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Abstract—The present paper deals with a numerical simulation
of temperature field inside a solid oxide fuel cell (SOFC)
components. The temperature distribution is investigated using a co-
flow planar SOFC comprising the air and fuel channel and two-
ceramic electrodes, anode and cathode, separated by a dense ceramic
electrolyte. The Lattice Boltzmann method (LBM) is used for the
numerical simulation of the physical problem. The effects of inlet
temperature, anode thermal conductivity and current density on
temperature distribution are discussed. It was found that temperature
distribution is very sensitive to the inlet temperature and the current
density.
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I. INTRODUCTION

HE SOFC has drawn attention because of its higher

energy conversion efficiency, power density, low
environmental hazards and production cost [1], [2]. Currently,
most of the studies on SOFCs are focused on the development
of novel electrolyte materials or electrochemically active
catalysts. For comparison, mathematical modeling is much
more time-efficient and economically sound to understand the
physical/chemical phenomena involved in SOFC operation.
Parametric analysis was conducted to study the effects of
operating parameters on SOFC performance [3]. Arpino et al.
[4] have developed a numerical model to simulate energy and
mass transport phenomena in SOFCs. Thinh et al. [5]
presented the results of temperature, chemical species and
current density distribution of a planar anode -supported
SOFC for both co- and counter-flow configurations. The LBM
is a powerful numerical technique based on kinetic theory for
simulating fluid flows and modeling the physics in fluids [6],
[7]. LBM has shown promising simulation results of fluid
flows and mass diffusion through complex geometries and this
is an attractive characteristic for fuel cell modeling.

In this paper, the temperature distribution was investigated
using a single computational domain comprising the air and
fuel channel and the electrolyte-electrodes assembly. The
governing equations for momentum and energy conservation
were discretized with the LBM.

The main objective of this work is to analyze the effects of
heat sources on temperature field inside SOFC components.
Special attention will be paid to examine the effects of
operating parameters such as inlet temperature, anode thermal
conductivity and current density on distribution of temperature
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inside the SOFC.

II. PHYSICAL MODEL

The SOFC is divided into three computational domains; the
anodic and cathodic compartments, which consists of flow
channel and electrodes, and the electrolyte domain. Hydrogen
and air are introduced in the anode and cathode, respectively
(Fig. 1).

At the cathode, oxygen molecules diffuse to the cathode-
electrolyte interface where they are reduced to oxygen ions
with the help of the electrons. Further, the oxygen ions
migrate through the dense ion conducting electrolyte to the
anode-electrolyte interface. At the anode, hydrogen gas
molecules transport through the porous anode to the anode-
electrolyte interface where they react with oxygen ions to
produce water. At the same time, the releasing electrons are
transported to the cathode via an external circuit, resulting in
electrical power [4].

The electrochemical reactions that take place at the anode
and cathode are as follows:

Anode: H, + 0%~ > H,0 + 2e~

Cathode: %02 +2e” - 0%

Based on these half-cell reactions, the net reaction can be
written as:

Hy +50, > Hy0

It is worth noting that the following assumptions are
considered:
*  The flow is incompressible;
e The fluids can be described by using the ideal gas law;
*  Thermodynamic properties of the media are constant; and,
*  No electro-chemical reactions occur in the air and the fuel

channels.
TABLEI
GEOMETRY PARAMETERS OF THE PLANAR SOFC
Component Value
Anode thickness 500 pm
Electrolyte thickness 10 pm
Cathode thickness 50 um
Anode channel height 2.5 mm
Cathode channel width 2.5 mm
Anode channel width 2.5 mm
Cathode channel height 500 um
Cell length 100 mm

The detailed geometric parameters and operation conditions
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for the simulation in the work are listed in Tables I and II,
respectively [8].

TABLE II
CONDITIONS AND PARAMETERS FOR SIMULATION

11I. MATHEMATICAL MODEL

The heat transfer phenomena in an SOFC are governed by
the conservation laws of momentum and energy.

