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Abstract

Heat and mass transfer with electrochemical reaction in an anode-supported flat-tube
solid oxide fuel cell (FT-SOFC) is studied by means of three-dimensional numerical
simulation. The distributions of the reaction fields in the anode-supported FT-SOFC are
found to be similar to those in the planar SOFC with co-flow arrangement. However, in
comparison with the latter, the concentration and activation overpotentials of the former
can be reduced by additional reactant diffusion through the porous rib of the fuel
channel. Parametric survey reveals that, for a fixed activation overpotential model, the
output voltage can be improved by increasing the pore size of anode, whilst the
cross-sectional geometry has smaller effect on the cell performance. Based on the results of
three-dimensional simulation, we also develop a simplified numerical model of
anode-supported FT-SOFC, which takes into account the concentration gradients in the
thick anode of complex cross-sectional geometry. The simplified model can sufficiently

predict the output voltage as well as the distributions of temperature and current density
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with very low computational cost. Thus, it can be used as a powerful tool for surveying

wide range of anode-supported FT-SOFC design parameters.
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Solid oxide fuel cell, Simulation, Heat / mass transfer, Electrochemical reaction,

Modeling

1. Introduction

Solid oxide fuel cell (SOFC) is expected to be a promising alternative power
generation system with its high energy conversion efficiency, wide fuel adaptability, and
possible exhaust-heat utilization [1]. Recently, a flat-tube SOFC (FT-SOFC) has
attracted increasing attention among various cell configurations due to its high power
density and the relative easiness of fabrication and gas sealing [2, 3]. For successful
implementation of SOFC, however, the cost performance should be further improved
both in the manufacturing and operating processes. Therefore, development of cells
with high efficiency and high power density is a current priority issue.

The performance characteristics of SOFC can be increased by reduction of
overpotentials, which result from electrochemical processes in the cell. One way to
reduce the overpotential is to properly manage the heat and mass transfer associated
with the electrochemical reaction. In order to study such transport and reaction
phenomena, numerical simulation should be helpful to obtain detailed (and
experimentally unavailable) information in the cell.

In the last decade, a number of numerical studies have been reported for the detailed
heat and mass transfer in SOFCs [4 - 7]. These studies reveal that the flow and thermal
fields in the cell have three-dimensional distribution strongly depending on the design
parameters of the cell components. However, most of the previous studies assume

homogeneous reaction field and have not treated the coupled transport and reaction
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phenomena that largely affects the cell performance characteristics. Exceptionally,
several recent investigations of tubular, planar, and cathode-supported FT-SOFCs [3, 8 —
10] account for such interactive effect.

When compared to the cathode-supported FT-SOFC mentioned above, the
anode-supported FT-SOFC has potential advantages due to its lower internal resistance
and higher limit current [1, 11], and therefore it attracts considerable attention. The
anode-supported FT-SOFC has a thick anode, of which cross-sectional geometry is
often complicated. Its performance is determined by the three-dimensional heat and
mass transport, which may be strongly dependent on the cell design, such as the
geometrical configuration and the microstructure of cell components. To the authors'
knowledge, however, detailed numerical simulation of coupled transport and reaction
phenomena in the anode-supported FT-SOFC has not been reported.

The purpose of the present study is to investigate the fundamental transport and
reaction phenomena in an anode-supported FT-SOFC. First, we perform numerical
simulation with a full 3D model and discuss the detailed characteristics of flow and
reaction fields in the cell. The effects of the design parameters of the cell are surveyed,
especially focusing on the cross-sectional configuration and the microstructure of the
porous anode. We also propose and assess a simplified numerical model of the
anode-supported FT-SOFC for practical design of fuel cell systems [1] based on the

knowledge obtained from the 3D simulation.

2. Numerical procedure for three dimensional simulation
2.1 Computational model

Figure 1 shows the anode-supported FT-SOFC considered in the present study. As
shown in Fig. 1(a), it has a periodic structure in the spanwise (z-) direction. The unit cell
is composed of an electrolyte, a cathode, an anode with a fuel channel, an

interconnector, and an air channel between the adjacent layers of cells. The thick anode
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plays a role to mechanically support the cell. The air and fuel flow directions are in
co-flow arrangement.

The geometry under computational study is depicted in Fig. 1(b). We take only a
half of the unit cell shown in Fig. 1(b), because the flow in each channel is laminar and
plane-symmetric since the Reynolds number is low (Re = 1 — 50) under all operating
conditions. The interface between the electrolyte and electrodes are treated as the
three-phase boundary (TPB). The electrodes are porous media. The electrolyte and the
interconnector are treated as solid boundaries, which couple the fuel and air sides as
described below. The parameters of geometrical configuration to be changed in the
present study are the rib width, /.., the rib thickness, /,.,, whereas the width and height
of the fuel channel, /.., and /., are fixed.

The physical properties of each component are listed in Table 1. The resistivity is
considered as a function of temperature, whereas other properties are assumed to be
constant [1, 9, 12, 13]. Among the material properties of anode, the porosity, ., and the
pore diameter, d, .., are varied in the present study. The tortuosity factor of the porous
media, 7, is correlated with the porosity [14]. Note that the tortuosity factor of anode,
T, USed in the previous studies of SOFC has large scatter [4, 9, 11, 15-18]. In the

present study, we assume a linear function as follows:
7,, =5.0-4¢ . (1)

For the cathode, the porosity and the tortuosity factor (&, and z.,) are fixed as ¢., = 0.5
and 7, = 3.0, respectively.

