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Abstract

A mathematical stack model is used to predict the temperature at a constant-load operation of molten-carbonate fuel cell stacks. The
validity of the model is proved by a comparison with measured temperature data obtained from the operation of a 5-kW test stack. The
model is applied extensively for the simulation of temperature profilesin a larger stack to analyze the effect of various stack parameters
on temperature rise and cooling. The results verify that the cathode gas flow has a predominant effect on the maximum temperature inside
the stack while the inlet and heating temperatures have limited influence. This explains the need for pressurized operations for control of

stack temperature. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Fuel cells produce a significant amount of thermal
energy as well as electrical power, because the electro-
chemical reactions cannot convert the change of internal
energy completely into electricity. A temperature rise is
inevitable during the operation of fuel cell stacks. The
temperature range allowed for stable cell performance
depends upon the type of fuel cell. In the case of a
molten-carbonate fuel cell (MCFC), the normal operating
temperature is 650°C and the allowable temperature varia-
tion is the range of 600 to 700°C [1]. At a temperature
lower than 600°C, the cell performance drops significantly,
while a temperature higher than 700°C accel erates material
corrosion. Compared with other fuel cells with relatively
nonreactive electrolytes such as ceramic oxide or polymer
membrane, the use of carbonate salt in MCFC creates a
chemically active environment on the contact surface of
the cell components even at the normal operation tempera-
ture. To guarantee a stable performance during the com-
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mercially targeted operation period (~ 40000 h per stack),
the inside stack temperature should be controlled within
the specified range.

Stack temperature control in MCFC can be achieved in
two ways. One is a direct or indirect internal reforming
stack where the endothermic reforming reactions absorb
heat generated from cells and lead to a thermal balancing
state so that the maximum temperature does not exceed the
alowable limit [2]. The other way of temperature control is
cooling with an excess amount of process gas, (com-
pressed air to cathode) which lowers the stack temperature
by convective heat transfer. In the latter, which has been
sought for external-reforming MCFC stacks, an increase of
inlet pressure might be a limiting factor though this prob-
lem can be solved by pressurized stack operation. A choice
between internal and externa reforming methods will be
made on an economic basis, and each has its own merits
and drawbacks. Pressurized operation is desired in the case
of air-cooled MCFC stacks not only to reduce the pressure
drop of gas streams but also to obtain a higher cell
performance at elevated pressures [3,4]. Some MCFC de-
velopers are interested in pressurized MCFC stacks for this
reason.

Past studies demonstrated valid stack models for predic-
tion of temperature and other variables in MCFCs [5-8].
This study uses an MCFC stack model similar to others,
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but attempts to show various aspects of the stack tempera-
ture rise during a large-area MCFC stack operation from
numerical simulations under several different operating
conditions. The aim is to draw a conclusion that systemati-
cally explains how the stack temperature can be managed
efficiently in an external reforming MCFC stack, espe-
cialy one with co-flow internal manifolds. The character-
istics of a large-area stack should be verified in as much
detail as possible, but it is not cost-effective to build and
test such a large stack for fundamental research purposes.
That kind of task can be easily done when mathematical
models are utilized for the simulation of stack operation, as
demonstrated in this paper.

2. Mathematical model for MCFC stack

The MCFC stack considered in this study was a planar
stack with vertically piled cells and internal gas manifolds.
The side and top cross-section areas of this type of stack
are shown in Fig. 1. The electrochemically active zone is
the cell area represented by L X W. The size of separator
plates is larger than the electrochemical reaction zone so as
to include gas manifolds at the inlet and outlet zones. The
area of separator plates outside the electrochemica reac-
tion zone is the wet seal, which plays an important role in
preventing fuel and oxidant gas streams from leaking. The
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Fig. 1. Schematic views of co-flow MCFC stack.

sealing of the wet seal is achieved with a liquid carbonate
melt filled in a porous matrix plate between a pair of
separator plates. At the same time, the wet seal is a weak
point of the MCFC because corrosive attack of carbonate
salt occurs mostly in this area.

Mathematical models were derived for a stack which
had the effective cell area shown in Fig. 1. The wet sed
area is excluded in the model formulation, but it is ac-
counted for in stack boundary conditions. The governing
equations are built for transport variables based on contin-
uum mechanics at a steady state and the cell performance
variables. The equations are expressed in Cartesian coordi-
nates with x as an axial distance, y as a vertical distance,
and z as a transverse distance. Each cell is physicaly
composed of a pair of electrodes (cathode and anode) and
an electrolyte-filled matrix layer between them, but they
are treated as a single layer with electrochemical reactions
taking place homogeneously.

