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Temperature Distribution in Tubular Solid Oxide Fuel Cell
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The temperature distribution in the tubular solid oxide fuel cell (SOFC) was calculated by using a finite element

method.

In this study, specially, the heat generation and consumption caused by the entropy changes at anode and
cathode were taken into account for the calculation of temperature distribution in SOFC.

In order to estimate the

tendency of temperature distribution, the current distribution and the partial pressure distributions of hydrogen,

steam, and oxygen were obtained from the calculation by using the simple mathematical model.

From the

temperature distribution in the tubular SOFC, it can be seen that the temperature difference is largest in the region
of porous cathode material. This indicates that the heat generation from the entropy change of cathode reaction
has the significant effect for the temperature distribution in tubular solid oxide fuel cell.

Solid oxide fuel cell (SOFC) has been investigated
and developed, because of the high energy conversion
efficiency. These researches have been concentrated on
the development of the electrode materials, the electro-
lyte materials, and the construction of the cell.l
Recently the excellent design of SOFC has been
achieved by using Electrochemical Vapor Deposition
(EVD).2 The thin electrolyte was deposited on the
conductive oxide cathode which was deposited on the
porous calcia stabilized zirconia. The tubular SOFC is
suitable for EVD process. 1In this study, the tempera-
ture distribution in the tubular SOFC was calculated by
a finite element method in order to offer the fundamen-
tal knowledge for the development of the high energy
conversion SOFC.

The maximum electric energy generated in SOFC
corresponds to AG of the hydrogen combustion which is
the total reaction in SOFC when oxygen and hydrogen
are used. AH of this reaction, however, is the total
energy which can be utilized in SOFC. The energy of
TAS cannot be utilized as an electric energy. Since
SOFC is operated at high temperature (around 1273 K),
the energy of TAS is lost as a heat which amount is
much larger than those from other fuel cells operated
at low temperature (around 450 K). Moreover, the
energy loss is also caused by both overpotentials of
hydrogen and oxygen electrodes and the ohmic loss of
the electrolyte. These irreversible factors generate the
heat in SOFC. In order to minimize the energy loss
caused by the overpotential and ohmic resistance, the
thickness of electrolyte has to be decreased and the
excellent oxygen and hydrogen electrodes have to be
developed. The energy loss caused by the entropy
change, however, can not be improved, because of the
thermodynamic limiting. From this fact, it can be
concluded that the temperature distribution caused by
the heat generated or consumed by the entropy change
of electrode reactions is more important.

The heat management of SOFC is the most important
problem for the construction of the SOFC and the
determination of the practical operating conditions.

Therefore, the calculation of the temperature distribu-
tion was conducted by using a finite element method.

Experimental

Yttria stabilized zirconia was prepared by the sintering of
the mixture of Y203 8 mol% and ZrO; 92 mol% (Toyo Soda
Corp.). Its oxygen ion conductance was measured by using
AC impedance method at 1273 K. The entropy changes at
oxygen and hydrogen electrodes were determined by the mea-
surement of Seebeck coefficients according to the reference.?

The temperature distribution in the tubular SOFC was
calculated by using the program for a finite element method.4
From our calculation, the tendency of the temperature distri-
bution can be obtained. The electrochemical parameters of
oxygen and hydrogen electrodes reported in references were
used for the estimation of heat generated from oxygen and
hydrogen overpotentials. For the simple calculation, some
assumptions were adopted.

Results and Discussion

Heat Generation Factors. The heat is generated by
the irreversible processes taking place in SOFC and
thermodynamic factors in an electrochemical system.
In SOFC, the heat is generated or absorbed by the
following factors;

(1) Overpotentials of hydrogen and oxygen elec-
trodes.

(2) Ohmic resistance of yttria stabilized zirconia.

(3) Entropy changes at hydrogen and oxygen elec-
trodes.

