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a b s t r a c t

For seal-less type solid oxide fuel cells, its power generation characteristics and distribution of the gas
composition depend on not only the electrochemical reaction, but also complex kinetics and transport
phenomena, because the internal reforming reaction and the water-gas shift reaction take place together
with reverse diffusion of the ambient gas from the surroundings of the cell. The purpose of this paper is
to theoretically explain the experimental results of the anodic concentration profile of gaseous species
previously reported in a practical seal-less disk-type cell which used pre-reforming methane with steam
as a fuel. A numerical model that takes into account the transport phenomena of the gaseous species
imulation
nternal reforming
iffusion
eal-less
oncentration profile

and the internal reforming reaction with the water-gas shift reaction together with the assumption of the
cell outlet boundary condition was constructed to numerically analyse the gas composition distribution
and power generation characteristics. Numerical analyses by the model were conducted for the several
cases reported as the experiment. The calculated results in the anode gas concentration profile and in the
voltage–current characteristics show good agreement with the experimental data in every case, and then
the validity of the simulation model was verified. Therefore, the model is useful for a seal-less disk-type
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cell which is operated by

. Introduction

Solid oxide fuel cells (SOFCs) have attracted much attention due
o their high efficiency and cleanliness, and they are expected to be
ne of the most favorable electrical power generation technolo-
ies in the near future. Recently, SOFC systems driven by town
as have been intensively developed by several companies using
eal-less cell structure, where the outlet edges of the gas channels
f the anode and cathode are open to the ambient, owing to its
dvantageous features in gas sealing and thermal stress problems
1–3].

In the SOFC systems, an internal reforming, i.e., reforming of the

uel in the cell, is often employed in conjunction with pre-reforming
ue to its high operating temperature. Generally, the power gen-
ration characteristics of cells depend on the gas composition on
he anode side and cathode side of the cells. In the seal-less type
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including non-reformed methane.
© 2008 Elsevier B.V. All rights reserved.

ells, the internal reforming reaction and the water-gas shift reac-
ion take place together with reverse diffusion of the ambient gas
rom the surroundings of the cell, i.e., diffusion opposite to gas flow
irection. Therefore, the distribution of the gas composition in the
ell and power generation characteristics depends on not only the
lectrochemical reaction, but also complex kinetics. Many simula-
ion studies have been conducted to aid in development of SOFCs
4–19].

To the best of our knowledge, however, very few numerical
esults have been reported on the power generation characteristics
ompared to the measurement of the gas composition distributions
ecause the concentration profile of the gaseous species in a cell has
een seldom measured. For the seal-less disk-type cell using pure
ydrogen as a fuel, it has been reported by Momma et al. [17] that
he influence of the reverse diffusion of the ambient gas is clari-
ed based on both the experimental and theoretical analyses, the
esults of which have shown good agreement. On the other hand,
here has never been such practicably useful report on the cell using

eformed gas as the fuel.

In one of the recent papers dealing with seal-less disk-type
OFCs, Momma et al. [20], reported the experimental results for the
oncentration profile of gaseous species along the flow direction in
he anode gas channel of the single cells which were performed

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:shimada.takanobu@jaxa.jp
dx.doi.org/10.1016/j.jpowsour.2008.10.125
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Nomenclature

c molar density (mol m−3)
cCO CO concentration in the mixture gas (mol m−3)
cH2O H2O concentration in the mixture gas (mol m−3)
ċj mole reaction quantity due to cell reaction for each

unit time and unit volume (mol s−1 m−3)
ċref mole reaction quantity due to reforming reaction for

each unit time and unit volume (mol s−1 m−3)
ċsf mole reaction quantity due to water-gas shift

reaction for each unit time and unit volume
(mol s−1 m−3)

DAB mutual diffusion coefficient of species A and B
(m2 s−1)

dan thickness of anode current collector
dca thickness of cathode current collector
De effective diffusion coefficient (m2 s−1)
Di,m diffusion coefficient of species i in multi-component

mixture gas (m2 s−1)
D1j diffusion coefficient of the pair of 1–j species in a

binary mixture (m2 s−1)
D1m diffusion coefficient when element 1 diffuses in the

mixture gas m
Ear activation energy (J mol−1)
�Earef activation energy (=57,840 J mol−1)
�Easf activation energy (=95,000 J mol−1)
�G

◦
H2O Gibbs free energy change in reaction H2 + O2 = H2O

at the standard pressure (0.1 MPa) and reference
state (J mol−1)

F Faraday constant (C mol−1)
Je electronic current density which flows in electrolyte

