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bstract

This study investigates the temperature and current density distributions in a molten carbonate fuel cell unit when the inlet flows of the anode
as and the cathode gas are mal-distributed in eight patterns. The two-dimensional simultaneous partial differential equations of mass, energy and
lectrochemistry are solved numerically. The results indicate that the maldistribution of anode and cathode gases dominates the current density field
nd the cell temperature field, respectively. Moreover, the non-uniform inlet flow slightly affects the mean temperature and mean current density,
ut worsens the distribution of temperature and current density for most maldistribution patterns. According to the results, the variations of the

ell temperature in Pattern G and the current density in Pattern D are 12% and 37% greater than those in the uniform pattern when the deviation of
he non-uniform profile is 0.25. Consequently, the effect of non-uniform inlet flow on the temperature and current density distribution on the cell
lane is evident, and cannot be neglected.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The technology of the molten carbonate fuel cell (MCFC)
as received much attention in the last 2 decades, and is now
t the stage of being scaled-up for commercialization. Since the
CFC operates at a high temperature of around 650 ◦C, the

rediction of the temperature distribution is important to avoid
ot spots in cells. Hot spots of extra high temperature cause
lectrolytic loss by corrosion and reduce the lifetime of the fuel
ells. Moreover, the variation of the temperature influences the
ocal current density, and changes the electrical performance of
he MCFC. Therefore, many researchers have investigated the
hermal and electrical performance of molten carbonated fuel
ells.

Kobayashi et al. [1] used a numerical method to solve the

teady-state temperature distribution of fuel cells with reac-
ion areas of 900 and 3600 cm2. They compared experimental
ata with numerical results, and found reasonable agreement.

∗ Corresponding author. Tel.: +886 3 5712121x55115; fax: +886 3 5727930.
E-mail address: hschu@cc.nctu.edu.tw (H.-S. Chu).
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rrent density

oshiba et al. [2] developed a three-dimensional numerical anal-
sis model of cell voltage, temperature, and current profile
n molten carbonate fuel cell stacks. They compared co-flow,
ounter-flow, and cross-flow, and found that the net output power
as highest in co-flow geometry. Later, Yoshiba et al. [3] inves-

igated the temperature and performance of molten carbonate
uel cell stacks with co-flow configuration by applying a numer-
cal model. Their results indicated that the increase in the partial
nternal resistance and an insufficiency of supplied fuel gas to the
ell could induce differences in cell voltage. Koh et al. [4] used
software package to predict the dynamic pressure and tem-

erature distribution of gas in a co-flow molten carbonate fuel
ell stack based on an assumption of uniform current density.
he results indicated that the predicted axial velocity profile pre-
isely reflected the mass change in MCFC, by showing a drop
n the volumetric flow in the cathode and an increase in the
node. Later, Koh et al. [5] used computational fluid dynamics
ode to predict the temperature distribution of a co-flow MCFC

tack considering the effects of radiation and variable gas prop-
rties. The results showed that the thermal radiation only weakly
ffects the calculation of the temperature field using the model,
nd most of the gas properties can be treated constant, except

mailto:hschu@cc.nctu.edu.tw
dx.doi.org/10.1016/j.jpowsour.2006.05.031
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Nomenclature

a area of heat transfer area per base area
(m2 m−2)

cp specific heat capacity (J mol−1 K−1)
d deviation of inlet flow profile, as shown in

Fig. 2
E Nernst voltage (V)
E0 reversible open circuit voltage (V)
F Faraday’s constant (96485 As mol−1)
h heat transfer coefficient (W m−2 K−1)
i current density (A m−2)
i0 exchange current density (A m−2)
ī average current density in the x–y plane (A m−2)
�i current density variation in the x–y plane (A m−2)
k conductivity (W m−1 K−1)
L length in the x or y direction, indicated by sub-

script x or y (m)
n molar flow rate of anode gas or cathode gas

per unit width, indicated by subscript ag or cg
(mol m−1 s−1)

N molar flow rate of anode gas or cathode gas, indi-
cated by a subscript ag or cg (mol s−1)

ne number of electrons transferred in reactions of
anode and cathode

P pressure (Pa)
q heat generation due to chemical reaction (W m−2)
R universal gas constant (8.314 J mol−1 K−1)
Rtot total cell resistance (� m2)
T temperature (K)
T̄ average temperature in the x–y plane (K)
�T temperature variation in the x–y plane (K)
V cell voltage (V)
x x direction
X molar fraction indicated by subscript k
y y direction

