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Abstract

Radiative transport within the electrode and electrolyte layers, as well as surface-to-surface radiation within the fuel and oxygen flow
channels, has the potential to dramatically influence temperature fields and overall operating conditions of solid oxide fuel cells (SOFCs).
On a larger scale, radiation from the stack to the environment, including heat losses through insulation, must be accounted for in the plan
design, and is of critical importance for effective thermal management of the high temperature stack. In this report, we discuss the curren
state-of-the-art and the challenges that remain in understanding, predicting, and quantifying the effects of radiation in SOFC materials an
systems. These phenomena are of great interest and importance not only from a fundamental perspective but also from a systems design pc
of view. Last, but not the least in importance, the determination of radiative properties of the materials involved — either through experimental
methods or predictive models — must be an ongoing effort as new materials are continuously being developed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction surface-to-surface radiation exchange in thermal models of
SOFCs and concluded that it was significant. Since that time,
Solid oxide fuel cells (SOFCs) operate at temperatures of many papers have reported results of numerical calculations,
the order of 600—100TC [1]; thus, radiation heat transfer someincludingthe effects of radiation (for example, see refer-
must be given special consideration in thermal modeling ef- enceqd6-12]), and others not. The methodologies employed
forts, including stack thermal management and materials de-vary from highly simplified analysis to much more detailed,
velopment. During the last decades, a number of increasinglycomputationally expensive methods (often via commercial
detailed theoretical and numerical models of the coupled CFD codes) with sometimes conflicting results and conclu-
electro-chemical, thermal, and fluid processes in SOFCs havesions reported. Our goal here is to attempt to establish a more
been developed, and multiple papers have been published ormomplete picture of how radiation heat transfer should be
the subject. The first modeling efforts were highly simplified treated in different components of SOFCs and review the jus-
and limited to predicting average cell values such as voltage, tifiable simplifying assumptions that ease the computational
current density, and temperature in isothermal cells—which burden without compromising the validity of the analysis. We
sidesteps the issue of thermal radiation altogether. More de-begin with the discussion of radiative heat transfer in semi-
tailed, non-isothermal numerical models (for examf2e4)) transparent anode (positive electrode)—electrolyte—(negative
began to appear in the early 1990s, and building on these pio-electrode) cathode, or simply, PEN structure of the SOFC
neering works, Hartvigsen et §] were the first to consider  unit cell, extend the discussion to surface-to-surface radia-
tion exchange in the flow (air and fuel supply) channels, and
finally conclude with the analysis of stack level thermal ra-
* Corresponding author. Tel.: +1 404 385 1356: fax: +1 404 894 8496,  diation effects including high temperature thermal insulation
E-mail addressandrei.fedorov@me.gatech.edu (A.G. Fedorov). and overall stack thermal management.
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Nomenclature

differential view factor

blackbody emissive power (W4 um—1)
incident radiation (W m? um~1)

spectral intensity of radiation (Wnf um—1)
refractive index of medium

spectral radiative heat flux (WM um™1)
total radiative heat flux (W rré)
transmittance of medium

Greek letters

e&;‘;U?Qb >R ™

extinction coefficient (m?)
emissivity of boundary
absorption coefficient (m')
wavelength gm)

reflectivity

Stefan—Boltzmann constant (JKm—2s1)
scattering coefficient of medium
spectral optical thickness

total optical length of a medium
single scattering albedo
scattering phase function

gen (at the electrolyte—anode interface), which has diffused
through the anode from the fuel chanfigl (seeFig. 1). The
irreversibilities of electrochemical reactions and the electri-
cal resistance to flow of ions through the electrolyte generate
heat, which is carried out of the cell by the flowing gases in
the channels. The heat transfer from this region of generation
to the ultimate heat sink (ambient) involves radiative transfer
in participating media such as electrodes, electrolyte, and par-
ticipating gases in the channels, as well as surface-to-surface
radiation exchange in the channels.

