
A

o
m
a
a
i
t
t
n
s
©

K

1

t
e
t
c
z
fi
b
i
T
r

0
d

Journal of Power Sources 171 (2007) 696–705

A mathematical model of a tubular solid oxide fuel
cell with specified combustion zone

Junxi Jia a,∗, Abuliti Abudula b, Liming Wei c, Renqiu Jiang a, Shengqiang Shen d

a College of Power and Energy Engineering, Harbin Engineering University, Harbin 150001, China
b New Energy Technology Research Division, Aomori Industrial Research Center, 4-11-6 Daini-tonyacho, Aomori 030-0113, Japan

c School of Electric and Electronic Information Engineering, Jilin Architectural and Civil Engineering Institute, Changchun 130021, China
d School of Energy and Power Engineering, Dalian University of Technology, Dalian 116024, China

Received 11 June 2007; accepted 15 June 2007
Available online 23 June 2007

bstract

A numerical model has been developed to simulate the effect of combustion zone geometry on the steady state and transient performance
f a tubular solid oxide fuel cell (SOFC). The model consists of an electrochemical submodel and a thermal submodel. In the electrochemical
odel, a network circuit of a tubular SOFC was adopted to model the dynamics of Nernst potential, ohmic polarization, activation polarization,

nd concentration polarization. The thermal submodel simulated heat transfers by conduction, convention, and radiation between the cell and the
ir feed tube. The developed model was applied to simulate the performance of a tubular solid oxide fuel cell at various operating parameters,
ncluding distributions of circuits, temperature, and gas concentrations inside the fuel cell. The simulations predicted that increasing the length of
he combustion zone would lead to an increase of the overall cell tube temperature and a shorter response time for transient performance. Enlarging

he combustion zone, however, makes only a negligible contribution to electricity output properties, such as output voltage and power. These
umerical results show that the developed model can reasonably simulate the performance properties of a tubular SOFC and is applicable to cell
tack design.

2007 Elsevier B.V. All rights reserved.
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. Introduction

A fuel cell is a device that converts chemical energy into elec-
ricity directly through the electrochemical reaction of a fuel (for
xample, hydrogen) with oxygen. Compared with traditional
hermal-electricity generators, a fuel cell is not only more effi-
ient but also more environmentally friendly because of low or
ero pollution produced [1,2]. Planar and tubular geometric con-
gurations are the two typical designs for SOFCs. There have
een over 40 years of theoretical, laboratory, and modeling stud-
es of tubular SOFCs, a longer time than for planar SOFCs [3].

he technique of design and manufacture of tubular SOFCs is

elatively mature [3].
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Most experimental investigations have focused on the over-
ll electrochemical performance [4,5], while computational
odeling has focused on systematic characteristics at vari-

us operation conditions. Because of their validity, calibrated
umerical models are expected to be able to achieve system
ptimization for both steady state and transient performances.

Various models have been developed to simulate tubular
OFC performance [3,4,6–20]. The features of these models
re different. Some are steady state models [3,4,6–11]; others
re models [12–20] addressed to transient operations.

In general, the electrochemical models of tubular SOFCs
nclude three polarizations: ohmic polarization, activation
olarization and concentration polarization. Hirano et al. [4]
eveloped a model to examine the roles of ohmic and con-

entration polarizations on electrochemical properties with the
ssumption that the effects from activation polarization were
egligibly small. By contrast, the model Aguiar and Chadwick
eveloped [7] did not include concentration polarization because
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Nomenclature

A area (m2)
C concentration (mol m−3)
D diffusion coefficient (m2 s−1)
Eact activation energy (J mol−1)
F Faraday constant (96485 C mol−1)
�G change in Gibbs free energy (J mol−1)
i current density (A cm−2)
i0 exchange current density (A m−2)
i current (A)
Ji transport rate of specie i (mol m−2 s−1)
K heat exchange coefficient (W m−2 K−1)
L length of cell (m)
p partial pressure
r cell radius coordinate (m)
R universal gas constant (8.314 J mol−1 K−1)
V terminal voltage (V)
Uf fuel utilization
Uo oxidant utilization
W electrical power (W)
x cell axial coordinate (cm)
Xi molar fraction of specie i
z electrons transferred per reaction

