Polish Journal of Chemical Technology, 18, 1, 64 — 71, 10.1515/pjct-2016-0011

Il DE GRUYTER
— BeEEN
G

Simulation of the steady-state behaviour of a new design of a single planar

Solid Oxide Fuel Cell

Paulina Pianko-Oprych®, Tomasz Zinko, Zdzistaw Jaworski

West Pomeranian University of Technology, Szczecin, Institute of Chemical Engineering and Environmental Protection

Processes, al. Piastow 42, 71-065 Szczecin, Poland

*Corresponding author: e-mail: paulina.pianko@zut.edu.pl

The aim of the work was to develop a mathematical model for computing the steady-state voltage — current
characteristics of a planar Solid Oxide Fuel Cell and to determine the performance of a new SOFC design. The
design involves cross-flow bipolar plates. Each of the bipolar plates has an air channel system on one side and
a fuel channel system on the other side. The proposed model was developed using the ANSYS-Fluent commercial
Computational Fluid Dynamics (CFD) software supported by additional Fuel Cell module. The results confirm
that the model can well simulate the diagonal current path. The effects of temperature and gas flow through the
channels and a Membrane Electrode Assembly (MEA) structure were taken into account. It was shown that
a significant increase of the MEA temperature at high current density can lead to hot spots formation and hence

electrode damage.
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INTRODUCTION

Solid Oxide Fuel Cells (SOFCs) have been receiving
more attention in the last years due to their high effi-
ciency, reliable and either none or a very low impact on
the environment!. However, to be able to utilize these
devices in an effective way, mathematical models are
needed, so that a new design of SOFC behaviour can
be analyzed at different operating conditions>™*. Many of
them™ attempted to apply multi-dimensional approaches
to include complex interactions between the macro and
micro structural parameters, multiphysics and electroche-
mical reactions taking place in the SOFC, both at the
cell and stack levels. Some of them attempted to model
electrodes in the volumes of the electron-ion conducting
particles scattered throughout the electrodes™. Other
researchers focused on numerical modelling of heat
transfer in SOFC!!, The high operating temperature
of 600-800°C**, at which SOFCs operate, makes the
temperature distribution measurement in the fuel cells
difficult due to their complex design and sealing issues.
Therefore, knowledge of the temperature distribution
in Solid Oxide Fuel Cells obtained from the numerical
modelling is crucial, since temperature has a significant
impact on the combustion reaction mechanism and thus
affect the power density. In addition, Santarelli et al.'?
performed even more complex modelling to incorporate
the kinetics of reforming reactions. Schluckner et al.’®
carried out numerical and experimental investigation
related to carbon deposition on the cell’s anode. Many
efforts have been also devoted to studying the internal
reforming reactions such as Catalytic Partial Oxidation
(CPOx), Steam Reforming (SR) or Water-Gas Shift
Reaction (WGSR)™ ! or investigating the influence
of the ion and electron transport resistance within the
anode and cathode also accounting for the transport
phenomena'®. These studies improved the understanding
of various transport processes taking place in SOFCs as
well as the fuel cell performance.

However, one of the main challenges is still the opti-
mum geometry design of the fuel cell plates. In this

field, some efforts have been done by Bi et al.'® who
investigated the effects of design parameters such as the
channel height and manifold width on nonuniformity of
fuel velocity distribution among channels. Also Cui et
al.'” carried out modelling of tubular cells under three
different modes of current collectors including either
inlet or outlet or both inlet and outlet current collec-
tors. The efficiency loss under the third type of current
collectors was about 2 to 6-fold lower than for those
of just inlet or outlet collecting mode. Moreover, Lin
et al."® proposed a nonuniformity index to quantitative
evaluation of the nonuniformity degree of fuel velocity
distribution among channels in a planar SOFC unit. The
CFD results showed that an increase in fuel velocity
distribution nonuniformity led to a cell performance
drop and the fuel velocity distribution was less uniform
under lower cell voltage. It was also found that the fuel
velocity was less uniform with lower working voltage and
lower flow rate using the co-flow configuration instead
of the counter-flow or using syngas as a fuel instead of
hydrogen. The general conclusion from those studies was
that it is necessary to develop a model for simulating the
current path in the cell components in order to study
the SOFC performance.

