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Abstract 

An examination is made of the relationships between the gas-flow uniformity in the planar direction, the gas-flow uniformity in the staeldng 
direction, and the cell performance in a co-flow type molten carbonate fuel cell stack. A simulation code that accounts f~ the effects of 
electrochemical reactions. heat transfer, and gas flow is used to calculate the cell performance (i.e. cell temperature, current density and cell 
voltage) for various gas-flow uniformity levels in both the planar and the stacking directions. A comparison is made of thee tsofthetwo 
kinds of gas flow uniformity on the cell performance. 
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1. Introduction 

In recent years, molten carbonate fuel cells (MCFCs) have 
attracted strong interest due to expectations that they will 
serve as highly efficient, low-pollution power sources. Vari- 
ous types of cell stack structure have been examined with a 
view to realizing commercial plants. Of these structures, a 
stack using a co-flow configuration, in which both fuel gas 
and oxidant gas are led in the same direction along a unit cell, 
has been recognized as one of the practical structt~res to real- 
ize uniform cell reaction and cell temperature. Due to a lack 
of detaiied information on the relation between gas-flow uni- 
fonnity and cell performance, however, a major effort has 
been devoted to improving the uniformity of the gas-flow in 
order to increase cell performance. 

A stack with plate heat-exchanger type separators is shown 
schematically in Fig. 1. The gas flows in the separators are in 
a co-flow configuration, while the manifold structures are in 
an internal manif4d configuration. In the stack, the edge and 
manifold seal portions are separated, and a wet gas seal is 
used for the edge and a connected solid parts gas seal for the 
manifold. Therefore. at the manifotd portions, in which a 
large amount of gas flows, a tight gas seal is maintained by 
the connected seal configuration. The edge and manifold por- 
tions are also designed to be flexible so that they follow the 
creep deformation of the active portions, and therefore a good 
electrical contact at the active portion and a tight gas seal at 
the edge and manifold are reliably maintained. 
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Pig. 1. plate lmt-oxchan~ type stack 

On the other hand, careful design is required to realize 
uniform gas flow in the planar direction (i.e. the direction 
along the cell plane) of the stack, due to the divergent and 
convergent gas channels, as well as in the stacking direction, 
due to the small section size of the manifold compared with 
the outer manifold configuration. Therefore. to realize a 
rational stack design, it is necessary to understand therelation 
between gas-flow uniformity and cell performance. 

In this study, the relationships between the gas-flow uni- 
fonrrity in the planar direction, the gas-flow uniformity in the 
stacking direction, and the cell performance are examined 
using a specially-devised simulation model. 

2. Method of analysis 

The operating principle of an MCFC is shown in Fig. 2. 
The electricity is generated in the active portion which con- 
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Fig. 2. Principle of the MCFC. 

sists of the electrolyte, the aaode, and the cathode. The elec- 
trolyte consists of molten carbonate which is contained in a 
porous matrix. A fuel gas that contains H, is fed to the anode, 
and an oxidant gas that contains O2 and CO2 is fed to the 
cathode. The following electrode reactions take place at each 
electrode: 

(i) cathode 

1/20,+CO,+2e- +C03’- (1) 

(ii) anode 

H2+C03*-+HZO+COz+2e- (2) 

These reactions are exothermic overall, and transfer of 
COS2 - ions in the electrolyte drives electron flow in the load. 

At the anode, the following shift reaction is also assumed 
to be in the equilibrium state 

H,+C02+HH,0+C0 (3) 

The analysis model consists of a unit cell (i.e. electrolyte, 
anode, and cathode), two separators, a fuel gas, and an oxi- 
dant gas; it is shown schematically in Fig. 3. The two sepa- 
rators are assumed to have the same temperature disvibution 
when modelling a tall stack composed of many cells. 

