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The modeling of a sngle-chamber SOFC has been performed under variousfuel/air mixing ratios. Specifically, the energy and
mass balance of a single-chamber solid oxide fuel cell (SC-SOFC) were investigated. Electrodes with sdlective catalytic activity
were adapted and dry methane and oxygen mixture diluted by N, was prepared as a fuel. The temperature and gas
concentration for the reforming reactions, the water-gas shift reaction, and electrochemical reactions were calculated by a
numerical model. Fluid dynamics, heat conduction convection, and mass diffusion convection were considered in the frame of
a Finite Element Method (FEM). Through the numerical approach of a SOFC with hydrocarbon fud, the reactant and
product gas distribution, the temperature distribution and cell performance with catalytically active electrodes were
successfully predicted. Using the calculated the concentration digtribution and the temperature distribution, ohmic loss,
activation loss and concentration loss were obtained.
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Introduction cell, the gas distribution, the temperature distribution
and the polarization characteristics were investigated
A solid oxide fuel cdl (SOFC) is a highly efficient through a numerical approach with a variation of the

energy system that directly converts chemical energy to mixing ratio in the fuel/air mixture.

electrical energy. A SOFC is operated at high temper-

ature above 800°C and is made with catalytically Calculation Modd

active electrodes such as nickel. Thus a SOFC needs no

external reformer, due to the interna catalytic reform- A single-chamber model with electrodes placed on
ing process. The widdy-employed steam reforming (SR) one side of eectrolyte was employed for simulation

method, which is an endothermic reaction, requires an (Fig. 1). The porous catalytic electrodes were prepared
external heat source. On the other hand, dry reforming for the efficient methane reforming and electrochemical

using only dry oxygen for the oxidant, which is an reactions. A fully dense and nonporous €electrolyte was
exothermic reaction, has advantages in operating a assumed for no gas species to penetrate into the elec-
SOFC [1,2]. There are two approaches to internd trolyte. The dimensions of the model for this study are
reforming with the catalytic reforming of hydrocarbon. indicated in Fig. 1. In the calculation, NiO-Y SZ cermet

Oneisintegrated internal reforming (1IR) that produces with Pd and LSM-Y SZ were adapted as electrodes and
hydrogen by a separated reformer adjacent to the anode, Y SZ was employed as the electrolyte. Injected fuel gas
and the other is direct internal reforming (DIR) that was composed of a methane-air mixture, and nitrogen
utilizes the fuel directly injected into the cell [3]. was used as the carrier gas. The cell operating temper-

Recently, the idea of a single-chamber SOFC has
been of great interest due to the simplicity of the cell

N ) N A A 200pum 500um 300um 450um 150pm
configuration which requires no sealing between the
anode and cathode compartments. This promising con-
cept had not been realized until Hibino et a. mainly 380um
because of the lack of basic understanding of operation a”°de k. 20um
principle of single-chamber SOFC [4]. 800um i&& \ I\\‘ " ooum
In this study, considering DIR in a micro-scale single ~\  electrolyte |
300um
*Corresponding author:
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E-mail: yongchae@hanyang.ac.kr Fig. 1. The structure of the SOFC model employed in this study.
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Table 1. Reactions involved in a single-chamber SOFC

Partial oxidation (i) CH4+0.50, —Xrox_y CO+2H,

Steam reforming (i) CHy+H,0 —£s2 5 CO+3H,

Water-Gas shift reaction (iii) CO+H,0 2y COp+H,

El ectrocheml(?al rgactlon (iv) Ha+1/20, — H,0
(Hydrogen oxidation a anode)  *\, | > |4 50
(Oxygen reduction at cathode) ’ §

120,426 — O*

ature was varied from 1073 K to 1173 K by the heat
produced from the electrodes reactions.

Reaction kinetics

It was assumed that 3 reactions occurred at the
anode, partial oxidation of the fuel steam reforming the
fuel, a water-gas shift reaction, and an electrochemica
reaction, and one reaction at the cathode, an oxygen
reduction reaction [3, 5, 6]. The gas-phase reactions in
the gas channd were not considered in this study.
Detailed corresponding electrode reactions and reaction
kinetics are represented in Tables 1 and 2.

The reaction-rate equation was obtained from the
literature [7-9]. Interestingly, only a few researches have
been performed concerning the fuel reforming utilizing
partial oxidation within a Ni composite anode. In this
study, a Pd catalyst was added to improve the catalytic
activity of anode. In addition, the partia oxidation
using the Pd catalyst was mainly considered due to the
higher catalytic activity for fuel reforming in compari-
son with a Ni catalyst.