The conservation equation for heat transfer with con-
sumption and generation of thermal energy is expressed as.

V. puC,T=V- (KVT) + £Q (1)

where Q represents a heat source or sink due to cell
reactions or gas-phase reactions. The heat generated from
cell reactions is obtained from the enthalpy change of an
overall cell reaction minus the electrical power produced,
i.e,

1
H,+ 502 — H,0 + electricity + heat

AHq 0= — (240506 +7.3835T)  [J/mol]  (2)

) 1
Qcell ={(_AHf,HZO)rj,ceII _IVceII}S_ (3)

cell
where 1, is the number of reactant moles per unit
surface area for species j and is obtained from Faraday’s
equation if current density, i, is given by

i
r. = — 4
heel = 3 F (4)

Besides the cell reaction, there is an additional heat
source or sink from an anode gas reaction called the
water—gas-shift reaction. The enthalpy change of this reac-
tion is, however, usually negligible compared with that of
the cell reaction, i.e,

CO+H,0 < H,+CO,

— Qg = AHg = —43729+ 9.4657T  [J/mol]

(5
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A set of momentum conservation equations was also
included to calculate pressure fields and velocity distribu-
tion:

Vpu= +meoz- (6)
Vo=V (¥u) - VP )

Egs. (6) and (7) apply for the gas streams of the anode
and the cathode which are not supposed to be mixed unless
alocal cell breakage occurs (cross-over). Since a hydrogen
molecule in the anode gas reacts with a carbonate ion
supplied from the electrolyte layer though ionic conduc-
tion, the anode gas stream acquires a mole of carbonate for
each hydrogen molecule consumed. The result is that a
total mass increases by a net amount equal to the mass of
carbonate. The reverse is true for the cathode where a
carbonate ion is created as a result of reaction of carbon
dioxide and oxygen. Therefore, there is an overall mass
increase in the anode gas (positive source in Eg. (6)) and
an overal mass decrease in the cathode gas (negative
source in Eq. (6)).

H,+ CO3 - CO,+ H,0+2e (anode)

1
CO, + 502 +2e”— CO;~ (cathode)

While an overall mass conservation is expressed as in
Eqg. (6), the conservation of each species is obtained from
differential mass balance equations with a variety of source
and sink terms such as electrochemical reactions. Written
in terms of molar concentration, C;, the mass balance
equations are generally expressed as:

V-uc =V (DVC) +Lr, (8)

If only one-dimensional axial variation of concentration
is considered to be predominant and a diffusion contribu-
tion in the bulk gas streams is ignored, then the equation is
expressed in the following simple form:

d(u,y,C) B

i 1

I ZF 5, (for species j) (9)
where §; denotes a gas channel depth and is required to
convert a surface flux into a volumetric flux. In this mass
balance equation, diffusion terms are ignored because the
rate of molecular diffusion in bulk gas streams is very
small compared with the convection mass transfer rate.
The concentration variation in the y-direction is also ne-
glected. The right-hand side is the rate of species con-
sumed or generated from the cell reactions according to
Faraday's law (Eq. (4)).

If we assume a uniform current density (i) over the
electrode plane surface, Eq. (9) becomes an ordinary dif-

ferential equation which can be solved for each species
mole fraction (y;) and a total molar flux of each gas
stream (u,C).

1 i
yi = UXC (uXCyi)in + Z]- F§g X) (10)
0,C= (U,C)+ ¥ ———x (11)

i Z Fag

The water—gas-shift reaction equilibrium is assumed at
the inlet feed anode gas mixture.

Yu, Yco,

Yh,0¥co

P, P,
= 0 Kenift (12)
PHZO Pco

Ky = 157.02 — 0.4447T + 4.2777 X 10T 2 — 1.3871
X107 7T? (13)

In fuel cell reactions, the rate of reaction is related to a
local current density, as Eq. (4) or (9) show. The local
current density is affected by temperature and reactant
partial pressures, and is therefore coupled with other model
equations. A precise analysis of current density distribution
requires electrochemical kinetics in microscale dimensions
and includes pore diffusion and reaction at three-phase
boundaries (gas reactant + electrolyte + electrode surface).
For simplicity, we assume the total current load is uni-
formly distributed in the cell plane.

