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Abstract

A two-dimensional mechanistic model of a tubular solid oxide fuel cell (SOFC) considering momentum, energy, mass and charge transpor
is developed. The model geometry of a single cell comprises an air-preheating tube, air channel, fuel channel, anode, cathode and electroly
layers. The heat radiation between cell and air-preheating tube is also incorporated into the model. This allows the model to predict hea
transfer between the cell and air-preheating tube accurately. The model is validated and shows good agreement with literature data. It |
anticipated that this model can be used to help develop efficient fuel cell designs and set operating variables under practical conditions. Th
transport phenomena inside the cell, including gas flow behaviour, temperature, overpotential, current density and species concentration, a
analysed and discussed in detail. Fuel and air velocities are found to vary along flow passages depending on the local temperature and spec
concentrations. This model demonstrates the importance of incorporating heat radiation into a tubular SOFC model. Furthermore, the mode
shows that the overall cell performance is limited by diffusion through the thick porous cathode and points to the development of new
cathode materials and designs being important avenues to enhance cell performance.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction of thermodynamic non-idealities on cell performance in
terms of parameter correlations. Nagata ef3jldeveloped
Tubular solid oxide fuel cells (SOFCs) are consideredtobe a 1D steady-state tubular SOFC model considering elec-
the most advanced design for mid- to large-scale applicationstrochemical and internal reforming reactions. They divided
up to 2 MW[1]. However, due to the complex interactions of the cell into many control volumes that behave as continu-
several physical phenomena, rigorous mathematical modelsous stirred tank reactors (CSTRs). Unfortunately, the model
are required to analyse the impact of cell design and operatingsimplifies the actual cell geometry within a stack and the
conditions on the cell performance. calculation of heat transfer coefficient is also based on fully
Over the recent years, various SOFC models have beendeveloped laminar flow at a constant heat flux. Aguiar et
developed. Campanaj2] developed a tubular cell model al. [4,5] developed models for direct- and indirect-internal
from athermodynamic point of view and included the impacts reforming of CH,. However, they used various correlations
to determine mass flux, heat flux and cell resistance that
mpondmg author. Tel.: +1 519 888 4567x6472; are specific to pa_rticular_opera.ting conditior_ws. Moreover,
fax: +1 519 746 4979. they assumed uniform distributions of species concentra-
E-mail address: ecroiset@uwaterloo.ca (E. Croiset). tions and heat along the radial direction. This implies that the
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Nomenclature

A
Bo

Ian, Icar current along the peripheral path of anode and

Ie

~ wm;'ﬁ 2T S xS
Qo
>

Rcat, Ran discretized electrical resistance of the

S; volumetric rate of generation of species
(kmolm=3s71)

T temperature (K)

u, v velocity in radial and axial directions,
respectively (ms?)

y mole fraction

z axial coordinate (m)

Greek letters

&

®an, pcar average potentials at the anode and the

AHglec

area perpendicular to the current flow3m
parameter defined by Carman—Kozeny
equations

molar concentration (kmol fr?)

molar specific heat (J kg mot K—1)

binary diffusivity of a specieg into another
specieg (m?s—1)

effective Knudsen diffusivity of a specias
through porous media (s 1)

mass diffusion coefficient of speciggn? s 1)
effective diffusivity through the porous
cathode

particle diameter (m)

reversible cell potential (V)

Faraday’s constant (96 Z& s mol1)
correction factor for heat radiation

cathode, respectively (A)

current density through each cell radial
segment (A m?)

current density (mA cm?)

equilibrium constant

cell length (m)

path length along peripheral segment of
electrodes (m)

molecular weight (kg kmoi?)

mass flux (kg m?s—1)

molar flux (kmolnT2s1)

pressure (Pa)

partial pressure of water (millibars)
volumetric heating rate (W n¥)

gas constant (8.31441 J mélK 1)

radial coordinate (m)

cathode and the anode, respectivety (
electrode interface conductivitf2( 1 cm2)

emissivity factor

cathode, respectively (V)
enthalpy generation due to electrochemicp
reaction (kJ mot?)

overpotential (V)

thermal conductivity (W m? K1)

w dynamic viscosity (Nm!s™1)

¢ potential (V)

10 porosity

o gas density (kg m)

o electrical conductivity =1 m~1)
0o Stefan—Boltzmann constant

(5.67x 108Wm—1K—%)
™™, Tk tortuosity factors for molecular and Knudsen
diffusion, respectively