A. Continuity Equation

Parameter Value
a(pU) + apv) _ 0 1
Fuel inlet composition (molar fraction) 97% H, +3% H,O ax ay M
Oxidant inlet composition(molar fraction) 21% O, +79 % N, B.M E :
Fuel inlet temperature, K 800 -Momentum Equation
Oxidant inlet temperature, K 800 To model the flow field profile in the channels and the
Cathode flow channel (air), Nm’s™! 44107 porous electrodes, the general Navier-Stokes equation was
anode flow channel (fuel), Nm’s™! 7.9 107 employed [9].
Air dynamic viscosity, m’s’ 23107
i a(pU a(puu a(pvu ap a au a ou
Anode porosity 0.3 (p )+ (p )+ (pvo) _ _ ¢ )+_(#_)+_(#_)+Sx
Cathode porosity 0.3 at ox ay ox = 0x \" 0x oy \" 9y
Thermal conductivity of anode Ni-YSZ (Wm™ K™ 2 )
.. -1 -1
l};}hermjl cor;duc.tl\.nty off jathoc:e LSYI\;Z(WVrvn _II(K)J i V) . a(puv) N 2(ovv) _  ap) N 2 ( a_v) N B ( B_V) s
ermal conductivity of electrolyte (Wm 20 10 ot ox ay = "% T U o oy U ay y
L . exp
Electric resistivity of anode (Qm) £1392/T) 3)
Electric resistivity of cathode (Q 8.11 10” exp )
ectric resistivity of cathode (€2m) (600/T) The source terms Sx and Sy are determined by Darcy's law
ic resistivi 2.94 107 exp for both anode and cathode
Tonic resistivity of electrolyte (Qm) (1010350/T)
a (V) 0.04 u
B (V) 0.002 Sx=—¢&U 4)
Jn (mA/cm?) 2 "
JO (mA/cm?) 0.02 Sy =- % eV (&)
J1 (mA/em?) 670
where k is the permeability of the porous electrodes, p is the
density, € is the porosity and p is the dynamic viscosity.
L.."".....".........."-.............
1 Interconnect I
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Fig. 1 Schematic representation of a planar SOFC

C.Energy Equation

The dominating phenomena in this model are heat
convection and heat conduction, while the radiative heat
transfer is assumed to be negligible.

o oer)eys] +a[(pcp)efoT] + o\ oer)egsr] _ o (Repr ) +

at ox ay ax \"eff 5x
a aT
= (ders )+ ()

where ¢, is the specific heat capacity, and A is the thermal
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conductivity. The subscripts eff mean effective. St is the heat
source term resulting from the Joule heating, activation
polarization heat and chemical reaction heat [10].

e Joule Heating

Like any other conductors, the electrodes produce a
resistance to the electrons, and the electrolyte has a resistance
to the ions. The losses associated with these resistances is
called Joule heating and it is expressed as [11]:

S] = ERohmj2 (7)
e Chemical Reaction Heat

The heat generated by the electrochemical reactions can be
evaluated by electrical work and enthalpy changes. The
electrochemical heat is thermal energy released at the anode-
electrolyte interface and determined as [12]:

TAS .
Sy = ?] (8)

where AS is the entropy expressed as [13].

T ACpr
AS = ASy + [,45—F

dT )

with:
Cor = Cpryo — Cpu, — 0.5 Cpo, (10)

The water, hydrogen, oxygen specific heats vs. temperature
are expressed by the following expression [10].

C,=Ya (L)l (i=16) (11)

1000

where ai are coefficients for H,, H,O and O,.

e Activation Polarization Heat

The Tafel equation [10] provides a general equation giving
the values of activation losses in the anode and the cathode,
as:

Sace = j|aln (222)] (12)

D.Boundary Conditions

At the entrance region (i.e. at x=0), a constant flow velocity
U=Uin is specified of the gas flow channels, while U=0 is
specified for the solid part. Similarly, a constant temperature is
specified at the inlet for both the gas flow channels and the
solid part. At both bottom and top walls of the computation
zone (i.e. at y=0 and y=yM), thermally adiabatic conditions
are assumed: OT/0y=0. At the outlet of the computation
domain (i.e. at x=xL), the gas flow channels we have oU/0x=
0 and O0T/0x=0, while for the solid part, U=0, V=0 and
O0T/0x=0 are employed.

IV. NUMERICAL METHOD

The LBM has been successfully applied to fluid dynamics
and heat transfer problems including fluid flows in porous
media, thermal two-phase flow and diffusion in multi

component fluids [14].