(A m−2)
Ji ionic current density which flows in electrolyte

(A m−2)
Jo current density which flows to an external circuit

(A m−2)
k Boltzmann constant (=1.3807 × 10−23 J K−1)
Ksf equilibrium constant of water-gas shift reaction
Mi molecular weight of species i (kg mol−1)
P pressure (Pa)
pCH4 partial pressure of methane in the mixture gas
pi partial pressure of chemical species i
R gas constant (=8.314 J mol−1 K−1)
rcell radius of the cell
Rcell cell resistance (� m2)
Rcell0 cell resistance at 1073 K (� m2)
Re ohmic resistance of electrolyte by electronic con-

duction (� m2)
Ri ohmic resistance of electrolyte by ionic conduction

(� m2)
Rr reactive resistance of the electrodes (� m2)
Rs series resistance of the electrodes (� m2)
rCH4 rate of the reforming reaction (mol s–1 kg–1

cat)
rCO rate of the water-gas shift reaction (mol s–1 kg–1

cat)
T temperature (K)
Tcell temperature of the cell
Tref outlet gas temperature of pre-reformer (K)
Vcell cell operating voltage (V)
u mass average velocity (m s−1)
Uf fuel utilization

Greek letters
˛ref utilization factor by which the catalyst in the anode

current collector actually contributes to the reform-
ing reaction

˛sf utilization factor by which the catalyst in the anode
current collector actually contributes to the water-
gas shift reaction

εan porosity of the anode current collector
εca porosity of the cathode current collector
εpo porosity
� characteristic diameter (Å)
� total mass density (kg m−3)
�anc density of anode current collector (kg m−3)
�cat,ref density of catalysts which actually contribute to the

reforming reactions (kg m−3)
�cat,sf density of catalysts which actually contribute to the

water-gas shift reactions (kg m−3)
� twist factor
� molar fraction
˝ collision integration
ωi mass fraction of species i

Subscripts
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an fuel (anode gas)
ca air (cathode gas).

y partially reformed methane as the fuel. From the compositional
nalysis of the anode gas, their experimental results indicated that
he molar ratio of the hydrogen and carbon elements, i.e., H/C, is
ot a constant value between the inlet and outlet of the anode
as channel, and that nitrogen, which is not surely present in the
nlet, is significantly detected near the cell edge. The following con-
lusions are suggested: (1) there are different diffusion velocities,
r different species velocities, between each chemical species that
omposes the anode gases, and (2) reverse diffusion of ambient air
rom the periphery of the cell takes place.

In this paper, to theoretically clarify these phenomena, a numer-
cal model that takes the convection of the gas and diffusion into
ccount was constructed for a seal-less disk-type SOFC which is
perated by a fuel including non-reformed methane. Therefore,
e compared the numerical results with the experimental data

uch as the concentration distributions of the gaseous species
nd voltage–current characteristics using the calculation corre-
ponding to the experimental conditions, and then examined these
henomena. This model can explain the influence of an internal
eforming reaction and a water-gas shift reaction in the anode gas
ow together with the reverse diffusion from the periphery of the
ell. Furthermore, this model suggests the distributions of an elec-
romotive force and a current because it deals with the distributions
f the concentration profile of gaseous species along the flow direc-
ion, thereby the voltage–current characteristics are predicted.

. Modeling

.1. Simulation model and assumption

Fig. 1 shows a schematic diagram of a seal-less disk-type SOFC

ingle cell as a simulation model used to explain the data obtained
rom the experiment of Momma et al. [20]. The model consists of

composite disk made of a solid electrolyte with electrodes on
oth sides, and current collectors and metal separators, each for
he positive and negative electrodes.
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Table 1
Description of the anode current collectors used in the experiments.

Type Material Thickness [mm] Mass [g m−2] Density
[kg m−3]
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1 O2 + 2e− → O2− at cathode
(10)
Fig. 1. A schematic diagram of the seal-less disk-type SOFC single cell.

The fuel, which consists of equilibrium compositions deter-
ined by the pre-reformer temperature, is first supplied to the

node gas channel (current collector) through orifices located at
he center of the separator. The fuel is then axial symmetrically
istributed in the current collectors (Fig. 1). The air is also supplied
nd distributed in the cathode gas channel in the same manner as
he fuel. The remaining fuel after the fuel cell reaction is burned
round the cell.

The following describes the prerequisites and assumptions of
he model:

1. The gases have one-dimensional axisymmetric flows.
. The cell temperature is constant along with the thickness and

radius direction.
. The inner pressure of the cell is constant.
. The height of the gas channel (the current collectors) is constant.
. The structure of the cell is constant throughout the cell.
. The composition of gases consists of CH4, H2O, H2, CO, CO2 and

N2 in the anode, while of O2 and N2 in the cathode.
7. The concentration of each gas species is constant in the direction

of gas channel thickness.
. As an inlet boundary condition, at the center of the disk-type

cell, the composition of each chemical species in the anode gas
is in equilibrium as determined by the outlet gas temperature of
the pre-reformer.

. As an outlet boundary condition, at the periphery of the disk-
type cell, the air exists as a stoichiometric amount for burning all
the CH4, H2, and CO in the anode gas. In other words, the partial
pressures of CH4, H2 and CO are zero, and N2 exists 0.79/0.21
times as much as O2 used to stoichiometrically burn the fuel at
the periphery of the cell.