Mass balance

The concentration flux of the given components within
electrodes and the gas channdl was determined by the
Maxwell-Stefan equation (Egn. 1). The gas species
were assumed to be ideal and an incompressible fluid.
The gas was injected with various Ry ratios. The Ry
is the ratio of oxygen and methane (oxygen/methane).
The injected gas mixture was composed of methane,
air, and nitrogen. The specific ratios of each gas are
summarized in Table 3. In the modeling, a total amount
of 280 sccm was injected into the gas channel.

)
g\tN'W (ji+owu)=R; D

Table 2. Reaction kinetics at the electrodes

Momentum balance

The veacity distribution used in the mass balance
was calculated by the Navier-Stoke equation (Eqgn. 2)
in the gas channel and the Darcy’s law at the porous
electrodes (Egn. 3).

A(U-VUu)=V 7(Vu+(Vu) +VP)=0 )
Kop)—
v-(—zvp)_o @®)
Energy balance

The heat flux in the gas channel and electrodes was
determined by the heat transfer equation. Only the heat
conduction (Eqgn. 4) was considered at the cell compo-
nents because the heat conductivity of the gas is gene-
rally less than that of the cell components. In the gas
channel, heat convection and conduction (Egn. 5) were

applied.
pcpatw (-AVD=Q, Q= Zh.r. @
pCp +V( —AVT+pC,Tu)=Q (5)

Open circuit voltage (OCV)

The OCV was determined by the Nernst equation
with the partial pressures of gas components (Egn. 6).
The fuel reforming through partial oxidation was only
considered in order to calculate the OCV [10].

AG_ AG° RT P po2

OCV=—"32=_22 S 0 (6)

Overpotentials
Each loss was calculated from the numerica modeling

Table 3. Initial mass fraction employed in this study

Mass fraction
Casel Case2 Case3 Case4 Caseb

CH, 0.19 0.16 0.14 0.11 0.09
O, 0.06 0.06 0.07 0.08 0.09
N2 0.75 0.78 0.79 0.81 0.82

Riix 3.167 2.667 2.00 1.375 1.00

Reaction rate

Rate & equilibrium constant

Reo=R)=ke[ CH4J [0
RS?:R(ii):Kii)[CH4(VO|%)]
Ré‘lf‘t:R():k()[Co] 1_[C02] [ HZ]/[CO] [HZO]

K
i
REC:R(ivFH:

eqiii)

kpy=2.747x10° exp( 40232)

RT

Kiy=4.259x10° exp 1621232
) RT

Keqii)=1.767%107 exp(""‘oo)
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using commercia Finite Element Method (FEM) tools.
The ohmic overpotentia is due to the resistance of the
cell components. The ohmic overpotential could be
calculated from the current continuity equation, (Egn.
7) [11]. Here, the ionic conductivity of the eectrolyte
and the eectronic conductivity of the electrodes depend
strongly on temperature and dimensions.

_V'(vaohm)zo (7)

The activation overpotential is caused by overcoming
the energy barrier during the electrochemical reaction.
The relation between the energy barrier and the activa-
tion overpotentia is represented in the Butler-Volmer
equation (Egn. 8) [11].

o FVa) . FV,

|e:|0,aexp(aa R—?Ct)_lo,cexp(_acﬁam) (8)
The concentration difference due to gas diffusion bet-

ween gas channel and electrodes leads to the concen-

tration overpotential. From the numerica data with the

balance equations, the concentration overpotential was

calculated through Egn. 9 [12].

_RT,
on,a_ﬁI n

PH,0,7PePH,,channel
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The calculated mole fraction of case3 corresponding
to the operating temperature in the position of the cell
at 2000 A/m? was shown in Fig. 2. The mole fraction
of the gas component was dramaticaly changed at the
anode because most of the reactions occurred &t the
anode, on the other hand, at the cathode, only the con-
sumption of oxygen occurred. The heat from the partial
oxidation and the heat convection led to the increment
of the cell temperature, thus the conversion of hydro-
gen from methane and the ionization of oxygen
increased aong the cell length. And the hydrocarbon
fuel was nearly al changed to hydrogen to use the
electrochemical reactions by the reforming reaction, so
the distribution of mole fraction was dightly changed
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Fig. 2. The distribution of molefraction in the direction of the cell
during operation cell for case3 in Table 3 a 1073 K, 1123 K, or
1173 K, which turned out to be very similar and coincide with each
other. (The x-axis is represented as same as the horizontal
dimension of Fig. 1.)
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Fig. 3. Thedistribution of mole fraction in the direction of the cell during operation cell at 1123 K and 2000 A/m? for (a) casel (b) case2 (c)
case3 (d) cased, and (€) caseb in Table 3. (The x-axis is represented as same as the horizontal dimension of Fig. 1.)
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Fig. 4. The polarization curve consdering both the reforming