In this work the D2Q9 model, which consists of nine
distribution functions, has been used. The developed Lattice
Boltzmann equation (LBE) of a density distribution function
for the evolution of the velocity field is given as [15]:

f,(x + ¢ At t + AD) — fi(x, 1) = —% [fi(x,©) — £ x, )] +
AtF, (13)

The equilibrium distribution function is expressed as:

e = w, ey (ew?  w?
f; G ) = wip [1 + c? + 2ecd Zscsz] (14)

where wi is the weighting factor and p is the lattice fluid
density. For the D2Q9 model, the values of ei and wi have
special values for various i directions.

4 1 1
Wo =35 Wig =75, Ws—9 = (15)
0i=0

c (cosw,sinw) i=1234
2 2

\/Ec(cos [@+E],sin (16)

e =

o[ 5)) 1= 5678

After evolving on the discrete lattices, the density and
velocity can be calculated using

p=2ifi 7
pu =Y eif; (18)

Based on the work of Jinku Wang [16], the evolution
equation for heat transfer can be generally given as:

gi(x +e; At,t + At) — gi(x,t) = —% [gi(x, t) —
971, O] + AtG (19)

where the equilibrium distribution is
957 ) = wiT 1+ (20)
S

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

G, =wi(1—E)S—T Q1)

Tg/ PCp
The temperature can be calculated from the following
equation:
=Y. g 25T
T=Xigi+5 e (22)
Boundary conditions are very important and crucial for the
accuracy and stability of LBM simulation. For the inlet

boundary, known velocity and temperature Zou and He
condition [17] is used. As for outlet, the open boundary is
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applied and for adiabatic walls, the condition of Bounce Back
is applied [18].

V.RESULTS AND DISCUSSION

A. Model Validation

The present numerical code was validated with the
published study of Mahecene et al. [8], where they have used a
single-unit model with double channel of co-flow pattern, the
inlet temperature at the hydrogen and air channels is TH2 =
Tair = 800 K and the cell current density is 10 000 A/m2.

Fig. 2 depicts a comparison between our results and those of
Mahecene et al. As it can be seen from this figure, a
satisfactory agreement between our results and those reported
in the literature. Fig. 2 illustrates the temperature distribution
in the presence of the heat sources effect: Figs. 2 (a) and (d)

)

994.75
981.42
968.10
954.77
y(m) 941,45
0.0005 928.12
914.80

901.47

888.15

874.82

Anode 861.50

848.17

834.85

(L T T ST T | 821.53

0 0.025 005 0.075 0,] B 808.20

With activation losses

Anode length (m)

(a)

TEK)

1001.80
988.27
974.74

#61.21
yom) With Ohmic losses 947, 68

934.15
0.0005 S
907.0%
893.86
880,03
866.50
852.97
839.43
825.90
0.1 81z.37

L] 0.025 005 0075
Anode length (m)

(b)

TEK)
994.69
S7L71
- ) 958.74
With chemical reaction 945.76
y(m) 332.73
51981
0.0005 506.83
£93.86
880.88
867.91
854.93
84196
628.98
£16.00
803,03

Anode

0 0025 095 0.075
Amnode kengih (m)

(©

activation losses, Figs. 2 (b) and (e) ohmic losses, and Figs. 2
(c) and (f) chemical reaction. The activation over potential
heat source type is related to the electron transfer reactions at
the electrodes. This type of heat source creates an important
heat quantity which influences in the temperature until
achieved a value T= 994.75 K. The effect of the heat source
due to the ohmic over potentials is remarkable for the gaseous
temperature T= 800K. The maximum temperature value is
1001.8 K.

The heat source, due to the chemical reaction, is released in
the interface of the anode and electrolyte, from these hot sites,
heat is transmitted to the other parts of the cell. Chemical
reactions creates the lowest heat source, the maximum
temperature value is 984.69 K.
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Fig. 2 Comparison of temperature distribution at the anode between present study and Mahecene et al. [8]; (a)-(c) present study, (d)-(f)
Mabhecene et al., (a), (d) activation losses, (b), (¢) ohmic losses and (c), (f) chemical reaction losses
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B. Effect of the Operating Temperature

Fig. 3 describes the effect of the inlet temperature on anode
temperature profiles. The temperature difference in presence
of ohmic losses rises with the increase of the operating
temperature because the ionic resistivity of the electrolyte and
electric resistivity of electrodes are very sensitive to the
temperature. Similarly, the presence of activation losses
presents the same trend as that of ohmic losses because a
higher inlet temperature leads to more reactive electrodes.
Referring to Fig. 3 (c), the temperature difference in presence
of chemical reaction losses gets higher with increasing the
temperature because the water, hydrogen and oxygen specific
heats are expressed according to the temperature.
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Fig. 3 Effect of operating temperature at j=10 000 A/m2; (a)
temperature with ohmic losses, (b) temperature with activation losses
and (c) temperature with chemical reaction losses
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Fig. 4 Temperature distribution of anode at different current density
at T=800K;; (a) j=10 000 A/m? (b) j=15 000 A/m*and (d) j=20 000
A/m?

