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Effect of magnet particles deposited in cathode side
on oxide fudl cell performance

[Abir Yahya, Hacen Dhahri, Khalifa Slimi]

Abstract— A two-dimensional model based on the lattice
Boltzmann method (LBM) is established to study the
performance of solid oxide fuel cell (SOFC). A single phase
multicomponent mode is used to describe mass transport in the
porous electrodes and fuel/air channds. Our results are
compared with those from the literature and a good agreement is
found. After model validation a parametric analysis is conducted
to examine the effect of operating parameters on SOFC
performance. The pur pose of this paper isto examine the effect of
the Kelvin force, caused by magnet particles deposited on
cathode/electrolyte interface, on SOFC performance. The
obtained results suggest that no magnetic field effect was
observed for SOFC performance.

Keywords— SOFC performance, flow,
Magnetic field gradient, Kelvin force

multicomponent

1. Introduction

The SOFC performance is directly related to properties of
the electrode materials and impurities in the fuel [3-7]. Several
researches aimed to increase the performance of SOFC by
exploring new materials and optimizing the cell structure [8—
11]. Recently, Ruksawong et a. [12] have studied
experimentally the effect of a magnetic field on water transport
in PEMFC in terms of performance enhancement. Also, the
effect of a magnetic field directly applied to a PEMFC have
been investigated by Matsushima et al. [13]. The results
showed that at lower partial pressure of oxygen gas and higher
current densities, the performance of the fuel cell is improved
or is deteriorated depending on de direction of the magnetic
field.
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Because, it is substantially difficult to measure
experimentally the phenomena taking place inside the SOFC
stacks due to their high operating temperature, numerical
simulation as an economic approach was developed to identify
an optimal design of SOFC. Most of the models are used to
predict the flow, the temperature and the current distributions
[14-18].

The lattice Boltzmann method (LBM) is a powerful
numerical technique based on kinetic theory for simulating
fluid flows and modeling the physics in fluids. The LBM is
second-order accurate in time and space, which is sufficient
for most engineering applications. As the boundaries are
appropriately treated with this method, makes LBM
competitive for complex domain geometries such as porous
media [19, 20]. A genera numerical scheme based on LBM
was established to investigate coupled multiple
physicochemical thermal processes at the pore-scale [21], to
simulate a thin anode (50 mm) of Ni-metal/Y SZ-electrolyte
cermet for a high-temperature electrolyte supported SOFC [22]
and to develop an electrochemica model to predict the
performance of an anode-supported SOFC [23]. A pore scae
Lattice Boltzmann (LB) model is developed to predict the
mass transfer, reforming, electrochemical reactions and carbon
deposition in the porous anode of a solid oxide fuel cell
(SOFC) fed with methane [24].

In this work, a two-dimensional LB model of non-
isothermal planar SOFC was developed to study the
multicomponent gases transport in the channels and porous
electrodes. An electrochemical model is also established to
study the performance of a planar anode supported solid oxide
fuel cell. To demonstrate the capabilities of the developed
model, simulations are conducted to predict the operating
voltage effect on hydrogen and oxygen molar fractions
distributions and the cell temperature distribution. The effect
of operating temperature on the cell voltage and power density
is also examined. Moreover, the developed model permits us
to examines the effect of a magnetic field gradient that is
applied in the cathode/electrolyte interface by depositing Nd-
Fe-B permanent particles.

. SOFC Model governing

equations

SOFCs are built up of an electrolyte sandwiched between
an anode and cathode. Figure 1 shows the general operation of
a SOFC.
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Figure 1.Schematic of the computational domain of a planar SOFC.

As can be seen from Fig.1, oxygen gets pumped into the
cathode side where it reacts with the catalyst and electrons to
reduce into oxygen ions (O2). The electrolyte conducts oxygen
ions from the cathode side to the anode side. Here the fuel is
pumped in and becomes oxidized, by the oxygen ions, to form
water and electrons. These electrons then get forced through
the interconnect from the anode to the cathode which generates
an electric current [25].

A. Electrochemistry of SOFC

Taking into account al the overpotential effects in a solid
oxide fuel cell, the cell potential is given by [26].

Vel = E = Nacen — Nacte — Neona — Neone —Mohmic (1)

where E,nﬁchn,nncr‘,c'ncmz,n,ncmz,c and Neohmic are the
equilibrium voltage, the activation overpotential of the anode,
the activation overpotential of the cathode, the concentration
overpotential of the anode, the concentration overpotential of
the cathode and the ohmic overpotential.

The equilibrium voltage of a SOFC can be expressed by
the Nernst equation

1
PI}' P-I:l E
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The ohmic and activation terms can be calculated using the
same method described in our previous work [27] and the
partial pressures are calculated from the molar fraction.

