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Abstract

A fuel cell stack model based on differential heat balance equations was solved numerically with a computational fluid dynamics code.
Theoretical aspects in the simulation of a molten carbonate fuel cell (MCFC) performance model were discussed with regard to numerical
accuracy of temperature prediction. The effect of grid setting for gas channel depth was studied to ensure how coarse it can be. A single
computational element was sufficient for temperature prediction, while more grid elements are required for calculation of flow field and
pressure distribution. The use of constant velocities is not recommended because it cannot account for the change of linear velocity within
fuel cells, indicating the momentum equations have to be solved together with the heat balance equations. Thermal radiation has little
effect on calculation of temperature field from the model. Gas properties vary within fuel cells, but most of them can be treated constant
except for specific heat capacity of anode gas. Convection heat transfer by anode gas can be overestimated when a constant specific heat
capacity is used, resulting in prediction of lower temperature curves. Overall, heat transfer in a co-flow stack is well characterized by
two-dimensional model along the axial and vertical coordinates rather than on cell plane.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Though its concept has been known for more than a cen-
tury, commercialization efforts of fuel cell are just under-
way. Being an electrochemical energy conversion device,
the major product of fuel cell is electrical power, but, it also
produces a significant amount of heat. Heat management
is one of the important problems in both low-temperature
and high-temperature fuel cells. Fuel cell models can be
built upon the conventional heat balance equations, but, fur-
ther consideration of electrochemical reaction and its con-
sequences should be taken into account at the same time.
There have been many recent studies in this regard for the
three most actively pursued fuel cell types: proton exchange
membrane fuel cell (PEMFC), solid oxide fuel cell (SOFC),
and molten carbonate fuel cell (MCFC).

Since a fuel cell stack is a pile of many cells, the stack
model requires more equations and sometimes more com-
plicated gas flow geometry than a single cell model. The
purpose of a fuel cell stack performance model is to pre-
dict distribution of variables such as current density, tem-
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perature, and pressure. In fuel cell stacks, temperature can
rise unexpectedly high due to the release of heat during cell
reactions. Theoretical prediction of temperature distribution
is important for stack design and stable operation, and it is
achieved by solving a rigorous mathematical model. In our
earlier work, we used an MCFC performance model to show
the effect of stack operation variables such as cell length,
stack height, feed gas temperature, stack heating tempera-
ture, current density, and gas utilization on temperature rise
inside the stack [1]. In this paper, we will explore more fun-
damental characteristics in the numerical analysis of such a
fuel cell stack model.

Usually fuel cell stack models require consideration of gas
flow, heat transfer, mass transfer, and cell voltage–current
relationship. In addition, the mathematical models need sev-
eral thermal and flow parameters which are functions of
temperature and gas composition. These transport parame-
ters and model variables are mutually related, and they are
in a wide range of modeling approach from the molecular
level to the macroscopic level [2]. The complete solution
algorithm is therefore a complicated iteration process. Sim-
plification does help to get faster solution of fuel cell stack
models. The consideration of gas flow may be simplified
with constant velocities. It needs to be evaluated, however,
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Nomenclature

A surface or cross-section area (m2)
Cp specific heat capacity (J/mol K)
Eeq equilibrium cell potential (V)
E0 standard cell potential (V)
F Faraday’s constant (96487 C/equiv.)
h heat transfer coefficient (W/m2 K)
�Hf enthalpy change of formation

reaction (J/mol)
i current density (mA/cm2)
I total current flow (A)
k thermal conductivity (W/m K)
L cell length (m)
mCO3 mass flux created or disappeared (kg/m3 s)
M molecular weight (g/mol)
N molar flux (mol/m2 s)
Pj partial pressure of speciesj (atm)
q rate of heat generation per unit

surface area (W/m2)
Q volumetric rate of total heat generation

(W/m3)
Qcell rate of heat generation from fuel cell

electrode reactions (W/m2)
Qrad heat transfer rate by thermal radiation (W)
rH2 rate of hydrogen consumption by

cell reaction (mol/m2 s)
R gas constant (8.314 J/mol K)
Rohm ohmic resistance (�m2)
T temperature (K)
ux axial velocity (m/s)
uy vertical velocity (m/s)
Vcell cell potential under electrical load (V)
x axial coordinate (m)
y vertical coordinate (m)
yj mole fraction of speciesj
zj stoichiometric coefficient of species

j for cell reactions
Z impedance for electrode polarization (�m2)

Greek letters
δg gas channel depth (m)
ε emissivity
θ porosity
µ viscosity (kg/m s)
ρ density (kg/m3)

whether the use of constant velocities guarantees a reliable
computation result. The thermodynamic parameters may be
considered constants. Since temperature and gas composi-
tion often varies significantly within fuel cells, however, it
needs to be evaluated how those parameters are estimated
and how they affect the accuracy of temperature prediction.
These and more other issues will be explored in this pa-
per. Specific attention was given for an MCFC stack where

heat transfer characteristics is important to build and oper-
ate a commercial size stack. A two-dimensional model was
considered to understand heat transfer in the main gas flow
(axial) and stacking (vertical) directions. Specifically we in-
vestigated the effects of grid setting for gas channel depth,
constant gas velocities, thermal radiation, and estimation of
gas properties on prediction of temperature in MCFC. These
are the issues that were not mentioned in the past fuel cell
models and numerical simulation.

2. Mathematical model

2.1. General description of cells and stacks

The fuel cell stack model is described in Fig. 1. A cell is
composed of electrolyte, anode, and cathode layers. The unit
cell structure repeats with bipolar separator plates between
them. Gas channels are created on both sides of the bipolar
separator plates, being one for cathode gas and the other
for anode gas. Many different fuel cells exist depending
on which type of electrolyte is used. The overall fuel cell
reaction is in most cases a formation of water from hydrogen
and oxygen, producing electricity and heat.