The electrochemical reaction is calculated by using an equivalent circuit as shown in
Fig. 2. This model consists of the electromotive force (EMF) and activation
overpotential generated in the cell, internal resistance of the cell components and the
current path. The cathode and the interconnector are treated as equi-potential surfaces.
The average current density of the electrolyte, i, Which is defined as the current
density averaged over the whole area of electrolyte, is kept constant, while the local

current density varies in space and is determined as a result of the heat and mass transfer



M. Suzuki, N. Shikazono, K. Fukagata, and N. Kasagi, J. Power Sources 180, 29-40 (2008)

as well as the electrochemical reaction. Since the steady-state performance of the cell is
discussed in the present study, the capacitance between the electrolyte and the

electrodes is neglected.

2.2 Governing equations and boundary conditions

2.2.1 Momentum transport

The transport equations for mass and momentum are

ﬁgp)+v'(8m)= 0, @
ﬁ(;'(;u) +V-{(gpu)u} = —V(aP+%gyV-uj+V-[€y{Vu +7 (VU)}}— iﬂ u. (3

These are the volume-averaged conservation equations of mass and momentum in the
porous media (see, e.g., [19]). Here, Darcy’s law is adopted to describe the superficial
flow velocity in the porous media (i.e., the last term in Eq. (3)).

Fully developed laminar velocity profiles are given at the inlets of air and fuel
channels. The flow rates are determined by the prescribed air and fuel utilization rates
shown in Table 2. The inlet gas pressure, Pgsr, 1S fixed at 1 atm. Zero-flux boundary
condition is applied at the symmetric plane. No-slip boundary conditions are applied on

the impermeable boundaries such as the electrolyte and the interconnector.

2.2.2 Transport of chemical species
The transport of chemical species is governed by

(&pY;)

7+V-(8pu)’[)=v'(€PD‘ VY). (4)

ieff

Here, the effective diffusivity of reactant i in the porous media (D;.p) is calculated by

using the dusty-gas model [4, 20], which reads
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where D;,, and D;; are the multi-component molecular diffusivity and the Knudsen
diffusivity of reactant i, respectively, while A, represents the averaged molar weight
of the reactant. Note that D,,, and D,; are functions of the microstructure of the
electrode, local temperature, 7, and the reactant concentration, Y; as well as the other
physical properties of the fluid [4, 15, 16, 21]. The summation of Eq. (4) for all reactants
is identical to Eq. (2).

Methane completely reformed at a steam to carbon ratio of 2.5 is selected as the
inlet composition of fuel. Namely, the molar fractions are X, , =8/11, X, ,, =1/11,
and X, , =2/11, respectively. The corresponding mass fraction is given at the inlet.

The boundary condition on the TPB is given by

= el i€e0,,H, HO0, (6)

where n = 4 for O, and » = 2 for H, and H,O. The sign of the right-hand-side term is
plus for O, and H,0, and minus for H,. The concentration gradient of N, and CO, on
the TPB is assumed to be zero, since these gases are inert. On the interconnector
surface, which is impermeable, the concentration gradient of all the reactant should be

Z€ero.

2.2.3 Heat transport
The energy transport equation for a porous media as well as for the air and fuel

channels is given by using the local equilibrium temperature as:

é’[{gpgascp,gas + (1_ 5) psole,Sol} T:|
ot

+V- (8pgaSCp'gasuT) -

=V-[{&h, 4 +(1-2) 2, } VT |+ 0O .

,gas
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This is a volume-averaged equation of the heat conduction in the solid part and the
energy transport in the fluid phase. The temperature difference between the two phases
in the porous electrode can be neglected under the present condition. The local heat
production, Q, in Eq. (7) is determined by the local ohmic loss in the electrode.

The solid and porous boundaries at the cell inlet and outlet are assumed to be
adiabatic. The inlet gas temperature, Ty, iS 600 °C throughout the present study
unless specified otherwise. We neglect the temperature distribution inside the thin
components (i.e., the electrolyte and the interconnector) in the direction of thickness,
because they are much thinner than the electrodes and the fluid passages. Namely, the
temperatures on both sides, 7iz.» and Tizne (Where the subscript /B denotes the
boundary of the electrolyte or interconnector and air and fuel denote the air and fuel
sides, respectively) and that in the thin component, T, are assumed to be the same, i.e.,

TIB,air = ]—VIB,ﬁxel = Tsol’ (8)

and it is computed by solving the following set of equations together with Eqg. (8):

T
qair = i;{’ 8_

IB,air a

IB,air

oT

9 fier = iﬂm, fuel "5

: (9)

1B, fuel

qair + qfuel = qgene '

Here, A;5 is the thermal conductivity of fluid, while ¢, and gs.; denote the fractions of
qeen distributed to the air and fuel sides, respectively. The heat generation in the unit

area of the electrolyte and the interconnector, ge.», is given by

. AI_IHZO E
qgen,e[e - lele 2F - + nohm,ele + nact,cu + nact,an !

(10)

qgen,int = lelenohm,int '
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and the division of g, into g, and g« follows the local temperature gradient
determined through the iteration between the heat and mass transports and the

electrochemical reaction.