On the other hand, in a stack of many unit cells, it is desir-
able to maintain uniform temperature profiles and not allow
cells near the edgesto operate atlower temperatures than cells
in the interior of the stack. Thus, management of heat losses
from the stack, through the insulation, to the environment,
is of critical importance in maintaining the overall efficiency
of the stack, and prohibiting the development of damaging
thermal gradients. The design of high temperature thermal
insulation involves an analysis of radiative transfer in par-
ticipating media (within the insulation materials), while the
transfer of heat from the stack to the insulation and to the
environment can be modeled as surface-to-surface radiation
exchange.

Inclusion of radiative transfer in analysis of heat transfer
entails a number of challenges, which are particular to ther-
mal radiation modeling and not encountered in analysis of
convective—conductive heat transfer. The first is the inherent

From a heat transfer perspective, the unit cell operates as &omplexity of the governing equations, which are integro-
heat exchanger, dissipating heat generated by the irreversibldaifferential and, in general, depend on as many as seven inde-
electrochemical conversion of fuel (hydrogen or reformate pendent variables (time, three position variables, two angular
in the case of SOFC with internal hydrocarbon fuel reforma- variables describing direction of propagation of radiation
tion) to electricity. On the cathode side, oxygen molecules rays, and the wavelength). Further, the governing equations
diffuse through the porous electrode and are reduced at theare non-linear, as the emissive power features a fourth-power
interface of the cathode and electrolyte. These ions travel dependence on temperature. Besides the difficulty associated
through the electrolyte and combine with dissociated hydro- with solving these equations, the accuracy of any analysis is
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Fig. 1. Schematic of a planar SOFC stack consisting of numerous individual unit cells. Radiation effects are important on various levels: (d¢twithin e
individual cell, (2) between the cell stack and insulation, (3) within the insulation, and (4) between the insulation and surroundings.
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always limited by the extent to which radiative properties are Table 1 N o
known. Unlike the thermophysical properties relevant to con- Absorption coefficient and refractive index of YSZ

duction or convection heat transfer, which are well behaved, Wavelength (um) Absorption Refractive index
rather well characterized, and usually weakly dependent coefficient,c (cm)

on temperature, radiative properties are often highly (even 1.0 172 1.38
erratically) dependent on wavelength of radiation and surface 1-° 165 1.79
preparation, and a strong function of the temperature. Fur- g:g 122 1:28
thermore, in many cases limited experimental data exist for 5 159 183
radiative properties, and even that is for the materials relevant 3.5 148 1.86
to power generation and aerospace applications. Fortunately, 4.0 121 1.88
in certain cases, making use of carefully justified simplifying 4> 90 1.88
assumptions renders these difficulties manageable and allowsgj5 Sg i:g;
one to obtain results sufficiently accurate for engineering ¢ o 40 184
calculations. Even a simplified analysis can be very costly, 65 34 1.82
however, increasing computational time requirements by 7.0 35 1.79
an order of magnitude or mof6,11] as compared to the 72 47 175
conductive—convective heat transfer calculations alone. This g'g Sg i:g%
fact motivates us not only to discuss the existing modeling g 109 163
methodologies and simplifying assumptions for treating ra- 9.5 152 1.58
diative heat transfer, but also to specify the conditions under 10.0 203 1.52

which certain radiative effects could be neglected altogether.

strong scattering of radiation; the latter may be especially sig-
nificant because of the porous nature of the electrode samples.
Unfortunately, FTIR transmission measurements do now al-
low one to discriminate between extinction mechanisms via
absorption and scattering of thermal radiation, which is a
In general, the electrolyte and the porous electrodes of s_|gn|f|cant limitation |mposed on the_ extgnt of t_he modeling

. o X rigor that can be used in the analysis. Finally, it should also
SOFCs are semitransparent materials; that is, they can absorbb . . . .