H2 + 1
2O2 → H2O + Electricity+ Heat (1)

Details of reaction mechanism are different from one type
of fuel cell to another. MCFC utilizes a melted solution of
carbonate salts (Li2CO3, K2CO3, and Na2CO3). Because
these salts melt at above 500◦C, the operation of MCFC is
done in the temperature range 600–680◦C where sufficient
ionic conductivity is maintained. The following half-cell
reactions take place in anode and cathode of MCFC. The
electrolyte ions are conserved within the cell as they are
consumed in the anode and generated in the cathode at equal
amounts. The feed amount is determined by load current
density (electricity to be withdrawn) and gas utilization (ac-
tual consumption of fuel and oxygen to their feed amounts).

H2 + CO3
2− → CO2 + H2O + 2e− (anode) (2)

CO2 + 1
2O2 + 2e− → CO3

2− (cathode) (3)

Fig. 1. Schematic diagram of the fuel cell stack model with a unit cell
structure and co-flow separator plates.
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The external reforming MCFC technology aims at the ap-
plication in an integrated gasification fuel cell (IGFC) sys-
tem. This application is expected only when a large-scale
stack can be built with cell area near 1 m2. There are many
different types of stack design, and Fig. 1 depicts one of
the typical MCFC stack models where both fuel and oxi-
dant gas streams flow in parallel (called a co-flow configu-
ration). The stack model in Fig. 1 is very simplified for a
two-dimensional computation purpose, while the real stack
has more complicated three-dimensional structure [1,3].

2.2. Relation between electrical power
and thermal energy

The energy conversion efficiency of fuel cell is higher
than that of combustion engines or boilers. Yet a signifi-
cant amount of heat is released during the cell reaction. The
amount of heat released is simply a subtraction of electrical
energy from the enthalpy change of the overall cell reaction.

Qcell = (−�Hf ,H2O)rH2 − iVcell (4)

where the enthalpy change is a function of temperature.

�Hf ,H2O = −(240506+ 7.3835T ) J/mol (5)

The rate of fuel consumption is calculated from Faraday’s
law.

rH2 = i

zH2F
(6)

where current density (i, mA/cm2) varies from position to
position and therefore the total current load is given by in-
tegration of local current density over the cell surface area.
Though local current density is generally a function of space
variables on the cell surface, the total current load (I) is given
as an input variable for fuel cell operation.

I =
∫∫

i dA (7)

The last term in Eq. (4) is electrical power from cell volt-
age under the total current load. This can be measured from
experiments and also be calculated from potential balance.

Vcell = Eeq − i(Rohm + Zanode+ Zcathode) (8)

where cell voltage is represented with equilibrium cell po-
tential minus irreversible losses due to internal cell resistance
and electrodes polarization resistance. Equilibrium cell po-
tential is calculated from the Nernst equation.

Eeq = E0 + RT

2F
ln

[
PH2,a

√
PO2,c

PH2O,a

PCO2,c

PCO2,a

]
(9)

E0 = 1.2723− 2.7645× 10−4T (for reaction(1)) (10)

Internal cell resistance strongly depends on cell materials,
contact resistance, and temperature. The following equation

for internal cell resistance of MCFC was obtained from our
experiments and literature [4].

Rohm = 0.5 × 10−4 exp

[
3016

(
1

T
− 1

923

)]
(11)

The estimation of polarization resistance is not a thoroughly
established part. There are some correlation equations avail-
able for MCFC [5].

Zanode= 2.27× 10−9 exp

(
6435

T

)
P−0.42

H2
P−0.17

CO2
P−1.0

H2O

(12)

Zcathode=7.505× 10−10 exp

(
9298

T

)
P−0.43

O2
P−0.09

CO2
(13)

2.3. Assumptions for simplification of the stack model

The equations needed for calculation of heat released dur-
ing the MCFC operation are given above. As it shows, they
are coupled by local current density, temperature, and par-
tial pressure of gas species. It is usually assumed that the
total system pressure is constant since pressure drop across
cells is small (0.01–0.05 atm even for large-area cells) com-
pared to the total pressure (1–15 atm). If we further assume
a uniform local current density distribution, the calculation
of cell voltage and heat release becomes much easier than
solving for local current density by iteration. Then the re-
lation for cell voltage and heat is a function of temperature
and partial pressure.

Here, we will fix the total system pressure at atmospheric
pressure, and then the partial pressure variables are reduced
into gas composition variables. In the cell, some reactant gas
species (H2 in the anode and 0.5O2 + CO2 in the cathode)
have a decreasing concentration distribution from inlet to
outlet. Concentration of product gas species (CO2 +H2O in
the anode) increases in the same direction. The variation of
each gas concentration is a function of current density. Be-
cause we assume a uniform current density distribution, the
cell reaction rate is considered uniform within the cell and
is independent of local gas concentration. With this simpli-
fied cell reaction model, the gas composition is obtained as a
function of one-dimensional space variable (axial distance)
from a one-dimensional differential mass balance equation.

dNyj
dx

= i

zjF

1

δg
(14)

whereN is a total molar flux andyj ’s are gas mole fraction at
a distance from the inlet (x). The right-hand side of Eq. (14)
is the cell reaction rate which is constant for the uniform
current density assumption, andδg is a gas channel depth.
The gas composition for each species in MCFC anode with
hydrogen as a primary fuel is then calculated from a set of
given inlet composition.

yH2 = 1

Nanode

(
Nanode,in yH2,in − i

2Fδg
x

)
(15)
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yCO2(A) = 1

Nanode

(
Nanode,in yCO2(A),in + i

2Fδg
x

)
(16)

yCO = 1

Nanode
(Nanode,in yCO,in) (17)

yH2O = 1

Nanode

(
Nanode,in yH2O,in + i

2Fδg
x

)
(18)