For items 1–5, it is ideally presumed to simplify the cell model
imulating the experiment. As for item 1, the previous experimen-
al result by Momma et al. [17] significantly demonstrated that the
aseous flow has no substantial variations along the circumferential
irection in the practical seal-less disk-type cells using only hydro-
en, steam and nitrogen as the anode gases. As for item 6, oxygen in
he anode gas can be ignored on the basis of the experiment. Item
is an assumption for the one-dimensional calculation, meaning

hat the mixing velocity in the direction of the thickness is much
aster than the velocity of the radial convection. However, there is
o validity near the inlet, and this point will be discussed later. The
asis of item 8 is a result of the experiment [20]. Although item 9

s a bold assumption for simplification, it is confirmed to be appro-

riate, because the simulation result and experimental result well
gree as will be shown later.

In the anode current collector, the fuel containing residual
ethane and carbon monoxide is reformed by internal reforming

I
a
t

ype-A Ni-foam 0.62 440 709
ype-C Ni-SDC impregnated

Ni-foam/Ni-foam
1.0 1600 1600

eactions.

eforming reaction : CH4 + H2O → 3H2 + CO (1)

ater-gas shift reaction : CO + H2O → H2 + CO2 (2)

he reaction rates for the reforming reaction and water-gas shift
eaction are assumed in Eqs. (3) and (4), respectively.

CH4 = 1.76 × 103exp

(
−�Earef

RT

)
(pCH4 )1.2 (3)

here rCH4 is the rate of the reforming reaction [mol s−1 kgcat
−1],

Earef is the activation energy (=57,840 J mol−1), R is the gas con-
tant (=8.314 J mol−1 K−1), T is the temperature [K], and pCH4 is the
artial pressure of methane in the mixture gas [atm] [21]. The rea-
on why Eq. (3) is chosen as the reaction rates for the reforming
eaction is that it offers a good fit to the experimental gas concen-
ration distributions as compared with the expression reported by
ee et al. [22].

CO = 26.1 × 103 exp

(
−�Easf

RT

)
(cCO)1.1(cH2O)0.53(1 − ˇ) (4)

= pCO2 pH2

Ksf pCOpH2O
(5)

here rCO is the rate of the water-gas shift reaction
mol s−1 kgcat

−1], �Easf is the activation energy (=95,000 J mol−1),
CO is the CO concentration in the mixture gas [mol m−3], cH2O
s the H2O concentration in the mixture gas [mol m−3], Ksf is the
quilibrium constant of Eq. (2), and pi is the partial pressure of the
hemical species i [23]. Therefore, the molar reaction quantity per
ach unit time and unit volume in Eqs. (3) and (4) [mol s−1 m−3],

˙ ref and ċsf , are obtained from,

˙ ref = rCH4 �cat,ref (6)

˙ sf = rCO �cat,sf (7)

here �cat,ref and �cat,sf are the density of the catalysts, respec-
ively which actually contribute to the reforming and water-gas
hift reactions [kg m−3], and are stated as follows:

cat,ref = �anc ˛ref (8)

cat,sf = �anc ˛sf (9)

here �anc is the density of the anode current collector (see Table 1)
kg m−3], and ˛ref and ˛sf are defined here as the utilizations of the
atalyst in percentages by which the catalyst in the anode current
ollector actually contributes to the above reactions. These values
re experimentally determined as shown in Section 3.1.1.

On the other hand, the concentrations of the chemical species in
he fuel and air change based on the electrochemical cell reactions
n Eq. (10)

H2 + O2− → H2O + 2e− at anode
2

t is assumed here that CO is consumed only in the shift reaction
nd not by the direct electrochemical reaction of CO. The local elec-
romotive force Eemf is obtained by the Nernst equation from the O2
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Table 2
Simulation parameters.

Cell size
Radius of the cell rcell 6 cm
Thickness of the anode current collector dan See Table 1
Porosity of the anode current collector εan 0.95
Thickness of the cathode current

collector
dca 0.07 cm

Porosity of the cathode current collector εca 0.95

Physical properties of cell
Density of the anode current collector �an See Table 1
Twist factor of the anode current

collector
�an 1

Twist factor of the cathode current
collector

�ca 1

Ohmic resistance of electrolyte by ionic
conduction at 800 ◦C

Ri0 0.17 � cm2

Activation energy of Ri Eai 54,200 J mol−1

Ohmic resistance of electrolyte by
electron conduction at 800 ◦C

Re0 20 � cm2

Activation energy of Re Eae 54,200 J mol−1

Reactive resistance of the electrodes at
800 ◦C

Rr0 0.04 � cm2

Activation energy of Rr Ear 50,200 J mol−1

Series resistance of the electrodes at
800 ◦C

Rs0 0.002 � cm2

Activation energy of Rs Eas 54,200 J mol−1

Operating conditions
Flow rate of the fuel (methane) 85 Ncc min−1

Flow rate of the air 1700 Ncc min−1

Oxygen fraction in the air 0.21
Inner pressure of the cell P 1 atm
Room temperature Troom 25 ◦C
Outlet gas temperature of pre-reformer Tref 650, 600, 550 ◦C