Greek letters
α transfer coefficient
ε porosity
η polarization (V)
λ thermal conductivity (W m−1 K−1)
ρ specific resistivity (� cm)
τ tortuosity

Subscripts
a anode
act activation polarization
air air in the air feed tube
b air feed tube
c cathode
con concentration polarization
cz combustion zone
e electrolyte
g gas
ohm ohm polarization
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Fuel enters near the outside of the closed end of the cell

and flows along the cell to the open end. Air is provided to the
inside of the cell via an air feed tube and moves to the closed
end of the cell. Oxygen in the air fed to the cathode accepts
s cell solid structure

he principal electrochemical reactions were considered to be
inetically controlled. Therefore, only activation polarizations
ere taken into account. For heat transfer, some models have

imply considered taking heat conduction and convention into
ccount to simulate the thermal properties: for example, the
odels developed by Hirano et al. [4] and Campanari and Iora
8]. Radiation, which plays an important role in heat transfer
hen the temperature of the cell tube is high [3], has been rarely

tudied.
F
(
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Achenbach [21,22] developed a transient model for SOFCs
hat included ohmic, activation and concentration polarizations
nd radiation heat transfer. M.A. Khaleel et al. [23] numeri-
ally analyzed the performance of SOFCs at steady state and at
tartup using a model that did not take radiation heat transfer
nto account. Both models were used to simulate the operation
f planar SOFCs, not tubular SOFCs. The simulation results
rom these models showed the overall performance character-
stics of the modeled fuel cell to be reasonably estimated. The
omputational time was also acceptable.

Nonetheless, it is clear that little attention has been paid to the
ffects of fuel cell geometry on performance or model design. It
s also recognized that the effect of the combustion zone geom-
try on fuel cell performance has seldom been examined either
xperimentally or numerically. Theoretically, the heat transfer
hrough the combustion zone should play an important role on
uel cell performance because of the large temperature differ-
nce produced. For example, when tubular SOFCs work in a
ell stack, the unreacted fuel can flow into the combustion zone
o react with the depleted air. The combustion products form the
xhaust and the heat from the combustion zone can be used to
reheat the inlet air.

In this work, a model was developed to simulate the opera-
ion of a tubular SOFC with a specified combustion zone. The
lectrochemical model includes all three polarizations: ohmic,
ctivation and concentration. The radiation between the cell tube
nd the air feed tube was also included in the thermal model.
he effect of the combustion zone geometry on the steady state
nd transient operation performance of the cell was analyzed in
etail.

. Model description

.1. Cell configuration

Fig. 1 illustrates the configuration of the SOFC stack. A
ubular SOFC with combustion zone is shown in Fig. 2.
ig. 1. Scheme of the SOFC stack. (1) Air; (2) exhaust; (3) fuel; (4) unreact air;
5) unreact fuel; (6) combustion zone.
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Fig. 2. Configuration of tubular SOFC with combustion zone.

Table 1
Geometry parameters of the tubular SOFC

Component Value

Thickness of cathode 2200 �m
Thickness of anode 100 �m
Thickness of electrolyte 40 �m
Thickness of air feed tube 1 mm
Outer diameter of cell 22 mm
O
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flow of ions in the electrolyte and the flow of electrons through
the electrode.

Due to the symmetric current flow through the two halves of
the cell in Fig. 4, it is only necessary to calculate the resistance
uter diameter of air feed tube 12 mm
ength of cell 150 cm

lectrons from external circuit to form oxygen ions. The ions are
onducted through the solid electrolyte to the anode. At the fuel
lectrode, the ions combine with hydrogen in the fuel to form
ater. Electrons flow from the anode through the external circuit
ack to the cathode. Since the electrochemical is exothermic, the
ell produces heat as well as electricity.

After exiting the cell, the fuel and air mix and react in the com-
ustion zone. The combustion products flow along the outside
f the air feed tube to preheat the incoming air.

The dimensions of the cell and each cell component are listed
n Table 1 [24,25].

