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bstract

A numerical simulation tool for calculating the planar and mono-block layer built (MOLB) type solid oxide fuel cells (SOFC) is described.
he tool combines the commercial computational fluid dynamics simulation code with an electrochemical calculation subroutine. Its function is to
imulate the heat and mass transfer and to predict the temperature distribution and mass fraction of gaseous species in the SOFC system. The three-
imensional geometry model of SOFC was designed to simulate a co-flow case and counter-flow case. The finite volume method was employed
o calculate the conservation equations of mass, momentum and energy. Moreover, the influences of working conditions on the performances of
lanar and MOLB-type SOFCs were also discussed and compared, such as the delivery rate of gas and the components of fuel gas. Simulation

esults show that the MOLB-type SOFC has higher fuel utilization than the planar SOFC. For the co-flow case, average temperatures of PEN
positive electrode–electrolyte–negative electrode) in both types of SOFCs rise with the increase in delivery rate and mass fraction of hydrogen. In
articular, the temperature of planar SOFC is more sensitive to the working conditions. In order to decrease the average temperatures in SOFC, it
s effective to increase the delivery rate of air.

2007 Elsevier B.V. All rights reserved.

Temp

o
i
o
d
S
b
r
h
e
P

eywords: Planar SOFC; MOLB-type SOFC; Thermo-electrochemical model;

. Introduction

Solid oxide fuel cell has been looked as a promising alterna-
ive energy source for residential and distributed power plants
ecause of its higher energy conversion efficiency and power
ensity, low environmental hazards and potentially low produc-
ion cost. Thus, SOFC is expected to realize commercialization
ithin a few years [1–3]. However, the further development of

he SOFC has the challenges related to maximize the power
ensity and minimize the non-uniform temperature distribution,
hich contributed to the thermal stress in the SOFC compo-

ents [4,5], so the heat and mass transfer in the SOFC need to
e researched.

∗ Corresponding author. Tel.: +86 27 87543493.
E-mail addresses: yyzhenhust@hotmail.com (Y. Yang),

holab@mail.hust.edu.cn (H. Zhang).
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The heat and mass transfer in the SOFC are influenced not
nly by geometrical designs of SOFC but also by the work-
ng conditions. In the past, some researchers have performed
n preparing the electrode and electrolyte materials [6–9] and
esigning geometry of SOFC [10–13]. Thereinto, the planar
OFC has received much more attention than the tubular SOFC
ecause of its easier fabrication and higher power density. In
ecent years, another type SOFC, which was MOLB-type SOFC,
as also been researched. Such design has been in favor of
nhancing its mechanical strength and the corrugate-shaped
EN provides the film with the combined function of fuel and air-
ow paths, so the cell stacks are more compact and the laborious
ork of channel machining is less.
Besides the geometrical designs, the working conditions,

uch as delivery rates and hydrogen mass fraction of fuel

nd air to the cell system also influence on the performances
f SOFC in a complex way. Thus, in order to efficiently
evelop SOFC stacks, it is convenient and effective to have
he capability to experiment numerically with the effects of
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eometric designs and operation conditions on SOFC perfor-
ances. In the past, modeling of the SOFC during steady

peration has been constructed to calculate temperature distribu-
ion [14–20]. Investigations of planar and MOLB-type SOFCs
peration and performance have predicted cell temperature dis-
ributions for various flow patterns [21–24]. However, only a
ittle work has been performed on the influences of the oper-
ting conditions on the performances of planar SOFC [25,26],
r even saying nothing of the influences on the MOLB-type
OFC.

The objective of present work is to compare the heat and mass
ransfer in the conventional planar with that in the MOLB-type
OFC. A CFD model tool is demonstrated to predict temperature
istributions and gas species distributions of two-design SOFCs
ystem. The results simulated in this paper can not only guide the
esigner in understanding how geometrical design affects the
hermodynamics performances in the SOFC, but also provide

more reasonable basis for geometrical design of the SOFC
tacks.