In this work, a three-dimensional model, consisting
of fuel and air channels, anode, electrolyte and cathode
layers, for a new design of an anode-supported planar
Solid Oxide Fuel Cell with complex bipolar plates was
developed to predict thermal and electrical fuel cell per-
formance. The objective was identification of the impor-
tance of the electrochemical reactions and the impact of
transport phenomena on the fuel cell efficiency. Further
design optimization of the SOFCs is possible based on
the local distributions of different parameters such as
temperature, velocity, pressure, reactant concentrations
as well as current density.

MODEL DEVELOPMENT

A Solid Oxide Fuel Cell consists of three major com-
ponents: an cathode consists of a Strontium-Dopped



Lanthanum Manganite (LSM), a thin Yttria-Stabilized
Zirconia (YSZ) sheet, which acts as an electrolyte and
an Nickel/Yttria-Stabilized Zirconia (Ni/YSZ) anode.
The reactions for a planar SOFC fed with a hydrogen
containing anode gas and an oxygen containing cathode
gas were considered:

H, +0%” < Hy0+2¢” 1)
@)

The products of these processes are direct current
(DC) electricity, steam water and heat. Under normal
operation, a planar SOFC typically produces voltage of
0.5-0.9 [V].

%02 +2e” < 0%

Table 1. The governing equations for mass balance
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In order to determine the voltage-current (V-I) cha-
racteristics of a new, anode-supported planar Solid
Oxide Fuel Cell, a three-dimensional model for the
planar fuel cell was developed in the CFD commercial
software ANSYS - Fluent 15.0 with an additional Fuel
Cell Tools module™?’, The simulations considered mass
and heat transfer, fluid flow, species and energy transport
as well as the electric field in the flow channels and in
the porous electrodes.

The mass balance domains included anode, cathode
and gas channels. In the anode the electrochemical re-
action for pure hydrogen was considered (Eq. (1)), while
in the cathode that for oxygen (Eq. (2)). The governing
equations for mass balance are summarized in Table 1.

Domain Governing equations
N
v[pﬁwlsz - pfue'[xH2 ZD:?,{V'XIJ = RH2 (3)
k=1
Anode N
\% ( P fuetVir,o — p/uelezoz DZZ;'kv‘xi] = RHZO )
V(prueV)=Rh, + R0 (5)
N
Cathode (pa” 0, Pair 0, ; 02 .k ’j 0,
Vipairv)= Ro, @)
N
\% ( pfuel‘7H2 = P fuer¥u, z ngk Vx,-j =0 (8)
k=1
Fuel channel N
T eff _
\ (pfuelvHZO - pfuelezozDHzo‘kvxij =0 )
k=1
V(PruelV)=0 (10)
N
VP,V =P Xy > DY Vx. |=0 11
Air channel (pazr 0, palr 0, ; 00k zj (11)
V(pairV)=0 (12)

The mass diffusivity coefficient, Df/{{ , 1s approximated
by the function of the electrode porosity, €, tortuosity
factor, t, and binary diffusion coefficient, D, , (Eq. (13)):

eff (13)

Lk —

The laminar flow in air/fuel channels was described
by the Navier-Stokes equation, while the flow in po-
rous electrodes was described by the Darcy’s law. The
governing equations for the momentum balance are
summarized in Table 2.

Thermal energy was transferred by conduction and
convection, the radiative heat transfer was neglected
due to its low impact?'. Heat source consisted of the
chemical and electrochemical reaction enthalpies and
Ohmic heat. The governing equations for energy balance
for all domains are summarized in Table 3.

The charge balance domains included anode, electroly-
te, cathode and interconnectors. The governing equations
for the charge balance are presented in Table 4.

€
_Dik
T b
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Table 2. The governing equations for momentum balance

Domain Governing equations

Anode/ __ _ N 2

Cathode V(spgasvv) =—eVp+ V[sugaS(Vv +(WWv)) ] -3 eVVI (14)
Airffuel channels V(PgasW) =-Vp+V _ugas(VV + (V\_/))T_ (15)

Table 3. The governing equations for energy balance

Domain Governing equations
1
Anod RHz anodeT(SHZO _5 Soz _SHZ l'2 l'z (1 6)
node - i
V(-kVT)= iy Q|
MH2 ’ h Gam)ck’,iun Gam)de,elec
2
lion
Electrolyte V(-kVT)=—020 (17)
Gelec,ion
i i
Cathode V(=kVT)=n, 0, e (18)
2 cathode 2 cathode—elec G G
cathode ion cathode elec
i 2
Inter-connectors V(-kvT)= ——clec (19)

Gelec—intercon

Air/fuel channels

VEKVT +pC,T-¥)-0 (20)