A reversible cell potential is calculated from a set of
thermodynamic equation and equilibrium data, i.e.,

RT | Pu,ayPo,c P,

Eay= B0+ ——In| —t 2% 0 (14)
2F F>H20,a PCOZ,a

E0=1.2723 27645 10*T (15)

The cell performance is obtained from a reversible cell
potential and irreversible losses due to internal resistance
and polarization.

Vea = Eeq - I( Ronm + Manode T 77c:aihode) (16)

Internal cell resistance is usually expressed by means of
an Arrhenius equation as a function of temperature. Corre-
lations for polarization losses were obtained from Ref. [9].

1 1
Rohm = 0.5 X 10“exp[3016( T s

} (17)
=227x107° % p-042p-017p-10 (19
Tlenode = - &P\ = H, Pco, Pu,o (18)

=7.505x 1010 @ p=-043p-0.09 19
Tcathode : exp T o, o, (19)
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The proposed mathematical model is solved using one
of the commercially available computational fluid dynam-
ics solvers, PHOENICS (version 2.2) on PC. Eq. (1) was
applied for cell, separator, and gas streams to obtain
temperature fields, and Egs. (6) and (7) were solved for
pressure fields [10]. The concentration variation after the
water—gas-shift equilibrium at the anode inlet was directly
obtained from Egs. (10) and (11) for a given average
current density and was implemented in the computation
program. Egs. (14)—(19) were also implemented in the
user-subroutine program to obtain cell voltage as a func-
tion of temperature and reactant partial pressures. The
thermal and transport properties of gases were estimated
from correlations for ideal gas [11]. Solid thermal proper-
ties were extracted from literature [12]. The simulation was
conducted for a 20-cell MCFC stack of 3000-cm? cell area
for model validation and a 40-cell stack of 6000-cm? cell
area for an extensive study of temperature distribution in
the MCFC.

3. Test of stack performance and temperature

A 20-cell MCFC stack was constructed with an external
reformer for hydrogen supply and gas preheating units.
The cells were made with a Ni—Cr aloy for the anode,
lithiated nickel oxide for the cathode, a molten carbonate
mixture (Li,CO;/K ,CO,) for the electrolyte, and a ce-
ramic matrix (T-LiAlO,) for the electrolyte support. These
are a set of the most widely used component materials at
the present time. The length of each cell is 41 cm and the
width is 76 cm. The separator plates are 60 X 82 cm. The
height of the stack with 20 cells was approximately 35 cm.
In the 21 separator plates needed for the 20 cells, the top-
and bottom-end plates are 8 cm thick each and this size
was heeded to alow large channels for the inlet and outlet
gas flow paths. The separator plates located every five
cells from either the upper- or the lower-end plate are 1 cm
thick, and these separator plates are designed to allow for
insertion of thermocouples in order to measure inner stack
temperatures during operation. The other remaining separa-
tor plates are al 0.5 cm thick, and they also act as bipolar
plates between two adjacent cells. Electrical heating plates
were placed on both the top- and bottom-end separators,
and they maintained a constant temperature (650°C) during
operation unless specified otherwise. The stack was ther-
mally and electrically insulated from the outside.

The feed amounts of fuel and oxygen were determined
from the load current and the gas utilizations. Stack perfor-
mance was measured mostly at 100 and 150 mA cm™ 2
with a gas utilization rate of 0.4 to 0.6. The feed composi-
tion of the cathode gas was O,/N,/CO, = 15/55/30,
and the feed composition of the anode gas was H,/
CO,/H,0=72/18/10. The steam content of the anode

gas was controlled via a humidifier temperature main-
tained at 50°C.