The overpotentials of hydrogen and oxygen electrodes
are dependent on the current. The relationships
between the overpotentials and the current for oxygen
and hydrogen electrodes have been examined and sug-
gested by many researchers.5-” The electrochemical
parameters depend on the kind of electrode. In this
study, the model cell is constructed by LaCoOs as a
cathode, Ni cermet as an anode, yttria stabilized zirco-
nia as an electrolyte and porous yttria stabilized zirconia
as a support. The following equations were adopted in
the calculation of the heat generation caused by the
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Table 1. Electrochemical Parameters Used in
the Calculation of the Current Distribution

Electrochemical parameters

b 9.8 Am2
0.0609 V¥
” 0.1 Scm™?

a) K=RT/4aF from Ref. 5, a: transfer coefficient, R:
gas constant, F: Faraday constant. b) R=(1/0)(L/S);
L: thickness of YSZ of element, S: surface area of YSZ
of element.

overpotentials in order to simplify the calculation.
Table 1 shows the electrochemical parameters which
have been suggested in the reference.5

For hydrogen electrode

I
n.-,=1<1n(1—) (1)
0

For oxygen electrode

7e=0 (o))
where n, and 7. are overpotentials of anode and
cathode, respectively, Ip is exchange current, /is current,
and K is the constant listed in Table 1. The heat
- generation from the ohmic resistance of yttria stabilized
zirconia is also dependent on the current. The relation-

ship between the voltage loss in the electrolyte (A V) and
the current (/) obeys Ohm’s law.

AV=IR 3)

where R is the resistance of the electrolyte in the tubular
SOFC, which is estimated from the conductivity of
yttria stabilized zirconia (YSZ). The conductivity of
YSZ can be measured by using the impedance method.®

The heat generation caused by the entropy change
becomes larger with increasing temperature. The heat
caused by the entropy changes at hydrogen and oxygen
electrodes has to be taken into account for the calcula-
tion of the temperature distribution. The total reaction
in SOFC is the hydrogen combustion. The total
entropy change (AS) is easily estimated from the ther-
modynamic consideration. The total reaction, how-
ever, is separated to cathode and anode reactions in an
electrochemical cell. The entropy change is also separ-
ated to cathode and anode reactions. In other words,
an entropy change of single electrode (AScathode fOr the
entropy change of cathode reaction, ASuoce for the
entropy change of anode reaction) have to be estimated.

AS= ASeathode T ASanode (4)

The entropy changes of cathode and anode can be
estimated from Seebeck coefficients of oxygen and
hydrogen electrodes, as reported in reference.? The
entropy change of oxygen electrode reaction was esti-
mated to be —81.6 J K~ mol-! per two electrons under
0.21X105 Pa oxygen partial pressure at 1273 K. From
Eq. 4, the entropy change of hydrogen electrode can be

Temperature Distribution in Solid Oxide Fuel Cell

1829

calculated. These values are dependent on the partial
pressure. The dependence can be represented by the
following equations.

Total reaction

1
H:+ 7 02— H:0 S)

For hydrogen electrode,

Py,

Pugo 0
ASunote = (Szo— R l dIn P)—~(Sep—R fl din Py—Soz-*  (6)

For oxygen electrode,

1 Pyyo
ASenode = Sor-*——(So,— R [  dinP) )
2
where So2-* is the transported entropy of O%- ion in

yttria stabilized zirconia. The entropy changes of hyd-
rogen and oxygen electrodes under various partial pres-
sures can be calculated from Eqs. 6 and 7. AScathode
changes with the partial pressure of oxygen and ASanode
changes with the partial pressures of hydrogen and
steam in SOFC. Therefore, the partial pressure distri-
bution has to be estimated in order to calculate the
temperature distribution in the tubular SOFC. The
entropy change of single electrode reaction is repres-
ented by the function of temperature. In this study,
however, it was assumed that the dependence of entropy
change on temperature in narrow temperature region
was too small to influence the temperature distribution.