) L . . e mentioned that experimental data on radiative properties
scatter, and emit thermal radiation. For a linear medium, the .

discussed above were taken at room temperature, and these

spectral absorption coefficiemt)( refractive indexif), spec- . o
tral scattering coefficienty), and the scattering phase func- properties may be quite different at the elevated temperatures
' (600—1000C) characteristic to SOFC operation.

tion (@) provide a complete set of phenomenological proper-
ties required to model the propagation of radiative energy in

2. Electrode/electrolyte (PEN) structure

2.1. Radiative properties

the medium. In addition, emissivitgYand reflectivity p) of 2.2. Modeling radiative transport
the bounding interfaces must be provided in order to specify ) o o o
the boundary conditiond 3]. Accurate knowledge of these Modeling of thermal radiation propagation in participat-

properties, or the lack of it, as a function of the wavelength ing media requires solution of the radiative transfer equation
and temperature is currently the biggest obstacle to correctly[13] (RTE), an integro-differential equation which cannot be
predict radiative heat transfer in SOFC electrodes and elec-solved analytically in its most complete form. Itis convenient
trolyte. Only recently, initial efforts have been made to exper- 0 Write an RTE in terms of the spectral optical thickness,
imentally measure some of these properties. Murthy and Fe-T. = [ 0B ds, which is a rescaled spatial variabtn the
dorov[6] used FTIR spectrometer measurements of SpeCtrmdirection of radiation beam propagation with the spectral ex-
normal transmittance and reflectance for a single crystal of tinction coefficient, = «; + 03, acting as scaling factor. In
yttria-stablized zirconia (YSZ) to compute its extinction coef- quasi-steady state form, with the given change of variables,
ficientand refractive index, but reported no information about the RTE is,

scattering phase function. In a follow-up wdiK, radiative ) s, o

properties of polycrystalline YSZ electrolyte were calculated — = —Ix + (1~ @1)loi. + E/ 1(3;)P(s:, 5)ds2; (1)
based on FTIR measurements of the spectral normal transmit- A

tance and reflectance. The absorption coefficient was foundwherel, is the spectral intensity of radiatioh,, the black-

to have a strong spectral dependence (sdxe 1. Similarly, body intensity of radiation (function of the local tempera-
200pm thick samples of fully densified Ni-doped YSZ (an- ture),w; =o0,/8; the single scattering albedo (ratio of radia-
ode) and strontium-doped LaMa@LSM) (cathode) were  tion decay by scattering to the total extinction of radiation),
investigated and found to be completely opaque, which is in- and®(5s;, §) is the scattering function, which upon integration
dicative of a large extinction coefficient. However, extinction over the entire hemisphere in Hd.) gives augmentation of

of radiation could be caused by either or both absorption andradiation via in-scattering (i.e., redirection of radiation from
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other directions to the given direction). The radiative heat the Rosseland radiative “conductivity” defined as,
flux at any point within the medium can be computed from

the spectral intensity of radiation (after it is determined by ;. — M (3)
solving Eq.(1)) by integration over all possible directions of 3p
radiation propagation as well as over the entire electromag-\yhere T is the absolute local temperature (K, the
netic spectrum, Stefan—Boltzmann constant (5.67.0-8 W m~2K%), n the
00 refractive index of the medium, arglis the spectrally aver-
qr = / / L, (5)sds2da 2 aged Rosseland-mean extinction coefficient of the medium
0 Jan oo 1 dipy,

% = #fo ﬁ_nﬁdn (n=21/x is the wavenumber). Radia-

Solving Eg. (1) in the most general case of a three- tion is thus coupled to overall energy conservation as,
dimensional, spectrally dependent, absorbing—scattering—

. . . . L dar dr
emitting medium is a formidable task even when it is done ga((z) = gcondz) + grad(z) = —k— — ky—
numerically. Therefore, it is beneficial to explore approxi- dz dz
mate solutions of the problem which are valid in the limit of 16n20T3 dr
some simplifying assumptions, provided those can be justi- = <k + 3—&) dz )
fied for the problem in hand. First of all, the typical SOFC _—
unit cell geometry features very thin (high aspect ratio) lay- effective thermal conductivity
ers of electrode and electrolyte materials arranged in ei- However, caution must be exercised because this approxi-
ther plane—parallel (planar design) or cylindrical/concentric mation does not perform well near boundaries where even
(tubular design) fashion, thereby making a one-dimensional an optically very thick medium is locally optically thin. A
heat transfer approximation well justified. This reduction in comparison of the radiative conductivity to the intrinsic ther-
dimensionality of the problem reduces the complexity signif- mal conductivity indicates the relative magnitudes of radi-
icantly. ation and conduction heat fluxes. As shown in the analysis