4. Results and discussion

4.1. Comparison with measured stack data

A set of boundary conditions for the stack is necessary
to solve the proposed differential equations. For the theo-
retically predicted temperature distribution to match real
data, the boundary conditions of temperature need to be set
properly. Several sets of temperature boundary conditions
were examined for the stack model and the accuracy of
predictions was analyzed by comparing these conditions
with temperatures measured from the 20-cell test stack.
For the specified size and stack design, we obtained satis-
factory temperature prediction when the wet seal tempera-
ture was reasonably assumed to account for heat transfer
from the stack boundary to the surroundings. The front wet
seal of the gasinlet zone was assumed to have the inlet gas
temperature, and the rear wet seal temperature at the gas
outlet was assumed to correspond with the heating temper-
ature of the upper and lower heating plates. For three-di-
mensional simulations, the side wall temperature (z=
+W/2) was assumed to vary linearly with the axia
position from the front wet seal temperature to the rear wet
seal. Details of such an analysis have been reported else-
where [12]. Here, we show a typical set of temperature
measurements and the results of a very reliable prediction
from simulations under two different current load condi-
tions, as given in Fig. 2. The measured temperature points
and contours from the simulation are plotted in a two-di-
mensional cross-section of the stack (the x—y plane of Fig.
1). The temperature contours revea that the central zone
near the outlet is the hottest part of the stack. The maxi-
mum temperature at 150 mA cm~? is 713°C, i.e, larger
than the upper limit of the suggested operation temperature
range. The inlet centre is the coldest zone. Since the
coldest and hottest zones are located in the middle of the
stack inlet and outlet, a one-dimensional temperature pro-
file aong the central axis will characterize temperature
distribution behaviour of this co-flow type stack most
effectively.

While each temperature contour line in Fig. 2 does not
show a monotonous variation, especially in the vertical
direction, it is explained by the different thickness of the
separator plates at which it is noted that the multiple apices
in Fig. 2 are observed after every five cells at which a
thicker separator plate is placed for temperature measure-
ment. The thicker separator plates will absorb more heat
from cells than the other thin plates, which results in a
lower local temperature. Overal, the agreement between
the data and prediction is quite sufficient to ensure the
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Fig. 2. Side view of temperature distributions from model and compari-
son with measured data from a kilowatt-scale test stack: (A) fuel and
oxygen utilization = 0.4 at 100 mA cm~2 |oad with a gas inlet tempera-
ture of 550°C; (B) fuel and oxygen utilization= 0.6 at 150 mA cm~2
load with a gas inlet temperature of 500°C. (O) measured temperature in
°C.

validity of the model and also the aforementioned tempera-
ture boundary conditions for more extensive simulations.

4.2. Effect of temperature distribution on cell performance

The temperature distribution over the area of each plane
is obtained from three-dimensional simulations. The coor-
dinates include axial (x), vertical (y), and transverse (z)
directions. The x—z plane projects a whole view of each
single layer of the cells and the separator plates. A view of
temperature distribution in the middle of the stack height
(y=H/2)isillustrated in Fig. 3. Only haf the area (from
z=0 to z=W/2) of the entire plane is shown because a
plane symmetry is assumed. The wet seal area is not
included in this plot. The same type of plots were made for
the predicted power density distributions in Fig. 4. The
stack simulation conditions for Figs. 3 and 4 are identical
to those of Fig. 2. In Figs. 2(A), 3(A) and 4(A), the feed
gas inlet temperature is 550°C and the current load is 100
mA cm~2. The corresponding values in Figs. 2(B), 3(B)
and 4(B) are 500°C and 150 mA cm 2. The lower inlet

temperature in the B plots was mainly for a practical
reason with respect to the operation of the test stack. The
stack temperature rose above 700°C when the load current
density was increased from 100 to 150 mA cm 2 at
atmospheric pressure. Such a low inlet gas temperature at
150 mA cm~2 was necessary in order to manage the stack
temperature within the allowable limit.

The temperatures in Fig. 3 are plotted on the same scale
for both case A (100 mA cm™?) and the case B (150 mA
cm~2) to provide a fair comparison. The same is also true
for the power density curves under the two different
conditions in Fig. 4. At a moderate current load (100 mA
cm™2), the temperature variation is mostly in the range of
550°C to 680°C, and the power density is uniform with an
average value of 0.087 W cm™2. At the higher load (150
mA cm~?), however, the temperature variation from inlet
to outlet has a very steep gradient, and the power density
distribution exhibits significant deviation from the average
value (0.113 W cm~2). The influence of temperature
variation on cell performance, even in this pilot-scale test
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Fig. 3. Plane view of temperature distributions in middle of stack height:
(A) and (B) cases are the same as those in Fig. 2.
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Fig. 4. Plane view of power density distributions in middle of stack
height: (A) and (B) cases are the same as those in Fig. 2.