The following mass balances between molar flux ni of 
reactive gases and the current density i are satisfied: 

(i) cathode side 

dim, = - il4Fh, (4a) 

divnco, = - i/2Fh, (4b) 

(ii) anode side 

divnH,= - i/2Fh, (5a) 

divn,, = i/2Fh, (5b) 

divnHto= i/2Fh, (5c) 

The open-circuit voltage, E. is deter_nined from the stan- 
dard electromotive force, &, of the electrode reaction, which 
is shown as Eqs. ( 1) and (2). and the p% composition using 
the Nemst equation 

Fig. 3. Analysis of model of a unit cell of the MCFC. 

(6) 

The cell voltage, V, is determined by E, i, and effective 
resistance R,, which contains the anode and cathode over- 
potentials and ohmic loss 

V-E-R,.& (7) 

R,, is assumed, as shown in Table 1, based on the experi- 
mental results for small unit cells. 

The heat generation, qe, by the electrode reaction is derived 
as follows 

qe= -AH,(iI2F) -Vi (8) 

where AH, is the enthalpy change of the electrode reaction. 
The heat generation (or heat consumption) q. due to the shift 
reaction is derived from the enthalpy change of the shift 
reaction AH, and the molar flow rate change Anco of CU on 
the unit anode area 

q,=AKAnco (9) 

The heat generation and heat consumption were also assumed 
to occur in the cell. 

For the heat transfer, the cell and separator were assumed 
to have uniform temperature in each thickness, and the mean 
temperature in each thickness were treated for the fuel gas 
and oxidant gas. For the cell, thermal conductivity in the 
planar direction, convective heat transfer between the cell 
and the fuel and oxidant gases, and radiative heat transfer 
between the cell and the separator were considered. The 
energy balance for the cell is derived as follows 

- A,rcV2Tc = aF( TF - T,) + ao( To - Tc) 

+ i ~+WTs,4-Tc4) +qo+qs 
n-l 

(10) 

where Tc is cell temperature, TF and To are the fuel and the 
oxidant gas temperature, n indicates the anode-side separator 
when n equals 1, and the cathode-side separator when equals 
2, respectively; T,, and T,, are the anode-side and the cath- 
ode-side separator temperature; the anode and oxidant gas 
channel heat-transfer coefficients aF and &-, were derived 
from the Nusselt number for a parallel-plate channel. The 
geometical factors F, were assumed to be 1 (in the case 
where the cell and the separator elements were fully over- 

T&k 1 
Rincipal analysis conditions 

Cell six ImXlm 
Gas channei height, It... 4 1.4x10-‘m 
Inlet gas composition Fuel H2:C&:Hi0-70:18:12 

Oxidrurt O~:CO~:Nl- 1413056 
Inlet gas tempcmtufc 923K 
PIessure 0.1 hlPe 
Cunent density 1500 A m-* 
Effective rcsismnce. & 1.88 X IO-’ exp(4.85 X lo*/RT) Sl rn-’ 
TItermid conductivity &=7.07 W m-’ K-l, 

A,=22.9 W m-’ K-’ 
Gas channel Nusselt number 8.23 
Emissivity. r, 0.48 
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lapped) or 0 (in the case where the cell and separator ele- 
ments were not overlapped). A similar energy balance for 
the separator is obtained by simply omitting qe and qr from 
%. (10). 

For the fuel gas, enthalpy transfer by gas flow, convective 
heat transfer between the fuel gas and the cell and separator, 
and enthalpy transfer by ‘- CO9 ion transfer were considered. 
The energy balance for the fuel gas is derived as follows 

+arF(Ts-T,) + (i/2F)cK,To (11) 

where & is the molar flux of tiei gas, and cpcm is the specific 
heat of the composite gas which consists of Oz and CO* at a 
r&o of 1:2. The similar energy balance for the oxidant gas is 
derived by merely inverting the sign of the third term in 
Eq. (111. 