Calculation of Current and Partial Pressure Distribu-
tions. The current and partial pressure distribution in
solid oxide fuel cell have been reported in some referen-
ces.>10)  In this study, the current distribution was cal-
culated by using the model, as shown in Fig. 1. This is
the typical tubular SOFC which has metal oxide

air
H2 —
\ » Z
R
Fig. 1. Schematic illustration of tubular SOFC con-

structed by electrolyte (yttria stabilized zirconia),
anode (Ni zirconia cermet -electrode), cathode
(LaCoQs3), and porous zirconia substrate.
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cathode, Ni-ZrO; cermet anode, yttria stabilized zirco-
nia electrolyte, and porous yttria stabilized zirconia
support. Hydrogen is flown through the outside of cell
and oxygen through the inside of cell. The dimension
of the cell is summarized in Table 2. In order to
calculate the current distribution in this SOFC, the cell
is divided to n elements, as shown in Fig. 2. The simple
mathematical procedure was used for the calculation of
the current and partial pressure distributions in the
tubular SOFC. The equivalent circuit for this model is
shown in Fig. 3. The current passed through each
element is represented by ;. R;indicates the resistance of
yttria stabilized zirconia electrolyte in i th element. Z;
is the sum of both impedances of oxygen and hydrogen
electrodes. The total current (/) is given by the sum of
each elementary current ([;).

=L+ L+ -+ L+ +1, ®)

If both electrodes have high electric conductivity, the
cell voltage of each element is equal to the cell voltage

.
V=V =Vo=1+..= I/i:...: Vn (9)

Table 2. Dimension of the Tubular SOFC

Length (L) 20 cm
Diameter inside 10 mm
outside (D) 17 mm
Thickness of cathode 0.5 mm
Thickness of anode 0.5 mm
Thickness of electrolyte 0.5 mm
Thickness of porous substrate 2 mm

Fig. 2. Model for calculation of current and partial
pressure distribution.
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Fig. 3. Equivalent circuit for the model in Fig.2.
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For element 1, the relationship between V7 and I is
represented by the following equation,

Vi=E.—m—Rih (10)

where 71 is the total overpotential of element 1 and is
given by the Egs. 1,2, and 11. 7;is given by the sum of
both overpotentials of hydrogen and oxygen electrodes.

1= 1ia T Mic (11

where 7, and 7 are the overpotential of hydrogen
electrode of element i and that of oxygen electrode of
element 7, respectively. E. is the equilibrium voltage of
solid oxide fuel cell and is determined from the partial
pressures of hydrogen, steam, and oxygen according to
Nernst equation.

E.= Ey— (RT/2F)In(Pugo/ P4} Puy) (12)

For the other elements, the same relationship can be
established. The hydrogen and oxygen flow horizon-
tally through the chambers in the cell at constant rate.
The partial pressures of oxygen and hydrogen at the
entrance of chamber are higher than those at the exit,
because oxygen and hydrogen are consumed by the
electrode reactions at each element. The partial pres-
sure of steam at the entrance of fuel chamber is lower
than that at the exit. The hydrogen partial pressure in
element 2 is given by the following equation,

L
UH2,1 -
2F
Pug o= (13)
L L
(UH2,1”’—)+(UH20,1+ )
2F 2F

The air and steam partial pressures are given by the
similar equations.

I
0.21 Usir1 —
4F
Pyjro=—"—""" (14)
h
Uair,l -
4F
L
Ungo,1 +
2F
Pugo2= 7 (15)

h 1
Ungoit+—— |+ | Ung1 —
2F 2F

where U;: is the flow rate of gas 7 at the entrance of
SOFC (mols—1). In this way, the partial pressure in
element 2 can be obtained. As a result, E. can be also
determined. The elementary current in element 2, I,
can be calculated from E. and V by using Eq. 10. Such
a procedure is repeated n times. Finally, the current
distribution and the partial pressure distribution can be
calculated.

Figure 4 shows the equilibrium 'voltage and the total
overpotential distributions along Z-axis in the tubular
SOFC calculated from above simple mathematical
model, where the total current and gas flow rate are
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Fig. 4. Distributions of the equilibrium potential and
IR drop in the tubular SOFC, discharge current: 200
mA cm~2, flow rate: 5 cms—1.
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Fig. 5. Current distribution in the tubular SOFC, dis-
charge current: 200 mA cm~2, flow rate: 5 cms™ (a)
and 20 cms—1 (b).
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assumed to be 200 mA cm—2 and 5 cms—1, respectively.
The utilization of hydrogen depends on the flow rate.
The flow rate was assumed to be 5 cms™1, in order to
obtain the fuel utilization to be about 10%. These
distributions result in the current distribution in the
tubular SOFC.