2.2.4 Electrochemical reaction

The local current density, i, and the ohmic losses, 7., Of the cell components are
computed by using Ohm’s and Kirchhoff’s laws with the values of resistivities, o,

shown in Table 1. The electromotive force (EMF), E, is computed by the Nernst

equation, i.e.,
AG,, RT. |pip
E-— 2;2%4} Ind 22t (11)
Pr,o

The partial pressure of species i, p;, is obtained as a product of the total local pressure
and the molar fraction, X;, where the molar fraction is calculated by using the mass

fraction, Y;, and the molar weight, M;, as

M,

B -

J

In the present study, the concentration overpotential is defined as the difference
between the EMF computed based on the mean concentration, Ej,;, and the EMF based

on the local concentration on the TPB, Ezpg, i.€.,

. =E, —E,. = R,T In (pOZ,bulk /pOZ,TPB )]/2 (PHZ,buzk/pHZ,TPB) .

= (13)
2F (szo,hu/k / Pu,01r8 )

The activation overpotentials in the cathode and anode are implicitly given by the

Butler-Volmer equation, i.e.,
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F l1-anF
{ep(%Jep(W#} 14
0 0

where « is the transfer coefficient (0 <« < 1) and = is the number of electrons
participating in the reaction (n = 4 for cathode and » = 2 for anode), respectively. In the
present study, « is assumed to be 0.5. The exchange current densities, i,, are expressed

as [22]

Y4
-E
o = na[p Pj exp(—R:;m J

12

— Pu,ps || Pu,o01prB ~Ectan

lo an 7/an eXp )
’ P P R,T

where y and E,. are the pre-exponential factor and the activation energy of the

(15)

electrode, respectively. In the present study, the values of these parameters are chosen as
shown in Table 3 following the previous studies [9, 13, 22].

Finally, the output voltage of the cell, V..;, can be obtained by

Vcell = Ebulk - (7700” + 77011;11 + nact ) * (16)

2.3 Numerical procedure

Equations (2)-(4) and (6) are solved by developing a simulation code based on the
standard SMAC procedure [23] under the low-Mach number approximation [24].
Namely, the second-order accurate central difference method is used for the spatial
discretization on the staggered mesh system and time integration is done by using the
delta-form fractional time step method. The computational grid has a constant spacing
in each direction: Ax = 1.5625 mm, Ay = 0.1000 mm and 4z = 0.0625 mm for the air
channel and Ax = 1.5625 mm, 4y = 0.1875 mm and 4z = 0.0625 mm for the anode

including the fuel channel. The total number of computational cells varies according to
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the length of each components, i.e., /,., and L, while the size of each computational
cell is kept constant.

The local current density, i, and the ohmic losses, 7,.., that satisfy Ohm’s and
Kirchhoff’s laws with the constitutive equations (11)-(16), are computed by using the
Newton-Raphson method. The electrical circuit is segmented on the same mesh as that
for the flow simulation (i.e., A4x = 1.5625 mm and Az = 0.0625 mm). Inside the
electrolyte and interconnector, electric current in the spanwise direction is neglected.

As mentioned above, the governing equations for the mass, momentum, and energy
transports are coupled with those for the electric current via the mass flux on the TPB
(Eq. (6)) and the heat production (Q in Eq. (7) and ¢ in Eq. (9)). Iterative computation is
continued between the mass, momentum and energy transports and the electric current

until the steady-state solution converges for all the variables.

2.4 Validation

In order to validate the numerical procedure described above, we compare the cell
performance predicted by the simulation with available experimental data. In most
experiments, however, the single cell performance is evaluated in an isothermal furnace
and the amount of heat production is negligibly small. Therefore, unlike all other cases
in the present study, we neglect the heat production term in Eq. (7) and Eqg. (9), but
instead assume a uniform temperature of 750 °C. The total length of the cell is 100 mm
and both height and width of the fuel channel (/,,., and L. ;) is 1.0 mm. The thicknesses
of the cathode and the electrolyte are 100 um and 20 um, respectively. The parameters
for the cell structure are assumed as ., = 1.5 mm, /,,, = 1.0 mm, &,, = 0.5 and d,, .,
=1.0 pm.

Figure 3 shows the relationship between the current and the output voltage (/-7) and
also between the current and the power density (/-P) obtained by the present simulation.
A fairly good agreement is found with the experimental data [25] when the current
density is relatively small, albeit there is some difference in the configuration and

operating condition. Larger discrepancy is found for larger current density, i. This

10
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discrepancy might have been caused by the strong sensitivity of computational result to
the model parameters that cannot be accurately determined from the experiments. For
instance, both the /-7 and I-P curves nearly collapse with the experimental data when
Euan and the electrolyte thickness /.. are adjusted to 130 kJ/mol and 30 pm,
respectively. Another possible cause is the applicability of the thin electrode
assumption, which tends to underestimate anodic overpotential when ionic resistance
becomes dominant over activation overpotential inside the reactive porous electrode of
finite thickness [26].

The grid spacing described above was employed in this validation, and it
corresponds to the number of computational cells of 64x21x16 (in x, y, and z directions)
for the air-side including the cathode, and of 64x15%16 for the fuel-side including the
anode. Simulation was also performed on a computational grid twice finer in each

direction and the resulting change in V.;; was within 0.5% difference.

