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A simulation model is developed to analyze steady state and transient operation of a
tubular solid oxide fuel cell (SOFC). The performance of the tubular SOFC is com-
pared when the operation parameters such as inlet fuel temperature, inlet oxidant tem-
perature, and inlet oxidant flow rate are changed, respectively. The model includes
both electrochemical model and thermal model. The electrochemical model includes
the Nernst potential, ohmic polarization, activation polarization, and concentration
polarization. The thermal model includes the heat transfer by conduction, convention,
and radiation. An analysis is carried out to investigate the effects of the different oper-
ation parameters on the hot spot, solid temperature gradient at the steady state, and
the response time at the transient state. Numerical results show that the performance
of tubular SOFC due to the change of the different operation parameters is different at
the steady state. For the transient response such as the same step increase in cell cur-
rent density, the response time required for the new steady state is different as differ-
ent operation parameters are changed. � 2007 American Institute of Chemical Engineers

AIChE J, 54: 554–564, 2008
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Introduction

A fuel cell is a device that converts the chemical energy into
the electricity directly from the reaction of fuel and oxidant. It
can achieve greater electrical efficiency than that obtained
from conventional heat engine and is also a highly environ-
mentally benign method of electric power production.1,2

Planar and tubular geometric configurations are the main
designs for solid oxide fuel cells (SOFCs). The tubular has
had the longest history, and the technique of designing and
manufacturing is relatively mature.3

Although there have been some experimental test results
on the overall electrochemical performance of tubular
SOFCs,4,5 it is still not enough to guide the design and oper-
ation of a SOFC. Computational modeling can be used to
investigate the characteristics for the SOFC at various operat-
ing conditions, and it is an effective tool for optimization of
SOFC and predicting their characteristics at the steady and
transient operating states.
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There have been many models on the simulation of tubular
SOFC at steady and transient state in the open litera-
tures.3,4,6–20 These models are usually intended for advanced
overall system modeling and are a good compromise between
accuracy and reasonable computational time.

As we know, not only the current density influences the per-
formance of tubular SOFC as shown in Refs. 3–20, but also
other parameters such as inlet fuel temperature, inlet oxidant
temperature, and inlet oxidant flow rate could change the char-
acteristics of SOFC. However, the paper that compared and an-
alyzed these operation parameters together is seldom.

Although the hot spot (maximum cell temperature) in the
cell components is an important concern for SOFC, it is
rather difficult to measure the temperature and find the posi-
tion of the hot spot. At the same time, the thermal stress of
the ceramic cell components is an important criterion for
establishing operational limits. During operation, excessive
thermal stress may arise due to steep solid temperature gra-
dients. Few of the papers mentioned earlier calculated the
position of hot spot and the temperature gradients when the
different operation parameters were changed.

Prediction of the transient performance of the fuel cell is
important for control purposes. The time required to reach
the new steady state should be known in time as the opera-
tion parameter changed.

In this study, these steady and transient characteristics of
the tubular SOFC were compared when the operation param-
eters such as inlet fuel temperature, inlet oxidant tempera-
ture, and inlet oxidant flow rate were changed, respectively.

Model Description

Cell configuration

Figure 1 shows the configuration of a typical tubular
SOFC. Fuel enters the outside of the closed end of the cell.
Air is provided inside the cell via an air feed tube and travels
to the closed end of the cell. Oxygen in the air fed to the
cathode accepts electrons from external circuit to form oxy-
gen ions. The ions are conducted through the solid electro-

lyte to the anode. At the fuel electrode, the ions combine
with hydrogen in the fuel to form water. Electrons flow from
the anode through the external circuit back to the cathode.
Since the electrochemical reaction is exothermic, the cell
produces heat as well as electricity.

The dimensions of the cell and each cell component are
listed in Table 1.21,22

Electrochemical model

To simulate the electrochemical characteristics of the cell,
the tubular cell is divided into slices by the planes perpendic-
ular to x-axis as shown in Figure 1 and is denoted by sliced
cell. The driving potential, electrical current, and polariza-
tions are calculated for each slice. A circuit composed of
electromotive forces and cell impedances models a sliced
cell. Figure 2 shows the cell equivalent electric circuit.