Figure 5 shows the current distribution in SOFC at
two flow rates of hydrogen. The average current den-
sity is 200 mAcm2 The partial current near the
entrance of SOFC is larger than that near the exit
according to the potential distribution in Fig. 4. The
current distribution depends on the flow rate and
become larger with decreasing of the flow rate. The
heat generation caused by the ohmic resistance of elec-
trolyte is seemed to be much larger at the entrance of cell
compared with the heat generation at the exit, as
expected from the relationship between the heat genera-
tion at the electrolyte and the current.

Figure 6 shows the partial pressure distributions of
oxygen, hydrogen, and steam in SOFC at 5 cms™!
(0.0376 mols—1) flow rate. The hydrogen partial pres-
sure gradually decreases along the Z axis from the
entrance to the exit. Under these conditions, 10% of
hydrogen induced in SOFC is consumed by the elec-
trode reaction. The oxygen partial pressure also
decreases. The partial pressure distribution of hydro-
gen is larger than that of oxygen, because 4 electron per
1 mole oxygen is consumed at the oxygen electrode and
2 electron per 1 mole hydrogen is consumed at the

1.20
1.00
T B
L 080 |
(a9
X
=)
= 060 |
040 |
0.20 | 0O,
/f"ﬁjo"/
0.00 P

0 2 4 6 8 10 12 14 16 18 20
L/ cm

Fig. 6. Partial pressure distributions in the tubular
SOFC, discharge current; 200 mA cm—2, flow rate; 5
cms™L.
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hydrogen electrode. The partial pressure distributions
of hydrogen and steam are larger than that of oxygen.
The heat caused by the entropy change of oxygen and
hydrogen electrodes can be estimated from the partial
pressure distributions of gasses according to Eqs. 13, 14,
and 15.

In this way, the partial pressure distributions of hy-
drogen, oxygen, and steam and the current distribution
in SOFC were obtained. From these results, the heat
generation at each element can be estimated. The
temperature distribution in SOFC can be calculated by
using a finite element method.

Temperature Distribution in Tubular SOFC. Figure
7 shows the model of the tubular SOFC and the initial
and boundary conditions for the calculation of a finite
element method. The gas temperature was assumed to
be 1273 K to simplify the calculation. The temperature
distribution at steady state was estimated in this study.
The heat conductivities of yttria stabilized zirconia,
porous yttria stabilized zirconia support, LaCoOQs, and

r—Heat Transfer
h=f(p, 1, Cp, K, u, D)

Heat Generation

anode

dQ
— =IxTASa+Ipa
dt

electrolyte

d
aQ
H dt
t=0, T=1273 K cathode
dQ
“— =IxTASc+Ipc
dt 7
Fig. 7. Model for calculation of temperature distribu-

tion and initial and boundary conditions.

Table 3. Heat Conductivities of the Materials in SOFC
Material k/Jem—ts 1K1
YSZ 0.027
Porous YSZ 0.011
LaCoOs 0.022
Ni cermet 0.11

Table 4. Physical Parameters of Hydrogen
and Air at 1273 K

p/gem™3 p/gemtst Cp/Jg 1K1 k/Jem s 1K1

Air 0.276 6X10-5 1.1X103 0.2
H, 0.019 3X10-5 1.4X104 0.1
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Ni cermet are summarized in Table 3. At the interface
between the oxygen chamber and the porous yttria
stabilized zirconia, the thermal boundary is assumed.
The heat transfer coefficients of the thermal boundary
between air and yttria stabilized zirconia support (/i)
can be written by

hin=Nu /D (16)

where Nu (Nusselt constant) is calculated from physico-
chemical properties of air by using the following
equations.