The composition of MCFC cathode gases is obtained in the
same way.

yO2 = 1

Ncathode

(
Ncathode,in yO2,in − i

4Fδg
x

)
(19)

yN2 = 1

Ncathode

(
Ncathode,in yN2,in

)
(20)

yCO2(C)=
1

Ncathode

(
Ncathode,in yCO2(C),in − i

2Fδg
x

)
(21)

where the total molar flow rates for anode and cathode are

Nanode= Nanode,in + 1

2

i

F δg
x (22)

Ncathode= Ncathode,in − 3

4

i

F δg
x (23)

Notice that CO in the anode is never involved in the cell
reaction, but it exists in the anode gas mixture due to the fol-
lowing gas phase reaction. The amount of CO is calculated
from chemical equilibrium conversion of a feed composi-
tion of H2, CO2, and H2O. From the given feed composition
shown in Table 1, it was known that approximately 10% of
H2 and CO2 are converged into H2O and CO. The gas com-
position profiles calculated from Eqs. (15)–(19) are plotted
in Fig. 2, after taking into account this gas phase reaction.

CO+ H2O ↔ H2 + CO2 (24)

2.4. Heat and momentum balance for the stack model

Given the gas composition as a function of space variable,
the only unknown in Eq. (4) is temperature within the fuel
cell. Differential heat balance equations are to be established
for two gas phases (anode and cathode) and two solid phases
(separator and cell layer), and they are generally expressed
in the same form of the below equation.

∂ρuxCpT

∂x
+ ∂ρuyCpT

∂y

= ∂

∂x

(
k
∂T

∂x

)
+ ∂

∂y

(
k
∂T

∂y

)
+

∑
Q (25)

When a stack is made up ofn cells, (n − 1) bipolar
separator plates and two end plates (upper and lower) are
required. As a result, the total number of heat balance equa-
tions needed for a stack is 4n+1 where 2n equations are for
gas phases and 2n + 1 equations are for solid phases. For
the solid phase, convection heat transfer terms are omitted,

Table 1
Specification of the MCFC stack model and parameters

Variable Specification

Cell size 41 cm(L)× 76 cm(W)
(approx. 3000 cm2)

Number of cells 20
End separator plate thickness 80 mm
Bipolar separator plate thickness 5 mm
Instrumentation separator thickness 10 mm (with thermocouples

inside)
Cell thickness 2.5 mm

(anode+ matrix+ cathode)
Gas channel depth 0.8 mm
Gas channel flow porosity 0.3 (70% blockage of channel

cross-section)
Fuel consumption to the feed 40% (anode utilization: 0.4)
Oxygen consumption to the feed 40% (cathode utilization: 0.4)
Current density 100 mA/cm2

Gas flow configuration Co-flow type
Fuel gas composition H2:CO2:H2O = 72:18:10
Oxidant gas composition Air:CO2 = 70:30

(O2:N2:CO2 = 15:55:30)
Inlet gas temperature 550◦C
Anode inlet gas velocity 2.077 m/s
Cathode inlet gas velocity 4.984 m/s
Upper/lower end heating temperature 650◦C
Operating pressure 1 atm
Thermal conductivity of

separator plates
25 W/m K

Thermal conductivity of cell layers 9.0 W/m K
Emissivity from separator plate 0.286
Emissivity from cathode layer 0.118
Emissivity from anode layer 0.586

while the heat source term applies only to the cell layer.
For the gas phase equation, axial and transverse velocities
(ux and uy) are needed for the heat convection terms. In
fuel cells, total molar flow rates change from inlet to outlet
as Eqs. (22) and (23) indicate. Mass or volumetric flow
rates should change too, and so do linear velocities. The
change of linear velocities is taken into account by solving

Fig. 2. Gas concentration profiles in the axial direction, from the assump-
tion of uniform current density at 100 mA/cm2 (after 10% conversion of
the feed H2 and CO2 via the water-gas-shift reaction).
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momentum balance equations. The total number of equa-
tions increases by including the momentum equations than
solving the heat equations only.

∂ρux

∂x
+ ∂ρuy

∂y
= ±mCO2−

3
(26)

∂ρuxux

∂x
+ ∂ρuyux

∂y

= −∂P
∂x

+ ∂

∂x

(
µ
∂ux

∂x

)
+ ∂

∂y

(
µ
∂ux

∂y

)
(27)

∂ρuxuy

∂x
+ ∂ρuyuy

∂y

= −∂P
∂y

+ ∂

∂x

(
µ
∂uy

∂x

)
+ ∂

∂y

(
µ
∂uy

∂y

)
(28)

Heat transfer by thermal radiation (Qrad) has been consid-
ered in some models known before [6–8], though it was not
justified whether it has a significant effect on overall heat
transfer in fuel cell stacks.

Qrad = σBAcell(T
4
cell − T 4

s )

1/εcell + 1/εs − 1
(29)

whereσB is the Stefan–Boltzmann constant andAcell the
surface area of electrodes.Tcell, Ts, εcell, andεs denote cell
temperature, separator temperature, emissivities from cell
and separator plates, respectively.

2.5. Thermal and fluid properties

The heat balance equations for the solid phase require
thermal conductivity of separator plates and cell layers. As
separator plates are made of stainless steel for which prop-
erty data are known quite well, there is no problem to esti-
mate thermal conductivity of separator plates. For the MCFC
cell layer which is composed of anode (Ni-alloy), cath-
ode (nickel oxide), electrolyte (molten carbonate salts), and
porous ceramic matrix (alumina), on the other hand, it is
difficult to estimate its effective thermal conductivity at the
operating condition. A set of data we can search from liter-
ature is shown in Table 1.