The experimental data suggest that SOFC electrodes argsy Murthy and Fedoro{6], the radiative conductivity of the
opaque and, therefore, volumetric radiation can be neglectedelectrodes is much smaller than the overall thermal conduc-
or treated in the limit of the optically thick media approx- tivity, implying that radiation in the electrodes could safely
imation, for which the optical distance, =L > 1, if the be neglected.
extinction coefficient is known. In this case, the very sim- In the optically thin case of SOFC electrolyte, the two-flux
ple, Rosseland approximatigh3] can be invoked since the  approximation provides the radiative heat flux at every point
mean free path for photon propagation is short and radia- within the medium. In order to couple radiation with other
tion propagation can be treated as a diffusion process. On themodes of heat transfer (only conduction in the case of the
other hand, the YSZ electrolyte appears to be optically thin electrolyte), the divergence of the total radiative heat flux is

[7] (zL <1), and in the case of a 1D, plane—parallel medium added to the overall energy conservation equation as a heat
the Schuster—Schwartzchild two-flux approximafib8] can sink,

be used to reduce the RTE (H@)) to a second-order ODE
for spectral radiative heat flux. In analyzing radiative transfer S = =V - gr (5)
in the SOFC electrolyte, the two-flux approximation yielded
a 10-fold reduction in computation CPU time compared to
the most accurate discrete ordinates method of solving an
RTE without losing much accurag§]. Further, details onthe
two-flux formulation for radiation propagation in the SOFC
planar unit cell is given by referencf&7]. For tubular cell
geometries, if the thickness of the electrolyte is sufficiently
small compared to diameter of the tube, a one-dimensional
planar solution of RTE may be used to obtain an approximate
solution, but strictly speaking, the cylindrical coordinate for-
mulation is required.

If spectralradiative heat flu7] is calculated as a solution
of the RTE, it must be integrated over the entire spectrum to
obtain thetotal radiative heat flux, which is used in E).

Therelative importance of radiative heat transfer in the op-
tically thin electrolyte depends on a number of parameters,
with the thickness of the electrolyte layer and the tempera-
tures at the boundaries being the most important. In general,
the greater the temperature is and the thicker the layer is, the
more significant the radiative transfer becomes as compared
to heat conduction in electrolyte. This is because the radia-
tive heat flux is scaled with temperature to the fourth power
(unlike the linear dependence of the conductive heat flux),
2.3. Coupling of radiation to overall energy while conductive resistance to heat transfer increases linearly
conservation with the thickness of the conductive layer. Therefore, itis not

surprising that Murthy and Fedord®] showed that thermal

In the optically thick case of SOFC electrodes, augmen- radiation through the electrolyte dramatically affected the op-
tation of total heat flux due to thermal radiation is accounted erating temperature and voltage in a monolith-type cell with
for by using an effective thermal conductivity, given by the a thick, 50Qum electrolyte. More recently, with better radia-
sum of the intrinsic thermal conductivity of the medium and tive property information and for the state-of-the-art, anode-
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can quickly become very involved with more than a half of
da dozen of advanced, competing models available, each of
them still with somewhat limited range of validity.

Here, we are more interested in a simplified analysis in
order to establish whether or not radiation transfer in gases
should be considered at all or if gases can be treated as
essentially non-participating medium as far as SOFC fuel
flow channels are concerned. To this end, the concept of the
Planck-mean absorption coefficient becomes very useful for
this approximate back-of-the-envelope analysis. From the
literature data (see, for example, Mod§k3]) these spec-
trally averaged absorption coefficients are approximately:
qr = n’o(T} — T3) (6) 0.1cntlbar?! for H,0; 0.3cnrtbar ! for CO, and CO;