3. Characteristics of transport and reaction phenomena

3.1 Heat and mass transfer

The average current density of the electrolyte, iy, is 0.50 A/lcm?. The parameters
for the anode structure are set to be /., = 1.5 mm, /,,, = 1.0 mm, and &,, = 0.5 and d,, .,
=1.0 um. Hereafter, this case is referred to as the reference case. The other common
parameters used throughout this study are listed in Table 2.

Figure 4 shows the distributions of the O, concentration on the cathode-side TPB, H;
and H,O concentrations on the anode-side TPB, and electrolyte temperature, 7,,.. Each
reactant has a concentration gradient mainly in the streamwise (x) direction, and this is
characterized by the rates of consumption and production of each chemical species
through the reaction. In addition, concentration gradients of H, and H,O are found also

in the spanwise (z) direction, especially on the rib region of the porous anode.

11
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Figure 5 shows the normalized velocity vector and the molar fractions of H, and
H.O in a cross-stream (y-z) plane at x = 50 mm. The reactants are transported by the
cross-stream flow induced by the migration of O ions and the diffusion. The magnitude
of this cross-stream flow is O(10) as compared to that of the main stream of fuel. The
Péclet number of mass transfer, Pe, = ULID,.q is O (101, where U and L are the
maximum velocity of the cross-stream flow and the anode thickness, /., respectively.
This indicates that the contribution of the cross-stream flow to the mass transfer in the
cell is negligibly small compared with that of diffusion in the porous electrodes.

The diffusion paths of the reactants from the air and fuel channels to the TPB are
formed in the porous electrodes. Equation (5) indicates that the magnitude of reactant
diffusion inside the electrodes is found to be about ten times smaller than that in the
channel region. As a result, variations of H, and H,O concentration are observed in the
anode cross section, which lead the concentration gradient on the TPB. However, the
reactant distribution on TPB in the present anode-supported FT-SOFC is less
inhomogeneous than that in the conventional anode-supported planar SOFC [6]. This is
because the FT-SOFC has the supplementary diffusion paths of the reactants (i.e., the
rib of the fuel channel), which do not exist in the planar SOFC.

Since the heat generated by the exothermic reaction is convected by the air and fuel
flows, T, increases monotonously from the cell inlet toward the outlet. The temperature
gradient in the cross sections is small. The temperature distribution is determined
mainly by the heat conduction and the local heat production, since the Biot number, Bi =
et Lyanl Aan, 1S cOnsiderably small (less than 0.1 based on the anode thickness). The
contribution of the cross-stream flow to the heat transfer in the cell is also small as to
the mass transfer, since the Péclet number of heat transfer, Pej, = pgusCyp gas ULl Agas, 1S O-

(109

12
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3.2 Electrochemical reaction

Figure 6 shows the distributions of the electromotive force (EMF), Ezpp, and the
current density in the electrolyte, i... The Ezpp takes a maximum at the inlet and
gradually decreases toward the cell outlet as O, and H, are consumed and H,O is
produced. In contrast, the location of maximum i, appears in the middle of the cell.
This is because the overpotentials are very temperature sensitive and there is a trade-off
between the increase of temperature and the decrease of reactant concentration. In
addition, both E7pz and i.. tend to be smaller in the region above the rib. These
characteristics are similar to those of the conventional planar SOFCs with co-flow
arrangement, although the spanwise variations of Ezpp and i, are found much smaller
[10].

The decrease of E7pp and i, in the region above the rib is mainly due to insufficient
diffusion of H, and H,0O in the porous anode. However, as mentioned in section 3.1, the
H. shortage and the H,O stagnation in the anode-supported FT-SOFC can be alleviated
by mass transfer through the rib and the bottom of the fuel channel. As a result, the
concentration overpotential and the spanwise variations of E7pp and i.,. become smaller
than those of the conventional planar SOFCs. These characteristics lead to an advantage

of FT-SOFC over planar SOFC under the conditions of high fuel utilization.

The componential losses along the streamwise direction are plotted in Fig. 7. It
reveals that the dominant components for the voltage loss are the activation
overpotential (7, at the electrodes, the concentration overpotential (7..,), and the
ohmic loss of the electrolyte (77,nm.ei.)- The ohmic losses of the electrodes (#7,4m.c. and
Nonman) and the interconnector (7jopmin) are negligibly small due to their small
resistivities. The cathodic activation overpotential (#acs.ca ) @Nd 7opm, 1o are maximized at
the cell inlet. This is natural because these losses strongly depend on the temperature
and simply decrease as the temperature increases. In contrast, the anodic activation
overpotential (77,4x), Which should be determined by the combination of i, the local
concentrations of H, and H,O, and the temperature, remains almost constant over the

streamwise cell length.

13
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3.3 Parametric survey

3.3.1 Effect of the average current density

We examine the condition at which the average current density is a half of the
reference case, i.€., ivear = 0.25 Alcm?®. The other parameters remain unchanged from
the reference case. The resulting output voltage, V.., is 0.769 V (cf., V..; = 0.660 V in the
reference case).

Figure 8 shows the distributions of the electrolyte temperature, 7., and the local
current density, i... It is found that the lower i, ., makes the temperature higher near
the inlet and lower near the outlet. The location of maxinum i, shifts toward upstream
with the decrease of i..q.. The lower temperature near the outlet is simply due to the
smaller amount of total heat generation. The higher temperature near the inlet is caused
by deterioration of heat exchange, because the air/fuel flow rate changes proportionally
to 7.4 Under the condition of constant air/fuel utilization rate.