.2. Electrochemical model

To simulate the electrochemical characteristics of the cell,
he tubular cell is divided into slices by the planes perpendicu-
ar to x-axis as shown in Fig. 2 and denoted by sliced cell. The
ernst potential, electrical current, and polarizations of each

lice are calculated individually. A circuit composed of electro-
otive forces and cell impedances models a sliced cell. Fig. 3
hows the cell equivalent electric circuit.
The cell terminal voltage is constant because the electrode

aterials are good electric conductors and the resistance of Ni

Fig. 3. Cell equivalent electric circuit.
urces 171 (2007) 696–705

elt used for the electrical contact between cells is sufficiently
ow. However, the driving Nernst potential varies along the cell
ength. The varying Nernst potential produces varying local cur-
ent densities. The nonuniform current results in locally varying
oltage polarizations. Each local Nernst potential is reduced to
he terminal voltage by the sum of the local voltage polarizations.
herefore, the cell terminal voltage is given by

= E0 − ηact,a − ηact,c − ηohm − ηcon,a − ηcon,c (1)

here V is the cell potential and E0 is the Nernst potential, which
s calculated by

0 = −�G0

2F
+ RT

2F
ln

pH2 (pO2 )1/2

pH2O
. (2)

.2.1. Activation polarization
The development of electrochemical reaction requires over-

oming an activation energy barrier. This phenomenon defined
s activation polarization can be described by the Bulter-volmer
quation [26].

= i0

{
exp

(
αzFηact

RT

)
− exp

[−(1 − α)zFηact

RT

]}
(3)

here α is the transfer coefficient, z the number of electrons
articipating in the electrode reaction, F the Faraday constant,
nd i0 is the exchange current density that can be calculated as

0,a = γa

(
pH2

p0,a

) (
pH2O

p0,a

)
exp

(
−Eact,a

RT

)
(4)

0,c = γc

(
pO2

p0,c

)0.25

exp

(
−Eact,c

RT

)
(5)

alues for γa, γc, Eact,a, Eact,c could be found from literature
26].

.2.2. Ohmic polarization
Ohmic losses occur because of resistance resulting from the
Fig. 4. Current path of tubular SOFC.
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Fig. 5. Equivalent electric circuit of the ohmic resistance.

f a half slice. The total resistance of a cell slice is the parallel
ombination of the two halves. The equivalent electric circuit of
he ohmic resistance for calculation is given in Fig. 5.

The cell equivalent ohmic resistance depends on the anode,
athode and electrolyte resistances.

Ohmic polarization is expressed by Ohm’s law:

ohm = I
∑

R
i

(6)

here Ri = ρiδi/Ai is the ohmic resistance of anode, cathode,
nd electrolyte in each share of the equivalent circuit of Fig. 5,
i the respective area of the section where the current flows,
i the corresponding current flow length and ρi is the material
esistivity, which is the strong function of temperature as given
n Table 2 [1,3].

.2.3. Concentration polarization
The analysis of concentration polarization should begin with

he analysis of the transport of gases through porous electrodes.
he electrode concentration overpotential considers the differ-
nce in gas concentrations between the electrode–electrolyte
nterface and the bulk. Mass transport models inside the porous
OFC electrode must be applied to estimate gas concentrations
t the electrode–electrolyte interface. In this model, both ordi-
ary and Knudsen diffusions are considered. The model has
aken into account the physical properties of SOFC material
ike porosity, tortuosity and pore size of the electrode materials.
he concentration polarization is given by two terms, related to

he anode and cathode side:

con = RT

2F
ln

X0
H2

Xr
H2O

Xr
H2

X0
H2O

+ RT

4F
ln

X0
O2

Xr
O2

= ηcon,a + ηcon,c (7)

here X0
i and Xr

i is the molar fraction of specie i in the bulk and
t the electrode–electrolyte interface, respectively, which can be

stimated by the Fick’s law:

i = −Di,

dCi

dr
(8)

ρ

able 2
roperties of SOFC components

Resistivity (� cm) Pore radius of electrode (�m)

athode 0.008114 exp(600/T) 1
lectrolyte 0.00294 exp(10350/T) –
node 0.00298 exp(−1392/T) 1
ir feed tube – –
urces 171 (2007) 696–705 699

here Di = [τ/ε(1/Di,m + 1/Di,k)]−1, Di,m the mass diffusion
oefficient of specie i in the mixture, Di,k the Knudsen diffusion
oefficient of species i, ε the porosity and τ is tortuosity.

Applying the Kirchhoff’s law of current, the currents in each
hare of the equivalent circuit can be obtained [27,28].