Subscripts and superscripts

AC air channel

An anode

APT  air-preheating tube
Cat cathode

E electrolyte

H»o hydrogen

H>O water

N2 nitrogen

0)) oxygen

concentration resistances caused by mass diffusion through
the porous electrodes are negligible. The most recent and
advanced models for a tubular SOFC have been presented by
Liand Chyu[6] and Li and SuzuKi7]. These models account

for the actual geometry of the cell and all major phenom-
ena, including momentum, heat and mass transport coupled
with electrochemical and chemical reactions. Unfortunately,
these models neglect the diffusion of oxygen through the
thick porous cathode. Since the @iffusivity is much less
than the H diffusivity, the overall cell performance is lim-
ited by the Q diffusion through the porous electrode to
reach the reaction site at the cathode/electrolyte interface.
Furthermore, the rates of the electrochemical reactions are
expressed entirely in terms of exchange current densities as
adopted from Chan et dB] and are assumed to remain con-
stant along the cell length. This assumption can cause serious
errors in the determination of the current density profile along
the cell length since the kinetics of electrochemical reactions
strongly depend on temperature and local species concentra-
tions[3,9,10] Thus, the exchange current density must vary
along the cell length. Finally, the effect of heat radiation was
not incorporated by Li and Suzuki]. Although the model

of Li and Chyu[6] considered heat radiation, the method for
incorporating surface radiant exchange was unclear. Campa-
nari and lorg11] developed a tubular SOFC model supplied
by methane-reformed gases. Unfortunately, the momentum
transport was not incorporated into this model and the cal-
culation of heat transfer coefficients was based on constant
Nusselt number for both the air and fuel sides, which is valid
only when a constant heat flux is transferred to the fluid flow.
However, heat generation within an SOFC depends on the
rate of electrochemical reactions which is not uniform.
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In the present work, a mechanistic model of a cathode- Table 1
Supported tubular SOFC s developed. Fuel and oxidant gase@imensions of cell components and of the flow passages used in the model
considered in this model are humidified hydrogen and air, Item Value
respectively. The model geometry comprises the air and |. component thickness.n)

fuel channels, cathode, electrolyte, anode and
tube. Momentum, heat and mass transport equ

with the electrochemical reactions are solved simultaneously.

Therefore, correlations for heat and mass transfer are not

required. In addition, the model incorporates

potentially important factors: finite pathode size, mass trans- 5 e side of air-preheating tube
port of O, through the cathode using the dusty-gas model, |nner side of supporting tube
dependence of the exchange current densities on tempera- Outer side of anode

ture and concentration and radiative heat transfer between Outer diameter of fuel channel

the cell and air-preheating tube.

2. Model description

2.1. Basic features of the cell and model geometry

air-preheating Supporting tube 1500
ations coupled Cathode 1000
Electrolyte 50
Anode 150
1. Diameter (mm)
a number of _ _ _
Inner side of air-preheating tube .08
.09
B
12
)
11I. Cell length (mm) 500

energy and mass transport through the supporting tube are

considered to be similar to those through the cathode so that

no distinction is made between these components of the cell.
Due to symmetry conditions, only the portion on one side

The cell components used in this simulation consist of of the symmetry plane is considered in the moé&é(2). The
supporting tube, cathode, electrolyte and anode fabricated inanode thickness-{direction) is not taken into account in the

a tubular shape with one closed end, as illustr

atefeign 1 model geometry since mass transfer and ohmic resistances

The cell dimensions are taken from the work of Hagiwara et through the thin porous anode are much smaller than those
al.[12] (Table ). Forthe purposes of this model development, through the other cell components.

Symmetry plane

I— - ]
> > Anode
Electrolyte
““““‘ L% % % N\ W\ r
' Cathode
= - L.Z
Air inlet

———
Fuel inlet

(a)

C

Air-preheating tube

urrent out

Interconnect
Anode

Electrolyte

Cathode

Air-preheating tube

(b)

Symmetry plane

Interconnect

Current in

Fig. 1. Schematic diagram of a typical tubular SOFC: (a) longitudinal section of flow passages and (b) cell cross-section.
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Fig. 2. Schematic diagram of the model geometry (not to scale).