The concentrations of H, and H,O in the y-z plane at x = 50 mm are shown in Fig. 9.
Due to the reduced local reaction rate, the concentration gradient in the cross-stream
plane is mitigated as compared to the reference case. This enhancement of fuel supply
leads to the smaller spanwise variation of 7., as is observed in Fig. 8, and the smaller
concentration gradient decreases both 7.,, and 7,c..» as shown in Fig. 10. Moreover, the
lower i, ., and the higher temperature near the inlet result in the decrease of 7,., both
for the anode and the cathode, and also of 72,4m,... AS & combination of these effects, the

output voltage increases with the decrease of i.s 4y

3.3.2 Effect of the design parameter
Several cases with different design parameters of the anode, i.e., the pore diameter,
dp,an, the porosity, &,,, the rib width, 7., and the rib thickness, /., are studied. Table 4

summarizes the resulting output voltage, V..;, for these cases. As compared to the

14
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reference case, V.. is significantly improved in the case of larger d,., while only
marginally higher in the other cases studied.

The increase of V., is explained by the mass transfer enhancement in the
cross-sectional plane as shown in Fig. 11. In all cases, the fuel concentration in the
porous anode becomes uniform and that on the TPB is larger than the reference case.
This enhanced diffusion improves the supply of H, and mitigates the stagnation of H,0O,
so that 7con and 7ac,,qn are reduced. In the cases of larger d,, ., Or &, the enhancement of
diffusion is attributed to the increase of the effective diffusivity, D; .z As suggested by
Eq. (5), Diy increases with increase of d,,,, because the Knudsen diffusivity, Dy, is
proportional to d,.,. Equation (5) also indicates that D;.; increases as &, is increased.
On the other hand, for the anode with a thinner or narrower rib, shorter diffusion length
directly results in the enhancement of mass transfer, although D, .;is unchanged.

Figure 12 shows the distribution of the electrolyte temperature. The boundary and
operating conditions are to the same as those of reference case. The temperature drops
with the increase of &, whereas it is almost unchanged by the variation of d,,,. As
discussed in section 3.1, the heat transfer in the porous anode is dominated by the
streamwise heat conduction. It is nearly proportional to the cross-sectional area, S,,, and

the effective thermal conductivity, 4.4 which is defined as

Ay = g +[1=6)A (17)

sol *

Therefore, the observation in each case can be explained as follows.

- For larger pore (d,, 4, = 2.0 um):
The temperature distribution is unchanged because S,, and A are independent of
dpan-

- For higher porosity (&, = 0.6):
The heat conduction is reduced because Ag,is much smaller than A,,. The reduced
heat conduction causes the temperature drop and the increase of 7,.; and 7,/m ... N€ar
the inlet. The deterioration due to this temperature drop is nearly canceled by the

favorable effect due to the mass transfer enhancement discussed above.

15
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Figure 12 also shows that the inlet temperature decreases with the decrease of L,
and /... When the rib is thin or narrow, the streamwise heat conduction is suppressed
due to the reduction of the cross-sectional area. This leads to the decrease of inlet
temperature and the increase of 7., and 7oum.er, Similarly to the case of large &,,. In
these cases, the decrement of cross-sectional area is comparable to that of diffusion
length. Thus, a trade-off occurs between the mass transfer enhancement and the heat
conduction degradation when Z,; and /,,, are varied. As a result, V.. is relatively
insensitive to these parameters.

In the present study, the activation overpotential model, Eq. (15) is fixed during the
parametric survey of the anode microstructure, i.e., dy,.,, and &,,. However, recent efforts
have shown that introducing thin anode functional layer can improve both activation and
concentration overpotentials [27-29]. Besides, it is estimated that the effective anode
reactive thickness for standard grain size (1 um) is around 10 um [30], which is much
smaller than the total anode thickness. Thus, it seems reasonable to assume thin active
layer and to optimize bulk anode support layer independently without changing the

activation overpotential at the anode electrolyte interface.

4. Development of simplified cell model

4.1 Model description

In this section, a simplified numerical model for the anode-supported FT-SOFC is
developed based on the knowledge obtained by the 3D simulation presented above. The
results of 3D simulation confirm that lateral (z) variation of the reaction field at TPB for
the anode-supported FT-SOFC is very small, and the advection terms of the transport
equations can be neglected. Namely, the distribution of the electrochemical field (i.e.,
current density, EMF, and overpotentials) at TPB can be assumed to be uniform in the

spanwise direction, and the air and fuel streams to be one-dimensional plug flows. The
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resulting model is basically similar to the conventional one-dimensional model [11, 13,
15, 31, 32]. In this model, a special procedure is adopted to treat the concentrations of
H. and H,O in the thick anode with a complex cross-sectional geometry.

The cell is divided into six segments, as shown in Fig. 13(a). These segments as well
as the air and fuel channels are discretized by control volumes in the streamwise (x)
direction. The physical quantities, i.e., the mass flux of each species and the
temperature, are defined at each control volume. The solution for the set of conservation
equations (described in the following sections) is obtained by using the

Newton-Raphson method.