The concentration overpotential can be expressed as a
function of the gas concentration difference between the
porous e ectrode surface and the electrode-electrolyte interface
[23].
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B. Fluid flow problem

The fluid flow is governed by Navies Stokes equation [28]:
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The source terms Sx and Sy are determined by Darcy's law

for both anode and cathode [29]:

u

Sy =—7eU (7)
u

Sy=—7ev (8)

Where k¥ isthe permeability of the porous electrodes, F is
the density, £ isthe porosity and ¥ isthe dynamic

viscosity.

c. Heat transfer problem

The local temperature equilibrium was assumed to account
for the temperature of fluid and solid phases in the porous
electrodes. The dominating phenomena in this model are heat
convection and heat conduction.

The total energy conservation equation in cartesian
coordinates system writes:

8 [(oc, }m_r] . 8 [(oc, )ors uT| . 3 [(oc, }wpr]
at dx dy
_ﬂ(ﬂ Eﬂ"] 3(1 Eﬂ"] s (0
T ax \ T g +ﬂ'j‘ 1T By 3 O
e Jouleheating
Due to the existence of resistance for ions transferring
through the electrolyte and electrons through the cell's anode

and cathode, heat generates by the ohmic heating can be
calculated as follows:

Sj =ZRDF:HL.Iir:

Where J denotes the current density. Roim is the total area
specific resistance that can be expressed as follows [30,31] :

(10)

I:le: df d?
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(11)
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where dn, dc and da are the thickness of anode, cathode

and electrolyte, respectively; Za, 9c and Pe are the electrical
and ionic conductivities of the SOFC components|[ 31,32] .

e  Chemical reaction heat

Due to entropy creation due to the electrochemical
reactions at the anode-€electrolyte interface, the heat generation
is determined as [31]:

TAS _

r = oF (12)

where 45 is the reaction entropy variation expressed as
[33]:

T
pr

AC
AS = 35[,+J‘ —Ear

(13}
e T

e Activation polarization heat

Activation losses are controlled by the electrode kinetics at
the reaction site, which are assumed to be located at the
electrode-electrolyte interface. The expressions of the
activation losses in the anode and the cathode are expressed
according to the Tafel approach [34]:
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where @i is the transfer coefficient and Jo.i is the
exchange current density that represents the readiness of an

electrode to proceed with electrochemical reaction. Jo.a and
Jo.c can be expressed as [35]:

RT Eacta _
Joa =% }’:MP(—?J (16)
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Joe = —veexp - =22 7)
where Eacta and Eactc are the activation energy levels at

the anode and cathode respectively; Y= and ¥= are the
coefficients for exchange current density for anode and
cathode,respectively.

D. Mass transfer problem

Mass transfer in the flow channel and the porous electrodes
is modeled using the following equation [28]:

3pUY,) BlpVY) 8 ( ar,-]
dx dy T Bx st dx
: oY, |
5y (PDierr 3y )+ Sim (18

Where Yi is the mass fraction of species i and Sim the
mass source term that can be expressed by the species flux at
the electrodes/electrolyte interfaces as:
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E. Boundary conditions

It isrequired to give an accurate set of boundary conditions
that depict the flow and reaction within the domain. The
velocity, temperature, and mass fraction of species are
specified at the inlet. Boundary conditions of zero gradient are
applied for velocity, temperature and species mass fraction at
the outlet. At the fuel channel/anode interface and at the air
channel/cathode interface, boundary conditions that satisfy
both temperature and heat flux continuity are used. A
continuation of the flux terms for each speciesis also imposed.
At the anode/electrolyte and cathode/electrolyte interfaces,
where the electrochemical reactions take place, the flux terms
for each species are equal to the surface reaction rates [15,17].

. Numerical method

A. Momentum equation

The D2Qs model, which consists of 9 distribution
functions, has been used. The developed LBE of a density
distribution function for the evolution of the velocity field is
given as [36].

ﬁ{x+ e; ALt + At) —ﬁ-{x.t] —

—% [ - o] +aer (2

where €i isthe discrete lattice velocity in direction i; Fiis

eq
the external force. T denotes the lattice relaxation time, J': is

the equilibrium distribution function and fi is the density
distribution function for the velocity field.