Since the variation of the system properties in the 2.3. Equivalent circuit of a tubular cell

azimuthal @)-direction is not expected to be significant, the
model equations are solved in two dimensions only in-the In order to describe the flow of current and the effect of
plane (sed-ig. 2 to determine the profiles of current den- ohmic resistances on cell performance, the equivalent circuit
sities, temperature and species concentrations along the celshown inFig. 3is used. The flow of current from the anode
length. However, since the current flows in thelirection interconnectto the cathode interconnect through the cell com-
as it flows from one interconnect to the other, an ohmic drop ponents can be described in terms of an equivalent circuit over
exists inthis direction. This effectis incorporatedinthe model the cross-sectional area of the cell. To determine the ohmic
by coupling the equations in thez plane to a separate cal- drop within the cathode and the anode, the peripheral path of
culation of the ohmic resistance along the path of the currentthe cell is divided into many small equal segments. The resis-
flow in ther—0 plane at each-position. Some simplifications  tances of the cathode and the anode to current flow between
and assumptions were made in order to effectively link the the nodes are given as:
calculation in the two planes, as described next.

LpathAn

Rpan = —— 1)

2.2. Model assumptions oAnAan

e The model is based on steady-state, non-isothermal oper-
ation using humidified B as the fuel source.

e Gas flows in the channels are laminar.

e The fuel cell operates with 100% current efficiency, i.e.,
no reactant gas crossover or side reactions.

e There is no variation of temperature and species concen-
trations in the azimuthal direction within the cell.

e Heat transfer within the porous cathode occurs by conduc-
tion only, i.e., the enthalpy carried by oxygen in the pore
space is negligible.

e Heat transfer by radiation occurs only between the air-
preheating tube and cell structure. The radiant heat from
one cell to the next cell within the stack is negligible
because of geometrical symmetry, i.e., the temperature dis-
tribution along the cell length is the same from one cell to
the adjacent cells.

e The mass transfer resistance through the porous anode is
ignored because of its small thickness and comparatively
high H, diffusivity.

e The ohmic drop within the cell is due to ionic resistance
of the electrolyte and electronic resistance of the porous
electrodes along the peripheral current path intglane
at eache-position.

e Thecurrentdensity along the peripheral path at the cathode
is equal to that at the anode since the radius at the peripherytig. 3. schematic diagram of equivalent circuit to account for ohmic resis-
of the cathode is similar to that of the anode. tances in the—9 plane (not to scale).

Load

L ‘path =r

&1n radian
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Lpathcat determined as follows:
Rcat= m (2)
aricat V. (—0gVeE) =0 or
Wh(_areLpamAn and Lpath,catare the path lengths along eac_h 19(roe de/or)  d(oE dpe/d2)
peripheral segment of the anode and the cathode, respectively— 5 + 5 =
oan andocas represent the conductivities of the anode and r <

the cathode, respectively. However, in the range of SOFC This equation can be solved numerically subject to the fol-

0 (6)

operating temperature (800—1200), oan andocat remain lowing boundary conditions:
virtually constanf13]. Aan andAcgtare the areas perpendic-
ular to the flows ofian andlcay, respectively. n-(ogVog) =—Jan at r=rg
Assuming no ohmic resistance within the interconnects, (anodelelectrolyte interface) @)

¢a,0 and ¢cy are the same as the potentials of the anode

interconnects, i.e¢a,0=®an andeoe y = pcar. Moreover, the

current density flowing from the anode to the cathdg &t n-(oeVee) = Jecar at r=rc

every node is the same because it is determined by the eIec'(cathode/electrolyte interface) @)
trode kinetics that are functions of temperature and species

concentrations for which no angular dependence is assumedwhere/caandJan arise due to the electrochemical reactions
The current balance for the anode region can be describecbf O, reduction and H oxidation, respectively, in units of

as: Am~2, These rate expressions are obtained from the work of
For nodej, j=1,...,.N—1: Nagata et all3]:
1000RT 2Fnan —Fnan
i — a1 i1 — Pa Jan = —— ex —ex
¢a,j ¢a,J _ ¢a,/+ ¢aj — IeAg =0 (3) An 3F SAn{ IO( RT ) p( RT
Ran Ran
9)
For noden:

PaN — PaN-1

R —IgAe=0 (4) J _ 1000RT ox —2Fncat ox 2Fncat
Cat= aF SCat p TRT p RT

(10)

The current balance of each node at the cathode region can
be formulated similarly.

wherenan andncatrepresent the anode and cathode overpo-

Although Ie has no angular dependence, it varies in the i _ X
tentials, respectively, i.e.,

longitudinal direction{-direction). It becomes computation-

ally prohibitive to solve the anode and cathode current bal- — 0
) . ; = —¢g— E 11

ances for each value afand then use them in conjunction NAn = $an — PE An (11)

with the transport equations in t_hean(.jz—dlrectlons. Con-  pear= dcai— e — E2, (12)

sequently, the approach used is to first solve the transport _ B

equations in the- andz-directions to obtain numerical values wheregan and¢cat are the average potentials at the anode

for the current densityan (=Jcap) over the entire periph-  and the cathode, respectively, estimated by Simpson’s rule

eral path as a function of. Once this is obtainedg is using the potentials obtained from the equivalent circuit:
determined as the average value/gf over the cell length
Lie., $an + 4Pa1 + 2¢a2 + 4pasz+ - -
— +2¢an—2 + 4pan-1+ PaN