4.1.1 Transport in fuel and air channels
The transports of the mass-flux of each reactant, »:,, and the temperature, 7, in the fuel

and air channels are expressed as

o, i
e = i(lz,ch + lz,rib) Ll j€0,,H, H,O
ox nF (18)
om
L=0 jeN,, Co,
ox
and

Ox |:(Z m C j gas } dx = 4cona + qconv x + 9 conv 5% + e

Airside:  jeN,, O, k€O, (19)
Fuel side: jeH,, H,0,CO, keH,, H,0,

where

0 T, as
9eona = Ach [a(lgas ai jj| dx’ (20)

Qoo = 4 {Zm ['e, df} (21)
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eonv,y = (lz,ch +1 )dxz %J.T il (22)
ko Tk

Gy = A h (T, — T

v =Tt ) (23)
Here, 4., and A4, are the cross-sectional area of the flow channel and the area that
participate in the convective heat transfer, respectively. Each term on the right hand side
of Eq. (19) expresses the heat conduction, the convective heat transfer, and the heat
convection on the TPB. In order to determine the heat transfer coefficient, %, in Eq. (23),
the Nusselt number for the parallel plates (Nuy = 8.235) and that for the square duct

(Nuy = 3.599) [33] are used for the air and fuel channels, respectively.

4.1.2 Transport in solid and porous elements

As mentioned in the section 3.1., the Péclet number of heat transfer in each
cross-sectional area of the cell is considerably small. In addition, the main streams of air
and fuel hardly affect the heat transfer inside the electrodes. Namely, the heat transfer in
the electrodes is governed by the heat conduction only. With this assumption, the heat

transport in the element ; (see, Fig. 13 (a)) can be expressed as

a 671sol, j
Axcj |:a[ﬁ‘eff,j ax - J:| dx = qht,j + ; qcond,j,k + q‘gene,j ! (24)
where
%.:Awﬂgrﬂw) j €13 4,56 (25)
"o j e 2
Ay 1o, j€L3,456
q sene . AHHZO . (26)
* ley,,i|:(_ oF _EJ+(770hm,j +77act ):| ]62
and
V.J.k 6]-.;01 (27)

qcond,j,k:(é‘j/quf‘j)-i-(é‘k/ﬂg[f,k) o
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Here, A, ; and 4,; are the areas of heat transmission in the streamwise and perpendicular
directions, respectively, and ¢ is the thickness of the component j. In Eq. (24), the
electrodes are treated as solid with an effective heat conductivity of A, The summation
of Eq. (25) for j is equivalent to Eq. (23). Note that the effect of the anode design can be
investigated by changing the parameters of microstructure, &n and d,, .., and the size of

elements 3, 4 and 5 shown in Fig. 13 (a).

4.1.3 Concentration of reactant on TPB
In the conventional models, the molar concentration that participates in the

electrochemical process at the TPB is given by

fue RT 1
L

Xigpp =X, 0 £ '
ifff

" " nF PD, off

(28)

where # is the number of electrons in the reaction, while /4 is the diffusion length being
equal to the anode thickness in the case of planar SOFC [34]. However, /4 cannot be
determined for arbitrary cross-sectional geometry. Also, as observed in Figs. 5, 9 and
11, variations of H, and H,O concentrations in the cross-section of anode cannot be
neglected. Hence, the following procedure is employed to obtain the spanwise-averaged
concentration of reactants on the TPB.

We assume that the physical properties are constant in the cross-section and that the
concentration variation in the streamwise direction is much milder than that in the
cross-section. Then, the transport equation for the species, Eq. (4), reduces to the

two-dimensional Laplace equation by neglecting the advection term, i.e.,

0 TP _y (29)

oy* 0z

Here, the normalized mass fraction, ¢, is defined as

Y(y, Z)_ Y, rpp
#y, z)= (30)
Yi,ch - Y;,TPB
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with Y; ., and Y; 7pp being the mass fractions of reactant i in the flow channel and that on
the TPB, respectively. This Laplace equation is solved with boundary conditions of ¢=1
in the fuel channel and ¢=0 on the TPB. The spanwise (z-) gradient of ¢ is zero on the
symmetric planes (i.e., for anode-side, d¢/0z=0at z = 0 mm and z = 2 mm in Fig
13(b)). Once Eq. (29) is solved for ¢, as exemplified in Fig. 13(b), the gradient of Y; at the

TPB can be computed as

oY, 0
l = (Yi,ch - Yi,TPB )37¢

— (31)
ay TPB

TPB

With an assumption of constant physical property, the molar fraction of reactant i on the

TPB can be computed by using Egs. (6), (12), (31) and the gas state equation, as

J . (32)

The normalized concentration gradient on the TPB, (6¢/8y)|m, depends only on the

i,, RT |[0¢
Xi,TPB = Xi,ch i_lL(_

nF PD, oy

ieff

cross sectional geometry of the cell and it can be obtained by solving the Laplace
equation only once for the given geometry. Note that Eq. (32) is equivalent to Eq. (28)
for the cathode-side, if 1/(0¢/0v),,, is replaced by ..