The equilibrium distribution function is expressed as.
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After evolving on the discrete lattices, the density and
velocity can be calculated using
p= Z f
-

pu = Z eif

(24)
(25)

B. Energy equation

Based on the work of Jinku [37], the evolution equation for
heat transfer can be generally given as,

gi(x + g At + A1) — g;(x,0) =
_j [g:(x. ) — g7 (x, )] + AtG ;. (26)
Where the equilibrium distribution is written as:
g G ) =w;T [1 + i‘—u] (27)
s

Jinku proposed an expression for the forcing term Q appearing
in the energy equation:

0.5 5;
G; =w;[1-—]—=
Tg / PCp

Therefore, the temperature can be caculated from the
following equation:

(28]

(29)

Cc. Mass equations

For the single phase- multicomponent flow consisting of
hydrogen and water vapor species, streaming and collision
processes are solved individually for each species to find

distribution function ™ on the basis of Shan and Chen model
[38]. Here the superscript k denotes the kth chemical species
and the subscript i denotes the velocity direction of a single-
particle.

The general form of the lattice Boltzmann equation for a

distribution function ™" in the BGK approximation is;
hi(x+ e; At,t + At) = wehly (x,t) +

(1— we)h¥(xt) (30)

Wy = —
Where © 7k, Tk is the single relaxanon tlme for each

component related to the kinematic viscosity. hik is the local
equilibrium distribution function defined as :
eu' (eu'V u'” _
(e £) = oWy l+—+ 208 5z (31)

where #'is the common velocity in lattice units and P« is
the component density.

The component density and velocity are obtained:

P = Z h¥ (32)
iy = 2: 1 (33)
P

Then, the total density and common velocity are calculated by:

Protal =ZP§; ':3‘1']
Y T hE e g,
u'= Eorr TR (35)
B Pt
The mass fraction of each component is defined as follows:
'I}Fc
V,= — (36)
Protal

Iv. Results and discussion

A. Model validation

The validation of our model is conducted based on the
experimental results of Rogers et al. [39]. The used model
parameters and cell dimensions to predict the distribution of
temperature and molar fractions distributions are reported in
Table1.

The predicted results are plotted in Fig. 2 and are compared
to the available experimental data. It is noted that a good
agreement is found. Minor discrepancies  between
computational and experimental data are observed, which can
be attributed to the unavailability of some geometrical aspects
of the experimental system.

TABLE 1. SOFC model parameters used for validation on Rogers et al. [39]

experiments
Parameter (Units) Value
Fuel inlet temperature (K) 1073
Air inlet temperature (K) 1073
Fuel composition () 0.95/0.05
Operating pressure (atm) 1
Porosity () 0.375
Tortuosity () 1
Average pore radius (m) 2.610°
Fuel cell length (m) 0.016
Anode porous electrode width (m) 0.001
Cathode porous electrode width (m) 0.00005
Electrolyte width (m) 0.00001
Anode electrode conductivity (Sm™) 71428.57
Cathode electrode conductivity (Sm'™) 5376.34
Electrolyte conductvity (Sm™) 0.64
Anode pre-exponential coefficient (A m™) 1.344 107
Cathode pre-exponential coefficient (A m”?) 2.051 10°
Anode activation energy (J.gmol ™) 110°
Cathode activation energy (J.gmol™) 1.210°
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Figure 2. Comparison between the model results and experimental data

B. Parametric analysis

The parameters of the SOFC model and the input
parameters of standard case are depicted in Table 2 and 3,
respectively.

Using the input parameters reported in table 3, with an
operating voltage of 0.6 V, the molar fractions of hydrogen
and oxygen are depicted in figure 3. As hydrogen and oxygen
flow in the fue and air channel, respectively, they diffuse
through the porous electrodes and they are consumed at the
electrodeg/electrolyte  interfaces where the  half-cell
electrochemical oxidation and reduction reactions take place.
Consequently, both H2 molar fraction and O2 molar fraction
decrease from the inlet to the outlet of the cell. Since the
diffusion in the porous electrodes is slower than in the fuel and
air channels, the molar fraction gradients of hydrogen and
oxygen in the anode and cathode are higher than in the gas
channel.

TABLE 2.SOFC model parameters

TABLE 3. Input parameters of base case

Parameter (Units) Value[23]
Fud inlet temperature (K) 1123
Air inlet temperature (K) 1123
Fuel composition () 0.97/0.03
Operating pressure (atm) 1
Gaslaw constant (m® atm gmal* K™ 8.20575 10”
Faraday’s constant ( A s gmol ™) 96,485.3
Per meability (m?) 17107
Porosity () 0.46
Tortuosity () 45
Average poreradius (m) 2610°
Anode por ous electrode width (um) 750
Cathode por ous electrode width (um) 50
Electrolytewidth (um) 50