Thermal and transport properties of gases can be estimated
based on thermodynamic equations of an ideal gas state. Gas

Table 2
Intrinsic parameters for calculation of MCFC gas properties

Species M (g/mol) Cp = a + bT+ cT2 (J/mol K) Lennard-Jones parameter

a b c σ (Å) ε/kB (K)

H2 2 28.949 −5.855× 10−4 1.890× 10−6 2.827 59.7
CO2 44 25.977 4.360× 10−2 −1.494× 10−5 3.941 195.2
CO 28 26.875 6.940× 10−3 −8.212× 10−7 3.690 91.7
H2O 18 30.407 9.540× 10−3 1.183× 10−6 2.641 809.1
O2 32 25.749 1.294× 10−2 −3.853× 10−6 3.467 106.7
N2 28 27.313 5.190× 10−3 −7.212× 10−10 3.798 71.4

properties required in the fuel cell stack model are density
(ρ), specific heat capacity (Cp), viscosity (µ), and thermal
conductivity (k). The pure gas properties are all functions
of temperature, and they are available from literature or es-
timated from well-known correlation equations [9,10].

ρ = PM

RT
(30)

Cp = a + bT+ cT2 (31)

µ= 26.69

√
MT

σ 2

(
1.16145

(T ∗)0.14874
+ 0.52487

exp(0.7732T ∗)

+ 2.16178

exp(2.43787T ∗)

)−1

(32)

with

T ∗ = kBT

ε

k = µ

M
(2.25R + Cv) = µ

M
(1.25R + Cp) (33)

The property of gas mixtures can also be estimated from
correlation as a function of pure gas properties and gas com-
position [10,11].

ρmix = P

RT


∑

j

yjMj


 (34)

Cp,mix =
∑
j

yjCp,j (35)

µmix =
n∑
i=1

yiµi∑n
j=1yjφij

(36)

kmix =
n∑
i=1

yiki∑n
j=1yjφij

(37)

where φij is the binary interaction parameter between
speciesi and j calculated from

φij = [1 + (µi/µj )0.5(Mj/Mi)
0.25]2

[8(1 +Mi/Mj)]0.5
(38)

Some intrinsic gas parameters in the above correlation equa-
tions are listed in Table 2.
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3. Numerical analysis of the fuel cell stack model

3.1. Model domain

The model considered for this study is a 20-cell stack with
3000 cm2 cell area. Two end plates and 19 bipolar separator
plates are needed for this 20-cell stack. Among the 19 bipolar
plates, three are instrumentation plates that are thicker than
other 16 plates as specified in Table 1. The instrumentation
plates have thermocouples inside for temperature measure-
ment. The measured temperature data was compared with
predicted temperature curves, proving the validity of this
MCFC stack model [12].

The model domain is divided into lots of rectangles, and
thus the mathematical model equations are developed in a
Cartesian coordinate system. Computational grids are cre-
ated by number of grids in thex-direction for cell length
and in they-direction for cell layer, gas channel, and separa-
tor plates, respectively. Since the dimension of gas channel
depth is very small (0.8 mm), even a single computational
element for the channel depth creates a relatively very stiff
ratio of �x to �y when�x and�y refer to the size of a
computational grid element. The effect of grid numbers or
sizes will be explained based on numerical computation re-
sults in the next section.

3.2. Numerical computation of the model equations

The heat and momentum balance equations were solved
numerically using a computational fluid dynamics (CFDs)
code. Among many CFD codes available these days, we sel-
ected PHOENICS (v2.2) for computation of the fuel cell
stack model. This commercial code consists of the main
solver (called EARTH) and many subroutines. One of the
subroutine codes (called GROUND.FOR) is specifically
made for users to implement their own equations. The fuel
cell reaction and many correlation equations for electrode
polarization and gas properties were implemented in this
subroutine. The numerical computation procedure is based
on the finite volume analysis method [13]. Equations for
temperature are solved for values of grid centers and equa-
tions for gas flow fields are solved for face values of each
grid using the SIMPLER algorithm.

The gas flow porosity in Table 1 indicates a partial block-
age of gas channels, and it was set 0.3 to account for a
significant effect of gas channel geometry on pressure drop
which we observed during the operation test of the stack.
The pressure drop may also be calculated in a different way
using a friction loss coefficient [14].

Convergence of numerical calculation was judged by the
whole field residuals that reflect the total sum of imbalances
or errors of the solved—for variables in the finite volume
equations during the solution procedure where the aim of
the iteration process is to lower these errors as much as
possible [15]. The residuals of pressure and velocity after
convergence were much lower than normal values of these

variables (0–104 N/m2 and 0.1–5.0 m/s, respectively) by an
order of 10−4. The residual of temperature, on the other
hand, was lower than a typical value (800–1000 K) by an
order of 10−2. Such a relatively high residual for tempera-
ture indicates that the computation of a temperature field is
the toughest in this numerical calculation probably due to
the multi-layer structure of cells and tiny thickness of cell
components. A typical single run of numerical computation
took about 30 min on a 650 MHz PC for 21× 173 grids.

3.3. Boundary and source terms

Temperature at the stack boundary was expressed with a
heat flux equation. The boundary heat flux equation requires
surrounding temperature (T0) as well as the stack boundary
temperature.

qx-boundary= −kdT

dx
= k

(Tx-boundary− T0)

�x
(at inlet and outlet) (39)

qy-boundary= −kdT

dy
= k

(Ty-boundary− T0)

�y

(at upper/lower ends) (40)

At the upper and lower ends, surrounding temperature is the
heating temperature (650◦C). The inlet is relatively cold
since feed gas streams enter the stack usually at a lower tem-
perature than the heating temperature. The inlet surround-
ing temperature will therefore approximate the inlet gas
temperature. The outlet surrounding temperature is hardly
predictable. We guessed it the same as that of the heating
temperature, and this approximation turns out to be accurate
when compared to measured data [12]. The characteristic
length for boundary heat flux (�x or �y) is a parameter to
be determined from details of stack design specifications.