The cell terminal voltage is constant because the electrode
materials are good electric conductors and the resistance of
Ni felt used for the electrical contact between cells is suffi-
ciently low. However, the driving Nernst potential varies
along the cell length. The varying Nernst potential produces
varying local current densities. The nonuniform current
results in locally varying voltage polarizations. Each local
Nernst potential is reduced to the terminal voltage by the
sum of the local voltage polarizations. Therefore the cell ter-
minal voltage is given by

V ¼ E0 � gact;a � gact;c � gohm � gcon;a � gcon;c (1)

Figure 1. Configuration of tubular SOFC.

Table 1. Geometry Parameters of the Tubular SOFC

Component Value

Thickness of cathode 2200 lm
Thickness of anode 100 lm
Thickness of electrolyte 40 lm
Thickness of air injection tube 1 mm
Outer diameter of cell 22 mm
Outer diameter of air feed tube 12 mm
Length of Cell 150 cm

Figure 2. Cell equivalent electric circuit.

Figure 3. Current path of tubular SOFC.
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where V is the cell potential and E0 is the Nernst potential,
which is calculated by

E0 ¼ �DG0

2F
þ RT

2F
ln
PH2

ðPO2
Þ1=2

PH2O

(2)

Activation Polarization. The development of electro-
chemical reaction requires overcoming an activation energy
barrier. The electrode potential to overcome this activation
energy is called the activation polarization. This phenomenon
can be described by the Bulter–Volmer equation.23

i ¼ i0 exp
azFgact
RT

� �
� exp

�ð1� aÞzFgact
RT

� �� �
(3)

where a is the transfer coefficient, z is the number of elec-
trons participating in the electrode reaction, F is the Faraday
constant, and i0 is the exchange current density that can be
calculated as

i0;a ¼ ca
PH2

P0;a

� �
PH2O

P0;a

� �
exp �Eact;a

RT

� �
(4)

i0;c ¼ cc
PO2

P0;c

� �0:25

exp �Eact;c

RT

� �
(5)

Values for ca; cc;Eact;a;Eact;c could be found in Ref. 23.

Ohmic polarization

Ohmic losses occur because of resistance resulting from
the flow of ions in the electrolyte and the flow of electrons
through the electrode. Because of the symmetric current flow
about the two halves of the cell in Figure 3, it is only neces-
sary to calculate the resistance of a half slice. The total re-
sistance of a cell slice is the parallel combination of the two
halves. The equivalent electric circuit of the ohmic resistance
for calculation is given in Figure 4.

The cell equivalent ohmic resistance depends on the an-
ode, cathode, and electrolyte resistances.

Ohmic polarization is expressed by Ohm’s law:

gohm ¼ I RRi (6)

where Ri ¼ qidi
Ai

is the ohmic resistance of anode, cathode,
and electrolyte in each share of the equivalent circuit of
Figure 4, Ai is the respective area of the section where the
current flows, di is the corresponding current flow length,
and qi is the material resistivity, which is a strong function
of temperature as given in Table 2.1,3

Concentration polarization

The analysis of concentration polarization should begin
with the analysis of the transport of gases through porous
electrodes. The electrode concentration overpotential consid-
ers the difference in gas concentrations between the elec-
trode–electrolyte interface and the bulk. Mass transport mod-
els inside the porous SOFC electrode must be applied to esti-
mate gas concentrations at the electrode–electrolyte interface.
In this model, both ordinary and Knudsen diffusions are con-
sidered. The model has taken into account the physical prop-
erties of SOFC material like porosity, tortuosity, and pore
size of the electrode materials. The diffusion polarization is
given by two terms, related to the anode and cathode side:

gcon ¼
RT

2F
ln

X0
H2
Xr
H2O

Xr
H2
X0
H2O

þ RT

4F
ln

X0
O2

Xr
O2

¼ gcon;a þ gcon;c

(7)

where X0
i and Xr

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

Figure 4. Equivalent electriccircuitof theohmicresistance.