2

a
e
v
t

2

C

Fig. 2. Equivalent circuit of the disk-type cell.

artial pressure ratio of the anode and cathode assuming that H2,
2 and H2O in the anode gas are in thermal equilibrium.

emf = −
�G

◦
H2O

2F
+ RT

2F
ln

pH2 p0.5
O2

pH2O
(11)

here 
G◦
H2O is the Gibbs free energy (H2 + O2 = H2O), and F is Fara-

ay constant.
The equivalent circuit of the disk-type cell assumed as the model

s shown in Fig. 2 [17], which stands for a local circuit segmented
rom the whole SOFC. Each symbol in Fig. 2 denotes as follows: Ri,
hmic resistance of the electrolyte by ionic conduction [�cm2]; Re,
hmic resistance of electrolyte by electronic conduction [�m2]; Rr,
eactive resistance of the electrodes [�m2]; Rs, series resistance
f the electrodes [�cm2]; Ji, ionic current density which flows in
he electrolyte [A m−2]; Je, electronic current density which flows
n the electrolyte [A m−2]; Jo, current density which flows in an
xternal circuit [A m−2]; and Vcell, cell operating voltage [V]. These
ell resistances are assumed to be a function of the temperature,
nd are given by

cell = Rcell0 exp
[

Ear

R

(
1
T

− 1
1073

)]
(12)

here Rcell means each resistances described above in [�m2], Rcell0
s the resistance at 1073 K [�m2], and Ear is the activation energy
J mol−1] (see Table 2) [8]. These values were experimentally deter-

ined by an AC impedance measurement of the cell. The whole cell
urrent is written as

cell =
∫ rcell

0

Jo2�r dr (13)

here Jo means the local current density and is obtained from

o = Eemf Re − Vcell(Ri + Rr + Re)
Re(Ri + Rr + Rs) + Rs(Ri + Rr)

. (14)

The molar reaction rate in the anode and cathode by the cell
eaction for each unit time and unit volume [mol s−1 m−3], ċj and
˙ ′
j
, is obtained from, respectively

˙ j = Jo + Je
2F

1
dan

= Ji
2F

1
dan

(15)

J + J 1 J 1

˙ ′j = o e

2F dca
= i

2F dca
(16)

here dan is the thickness of the anode current collector (see
able 2) and dca is the thickness of the cathode current collector.

C

Temperature of the cell Tcell 750 ◦C
Fuel utilization Uf 0, 50, 70%
Steam–carbon ratio S/C 3.0

.2. Transport equation of gas flow

The concentration distribution of each gaseous species, cell volt-
ge and cell current density are calculated in such a way that the
quations of mass balance and the equation of continuity are con-
erted into discrete equations by the control-volume method using
he implicit method and upwind scheme.

.2.1. Equation of mass balance for each species
Anode side:

H4 :
∂

r∂r

(
r�anωCH4 uan − rDCH4,m�an

∂ωCH4

∂r

)
=

(
−ċref

)
MCH4

(17)

H2O :
∂

r∂r

(
r�anωH2Ouan − rDH2O,m�an

∂ωH2O

∂r

)

=
(
−ċref − ċsf + ċj

)
MH2O (18)

H2 :
∂

r∂r

(
r�anωH2 uan − rDH2,m�an

∂ωH2

∂r

)

=
(

3ċref + ċsf − ċj

)
MH2 (19)
O :
∂

r∂r

(
r�anωCOuan − rDCO,m�an

∂ωCO

∂r

)
=

(
ċref − ċsf

)
MCO

(20)
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O2 :
∂

r∂r

(
r�anωCO2 uan − rDCO2,m�an

∂ωCO2

∂r

)
=

(
ċsf

)
MCO2

(21)

2an :
∂

r∂r

(
r�anωN2an

uan − rDN2an,m�an
∂ωN2an

∂r

)
= 0 (22)

Cathode side:

2 :
∂

r∂r

(
r�caωO2 uca − rDO2N2 �ca

∂ωO2

∂r

)
=

(
−0.5ċ′

j

)
MO2 (23)

2ca :
∂

r∂r

(
r�caωN2cauca − rDN2O2 �ca

∂ωN2ca

∂r

)
= 0 (24)

here � is the total mass density [kg m−3], ωi is the mass fraction
f species i [−], u is the mass average velocity [m s−1], Di,m is the
iffusion coefficient of species i in the multi-component mixture
as [m2 s−1], Mi is the molecular weight of species i [kg mol−1],
uffix an means the fuel (anode gas) and suffix ca the air (cathode
as).