1t ¢an = > > 2 (13)
Ie=— Jan dz (5) 3N

L Jo
The current balances given by E¢8) and (4) are solved be.0+ b1+ 2062 + bpe3+ - - -
once using this value afz to yield one set of anodic and + 20e N2 + dbon_1 + deat

cathodic potentials representing the average behaviour in thepcat = (14)
axial direction.
The amount of current flowing through the electrolyte Since the electrode resistances remain essentially constant
is related to the electrochemical reactions of &hd H at over the range of temperatures within the SOFC, the poten-
the cathode/electrolyte and the anode/electrolyte interfacestials within the electrodes can be determined afgde spec-
respectively. No homogeneous reactions occur within the ified. The dependence ¢fn — ¢pan andgcat — pcatOn g at
electrolyte and transport by?0 across the electrolyte occurs  temperatures between 800 and 12G0s shown inFig. 4.
predominantly by migration rather than by diffusion. Thus, These simple relationships were used to facilitate the numer-

the distribution of the potentiafig, within the electrolyte is ical algorithm to solve the model.

3N
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0.08 Momentum inz-direction:
0.07 8(,0,'1),'1),') 1 8(r,o,-u,~vi)
S I ] +-
< 0.06 32 r or
§E 0.05 | Yeudeu=12x107 | /. ] pi + 0 dv; 19 ;
i ] T . il ()
< 0.04 N\ 9z 0z Hi 0z ror Moy
og 0.03 /.%T - -|—2 i 19 r i (21)
T o0 R ’ oz \"az ) T rar M2
< 001 | j; e ] Momentum inr-direction:
) IR S I S RN piviuy) L1 a(rouiu;)
0 1000 2000 3000 4000 5000 6000 oz + ; or
I, (Am?) p; 9 ou; 19 ou;
o = T M) e UM
Fig. 4. Plot ofpan — ¢an andecat — ¢cat @s a function ofg between 800 r < < ror r
and 1200C. a av; 190 ou; 2uiu;
_ Lt - Gl 22
+81 (MZ 3r)+r8r (r,ul Br) r2 (22)
ES,, andE2, are the reversible half-cell potentials of the Eneray transport:
anodic and cathodic reactions, respectively, as expressed by: 9 port
. RT 3(piCp,v;T) N 13(rpiCp,uiT)
EAn = _E In pOZ’An (15) 8Z r 8}"
ad aT 10 aT
o _ RT =% (’\"a) T (“far) +0 (23)
Ecar=—77 In po,.cat (16) 4 z
Species transport:
where po, an and po,,cat are partial pressures of,(atm) (e M v 180 Mot
at the anode/electrolyte and cathode/electrolyte interfaces, (cjM,vi) + = (re;Mjui)
respectively. The former can be calculated assuming that 9z r or
PO, An IS in chemical equilibrium with other fuel gases, and B e 10 ac;
: . =— (D, )+=—(rD;=L ) +5; (24)
hencepo, an can be written as: az \ 7 oz ror T or J
PH,0 AN wherei denotes fuel or air angirepresents blin the fuel
PO,,An = (K2> a7 stream or @ in the oxidant stream. The mass diffusion
He PHz.An coefficients,Dy, and Do,, as well as the air and fuel heat
WhereKH2 isthe equi“brium Constantfori—H- 1/202 — H,0 (-:apaCitieS, are determined USing the equations found in the
which depends on temperature. literature[14,15]
The termsscat and san given |n_Eqs..(9) and (10) are The sink termQ in Eq. (23) and the source ters} in Eq.
estimated by the following correlatioif3]: (24) are set to zero because generation/consumption of heat
13000 and mass is considered to occur only at the domain bound-
scar= 1.047 x 10° exp <— o7 0) P& %Tat (18) aries. In this model, @and H consumption takes place at
the boundaries;=rc andrg, respectively. Heat generation
12000 due to the electrochemical reaction is assumed to take place
san = 6.166 x 107 exp (— o7 (5 J (19)  atr=re.