Table 2. Properties of SOFC Components

Resistivity
(Xcm)

Pore Radius
of Electrode

(lm) s / e

Thermal
Conduction
(W m21

K21) Emissivity

Cathode 0.008114
exp(600/T)

1 3/30% 9.6 0.9

Electrolyte 0.00294
exp(10350/T)

– – 2.7 –

Anode 0.00298
exp(21392/T)

1 3/30% 6.23 –

Air feed
tube

– – – 6.04 0.9

Figure 5. Prediction and experiment results of voltage
vs. current density.

Table 3. Condition and Parameters for Simulation

Fuel inlet composition
(molar fraction)

89%H2 1 11%H2O

Oxidant inlet composition
(molar fraction)

21%O2 1 79%N2

Fuel inlet temperature (K) 1173
Oxidant inlet temperature (K) 1173
Fuel inlet flow rate (mol s21) 1.96 3 1023

Oxidant inlet flow rate (mol s21) 3.73 3 1022

Operation pressure (atm) 1
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can be estimated by the Fick’s law:

Ji ¼ �Di;
dCi

dr
(8)

where Di ¼
�
s
e

�
1

Di;m
þ 1

Di;K

	
�1
is the mass diffusion coeffi-

cient of specie i in the mixture, Di,K is the Knudsen diffusion
coefficient of species i, e is porosity, and s is tortuosity.

Applying the Kirchhoff’s law of current, the currents in
each share of the equivalent circuit can be obtained.24,25

Thermal model

Energy Balance Equations in Tubular SOFC. The cell
temperatures influence the electrochemical model, and these tem-
peratures affect the local driving voltage, polarizations, and heat
generation within the cell. A thermal model has been developed
to determine these temperatures by a finite-volume approach. In
the electrochemical model, the cell is divided into axial sections
or slices. In the thermal model, the same sections are used and
each section is composed of the solid structure, air feed tube,
and flow passages volumes. Energy balances equations for such
volumes in each section can be described as follows.

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

dEcv

dt
¼ _QCV � _WCV þ

X
i

nihijin �
X
i

nihijout (9)

where ECV is the internal energy (J), _QCV is rate of thermal
energy (W) transferred across the control volume, _WCV is the

rate of work transferred across the control volume,
P
i
nihijin

is the enthalpy gained due to mass flowing into the element,
and

P
i
nihijout is the enthalpy loss due to mass flowing out

of the element. The mole flow rate of gas species i for fuel
and oxidant in the annulus channels can be calculated by
means of Faraday’s law:

nkþ1
H2

¼ nkH2
� Ik
2F

(10)

nkþ1
H2O

¼ nkH2O
þ Ik
2F

(11)

nkþ1
O2

¼ nkO2
� Ik
4F

(12)

nkþ1
N2

¼ nkN2
(13)

For the steady state, lefthand term in Eq. 9 is eliminated.
The change rate of internal energy is given by:

dECV

dt
¼ qCvðDVÞ dT

dt
(14)

where q is the density (kg m23), CV is the specific heat at
constant volume (J kg21 K21), DV is the elemental volume
(m3), T is the absolute temperature (K), and t is time(s).

Tracking of the energy flows in the cell proceeds by mak-
ing separate energy balances for the air in the air feed tube,
cathode gas, fuel gas, and solid structure.

Figure 6. Nernst voltage and current density profiles.

Figure 7. Ohmic polarization profiles.

Figure 8. Activation and concentration polarization
profiles.

