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In this research, a mathematical model of solid oxide fuel cell is presented. Governing equations
consist of Maxwell — Stefan equations for chemical transport, current balance equations,and Brinkman
equations for flow in porous media. Computational domains are in three-dimensions.The investigation is
organized in four schemes. First,two domains with different sizes are solved and the domain with the
highest performance is using for further study. Second,effect of temperature is found that
temperature,SOOo C has the better performance than tempera‘rure,lOOOo C . Third, the mesh sensitivity is
analysed using three different mesh sizes. The results show that the solutions have small difference. It is
indicated that the numerical results are stable. Finally, the effect of porosity and permeability is studied.
The numerical result show that increasing porosity or permeability,the average current density and

average cell power is increased.
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M, = Ziﬂ (13)
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116 x10°° 0.45 1223.79272 1352.99255
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. amasaulwiunde | anszualvdunde
Permeability Qmwau( C) ) ,
(W /m?) (A/m*)
1.16 %10 800 1446.45239 4997.61621
1.16 %10 1000 1352.99255 4537.00439
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7 % 4 ]

<3 1 ] a a .
viiu 1491 msutuedmuan gy unIns vl nd nseaniny
a 9 = Y v A ] 1 o v A ) A Y
W waznsesamhuuvazdealdaimasau Tdihn lduanarenuaumin femaeni 1
18005 (Mesh Sensitivity) #9'laaunuan iude masugii ualdarlumsdszuranan
annu §I9699 Iaiaen 19 Inseaiemanenldnaniosngalumsdszuiana
Y A & Y A o 9 ) [
MINNIANANINAADI YA snaaennilee 1d Tawunihunldmaassdmsuya
msnaaesNaetnz ldguuglinmuzauiuyganiinaae uazyanisnaaesnd 1wz lanis

] a 70 Y [ d' Y Ad' o ' a Jd o d’
LL'LNLE]@IJJuﬁiﬁlﬁﬂ’lgﬁﬂﬂﬂiﬂlﬂuﬂiﬂﬂuﬂ'lﬁTIﬂﬁE]\?LiJ@u'lﬂ'lW'lﬁ'liJm@ﬁ ANAT 1NN €. o

~ 1 a SAq Y o’dal a
A1TNN 4.6 ﬂTV‘n'iquﬂiﬂiﬂfiutcﬁﬁal%ﬂlwaﬂ

¥o M fMesine
T 1000°C uvigll
Veell 0.95V anuandnd I luesad
X0 0.032 kg / mol dagiulagniaueioondiau
2
C 3 2
t 9.572mol /m ANUUNVUITIY
C 3 9y 9 llT A Yy a
h,,ref 8.4275 mol /m anududuvelalasaungnoens
C 3 Y 9 A4 9 oa
h,O, ref 1.1445 mol / m ANUA NI UYDIINYAD 19D
Q.a 0.1A/m?2 anszua lihnvue Tua




49

HaInn13 1% 11/54A54  Comsol Multiphysics 1/5£HIHALULTIABIAINUYUIARS
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4. N3AANHIAT Permeability AUA Porosity
a v . d' 9 1 = A a A 1
IN9IUIVYVDY Min Yan (Yan, 2015) N lanandemssivilszanininnsareTou
u1a Tagn1515uA1 Permeability (A1N153uR1U 1R) 1azA1 porosity (AUNTU) VoI TeEg LAz
NANUITBVDI ARSI NUUNIINTII (AATT NUNTINGTY, 2557) 1@Na13I99A1 Porosity (AN
A o0 qu s & A QU1 o = Yno 2 VYo 1 L ' = 1
w3y i liraddomasddamasnugeiige §39699 181181 Permeability (A3 3 UH1Y
18) 1aga Porosity (AUNFU) WINABDANONATOUNANIITVUINAVDY Permeability (A1N15
= ] 9. 1 . 1 a a o’tg a o [
Fur1u'ld) uaza1 Porosity (ANUNFU) avdszanimmvousadiyoinds Tagrunlaluy
d' Y (v 9 49! 1 9 dy a 1Y o d‘ d‘ A 1Y d‘
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a J 1 1 1 [ 1 H 1
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1 o w 4 { . 1 [ I < {
uazammas lihnmnnigadsldna awaisien 4.7 1dansaziiluns i Tnar lsadu Taghil
Y T < -9 . . & = hl o A
f1 Permeability N 1.16 x10° 1@z A1 porosity 0.45 AIN1NN 4.11 n5 1 Iwa lsissu Taenan
g d‘ ~10 ' . d‘ 2 d‘ [ q;
Permeability 71 1.98 x10 1@z A1 Porosity 91 055090 1NH 4.12  A51HWEINIUA VAN
vumiunszue 1 TaeNTia1 Permeability?l 116 x10° a1 Porosity 0 0.45 Fa1#an
o I 2 1 hl ﬁ I
Wasnugagatiy 1,352.99255W /m? uaganunuuunszud ihgageiilu 4533.00439
A/m? famnd 4.13 anvndsnusuanuuudunszua Wi Taeihlinn Permeability
A _10 ' . = = Y1 o <3| 2
1 198 x107° 1az A Porosity 11 0.45 B ldmwasUgIgaiiu 1,352.28369W /m? tazaa
[l I @ 1 @
vunsunszua liihgegailu 4533.8457 A/m2aannil 4.14 m3nsznediveslelasaulu
K A e, A 9 ' . = By 3
o lua un Ina ¥93A1 PermeabilityN 1.16 x10~° 11a<A1 Porosity N 0.45 WWUNAHUZVOIH
] o ' o ~ =] o A a ~
HANANNY AR MInszaeaved lalsou Ilunine dune mamsgadeleTasou lu
NTLUIUNT AININN 4.15 N1TNTLIUAIV090NFIIUUIULA TNA F91A1 Permeabilityh