For the gas flow, considering O2 and CO* transfer by the 
electrode reaction, mass balance for the fuel gas is 

dio( h;uF) = (i/2Fh,) ( MoJ2 + Ad& ( 12) 

where uF is the fuel gas mean velocity in the thickness; pi is 
the fuel gas density;M, and&, are the mol. wt. of O2 and 
COz. respectively. The similar mass balance for the oxidant 
gas is derived by inverting the sign of the right-hand term. 
Assuming two-dimensional Poiseuille flows in the X- and y- 
directions, the momentum balances for the fuel gas are: 

uFX = ( - dp&x) (h,‘/ 12,-t& (13) 

UF, = ( - WW (h2/ 12/r,) ( 14) 

where pF is the static pressure of the fuel gas; &FX and UFy are 
the mean velocity components in the X- and y-directions, 
respectively. Similar relations between the velocities and 
static pressure are &rived for the oxidant gas. 

To solve the coupling phenomena in the fuel cell. that are 
expressed in Eqs. ( 1) to ( 14). a modelling by the nodal 
network method was adopted. The cell was divided into ele- 
ments with uniform temperatures, current densities. and 
open-circuit voltages. The separator was divided into 
elements with uniform temperatures. The fuel gas andoxidant 
gas were divided into elements with unifonr, ~emperamres. 
partia! pressures of chemical species, and static pressures. 
Each element was connected by elements with certain thermal 
conductances. and the fuel and oxidant gas elements were 
also connected by elements with specific flow resistance. The 
calculations for the electrochemical reactions and the matrix 
solutions for the temperature and static pressure were per- 
formed iteratively and, as the result of convergence, steady- 
state solutions that contain non-linear effects for the 
phenomena were obtained. 

3. Andy& cmditions 

For the evaluation of the effect of the planar direction flow 
uniformity on the cell performance, the velocity distributions 
of the fuel and oxidant gases at the inlet and outlet of the 
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Fig. 4. Fuel and oxidant gas velocity distributions at the inkt and o&t of 
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active portion were assumed to have various uniformity.Each 
normalized velocity distribution of fuel and oxidant gases for 
the flow deviations of 0,5,10,20,30.40 and 50% are shown 
in Fig. 4. Here, the flow deviations are defined as the nor- 
malized standard deviations of the gas velocity distributions. 
The velocity distribution patterns are decided by assuming a 
plate heat-exchanger type fuel-cell stack that has an inlet 
manifold and an outlet manifold placed on the opposite sides 
of the neutral axis relative to one another, as shown in Fig. 1. 

The relations between gas utilizations and cell perform- 
ances were also examined to evaluate the effect of stacking 
direction flow uniformity on the cell performance. The gas 
utilizations are defined as the ratios of utilized H2 and 0, to 
those at the inIet; when the gas flow rates at the inlet are 
increased, the utilizations are decreased proportionally. Here, 
the gas utilizations indicate gas flow rates for a cell which is 
a part of the stacked cells, and the changes in the utilizations 
indicate the uniformity change of the gas flow in the stacking 
direction. The fuel and oxidant gas utilizations are assumed 
tobe80and1096,80and4096,50and1o9b,and50and4o9b, 
respectively. The other principal anaiysis conditions are 
shown in Table 1. 

The cell performances (i.e. cell voltage, current-density 
distribution, and cell-tem?rature distribution) under these 
flow uniformity conditions are evaluated. 

4. Results and discussion 

The fuel and oxidant gas velocities. current density. and 
cell temperature w2re recorded for typical gas utilization 
when the fuel utilization & was gO% and oxidant utilization 
Uo was 10%. The results for flow deviations of 0, 20 and 
50% are shown in Figs. 5-7, respectively. As the flow devi- 
ation increased, the patterns of current-density distributions 
and cell-temperature distr%utions became more complex m 
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Fig. 5. Fire1 and oxidant gas velocities, current density, and cell temperature Fig. 7. Fuel and oxidant gas velocities. current density, and cell temperature 
for 0% f:ow deviation, C& = 80%. and U0 = 10%. for 50% flow deviation, CIF = 80%. and U,= 10%. 

by the enthalpy transfer by the oxidant gas in the case of low 
oxidant utilization. 