Table 4. The governing equations for charge balance

Domain Governing equations
lon conservation

Anode - V(Gﬁ)m,anodevd)ion) = &on,anode (21
Electrolyte - V(G%frf\,elecvd)ion) = Sion.elec=0 (22)
Cathode - V(Gﬁ)frf\,cathodevq)ion) = Sion,cathode (23)

Electron conservation
Anode - V(Ggrgc,anodevd)aec): Selec,anode (24)
Electrolyte - V(Ggrgc,intervq)ebc): Selec,inter: 0 (25)
Cathode - V(Ggrtfec,cathodevd)aec): Selec,cathode (26)

The cell potential, ¢, had the following form:
d)cell = d)ideal - ¢ele ~Nact,anode ~ MNact,cathode — s (27)

where: 9¢le is the Ohmic overpotential of the electrolyte,
Nactanode A0 My cathode TEPTESEN TESpECtively the activation
overpotential of the anode and cathode, n, represents
the Ohmic losses in the solid conduction regions such
as current collectors, while ¢;,., represents the Nernst
potential, ¢y, described by Eq. (28):

1

2
AG(T)+ RT, PH, 'po/z

(28)
2F 2F pH20

¢Nemst =

In order to estimate the values of the activation over-
potentials for the anode and cathode the Newton method
was used to solve the Butler-Volmer equation (29):

PR a’anode n T’ac[ anodeF a’carhoden ﬂacl ca[hadeF
1=1 eXp| ——m—————— | —e&xp| ——— 29
0ep { p[ 2T ] p[ 2T ﬂ (29)

In Eq. (29), i is the current density, i is the effective
exchange current density, o, 4ea aNd Oypoge ar€ anodic
and cathodic transfer coefficients, respectively, and they
were defined as 0.5, because of the nearly universal

assumption that there is a symmetric balance between
the forward and backward reaction. In addition, F is the
Faraday’s constant, n is the number of electrons that are
released per reaction, R is the universal gas constant,
T is the absolute temperature. The effective exchange
current density, iy ., at the anode and cathode side can
be written as:

. VTH, Y0 YH,0

-anode _ .anode 2 2

10,eff = 10,ref (30)

XHz,ref XHZO,ref

XO YOZ

.cathode _ .cathode 2

0eff  =10ref | — (31
X0, ref

where i, is the exchange current density at the re-
ference condition, y; is the mole fraction and y; is the
concentration exponent for species j.

The species sources or sinks appearing in Egs. (21-26)
for the anodic (Egs. (32), (33)) and cathodic (Eq. (34))
molar flux, respectively, are the following:

1
Sy =—— (32)
m R
Si0 === (33)

2F
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(b)

Figure 1. A schematic of the proposed planar SOFC design: (a) planar SOFC geometry with 26 ribs in the fuel channel, view
from the cathode side, (b) single planar SOFC geometry divided into separate layers?
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Figure 2. Flow field arrangements™

I

0. =" 1p (34)

A planar Solid Oxide Fuel Cell with cross-flow bipolar
plates was used in the simulations. A schematic of the
design proposed by Bossel* is shown in Figure 1.

Flow channels were designed to connect two pairs of
opposite orifices at four corners of the SOFC plates.
Each of the bipolar plates had an air channel system on
one side and a fuel channel system on the other side
as shown in Figure 2. One pair of channels in adjacent
plates was used for the air flow along the cathode elec-
trode, the other one for the fuel flow along the anode
of each cell. The basic dimensions of the fuel cell are
presented in Table 5.

Table 6. Operating conditions used in simulations

Table 5. Key geometry parameters

Parameter Value Dimension
Anode thickness 0.25 mm
Electrolyte thickness 0.01 mm
Cathode thickness 0.06 mm
Thickness of the

bipolar plate with 1 mm
channel

Depth of the flow 0.35 mm
channels

Diameter of the fuel 4.2 mm

and air flow holes
Dimensions of fuel
cell, bipolar plates 60 x 60 mm?
and fuel/air channel
Active area of the fuel
cell

Number of ribs with

a different length

27 cm?

26 -

The two electrode layers of the SOFC membrane-elec-
trode assembly were resolved in the model and a thin
electrolyte was considered as electrolyte interface. An
unstructured 3D mesh was built in the ANSYS Meshing
software in the fuel/air channels, anode and cathode
domains. The mesh consisted of 890 thousands of com-
putational cells. The operating conditions and material
properties used in simulations are listed in Tables 6 and
7, respectively.

