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Abstract

In this study, a modeling framework for heat and mass transport is established for a unit monolith type SOFC, with emphasis on
guantifying the radiation heat transfer effects. The Schuster—Schwartzchild two-flux approximation is used for treating thermal radiation
transport in the optically thin yttria-stabilized-zirconia (YSZ) electrolyte, and the Rosseland radiative thermal conductivity is used to
account for radiation effects in the optically thick Ni-YSZ and LSM electrodes. The thermal radiation heat transfer is coupled to the overall
energy conservation equations through the divergence of the local radiative flux. Commercially available FMUENT software was
used as a platform for the global thermal-fluid modeling of the SOFC and the radiation models were implemented through the user-defined
functions. Results from sample calculations show significant changes in the operating temperatures and parameters of the SOFC with the
inclusion of radiation effects.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction with the solution of the Navier—Stokes equations of motion
and energy/mass conservati@j.

Solid oxide fuel cells (SOFCs) are promising energy  Most existing models neglect the effect of radiation heat
source under currently active development due to their high transfer. Yakabe et a[3] found that inclusion of radia-
efficiency, high energy density and low emission of pol- tion heat exchange within the flow channels resulted in
lutants to the environment. SOFCs belong to the categorya flatter distribution of the temperature profile along the
of high temperature fuel cells and usually operate around fuel cell. However, the above model neglects absorption,
800-1000C. The high temperature operation allows for emission or scattering in the media and only accounts
the use of natural gas as fuel, thereby eliminating the needfor the surface-to-surface radiation effects in the analysis.
for an expensive reformer system. Unfortunately, the high Though, Hartvigsen et al[4] were able to demonstrate
temperature also makes the fuel cell susceptible to manysignificant changes in stack temperature with the inclusion
materials related modes of thermo-mechanical failure. Re- of radiation effects, not much detail was provided in terms
cently, mathematical modeling has been explored as a vitalof the properties used and the specific radiation model
tool in the development and reliability prediction of fuel employed.
cells. An accurate modeling of the heat transfer mecha- In the present study, the effect of radiative heat transfer on
nisms in the fuel cell is a prerequisite to developing reliable the fuel cell performance is reported. A single unit, mono-
failure predictions tools. lith type, co-flow fuel cell Fig. 1) model was studied by an-

Simplistic thermal models of fuel cells, using heat trans- alyzing the fluid flow, species transport and conjugate heat
fer correlations for assumed fluid flow configurations, have transfer within the cell. The radiative heat transfer (RTE)
been carried out in the paiit]. More recently, temperature  equation was used to model radiation heat transfer and was
distributions in three-dimensional models of planar SOFC solved using the discrete ordinate (DO) method. Alternately,
have been achieved by coupling the electrochemical effectsa simplified radiation model was also developed based on

the Schuster—Schwartzchild two-flux approximation and its

* Corresponding author. Teh:1-404-385-1356; fax+1-404-894-8496,  accuracy was compared to that of the computationally ex-
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Nomenclature

Co speed of light in vacuum (m/s)

G Gibb’s free energy (J)

h Planck’s constant (J s)

H reaction enthalpy (J)

k Boltzmann constant (J/K)

kr Rosseland thermal conductivity (W/(m K))
n refractive index of the medium

gr radiative heat flux (W/m)

T absolute temperature (K)

Tr transmittance

Greek letters

Br  Rosseland-mean extinction coefficient(h
K absorption coefficient (mt)

A wavelength gm)

o Stefan—Boltzmann constant (JAK? s))

T optical thickness

Cathode

Electrolyte

Current Collector
Anode

MCurrent Collector

Air channel

Fuel channel

Fig. 1. Schematic of the monolith type fuel cell modeled.