Figure 9. Temperature profiles of solid in the tubular SOFC.
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The energy balances for air preheating volume is
expressed as:

qair c
air
V DVair

Tk;pþ1
air � Tk;p

air

Dt
¼

X
i

nkþ1
i hkþ1

i �
X
i

nki h
k
i

þ Kair AaðTk
b � Tk

airÞ ð15Þ
where Kair is the convective heat transfer coefficient between
the air preheating and air feed tube and Aa is the heat trans-
fer area, p is the time index, and Dt is the change in time
from time step p to time p 1 1. For the full-developed lami-
nar flow,26 the heat transfer coefficient is expressed by

K ¼ Nu
kg
De

(16)

where kg is the thermal conductivity of the mixed gas, and
De is the equivalent diameter.

The cathode gas energy balance can be written as,

qc c
c
VDVc

Tk;pþ1
c � Tk;p

c

Dt
¼

X
i

nk�1
i hk�1

i �
X
i

nki h
k
i

þ Kbc A
b
cðTk

b � Tk
c Þ þ Ksc A

s
cðTk

s � Tk
c Þ �

Ik
4F

hkO2
ð17Þ

where Kbe is the convective heat transfer coefficient between
the cathode gas and air feed tube and KSC is the convective
heat transfer coefficient between solid cell and bulk cathode

air flow. The last term on the right hand side is the rate of
energy accompanying mass transfer of oxygen out of the
bulk to the cathode solid.

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

qf c
f
VDVf

Tk;pþ1
f � Tk;p

f

Dt
¼

X
i

nk�1
i hk�1

i

�
X
i

nki h
k
i þ Ksf A

s
f ðTk

s � Tk
f Þ �

Ik
2F

ðhkH2
� hkH2O;Ts

Þ ð18Þ

where the first and the second term on the right hand side
are the rates of energy transfer accompanying the fuel mass
flow into and out of the element, the third term is the con-
vective heat flux from the solid cell to the fuel gas, and the
last term is the sum of the energy accompanying mass trans-
fer of reactant (H2) and reaction product (H2O).

The solid cell unsteady energy balance is written as,

qs c
s
VDVs

Tk;pþ1
s �Tk;p

s

Dt
¼ ks
dx

AksðTk�1
s �Tk

s Þ�
ks
dx

AksðTk
s �Tkþ1

s Þ
þKsf A

s
f ðTk

f �Tk
s ÞþKsc A

s
cðTk

c �Tk
s Þ

� Abr½ðTk
s Þ4�ðTk

bÞ4�
1=ebþAb

As
ð1=es� 1Þ�

Ik
2F

DHH2O;Ts �Wk ð19Þ

where the former five terms on the right of Eq. 19 are the
net energy transferred to the cell by heat transfer via conduc-
tion, convection, and radiation. The sixth term is the net
energy addition by the convective flux of reacting species to
the solid cell and subsequent release of their respective reac-
tion enthalpies. The last term is the electrical energy gener-
ated in the solid cell due to electrochemical oxidation of
hydrogen.

Figure 11. Flow chemical composition profile.

Table 4. Effect of Average Current Density on Performance
of SOFC

iaver (A/cm
2)

0.3 0.4 0.5

V (V) 0.7571 0.6965 0.6404
W (W) 130.3 159.9 183.83
Ts,aver (K) 1256 1289.5 1331.2

Figure 10. Temperature profiles of gas in the tubular
SOFC.

Figure 12. Cell temperature distribution.
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The energy balances for air feed tube is expressed as:

qbc
b
VDVb

Tk;pþ1
b � Tk;p

b

Dt
¼ kb

dx
AkbðTk�1

b � Tk
bÞ

� kb
dx

AkbðTk
b � Tkþ1

b Þ þ KairAaðTk
air � Tk

bÞ

þ KbcA
b
cðTk

c � Tk
bÞ þ

Abr½ðTk
s Þ4 � ðTk

bÞ4�
1=eb þ Ab

As
ð1=es � 1Þ ð20Þ

Boundary Conditions. The boundary conditions for the
energy conservation equations are as follows.

As the cell is divided into n sections, at the entrance of
the air and fuel,

Tnþ1
air ¼ Tairjinlet (21)

T0
f ¼ Tf jinlet (22)

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

T0
air ¼ T0

c (23)

The outlet end of cell is considered adiabatic, that is, the
temperature at the end of the cell is constant.