Greek symbols
δ thickness (m)
ν stoichiometric coefficient of k-component indi-

cated by subscript k

Subscripts
ag anode gas
ag-c interface between anode gas and cell
ag-s interface between anode gas and separator
c cell
c–s interface between cell and separator
eg cathode gas
cg-c interface between cathode gas and cell
cg-s interface between cathode gas and separator
k components in anode gas or cathode gas
s separator
x x direction
y y direction
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or the specific heat capacity of the anode gas. He and Chen
6] investigated the three-dimensional temperature distribution,
he pressure, the gas concentration, and the current density of a

olten carbonate fuel cell of five stacks with three manifolds,
sing CFD software. The results indicated that the temperature
as maximum at different locations under co-flow, counter-flow,

nd cross-flow configurations. The maximum temperature dif-
erence between among the flow configurations is 10–20 ◦C.
ubsequently, He and Chen [7] extended their simulation to

nvestigate the transient behavior of an MCFC stack with the
ross-flow configuration; the results showed that the current den-
ity profile changes rapidly in the beginning and slowly in the
ollowing stage, and the temperature response is slow when the

CFC was under a step voltage change.
For over-potential from the anode gas to the cathode gas,

osio et al. [8] presented a model and experimental investiga-
ion of electrochemical reactors in the molten carbonate fuel
ell. Additionally, they used their formula for total cell resis-
ance, tested with experimental data, to analyze the temperature
istribution and current density distribution for a single cell and
tacks, using Fortran program. Their numerical results agree
ith the experimental results, and showed that the thermody-
amics fails to predict the open circuit voltage because of the
ffects of gas crossover phenomena at the cell level. Although
hermodynamic equilibrium should be established under open
ircuit conditions in principle, short circuit electrical currents
irculate within the cell, and the consequent voltage loss is
esponsible for irreversibility. Arato et al. [9] investigated the
imitation on the performance of molten carbonate fuel cells due
o gas diffusion phenomena in the porous electrodes when high
eactant utilization factors are used. The expression of voltage
ecay depends on concentration polarization due to hydrogen
nd carbon dioxide, while oxygen diffusion effects have been
onsidered to be negligible. Furthermore, the limiting diffusion
onditions must also be correctly evaluated for the local tem-
erature and pressure drops. Recently, Mangold and Sheng [10]
pplied a reduced nonlinear model to solve a planar molten car-
onate fuel cell with cross-flow. Since the reduced model was of
he lower order than the original model, it markedly reduced the
omputational time. Therefore, this model was suitable for appli-
ation in predicting the behavior of a control system. Lee et al.
11] calculated the temperature distribution, hydrogen conver-
ion, and current density distribution of a unit molten carbonate
uel cell using constant voltage and constant current density
ethods. The results indicated that cell performance calculated

y the constant voltage method fit better the experimental data
han that calculated by the constant current density method.

Bosio et al. [12] reported the development of molten carbon-
te fuel cell technology at Ansaldo Ricerche, from small-scale
ingle cell up to stacks of several KW capacities, for industrial
pplications. Although the report showed that MCFC technol-
gy had been successfully tested on stacks in the kW power class,
he control of the start-up phase, electrolyte migration through

he manifolds and gas feed distribution have not yet been to be
olved. Notably, the gas feed distribution in [12] identified the
ariation of mole flow rate in different stacks. Hence, the stack
earest the anode gas inlet duct has largest flow rate and the far-
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ig. 1. Schematic diagram of a molten carbonate fuel cell unit in crossflow.

hest one has the lowest. The cross-sectional geometry of a fuel
ell is similar to that of a heat exchanger, whose inlet distributor
s responsible for a non-uniform flow distribution in the frontal
rea. Therefore, the maldistribution of the inlet flow rate on the
rontal area is realistic and it must affect the performance of
uel cells. Hirata and Hori [13] adopted a numerical method to
xamine the relationships among the gas flow uniformities in the
lanar direction, the gas flow uniformity in the stacking direc-
ion, and the cell performance in a co-flow MCFC. Although
heir results showed that the gas flow uniformity in the stacking
irection is about 2–10 times that in the planar direction, we
elieve that the maldistribution of inlet flow in the planar direc-
ion will produce a more complex temperature distribution and
urrent density distribution because of the cross-flow pattern.
herefore, this study investigates the temperature and current
ensity fields of a unit MCFC with different non-uniform inlet
ow patterns in the crossflow configuration.