.3. Thermal model

.3.1. Energy balance equations in tubular SOFC
The cell temperatures influence the electrochemical model

nd these temperatures affect the local driving voltage, polar-
zations, and heat generation within the cell. A thermal model
as been developed to determine these temperatures by a finite-
olume approach. In the electrochemical model, the cell is
ivided into axial sections or slices. In the thermal model, the
ame sections are used and each section is composed of the
olid structure, air feed tube and flow passages volumes. Energy
alances equations for such volumes in each section can be
escribed as follows.

The general form of the energy conservation equation for a
ontrol volume is,

dECV

dt
= Q̇CV − ẆCV +

∑
i

nihi|in −
∑

i

nihi|out (9)

here ECV is the internal energy (J), Q̇CV the rate of ther-
al energy (W) transferred across the control volume, ẆCV the

ate of work transferred across the control volume,
∑

inihi|in
he enthalpy gained due to mass flowing into the element, and

inihi|out is the enthalpy loss due to mass flowing out of the
lement. For the steady state, left hand term in Eq. (9) is elimi-
ated.

The change rate of internal energy is given by:

dEcv

dt
= ρ · CV · (�V ) · dT

dt
(10)

here ρ is the density (kg m−3), CV the specific heat at con-
tant volume (J kg−1 K−1), �V the elemental volume (m3), T
he absolute temperature (K), and t is time (s).

Tracking of the energy flows in the cell proceeds by making
eparate energy balances for the air in the air feed tube, cathode
as, fuel gas and solid structure.

The energy balances for air preheating volume is expressed
s:
airc
air
V �Vair

Tair − Tair

�t
=

∑
i

n
k+1,p
i h

k+1,p
i −

∑
i

n
k,p
i h

k,p
i

+KairAa(T k,p
b − T

k,p
air ) (11)

τ/ε Thermal conduction (W m−1 K−1) Emissivity

3/30% 9.6 0.9
– 2.7 –
3/30% 6.23 —
– 6.04 0.9
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where the first and the second term on the right hand side of
00 J. Jia et al. / Journal of Pow

here Kair is the convective heat transfer coefficient between the
ir preheating and air feed tube and Aa is the heat transfer area,
is the time index and �t is the change in time from time step
to time p + 1.
For the full developed laminar flow, the heat transfer coeffi-

ient is expressed by [29]

= Nu
λg

De

here λg is the thermal conductivity of the mixed gas, De the
quivalent diameter.

The cathode gas energy balance can be written as

ρcc
c
V �Vc

T
k,p+1
c − T

k,p
c

�t

=
∑

i

n
k−1,p
i h

k−1,p
i −

∑
i

n
k,p
i h

k,p
i + KbcA

b
c(T k,p

b − T k,p
c )

+KscA
s
c(T k,p

s − T k,p
c ) − Ik

4F
h

k,p
O2

(12)

here Kbc is the convective heat transfer coefficient between
he cathode gas and air feed tube and Ksc is the convective heat
ransfer coefficient between solid cell and bulk cathode air flow.
he last term on the right hand side is the rate of energy accom-
anying mass transfer of oxygen out of the bulk to the cathode
olid.

The time varying energy conservation equation for fuel gas
an be written as,

ρfc
f
V �Vf

T
k,p+1
f − T

k,p
f

�t

=
∑

i

n
k−1,p
i h

k−1,p
i −

∑
i

n
k,p
i h

k,p
i + KsfA

s
f (T

k,p
s − T

k,p
f )

− Ik

2F
(hk,p

H2
− h

k,p
H2O,Ts

) (13)

here the first and the second term on the right hand side are the
ates of energy transfer accompanying the fuel mass flow into
nd out of the element, the third term is the convective heat flux
rom the solid cell to the fuel gas, and the last term is the sum
f the energy accompanying mass transfer of reactant (H2) and
eaction product (H2O).

The solid cell unsteady energy balance is written as,

ρsc
s
V �Vs

T
k,p+1
s − T

k,p
s

�t

= λs

δx
Aλs(T

k−1,p
s − T k,p

s ) − λs

δx
Aλs(T

k,p
s − T k+1,p

s )

+KsfA
s
f (T

k,p
f − T k,p

s ) + KscA
s
c(T k,p

c − T k,p
s )

− Abσ[(T k,p
s )

4 − (T k,p
b )

4
] − Ik

�HH2O,Ts − Wk,p
1/εb + (Ab/As)(1/εs − 1) 2F
(14)

here the former five terms on the right of Eq. (14) are the net
nergy transferred to the cell by heat transfer via conduction,

E
a
t
g

urces 171 (2007) 696–705

onvection, and radiation. The sixth term is the net energy addi-
ion by the convective flux of reacting species to the solid cell
nd subsequent release of their respective reaction enthalpies.
he last term is the electrical energy generated in the solid cell
ue to electrochemical oxidation of hydrogen.