. _ _ 0.4cntlbar? for CHy at 600°C. A quick calculation of
and the radiative heat flux will only be reduced from this {he optical thickness of the fuel channel across its diame-

value as a separating medium becomes absorbing. Thus, i er (~5mm) for a typical fuel stream composition yields
7. <0.1 at atmospheric pressure, leading to gas transmit-

this maximum radiative heat fluxis much less thanthe average
conductive heat flux given by the following expression for the tance, Tr = expf-t ], approaching unity—implying that the
medium can be treated as transparent. Surface-to-surface ra-

layer whose thickness Is
i n—" - diation exchange is thus the only radiative transfer mode that
ge = L ) must be considered in the flow channels of SOFC unit cells.
then the radiative heat transfer effects will be negligible. This From the property p_erspecnve, the only requwgd Input _to thls
model is the emissivity of the relevant materials, which is

scaling argument should only be used as a filter to eliminate well k d ianificantly d di i
unnecessary, costly computations, not as an analysis tool MOt WEllknown and can vary significantly cepending on tem-

We cannot stress enough how many simplifying assumptionsperatun? anq red.ox state. Finally, it .ShOUId be noted that this
are involved in the analyses presented above, and the reade‘?OrlCIuSIon is strictly valid for the airffuel supply channels

should exercise these results with great care as they cannot b@”th \I/er_y high aspecr;[ rg’glotﬁnly. Nottsurprlsmgly, t:we dsban\1/e
automatically extended to other geometries, conﬁgurations,ConC usionwas reacned in the recent paper presented by van-

or operating conditions. de.rSteen and Pharofg] although several aspects ofthe anal-
ysis presented by these authors are not strictly accurate.

supported planar cells with very thin-(5um) electrolyte,
the effect of radiation was found to be negligible compare
to conduction in the solifi7].

As ageneralrule, in order to quickly determine whether or
not to include radiation in the analysis, the magnitude of the
maximum radiative heat flux can be compared to the mag-
nitude of the conductive heat flux. The radiative heat flux
at any point in a medium bounded by two temperatufes,
andTp, cannot exceed the limit set by radiation exchange be-
tween two black walls separated by a radiatively transparent
medium,

3. Air/fuel channels 3.2. Modeling surface-to-surface radiative exchange

In this section, we consider radiative transfer in the flow  Here, we review the net radiosity methfid] for calcu-
channels which are used to supply the fuel (hydrogen or hy- lating the radiative heat flux between surfaces in a channel
drocarbons) and oxidizer (air) to the cell PEN structure and (planar and tubular cell) separated by a transparent medium,
are bounded by hot (emitting radiation) walls. In general, one and comment on some simplifications that can be made to
needs to consider emission and reflection of radiation by thethe analysis under certain conditions. As a first approxima-
walls as well as its extinction (absorption and scattering) and tion, one can assume that the walls are opaque, gray, diffuse

emission by the flowing gases. emitters, and reflectors of thermal radiation, especially in the
absence of more detailed property data. However, in the case,
3.1. Radiative properties when one of the walls is a porous surface of the electrode,

this assumption may be questionable and the analysis be-

Air mainly consists of simple non-polar nitrogen and oxy- comes proportionately more complex. One way to avoid this
gen molecules and, therefore, is non-interacting (transparent)difficulty is to assign an apparent emissivity and reflectivity
with thermal radiation at the moderate pressures and temper40 the porous electrode interface, which can be computed or
atures found in SOFCKL3]. Therefore, no bulk extinction =~ measured by considering the entire porous electrode layer.
and emission of radiation take place, limiting the radiative By forming an enclosure based on the flow channel geome-
transfer to surface-to-surface exchange of radiative energy.try (where all openings are closed by virtual black surfaces
For the fuel channels, however, the analysis is more com- maintained at 0 K), the radiative heat flux at any point on the
plicated due to the presence of the following participating surface of the flow channel is given by,
species: HO, CO, CO, CH,, and possibly, other hydrocar-
bons. Radiative properties of these gases are well established‘ﬂ — / <
(even at high temperatures) and show very strong spectral, < (r) A
temperature, and pressure depend§ti8k Therefore, an ac- ,
curate treatment of spectral emission and absorption by gases ~— Ev(r) - /AEb(r ) dFga—an (8)

—i 1) 40 dFan-a -+ Fol)
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where dFga_ g isthe diffuse shape (view) factor between two PEN

surface elementstdand &Y, ¢ the emissivity of the surface, ——# | Fuel Supply e TabE
Supp!