The patterns of the fuel and oxidant velocity distribution, 
the current-density distribution, and the cell temperature dis- 
tribution for the other gas utilization cases were similar to the 
patterns for the above case of U, is 80% and U. is 10%. if 
the flow deviations were the same. By contrast, the current- 
density range and maximum cell temperature were different 
for each gas utilization condition. 

As described above, it becomes possible to calculate the 
effects of gas flow patterns on the cell performance by using 
the code. For the plate heat-exchanger type stack in which 
the outlet gas velocity distribution differs from the inlet gas 
velocity distribution, as shown in Fig. 7, it is also possible to 
evaluate these effects by assuming two-dimensional gas flow 
along the active portion. 

The effects of the flow deviation on the cell performance 
are given in Fig. 8. The relationships between normalized 
current density ranges and flow deviations for each fuel and 
oxidant utilization are presented in Fig. 8(a). The relation- 
ships between the normalized maximum cell temperatures 
and flow deviations for each fuel and oxidant utilization are 
given in Fig. 8(b) . Finally. the relationships between the 
normalized cell voltage and flow deviations for each fuel and 
oxidant utilization are shown in Fig. 8(c). Here, every flow 
deviation was defined on the inlet of the active portion, and 
the values were normalized on the basis of the values for 0% 
flow deviation for each utilization. 

The current-density range was defined as the difference 
between the maximum and minimum current density in the 
c :I!, and represents the uniformity of the electrode reaction 

Oxidant velceily (Ink) 

+ = 20.06 

cellteI&lperature (EL) 

fig. 6. Fuel and oxidant gas velocities. current density. and cell tempcreture 
for 20% flow deviaGon. 0, - 80%. and U, * 10%. 

accordance with the fuel and oxidant velocity distributions. 
The current-density distribution is strongly influenced by the 
fuel gas velocity distribution, because the current density is 
mainly determined by the HZ concentration of the fuel gas in 
the case of high fuel utilization. The cell-temperature distri- 
bution is strongly influenced by the oxidant gas velocity dis- 
tribution, because the cell temperature is mainly determined 
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Fig. 8. Effect of the flow deviation on the ycell performance: (0) 0, = 50%. 
t&-10%; (Cl) u,=50%, U,=409b; (A) r/,=80%. Uo=t09b; (‘0) 
C&=80%. 11,,==40%. 

at the active portion. For the purpose of operating every ceil 
portion under the designed load condition and avoiding cell 
life shortening caused by overload, it is desirable to decrease 
the current-density range. As the flow deviation increased 
from zero to 50%, the current-density range increased by 
almost 40%. In order to avoid shortening of cell life by high 
temperature, it is desirable to decrease the maximum cell 
temperature. As the flow deviation increased from zero to 
50%. the maximum cell temperature increased about 1%. To 
increase the electrical power, it is desirable to increase the 
cell voltage. As the flow deviation increased from zero to 
50%. the cell voltage decreased by almost 1%. 

The decrease of flow uniformity led to a decline in cell 
performance. Except for the current-density range, however, 
the effect of the flow deviation on the cell performance is 
slight. In these results, the case of U, = 80% and U. = 40% 
was disassociated from the others, because of the cell voltage 
increase that occurred due to the cell temperature rise caused 
by the high utilizations of the fuel and oxidant. 

In ace11 of a plate heat-exchanger type stack, flow deviation 
has been estimated as 25% at the most [ 11. Therefore, 
decreases in cell performance for the plate heat-exchanger 
type stack are estimated as only 15% in current density, 0.5% 
in maximum cell temperature, and 0.2% in cell voltage, Here, 

0.70 
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Fig. 9. Effect of the Row deviation and gas utilization on the cell perfm. 

the decline ratios are based on cell performance for 0% flow 
deviation in which cell performance is the best. 