2. Modeling methodology
2.1. Radiative properties

The prediction of radiation heat transfer in semi-trans-
parent materials requires the knowledge of radiative prop-
erties, namely, the absorption coefficient and the scattering
coefficient of the material. The state-of-the-art SOFCs
uses Vyttria-stabilized-zirconia (YSZ) as the electrolyte,
strontium-doped LaMn®(LSM) as the cathode and nickel
doped YSZ as the anode. The radiative properties of a ma-
terial are usually a function of wavelength, and the spectral
region of interest for thermal radiation can be obtained from
the Planck’s law for blackbody emissive power,

Znh(%

Ep. = n2)5[ehco/nikt — 1]

1)

wherekEy,, is the spectral emissive power of a black bduly,
the Planck constanty the speed of light in vacuunk the
Boltzmann’s constantl the temperature and the refrac-
tive index of the medium. The variation of the black body
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Fig. 2. Spectral black body emissive power foe= 1.6, T = 973K, 80%
of radiative energy contained withindlum < A < 6.1pum.

emissive power with wavelength far= 1.8 [5] and7T =
973 K is shown irFig. 2and corresponds to SOFC operating
conditions. It can be shown that 80% of the radiative emis-
sive power is contained within the infrared spectral region
14um < A < 6.1 pm with the maximum at ~ 1.86 .m.

Fig. 3shows the radiative properties of YSZ obtained with
a 500um thick sample. Clearly, a gray body approximation
can be used in the radiation modeling of YSZ, as the trans-
mittance is found to be independent of wavelength in the
region of interest (Bpum < A < 6.1 wm). The absorption
coefficient of YSZ electrolyte is obtained from

Tr=e*t

)

where Tr is the transmitivity the absorption coefficient and
L the thickness of the medium. The optical properties of the
cathode are obtained from the imaginary part of dielectric
constant spectrfd] and the optical conductivity spectf3]
of Lag_,Sr,MnOs.

The optical thicknessr(= «L) of the fuel cell electrolyte
and cathode, based on the dimensionEaible 1 were found
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. 3. Optical properties of a 5¢0n thick YSZ sample.
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Table 1 o and lower hemisphere. For a gray, non-scattering medium
Monolith fuel cell model description confined between two isothermal, parallel black plates at
Region Type Dimensionn() temperatureSiop and Thottom and separated by a distance
Cathode Porousi(= 0.3) 0.0025 L, the two-flux model gives the radiative heat flux[8%
Anode Porous¢ = 0.38) 0.0025 = C16%% 4 e~ 2 5
Electrolyte Solid 0.0005 9R(2) 1 +C2 ®)
Current collector Solid 0.0005 where
- 4 4
C1=—0(Tpp— THe®,  C2=0(Thuom— T (6)

to be 0.25 and 19 respectively. The optical properties of the
anode material are complicated to calculate as they depenqu
on the distribution of the nickel cermets in YSZ. The pres-
ence of Nickel doping makes the anode highly absorbing to

Lhegmal ra?;]atm?, tthS relsull(tln? n opfucall;t/ ﬁh(;c{(t I>>tr11) b Fig. 4 shows a schematic of a two-dimensional enclosure
enhavior. Therefore, Tor lack of expenmental dala, e ab- | o4 fo validating the Schuster—Schwartzchild radiation
sorption coefficient of the anode is assumed to be the same

that of th thode. Also. the radiati ttering in el model. The bottom and top walls of the enclosure were
as that of the cathode. AISo, the radiation scattering In €1€C- ,iyiained at constant temperatures of 1000 and 2000K,
trodes is neglected, although this assumption is questionabl

o erespectively, with the sidewalls being adiabatic. Studies
considering the porous nature of electrodes. were carried out for different optical thickness by varying
the absorption coefficient of the enclosed medium.

Fig. 5 shows the temperature variation across the thick-
ness of the liquid medium as predicted by the two-flux
approximation, and compares their accuracy with those
obtained using the more accurate but computationally in-
tensive DO scheme. Excellent agreement in temperature
predictions is seen for extremely optically thin materi-

The radiation transport thus calculated can be coupled
th the overall energy conservation by introducing the di-
vergence of the radiative heat flux as a (negative) source
term in the energy equation.