Parameter (Units) Valug 15, 35]
Anode thermal conductivity (Wm™ K™ 10 [15]
Fuel thermal conductivity (Wm™T K™ 0.32 [15]
cathode thermal conductivity (Wm™TK™) 11[15]
Air thermal conductivity (Wm™TK™) 0.58 [15]
Electrolyte thermal conductivity (Wm™ K™ 2[15]
Anode dectr ode conductivity (Sm™) S | =2 [15]
Cathode el ectrode conductivity (Sm™) E e [ [15)
Electrolyte conductvity (Sm™) 3,34 10%exn [——| [15]
Anode pre-exponential coefficient (A m™?) 1.344 10™[35]
Cathode pre-exponential coefficient (A m™) 2.051 10735]
Anode activation energy (J.gmol ™) 110°[35]
Cathode activation energy (J.gmol %) 1.2 10°35]

The increase of the cell operating voltage leads to the
decrease of the current density, which results in lower
consumption rates of H2 and O2. As shown in figures 3 and 4,
the molar fractions of hydrogen and oxygen are as higher as
the cell operating voltage is higher.

Figure 5 illustrates the temperature distribution in the
SOFC at operating potentials of 0.6 V and 0.4 V. The heat
generated by the exothermic electrochemica reactions is
transferred along the PEN structure mainly by conduction to
the gas flow channels where it is transferred by convection.
This is inducing an increase of temperature from the inlet to
the outlet of cell. The temperature gradient of the cathode side
is found to be dightly higher, as the thin cell cathode can
transfer heat from the electrolyte to the air flow channel at a
fast rate. Since the heat generation due to electrochemical
reactions and irreversible overpotential losses depend on the
current density, the temperature rises with the decrease of cell
voltage.

c. Effect of Kelvin force on the SOFC
performance

When a fluid is under external magnetic field H, the force
per unit volume [4Q] is:

f="Vp+u, M.VH (37)
where= ¥H B =uH pujjsthe permeability of vacuum
( 4 10-7 Hm-1), ¥ is the magnetic susceptibility of fluid

— -6
(XG-_ =1.91107° at 273K) , p is the pressure and B is
the magnetic flux density. The second term

f = u MVH=% BVE _ .
m = Ho o is the Kelvin force which trends

to act on diamagnetic fluid such as water toward regions of
lower magnetic fields and paramagnetic fluid such as oxygen
gas toward higher magnetic fields.

A magnetic field gradient was applied around the interface
between the cathode and the electrolyte by depositing Nd-Fe-B
permanent particles. Based on the experimental study of
Okaba et al [41], magnetic field is generated in y-direction
near the interface. To obtain an equivalent magnetic field, we
used the distribution of magnetic field strength along the
central axis perpendicular to the pole surface of the cubic
magnet [42].
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B ab
Bly) = — {tan~! —————
w ay \.'Iﬂ' + h* + ‘l-j"
ab
—tan ! ) (38)

20y + 1/ + b7 +4ly + 17

Where Br is the residual flux density of the magnet, ab is
the cross section of the magnet and | is the thickness of the
magnet.

The magnetic force acting on nitrogen and water vapor is
negligible because their magnetic susceptibilities are much
smaller than that of oxygen [43]. Because Kelvin force is a
body force similar to the gravitational force and assuming that
B changes only on the y-direction, the gas-phase velocity can
be expressed as:

k oF
T _.” g
k aP ko dB*
i B - 30
v u dx U 2ug e dy (39)

The simulated polarization and power density curves of
single fuel cell including Nd/ Fe/B particles in the cathode side
are illustrated in Figure 7, with and without magnetization of
magnet particles. When the Kelvin force acts on the oxygen
gas, the cell performance is the same as that without
magnetization. Thisis explained by the non-effect of magnetic
field in oxygen gas distribution as shown in Figure 6.
Numerical simulation results showed reasonable agreement
with the results of Wang et a [43] study when the magnet
effect was investigated only on oxygen.

v. Conclusion

A 2D thermal-fluid model for a planar solid oxide fuel cell
is developed. The model developed basing on lattice
Boltzmann method is firstly validated with experimental
results from literature. It is found that increasing the operating
voltage leads to the increase of the hydrogen and oxygen
molar fractions. Since the increase of the operating voltage
leads to a decrease of the current density, the temperature rises
with the decrease of cell voltage. The effect of magnetized
magnet particles deposited in the cathode side on the SOFC
performance is also investigated numerically. The obtained
results show that the performance of the cell is not subordinate
to the magnetization.
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Figure 3. H2 and O2 molar fraction distribution at operating voltage 0.6 V
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Figure 4. H2 and O2 molar fraction distribution at operating voltage 0.4 V
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Figure 5. Temperature distribution at different operating voltage: (a) 0.6 V and (b) 0.4V
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