stack, is clearly demonstrated in Figs. 3 and 4. In an
isothermal cell operation, which is possible only in small
cells, the electrical power density will decrease from the
inlet to the outlet, as influenced by anode gas partia
pressures [13]. The results of Fig. 4(B) show a very low
power density at the inlet, and this is due to the low
temperature, as indicated in Fig. 3(B). Such a low stack
temperature near the inlet is attributed to the low inlet gas
temperature, but it is necessary during actual stack opera-
tion to keep the maximum stack temperature lower than
700°C as dready explained. It emphasizes the importance
of heat management in MCFC stack operation to achieve a
stable cell performance. The power density distribution at
100 mA cm™2 in Fig. 4(A) is surprisingly uniform, proba-
bly because the opposite effects of two operating variables
(temperature and reactant concentration) are balanced un-
der these conditions. In other words, the axial increase of
temperature that enhances cell reaction kinetics compen-
sates for the decrease in the reactant partial pressure. The

stack tested for this study was in a stable operation at 100
mA cm~2 for approximately 3500 h as shown in Fig. 5.
We expect that degradation of the stack performance would
be accelerated at a higher load, i.e, 150 mA cm ™2, dueto a
more severe temperature distribution.

4.3. Effect of cell size and numbers

As discussed above, a co-flow stack is well character-
ized by axial variation of performance and operation vari-
ables [14]. In the following, we show the effect of various
stack parameters on the axial temperature profile, which is
of primary interest in this study. The temperature profiles
are for the central axis of the stack (y=H/2 and z=0 in
Fig. 1) from two-dimensional simulations. First, axial tem-
perature profiles of stacks with different sizes are com-
pared in Fig. 6. A 100-cm? cell is common in the labora-
tory for fundamental research, and there is no significant
temperature gradient in this cell size. The maximum avail-
able cell size for commercial applicationsis 1 m? and will
provide stacks of a few hundred kilowatts. Temperature
profiles in stacks with three different cell areas (1000,
3000, and 6000 cm?) are compared in Fig. 6. For two-di-
mensional simulations, only the cell length is required. The
cell length is usually about half the cell width, and our
simulation was undertaken on this basis. The matching cell
length is 22 cm for 3000 cm?, 40 cm for 3000 cm?, and 55
cm for 6000 cm?. Our test stack (20-cell of 3000 cm?) had
cells with alength of 41 cm. The axial temperature profiles
for the three different sizes have an identical shape with
increasing temperature from inlet to outlet, as shown in
Fig. 6, though the temperature drops a little near the outlet.
This exit temperature drop is probably due to a heat loss at
the boundary. The maximum temperature rise appears to
increase proportionally with cell size. The stack of 1000
cm? cells shows a maximum temperature well below
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Fig. 5. Time-dependent average cell performance of kilowatt-scale MCFC
test stack.
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Fig. 6. Axial temperature profiles from numerical simulations for stacks
of different cell sizes.

700°C. This is a very desirable operating condition, but
this size of stack is too small to be used for stationary
power generation purposes. The stack of 3000 cm? cells
displays a temperature rise to about 700°C, i.e., above the
upper limit for cell operation. It should be recalled (see
above) that we operated the same size of test stack at a
lower current load and with a lower feed gas temperature
to avoid this temperature rise. The maximum temperature
of 6000 cm? stack is higher than 750°C, far above the
upper limit.

A comparison of axial temperature profiles at different
stack heights, i.e., piles with different numbers of cells, is
given in Fig. 7. With more cells, the upper and lower
boundaries of a stack become further apart as the stack
height increases. External control of stack temperature is
possible at the stack boundaries by means of heating
power or feed gas temperature. Stack heaters are influen-
tial only in the region close to the heating plates which are
located at the upper and lower ends. The inside core of a
stack is little influenced by stack heaters, but is influenced
mostly by the heat of the cell reactions. The maximum
temperature may therefore be controlled with stack heaters
only when the stack height is very small, as the simulation
shows in Fig. 7. With only five cells, the stack temperature
is much lower than that with 10 or more cells. An increase
in cell number from 5 to 10 results in a maximum tempera-
ture rise of more than 20°C. With an increase of 10 to 20,
the temperature rise is about 10°C. After 20 cells, no
significant effect is seen with adding more cells. Both the
inlet and outlet temperatures of axial profiles are un-
changed, and only the maximum temperature point at the
apex of each temperature distribution curve moves upward
as cells are added to the stack (Fig. 7).