. Analysis

.1. Physical model

This study investigates a unit of a molten carbonate fuel cell

ith an area of 0.6 m × 0.6 m when the anode gas and the cathode
as flow in the cross-flow configuration, in which the anode
as flows in the x direction, and the cathode gas flows in the
direction, as shown in Fig. 1. The ribs of separator cause the

H

O

Fig. 2. Patterns of non-uniform in
urces 161 (2006) 1030–1040

node gas and the cathode gas to flow without mixing: each flow
s considered to composed of many flow tubes that are parallel
o each other. As mentioned above, the position of the manifold

ay induce different maldistributions of the flow rate in the
nlet cross-section. This study considers a uniform profile, a
rogressively decreasing profile, and a progressively increasing
rofile to construct eight patterns of non-uniform inlet flow, as
hown in Fig. 2. The term d represents the unilateral deviation
f the non-uniform profile, which is the ratio of the variation of
ow rate in one side to the mean flow rate. The formulations of

he governing equations are based on the following assumptions.
1) The inlet temperature and molar fractions of species in the
node gas and the cathode gas are constant and uniform. (2) The
hermal properties of the anode gas, the cathode gas, the cell and
he separator are constant, except for the specific heat capacities
f the anode gas and the cathode gas. (3) The boundaries of the
ell and separator are adiabatic. (4) The change in the z direction
s negligible. (5) The cross-sectional geometry of separator is
nchanged throughout the x–y plane. (6) The water-shift reaction
n the anode gas is negligible. (7) The cell voltage is uniform
ver the cell plane.

.2. Governing equations

.2.1. Reaction equations
This study considers a molten carbonate fuel cell unit with

xternal reforming: the reforming reaction in the anode gas is
eglected. The cathode gas is the air obtained from the atmo-
phere, and the electricity is generated in the cell, which includes
he anode, the electrolyte and the cathode. Meanwhile, the elec-
rolyte is a porous matrix that contains migrating ions of molten
arbonate. The reactions in the anode and the cathode are as
2 + CO3
2− → HO2 + CO2 + 2e− (1)

2 + 2CO2 + 4e− → 2CO3
2− (2)

let flow profile in this study.
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.2.2. Mass conservation equations
The relationship between the current density and gas molar

ux for species at the electrodes surface is described from Fara-
ay’s law. Therefore, the mass balances of the anode and the
athode gases are as follows:

1

Ly

dnag,k

dx
= ± i

neF
(3)

1

Lx

dncg,k

dy
= ± i

neF
(4)

here n is the mole flow rate of the k-component, and ne
s the number of electrons transferred in the reactions of the
node and the cathode. The plus/minus symbol represents an
ncrease/decrease in each species’ mole flow rate caused by the
hemical reaction in the anode and the cathode. It is positive for
eactants, and negative for products in the anode and the cathode.

.2.3. Energy conservation equations
This work applies the conservation of energy for anode gas,

athode gas, the cell and the separator. For anode gas,

d

dx

(∑
nag,kcp,kTag

)
= q̇conv,s−ag + q̇conv,c−ag + q̇mass,c−ag

(5)

or cathode gas,

d

dy

(∑
ncg,kcp,kTcg

)
= q̇conv,s−cg + q̇conv,c−cg − q̇mass,cg−c

(6)

or the cell,

(kδ)c
∂2Tc

∂x2 + (kδ)c
∂2Tc

∂y2 − q̇cont − q̇conv,c−ag − q̇conv,c−cg

+ q̇mass,cg−c − q̇mass,c−ag + q̇reac = 0 (7)

or the separator,

kδ)s
∂2Ts

2 + (kδ)s
∂2Ts

2 + q̇cont − q̇conv,s−ag − q̇conv,s−cg = 0

∂x ∂y

(8)

here the heat transfer rate terms are described in Table 1. In
qs. (3)–(6), this study considers the molar flow rate of the anode

w
P
1

able 1
xpressions of energy source terms in energy conservation Eqs. (5)–(8)

ymbols Description

˙conv,s−ag Heat transfer rate from separator to anode ga
˙conv,s−cg Heat transfer rate from separator to cathode g
˙conv,c−ag Heat transfer rate from cell to anode gas by c
˙conv,c−cg Heat transfer rate from cell to cathode gas by
˙mass,c−ag Heat transfer rate due to ion migration from c

˙mass,cg−c Heat transfer rate due to ion migration from c

˙cont Heat transfer rate from cell to separator by co

˙reac [16] Heat generation rate due to chemical reaction
urces 161 (2006) 1030–1040 1033

as and cathode gas are a progressively decreasing profile, a
rogressively increasing profile, or a uniform profile in the inlet.
he inlet conditions are described as follow.

ag(0, y) = Nag

Ly

(
2d

Ly

y + 1 − d

)
(9)

cg(x, 0) = Ncg

Lx

(
2d

Lx

x + 1 − d

)
(10)

here Nag and Ncg are the total molar flow rate of the anode
as and the cathode gas, respectively, from inlet ducts, and the
eviation of d may be negative, zero, and positive, which repre-
ents the progressively decreasing profile, uniform profile, and
rogressively increasing profile, respectively. In Table 1, kc–s is
he thermal conductivity due to the contact resistance between
he cell and the separator in the z direction. The thermal conduc-
ivity, kc–s, is set to 1.0 W m−1 K−1[1].