Tn
s ¼ Tnþ1

s (24)

Numerical Solution Algorithm. In a SOFC, current and
temperature distributions are strongly coupled. The electro-
chemical model is solved with a tentative temperature profile.
The electrochemical model determines the Nernst potential,

current, and electric power. The thermal model accepts these
results from electrochemical model and calculates the tem-
perature of the gases and solids. Their temperatures are
applied to the electrochemical model for the next calculation
of cell Nernst potential, current, and power. As the simula-
tion progressed, the model steps back and forth between
electrochemical and thermal calculations until the conver-
gence is obtained. The equations are solved numerically
using the Gauss Seidel method.

Results and Discussion

Steady state characteristics

To investigate the accuracy of the model, the calculate V–I
curve is compared with the test data. Figure 5 shows the
numerically predicted cell terminal voltage and the experi-
mental data5 with different cell current densities. The relative
deviation between the calculated voltage and test data is no
larger than 5%. Such a good agreement for the terminal vol-
tages between the model-prediction and the experiment
shows that the present model is reliable.

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

When effect of operation parameters on the performance
of cell is analyzed respectively, only the studied parameter is
changed, all the other input data are assumed as in Table 3.

Effect of Current Density on Steady Performance. Figure
6 shows the local Nernst voltage and current density. Both of
them decrease along the x-axis. It is because of the fact that
along the stream, the depletion of fuel and oxidant has a sig-
nificant effect on the local Nernst voltage. It is also shown
that high Nernst voltage leads to high current density.

The three kinds of polarization losses, which decrease the
cell potential from the ideal Nernst value to the real value,
are shown in Figures 7 and 8. Among the three polarizations,
the ohmic polarization plays the most significant role in the
cathode-supported SOFC. The concentration polarization at
the anode side is smaller than that at the cathode, because
the cathode is thicker than anode and the reactant diffuses
through the relatively thick porous cathode to the reaction
site at the cathode–electrolyte interface. The concentration
polarization at the anode side is negligible with respect to
the other losses.

It is important for the SOFC to work under the maximum
temperature limit; however, it is difficult to measure the tem-
perature. In the work, the simulated results for the solid tem-
perature profiles along the x-axis are shown in Figure 9.
Both of the temperature of air feed tube and cell tube
increase and then decrease along the x-axis, a relatively

Figure 13. Cell temperature gradient distribution.

Table 5. Effect of Inlet Fuel Temperature on Performance of SOFC

Tf,in (K)

1073* 1123* 1173* 1073† 1123† 1173† 1073{ 1123{ 1173{

V (V) 0.7542 0.7554 0.7571 0.6940 0.6953 0.6965 0.6389 0.6401 0.6404
W (W) 129.87 130.06 130.3 159.35 159.61 159.9 183.32 183.65 183.83
Ts,aver (K) 1247.5 1250.8 1256.0 1283.2 1286.4 1289.5 1326.6 1329.8 1331.2

*Tf,in calculated for iaver at 0.3 A/cm2.
†Tf,in calculated for iaver at 0.4 A/cm2.
{Tf,in calculated for iaver at 0.5 A/cm2.
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higher temperature occurs near the middle part of the cell
tube than that at the two ends of the cell tube.

Figure 10 shows the temperature profile for the fuel flow
(Tf), the air in the air feed tube (Tair), and the cathode gas
flow (Tc). The temperatures of air in the feed tube and annu-
lus channel increase gradually in the direction of flow due to
the heat transferred by convection. The temperature distribu-
tion of fuel is dependent on the temperature of cell tube.

Figure 11 shows the molar fractions variation of gases in
the cell along the fuel path. The consumption of the fuel gas
and oxidant by electrochemical reaction determines the
decrease of hydrogen and oxygen along the x-axis. Hydrogen
and oxygen consumption leads to the formation of water
vapor. Therefore, the molar fraction of water shows an
increase along the x-axis. The excess air is needed to provide
air-cooling in SOFC as the allowable temperature rise of the
solid cell is limited by the thermal stress induced in the ce-
ramic cell components. Therefore, the change of O2 molar
fraction is not as large as those of H2 and H2O.