The studied case was numerically solved using the
following additional assumptions:

— steady state processes were considered,

— laminar flow was assumed in the porous electrodes,

— fuel and air were approximated as ideal gases,

— fuel and air channels were treated as adiabatic,

Domain region Parameter Value
Air inlet Mass flow rate: 1.7 - 10°kgls
Temperature: 973 K
Mass fraction of species: 23.3% Oy, 76.7% N,
Fuel inlet Mass flow rate: 4.9 107 kg/s
Temperature: 973 K
0,
Mass fraction of species: 250;) A’le—g
Air outlet Pressure: 1-10°Pa
Temperature: 973 K
Mass fraction of species: 17.7% Oy, 82.3% N,
Outer current collector (anode side) surface Voltage tap surface: oV
Outer current collector (cathode side) surface Current tap surface: 0.7V
Anode Exchange current density 7460 A- m?
Cathode Exchange current density 10090 A - m?
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Table 7. Material properties used in simulations

Parameter Anode Electrolyte Cathode Current collectors
Material Ni-YSZ YSZ LSM -
Density kg/m® 7740 6000 5300 7450
Specified heat capacity J/kgK 595 400 607 600
Thermal conductivity W/mK 6.23 2.7 10 27
Resistivity Ohm'm - 0.1 - —
Electronic conductivity 1/0hm m 30300 - 12800 769000
Anode-current collectors contact resistance Ohm - m? 1107 - 1-10°® -
Porosity 0.3 - 0.3 -

— radiation heat exchange between MEA and inter-
connectors was neglected,

— heat convection was neglected in the porous elec-
trodes.

By keeping the adjustable parameters constant and
varying the operating temperature, polarization curves
at different temperatures were obtained. The CFD si-
mulation results for the operating temperature of 700°C
and for a usual range of the cell voltage from 0.3 to 1.1
[V] are presented in the next chapter.

RESULTS AND DISCUSSION

A particular interest in the employment of the CFD
modelling is related to the species and temperature
distributions within the new design of planar SOFC,
analogous to experimental one?” and particularly in the
fuel and air flow channels. This is due to the fact that
the SOFC performance strongly depends on the mass,
heat and charge transport. Figure 3 depicts the mass
fraction distributions respectively of hydrogen (a), water
(b) and oxygen (c) at the electrolyte layer on the anode
side. The mass fraction of hydrogen significantly changes
diagonally between the fuel inlet and outlet. The fuel and
air inlets are located at the left side (Fig. 2) of the fuel

0.7 [V]

0.9 [V] 1.1[V]

W 9e-01
7e-01
Se-01
3e-01
le-01
6e-02

B0

.90-01
Te-01
Se-01

Je-01
1e-01 §
6e02 I J

I 1e-07
(a)

Ge-01
Tedl
Ge01
5e01
de0l
Je0l

W %e-01 - el
Te01 "—
Ge-01
5e01
ae01

3e01

I 2e01 ’ ' 2e-01 a
le01 I " . le-01
(b)

p23e01 2301 W 2301

1.9e-01 1.9e01 1.9¢-01

1.7e-01 1.7e01 m 1.7e-01

1.3e-01 13001 1.3e-01

9e-02 9e-02 9e02 |

6e-02 Ge-02 6e-02

3e-02
I Oe+00

3002 v 3e-02 - .
loevuo . 0e+00

Figure 3. Species distributions in the electrolyte at the anode side [kg/kg]: (a) mass fraction of hydrogen, (b) mass fraction of water,

(c) mass fraction of oxygen
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Figure 5. Comparison of the CFD results and experimental data*
of the V-I curves for a single planar SOFC

cell on its opposite sides; fuel on the bottom and air on
the top side. In this specific region the water production
due to electrochemical reaction becomes the strongest,
while the mass fraction of hydrogen in fuel decreases
along the channel due to electrochemical consumption.
The mass fraction of hydrogen within the electrolyte is
not uniform and differs for the operating voltage range
values as it can be seen in Figure 3a.

The consumption rates of hydrogen and oxygen as well
as the formation rates of water affect the current density
distributions presented in Figure 4. Areas of the highest
current density appear in the same regions, where the
highest formation rates were noticed.

A comparison of the calculated voltage vs. power curves
with the experimental results®® is presented in Figure 5.