.2.4. Nernst voltage and polarizations
The Nernst voltage is calculated using the Nernst equation,

s follows:

= E0 + RT

2F
ln

(
PH2P

0.5
O2

PCO2,cg

PH2OPCO2,ag

)
(11)

0 = 1.2723 − 2.7654 × 10−4T (12)

eanwhile, E0 is the reversible voltage under standard condi-
ions. According to the results in [8], this study uses the total
ell resistance, including that due to cathode polarization, the
lectrolyte tile contribution, and the Ohmic resistance of the
ontacts. Note that this total cell resistance did not include the
oncentration polarization, because [8] assumed the diffusion
s non-limiting in the electrode. The cell voltage is the Nernst
oltage minus the over-potentials, as follows:

= E − iRtot (13)

tot = AeB/T

Π pβi
+ cir + D eF/T (14)
i i

here the parameters are βO2 = 0.67, A = 1.38 × 10−7 �m2

a0.67, B = 11400 K, cir = 0.348 × 10−4 �m2, D = 4.8 ×
0−8 �m2 and F = 6596 K [8].

Expression

s by convection (ha)s−ag(Ts − Tag)
as by convection (ha)s−cg(Ts − Tcg)
onvection (ha)c−ag(Tc − Tag)
convection (ha)c−cg(Tc − Tcg)
ell to anode gas i

2F
c
p,CO2−

3
Tc

athode gas to cell i
2F

c
p,CO2−

3
Tcg

ntact conduction (ka)c−s
(Tc−Ts)

δc−s

−�H
i

2F
− V i

�H = −240506 − 7.3835Tc
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case and references relevant literature. Meanwhile, the effective
contact thickness between the cell and the separator is the aver-
age thickness of the cell and the separator. Furthermore, this
study uses Nu = 3.35 to estimate the convection heat transfer
034 S.-F. Liu et al. / Journal of Pow

The above simultaneous equations of the MCFC contain
even unknown variables, which are mole flow rate of each
pecies (nag,k and ncg,k), anode gas temperature (Tag), cathode
as temperature (Tcg), cell temperature (Tc), separator temper-
ture (Ts), current density (i), and cell voltage (V). The mass
quations are used to determine mole flow rate of each species,
nd energy equations are used to determine the temperatures.
evertheless, in Eq. (13), both current density and cell voltage
ariables must be evaluated. Therefore, this study assumes that
he cell voltage is uniform over the reaction area of the cell and
hen calculates the current density using Eq. (13).

. Simulation

This study divides the calculation domain of the x–y plane
nto N × N subdivisions, and assigns the calculation nodes of
ag,k and Tag at the inlet and outlet of each subdivision in the
direction of the anode gas flowing. Similarly, the calculating
odes of ncg,k and Tcg are assigned to the inlet and outlet of each
ubdivision in the y direction of the cathode gas flowing. Fur-
hermore, the calculation nodes of i, Tc, and Ts are assigned to
he center of the subdivision. Grid generation and the implicit
cheme are adopted to discretize Eqs. (3)–(8) to finite differ-
nce equations, and then employs TDMA (Tri-Diagonal Matrix
lgorithm) to solve simultaneous algebraic equations. This node

rrangement avoids the need to apply the upwind method to treat
he first-order differential terms, and has been used to calculate
he temperature fields of a three-gas cross-flow heat exchanger
14]. The calculation proceeds as follows: (1) The program
uesses a uniform current density distribution and solves the
ole flow rate of each species in the anode gas and the cathode

as using Eqs. (3) and (4). (2) The program solves the temper-
ture fields of the anode gas, the cathode gas, the cell, and the
eparator using Eqs. (5)–(8), respectively. (3) The Nernst volt-
ge and internal total resistance are calculated using Eqs. (11)
nd (14), and then the current density is obtained from Eq. (13)
y setting the cell voltage to a constant value. (4) The current
ensity is updated to Step 1, and the loop iterated from Steps
to 4 until all relative errors of the mole flow rates, the tem-

erature and the current density satisfy the converge criterion.
lexPDE software was used to solve the Eqs. (3)–(14), to verify

he accuracy of calculation, because FlexPDE is a flexible solver
f partial differential equations by the finite element method.