In the cell region, the equation for the air feed tube is
xpressed as:

ρbc
b
V �Vb

T
k,p+1
b − T

k,p
b

�t

= λb

δx
Aλb(T k−1,p

b − T
k,p
b ) − λb

δx
Aλb(T k,p

b − T
k+1,p
b )

+KairAa(T k,p
air − T

k,p
b ) + KbcA

b
c(T k,p

c − T
k,p
b )

+ Abσ[(T k,p
s )

4 − (T k,p
b )

4
]

1/εb + (Ab/As)(1/εs − 1)
(15)

In the combustion zone, the equations is

ρbc
b
V �Vb

T
k,p+1
b − T

k,p
b

�t

= λb

δx
Aλb(T k−1,p

b − T
k,p
b ) − λb

δx
Aλb(T k,p

b − T
k+1,p
b )

+KairAa(T k,p
air − T

k,p
b ) + KczAcz(T k,p

cz − T
k,p
b ) (16)

here the last term on the right of Eq. (16) is the net energy
ransferred to the air feed tube by heat transfer via con-
ection between the combustion products and the air feed
ube.

In the combustion zone, fuel and air that exit the cell mix,
ombust and are converted to the combustion products flow.
he mixture temperature is determined from the energy balance
f the exiting gas. The combustion react occurs instantaneously
nd the combustion heat is generated in a very thin region. There-
ore, the heat source is added to the first combustion products
ode.

The time varying energy conservation equation of the first
ode for combustion products can be written as:

ρczc
cz
V �Vcz

T
k,p+1
cz − T

k,p
cz

�t

=
∑

i

n
mix,p
i h

mix,p
i −

∑
i

n
k,p
i h

k,p
i + KczAcz(T k,p

b − T k,p
cz )
q. (17) is the rats of energy transfer accompanying the exit fuel
nd air mass flow into and out of the element, the third term is
he convective heat flux from the air feed tube to the products
as, and the last term is the combustion heat.



er Sources 171 (2007) 696–705 701

p

2

t

i
d

T

T

T
f
c

T

T
c

T

T

2

c
t
N
a
t
a
c
g
a
e

3

3

V
[

Fig. 6. Cell voltage vs. current density.

Table 3
Condition and parameters for simulation

Fuel inlet composition (molar fraction) 89% H2 + 11% H2O
Oxidant inlet composition (molar fraction) 21% O2 + 79% N2

Fuel inlet temperature (K) 1173
Oxidant inlet temperature (K) 1173
Fuel inlet flow rate (mol s−1) 1.96 × 10−3

O
O

e
a
p
r

t

a
c
tube and annulus channel increase gradually in the direction of
flow due to the heat transferred by convection. The temperature
distribution of fuel is dependent on the temperature of cell tube.
J. Jia et al. / Journal of Pow

The unsteady energy balance of the rest node for combustion
roduct is written as,

ρczc
cz
V �Vcz

T
k,p+1
cz − T

k,p
cz

�t

=
∑

i

n
k−1,p
i h

k−1,p
i −

∑
i

n
k,p
i h

k,p
i

+KczAcz(T k,p
b − T k,p

cz ). (18)

.4. Boundary conditions

The boundary conditions for the energy conservation equa-
ions are as follows.

As the air feed tube is divided into n sections and the cell tube
s divided into m sections, accordingly the combustion zone is
ivided into n − m sections.