. Mathematics model

.1. Model geometry
Fig. 1(a) schematically shows a typical planar SOFC. PEN
late is sandwiched between the inter-connectors, which are
achined with passages for channeling the fuel and air to the

I

w
c

Fig. 1. Illustrations of the one cell-stack and the single unit m
ources 177 (2008) 426–433 427

uel cell. Fig. 1(b) demonstrates the MOLB-type SOFC and the
EN is modeled into a corrugated shape [21]. The fuel and air
ow in the trapezoidal channels are separated by the corrugated
EN. For sake of simplicity in the calculation, one repeating
ell unit was analyzed in this simulation (as shown in Fig. 1). In
his model, for the two-design SOFCs, the thicknesses of anode,
athode, electrolyte and inter-connector were 0.5, 0.25, 0.05 and
.0 mm, respectively.

.2. Thermo-fluid model

The ANSYS-CFX code was selected to solve the thermo-
uid model. In the simulation, the conservation equations of
pecies, mass, momentum and energy were solved using the
nite volume method.

In general, gas species transfer mainly by convection in the
ow channels and diffusion in the porous electrodes. The species
onservation equation:

(ρCkU) = ∇(Dk,eff∇Ck) + Ik, k = H2, O2, H2O (1)

here Ik is the rate of production or consumption of species k,
nd given by [27]:
k = ± ski

2F
(2)

here sk is the chemical computation coefficients, i is the local
urrent density, and F is the Faraday constant.

odel for planar SOFC (a) and MOLB-type SOFC (b).
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Table 1
Coefficients of the specific heats of gas

Gas a b c

Hydrogen 25.8911 −0.8373 2.0138
Oxide 29.0856 12.9874 −3.8644
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The diffusion coefficient of gas is obtained by [28]:

H2 = 0.753 × 10e − 4 ×
(

T

273

)1.5

,

O2 = 0.181 × 10e − 4 ×
(

T

273

)1.5

(3)

here DH2 and DO2 are the diffusivity of H2 and O2, respec-
ively, unit is m2 s−1.

Although the mass is added on the anode and removed on the
athode, but the decrement of mass on the cathode is equal to
ncrement of mass on the anode, so the mass in the whole SOFC
ystem is conservational. The mass conservation equation:

(ερU) = 0 (4)

oth the air and fuel flows were considered as ideal gas mixtures
ith the density given by

= P

RT

(∑
k

mk

Mk

)
(5)

here mk is the mass fraction of species k with molecular weight
k and R is the gas constant.
The momentum conservation equation:

ε

(
u

∂u

∂x
+ v

∂v

∂y
+ w

∂w

∂z

)

= −ε∇P + εμeff

(
∂u2

∂x2 + ∂v2

∂y2 + ∂w2

∂z2

)
+ SM (6)

here ε is the porosity of electrode, P is the pressure, μeff is the
ffective viscosity of the mixture gas and is given by [27]:

eff =
∑

k

Xkμk∑
k

Xkφkj

(7)

kl =
[
1 + (μk/μj)1/2(Mj/Mk)1/4

]2[
8(1 + Mk/Mj)

]1/2 (8)

n Eq. (6), SM is momentum source and SM = 0 in the flow chan-
els. However, in the porous electrodes, Darcy law with constant
orosity and permeability is applied to model the momentum
ource as follows [25]:
M = −μeff

K
ε2U (9)

here Xk is the molar percent of the species k, μj, and μk are
inematical viscosities of species j and k, respectively.

e

0

able 2
roperties of the solid materials

ell component Density (kg m−3) Effect thermal conductivity (W (m K)−1)

nterconnect 7700 13
node 6200 6.23
athode 6000 9.6
lectrolyte 5560 2.7
ater gas 30.3794 9.6212 1.1848

Heat transfer between the fluid and solid materials was lim-
ted to conduction and convection, and radiation was neglected
n this calculation because it is very small relative to the other
inds of heat transfer mechanisms. So the energy conservation
quation is:

(U(ρEf + p)) + ∇(τU) + ∇(keff∇T ) + SE = 0 (10)

here ρ is the density of the gas fluid, Ef is the total fluid energy,
is the stress tensor, and keff is the effective thermal conduc-

ivities of porous electrodes, which are calculated as follows
29]:

eff = εkf + (1 − ε)ks (11)

here kf and ks are thermal conductivities of fluid and solid,
espectively. SE is energy source expressed by Eq. (12) and
ainly consists of reaction and Ohmic heats [27].