Fig. 3 depicts the temperature distribution of the cell calcu-
ated both numerically method and using FlexPDE software at a
ell voltage of 0.8 V. In this numerical method, the grid dimen-
ion depends on the mole flow rates of the anode gas and the
athode gas, and must increase as the mole flow rate falls to avoid
he negative values in the finite difference equations [15]. In this
omparison case, the numerical program sets the grid dimen-
ions to be 400 × 400 with a convergence criterion of 1 × 10−5,
nd FlexPDE uses 1972 elements with a convergence criteria
f 0.002. The continuous lines clearly match the dashed lines

n this figure. Therefore, the numerical method for calculating
he temperature field is reliable. In the electrical performance
alculation, Fig. 4 shows the current density distributions cal-
ulated by the numerical method herein this study and using

F
s

ig. 3. Cell temperature distribution calculated by the numerical method in this
tudy and FlexPDE software with uniform inlet flow rate.

lexPDE software. Similarly, the continuous lines coincide with
he dashed lines over the whole x–y plane. Consequently, the
umerical calculation of electrical performance is also reliable.
able 2 lists all parameters and conditions in the comparison
ig. 4. Current density distribution calculated by the numerical method in this
tudy and FlexPDE software with uniform inlet flow rate.
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Table 2
Parameters and conditions in this study

Mole flow rate and molar fraction of species in anode inlet [8]

Nag 0.0621 mol/s
XH2 0.203
XCO2 0.064
XH2O 0.15
XN2 0.583

Mole flow rate and molar fraction of species in cathode inlet [8]
Ncg 0.1841 mol/s
XO2 0.167
XN2 0.698
XCO2 0.135

Inlet temperature [8]
Tag 858 K
Tcg 867 K

Operation pressure [8]
P 3.5 × l05 Pa

Heat transfer area per unit area [1]
aag–s = acg–s 1.26 m2 m−2

aag–c = acg–c 0.53 m2 m−2

ac–s 0.47 m2 m−2

Conductivity [5,1]
kc 9 W m−1 K−1

ks 25 W m−1 K−1

kc–s 1.0 W m−1 K−1

Thickness [11]
δc 0.0023 m
δ
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s 0.002 m

c–s 0.00215 m

oefficient because the flows of anode gas and cathode gas are
ully developed and laminar.

. Results and discussion

Fig. 3 depicts the temperature distribution of the cell when
he inlet flows are uniform. The isotherm increases from under
00 ◦C close to both the inlets of the anode gas and the cathode
as to 638 ◦C near the corner of both gases outlets. When the
node gas and the cathode gas flow through the reaction area of
he cell, they not only supply the reaction species but also carry
way the reaction heat in the cell. Therefore, the anode gas and
he cathode gas accumulate all of the reaction heat and reach
heir maximum temperatures when they flow to the outlets. The
emperatures of the gases also influence the temperature dis-
ribution of the cell and separator because coupled heat transfer
ccurs among them. In this figure, the isotherm in the y direction
ncreases more uniformly than that in the x direction. Hence, the
athode gas dominates the cell cooling because it has a higher
ow rate than the anode gas.

Fig. 4 displays the current density distribution on the cell
lane under the same conditions as in Fig. 3. The minimum is

316 A m−2 in the corner of the cathode gas inlet and the anode
as outlet, and the maximum is 1846 A m−2 in the middle-left
utlet of the cathode gas. When the cell voltage is set to be a
onstant, the Nernst voltage and the internal resistance of the

t
t
t
o

ig. 5. Total resistance distribution on the cell plane with uniform inlet flow.

ell directly affect the current density according to the Ohmic
aw. With respect to the relationship between the Nernst voltage
nd the current density, examining the Eq. (11) indicates that
he concentration of gas species influences the Nernst voltage,
hich declines as the concentrations of hydrogen and oxygen
rop. Since the cathode gas is easily obtained from the environ-
ent and thus has a larger flow rate in order to cool the cell, the

hange of the concentration of oxygen is less than that of hydro-
en. Consequently, the current density fell should decrease in
he x direction of the anode gas flow, because the Nernst voltage
ell with the drop in hydrogen concentration. With respect to
he relationship between internal resistance and current density,
ig. 5 presents the total internal resistance distribution on the cell
lane calculated using Eq. (14) obtained from the study of [8].
n this figure, the continuous and dashed lines match well with
ach other, which represents the results of Fortran program and
lexPDE, respectively. In Fig. 5, it shows that the distribution
f resistance is similar to the distribution of current density, but
eaches a minimum in the middle-right outlet of cathode gas. The
rea of lower internal resistance represents it has higher current
ensity when the cell voltage is set to be constant. When both the
ffect of the concentration of species and the total internal cell
esistance are considered, it is reasonable that the contour with
aximum current density moves left as determined by compar-

ng Fig. 5 to Fig. 4 because of the effect of the concentration of
ydrogen.