Within the porous cathode, the momentum and mass trans-
port equations are different from the previous equations since
2.4. Momentum, mass and energy transport equations the porous cathode is treated as a barrier to gas transport. On

the other hand, the energy equation can be applied inside the

According to the geometry shownfig. 2, the equations  horous cathode without much modification. Only the correc-
for momentum, heat and mass transport as indicated in Eqsyjon of the thermal conductivity to combine the properties of
(20)24)are solved simultaneously within the gas flow pas- the cathode material, lanthanum strontium manganite (LSM)
sages (air-preheating tube, air channel and fuel channel). g1 the gas filling the pores must be made:

Overall mass balance: Acat = gcattair + (1 — ¢cadiLsm (25)

Apivi) | 1o(rpjui) wheregcat is the cathode porosity and sy is the thermal
+ =0 (20) % /
0z roor conductivity of the cathode material.
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The most practical model widely used to describe mass cathode porosity. Iwata et gl10] used the same value of
transport inside porous mediaie dusty-gas model [16—18] 7 andzk in the range of 3-6 in their mathematical model.
This model allows for both Knudsen and bulk diffusion mech- Wiilliford et al. [20] used a Wicke—Kallenbach experimental
anisms in the overall diffusive flux and mass-average velocity apparatus to estimate the tortuosity of porous anode. They
in convective flux. The expression governing the molar flux found that the anode materials with typical porosities greater

of gas is given by: than 30% exhibit tortuosities in the range of 2.5-3.0, which is
- M - - somewhat smaller than what Iwata et al. expected. However,
_—pVyl — R/ + Z YmNi = YiNm in the present model, the tortuosity factors are estimated from
RT Dgl =Tl peft formula based on Monte-Carlo simulatidi24].
’ Since the @ reduction reaction occurs only at the cath-
n 2y n Bop v (26) ode/electrolyte interface, the steady-state mass transport for
RT Dléffli m O> within the cathode layer yields

wherey; andp denote mole fraction of speciéand the total V-mo, =0 (32)
pressure inside porous media, respectivﬂffﬁ and Dlefm N

are the effective Knudsen and molecular diffusivities, respec- 2-5- Boundary conditions

tively. N; and N,, are the molar fluxes of the participating ] ) . ] ]
gasesB, characterizes the pore structure and can be deter- On the symmetrical axis at the air-preheating tube, i.e.,

mined from the Carman—Kozeny relationsfi] r=0:uair = 0,37/9r =0,dco,/dr = 0 anddvair/or = 0, and at
the fuel channel, i.er,= rrc: usyel = 0,07/9r =0, dcH, /or = 0
dg @3 o7 and dvfel/0r = 0. At the fuel inlet, i.e.,z = 0, the inlet
°= \ 72¢ (1— ) @7) velocity, temperature and species mole fraction are pre-

scribed by the known operating conditions. Similar inlet

wheredp, T and ¢ are the particle size, tortuosity factor conditions for air are given at = L. At the outlet of the
and the porosity of the porous media, respectively. The first air and fuel channelsi:(fuel or air) atz = L, p;=1atm,
and second terms on the right-hand side of @) repre-  9u;/5z=0 anddv;/dz = 0. For heat and species transport,
sent Knudsen and molecular diffusions, respectively, while 37/5; =0, dco,/dz = 0 and dcp,/dz = 0. At the closed
the third term accounts for convective flow as described by end ¢=0), uajr=0, var = 0, T= Tiuel,inlet and Vo, (1, z) =
Darcy’s law. 0. Since the electrochemical reactions consume add

With typical pore sizes and material properties of the H,, the boundary conditions for Oand H transport are
porous cathodedf=1pm, t=4, ¢=0.3), Bo is estimated  given byn - mo, = —JcaMo,/4F atr=rc andn - my, =
to be 1.91x 106 and 1+ Bop/DfEu tobecloseto 1. This  —JanMn,/2F at r=rg, respectively. For transport within
indicates that convective transpo’rt inside the porous cathodethe electrolyte, the boundary conditions ar@eVoe) = Jcat
is insignificant. Substituting this approximation into E26) andn-(ceV¢g) =—Jan at r=rc andrg, respectively. It is
an expression used to determing i®ass flux is as follows: assumed that the heat generation in the tubular cell is due

eff eff
DOz,kDC)szz

DY\, + (1= co,/co) DA | + (coz/ctot)Dﬁ,f;k]

wherecio is the total gas concentration in the porous cathode to the exothermic electrochemical reactionatre. Conse-
(ctot = cN, + €0,). DY _y,, D and DY | can be deter-  quently, n-(AeV7) =Jan[ AHeled 2F + (¢cat— ¢an)] applies