The overall performance of the tubular SOFC for a series
of current densities is given in Table 4. It is clearly shown
that high current density leads to high electric power and
high average cell temperature.

The cell tube temperature and temperature gradient distri-
bution for three current densities are given in Figures 12 and
13. It indicated that increasing the average current density
results in a high cell temperature and temperature gradient
distribution. Because the maximum temperature gradient
occurs at the two ends of the cell, it can be concluded that
the thermal stress problem will most probably occur at the
two ends of the cell tube. The hot spot (maximum cell tem-
perature) occurs at the position of 50 cm on the right of the

close end of the cell despite the change of the current den-
sity. The temperature gradient at the close end of the cell is
larger than that at the open end. That is, the thermal stress
problem at the close end is more serious than that at the
open end of the cell.

Effect of Inlet Fuel Temperature on Steady Performance. An
overall performance of the tubular SOFC for different inlet fuel
temperatures with a series of current densities is given in Table
5. It can be concluded that increasing the inlet fuel temperature
increases the average cell tube temperature. Although the termi-
nal voltage and cell power also increases due to the increase of
the inlet fuel temperature, the degree of variation can be
ignored.

The cell tube temperature and temperature gradient distri-
bution for three inlet fuel temperatures are given in Figures
14 and 15.

Because the close end of the cell tube receives an
impingement of fuel outside of it directly, a high inlet fuel
temperature leads to high temperature and more even temper-
ature gradient distribution of the cell tube near the close end.

The hot spot is still near the position of 50 cm on the right
of the close end for the different inlet fuel temperatures in
this work.

The temperature gradient at the close end of the cell is still
larger than that at the open end.

Effect of Inlet Oxidant Temperature on Steady Performance.
Table 6 shows the variation of cell terminal voltage and
power with current densities for three inlet oxidant temperature
cases. The high inlet oxidant temperature leads to an obvious
increase of the terminal voltage, power, and average cell tube
temperature.

For the same current density, the high inlet oxidant tem-
perature leads to a high cell temperature and temperature

Figure 14. Cell temperature distribution. Figure 15. Cell temperature gradient distribution.

Table 6. Effect of Inlet Oxidant Temperature on Performance of SOFC

Tair,in(K)

1073* 1123* 1173* 1073† 1123† 1173† 1073{ 1123{ 1173{

V (V) 0.7135 0.7395 0.7571 0.6533 0.6794 0.6965 0.6022 0.6249 0.6404
W (W) 122.85 127.32 130.3 149.97 155.95 159.9 172.80 179.32 183.83
Ts,aver (K) 1166.4 1209.5 1256 1206.4 1248.2 1289.5 1249.9 1289.5 1331.2

*Tair,in calculated for iaver at 0.3 A/cm2.
†Tair,in calculated for iaver at 0.4 A/cm2.
{Tair,in calculated for iaver at 0.5 A/cm2.
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gradient distribution at the two ends of the tube as shown in
Figures 16 and 17.

The position of the hot spot, that is, the maximum temper-
ature of the tube, in Figure 17 varies significantly with the
difference of the inlet oxidant temperature. At a low inlet ox-
idant temperature, a hot spot occurs in the middle of the cell,
with an increase of the temperature, the hot spot moves to
the close end of the cell tube by 25 cm. And the higher tem-
perature of the inlet oxidant leads to the larger temperature
gradient of the cell at the two ends of cell. At the same time,
the temperature gradient at the close end of the cell is larger
than that at the open end.

Effect of Oxidant Flow Rate on Steady Performance. The
increase of the oxidant flow rate leads to a slight decrease of
the terminal voltage and power as given in Table 7, 100%
flow rate of the oxidant is defined as in Table 3.