Fig. 6(a–h) show the systematic cell temperature distribution
f eight patterns with a deviation of 0.5. Meanwhile, T̄ and �T
epresent the average and variation of cell temperature, respec-

ively. In these figures, it shows that the dominated factor on cell
emperature distribution is the cathode gas, because the main
rend of isotherm is increasing along the y direction of cath-
de gas flowing. In Fig. 2, Patterns A to B, C to E, and F to
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Fig. 6. Cell temperature distribution of ei

have the same inlet flow profile of the cathode gas in each
roup. In Fig. 6(a) and (b), the cell temperature distributions of
atterns A and B are similar, and the main trend of cell temper-
ture increases from under 600 ◦C in the inlet of cathode gas to
36–638 ◦C in the outlet of the cathode gas along the y direc-
ion, which is close to that in Fig. 3 with uniform inlet flow
f the anode and the cathode gases. The cell temperature dis-
ribution of Patterns C, D, and E are similar to each other, and
ig. 6(c–e) show that the isotherm range is from under 600 ◦C to
38–640 ◦C, and the highest temperature moves from the corner
f the outlet of both cathode gas and anode gas to the middle
f the cathode gas outlet. Examining the inlet flow profile of
atterns C to E indicates that the flow rate of cathode gas pro-
ressively increases in the x direction. Since the part that is close
o the outlet of the anode gas has more cathode gas to cool the
ell, the highest temperature in the corner moves to the left, as
evealed by comparing Fig. 6(a) and (b), which have uniform
athode inlet flow. In Fig. 6(f–h), Pattern F, G, and H also have
nalogous temperature distribution of the cell, and these figures
how that the temperature distribution of the cell is from under
00 ◦C to 648–649 ◦C, and the highest temperature occurs in
he corner of the outlet of the cathode gas and the anode gas.
otably, the variation of cell temperature in Patterns F to H is

bout 58 ◦C, and it is wider than that in Patterns A to E, so this
s the worst temperature distribution. Patterns F to H have the
ame inlet flow profile of the cathode gas, which is progressively

ecreasing in the x direction. This non-uniform inlet flow causes
ess cathode gas to flow through the part with higher temperature
n the cell, where is near the outlet of the anode gas. Therefore,
he highest temperature in Fig. 6(f–h) rises more than those in

c
c
t
o

n-uniform patterns with deviation of 0.5.

ig. 6(a–e). This study selects the cell temperature field of Pat-
ern B and F, which has the least and most temperature variation,
o subtract the cell temperature field in uniform pattern, and then
how the results in Fig. 7. In this figure, the temperature differ-
nce of Pattern B related to uniform pattern is between −3 and
◦C, as well as the largest temperature difference of Pattern F

elated to uniform pattern occurs at the corner of gas outlet and
t is over 12 ◦C.

Fig. 8 plots the systematic cell current density distribution of
ight inlet flow patterns with a deviation of 0.5. Meanwhile, ī

nd �i represent the average and the variation of current den-
ity, respectively. In this figure, the current density distribution
f Pattern A is similar to those of Patterns D and G, and that of
he current density distribution of Pattern B is analogous with
hose of Patterns E and H. Similarly, the current density distri-
ution of Pattern C is similar to that of Pattern F. The inlet flow
rofile of each pattern in Fig. 2 indicates that Patterns A, D, and
, Patterns B, E, and H, and Patterns C and F represent three
roups whose members have same profile of anode gas inlet flow
n each group. Therefore, the inlet flow pattern of the anode gas
ominates the current density distribution. As mentioned in the
econd paragraph of this section, the concentration of hydrogen
nd the total resistance of the cell influence the current den-
ity. An anode gas flows faster with a less varying hydrogen
oncentration, and with a more uniform current density distri-
ution as the uniformity of the Nernst voltage increases. On the

ontrary, an anode gas flows more slowly and with a greater
hange in the hydrogen concentration because of the consump-
ion of hydrogen in the chemical reaction, with a greater change
f current density in the direction of flow of the anode gas. In
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Fig. 7. Temperature difference rela

ig. 8(c–f), the current density distributions are similar to that in
ig. 4 because the inlet flows of anode gas has the same uniform
rofile. In Fig. 8(a), (d), and (g), it is clear that the current den-
ity distribution at the top half of the cell is clearly more uniform
han that in the bottom half of the cell, because the inlet flow of
node gas in Patterns A, D, and G progressively increase in the y

irection. Fig. 8(b), (e), and (h) show that the current density dis-
ribution is more uniform in the bottom half than in the top half
f the cell, because Patterns B, E, and H have a progressively
ecreasing inlet flow rate of the anode gas in the y direction.

t
fl

o

Fig. 8. Current density distribution of eight no
uniform pattern on the cell plane.

ig. 9 shows that the current density difference of Pattern D and
related to the uniform pattern, because Pattern D and F has the
ost and least current density variation in Fig. 8. In Fig. 9(a),

he current density difference of Pattern D is between −365 and
73 A m−2, and the maximum difference occurs near the outlet
f anode gas. The current density difference of Pattern F related

−2
o uniform pattern is between −30 and 53 A m , so it seems
at in Fig. 9(b).