At the entrance of the air and fuel,

n+1
air = Tair|inlet (19)

0
f = Tf|inlet (20)

he air preheating becomes the cathode gas at the exit of the air
eed tube, therefore the continuity between the feed air and the
athode gas can be expressed as,

0
air = T 0

c (21)

he outlet end of cell and the inlet of the air feed tube are
onsidered adiabatic, that is,

m
s = Tm+1

s (22)

n
b = T n+1

b . (23)

.5. Numerical solution algorithm

In a SOFC, current and temperature distributions are strongly
oupled. The electrochemical model is solved with a tentative
emperature profile. The electrochemical model determines the
ernst potential, current and electric power. The thermal model

ccepts these results from electrochemical model and calculates
he temperature of the gasses and solids. There temperatures are
pplied to the electrochemical model for the next calculation of
ell Nernst potential, current and power. As the simulation pro-
ressed the model steps back and forth between electrochemical
nd thermal calculations until the convergence is obtained. The
quations are solved numerically using the Gauss Seidel method.

. Results and discussion

.1. Steady state characteristics
In order to investigate the accuracy of the model, the calculate
–i curve is compared with the experimental data in reference

5] in Fig. 6.
xidant inlet flow rate (mol s−1) 3.73 × 10−2

peration pressure (atm) 1

The relative deviation between the simulated voltage and
xperimental voltage in reference [5] is no larger than 5%. Such
good agreement for the terminal voltages between the model-
rediction and the experiment shows that the present model is
eliable.

The operation conditions and parameters for simulation in
he work are listed in Table 3.

Fig. 7 shows the temperature profile for the fuel flow (Tf), the
ir in the air feed tube (Tair), the cathode gas flow (Tc), and the
ombustion product (Tcz). The temperatures of air in the feed
Fig. 7. Temperature profiles of gas in the tubular SOFC.
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Fig. 10. Ohmic polarization profiles.
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Fig. 8. Temperature profiles of solid in cell.

Due to the exothermic combustion reaction, the temperature
f the combustion product has a evident increase from the tem-
erature of mixed gases, then the temperature of it decreases
radually because of the convection on the outside of air feed
ube between the hot products and the feed tube.

It is important for the SOFC to work under the maximum
emperature limit, however, it is difficult to measure the temper-
ture. In the work, the simulated results for the solid temperature
rofiles along the x-axis are shown in Fig. 8. Both of the tem-
erature of air feed tube and cell solid structure increase and
hen decreases along the x-axis, the two ends of the cell tube
ave a lower temperature than the middle of the cell tube. The
educed temperatures at the ends are due to heat transfer to the
ncoming fuel and air. In the combustion zone, the temperature
istribution of the air feed tube is affected by feed air cooling
nd combustion product heating.

Fig. 9 shows the local Nernst voltage and current density.
oth of them decrease along the x-axis. It is because that along

he stream, the depletion of fuel and oxide has a significant effect
n the local Nernst voltage.

The three kinds of polarization losses, which decrease the

ell potential from the ideal Nernst value to the real value, are
hown in Figs. 10 and 11. Among the three polarizations, the
hmic polarization plays the most significant role in the cathode-
upported SOFC. The concentration polarization at the anode

Fig. 9. Nernst voltage and current density profiles.

n

c

ig. 11. Activation and concentration polarization profiles with combustion
one.

ide is smaller than that at the cathode because the cathode is
hicker than anode and the reactant diffuse through the relatively
hick porous cathode to the reaction site at the cathode electrolyte
nterface. The concentration polarization at the anode side is

egligible with respect to the other losses.

Fig. 12 shows the molar fractions variation of gases in the
ell along the fuel path. The consumption of the fuel gas and

Fig. 12. Flow chemical composition profile.
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Table 4
Effect of the length of combustion on the performance of tubular SOFC

Lcz (cm) 0 15 0 15 0 15
i (A cm−2) 0.3 0.3 0.4 0.4 0.5 0.5
Ts, max (K) 1260 1272.4 1295.7 1307.4 1341.1 1352
Ts, min (K) 1246.4 1258.2 1277.7 1288.6 1313.7 1323.5
�T = Ts, max-Ts, min (K) 13.6 14.24 18.0 18.75 27.4 28.53
Ts, aver (K) 1256 1268.3 1289.5 1300.9 1331.2 1341.6
V 0.6965 0.7000 0.6404 0.6435
W 159.9 160.68 183.3 184.62

