 mA cm−2 at an axial
distance of∼0.14 m. Thereafter, it continuously decreases
toward the fuel cell outlet. The minimum current density is
∼50 mA cm−2 at the tube outlet. The key parameters affect-
ing the electrochemical reaction rate are the local H2 con-
centration and temperature. At the fuel cell inlet, high H2
concentration results in a high reaction rate. The current den-
sity keeps increasing although H2 concentration decreases
along the fuel inlet region because of an increase in the local
temperature as depicted inFig. 7. Beyondz ∼ 0.14 m, the
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The model shows good agreement with experimental
current–potential curve data obtained from the literature. The
distribution plots of flow, temperature, current density and
species concentrations contribute to a better understanding
of transport phenomena inside the cell. The model results
suggest that O2 diffusion through the thick porous cathode
limits the cell performance of a tubular-type SOFC.
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