4.1.4 Electrochemical reaction

The governing equations and numerical scheme for the electrochemical reaction is
the same as in the case of 3D simulation. The only difference in the simplified model is
the spanwise-averaged equivalent circuit model, which has a single current path in a set

of electrolyte and electrodes.
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4.2 Validation of the model

Figure 14 shows the distributions of i.,. and 7., predicted by the simplified model
in the cases Of iua, = 0.25 and 0.5 Alcm? (reference case). The profiles computed by
using the simplified model are in good agreement with those of 3D simulations. In the
reference case, the deviations from the 3D simulation are within 9 mA/cm? for the
maximum current density, 10.4 K for the maximum temperature, and within 5 mm for
the peak location of current density. This difference may be due to the assumptions of
constant Nusselt number and spanwise uniformity of the reaction rate. The Nusselt
number is much larger in the thermal-entry region [35], of which length is increased
with increase 0Of i, The assumption of constant Nusselt number results in
overprediction of the temperature near the inlet and underprediction of the
overpotential. On the other hand, as discussed in section 3.3, the spanwise variation of
iele 1S pronounced when the mass diffusion is insufficient. Namely, the assumption of
uniform reaction rate might have caused the errors in 7.on, e aNd iee.

The resulting output voltage, V. is shown in Table 4 for different values
parameters. Although the computed voltage is in fair agreement with the 3D simulation,
discrepancy is also found depending on the parameters. Agreement with the 3D model
Is found to be better for cells with a thick anode with narrow rib, in which the spanwise
variation of reaction is relatively small. The computational cost of this simplified model
is 1/10° that of the 3D simulation. These results suggest that present simplified model of
the anode-supported FT-SOFC can be used as a convenient tool for the parametric

survey of cell design and operating conditions.

4.3 Example application

As an example application of the simplified model, we perform a parametric survey

with wide ranges of anode thickness, /,,, (from 0.2 to 3.0 mm with increment of 0.2
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mm), rib width, 7., (0.25 to 4.00 mm with increment of 0.25 mm), and average current
density, icear (0.25, 0.5, and 0.75 A/cm?). All other parameters are assumed to be the
same as those of the reference case.

Figures 15 shows the computed voltage, V..;, and the volumetric power density,

W..i;, defined as

Vce .ie e,avr
chll :l;—l ’ (33)

y,cell

where /,..; is the cell thickness, which is the summation of electrolyte, electrodes and
interconnector thicknesses. As can be noticed from this figure, we can find a set of
parameters to attain desired performance by using the present simplified model: for
instance, (4,an, L») = (1.4 mm, 0.5 mm) for the maximum V. at icse o= 0.5 Alcm?, and

(Lyan, L riv) = (0.2 mm, 0.8 mm) for the maximum W at icje avr= 0.5 Alcm?.

5. Conclusions

Numerical simulation and modeling of the heat/mass transfer and electrochemical
reaction in an anode-supported flat-tube solid oxide fuel cell (FT-SOFC) are carried out.
Through the numerical analyses with a parametric survey, the following conclusions are
derived.

1. The distributions of the reaction fields in the anode-supported FT-SOFC are
quantitatively similar to those of the conventional planar cell with co-flow
arrangement. However, the concentration and activation overpotentials are
mitigated in FT-SOFC by enhanced reactant diffusion in the porous rib of the
fuel channel. These characteristics give an advantage to FT-SOFC over planar
SOFC under the condition of high fuel utilization and high current density.

2. The design parameters affect the performance characteristics as well as flow field
of the cell. For a fixed activation overpotential model, a higher output voltage is
obtained by using an anode with larger pore diameter. However, the output
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voltage of the cell is less sensitive to the cross-stream geometry of anode due to a
trade-off between the heat transfer and the mass transfer.

3. A simplified numerical model of the anode-supported FT-SOFC is developed
based on the results obtained by the three-dimensional simulation. This model
can predict sufficiently well the output voltage as well as the distributions of
temperature and current density with very low computational cost. Thus, it can be
used as a convenient tool for surveying wide range of anode support FT-SOFC
design parameters. In order to determine the optimal design of the
anode-supported FT-SOFC, however, further parametric survey should be

required.
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Nomenclature

Cpi Molar specific heat of reactant i (J/molK)
Cy Isobaric specific heat (J/kg K)

D; Diffusivity of the reactant i (m?/s)

dy Pore diameter of the electrode (m)

E Electromotive force (EMF) (V)
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F Faraday constant : 9.649 X 10* (C/mol)

AGy Gibbs’ free-energy change accompanied by water formation (J/mol)
h Heat transfer coefficient (W/m?K)

AH Enthalpy change accompanied by water formation (J/mol)

i Current density (A/m?)

i, Molar flux of reactant i (mol/s)

M; Molar weight of the reactant i (kg/mol)

n Number of electrons participating in the reaction (-)

P Pressure (Pa)

pi Partial pressure of the reactant i (Pa)

0 Heat generation in the unit volume of the electrodes (W/m?)
Ro Gas constant : 8.314 (J/mol K)

Ri Electrical resistance of cell component i (Q2)

T Temperature (K)

u Flow velocity (m/s)

Veell Output voltage of the cell (V)

Weenl Volumetric power density of the cell (W/m®)

X,V Z Cartesian coordinates (-)

X; Molar fraction of the reactant i (-)

Y; Mass fraction of the reactant i (-)

Greek symbols

£ Porosity of the electrode (-)

Nact Activation overpotential (V)

Neon Concentration overpotential (V)

Nohm Ohmic loss (V)

K Flow permeability in the electrode (m?)
A Thermal conductivity (W/mK)

7 Viscosity (Pa s)
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p) Density (kg/m°)
o Resisivity (Q cm)
T Tortuosity factor of the electrode (-)

Subscripts and superscripts

an Anode

avr Average

bulk Bulk average in the cross-sectional area of the cell
ca Cathode

ch Fuel channel

ele Electrolyte

gas Gas

gen Generation accompanied by electrochemical reaction
H, Hydrogen

H>0 Water vapor

IB Interface boundary between solid and porous component of the cell
in Inlet of the cell

int Interconnector

0; Oxygen

sol Solid

TPB Three-phase boundary
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Tables

Table 1 Physical properties of cell components. The values are referring to the

previous studies [1, 9, 12, 13].