reaction and the eectrochemical reaction for case3 in Table 3.
(Other casesin Table 3 showed avery similar trend.)

with the variation of the operating temperature.

The distribution of gases produced was affected by
the ratio of the mixed fuel gas (Rix). Because the current
density used in this study was lower than the nomina
experimental value, a smaler amount of steam was
produced in the steam reforming process, and the
partial oxidation turned out to be dominant process in
the reforming reaction. As shown in Fig. 3, the hydro-
gen production increased according to a decreasing
Rmix (@— €). Also it was found that the mole fraction
of hydrogen and carbon monoxide (the product gas
from the reforming reactions) reached a maximum at
Rmix=2 that was the stoichiometric ratio for the corre-
sponding steam reforming.

Cdl performance

The polarization curve corresponding to the variation
of current density for the case3 in Table 3 is presented
Fig. 4. In the temperature range below 1073 K, the
OCV characteristic cannot be found out due to the high
partial pressure of oxygen, in other words, the temper-
ature was not sufficiently high to activate the partial
oxidation process of methane at the Ni cermet electrode.
However, the operating potential rapidly decreased at
1073 K but as the temperature increased, and the
potential and the power density were increased more
than twice, especially above 1173 K. The operating
voltage and the power density were increased with Ryx
close to 1, which was caused by decreasing the ohmic
overpotential due to the temperature increment accord-
ing to the decrement of R,x. Interestingly, other cases
of Table 3 (casel, case?, cased, and caseb) showed a
very smilar trend, hence they were not represented
here separately.

Figure 5 shows that the ohmic overpotential was the
major loss for the cell performance on the polarization
curve for the SOFC configuration employed. The acti-
vation overpotential was much smaller than the ohmic
overpotential and the potential curve linearly declines
according to the increment of the current density dueto
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Fig. 5. Each loss as a function of current density at 1073 K for
case3in Table 3.

the small activation overpotential. The concentration
overpotential was minimal because the mixed gas was
injected into one chamber and the gas mixture reacted
with the whole volume of electrodes.

Conclusons

The distribution of gases during the operation of a
cell was calculated by numerical simulation based on
macro modeling of multi-physical phenomena. The
hydrogen production and, consequently, the cell perfor-
mance increased with Ry« and reached a maximum
vaue of Ryix (Rmix=2). A high temperature was aso
found to be beneficial for the cell performance. How-
ever, only a little change of mole fraction distribution
could be found because the operating temperature
range adapted in this study was sufficiently high to
reform the mixed fuel gas. In generdl, a higher Ry is
preferred in an experimental environment for effective
gas mixing of reactant and product gases in a single-
chamber SOFC. However, it turned out that the
maximum hydrogen production and cell performance
was presented near to Ryix=2. It was expected that the
computational scheme developed in this study, may
serve as a guideline for manufacturing micro scale
single-chamber SOFC systems and optimizing the
proper operating ranges of fuel/air mixtures.
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Nomenclature

: dynamic viscosity [Pa:g]

: permesability [m?]

: thermal conductivity [W/m-K]
: density [kg/m”’]

: conductivity [S/m]
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C,  : heat capacity [JK]

F : Faraday constant [C/mol]

a : activity of speciesii

G : Gibbs free energy of speciesi [Jmol]

h . heat transfer coefficient [W/m?K]

ie - current density [A/m?]

io : exchange current density [A/m?]

n :the number of electrons transferred in the
electrochemical reaction

P . pressure [Pa)

p : partial pressure of speciesi

R : gas constant [Jmol K]

T : temperature [K]

u : velocity vector [m/g)]

\Y, : voltage [V]

Wi : mass fraction of speciesi

Subscripts

a . properties at the anode

act : activation

C . properties at the cathode

con : concentration

eff : effective parameter in the porous media

ohm : ohmic

1

2.

3.

10.

12.
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