mo, = — { Mo,Vco, (28)

mined as follows: at r=rg, where AHglec is the enthalpy change due to the
overall electrochemical reaction, i.e.,
D\ = Do, n, (L (29)
Op—Np = F0-N2 { 7 AHeiee= AHi y0 — AHi 1, — 0.5 AHt 0, (33)
off @Cat The radiative heat exchange between the surface of the cath-
Do,k = Doy k <TK> (30) ode ¢=rac) and that of the air-preheating tube=(rapt)

is incorporated as boundary conditions; (AapTVT) =
DE = Dy [ £ @Y 90F(T*l;=rac — T*lr=rper) @tr=rac andn- (iaptVT) =
N2,k N2,k 4 4
K —00F (T ;=rac — T7|r=rapy) 8t r=rapt, WhereF, denotes
the correction factor for heat radiation defined23):

EairEAPT(:L - Sair)

Fr= (34)

[1—{1+

wherety andtk denote the tortuosity factors for molecular whereeajr, eapt and ecat represent the emissivities of air,
and Knudsen diffusion, respectively, and are functions of the air-preheating tube and cathode, respectivaly. strongly

r;/:\;‘:T (ScatEair — Eair — SCat)} (1 — Sair)(l — 8APT)
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depends on the amount ob8 in air as given by23]: Table 3
05 Operating conditions used in this simulation

gair = 0.66+ 0.4P; (35) Item Symbol Value

wherePy, is the partial pressure of2® (millibars). Species and its molar fraction
Hydrogen CHa,in 98.6%

. . . Water CH,0,in 1.4%

2.6. Numerical implementation Nitrogen CNy,in 79.0%

Oxygen €0p,in 21.0%
i ®
The finite-element software pagkagEMLAB [24] was Inlet pressure

used to solve the transport equations coupled with electro- e Pruelin 1.0135x 1C° Pa

chemical reactions. Depending on the initial guesses for the  Air Pairjin 1.0135x 10° Pa

state varia_bles, the tim_e required for each simulation was from et temperature

10to 40 minon aPentium IV 2.6 GHz. It should be noted here  Fuel Thuel,in 870.0°C

that the number of grid points used to discretize the geometry Air Tair,in 600.0°C

is a compromise between accuracy of model results and com-ye| utilization Utgel 85.0%

putational capacity. The grid spacing at the anode/electrolyte Air utilization Usir 16.7%

and cathode/electrolyte interfaces along the cell length wasCell potential Veell 0.6-0.8V

Average current density Ie 100-520 mA crm2

finer thanin other regions since high gradients of temperature
and species mole fractions occur in this region.

3. Results and discussion 08 I o oo.:. ]
- 0 4
3.1. Model validation - CooPe ]
0.6 | ‘Q. |
To ensure that the model can predict the observed I * ]
behaviour of an operating tubular cell, a simulation was done
to compare with the experimental data of Hagiwara et al. I © Experimental data (Hagiwara et al. [12])
[12]. Physical parameters of cell components and cell oper- [ ® Model (Li and Suzuki [7])
ating conditions used in this simulation are summarized in
Tables 2 and Jrespectively. I
In this simulation, the values of fuel and air flow rates 0
were adjusted to match the values of utilization factors given 0
in Table 3 For different operating cell potentials, they were Current density (mA cm?)
found to vary fr01m~0.902 to 0'008. k.g hl for th.e fuel and Fig. 5. Comparison of current—potential plots by the present magel (
~0.4100.9kgh for_ air. Howeve.r' itis |mp033|ple to com- model from Li and Suzukj7] (®) and the experimental data (Hagiwara et
pare these values with the experimental data since they werey| [12]) (¢) at Uair ~ 0.167 andUsuel ~ 0.85.
not reported by Hagiwara et dlL.2]. The current—potential
plot obtained from this simulation is compared with the cell potential very well. Excellent agreement is also obtained
experimental data and the predictions from the model of Li in the low current density region where the fit of the model
and Suzuk{7] in Fig. 5. The present model can predict the from Li and Suzuki7] shows some deviation. As expected,
experimentally observed dependence of current density onhigher current density leads to a lower cell potential due to

Cell potential (V)