The CFD curves correspond quite well with the expe-
rimental ones for the operating voltage of 0.7, 0.9 and
1.1 [V], while at lower voltage values of 0.3 and 0.5 [V]
significant gradients in the electrical current were noticed.
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High hydrogen utilization was observed from the voltage
decreasing from 0.7 [V], which may be a potential cause
of the deviations from the experimental results. It se-
ems that the cause of deviations from the experimental
data®® was local fuel starvation and reoxidation of the
anode. To avoid widespread fuel starvation in the future
and excessive heating a higher fuel feed rate should be
probably used for an upper bound of current of 9 [A].

In addition, distributions of pressure, velocity and
temperature in the fuel channel are shown in Figure
6a, b and c, respectively. The pressure drop in the fuel
channel ranged from 18.9 [Pa] to 12.9 [Pa] for higher
voltage values as it can be seen in Figure 6a, while the
same values were about ten times higher (not presen-
ted here) in the air channel. The second row of Figure
6b shows the distribution of the velocity in the anodic
channel. The hydrogen fuel enters the anode channel
in the lower left corner at the velocity of 1.7 [m/s], then
flows along 27 sub-channels with a different length and
leaves the anode channel through the fuel outlet located
at the upper right corner. The highest fuel velocity can
be observed at the inlet, then it drops slightly at the
inlet section, where the flow separation occurs and in the
outlet section the velocity increases again. The velocity
distributions within ribs were quite uniform with the
mean value of 0.5 [m/s]. The fuel velocity significantly
changed in the inlet/outlet sections and areas between
the ribs as it can be noticed in Figure 6b.

The lowest temperature was found near the fuel outlet
at the upper right corner (Fig. 6¢). The most surprising
finding was that the highest temperature of the fuel was
at the region of the air outlet at the lower right corner
as well as in the region, where the formation of the
products increased. The average temperature difference
between the fuel inlet and outlet was equal to 150°C,
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Figure 6. Distributions in the fuel channel of: (a) pressure [Pa], (b) velocity magnitude [m/s], (c) temperature at the electrolyte — anode

interface [K]
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with 230°C for the air channel. However, the temperature
distributions are characterized by high nonuniformity,
which may cause local thermal stresses and lead to fuel
cell damage.

CONCLUSIONS

The CFD results were validated with experimental
data and therefore the computational results are reco-
gnized as valuable and trustworthy. A reasonably good
agreement of the predicted V-1 curve with experiments
was obtained. The simulation results directly contributed
to the development process of the planar anode-suppor-
ted SOFC. Moreover, the findings will be also used to
optimize a new design of the bipolar plates developed
under the framework of the SAFARI project.
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NOMENCLATURE

C, average specific heat, [Jkg"'K™']

D, , mass diffusivity coefficient, [m?*s™]

Di,fi effective diffusivity between species i and k,
[m’s]

F Faraday’s constant, [Cmol™']

G Gibbs free energy, [Jmol™]

i current density, [Am~]

i species H,, H,0, O,

I current, [A]

o et effective exchange current density, [Cm™s™]

10, ref exchange current density at the reference
condition, [Cm™s™']

k thermal conductivity, [Wm™'K™]

M, molar mass of species i [kgmol™]

n number of electrons that are released per
reaction, [-]

p pressure, [Pa]

0. heat flux of species i, [Wm™]

R universal gas constant, [Jkmol'K™]

R, source term, [mol m~s™']

S, molar flux of species i, [mol m~s™]

T temperature, [K]

\% voltage, [V]

Vi velocity vector, [ms™]

X; mass fraction of species i, [kgkg™]

CFD Computational Fluid Dynamics

CPOx Catalytic Partial Oxidation

DC Direct Current

LSM Strontium-doped Lanthanum Manganite

MEA Membrane Electrode Assembly
Ni Nickel

SOFC Solid Oxide Fuel Cell

SR Steam Reforming

WGSR Water-Gas Shift Reaction
YSZ Yttria-Stabilized Zirconia

Greek symbols

Oynode anodic transfer coefficient, [-]
Oeathode cathodic transfer coefficient, [-]
% mole fraction, [mol mol™]
& electrode porosity, [-]
deent cell potential, [V]
el Ohmic overpotential of electrolyte, [V]
Dideal ideal potential, [V]
Onernst Nernst potential, [V]
Y concentration exponent for species j, [-]
u kinematic viscosity, [Pas]
P density of species i, [kgm™]
o, electrical conductivity of species i, [Sm™]
T tortuosity factor, [-]
Nactanode  activation overpotential of anode, [V]

Nacteathode  aCtivation overpotential of cathode, [V]
s Ohmic losses in the current collectors, [V]
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