.2.2. Equation of continuity
The equation of mass continuity is as follows. Derivation of the

xpression is described in Appendix A:

∂�an

∂t
+ ∂

r∂r
(r�anuan) =

(
1
2

ċj

)
MO2 at anode (25)

∂�ca

∂t
+ ∂

r∂r
(r�cauca) =

(
−1

2
ċ′

j

)
MO2 at cathode (26)

The mass density of the fuel and air is given by

an =
∑

i

can�iMi (27)

ca =
∑

j

cca�jMj (28)

here � is the molar fraction [−], and the molar density [mol m−3],
, is a value dependent only on the temperature T and pressure P,
hich are assumed to be constant in the cell.

an = cca = P

RT
(29)

.2.3. Diffusion coefficient
The diffusion coefficients of a chemical species in the anode and

athode used in Eqs. (17)–(24) are calculated from the prediction
alue in a multi-component gas compound [24].

1 − xl

D1m
=

n∑
j=2

xj

D1j
(30)

here D1m is the diffusion coefficient when element 1 diffuses in
mixture gas m, and D1j is the diffusion coefficient of the pair 1–j
f species in a binary mixture.

The diffusion coefficient of a binary mixture gas composed of
and B at low (normal) pressure is calculated by the following

xpressions:

AB = 1.858 × 10−3T3/2 [(MA + MB)/MAMB]1/2

P�2
AB˝D

(31)
AB = �A + �B

2
(32)

D = A

T∗B
+ C

exp(DT∗)
+ E

exp(FT∗)
+ G

exp(HT∗)
(33)

T
t

f
m

r Sources 187 (2009) 8–18

here DAB is the mutual diffusion coefficient of species A and
[m2 s−1], MA and MB are the molecular weights of species
and B [g mol−1], respectively, P is the pressure [atm], �A

nd �B are the characteristic diameters of species A and B
Å], respectively, ˝D is the collision integration, T* = kT/εAB,

AB = (εA εB)1/2, A = 1.06036, B = 0.15610, C = 0.19300, D = 0.47635,
= 1.03587, F = 1.52996, G = 1.76474, H = 3.89411, ε/k is the inter-
olecular force constant [K] and k is Boltzmann constant

=1.3807 × 10−23 J K−1) [25].
An effective diffusion coefficient, De, in porous current collectors

s calculated as follows:

e = εpo

�
DAB (34)

here � is the twist factor [−] and εpo is the porosity [−] [26]. In
his paper, the equations of mass balance shown in Eqs. (17)–(24)
re calculated by taking the effective diffusion coefficient into con-
ideration.

.3. Analytical conditions

In the experiment by Momma et al., three types of current col-
ectors with different structures and materials, which also serve as
he channel for the fuel gas, were tested for comparison of the inter-
al reforming characteristics [20]. However, only two types of the
urrent collectors having significantly different reforming charac-
eristic, type-A and type-C (see Table 1), are discussed in this paper
ecause the reforming characteristic of the current collector type-A
as similar to that of type-B. Measurements were made by vary-

ng the fuel utilization (Uf = 0, 50, 70%) at various pre-reformer exit
emperatures (Tref = 550, 600, 650 ◦C) with a steam to carbon ratio
f S/C = 3.0 at the cell temperature of 750 ◦C.

The physical property values and the operating conditions used
n the calculations are indicated in Table 2. The simulation param-
ters, such as cell sizes and physical properties and operating
onditions, are adjusted to the experimental conditions as shown
n reference [20].

. Results and discussion

.1. Anode current collector type-C

.1.1. Decision on parameters of the reaction rate by comparison
ith experimental results

As for the reaction rates of the reforming reaction and water-
as shift reaction, the percentages that the catalyst (Ni) actually
orks for the reactions are treated as the unknown parameters,
ref and ˛sf. The optimum values to fit the calculated gas concen-

ration profile to the experimental ones are found by varying ˛ref
nd ˛sf at only one condition of Tref = 550 ◦C and Uf = 70%. The reason
hy Tref = 550 ◦C is chosen is that more non-reformed methane is

ontained in the fuel cell due to the reforming temperature lower
han 650 and 600 ◦C. Also, the reason why Uf = 70% is chosen is
hat the greatest variation in each chemical species concentration
s observed between the center and the periphery of the cell due
o the most progressive electrochemical reactions. Therefore, it is
n advantage to confirm the effect of the selected parameters on
he gas concentration distributions when the numerical results are
ompared to the experimental data. The parameters for the per-
entage and the densities corresponding to it are listed in Table 3.

he value, ˛ref, is assumed to be equal to ˛sf for simplification of
he calculation.

The gas concentration distributions of CH4, H2O, H2, CO and CO2
or each condition in Table 3 are shown in Figs. 3–7. The experi-

ental values at the radii of 0, 1.4, 2.8, 4.2 and 5.6 cm are jointly
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Table 3
Conditions for a decision on the reaction rate parameters.