E = i2

σeff
+ i

δ

(
T	S

2F
+ ηact

)
(12)

here i is the local current density, σeff is the effective electri-
al conductivity, δ is the anode thickness, 	S is the change of
ntropy in the reaction and ηact is the activation potential.

Temperature-dependent specific heat of gas is used in the
imulation, which are as follows [27]:

p = a + b × 103T + c × 106T 2 (13)

here a, b, and c are relevant coefficients, as listed in Table 1.
olid material properties used in this simulation are listed in
able 2.

.3. Electrochemical model

.3.1. Assumptions and reactions

The oxidant reduction reaction occurring at the cathode is

xpressed as follows:

.5 O2 + 2e− → O2− (14)

Specific heat (J (kg K)−1) Porosity (%) Permeability coefficient (m2)

0.8 – –
0.65 35 1.0E-12
0.9 35 1.0E-12
0.3 – –
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The oxygen ions transfer through the electrolyte and then into
he active reaction areas of anode. The electrochemical reaction
f fuel at the anode is

2 + O2− → H2O + 2e− (15)

o the overall reaction is

2 + 1
2 O2 → H2O (16)

.3.2. Dynamics of electrochemical reactions
According to the Faraday law, the reaction rates depend on

he current density i [15]:

= 2F
df

dt
= 4F

dO2

dt
(17)

here df/dt and dO2/dt are the molar consumption rates of fuel
nd oxygen at the anode and the cathode, respectively.

During the process of energy transforming, when the charge
ransfer reaction at the electrolyte–electrode interface is too
low to provide ions at the rate required by the demand of cur-
ent, the activation polarization occurs and is defined by the
utler–Volmer equation [30]:

= i0

{
exp

(
−β

2F

RT
ηact

)
−
[

exp(1 − β)
2F

RT
ηact

]}
(18)

q. (18) is simplified and described by the empirical formula
nd Tafel equation in anode and cathode, respectively [29,30]:

act,a = RT

2Fi0,a
i (19)

act,c = −
(

RT

2βF

)
ln i0,c +

(
RT

2βF

)
ln i (20)
here β is the transmission coefficient and β = 0.5 in this simula-
ion, ηact,a and ηact,c are the activation potentials at the anode and
he cathode, respectively. i0,a and i0,c are the exchange current
ensities at the anode and the cathode, respectively.

a
m

p

able 3
he cell operating conditions and parameters used for simulation

ample number case Fuel

Delivery rate
(v1) (m s−1)

Inlet temperature (K) Hydrog
fraction

0.5 973 0.8

0.5
1.0 973 0.8
1.5

0.8
0.5 973 0.9

1

0.5 973 0.8
ources 177 (2008) 426–433 429

Theoretical voltage of cell is obtained by the Nernst equation:

= E0 + RT

2F
ln

(
pH2O

pH2 × p0.5
O2

)

= RT

2F
ln K + RT × ln

(
pH2 × p0.5

O2

pH2O

)
(21)

here K is the equilibrium constant of reaction under the stan-
ard atmosphere, E0 is the standard voltage of the cell, pH2O,
O2 , and pH2 are the partial pressures of water gas, oxygen and
ydrogen, respectively.

. Numerical implementation

In the calculations, the modeling tool couples an electro-
hemical calculation method with a commercial computational
uid dynamics (CFD) simulation code. The finite volume
avier–Stokes and transport equations are solved to obtain the
as species mass fraction and temperatures at each position in
he cell. The information is passed to the electrochemical model
subroutine). Then the local current density is calculated and
pplied to obtain the hydrogen reaction rate, heat source and
pecies sources. Gas species mass fraction and temperature dis-
ributions are then calculated for the next iteration, and so on,
ntil convergence of solution is achieved.