2.2. Radiative model approximation

2.2.1. Rosseland thermal conductivity

For optically thick slabs« > 1), it has been showf8]
that the radiative heat fligr can be estimated with sufficient
accuracy through Rosseland approximation as,

gr = —kr VT (3) als. Large deviations are observed with increase in optical
thickness with the Schuster—Schwartzchild approximation
WherekR is the radiative CondUCtiVity and defined as, fa|||ng for optica| thickness greater than one.
1612073
kr = ——— 4) 2.3. Fuel cell model

3BR

In Eq. (4) Br refers to the Rosseland-mean extinction coef- A general-purpose computational fluid dynamics soft-
ficient, which is equal to the constant absorption coefficient ware (FLUENTM) was used for modeling the transport
for the gray and non-scattering medium. Unfortunately, the and heat transfer phenomena occurring within the fuel cell
above diffusion approximation is not valid near a bound- [9]. The Navier—Stokes and transport equations are solved
ary, where it often fails quiet miserabf8]. This limitation to obtain the flow, species concentrations and temperature
can be overcome by coupling the diffusion model with the at each location in the cell. A coupled electrochemical
Schuster—Schwartzchild two-flux approximation for locally model calculates the current density, cell voltage, and heat
optically thin regions near the boundaries of the overall op- flux at the electrodes based on the species and temperature

tically thick medium. distribution within the cell. This information is then passed
back to CFD model, where it is used to update the species
2.2.2. Schuster—Schwartzchild two-flux approximation and temperature fields. The process continues in an iterative

Schuster—Schwartzchild or the two-flux approximation manner until convergence is reached.
provides a simple solution method for one-dimensional The single-cell modelKig. 1) represents a repeating unit
radiation in a thin, plane-parallel slab. In this method, the cell in the center of a large stack. Hence, adiabatic bound-
radiative intensity is assumed to be an isotropic function ary conditions were assumed on all cell walls. Four chem-
of the propagation direction, but different, over the upper ical species, namely 1 O2, H,O and N, were tracked in

I] cm

Fig. 4. Schematic of two-dimensional model in FLUENT used for validation of Schuster—Schwartzchild two-flux radiation model.
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Fig. 5. Comparison of two-flux method and more accurate discrete ordinate (DO) scheme for different optical thickness. The two-flux method fails for
optical thickness greater than unity.

the simulation. The inlet flows of air and fuel were speci- ume average of the fluid and solid properties. The three di-
fied using constant mass flow boundary conditions. Air was mensional simulations of the unit cell, including the inter-
delivered to the cathode at 0.32mg/s and 750K. The fuel nal gas flow channels, were performed using a fine mesh of
mass flow rate was 0.0045 mg/s at 750 K with the composi- 37,440 computational elements.

tion of fuel by mass fraction being 78%,tand 28% HO.

A fixed pressure condition was used for the fuel and air out-

lets. The pressure drops in the porous cathode and anodey, Results

regions were modeled using Darcy’s law, and the transport

of the reactant species to the electrolyte/anode interface wasg.1. Radiation effect

modeled through diffusion of a multi-component mixture

through porous electrodes. Fig. 6 shows the temperature variation along the
The air and fuel streams were modeled as ideal gas mix-cathode-electrolyte and anode-electrolyte walls of the fuel
tures with the gas viscosities and thermal conductivities cal- cell with and without inclusion of radiation effects. Clearly,
culated based on kinetic theory. The material properties of the heat transfer enhancement due to radiation results in
the solids used in the calculations are listedable 2 The overall decrease of the temperature level within the cell, as
anode and cathode regions were modeled as porous medigell as the less steep temperature gradients along the cell.
with porosities of 0.38 and 0.30, respectively. The material  The maximum electrical work obtainable in a fuel cell,
properties of the porous medium were computed as the vol-gperating at constant temperature and pressure, is given by
the change in Gibb’s free energiG) of the electrochem-

Table 2 ical reaction. The relationship between the Gibb’s free en-

Solid material properties ergy (G) and the reaction enthalpy is known to be[10],

Material Density (kg/r) Thermal conductivity AG=AH—-TAS (7)
(W/(mK))