Ep =oT* the blackbody emissive power, ahtj is incident I = z
radiation entering or leaving the enclosure through a virtual — | =

—
surface (can be used to couple analysis of the flow channel _ )
with radiation to/from the cell surrounding/manifolds). No- E—' 7
tice thatin order to solve E@B) for heat flux, the temperature I
at every point in the enclosure must be known as well as the :

emissivity. However, the flow channels in the planar-type fuel -
cells typically have high aspect ratib/¢i ~ 30), and there-
fore, following the conclusions reached in pagérs-16] the Fig. 3. In a tubular cel9,10], thermal radiation from the outer supporting

walls can be treated as black surfaces with emissivity equal toair tube to the air supply pipe is the dominant heat transfer mechanism due
1. This greatly simplifies the analysis, and the radiative heat ©© the large temperature difference between the two surfaces.

flux at any point on the channel walls can be expressed as, Once again, this must be determined on a case-by-case

basis.
= Bulr) ~ [ Eo)dFas-ans — Holo) ©)
A
. ) ) 3.3. Coupling of radiation to energy equation
The view factor &q4a_ga in EQs.(8) and(9) physically repre-

sents the fraction of radiation leaving surface elemérthat Once radiative heat flux at the surface is calculated, it can

is incident on another surface elemeAt dithoutany inter- o i crporated into overall energy conservation through the
mediate reflections, i.e., via direct travel (ddg. 2). View boundary conditions at the walls

factors are geometric quantities which can be evaluated ana-

lytically, numerically, or by consulting tabulated vall&8]. Geonv + grad = gcond = M(Tb — Teo) + Grad

The view factors between elements on the channel walls and aT

inlet/outlet elements diminish to zero very rapidly with dis- = —ka— (10)
tance from the enflL5]. The view factors between elements *" Iboundary

at fixed axial positions (i.e., on top of each other) are rela- Comparison of the magnitude of the convective and radiative
tively large, but the temperature differences between the wall heat fluxes will give an indication of which heat transfer mode
surface elements at a given axial position are relatively small is dominant, and which, if any, can be neglected.

in a typical fuel cell. Thus, radiative heat flux is not expected

to have a large effect on the average operating temperature

of the cell, although some have indicated as much as’€30 4. Insulation materials

decrease in maximum temperature and a flattening of the

temperature profile with the inclusion of surface radiation in 4.1. Radiative properties

planar cell channelg,11].

It is important to point out the fundamental difference Recently, Spinnler et a[17,18] published an excellent
between a tubular cell channel and planar cells in analyzing theoretical and experimental analysis of high temperature
the flow channel radiation exchange. In the tubular cell, insulation for application to SOFC stacks. The insulation
radiation exchange is between the surfaces of two concentricdesign considered by these authors featured multi-layer
tubes, the air supply tube, and the porous support tubethermalinsulations (MTIs), wherein highly reflective screens
(Fig. 3), and the black surface approximation would not gen- are separated by insulating, opaque spacers as shown in
erally be appropriate. However, there does exist symmetry in Fig. 5. The screens increase the overall thermal resistance
the radial direction that allows the channel to be discretized
into N isothermal slices unlike the channels in planar cells.
Fig. 4 shows this schematically, and gives an indication
of the view factors that should be calculated. Depending
on geometry of the channel, some of these view factors
may be negligible or vanish quickly in the axial direction.

dA4’

Fig. 4. View factor calculation for the isothermal slices on two concentric
tubes: (A) the inner surface “sees” the outer surface of the same slice and
vice versa, (B) both surfaces see other slices along the axial direction, (C)
Fig. 2. Schematic to aid in view factor definition for two surface elements the outer surface sees itself, and (D) both surfaces of a given slice see the
ina planar cell flow channel. external environment.