Boundary conditions for the momentum equations are
simple. The inlet gas condition is given from the operating
condition (Table 1). The outlet gas follows the natural bound-
ary condition with no pressure gradient. Reynolds number
for fuel cell operation is within the laminar flow regime.

The differential equations are integrated over the finite
volume of computational elements, resulting in a set of lin-
ear algebraic equations. Non-linear reaction or heat gener-
ation rates are represented in those algebraic equations as
source/sink terms from the result of linearization. The linear
coefficients may include dependency of temperature and/or
partial pressures.

φsource= a − bφ(x, y) = φcoe[φ(x, y)− φval] (41)

where the rate of generation or consumption (φsource) is ex-
pressed with a linearized coefficient (φcoe) and a value (φval)
for each dependent variable,φ(x, y). Non-linear terms, if
there are any, are all incorporated intoφcoe and/orφval.

In the MCFC stack model, the source/sink terms are orig-
inated mostly from the cell reactions in electrodes. The cell
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reactions are a crucial source of mass and heat in the fuel cell
modeling and numerical simulations. Mass change in each
gas phase affects more or less temperature and flow field
calculation. In this study, we considered the effect of mass
change by incorporating them in the overall mass continuity
(Eq. (26)). In the computation code, it was implemented in
the form of aforementioned linearized mass source at anode
and sink at cathode on the surface of each cell layer. The
heat of cell reactions was similarly treated as a linearized
source term of the heat balance equation, and it was also
implemented in the subprogram for temperature and con-
centration dependency of the linear coefficients.

4. Results and discussion

4.1. Effect of grid setting

We tried numerical computation with different sets of grid
numbers for the identical stack specification. The four dif-
ferent settings we compared are listed in Table 3. The cell
length (41 cm) was divided into 21 or 41 computational el-
ements. The thickness of each cell layer was divided into
three or five elements. The thickness of separator plates was
divided into 3–9 elements. The depth of each gas channel
was divided into 1–5 elements. The four different grid set-
tings in Table 3 applied to the model and the results are
compared in Fig. 3. Fig. 3(a) shows the shape of axial ve-
locity profiles across the channel depth computed from the
model for the four cases of Table 3. In Case I with a sin-
gle computational element for gas channel depth, the axial
velocity (ux) profile along they-direction is considered uni-
form (plug flow) as the velocity is represented by only a sin-
gle value for the channel depth. In other cases (II–IV) where
three of five elements were used for the same gas channel
depth, a typical parabolic velocity profile is observed. The
difference in velocity profile between a single and multiple
elements certainly affects the calculated pressure drop from
inlet to outlet shown in Fig. 3(b). Both cathode and anode
gas pressure drop is significantly lower in Case I than those
in the other cases. When the gas channel depth is divided
into five elements (Case IV), the calculated pressure drop is
a little higher than the cases of three elements (Cases II and
III). Obviously, the number of computational element for

Table 3
Four cases with different numbers of grid elements for numerical computation of the two-dimensional MCFC stack model

Number of computational elements Case I Case II Case III Case IV

Axial distance (cell length) 21 21 41 41
Upper/lower end plates 5 7 7 9
Instrumentation plates 5 5 5 7
Bipolar separator plates 3 3 3 5
Gas channel depth 1 3 3 5
Cell thickness 3 3 3 5

Total elements for 20 cells 21× 173 (3633) 21× 257 (5397) 41× 257 (10537) 41× 419 (17179)

gas channel depth influences flow field calculation in terms
of pressure drop. With smaller number of computational el-
ements, pressure drop is underestimated especially when a
single element is used. This is probably due to the effect of
viscous shear stress on channel wall which is not taken into
account when the velocity profile is flat.

In contrast, the shape of temperature profiles is not much
influenced by the number of computational grids as shown in
Fig. 3(c). No matter how many grids are set for gas channel
depth, vertical temperature profiles are uniform for the gas
channel. Temperature prediction seems to be affected rather
by the axial number of elements. Increasing the number of
axial elements from 21 (Cases I and II) to 41 (Cases III and
IV) results in a little increase of temperature by 3–4◦.

We conclude that the number of computational grids for
gas channel depth affects numerical calculation of gas flow
fields but not temperature fields. As long as the purpose
of numerical calculation is prediction of temperature fields
only, a single computational element would suffice for each
gas channel depth. As fuel cell stacks consist of lots of cells
(usually several tens), reducing the number of computational
grids for each layer speeds up the whole computation time
greatly. If the purpose of analysis is to calculate pressure
drop of gas streams, however, the gas channel depth should
be divided into multiple grids for numerical accuracy.

4.2. Two-dimensional temperature distribution

A typical temperature field is shown in Fig. 4(a). The
contour lines show how temperature is distributed by the
heat released during fuel cell stack operation. The contour
lines are not smooth, and this is because of abrupt change
of temperature at the interface between many different gas
and solid layers having different heat capacity and thermal
conductivity. Temperature near the upper and lower end
plates is close to the heating value (650◦C), and in most
other region temperature contour lines appear to propagate
from inlet to outlet. Temperature near the inlet is also close
to the feed gas temperature, and temperature near the outlet
is much higher. The feed gas enters the stack at 550◦C and
exits at approximately 700◦C. This increase of gas temper-
ature is caused by the heat generated from cells that is partly
absorbed by gas streams and partly transferred between
cells and separator plates. Therefore the exit temperature
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Fig. 3. Effect of grid setting (see Table 3) for gas channel depth: (a) velocity profile,ux (y); (b) pressure drop,�P = P in −P out; (c) temperature profile,
T(y) at x = 1

2L.

depends on the rate of cell reaction or current density. The
temperature is also strongly influenced by gas utilization
as it determines how much excess gas is introduced. These
were studied earlier [1]. MCFC has a narrow operating tem-
perature range (600–680◦C for stable long-run operation),
compared to other types of fuel cells, mostly because of
highly corrosive electrolyte. Keeping temperature within the
range is important for MCFC, and this makes temperature
prediction from the stack model very important.