The effects of the gas utilization and flow deviation on the 
cell performance are illustrated in Fig. 9. The relationship 
between current-density range and fuel utilization for each 
oxidant utilization and flow deviation (FD) is given in Fig. 
9(a), the relation between maximum cell temperature and 
oxidant utilization for each fuel utilization and FI) in Fig. 
9(b) , and the relation between cell voltage and fuel utilization 
for each oxidant utilization and FD in Fig. 9(c). As the fuel 
utilization increased from 50 to 8095, the current-density 
range increases about 75% for the oxidant utilization 
Uo= lo%, and 95% to 117% for Uo =40%. As the oxidant 
utilization increases from 10 to 40%. the maximum cell tem- 
perature increases about 11% for the fuel utilization 
U, = 50%. and about 17% for U, = 80%. Finally, as tire fire1 
utilization increases from 50 to 80%. the cell voltage 
decreases 5% for Uo= 10%. and 11% for Uo=40%. Thus, 
increase in fuel and oxidant utilization leads to a decline in 
cell performance. On the other band, as described above, the 
effects of a change in flow deviation on the cell performance 
were only 40% for current density, 1% for maximum cell 
temperature, and 1% for cell voltage, respectively. 

Clearly the decline in cell performance caused by achange 
in gas FD is about a half of that for the current density and 
about a tenth of that for the maximum cell tempemture and 
cell voltage caused by changes in fuel and oxidant gas utili- 
zation. The fuel and oxidant utilization changes from tbe 



120 H. Hirota. M. Hori/Joumal of Power Sources 63 (1996) 115-i-120 

designed value occur when there is non-uniform gas feeding 
to each stacked cell. In other words, the decline in cell per- 
formance caused by the change of flow uniformity in the 
planar direction is much less than that caused by the change 
of the flow uniformity in the stacking direction. 

In actual co-flow internal manifold type MCFC stacks, the 
flow uniformity in the planar direction can be improved by a 
rational design in the separator gas channel. The Bow unifor- 
mity in the stacking direction can be improved by a rational 
design in the manifold. In these designs, it is more important 
for the cell performance to ke 2 the flow uniformity in the 
stacking direction than in the planar direction. 

5. Conclusions 

The relations among the gas flow uniformity in the planar 
direction, the gas flow uniformity in the stacking direction, 
and the cell performance in a co-flow internal manifold type 
MCFC stack have been evaluated by using a simulation code 
that accounts for the effects of electrochemical reactions. heat 
transfer, and gas flow. In the stack, tine effect on the cell 
performance (i.e. current-density range, maximum cell tem- 
perature, and ceil voltage) due to lack of gas-flow uniformity 
in the planar direction is not critical. By contrast, the effect 
on cell perronnance of gas-flow uniformity in the stacking 
direction is about 2 to 10 times greater. Therefore, it is impor- 
tant to achieve gas-flow uniformity in the stacking direction 
in order to attain the designed cell performance. 

6. List of symbols 

CP specific heat, J mol-’ K-’ 
F Faraday constant, 96 487 A s mol- ’ 
F. geometrical factor 

h channel height, m 
i current density. A nl - * 
n molar flu;r, mol s- ’ me2 

9 molar flux component for thej-direction 
P partial pressure, Pa 
R universal gas constant, 8.3143 J mol-’ K-r 
t cell or separator thickness, m 

Greek letters 

a heat-transfer coefficient, W m- 2 K- ’ 

? 
emissivity between two surfaces 
heat conductivity, W m - ’ K - ’ 

I-L viscositv, Pa s 
u &fan-tioltzmann constant, 5.6687 X 10n W mm2 Km4 

Operator symbols 

divn an,lax + &+y 
V’ a2W + a21 ay2 

Subscripts 

a anode 

: 
cathode 
cell 

S separator 
F fuel 
0 oxidant 
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