For the same current density, the effect of oxidant flow
rate on the cell tube temperature and temperature gradient
distribution are given in Figures 18 and 19.

The excess air is needed to provide air-cooling in SOFC, as
the allowable temperature rise of the solid cell is limited by
the thermal stress induced in the ceramic cell components.

Figures 18 and 19 show that although the temperature gra-
dient at the close end of the cell is still larger than that at
the open end, high excess air reduces both the overall cell
temperature and temperature gradient and makes the cell
temperature more uniform.

Transient simulation

Prediction of the transient performance of the fuel cell is
important for control purposes. An investigation of the tubu-

lar SOFC transient behavior is studied. In general, the exter-
nal load can be either load current or load voltage. In this
study, we use external step current change and analyze the
cell overall transient response. The inlet gas compositions
and inlet temperatures of fuel and oxidant are kept constant
as shown in Table 3 in this simulation.

First, the increased current of 167% from 0.3 to 0.5 A
cm22 is used in the transient simulation.

As shown in Figure 20, the minimum voltage during this
load change is 061 V. At the new steady state condition, the
voltage reaches a final value of 0.64 V.

Figure 21 shows the transient temperature profiles of
the cell and Figure 22 shows the minimum, average,
and maximum temperature during the load change. The
maximum temperature increases from 1260 K up to 1341.3
K. The maximum, minimum, and average temperatures
show a decaying type of growth toward their final
values. The transient response time from the old steady
state to the new one is 1215 s. These curves show the same
trends as those presented in Refs. 27, 28 for the planar
stack.

If the current increases by 125% from 0.4 to 0.5 A cm22,
the response time will be 1017 s, shorter than that from 0.3
to 0.5 A cm22. The contrasted figure of voltage is shown in
Figure 23.

To investigate the effect of the inlet fuel temperature, inlet
oxidant temperature, and inlet oxidant flow rate on the tran-
sient performance of the tubular SOFC, the transient
response has been simulated as the average current density
step increases from 0.4 to 0.5 A cm22 at t 5 0 s. During the
simulation, only the studied parameter is changed, all the
other parameters are assumed as in Table 3.

Figure 16. Cell temperature distribution. Figure 17. Cell temperature gradient distribution.

Table 7. Effect of Inlet Oxidant Flow Rate on Performance of SOFC

Oxidant Flow rate

80%* 100%* 120%* 80%† 100%† 120%† 80%{ 100%{ 120%{

V (V) 0.7612 0.7571 0.7532 0.7041 0.6965 0.6911 0.6475 0.6404 0.6335
W (W) 131.05 130.3 129.63 161.65 159.9 158.68 185.81 183.83 181.78
Ts,aver (K) 1272.5 1256 1242.9 1317.6 1289.5 1274.1 1360.4 1331.2 1309.3

*Oxidant Flow rate calculated for iaver at 0.3 A/cm2.
†Oxidant Flow rate calculated for iaver at 0.4 A/cm2.
{Oxidant Flow rate calculated for iaver at 0.5 A/cm2.
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For the same step increase in current density from 0.4
to 0.5 A cm22, the effect of the inlet fuel temperature on
the transient electrical response is shown in Figure 24.
For the inlet fuel temperature of 1123 and 1173 K, the
time to reach the final steady state is 1390 and 1017 s,
respectively.

It is obvious that higher the inlet fuel temperature, the
quicker the tubular SOFC gets to the final steady state.

The effect of the inlet oxidant temperature on the .tran-
sient electrical response is shown in Figure 25. For the
inlet oxidant temperature of 1123 and 1173 K, the response
time is 1129 and 1017 s, respectively. It is shown that a
high inlet oxidant temperature leads to the quick response
to load change. Although increasing inlet fuel and oxidant
temperature by 50 K respectively could short the response
time and increase the electric power, it is obvious that the
latter leads to evident change in cell power in the short
interval.