In general, the effect of the number of cels is small
compared with that of cell size. To increase the power
generation capacity of a stack, both cell area and stacking

cell numbers should be increased. The data in Figs. 6 and
7 indicate that the enlarged cell area is more responsible
for temperature distribution than the number of cells. In
the following study, we focus on the largest cell size (6000
cm?) among those compared in Fig. 6, and conduct a
parametric anaysis to investigate the effect of severa
stack operation parameters on the axial temperature pro-
file. In dl the simulations, the gas utilization was 0.6 for
fuel (anode) and 0.4 for oxygen (cathode). The inlet gas
temperature and current load density were 550°C and 150
mA cm™2, respectively. Only one of these parameters was
changed in a certain range for each set of simulation
results to see the effect of a specified parameter on the
distribution of the stack temperature.

4.4. Effect of gas inlet temperature and external heaters

The effect of the temperature of the feed gas on the
axial temperature distribution is analyzed in Fig. 8. Here,
the main interest is how the inlet temperature change
affects the overall temperature curves as well as the maxi-
mum temperature. The inlet gas temperature was varied
from 450°C to 550°C with all other variables fixed. Though
such a low temperature is not practica for MCFC opera-
tion, the simulation is intended to evaluate the effect of
inlet gas temperature on stack temperature distribution.
The change of gas inlet temperature influences the stack
front temperature, and shifts the entire axial temperature
profile dmost in parallel. If we define a stack temperature
rise as the temperature difference between the inlet and the
maximum temperature, the temperature rise is amost in-
variant to the change of gas inlet temperature because of
the parallel shift of temperature profiles. The maximum
temperature, however, decreases as the inlet gas tempera-
ture drops due to the temperature shift. Such a drop in the

800 T g T T T T T v T T T
[ Current load = 150 mA/cm®
[ Fuel utilization = 0.6

750 -Oxygen utilization = 0.4

—~ = o,
o Inlet gas temp. =550 'C
% L
S 700 - -
[0)
—
= ]
© 650 —m—5 cells ]
2 —e—10cells | ]
g I —A—20cells | ]
~ 600 - —w— 30 cells B

[ —e—40cells | |

550 [ 1 1 L 1 1 1 1 1
0.0 02 0.4 0.6 0.8 1.0

Dimensionless axial distance, x/L

Fig. 7. Axial temperature profiles from numerical simulations for stacks
with different numbers of cells.
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Fig. 8. Axia temperature profiles from numerical simulations at different
inlet gas temperatures.

maximum temperature is obtained in return for sacrificing
cell performance at the stack inlet since the low inlet
temperature will drop the cell performance significantly.
The lowest allowable temperature in a MCFC is higher
than 500°C since the melting point of carbonate mixture is
near 500°C for the given electrolyte composition. A de-
crease in inlet gas temperature exerts little beneficial effect
on the overall stack temperature distribution and cell oper-
ation.

The top and bottom heaters are used to help the stack
maintain a desired temperature, usualy 650°C. The axia
temperature profiles are compared in Fig. 9 when the
heater temperature is lowered from 650°C to 600°C and
then 550°C. If the heating plates have a large influence on
the inside stack temperature rise, the maximum tempera-
ture should be reduced by lowering the heating tempera-
ture. The axia temperature profile does not change much
except near the stack outlet, as shown in Fig. 9. The
maximum temperature drops only alittle even at the 550°C
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Fig. 9. Axia temperature profiles from numerical simulations at different
stack heating temperatures.

heating temperatures. The external stack heaters have little
influence on the inside of the stack. The effect of heating
temperature may be illustrated better in vertical tempera-
ture profiles rather than in axial profiles. Vertical tempera-
ture profiles of the separator plates near the inlet and outlet
of the stacks of Fig. 9, are presented in Fig. 10. The 41
separator plates for 40 cells are numbered on the ordinate
from the lowest (zeroth) to the highest (40th), while tem-
perature is plotted on the abscissa. The overall shapes of
the vertical temperature profiles are similar to those re-
ported by others[15]. The separators close to the upper and
lower heaters (No. 0 and No. 40) preserve the temperatures
of the heaters. In each case, the externa heaters appear to
influence about five cells from the top or bottom end
walls. Beyond these cells the inside stack temperature is
little influenced by stack heating. The inside temperature
near the inlet is actually independent of heating tempera-
ture. The inside stack temperature near the outlet is slightly
affected by the heating temperature, but the bulk of inside
separators maintains a uniform temperature for each heat-
ing temperature. The outlet temperature profilesin Fig. 10
resemble oscillating curves which show an apex at the
position of every five cells. As explained, this reflects the
different thickness of the separator plates at these loca
tions. The results of Fig. 10 also correspond to those of
Fig. 7 where the stacks with 10 or more cells have an
identical temperature distribution in the inside.