Nu=2.43 (Re Pr D|L)i3 a7n
Pr=C,pu/k (18)
Re=Duplu (19)

p is the density of gas, u the viscosity of gas, C, the heat
capacity of gas, k the heat conductivity, u the flow rate
of gas, D the diameter of the cell, L the length of the cell,
Pr Prandtl constant, and Re Reynolds number. These
parameters are summarized in Table 2 and 4. On the
other hand, the heat transfer coefficient of thermal
boundary between hydrogen chamber and anode (Aou)
can be given by the following equation

houw=0.664 (k] L) Re'/2 Pri3 (20)

In this way, the heat transfer coefficients at the interfa-
ces are easily calculated from these equations. The
heat generation at oxygen electrode can be estimated by

dQ
o ITAS. + I @n
t

and at hydrogen electrode

dQ
—, ~ITAS. +In, (22)
t

The heat generation from electrolyte is given by

aQ

PR 23
4 23)

The hydrogen and oxygen flows along Z-axis from the
entrance to the exit. The hydrogen electrode is made
from nickel cermet and its thickness is 500 um. The
oxygen electrode is made from LaCoOs and its thickness
is 500 um. The electrolyte is the yttria stabilized zirco--
nia and its thickness is 500 um. The thickness of each
element is related to the mechanical strength of the cell.
The thick element gives the high reliability of the cell.
In this study, the thickness of each element was assumed
from the point of view of the stability of the cell.

Thus, all parameters used in the calculation of the
temperature distribution in the tubular SOFC can be
estimated. The calculation by using a finite element
method was carried out. Figure 8 shows the tempera-
ture distribution in the electrolyte along Z-axis. The
temperature at the entrance is lower than that at the
exit. From the current distribution, it is expected that
the heat energy generated at the entrance is larger than
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Fig. 8. Temperature distribution in YSZ along Z-axis
at a: 5 cms!, b: 10 cms™, ¢: 20 cms™!, and d: 30
cms™L
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Fig. 9. Temperature distribution along R-axis near
the entrance of the tubular SOFC at 10 cms™1, a: air
chamber, b: porous substrate, c: cathode, d: electro-
lyte, e: anode, f: fuel chamber.

that at the exit. The temperature distribution in Fig. 8,
however, is inconsistent with such an expectation. This
fact indicates that the heat generated near the entrance
of SOFC is transported to hydrogen gas and oxygen
gas. At the exit of the tubular SOFC, the heat is
transported form hydrogen gas and oxygen gas to the
electrolyte during the initial period of the discharge.
Therefore the temperature in electrolyte near the exit is
higher than that at the entrance. The temperature
distribution in SOFC strongly depends on the flow rate.
The uniform temperature distribution can be obtained
at 30 cms—! flow rate. The utilization of fuel, however,
decreased with increasing of flow rate.

Figure 9 shows the temperature distribution along R-
axis near the entrance of SOFC. The highest tempera-
ture is observed at the electrolyte region. The tempera-
tures at porous yttria stabilized zirconia and the nickel
cermet electrode are lower than that at the electrolyte.
The heat is transported from the electrolyte to hydrogen
and oxygen gasses. The temperature gradient is largest
at the electrolyte region. This result indicates that the
thermal stress at the electrolyte region is the most
important factor for the decomposition of SOFC. The
heat absorbed by hydrogen gas is comparable to that by
oxygen gas. The half of heat energy generated in
SOFC is transported to the hydrogen gas chamber near
the entrance region of the tubular SOFC.

Conclusion

The simulation of the temperature distribution in
solid oxide fuel cell was demonstrated. The heat
energy produced by the entropy change of electrode
reactions was taken into account for the calculation.
The calculation under various conditions will give the
guideline for the design of solid oxide fuel cell. For the
calculation of the temperature distribution in solid
oxide fuel cell, the heat produced from the entropy
change of electrode reaction will become larger than
those by overpotentials and ohmic resistances with the
development of the excellent materials and processes.

In this study, the dependencies of thermal and electro-
chemical parameters on temperature were not taken into
account for the calculation of the temperature distribu-
tion. However, the deviation from the true tempera-
ture distribution in the model cell, which cannot be
measured, may not be significant, because the depen-
dencies of parameters on temperature may be negligible
small for the temperature distribution in SOFC. The
tendency of the temperature distribution calculated in
this study might be similar to that of true temperature
distribution in the model cell. The calculation under
various conditions will provide the useful information
for the selection of materials and the construction of
SOFC.
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