Cond.1 Cond.2 Cond.3 Cond.4

˛ref , ˛sf [−] 0.05 0.04 0.03 0.02
�ref , �sf [kg m−3] 80 64 48 32
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c
t
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t
c
r
a
the gas in the thickness direction is lower than the radial convective
ig. 3. CH4 distributions for each condition and experimental data (Tref = 550 ◦C,
f = 70%, type-C).

lotted on the figures. It can be seen from these figures that the
xperimental values are the closest to the calculation results for
ondition 3, i.e., ˛ref = ˛sf = 0.03, or �ref = �sf = 48 kg m−3. Therefore,
he density of the catalysts, which actually contribute to the reform-

ng and water-gas shift reactions is set at 48 kg m−3 for the anode
urrent collector type-C. Using this value, the gas concentration dis-
ributions are likewise calculated for the other conditions, and the
alidity of the parameter is evaluated in the following section.

ig. 4. H2O distributions for each condition and experimental data (Tref = 550 ◦C,
f = 70%, type-C).

fl
i
b

F
U

ig. 5. H2 distributions for each condition and experimental data (Tref = 550 ◦C,
f = 70%, type-C).

As a further consideration, from Fig. 3, the experimental CH4
oncentration hardly changes between r = 0 cm and r = 1.4 cm unlike
he calculated result, and the experimental H2O concentration at
.4 cm is higher than the calculated one, while the experimen-
al H2 and CO concentrations are lower than the simultaneously
alculated values (see Figs. 4–6). It is interpreted that there is no
eforming reaction in this region. That is, the region where the cat-
lyst effectively performs becomes small because the diffusion of
ow due to the higher velocity near the center. On the other hand,
n this model, the diffusion in the thickness direction is assumed to
e sufficiently greater than the radial convection. In other words,

ig. 6. CO distributions for each condition and experimental data (Tref = 550 ◦C,
f = 70%, type-C).
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ig. 7. CO2 distributions for each condition and experimental data (Tref = 550 ◦C,
f = 70%, type-C).

he assumption that the distribution of the gas concentration in
he thickness direction is not considered is not suitable in the near
nlet.

However, the entire tendency of the numerical results is in good
greement with the experimental values although the distribution
s not in close agreement from r = 0 to r = 1.4 cm.

.1.2. Gas concentration distributions in the cell at various

re-reformer temperatures and fuel utilization

Using the reaction rate parameter determined in the above
nvestigation, the distributions of gas concentrations are calculated
nd then compared to the experimental results for each condition of

ig. 8. Distributions of gas concentration, electromotive force, cell voltage, and cur-
ent density (Tref = 650 ◦C, Uf = 0%, type-C).
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s
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F
c

ig. 9. Distributions of gas concentration, electromotive force, cell voltage, and cur-
ent density (Tref = 650 ◦C, Uf = 50%, type-C).

he pre-reformer temperatures of 650, 600 and 550 ◦C and fuel uti-
izations of 0, 50 and 70%. Thereafter, the validity of the simulation

odel is examined. The distributions of each gas concentration,
lectromotive force, cell voltage and current density are displayed
n Figs. 8–15. The result when Tref = 550 ◦C and Uf = 50% is omitted
ecause it was not measured. The experimental values at the radii
f 0, 1.4, 2.8, 4.2 and 5.6 cm are jointly plotted on the figures indi-
ated by the symbols of (©) CH4, (�) H2O, (�) H2, (�) CO, (♦) CO2

nd (�) N2 in the anode.

The calculated concentration distributions of the anode gas
pecies well agree with the experimental in every case for the
re-reformer temperatures and the fuel utilizations.

ig. 10. Distributions of gas concentration, electromotive force, cell voltage, and
urrent density (Tref = 650 ◦C, Uf = 70%, type-C).
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ig. 11. Distributions of gas concentration, electromotive force, cell voltage, and
urrent density (Tref = 600 ◦C, Uf = 0%, type-C).

In the experiment, the distinct effect of internal reforming is
bserved for the anode current collector type-C. As shown in every
gure, the experimental well agrees with the calculation results of
he CH4 concentration that decreases along the flow direction due
o the reforming reaction. This good agreement suggests that the
eforming reaction of the cell used in the experiment can be well
escribed by the reaction rate equation (Eq. (3)).

For the CO and CO2 concentration distributions, the considered

odel can describe the phenomenon that the CO concentration

ncreases (CO2 decreases), i.e., the reverse-shift reaction, from the
enter of the cell to around 1.4 cm in radius (2.8 cm in Uf = 0% due to
lower H2O concentration), while the CO concentration decreases

ig. 12. Distributions of gas concentration, electromotive force, cell voltage, and
urrent density (Tref = 600 ◦C, Uf = 50%, type-C).
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ig. 13. Distributions of gas concentration, electromotive force, cell voltage, and
urrent density (Tref = 600 ◦C, Uf = 70%, type-C).