Anode-solid 3030 5.84 whereAH corresponds to the total thermal energy available

Cathode-solid 3310 1.86 in the systemAS denotes the change in entropy ahdS

Electrolyte 5160 2.16

represents the amount of heat generated by a fuel cell oper-

Current collector 8030 0.1 . . . . .
ating reversibly. The change in entropy9) is a non-linear
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1150 solution of the RTE, the computational costs involved along
with the memory requirements make the implementation
Her | AAAAMAMAAAAAAAAAMALAMALLLLLLLALLLL prohibitive for extensive design calculations and optimiza-
< “n.....m.unn““ tion. To overcome the above problem, a simplified radiation
%1050 i model has been developed that takes advantage of the dif-
% 1000 L o o Radation ferences in optical properties of the fuel cell materials to re-
o] duce the computational expense. In this approach, radiative
E g0 | heat transfer in the optically thin electrolyte was modeled
F using the Schuster—Schwartzchild model, whereas radiation
900 |- in the optically thick electrodes was accounted through the
foeeess® Rosseland diffusion approximation. Failure of the diffusion
850 e ool oo oo oom  oos model near the boundaries was overcome by employing a
@ Distance along cathode-electrolyte wall (m) very fine grid near the boundaries. Subsequently, the first few
cells along the boundary walls of the electrode were treated
1150 as optically thin medium and solved using the two-flux ap-
oo | issssns|  PrOXimation method as well
...mmmnnnu“““““‘ Fig. 7shows the variation of temperature, along the length
< 1050 |, saasasanassstt of the anode-electrolyte interfacedirection) and across the
° o thickness of the fuel cell (at the locatian= 0.025 m), for
2 1000 I s DyRadaton the different radiation models. The maximum difference in
g the temperature predictions obtained using a highly accurate
§ 950 |- discrete ordinate (DO) method was found to 20K as
compared to the simplified Rosseland/two-flux approximate
900 .;- -
850 1 1 1 1 1
0 0.005 0.01 0.015 0.02 0.025 0.03 1150
(b) Distance along anode-electrolyte wall (m)
Fig. 6. Temperature along a centerline passing through the length of the 1100 - ‘n“n““uumuunuununu--
fuel cel[ (x—directign) on (a) cathode—electr_olyte and (b) anode-electrolyte o aaasd ““uun‘“““
walls with and without accounting for radiation heat transfer. o 1050
o 4 No Radiation
. . 2 1000 | ¢ DO method
function of temperature and is of the form, 3 v Radiation sub-model
. T 1 , E 950 |-
AS = AS” +aln <2_98) + b(T — 298 + EC(T — 298
(®) " s
850 1 1 1 1 1
wherea, b, andc are empirical constan{d0] and AS is 0 0.005 001 0015 0.02 0025  0.03
the standard entropy of formation at 298 K. @ Distance along anode-electrolyte wall (m)
The additional heat transfer path provided by radiation 1150
results in a fairly uniform temperature field within the fuel 1100 L
cell system with reduction in the maximum temperatures.
Inclusion of radiation effects resulted in a 20% drop inthe & g, fasasssssassnarnarstrasiusiaspaspastusnipnapasnassq
T ASvalue, thereby, accounting for the 180K decrease inthe o
fuel cell temperature. Also, the maximum available electrical % 1000 - s hoRadation
work, as given inEq. (7) increases with decrease TPAS 3 v Radiation sub-model
and results in corresponding higher fuel cell voltage. Indeed, E 950 -
the observed 180K drop in the cell temperatuiFéy( 6)
causes a corresponding increase in the Gibbs free energy, 900 Frv vy TITeITITIIIsIeIeITITITIITIIITITITITITITITILLL
and results in a significant increase in the cell voltage from 650 . . . . . .
0.65to 0.74 V. 0 0001 0002 0003 0004 0005  0.006
(b) Distance along monolith cell width (m)

3.2. Rosseland/two-flux model
Fig. 7. Validation of Rosseland/two-flux radiation sub-model through

. . . temperature comparison with DO predictions along (a) centerline passing
Although the DO method is very accurate in accounting ajong the anode-electrolyte interface and (b) thickness of the fuel cell (at
for absorption and emission of thermal radiation through the axial positionx = 0.025m).
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scheme. At the same time, the latter radiation sub-modelthis paper as part of the Solid-State Energy Conversion Al-
resulted in almost a ten-fold reduction of the CPU time liance (SECA) Core Technology program.
from 658 min for the DO method to only 76 min with the
simplified Rosseland/two-flux approximation scheme.
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