. Simulation results and discussion

The cell voltage imposed on both geometries is 0.3 V. In the
orous electrodes, typical values are employed for porosity of
oth electrodes ε = 0.5, tortuosity of anode is 4.5, tortuosity of
athode is 3, and permeability is 1.7 × 10−10 m2. In this study,
xchange current densities at the anode and the cathode are
300 A m−2 and 2300 A m−2, respectively. And other cell oper-

ting conditions, including the delivery rate of fuel and hydrogen
ass fraction in the fuel inlet are listed in Table 3.
Fig. 2 compares the PEN temperature distributions between

lanar SOFC and the MOLB-type SOFC for co-flow case (no. 1).

Air Flow pattern

en mass
(%)

Delivery rate
(v2) (m s−1)

Inlet temperature (K)

3 873 Counter-flow
Co-flow

3 873 Co-flow

3 873 Co-flow

3
2 873 Co-flow
1
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Fig. 2. PEN temperature distributions for planar SOFC

lthough the structure of SOFC between these two geometries is
ifferent, the general trends in the temperature distributions are
imilar in essential. It is briefly described as follows. The aver-
ge PEN temperature in planar SOFC is 979 ◦C with maximum
nd minimum temperatures of 1053 ◦C and 916 ◦C, respectively.
oreover, the PEN average temperature is 1014 ◦C with max-

mum and minimum temperatures of 1063 ◦C and 987 ◦C in
OLB-type SOFC. Thereby, the average temperature is higher

nd the temperature difference (	T) is lower in MOLB-type
OFC. This is because the electrochemical reaction active area
f MOLB-type SOFC is larger than that of planar SOFC, so more
as is consumed in the active areas, as a result, more reaction
eat is accumulated and the average temperature is higher.

Fig. 3 compares the PEN hydrogen mass fraction distribu-
ions between planar SOFC and the MOLB-type SOFC for
o-flow case (no. 1). The hydrogen mass fraction for both types
f SOFCs decrease along the fuel flow direction, but the dif-

erence of hydrogen mass fraction in the fuel inlet and outlet
s lower in MOLB-type SOFC (Fig. 3(b)) than that in planar
OFC (Fig. 3(a)), So more hydrogen is consumed because the
ydrogen mass fraction in the fuel inlet is same, which means

(
c
o
d

ig. 3. Hydrogen mass fraction distributions on the interface between anode/electro
no. 1).
nd MOLB-type SOFC (b) in the co-flow case (no. 1).

hat the fuel utilization is higher in the MOLB-type SOFC. In
articular, due to the corner effect formed by the inclined plane
nd the upper plane, the temperature and hydrogen mass fraction
istributions in MOLB-type SOFC are less uniform than those
n planar SOFC.

Fig. 4 compares the temperature distributions of the two types
f SOFCs in the counter-flow case (no.2), the average temper-
ture is 996 ◦C with maximum and minimum temperatures of
088 ◦C and 923 ◦C in planar SOFC, and the PEN average tem-
erature is 1014 ◦C with maximum and minimum temperatures
f 1063 ◦C and 987 ◦C in MOLB-type SOFC. In addition, it
hould be noted that the temperatures of PEN rise rapidly, reach-
ng a maximum near the fuel inlet, and then gradually drop in
hose two types of SOFCs. This is due to offsetting effects of air
ear the inlet, at its coolest, being aligned with the fuel inlet.
f the two types of SOFCs, the MOLB-type SOFC has the
igher average temperature and lower temperature difference