In Figs. 9 and 10, it can be been that the stack inside
temperature is mostly affected by the heat of cell reactions
rather than by the external heaters. The heaters at both
vertical ends turn out to influence only a few cells. Though
the stack heating temperature does not have much affect
on the overall stack temperature distribution, the externa
heaters are considered to be essential elements of a stack
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Fig. 10. Vertica temperature profiles from numerical simulations at
different stack heating temperatures: fuel utilization = 0.6 and oxygen
utilization = 0.4 a 150 mA cm~?2 load with a gas inlet temperature of
550°C.
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assembly to keep the cell temperature near the upper and
lower walls close to the set point.

4.5. Effect of current load and gas utilization

In Figs. 8-10, the temperature conditions at stack
boundaries (inlet gas and externa heaters) were discussed
in relation to how they change the inside temperature
distribution curves of the stacks. The influence of the cell
reactions on the stack temperature rise is shown in Fig. 11.
Since the rates of the cell reactions are determined by the
load current over the total cell area, the plot was made at
different load current densities for the 40-cell stack. As
most current—voltage curves indicate, the load current of
an MCFC rarely exceeds 200 mA cm~2 and in most cases
a current density of about 150 mA cm~? is considered a
base load. The axial temperature profiles in the current
density range from 50 to 150 mA cm™2 are presented in
Fig. 11. A low current load clearly results in a smal
temperature rise. Stable stack operation at atmospheric
pressure is possible with a load below 75 mA cm™2 under
the specified stack conditionsin Fig. 11. Special considera-
tion of stack cooling becomes necessary at a higher load
operation. The result obviously shows that the cell reac-
tions are the main source of thermal energy to raise the
inside temperature of a large-scale stack. When MCFC
stacks are configured with a heat-recovery system, a vast
amount of the heat generated from cells at the base load is
utilized for other turbine-based power-generation systems
in a combined cycle. Stack cooling is therefore important
not only to enhance the stack operation capability but also
to increase the overall efficiency using combined cycle
power generation.

We have shown so far the effect of parameters such as
inlet temperature, heating power, and load current. These
parameters define stack operation and more or less influ-
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Fig. 11. Axia temperature profiles from numerical simulations at various
current loads.
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Fig. 12. Axial temperature profiles from numerical simulations at differ-
ent cathode gas utilizations.

ence the stack inside temperature. Though managing those
parameters is helpful for stack temperature control, they
are not direct answers to the issue of stack cooling. A
complete control of MCFC stack temperature is achieved
by means of a cooling medium. There could be two kinds
of sources for stack cooling medium: process gas and
nonprocess gas or liquid. The use of coolant fluid that is
not involved in the stack operation process has not been
studied extensively, and it is not expected to draw much
attention because of the unavailability of an efficient
coolant under MCFC conditions and the need of another
type of stack design for the coolant flow. The use of
process gas as a coolant is now common for a large-scale
stack operation. While the anode fuel gas is an expensive
source that cannot be utilized in excess of the stoichiomet-
ric requirement, compressed air in the cathode gas can do
double duty as a cathode reactant and a stack coolant. The
effectiveness of cathode gas for stack cooling is well
explained in Fig. 12 that shows the effect of cathode gas
utilization on axial temperature profiles. It clearly demon-
strates that cooling of the stack temperature can be achieved
by increasing the cathode gas flow rate. The change of
cathode gas flow rate significantly influences the maxi-
mum stack temperature and the overall temperature distri-
bution. At a utilization of 0.2, the stack temperature is well
maintained within the limit. Comparing the effects of other
stack parameters shown so far, the use of excess cathode
gas is undoubtedly the most influential in suppressing rise
in the stack temperature.

The relationship between the stack maximum tempera-
ture and cell voltage and the cathode gas utilization is
shown in Fig. 13. The cell voltage is an average for all the
40 cells. The fuel (anode) utilization is fixed at 0.6 while
the oxygen utilization is varied from 0.6 to 0.2. No signifi-
cant effect of cathode gas flow is found for the average
cell voltage. The drop in the maximum temperature with
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increase in the cathode gas flow (low gas utilization) is
very dramatic. The total flow rate is inversely proportional
to the gas utilization. A decrease in cathode gas utilization
from 0.6 to 0.2 is equivalent to a threefold increase in the
cathode gas flow rate. With this increase, the maximum
temperature drops by more than 100°C.