As Fig. 4(a) shows, axial variation is most dramatic in
this two-dimensional view of temperature distribution for
the co-flow stack configuration. Especially the axial temper-
ature curve at the center of stack height seems to represent
the most significant characteristics of temperature change
as the upper and lower regions are more influenced by ex-
ternal heating than the cell reaction. The axial temperature
curves of anode and cathode gases are shown in Fig. 4(b)
from inlet to outlet at several different cell locations. Cell
#1 is the lowest one, and Cell #10 is at nearly the center
of stack height. The axial temperature plots show almost an

identical curve except at the lowest cell position. The max-
imum temperature is spotted a little before the stack outlet.
This is reasonable since there is always heat loss from the
stack to surroundings. The heat loss is accounted for in this
model with the stack outlet boundary condition when stack
temperature is very high and the surrounding temperature is
set lower. The temperature curve near Cell #10 is the one we
are going to benchmark in the remaining part of this paper.

4.3. Use of constant velocities

The momentum equations are required in the fuel cell
stack model to calculate velocity fields and pressure drop
of gas streams. They can also take the mass change of gas
streams into consideration. Adding the momentum balance
equation, however, makes the model more complicated and
takes much longer computation time than solving the heat
balance equation only. Linear velocities change within the
cell not only because of change of temperature and gas
composition but because of change of mass flux as already
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Fig. 4. A typical shape of temperature distribution in the co-flow MCFC
stack: (a) temperature contours at thex–y cross-section; (b) axial temper-
ature curves.

pointed out. If such a change of velocity has negligible
effect on calculation of temperature field, the stack model
can be solved using constant velocities without the momen-
tum equations. In order to see whether we can use constant
velocities, numerical calculation was done with only heat
balance equations assuming velocities of gas streams are
constant. Constant velocity values were estimated at the
inlet condition (see Table 1). The resulted plot of Fig. 5,
however, indicates the temperature calculated with constant
velocities are not the same as that obtained by solving the
momentum equations. The difference between the two tem-
perature curves is 20–30◦C. Clearly, it is necessary to solve
the momentum equations that accounts for the change of
velocity. This also suggests the axial convection heat trans-
fer term, which is related with gas velocity, is a determining
factor of the overall heat transfer mechanism in fuel cells.

4.4. Effect of thermal radiation

Thermal radiation is a very complicated phenomenon. In
some industrial processes, boilers in coal-fired power plants
for example, it plays a key role in the overall heat transfer

Fig. 5. Axial temperature curves with and without the momentum equa-
tions in the stack model.

mechanism. It has often been used in the fuel cell mod-
els, too, but, its influence on temperature calculation was
not reported. Unlike heat conduction and convection terms,
thermal radiation is not a built-in term in the heat balance
equation (Eq. (25)). Therefore, thermal radiation is consid-
ered a heat source from cells and a heat sink into separa-
tor plates. The thermal radiation equation (Eq. (29)) should
then be expressed in the form of linearized heat source/sink
as in Eq. (41). In Fig. 6, axial temperature curves obtained
from numerical calculation with and without the thermal ra-
diation term are compared. The two temperature curves are
almost identical, indicating the thermal radiation term can
be ignored. This conclusion is not phenomenological, how-
ever, but is based on the simple thermal radiation model,
Eq. (29), and the parameters we found from literature for
SUS separator plates and cell components.

4.5. Effect of gas properties on temperature prediction

The temperature field of Fig. 4 was obtained with gas
properties estimated from Eqs. (30)–(38) as functions of

Fig. 6. Effect of thermal radiation on temperature prediction at
150 mA/cm2.
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Fig. 7. Variation of gas properties in the axial direction: (a) density and
viscosity; (b) specific heat capacity and thermal conductivity.

temperature and gas composition. The variation of those
properties is plotted in Fig. 7. Fig. 7(a) shows the variation
of two flow properties (density and viscosity), and Fig. 7(b)
shows two thermal properties (heat capacity and conductiv-
ity). Cathode gas density decreases while anode gas density
increases. Note that cathode gas loses CO2 and O2 from the
cell reaction and anode gas gains H2O and CO2 in return
for the loss of a much lighter gas species (H2). As a result,
the cathode gas becomes less denser as it flows from inlet to
outlet, while the anode gas becomes much denser and heav-
ier. Viscosity changes less than density as it is compared in
Fig. 7(a). Both specific heat capacity and thermal conductiv-
ity decrease significantly from inlet to outlet for anode gas,
but those two properties of cathode gas are almost constant
from Fig. 7(b). Though the cathode gas loses some com-
pounds, most of its composition is taken by nitrogen from
air and therefore the change of composition in cathode gas
is smaller than that in anode gas as shown in Fig. 2. Fig.
7(b) may therefore imply thermal properties are more influ-
enced by gas composition than by temperature. In anode of
which gas composition changes significantly, thermal prop-
erties change significantly as well. In cathode of which gas
composition changes little due to excess nitrogen, thermal
properties do not change significantly.

Fig. 8. Comparison of axial temperature curves with constant and
non-constant gas properties (see Table 4).