CO2 increases), i.e., the shift reaction, from its outside because the
2O concentration increases and the H2 concentration decreases
ue to the electrochemical reaction. Therefore, the reaction rate
quation of the shift reaction can model the experimental result.

It can be confirmed from the calculation results that the N2 con-
entration distributions observed in the anode gas channel in the
xperiment are due to the reverse diffusion from the periphery. It is
oted from Figs. 8 to 15 that the reverse diffusion of N2 takes place
ore remarkably as the fuel utilization Uf is lower; i.e., hydrogen
xists more in the gas channel due to its lower consumption. This is
ecause the diffusion coefficient in the anode gas mixture of nitro-
en becomes high when the fraction of the hydrogen component
n the gas increases. This is also further discussed in Section 3.1.3.

ig. 14. Distributions of gas concentration, electromotive force, cell voltage, and
urrent density (Tref = 550 ◦C, Uf = 0%, type-C).
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hydrogen decrease.

As shown above, the experimental result that the ratio of H/C
ig. 15. Distributions of gas concentration, electromotive force, cell voltage, and
urrent density (Tref = 550 ◦C, Uf = 70%, type-C).

When Uf = 0%, the concentration of H2 sharply decreases in the
ange r > 4.2 cm. This is caused by the decrease in the H2 concen-
ration at the outlet cell because H2 is consumed by the oxidization
ith O2 in the periphery of the cell, leading to an increased H2
iffusion velocity by the concentration difference. The boundary
ondition at the cell outlet is assumed for H2 to be completely con-
umed. The calculated H2 and N2 concentrations at r = 5.6 cm are in
ood agreement with the experimental data for each fuel utiliza-
ion. Therefore, the assumption at the outlet boundary condition
an describe the experiment results very well. As a consequence,
s shown in Figs. 8–15 it is predicted that the electrolysis current is

nduced in the vicinity of the cell edge in which Eemf becomes less
han Vcell.

Therefore, it is summarized that the reverse diffusion of air from
he cell edge, the internal reforming reaction and the water-gas

Fig. 16. H/C mass balance.
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hift reaction can be well described, resulting in a good agreement
etween the calculated and experimental results for the concen-
ration distributions of the anode gases.

.1.3. Calculation of H/C mass balance, and comparison to
xperiment results

The carbon balance, Cbalance, and hydrogen mass balance,
balance, are still disputed. Cbalance, and Hbalance, are defined by Eq.

35) and Eq. (36), respectively.

balance = �CH4 + �CO + �CO2 (35)

balance = 4�CH4 + 2�H2 + 2�H2O (36)

here �i denotes the molar fraction of gaseous species i.
In Fig. 16, the calculated Hbalance/Cbalance is plotted together with

he experimental values. The calculation results show a tendency
imilar to the experimental values versus the various parame-
ers, such as r, Tref and Uf. For the experimental values, while the
bserved Hbalance/Cbalance remains approximately equal to its input
alue of 10 at r�4.7 cm, it suddenly decreases at r = 56 cm. Addi-
ionally, it decreases more with lower fuel utilization. This can
e explained as follows. The low fuel utilization results in the
ignificant existence of hydrogen which causes a high diffusion
oefficient of hydrogen and high concentration gradient, ∂ωH2 /∂r,
n the vicinity of the cell edge, resulting in the faster molecular aver-
ge velocity of hydrogen gas than the mass average velocity. On the
ther hand, the molecular average velocity of the other chemical
pecies including carbon is much slower than that of hydrogen gas.
he concentration of the chemical species increases when its veloc-
ty decreases because of the continuity law, and the concentration
ecreases when its velocity increases. The ratio of Hbalance/Cbalance
hen decreases more at r = 56 cm with the lower fuel utilization.

Moreover, for the same fuel utilization, the Hbalance/Cbalance is
reater as the exit temperature of the pre-reformer is lowered
ecause the non-reformed methane increases, thus resulting in a
oes not remain a constant value in the anode gas for the seal-
ess disk-type SOFC can be explained by a numerical model that
onsiders both the convection and diffusion of the gas.

Fig. 17. Voltage–current characteristics.
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ig. 18. Distributions of gas concentration, electromotive force, cell voltage, and
urrent density (Tref = 650 ◦C, Uf = 0%, type-A).