o
h
c
t
T
a
m
t
H

t
r
c
l
m
o
i

t
f
F

h
t
a
1
o
1

F
c

F
i

3

S
a
s
0
t

(V) 0.7571 0.7602
(W) 130.3 130.93

xidant by electrochemical reaction determines the decrease of
ydrogen and oxygen along the x-axis. Hydrogen and oxygen
onsumption lead to the formation of water vapor. Therefore,
he molar fraction of water shows an increase along the x-axis.
he excess air is needed to provide air-cooling in SOFC as the
llowable temperature rise of the solid cell is limited by the ther-
al stress induced in the ceramic cell components. Therefore,

he change of O2 molar fraction is not so large as that of H2 and
2O.
The effect of the length of combustion on the performance of

he tubular SOFC in given in Table 4. For the fixed average cur-
ent density, all the other input data are assumed as in Table 3. It
an be concluded that increasing the length of combustion zone
eads to a increasing of cell tube temperature. Although the ter-

inal voltage and cell power also increase due to the increasing
f the length of combustion zone, the degree of variation can be
gnored.

The effects of the length of the combustion zone on the
emperature of the cell tube and inlet air inside the air
eed tube at the open end of the cell region are shown in
igs. 13 and 14.

Fig. 14 shows that the longer the combustion zone, the more
eat is used to heat the inlet air, which lead to the higher the
emperature of the cell tube in Fig. 13. For the same inlet air
t the 1173 K, its temperature increase by 0, 18 and 30 K to the

173, 1191 and 1203 K inside the air feed tube at the open end
f the cell on the condition that the length of combustion is 0,
5, 30 cm, respectively.

ig. 13. Effect of the length of combustion zone on the temperature profile of
ell tube.

c

p
p

ig. 14. Effect of the length of combustion zone on the temperature of inlet air
nside the air feed tube at open end of the cell.

.2. Transient simulation

In order to investigate the transient behavior of the tubular
OFC with combustion zone, the transient electrical response
nd the temperature profile of the solid structure have been
imulated as the average current density increase from 0.4 to
.5 A cm−2 at t = 0 s as shown in Fig. 15. During the simulation,
he inlet temperature and flow rates of fuel and oxidant are kept

onstant, all the other parameters are assumed as in Table 3.

Figs. 16 and 17 show the transient terminal voltage and power
rofile for the cell. The maximum, minimum and average tem-
eratures of the solid structure are shown in Fig. 18 during

Fig. 15. Step increase in cell current density.
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Fig. 16. Terminal voltage response due to current step increase.

t
i
p
a
a

F
t

Fig. 19. Terminal voltage response due to current step increase.

f
c
t

Fig. 17. Output power response due to current step increase.

he transient for i = 0.4 A cm−2 up to i = 0.5 A cm−2. The step
ncrease of the average current results in the increase of the

ower output of cell. The temperatures of cell solid structure
lso increase due to the load change. These temperatures show
decaying type of growth toward their finial values. The time

ig. 18. Max, min and average temperature response of the solid structure due
o current step increase.
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h

Fig. 20. Output power response due to current step increase.

rom the old steady state to the new one is about 800 s. These
urves show the same trends as those presented in [21,22] for
he planar stack.

For the same step increase in current density from 0.4 to
.5 A cm−2, the effect of the combustion zone length on the
ransient electrical response is shown in Figs. 19 and 20. For the
ombustion zone which length is 0, 15 and 30 cm, the time to
each the new steady state is, respectively 1017, 800 and 679 s.

. Conclusions

A model has been developed to simulate the steady state
nd transient characteristics of a tubular SOFC with specified
ombustion zones. The electrochemical model was designed to
valuate the ohmic, activation and concentration polarizations.
he thermal model includes heat transfer by conduction, conven-

ion, and radiation. The current distributions, gas concentration
istribution and temperature distribution were also simulated
y the model. The influence of the combustion zone length

as analyzed in terms of both the steady state and transient

haracteristics.
The results showed that ohmic polarization represents the

ighest loss among the three polarizations in a cathode-
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upported tubular SOFC, at least one order of magnitude greater
han the other losses. The middle part of the SOFC has a rel-
tively higher temperature than that at either end of the fuel
ell.

It is found that by increasing the combustion zone length, the
verall temperature of the cell tube increased, while the terminal
oltage and the output power hardly changed. In terms of the
ransient response, increasing the length of combustion zone
ed to a quicker response of the cell from one steady state to
nother. None of the previously published tubular SOFC models
ave addressed the effects of combustion zone geometry on the
teady state and transient performance of the cell.
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