When gas properties are estimated from the correlation
equations as functions of temperature and gas composition,
the fuel cell model has more non-linear equations solved
together with the main equations and this makes numeri-
cal computation longer than using constant values for those
properties. In fact, many fuel cell models use constant values
for those gas properties. We conducted numerical calcula-
tion of the stack model with non-constant gas properties and
constant gas properties. The constant property values were
read from Fig. 7, and the calculated results are compared in
Fig. 8. In Fig. 8, Case-A occurs when all the gas proper-
ties were estimated from the correlation equations and we
will call this the standard case. Case-B1 occurs when gas
properties were fixed at their inlet values. Case-B2 occurs
when gas properties were fixed at their outlet values, and
Case-B3 occurs when the average values between inlet and
outlet properties were used. Case-C occurs when those gas
properties were estimated from the correlation equations at
a constant temperature (650◦C) to take into account the ef-
fect of gas composition only. These cases are tabulated to
give a quick summary in Table 4. Fig. 8 indicates all the
three cases (B1–B3) with constant gas properties result in an
identical temperature curve which deviates from the temper-
ature curve of the standard case (A). Obviously all or some
gas properties should be estimated as functions of gas com-
position and temperature. The result of Case-C, on the other
hand, is close to the standard case. Temperature-dependency
of gas properties seems to be less significant than the influ-
ence of gas composition as we already noted.

When all constant properties were used together with con-
stant gas velocities (Case-B4), the temperature curve is al-
most the same as that with non-constant gas velocities. We
already figured the use of constant gas velocity influences
temperature curve from Fig. 5, but the result of Fig. 8 indi-
cates the effect of constant gas properties is more significant.

Now we know the calculation of temperature field is sen-
sitive to variation of at least one or more gas properties. As
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Table 4
Different sets of gas property estimation for numerical computation of the MCFC stack model

Density Specific heat capacity Viscosity Thermal conductivity

Case-A (standard) f(yj , T) f(yj , T) f(yj , T) f(yj , T)
Case-B1 Constant (inlet) Constant (inlet) Constant (inlet) Constant (inlet)
Case-B2 Constant (outlet) Constant (outlet) Constant (outlet) Constant (outlet)
Case-B3 Constant (average) Constant (average) Constant (average) Constant (average)
Case-B4a Constant (inlet) Constant (inlet) Constant (inlet) Constant (inlet)
Case-C f(yj ) at 650◦C f(yj ) at 650◦C f(yj ) at 650◦C f(yj ) at 650◦C
Case-D1 f(yj , T) Constant (inlet) Constant (inlet) Constant (inlet)
Case-D2 Constant (inlet) f(yj , T) Constant (inlet) Constant (inlet)
Case-D3 Constant (inlet) Constant (inlet) f(yj , T) Constant (inlet)
Case-D4 Constant (inlet) Constant (inlet) Constant (inlet) f(yj , T)
Case-E1 Constant (inlet) Anode:f(yj , T), cathode: constant Constant (inlet) Constant (inlet)
Case-E2 Constant (inlet) Anode: constant, cathode:f(yj , T) Constant (inlet) Constant (inlet)

a Case-B4 is when constant velocities were used.

listed in Table 4, we considered more cases with one of the
gas properties being estimated from the correlation equa-
tions while the other properties are kept constant for their
inlet values. Case-D1 occurs when only gas density was de-
pendent on temperature and gas composition and the other
three gas properties were constants. Case-D2 occurs when
only specific heat capacity was dependent on temperature
and gas composition, and so on. The results are compared in
Fig. 9. The temperature curve of the standard case coincides
with that of Case-D2 where specific heat capacity was es-
timated from the correlation equations. Temperature curves
of the other three cases are almost identical, but significantly
underestimate temperature by up to about 40◦C compared
to that of the standard case. Apparently, calculation of tem-
perature field is specifically influenced by specific heat ca-
pacity of gas streams. Specific heat capacity of gas streams
should therefore be estimated as a function of gas temper-
ature and composition, but the other gas properties can be
treated constant in the stack model.

Specific heat capacity of cathode gas is in fact almost
uniform from Fig. 7(b). It is therefore, probably anode gas

Fig. 9. Parametric analysis of axial temperature curves for dependency of
gas property on temperature and gas composition (see Table 4).

specific heat capacity that delivers the sensitivity for tem-
perature prediction. Numerical computation was done fur-
ther with estimating only anode gas heat capacity from the
correlation equations (Case-E1) and with estimating only
cathode gas heat capacity from the correlation equations
(Case-E2). In Fig. 10, the temperature curves of the standard
case and of Case-D2 are compared to those of Cases-E1 and
E2 where only either anode gasCp or cathode gasCp is es-
timated as a function of temperature and gas composition.
As it shows, the temperature curve of Case-E2 occurs far
below the standard temperature curve, indicating the esti-
mation of only cathode gasCp as a function of temperature
and gas composition is not sufficient to predict the temper-
ature curve we want to see. When only anode gasCp is es-
timated as a function of temperature and gas composition,
the temperature curve is close to the standard one. It is con-
cluded that cathode gas heat capacity can also be treated a
constant value. Only anode gas heat capacity should be es-
timated from the correlation equations so that it delivers the
dependency of temperature prediction on the variation of gas
composition.

Fig. 10. Comparison of axial temperature curves with different estimation
methods of gas heat capacities (see Table 4).
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4.6. Convection heat transfer in fuel cells

The heat balance equation (Eq. (25)) in our stack model
is expressed with convection, conduction, and heat source
terms. The major heat source in fuel cell is cell layers where
chemical energy in converted into electricity and heat. When
there is no fuel reforming reactions in gas phase, no signif-
icant heat source or sink exists in the gas phase. Then the
overall heat balance in the gas phase of fuel cell is repre-
sented with convection and interface transfer.