.1.4. Voltage–current characteristics
Fig. 17 shows a comparison of the voltage–current (V–I) char-

cteristic between the calculation and the experiment results. In
he 0–70% range of fuel utilization, the calculated V–I curves are
n reasonably good agreement with the experimental plots at each
emperature. The validity of the simulation model can also be veri-
ed for the cell generating performance characteristic as well as the
aseous chemical reactions. At the fuel utilization of 80%, however,
here is the difference from the experimental plots.
Also, it was not possible to calculate up to a 90% fuel utiliza-
ion by this model at Tref = 650 and 600 ◦C as mentioned above. One
ikely reason for this difference is that it relates to the electrolysis
urrent in the vicinity of the outer cell, i.e., it might be not appre-

ig. 19. Distributions of gas concentration, electromotive force, cell voltage, and
urrent density (Tref = 650 ◦C, Uf = 70%, type-A).
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iable in this model whether corresponding electrolysis current is
btained between the calculated and experimental results or not,
ecause of writing the each cell resistance by the expression of the
imple temperature dependence. Another is that the electrochem-
cal direct reaction of CO might have taken place during the actual
eaction, although the reaction is assumed not to in this model.
his is also further discussed in Section 3.2. The development of a
recise model about these points is future work.

.2. Anode current collector type-A

Similar to the anode current collector type-C, ˛ref and ˛sf
re determined by fitting the distributions of the gas concentra-
ion at Tref = 600 ◦C and Uf = 70%. As the sequence for comparison
ith the experimental data, the following catalytic parameters
ere obtained; ˛ref = 0.03 and ˛sf = 0.005, i.e., �ref = 21.2 kg m−3 and
sf = 3.55 kg m−3. This corresponds to the effective amount of cata-

yst of 12.7 g m−2 for the reforming reaction while that of type-C is
8 g m−2. Although an internal reforming hardly occurs in the type-
during the experiment, it was found that the amount of catalyst

er unit area, which contributes to the internal reforming reaction,
s almost 1/4 of that for the type-C.

By using these values, the gas concentration distributions are
alculated and then compared with the experimental results for
ach condition when the pre-reformer temperature is 650 and
00 ◦C and the fuel utilization is 0, 50 and 70%. The distributions of
ach gas concentration, electromotive force, cell voltage and cur-
ent density when Uf = 0, 70% as an illustration are displayed in
igs. 18–21. From the figures, for the type-A, the numerical results
re also in good agreement with the experimental for every condi-
ions. The results when Uf = 50% are omitted since they also agree
ell with the experimental data as well as those when Uf = 0, 70%.

When Uf = 70%, it is noted that the calculated CO concentration
s higher, while the calculated CO2 concentration is lower than the
xperimental data at r = 5.6 cm. It is suggested that the electro-

hemical direct reaction of CO on the anode might have taken place
uring the actual reaction because the H2 concentration is signifi-
antly decreasing at r�4.2 cm due to the poor performance of the
nternal reforming.

ig. 20. Distributions of gas concentration, electromotive force, cell voltage, and
urrent density (Tref = 600 ◦C, Uf = 0%, type-A).
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ig. 21. Distributions of gas concentration, electromotive force, cell voltage, and
urrent density (Tref = 600 ◦C, Uf = 70%, type-A).

. Conclusions

The characteristics of the electrical power generation and the
nternal reforming of a seal-less disk-type SOFC cell have been
umerically analysed by a simulation to explain the previously
eported experimental results.

From comparisons between the calculations and experimental
esults for the anode gas concentration profile and the voltage–
urrent characteristics, the validity of the simulation model has
een verified, and the model was found to explain the influence
f the internal reforming reaction with the water-gas shift reac-
ion, the reverse diffusion of air from the cell circumference and
ariations in the molar ratio of hydrogen and carbon in the cell out-
et region for a disk-type SOFC cell which is operated by partially
eformed methane.

ppendix A

Eq. (25) is derived as follows. The equation of mass continuity
n the anode is given by

∂

∂t
�an

(
ωCH4 + ωH2O + ωH2 + ωCO + ωCO2 + ωN2an

)

+ ∂

r∂r

[
r�an

(
ωCH4 + ωH2O + ωH2 + ωCO + ωCO2 + ωN2an

)
uan

− r�an

⎛
⎝ DCH4m

∂ωCH4

∂r
+ DH2Om

∂ωH2O

∂r
+ DH2m

∂ωH2

∂r

⎞
⎠

⎤
⎦

+DCOm
∂ωCO

∂r
+ DCO2m

∂ωCO2

∂r
+ DN2anm

∂ωN2an

∂r

=
(

1
2

ċj

)
MO2 (37)
r Sources 187 (2009) 8–18

he summation of the mass fraction of each gas and that of the mass
ovement due to mutual diffusion are written as follows:

ωCH4 + ωH2O + ωH2 + ωCO + ωCO2 + ωN2an
) = 1 (38)

(
DCH4m

∂ωCH4

∂r
+ DH2Om

∂ωH2O

∂r
+ DH2m

∂ωH2

∂r

+ DCOm
∂ωCO

∂r
+ DCO2m

∂ωCO2

∂r
+ DN2anm

∂ωN2an

∂r

)
= 0 (39)

herefore, the equation of mass continuity shown as Eq. (25) is
btained, substituting Eqs. (38) and (39) into Eq. (37).
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