The increase of cathode gas flow, however, causes
another problem, as shown in Fig. 14, i.e, a serious
increase in the pressure drop. In Fig. 14, the anode gas
pressure drop is constant because the fuel utilization is not
changed. The cathode gas pressure drop increases seriously
as gas utilization decreases or the total flow rate increases.
This pressure drop is a pressure difference between the
inlet and outlet of each gas stream. In operation at atmo-
spheric pressure, the outlet gas pressure is just above an
atmosphere, and the outlet pressure difference between the
anode and the cathode gases should be very low. The inlet
pressure difference between the anode and the cathode
gases, on the other hand, is estimated from each pressure
drop, as shown in Fig. 14. For instance, the inlet pressure
difference between anode and cathode is about 4500 Pa.
MCFC stacks cannot tolerate such high gas pressures. Gas
sealing in MCFC is maintained by a porous ceramic matrix
impregnated with the liquid carbonate electrolyte. The
anode and cathode gas flows create dynamic pressures and
these pressures keep a balance within the bubble pressure
barrier of the liquid electrolyte. The bubble pressure bar-
rier is not so high that an increase of pressure difference
between the two gas streams will break the balance and
lead to gas leakage. The gas leakage results in the combus-
tion reaction of hydrogen fuel with air and, consequently, a
dramatic increase in local temperature. Pressure control is
not a problem in a small-size cell, but is a critical issue in
a large-scale stack. MCFC developers have already solved
this problem by employing pressurized operation. A large-
scale high-temperature fuel cell system with an externa
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Fig. 14. Gas pressure drop as a function of cathode gas utilization.

reformer expects to be operated at elevated pressures.
Pressurized operation will reduce the gas pressure drop
from increased residence time and slower gas velocity. A
pressurized stack operation also promises an increase in
cell performance as already reported by many researchers

[3].

5. Summary and conclusion

The proposed stack model is validated via temperature
distribution compared with the measured data of a 5-kW
test stack. A more significant temperature distribution is
observed at a higher load, and its influence on nonuniform
power density distribution is demonstrated. Further simula-
tion results verify every aspect of the MCFC stack opera-
tion characteristics from the demonstration of axial temper-
ature profiles at various stack parameters and operating
conditions. A large effect of cell size on stack temperature
rise is aso clearly observed. The cell length has more
influence on temperature rise than the number of cells. A
change in the inlet gas temperature shifts the axial temper-
ature distribution curves. The inlet gas temperature has no
influence on the shape of axial temperature distribution,
but it reduces the maximum temperature. The stack heaters
located at the top- and bottom-end separator plates influ-
ence only a few cells from the end wall, and the inside
temperature rise is mostly due to the heat released from the
cell reactions. Increasing the cathode gas flow rate is the
most effective in lowering the rise in stack temperature.
All the simulation results corroborate the known fact that
cathode gas is an efficient cooling medium and the stack
temperature control is achieved with changing the cathode
gas flow rate or utilization. The need for pressurized
operation is addressed from the demonstrated results.
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List of symbols

C total molar concentration, mol m~3

C molar concentration of species j, mol m~3

C, molar heat capacity or specific heat capacity, J

mol~-K~tor Jkg=!-K™1!

D diffusivity of gas, m?s™!

= equilibrium cell potentia, V

EC standard cell potential, V

F (Faraday’ s constant) = 96487 C mol ~*

H stack height, m

AH enthalpy change, J mol !

i current density, mA cm~2 or A m™?

Kgirt  chemical equilibrium constant for the water—gas-
shift reaction

k thermal conductivity, W m~1- K1

L cell length, m

m, volumetric mass source or sink of reactant /prod-
uct species, kg m3s7!

Q rate of heat generation, W m 3K !

Rym  Ohmic resistance, Q - m?

r; chemical or electrochemical reaction rate for
species j, mol /m? s or mol /m® s

u velocity vector [u,, u,, u,J, ms™

U fuel utilization in anode

Uy, oxygen utilization in cathode
W cell width, m

Vean cell potential under electrical load, V

Y, mole fraction of species j

Z, number of electrons transferred in the reaction for
each species j

Greek letters

3 call cell thickness, m

[ gas channel height, m

n viscosity, kgm~! s71

p density, kg m—2

M impedance for electrode overpotential, () - m?
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