4 Present model

Ll

N A
100 200 300 400 500 600

Table 2

Physical properties of the cell components used in this simulation

Item Symbol Value Reference
Cathode porosity ©cat 0.30 [8]
Tortuosity for molecular diffusion ™ 1.50 [21]
Tortuosity for Knudsen diffusion T« 3.44 [21]
lonic conductivity of electrolyte oE 3.3x 10* exp(-103000) QI m~1 [13]
Electronic conductivity of cathode ocat 1280092 tm1 [13]
Electronic conductivity of anode OAn 30300Q 1m? [13]
Thermal conductivity of cathode Acat AWmlk-1 [26]
Thermal conductivity of electrolyte rE 2wWm k-1 [26]
Thermal conductivity of anode AR 2wWm k-1 [26]
Thermal conductivity of preheating tube AAPT 1awnrlik-1 [6]
Thermal emissivity of preheating tube EAPT 0.05 [25]

Thermal emissivity of cathode £Cat 0.35 [25]
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Fig. 6. Surface and arrow plots of velocity profiles for air (a) and fuel (b) inside flow passages for the base casézma@z0 (A cnT2, Vee~ 0.7V,

Uair ~0.167 andUsye ~ 0.85).

the increase in the activation, ohmic and concentration over-tional to the tube diameter. Accordingly, the lower velocity

potentials.

3.2. Simulation results

3.2.1. Flow behaviour
The velocity profiles for air and fuel are presenteHiig. 6.

at the closed end of the cell is expected since the size of
the closed end tube is larger than that of the air-preheating
tube. Moreover, once air hits the cell wall, it loses momen-
tum and its velocity is reduced. The velocity profile changes
only slightly along the cell length outside the air-preheating
tube because the temperature does not change much in this

The gas velocity inside the air-preheating tube increasesregion. This is confirmed in the temperature profile along the
along the tube length since air expands due to preheatingcelllength as shown iRig. 7. Although the mass of &s con-
(Fig. 6(@)). Once air is discharged at the closed end of the sumed by the electrochemical reaction along the cell length,

cell, it impinges on the cell wall and flows further along

the this does not affect the air velocity profile since the total

air channel in the reverse direction in the annular region mass of air flowing through the air channel is much greater
between the cell and the air-preheating tube. At a given than the mass of oxygen consumed by the electrochemical
mass flow rate, the velocity inside a tube is inversely propor- reactions.
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Fig. 7. Surface and contour plots of cell temperature distribufie) for the base case modét (~ 300 mA cnt 2, Vee = 0.7 V, Uair ~ 0.167 andUsye| ~ 0.85).
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Fig. 8. Rate of radiative heat transfer from the surface of the cell to the
surface of the air-preheating tube along the cell lengttraic.

In contrast, the velocity profile of the fuel, as shown in
Fig. 6b), decreases along the cell length although the tem-

perature along the cell length increases. This can be explained

by the fact that H is being consumed electrochemically to
form water in the fuel channel. Although the molar consump-
tion of Hy is the same as the molar generation ofhthe

rate of O generation on a mass basis is nine times the rate
of Hy consumption. As a result, the velocity of fuel stream is
reduced because of an increase in its total mass.

3.2.2. Temperature distribution

The temperature distribution is crucial to SOFC opera-
tion. The reaction kinetics strongly depends on the local cell
temperature, thus affecting the overall cell performance. Fur-
thermore, heat management is a challenging problem during
cell operation. Since the cell length is quite long, cracking
of the ceramic material can occur due to thermal gradients
and hot spots within the cell. Consequently, this simulation
focuses not only on the temperature distribution within the

1050 T LN S A s S S

e No radiation

Radiation
1000
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Cell temperature (°C)
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0.1 0.2

0.3
z(m)

0.4 0.6

Fig. 9. Comparison of computed cell temperature profiles along the cell
length between the cases where heat radiation is included and excluded.
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cell, but also on improving cell design so as to minimize
temperature non-uniformity.

Fig. 7 shows the temperature distribution inside the cell.
In the air-preheating tube, the air temperature increases as
one approaches the closed end of the cell. The gradient is
very high near the air inlet and low at the closed end of the
cell before it enters the air channel. This can be explained by
the fact that a high amount of heat is transferred from the cell
to the preheating tube due to the exothermic electrochemical
reaction. A significant rate of heat transfer occurs near the
inlet of the preheating tube because of a large temperature
difference between the air and the cell. When this difference
is reduced, the rate of heat transfer also declines as observed
near the closed end. The temperature variation within the air
channel is less than that inside the air-preheating tube since
the temperature difference between the air channel and the
cell is not as high as that between the air-preheating tube
and the cell. The radial temperature distribution within the
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Fig. 10. Distributions ofE® (a), overpotential (b) and current density
(c) along the cell length for the base case modgl~(300 mAcnt?,
Veel =0.7 V, Uajr ~ 0.167 andUsye| ~ 0.85).
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fuel channel and cell structure is quite uniform primarily due the fuel outlet region. The high radiation ratezat 0.5m