C.Effect of the Current Density

The increase in temperature of SOFC is the result of heat
generation due to chemical reactions, joule and activation
losses, which depend on the current density.

The effects of current density on the temperature
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distribution are shown in Fig. 4. As depicted from this figure,
the temperature increases with the increase of the current
density which is attributed to relativity higher heat generation
at higher currents due to both enhanced electrochemical
reactions and joule heating.

D.Effect of Anode Thermal Conductivity

The thermal properties of the anode Ni/YSZ are very
sensitive to the composition and porosity. The thermal
conductivity of the cermet became larger as the Ni
concentration increased. Moreover, whatever the composition,
the thermal conductivity of the cermet varied linearly with
respect to the temperature. Concerning the porosity
dependence of the thermal conductivity of Ni/YSZ cermets, a
remarkable decrease in the thermal conductivity with an
increased porosity could be observed, which indicates that the
pores in the cermet are thermal barriers against heat transfer
[19].

Fig. 5 shows the temperature distribution for various
thermal conductivities of porous Ni/YSZ cermets. By
comparing, it is found that there is a similar trend for the
temperature profiles. The temperature increases along the
direction of fuel flow. For the case of high thermal
conductivity, the maximum temperature 1220 K is bigger
compare to that of low thermal conductivity 1023 K.
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Fig. 5 Temperature profiles for various thermal conductivities of
porous Ni/YSZ

E. Heat Transfer Rate

The heat transfer is commonly used to express the rate at
which heat can be advected from a surface. The Nusselt
number is defined in the context of channel flow as:

(ZT)
—_ s
Nu = (Thuik—Ts)/H (23)

aT\ . .
where (E) is the temperature gradient at surface and
S

(Tyuik — Ts)/H is the overall temperature gradient.

The variation of Nusselt number along the axial coordinate
in the SOFC, in the presence of different heat losses, is
explored in Fig. 6. As shown, the Nusselt number is relatively
high near the inlet but decays rapidly to a rather uniform value
after short distance of about 1 cm, due to the thermal
boundary-layer development. It can also be noticed that the
Nusselt number decreases again along the main stream
direction at the exit of the duct which is caused by the
changing heat flux. Slightly higher Nusselt number in the air
channel is believed to be caused by the suction effect due to
oxygen consumption in the cathode.
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Fig. 6 Variation of Nusselt number along the axial coordinate in
SOFC at T=800 K and j=10 000 A/m* with the presence of: (a) ohmic 8]

losses, (b) activation losses and (c) chemical reaction losses

VI. CONCLUSION

(]

A planar SOFC has been investigated numerically. The

present work focuses on the effects of various heat sources on  [10
temperature distribution of SOFC components (channels

cathode, anode and electrolyte).

Parametric analyses were performed to determinate the
effects of geometrical and operating parameters on the
temperature distribution.

Symbol
Cp

Rohm
ST

Sj

Sr
Sact
Sx,Sy

NOMENCLATURE
Quantity
Heat capacity (JKg'K™)
Speed of sound (ms™)

Discrete lattice velocity in direction i (ms™)

Faraday constant (96484.56 C mol™)
Discrete body force (kgm™ s™)
Density distribution function
Equilibrium distribution function for fi
Energy distribution function
Equilibrium distribution function for gi
Discrete body force of energy
Convective heat transfer coefficient
Entropy (J mol’ K™

Total current density (A m’)
Permeability (m” )

Operating pressure (bar)

Electric resistivity (Q2m)

Heat source (Wm-3)

Joule heat source (Wm-3)

Chemical reaction heat source (Wm-3)
Activation heat source (Wm-3)

Source term

Temperature (K)

Velocity vector (ms-1)

Local velocity (m s-1)

Porosity

Density (Kg m-3)

(1

(12

(13

[14]

[15]

[16]

[17]

(s

[19]

Dynamic viscosity (Kg m-1s-1)
Thermal conductivity (Wm-1K-1)
Relaxation time for fi
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