This study calculates all patterns in Fig. 2 with three deviation
f 0.25, 0.5 and 0.75. Table 3 presents the results and Fig. 10

n-uniform patterns with deviation of 0.5.
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Fig. 9. Current density difference re

resents them as histograms. The vertical axis represents the rel-
tive variation of temperature or current density in non-uniform
atterns to uniform pattern. Meanwhile, �T and �i represent
he difference between the maximum and minimum temperature
nd current density on the cell. In Fig. 10(a), the relative vari-
tion between average cell temperature and that in the uniform
nlet flow is always ±0.4% for all deviations. Consequently, the
on-uniform inlet flow affects slightly the average cell temper-
ture and this effect can be ignored. In Fig. 10(b), the absolute
elative variation between the average current density and that
n uniform inlet flow is always lower than 5% for all deviations.
he variation between average current densities in Pattern C and
are clearly close to zero, indicating that if the inlet of the anode
as is kept uniform, then a drop in the average current density
an be avoided, even when the inlet of the cathode gas is non-
niform. Additionally, the relative variations of average current
ensity in Patterns B, E and H are much worse than in the other
atterns, and are close to −5% at a deviation of 0.75. Examining
he patterns in Fig. 2 shows that all of them have progressively
ecreasing inlet flow in anode gas. Based on Eqs. (11) and (14),

ncreasing the cell temperature increases the Nernst voltage and
educes the total cell resistance. Therefore, the current density
ncreases with the cell temperature as the Nernst voltage gets
ncreases and total cell resistance in Eq. (13) declines. Accord-

i
a
d
i

able 3
elative variation of cell temperature and current density at different non-uniform inl

T̄c−T̄c,uniform
T̄c,uniform

(%)
īc−īc,uniform

īc,uniform
(%)

d = 0.25 d = 0.5 d = 0.75 d = 0.25 d = 0.5 d = 0.75

−0.0160 −0.0676 −0.1907 −0.1833 −1.1626 −3.5033
−0.0121 −0.0499 −0.0814 −0.4891 −1.8122 −4.5346

0.0143 0.0582 0.1193 −0.0026 −0.0055 −0.1369
0.0063 0.0328 0.0607 −0.1659 −1.0670 −3.3795

−0.0026 0.0005 0.0095 −0.5184 −1.8799 −4.7295
0.0330 0.0992 0.2094 0.0403 0.0949 −0.0313
0.0089 0.0040 −0.0438 −0.1568 −1.1202 −3.5865
0.0350 0.0888 0.1626 −0.4400 −1.6696 −4.4963
to uniform pattern on the cell plane.

ng to the results in Figs. 6 and 8, the temperature and the current
ensity in the top part of the cell plane are higher than those in
he bottom part. The higher current density causes more hydro-
en to be consumed in this area. Therefore, the consumption
f hydrogen in this area is more than that in other area due to
he higher current density. In Patterns B, E, and H, since the

ole flow rate in the top part is less than that in the bottom part
ue to the progressively decreasing inlet profile of anode gas,
he average current density will drop due to the lack of hydro-
en. Therefore, the progressively decreasing inlet flow profile in
node gas is the worst for average current density.

Fig. 10(c) and (d) represent the relative variation of cell
emperature and current density distribution related to those
n uniform inlet flow. The distribution of temperature is worst
n Pattern F with a deviation of 0.75, for which the relative
ariation is 37%. The distribution of current density is worst in
attern D with deviation of 0.75, for which the relative variation

s 179%. Furthermore, authors find that some relative variations
re negative in Fig. 10(c) and (d), indicating that the variation
f temperature or current density in the non-uniform inlet flow

s less than that in uniform flow. In Fig. 10(c), Pattern B exhibits

better distribution of temperature because the temperature
ifference decreases as the deviation of non-uniform profile
ncreases. Moreover, Pattern F has a more intensive current

et flow patterns related to at uniform inlet flow pattern

�Tc−�Tc,uniform
�Tc,uniform

(%)
�ic−�ic,uniform

�ic,uniform
(%)

d = 0.25 d = 0.5 d = 0.75 d = 0.25 d = 0.5 d = 0.75

2.4545 3.2414 2.0600 33.0081 81.0958 164.6495
−0.0149 −2.0771 −7.2740 −15.3020 35.2631 131.6049