to high thermal conductivity of the electrode material. With is caused by the large temperature difference between the

regard to the axial direction, the temperature within the fuel cell and the inlet air and makes an important contribution

channel reaches a maximum of abedt110°C near the cen-  to air preheatingFig. 9 compares the cell temperature pro-

tre of the cell, which is~230°C greater than the inlet fuel files in the cases where the radiative heat transfer is included

temperature. Therefore, this region requires particular atten-and where it is not and indicates that its inclusion leads to

tion since the electrode material can crack due to the stressa decrease in the cell temperature~80°C near the cen-

created by hot spots. tre of the cell. This temperature difference is relatively small
The three mechanisms that drive heat from the cell to the because heat convection in the air channel is the predomi-

airare conduction, convection and radiation. Radiative effects nant mode of heat transfer. The contribution of heat radiation

are significant only when the operating temperature is quite should increase as the air velocity is reduced. Although the

high, as in a SOFCFig. 8 shows the amount of heat radi- temperature difference seems small when compared to the

ated from the cell surface to the surface of the air-preheating operating temperature, it is still critical for the heat manage-

tube. Near the fuel inlet, the temperature difference betweenment since the extra amount of heat generated inside a cell

the air-preheating tube and the cell is low enough that only a can cause material degradation.

small amount of heat is transferred to the air-preheating tube.

On the other hand, it is relatively uniform betweet 0.26 3.2.3. Distributions of reversible cell potential,

and~0.34 m where the temperature difference between the overpotential and current density

air-preheating tube and the cell is relatively constant. Atan  Fig. 10illustrates the distributions of the reversible cell

axial distance greater than0.34 m, the rate of radiative  potential ¢°), overpotentials and current density along the

heat transfer decreases slightly fren700 to~550 W ni-2 cell length. E® decreases along the cell length because of
before drastically increasing from550 to~1450 W nT2 in the depletion of fuel and oxidant downstream. The reversible
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Fig. 11. Surface plots of distributions ople) and Q (b) concentrations for the base case mofteN 300 mA e 2, Vel = 0.7 V, Uair ~ 0.167 andyel ~ 0.85).
Concentrations are expressed in terms of molar fractions.
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cell potential at the fuel outlet is about 73% of that at the The model shows good agreement with experimental
inlet end. This implies that the reduction of the reversible current—potential curve data obtained from the literature. The
cell potential is one of the major reasons for decreasing cell distribution plots of flow, temperature, current density and
performance. On the other hand, the overpotentials at thespecies concentrations contribute to a better understanding
cathode and the anode decrease as one moves away from thef transport phenomena inside the cell. The model results
fuelinlet. In general, the overpotential increases as the currentsuggest that @diffusion through the thick porous cathode

density rises. Nonetheless, the overpotentials still decreasdimits the cell performance of a tubular-type SOFC.

even when the current density increases in the region from
z=0 to ~0.2m. The reason is that the effect of increasing

current density is more than compensated by the concomitantAcknowledgements

increase in temperature (d&ig. 7), which leads to a decrease
of overpotential. Moreover, the overpotential at the cathode
side is greater than that at the anode side over the entire lengt
of cell because of inherently slower kinetics of the cathodic
reaction and large cathode thickn¢8k

As shown inFig. 1Qc), the current density increases
and reaches a maximum of440mAcnT? at an axial
distance of~0.14 m. Thereatfter, it continuously decreases
toward the fuel cell outlet. The minimum current density is
~50mA cnt 2 at the tube outlet. The key parameters affect-
ing the electrochemical reaction rate are the localckn-
centration and temperature. At the fuel cell inlet, high H

concentration results in a high reaction rate. The current den-

sity keeps increasing althoughyHoncentration decreases
along the fuel inlet region because of an increase in the local
temperature as depicted Kig. 7. Beyondz~ 0.14m, the
current density decreases while the local temperature is still
increasing since the influence o$ Hepletion affects the cur-
rent density more strongly than the local temperature.

3.2.4. Distributions of species concentrations

The distributions of HH and & concentrations within
the cell are displayed ifrig. 11 The H concentration is
quite uniform in the radial direction over the entire length
of the cell because of the highyHiiffusivity (Fig. 11(a)).
On the other hand, ©concentration at the reaction site
(cathode/electrolyte interface) is much lower than its bulk
concentration especially at the axial position where the high
current density is observedriy. 11(b)). This is likely due
to the fact that @ diffuses relatively slowly through the
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