The effect of the inlet oxidant flow rate on the transient
electrical response is shown in Figure 26. For the inlet
oxidant flow rate of 80 and 100%, the response time is
respectively 717 and 1017 s. The former results in the
shorter response time from the initial steady state to the final
steady state.

Conclusions

A model has been developed to simulate the steady and
transient characteristics of a tubular SOFC. The performance
of the tubular SOFC is compared when the operation param-
eters such as inlet fuel temperature, inlet oxidant tempera-
ture, and inlet oxidant flow rate were changed, respectively.

It is found that ohmic loss is the biggest one among the
three polarizations in the cathode-supported SOFC. A rela-
tively higher temperature occurs near the middle part of the
SOFC than that at two ends of fuel cell, whereas temperature
gradient is more obvious at the two ends of the cell, which
lead to larger thermal stresses. And in this work, the temper-
ature gradient at the close end of the cell is larger than that
at the open end.

A higher inlet fuel temperature results in a little change of
the voltage and power and more even temperature gradient
distribution of the cell tube near the close end. Both the
lower inlet oxidant temperature and higher excess air could
decrease the voltage and power and lead to temperature gra-
dient more even at the two ends of the cell.

The transient electrical response and the change in temper-
ature profile were simulated. For the same load change, the
response time is shorter at the smaller oxidant flow rate.
Increasing the temperatures of the inlet oxidant and fuel

Figure 18. Cell temperature distribution.

Figure 19. Cell temperature gradient distribution.

Figure 20. Terminal voltage response due to current
step increase.

Figure 21. Cell temperature distribution.
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respectively leads to the quicker response of cell from the
initial steady state to the final one, whereas the former could
adjust the cell to work in wider operation range in shorter
interval.

This model and the simulation results can be readily used
in tubular SOFC optimization and dynamic control.

Notation

A5 area [m2]
C5 concentration [mol m23]

CV5 specific heat at constant volume [J kg21 K21]
DV5 the elemental volume [m3]
DG5 change in Gibbs free energy [J mol21]
D5diffusion coefficient [m2 s21]

Eact5 activation energy [J mol21]
F5Faraday constant [96485 C mol21]
hi5 enthalpy per mole of species i [J mol21]

DH5 enthalpy change of the overall reaction [J mol21]
i5 current density [A cm22]
i05 exchange current density [A m22]
I5 current [A]
Ji5 transport rate of specie i [mol m22 s21]
K5heat exchange coefficient [W m22 K21]
L5 length of cell [cm]
n5mole flow rate of gas species i

Nu5Nusselt number
p5partial pressure [atm]
Q5 rate of thermal energy transferred across the control volume [W]
r5 cell radius coordinate [m]
R5universal gas constant [8.314 J mol21 K21]
t5 time [s]
T5 absolute temperature [K]
V5 terminal voltage [V]
Uf5 fuel utilization
Uo5oxidant utilization

Figure 23. Effect of step increase in current density on
the terminal voltage transient response.

Figure 24. Effect of the inlet fuel temperature on the
terminal voltage transient response.

Figure 25. Effect of the inlet oxidant temperature on
the terminal voltage transient response.

Figure 22. Max, min, and average temperature distribu-
tion of the solid structure.

Figure 26. Effect of the flow rate of inlet oxidant on the
terminal voltage transient response.

AIChE Journal February 2008 Vol. 54, No. 2 Published on behalf of the AIChE DOI 10.1002/aic 563



W5 electrical power [W]
x5 cell axial coordinate [m]
Xi5molar fraction of specie i
z5 electrons transferred per reaction

Greek letters

a5 transfer coefficient
e5porosity or emissivity
d5 thickness of cell component [cm]
g5polarization [V]
q5 specific resistivity [X cm]
s5 tortuosity
k5 thermal conductivity of the gas [W m21 k21]

Subscripts

a5 anode
air5 air in the air feed tube
act5 activation polarization
b5 air feed tube
c5 cathode

con5 concentration polarization
e5 electrolyte
f5 fuel

ohm5ohm polarization
s5 cell solid structure
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