	T) than that of planar SOFC, which is similar to the co-flow
ase. Furthermore, the hydrogen mass fraction for both types
f SOFCs also decrease along the fuel flow direction, but the
ifference of hydrogen mass fraction in the fuel inlet and outlet

lyte for the planar SOFC (a) and MOLB-type SOFC (b) in the co-flow case
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Fig. 4. PEN temperature distributions for planar SOFC (

s lower in MOLB-type SOFC (Fig. 5(b)) than that in planar
OFC (Fig. 5(a)), So more hydrogen is consumed because the
ydrogen mass fraction in the fuel inlet is same, in other words,
he fuel utilization is higher in the MOLB-type SOFC, which is
imilar to that in the co-flow case. However, the hydrogen mass
raction in the fuel outlet is higher in counter-flow case for two
ypes of SOFCs, so the less hydrogen reacted and hydrogen uti-
izations are lower than those in co-flow case for the two types
f SOFCs.

Consequently, overall considering the temperature distribu-
ion and the hydrogen utilization, it is advantage and suitable to
hoose the co-flow case for SOFCs steady operating.

For this flow case, the voltage is assumed constant and it
s 0.3 V, several parameters influenced on the performances of
wo types of SOFCs are also compared. First, we focus on the
ffects of the fuel delivery rate on temperature distributions in
hose types of SOFCs. Fig. 6 shows the temperature distribution

f the mid-plane in the X-direction for the co-flow case (no. 3).
ith the increase in the delivery rate of fuel, the average tem-

eratures and temperature differences (	T) of PEN rise, which
ay cause larger thermal stress. This is because increment of

a
S
h
r

ig. 5. Hydrogen mass fraction distributions on the interface between anode/electroly
no. 2).
MOLB-type SOFC (b) in the counter-flow case (no. 2).

he fuel delivery rate may cause the increasing of reaction rate,
o more reaction heat was accumulated and the cell temperature
ise.

Consistent with increasing of the hydrogen proportion from
0% to 90% and 100% in the fuel gas, the temperature differ-
nces and the average temperatures also rise due to the increase
f reaction rate and more reaction heat accumulated, as shown
n Fig. 7. Fig. 7 shows the temperature distribution of the mid-
lane in the X-direction for the co-flow case (no. 4), although the
eneral variation trends of temperatures are similar, the temper-
ture of planar SOFC is more sensitive to the working conditions
ue to the less electrochemical reaction areas.

On the basis of the analysis on the temperature distributions
entioned above, in order to decrease the average temperatures

nd maximum temperatures, it is effective to increase delivery
ate of air. In the SOFC system, air not only provides oxygen ions
ut also has the cooling function. Increasing the delivery rate of

ir, the average and maximum temperatures in those types of
OFCs drop, as shown in Fig. 8. This is because more reaction
eat is absorbed and released by the air with the higher delivery
ate, although the air utilizations are dropped.

te for the planar SOFC (a) and MOLB-type SOFC (b) in the counter-flow case
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Fig. 6. Comparison of PEN temperature distributions between planar SOFC and MOLB-type SOFC in the co-flow case (no. 3).

Fig. 7. Comparison of PEN temperature distributions between planar SOFC and MOLB-type SOFC in the co-flow case (no. 4).

Fig. 8. Comparison of PEN temperature distributions between planar SOFC and MOLB-type SOFC in the co-flow case (no. 5).
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. Conclusions

The local current density was used to couple the thermo-fluid
odel with electrochemical model. The temperature distribu-

ions of planar and MOLB-type SOFCs in steady state were
ompared and some main conclusions were made as follows:

1) In the co-flow case, the PEN temperature distributions in
planar and MOLB-type SOFCs are more uniform than those
in counter-flow case.

2) Under the same work conditions, the temperature gradient is
lower in MOLB-type SOFC than those in the planar SOFC.

3) For co-flow case, under the constant voltage condition, with
increasing the delivery rate of fuel gas or hydrogen mass
fraction in the fuel, temperature gradients in the two types
of SOFCs rise. Moreover, the temperature distributions in
the planar SOFC are more sensitive to the variation of deliv-
ery rate of fuel and hydrogen mass fraction. In an attempt
to achieve a more uniform temperature distribution, it is
effective to decrease the temperature gradients of PEN by
increasing the delivery rate of air.
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