0.8594 4.5487 10.3150 3.6401 7.1689 12.0035
3.3161 7.7346 9.5686 36.9351 90.1642 179.2814
1.1046 3.5997 5.9902 −8.5275 46.5420 141.3524
9.4151 23.5280 37.2358 −2.8645 −5.8102 −9.9523

11.5262 23.4491 28.7527 29.5586 73.8560 154.2792
9.2487 22.6260 33.8558 −21.0292 29.8983 147.1528
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Fig. 10. Relative variation of cell temperature and current density at diff

ensity distribution than that in uniform in Fig. 10(d), because
he values of relative variations are −3%, −6%, and −10% with
eviations of 0.25, 0.5, and 0.75, respectively. Although Pattern
has a better temperature distribution than the uniform pattern

nd Pattern F has a better current density distribution than the
niform pattern, the current density distribution in Pattern B is
orsen because of the non-uniform inlet flow of the anode gas,

s well as the temperature distribution in Pattern F is worsen
ecause of the non-uniform inlet flow of the cathode gas. In
ig. 10(c) and (d), note that both Patterns A and B have better

emperature distribution than the other non-uniform patterns,
nd both Patterns C and F have a better current density distri-
ution than the other non-uniform patterns. Examining the inlet
ow profile in Fig. 2 indicates that Pattern A and B have uniform

nlet flow of cathode gas, and Pattern C and F have uniform inlet
ow of anode gas. Therefore, the uniform inlet flow in both

he anode side and the cathode side is the best profile from the
erspective cell temperature and current density distribution. In
ndustrial applications, the position of the inlet manifold affects
rimarily the inlet flow distribution and the uniform inlet profile
s difficult to obtain. Therefore, the uniform inlet flow is the
oal of the design of an MCFC with a cross-flow configuration,
nd designers must avoid putting the inlet manifolds of the
node gas and the cathode gas too close to the side of another
as inlet, which would produce non-uniform inlet flow with a
rogressively decreasing profile. Such poor positions of mani-
olds would further reduce average current density, as shown in
atterns B and E in Fig. 10(b), and widen the cell’s temperature
istribution, as shown in Patterns F to H of in Fig. 10(c).
. Conclusions

Non-uniform inlet flow rates of anode gas and cathode gas
re practical because of the position of the manifold and the

a
M
t
i

non-uniform inlet flow patterns related to at uniform inlet flow pattern.

istributor geometry in a molten carbonate fuel cell. This study
onsidered uniform, progressively increasing, and progressively
ecreasing profiles in the anode gas and the cathode gas, as well
s combinations of these profiles in the form of eight patterns of
on-uniform inlet flow. Mass conservation, energy conservation
nd electrochemistry equations were considered, and the
ariation in the z direction ignored. Through the accuracy
omparison in cell temperature and current density distribution,
his study established the reliable numerical method by Fortran
rogram. This study plots the temperature distribution and
urrent density distribution on the cell plane in different
atterns and draws the following conclusions. The cathode gas
ominates the temperature distribution of the cell because of
ts flow rate exceeds that of the anode gas. The cell temperature
s highest in the corner of the outlet of the anode gas and the
athode gas in a uniform inlet flow pattern. The progressively
ncreasing profile of the cathode gas moves the hot spot in the
orner to the middle of cathode gas outlet. The progressively
ecreasing profile of the cathode gas increases the temperature
f the hot spot in the corner, and degrades the temperature
istribution. Therefore, the position of the inlet manifold of
he cathode gas must not be near the corner of the cathode gas
nlet and the anode gas inlet, because it would then cause the
rogressively decreasing profile of inlet flow, and widen the cell
emperature distribution. The anode gas dominates the current
ensity of the cell because of the hydrogen concentration. The
rogressively increasing profile of the anode gas leads to the
argest variation of the current density, and the progressively
ecreasing profile of the anode gas leads to the lowest average
urrent density. This result implies that the uniformity of the

node gas in the inlet is important to the design of distributors.
oreover, the non-uniform inlet flow only slightly affects

he average temperature and the current density of cell, but it
nfluences more strongly the range and contour outlines of cell
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emperature and current density. For example, the temperature
ariation on the cell plane in Pattern G and the current density
ariation on the cell plane in Pattern D are 12% and 37%
igher than those of the uniform pattern, respectively, when
he deviation of the non-uniform profile is 0.25. Therefore, the
ffect of the inlet flow maldistribution on the temperature and
urrent density distribution on the cell plane is apparent, and
annot be neglected as the deviation of the profile increases.
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