ρuxAchannelθCp(�T )x = hAcell(�T )y (42)

whereAchannel and Acell are the gas channel cross-section
area and the cell surface area, respectively,θ the porosity of
gas channel andh is an interface heat transfer coefficient.

In our model, the interface heat transfer was treated with
the concept of conjugate heat transfer [13,16]. A harmonic
mean value of heat conductivity between two adjacent
phases replaces the overall heat transfer coefficient (h) in
such a case. In some other MCFC stack models, the inter-
face heat flux was calculated with heat transfer coefficients
which were estimated from the dimensionless heat trans-
fer parameter (Nusselt number) withNu = 3 [7,17] or
Nu = 3.77 [18].

In high-temperature fuel cell stacks, temperature control
or cooling is mostly done by heat convection in the gas flow
direction, since an external cooling system is difficult to
install. The most dominating heat transfer parameter would
then beρuxCp which has the same dimension as that of
heat transfer coefficient (h, W/m2 K). The values ofρuxCp
for anode and cathode gas streams in Cases-A, D1–D4 are
plotted in Fig. 11 in order to see why anode heat capacity
should be estimated differently while others can be constant
values. For anode gas, Case-E1 is equivalent to Case-D2,
and Case-E2 is also equivalent to Case-D3 or D4. The figure
shows the value ofρuxCp for anode gas is much higher
when Cp is constant (D1–D4) than whenCp is estimated
as a function of temperature and gas composition (A and

Fig. 11. Comparison of convection heat transfer by cathode and anode
gas streams with constant and non-constant gas properties (see Table 4).

D2). On the other hand, the value ofρuxCp for cathode
gas is almost same no matter howCp is estimated. This
corresponds to the result from Figs. 9 and 10: temperature
is predicted differently only when anode gasCp is treated
constant. This result confirms again the axial convection
dominates the overall heat transfer in fuel cells, because we
see a similarity between temperature curves and the variation
of convection heat transfer rate represented byρuxCp.

Finally, we show axial variation ofρux (mass flux) and
Cp independently to give a more clear explanation that
convection heat transfer is dependent on temperature and
composition for anode gas. We cannot separateρ and ux
because mass flux is the conserved quantity from the over-
all mass continuity equation (Eq. (26)). Whenρ changes,
ux changes in a way to make up for the change ofρ and
keep a mass flux balance at any fixed positionx. This is the
reason why gas density has no influence on convection heat
transfer and prediction of temperature curves. The mass flux
itself, however, changes in thex-direction for both cathode
and anode gas streams because of consumption and genera-
tion from the cell reactions. Fig. 12 shows the cathode mass
flux decreases a little while the anode mass flux increases
rapidly from inlet to outlet. The plots in Fig. 12 are made
with relative values of mass flux and heat capacity to their
inlet values so that we can compare them in a single plot. As
in Fig. 7(b), the cathode gas heat capacity is almost constant
even when it is calculated as a function of temperature and
gas composition from the correlation equations. In anode,
however, the constantCp (Case-D1) and the non-constant
Cp (Case-D2 or A) make some difference. Notice the anode
Cp decreases in the axial direction when it is not constant.
Let us consider the case thatCp is constant. If a constant
value of anode gas heat capacity is used, the value ofρuxCp
should be increasing more in the axial direction than the
case when the non-constantCp is used. This is Cases-D1,
D3, D4, and Case-E2 for anode. The result is an overestima-
tion of convection heat transfer rate by anode gas to cause
the lower temperature curve as we saw from Figs. 9 and 10.

Fig. 12. Relative variation of mass flux and heat capacity of cathode and
anode gas streams.
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The reason for the identical temperature curves in Cases-A
and D2 is because the convection heat transfer capacities of
anode gas (ρuxCp values) are same as shown in Fig. 11.
Fig. 11 indicates cathode gas has generally more heat con-
vection capability than anode gas, but the gap is narrower
near the outlet. If we ignore the dependency of anode gas
Cp on gas composition, there is certainly a possibility of
wrong estimation of temperature. Our conclusion will apply
to MCFCs where anode gas has CO and CO2. Other types
such as PEM fuel cells which have different gas composi-
tion may have a different effect of gas properties on heat
transfer. We will leave those for further study.

5. Conclusions

Several subjects regarding numerical analysis of a co-flow
MCFC stack model were investigated. The subjects are grid
number for channel depth, constant velocity, thermal radi-
ation, and constant gas properties. All these are related to
numerical accuracy of temperature prediction and computa-
tion time.

The effect of grid number for channel depth was studied
because of tiny gas channel depth compared to relatively
long gas flow length. The gas channel depth can be a sin-
gle computational grid in the vertical coordinate without
creating any significant errors on temperature calculation.
However, a single grid for channel depth resulted in under-
estimated pressure drop compared to that of multiple grids.
Therefore, a single grid of gas channel depth can be used
only for the case of temperature prediction.

Convection heat transfer is undoubtedly the most dom-
inating factor for the overall heat transfer mechanism in
high-temperature fuel cells. Without the momentum equa-
tions, temperature is not predicted accurately because con-
stant velocities do not account for the change of mass flux
that influences convection heat transfer. Our result indicates
that the thermal radiation is not necessary in the heat bal-
ance model of fuel cells.

In high-temperature fuel cells, temperature is controlled
with the high flow-rate cathode gas. Due to the excess
amount of nitrogen, the cathode gas has only a little varia-
tion of gas composition in the flow direction. This allows
the use of constant gas property parameters for cathode gas
in the stack model. The use of constant property parameters
for anode gas is acceptable too, unless it overestimates the
rate of heat convection by anode gas. The only occurrence
of overestimated anode convection is when anode gas heat
capacity is constant. We recommend therefore that anode
gas heat capacity should be estimated as a function of gas
composition and temperature using appropriate correlation
equations.
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