1.16 x10° 11a¥A1 Porosity 1 0.45 WCWUNANHULYBITUANAIINUNBININ LAAII AT

o =2

o a o ] <3 [ {
ATLAIVDIDDNTAUNTLBAIBE 1NN INTanauantios AN NN 4.16 MINTLIY
o a =R A oA 9 ' . =
A290900nT1aUa U Tuua Tna F91A1 Permeability 1.16 x10™° uaga1 Porosity 9 0.45
AININT 4.17 MINTLAIVI00NFIUIU TULA TNA Permeability 1 1.98 x10 °1azan
Porosity 9 0.45 A4NINN 4.18 N1INTZV1YAIVOI00NFIUIAU TULA INA Permeability
1.98 10 @z Al Porosity N 0.45 A4n1NA 4.19 AurUUuvenszua lidile
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11 Permeability 9 1.16x10°1agA1 Porosity 10.55 AIATNA 4.21 ANUHUIUUVOS

agzua 1o Permeability 1 71 1.98 x 10 ° 1Az Porosity N 0.55 AIA TR 4.22

A13197 4.7 #aveIAINaUNelN151asun1 Permeability NUA1 Porosity

3 _ Ao | mnszualiunde
et L i) | s (A/m)
1.16 x10°° 0.45 1352.99255 4537.00439
116 x10°° 0.55 1360.19421 4570.81201
1.98 %10 0.45 1352.28369 4533.8457
1.08 x10 0 0.55 1359.39648 4567.54297
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Abstract

Due to environmental problem from using energy and the fuel fossil
is dramatic decreasing from human usage. The alternative renewal en-
ergy is maybe the solution. Solid oxide fuel cell is a fuel cell normally
using yttrium stabilized zirconia (YSZ). The cost for this fuel cell is
now very expensive. Therefore, the mathematical simulation is crucial.
Governing equations consist of Maxwell - Stefan equations for chemical
transport, current balance equations, and Brinkman equations for flow
in porous media. The numerical simulation is then solved with appro-
priate boundary conditions. However, the verification of the solution is
very important. In this research, the mesh sensitivity analysis is per-
formed. The results show that the solutions from three different mesh
are closed to each others. It is indicated that the solutions correspond-
ing to mesh sensitivity analysis.
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1 Introduction

Due to global warming and limitation of fossil fuel, alternative energy is cru-
cial. Fuel cell maybe a solution of this problem because it is produces almost
no pollution. A fuel cell is a device that can convert fuel directly into electric-
ity using chemical energy. The fuel cell will produce electricity as long as fuel
is supplied. Solid oxide fuel cells (SOFCs) offer great flexibility in the choice of
fuels; not only pure hydrogen, but also many reformate composition consisting
of multi-component species maybe used as fuel, such as water (H»0), carbon-
monoxide (CO), carbondioxide (CO;), including biofuel. The planar design
of SOFCs has the higher power density and simplicity in manufacturing than
the tubular design [3, 4, 5]. Therefore, the planar SOFCs are widely used in
both small and large scale applications.

Over the last decade, the number of research in solid oxide fuel has been
carried out with various investigation [2, 6, 7] . In 2006, Bove and Ubertini
[1] investigated the phenomena in each component of solid oxide fuel cell us-
ing a three-dimensional, time-dependent numerical model. The results show
that the boundary conditions affect the accuracy of the model and represent a
significant part of the computation. In 2011, Meng Ni [5] developed a two di-
mensional thermo-electrochemical model to studied the performance of planar
solid oxide fuel cells fed ammonia by using a two dimensional computational
fluid dynamics model with an electrochemical model and a chemical model.
The result indicates that ammonia in the solid oxide fuel cell impacts the elec-
tric output and temperature field. Recently, numerical simulation of porous
solid oxide fuel cell was carried out to solve the carbon deposition problem
of solid oxide fuel cells using comsol multiphysics commercial software. The
modeling result are valid with experiments [8]. However, the studied in math-
ematical modeling for the solid oxide fuel cell is still crucial due to demand
of developing the performance of solid oxide fuel cell because of the cost of
experiments. Thus, in this work, the mathematical modeling of planar solid
oxide fuel cell is investigated. Moreover, the mesh analysis is performed to
show the effect of mesh quality on numerical results of the model.