D C, A : :
Component [kg/m] [Kikg K] [W/mK] o[ cm] el-] 7[-] d, [um]
3.0X
Electrolyte - - 2.0 10 exp(10300/7) - - -
Cathode 5.62 X 10° 0.45 11.0 1.2X107 0.5 3.0 1.0
2.98 X 1.0
x10° . . . . .
Anode 7.0X10 0.45 10.0 10'3exp(-1392/T) 0.50r0.6 Eqg.(1) or 2.0
Interconnector - - 6.0 5.0 - - -

10 'exp(693.14/7)

Table 2 Parameters common to all the cases.

Inlet gas temperature 7qqin 600 °C
Inlets pressure Pgg i 1.0 atm
O, Utilization rate 0.3
H, Utilization rate 0.85
Width/height of fuel channel 1.0 mm
Cell length 100 mm
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Table 3 Parameters for activation overpotential. Because yin Aguir et al. [13] is given

as a function of temperature, the values calculated at 7= 750 °C are displayed here.

E et [kJ/mol] 7[10° A/m?]
Cathode  Anode Cathode Anode
Present study 140 120 5.0 5.0
Campanari et al. [9] 120 110 7.0 7.0
Aguir et al. [13] 137 140 5.2 28.8
Costamagna et al [22] 160 140 7.0 0.057

Table 4 Dependency of V.. on i..., and anode design parameters obtained by 3D and

simplified simulations. Values in bold are differences from those of the reference case.

Case reference  lower larger higher narrower thinner

case current pore porosity rib anode
Parameters
Average current density i, o, [A/cm?] 0.50 0.25 0.50 0.50 0.50 0.50
Pore diameter d, ., [pm] 1.0 1.0 2.0 1.0 1.0 1.0
Porosity ¢[-] 0.5 0.5 0.5 0.6 0.5 0.5
Rib width 7., [mm] 15 15 15 15 0.5 15
Thickness /, ., [mm] 1.0 1.0 1.0 1.0 1.0 0.4
Computed output voltage V..,
3D simulation [V] 0.660 0.769 0.687 0.676 0.668 0.666
Simplified simulation [V] 0.691 0.769 0.698 0.689 0.696 0.686
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1 (a) Schematic of the anode-supported FT-SOFC. (b) Computational model of
the anode-supported FT-SOFC. The thin layers of electrolyte, cathode, and
interconnector (of which thicknesses are 20, 100, and 100 um, respectively,
and treated as boundaries in the simulation) are drawn not in scale so as to be
visible.

2 Equivalent electrical circuit.

3 [-Vand I-P characteristics of the isothermal cell (7 =750 °C (constant), Pgasin
= 1.0atm.

4 Molar fraction of O,, H,, H,O on the TPB and electrolyte temperature(the
reference case, Tyus,in = 600 °C, igte.r = 0.5 Alcm?). The gas inlet is located at x
=0.

5 Normalized velocity vectors and molar fraction of H, and H;O in a
cross-section x = 50 mm (the reference case).

6 Electromotive force (EMF) Erpp and electrolyte current density i.. (the
reference case).

7 Distribution of Ep,; and spanwise-averaged overpotentials (the reference
case).

8 Electrolyte temperature and current density of the electrolyte with iz a0, =
0.25 Alcm?,

9 Normalized velocity vectors and molar fraction of H, and H,O in a
Cross-section x = 50 MM (ieje.arr = 0.25 Alcm?).

10 Distribution of E,,; and spanwise-averaged overpotentials at i ., = 0.25
Alcm?,

11 Normalized velocity vectors and molar fraction of H; in a cross-section x = 50
mm under different design parameters: (a) larger pore; (b); higher porosity (c)
thinner anode; (d) narrower rib. See, Table 4 for the specification of each case.

12 Electrolyte temperature under different design parameters (iee.on = 0.5 Alcm?).
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Fig. 13 (a) Segmented component model of the anode-supported FT-SOFC.
(b) Distribution of ¢ in the cross-sectional area of the anode and fuel channel
(Reference case). The thin layers of electrolyte, cathode, and interconnector (of
which thicknesses are 20, 100, and 100 um, respectively, and treated as
boundaries in the simulation) are drawn not in scale so as to be visible,

Fig. 14 Temperature and current density at iz, = 0.25 and 0.50 A/cm? (Reference case).

Fig. 15 Output voltage (upper row) and volumetric power density (lower row) for wide
range of parameters: (a) icie.ar = 0.25 Alcm?; (b) ivie.aw = 0.50 A/CM; (C) iete.av =

0.75 Alcm?. The open circle in (b) corresponds to the reference case.
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