dA _—
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M M each layer were calculated independently and added together
to yield the total radiative heat flux. The heat flux was then

coupled to the energy equation in the solid via a source term,
Combined Conduction-Radiation

v

Cold dx dx

The theoretical model predictions compared favorably with
results in the literature for highly scattering materials, but not
so well for purely absorbing materials.

d dT
Hot

Spacer Spacer

4.3. Experimental results

\SCLH/ 'I_'he theoretical pr_edictions were also compared to ex-
perimental data obtained by the authfig,18] Test MTls
Fig. 5. Multi-layer thermal insulation wherein opaque, insulating spacer 30mm in thickness Were constructed with screens (fOU!‘
materials are separated by reflective screens which reduce the heat loss bggually spaced) and without screens. The screens were stain-
back-reflecting thermal radiatida7,18} less steel (Cr 22 A15Y), gold, or ceramic 68l3). The spacer

materials tested were Isotherm 1000 (Frenzelit), HT 1000

of thg MTI by reflecting thermal radiation back towards_ the Klevers), Saffil (ICI), and Super G (Microtherm). Theoreti-
hot side. Several screen materials such as gold, ceramic, andg| calculations of temperature dependent, effective thermal
stainless steel have been considered with reflectivity rangingconductivity fit the experimental data within 10% except for
from high to low values, respectively. The spacer materials tpe case of highly absorbing spacer materials.
considered by the authors were of the fibrous (thermal | general, the presence of the screens dramatically lowers
conductivity, k~0.1-0.35WnT*K™!) and microporous  the effective thermal conductivity of the MTI, by as much as
(k~0.02-0.04Wm*K~?) type with known absorption 500 in some cases. Also, it was shown that effective conduc-
and scattering characteristics. The goal of the analysisijyity decreases with a decrease in screen emissivity (gold
was to develop a thermal model for MTls that predicts the gcreens performed best). As expected, use of higher opac-
experimentally measured effective thermal conductivity, ity spacer materials such as Microtherm Super G resulted
given material selection and configuration. in lower effective thermal conductivity. Overall, this work
[17,18]provides a sound theoretical and experimentally vali-
dated basis for the design and application of multi-layer ther-
mal insulation and can be recommended for use in design

_The analysis was done in the limit of steady, one- analysis of other thermal insulation materials for SOFCs.
dimensional conductive-radiative heat transfer in the

plane—parallel layer of insulation. It was determined that the

Rosseland diffusion approximation underestimates the influ- 5 Radiation from stack to environment

ence of radiation screens, since the opaque spacer material is

optically thin very near the screens. Thus, the RTE was still  Effective stack thermal management is a requirement for

used to calculate radiative heat transfer in the optically thick maintaining uniform operating conditions across the stack

spacers, and thus preserving stack efficiency. For example, if cells near
) o [T . ) the edge of the stack are not properly insulated, their perfor-

COSGd—S =—pl +knlp+ 5/ 1(3,0') sing’ do’ (11) mance can vary from the stack average causing variations in

0 cell voltage. Heat loss from the edges also has the potential

In order to solve the RTE, the scaling model of Lee and Buck- tg induce damaging thermal gradients within cells. In addi-

ius [19,20] which converts a scattering radiation problem tjon, SOFC-based power plant design will require the outer

into a non-scattering one, was used. In this elegant approachgyrface of the insulation to be maintained at some safe, pre-

the scattering coefficient is set to zero and the transmissionggriped temperatuf@1]. These considerations make thermal

and reflection coefficients are scaled, assuming linear scat-modeling of the stack to environment critical, and because

4.2. Radiation model

tering in an optically thin layer, as of high operating temperatures, thermal radiation should be
2 given special treatment.
npg=Q-w) and pg=1- ERpn (12) A first-order simplifying approximation in modeling the
1

stack would be to treat the outer surface of the stack as isother-
A further simplifying technique was to split up each layer mal, exchanging heat with an isothermal inner surface of the
of spacer material intdtN optically thin, isothermal layers, insulation[21]. However, this is clearly not the case for some
which are irradiated and emit radiation from both sides. In configurations of cells (co-flow, counter-flow), which exhibit
this manner, the transmittance, reflectance, and emittance ohighly non-isothermal behavior along the flow direction. It
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