2 Mathematical Model

Solid oxide fuel cells normally produced electrical power by added cells into
the stack. To model the solid oxide fuel cell, a single cell solid oxide fuel as
shown in figure 1 is assumed to produce a unit of electrical power to save time
and computational resources. The computational domain is created as shown
in the figure 2.
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Figure 1: Three dimensional of a single cell planar solid oxide fuel cell.

cathode flow channel (€25)

cathode electrode (€2;)
electrolyte (£23)

anode electrode (€22)

anode flow channel (£2;)

Figure 2: Configuration of a unit cell solid oxide fuel cell; anode flow chan-

nel (€2;), anode electrode (£23), electrolyte (£23), cathode electrode (€24), and
cathode flow channel ().
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2.1 Governing Equations

The governing equations consist of Maxwell-Stefan equations for chemical
transport as shown in equation (1)

0 .
g (pci) + V- (peiu) = =V - ji + R, (1)

where, p (kg/m3) is the mixture density, u (m/s) is the mass average velocity
of the mixture, ¢; is the mass fraction, j; (kg/(m?s)) is the mass flux relative to
the mass average velocity, and R; (kg/(m?s)) is the rate expression describing
its production or consumption.

The current balance in the electrolyte is governed by

V-J= Q, in Qg, Qg, Q4 (2)

where J denotes the current density vector in the electrolyte, Q can be any
source or sink. Navier-Stokes equations for describing the flow in open re-
gions, and the Brinkman equations for the flow in porous regions are shown in
equations (3)-(6).

dp
a5 + V- (pue) =0, (3)

paallc +p(ue-V)u,=V- [—pcI + <Vuc + (Vuc)T) _ %M (V- uc)I} 4F,
(4)
290 - (o) = @ )

L (@“c + (U V) E) = V- {—pcu K (Vuc + <Vuc>T) _ 29 ) I]

ot €p & 3ep

—(“ +5F|uc|+%> u. + F (6)

Hb?“ y

where p (kg/(m-s)) is the dynamic viscosity, u. (m/s) is the velocity vector, p
(kg/m?) is the density, p. (Pa) is the pressure, €, is the porosity, , (m?) is the
permeability of the porous medium, and @y, (kg/(m?-s)) is a mass source or
sink. Sr|uc|ue is viscous force proportional to the square of the fluid velocity
where Br is the Forchheimer drag option (kg/m?).
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2.2 Boundary Conditions

The fuel feed in the cathode and anode is counterflow, with hydrogen-rich
anode gas entering from the left. For the ionic charge balance equations in
cathode electrode, electrolyte, and anode electrode, the insulating boundary
condition is applied on all external boundaries as shown below.

—n-J=0. (7)

For the transport of species in anode, initial mass fraction (wp,) 0.4 is used at
the left of the anode flow channel. The outflow is at the right of the anode
flow channel. No flux boundary condition is applied to all external boundaries
of the anode electrode and the anode flow channel as given below.

—n- (j;, + puw;) = 0. (8)

3 Numerical Results

There are 3 different mesh as shown in Figure 3. The numerical solutions of
the fully couple equations (1) - (6) and all boundary conditions are obtained
by Comsol Multiphysics.

)
1

)
{
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N
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N

=

N
A
\

\
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\\\\

MY

=

\\\\

(a) (b) ()

Figure 3: Computational mesh for a unit cell solid oxide fuel cell (a) 2,328
hexahedral elements (b) 144,943 tetrahedral elements (c) 707,828 tetrahedral
elements.

Numerical simulation of the hexahedral elements are shown in Figure 4.
The results when use different mesh are the same patterns. The values of
maximum average current density and maximum average cell power are cal-
culated as showned in Table 1. It is easy to see that time depends on number
of elements. Due to the exact solution of the model still undiscovered. The
average relative error (E,) is computed using formula as shown in equation
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Table 1: Values of average current density, average cell power, and computa-

tional time of the different elements mesh.
Elements Average Current  Average Cell ~Computational

(Number) Density (A/m?) Power (W/m?) Time (Minute)

Hexahedral 2,328 4,567.54257 1,359.39648 4.19
Tetrahedral 144,943 4,869.31055 1,454.31055 78.26
Tetrahedral 707,828 5,411.87402 1,627.57703 326.33

(9). The average relative errors of average current density are 7.72%, 1.62%,
and 9.34%, respectively. Due to the computational time and average relative
errors, the governing equations with hexahedral elements as shown in figure 2
(a) should be used in further investigation of the solid oxide fuel cell.

A 6.56x10% A002
x107* x107%

(a) (b)

Figure 4: Surface plot of the numerical results using 2,328 hexahedral elements
(a) oxygen mole fraction (b) hydrogen mole fraction.

> approximate solution — average solution
L=

average solution

4 Conclusion

From the number of research in alternative renewal energy, solid oxide fuel
cell is a kind of clean energy for the future. To investigate the new design or
physical property in the cell, mathematical simulation is crucial. The mesh
sensitivity analysis is used to make sure that the simulation result is stable.
In this paper, three different mesh sizes are investigated with average relative
error and computational times. The result show that the hexahedral elements
suit for solving the governing equations of the single cell solid oxide fuel cell.
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