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Radiation heat transfer in SOFC materials and components
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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 plant
design, and is of critical importance for effective thermal management of the high temperature stack. In this report, we discuss the current
state-of-the-art and the challenges that remain in understanding, predicting, and quantifying the effects of radiation in SOFC materials and
systems. These phenomena are of great interest and importance not only from a fundamental perspective but also from a systems design point
o erimental
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f view. Last, but not the least in importance, the determination of radiative properties of the materials involved – either through exp
ethods 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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. Introduction

Solid oxide fuel cells (SOFCs) operate at temperatures of
he order of 600–1000◦C [1]; thus, radiation heat transfer
ust be given special consideration in thermal modeling ef-

orts, including stack thermal management and materials de-
elopment. During the last decades, a number of increasingly
etailed theoretical and numerical models of the coupled
lectro-chemical, thermal, and fluid processes in SOFCs have
een developed, and multiple papers have been published on

he subject. The first modeling efforts were highly simplified
nd limited to predicting average cell values such as voltage,
urrent density, and temperature in isothermal cells—which
idesteps the issue of thermal radiation altogether. More de-
ailed, non-isothermal numerical models (for example,[2–4])
egan to appear in the early 1990s, and building on these pio-
eering works, Hartvigsen et al.[5] were the first to consider
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surface-to-surface radiation exchange in thermal mode
SOFCs and concluded that it was significant. Since that
many papers have reported results of numerical calcula
some including the effects of radiation (for example, see r
ences[6–12]), and others not. The methodologies emplo
vary from highly simplified analysis to much more detai
computationally expensive methods (often via comme
CFD codes) with sometimes conflicting results and con
sions reported. Our goal here is to attempt to establish a
complete picture of how radiation heat transfer should
treated in different components of SOFCs and review the
tifiable simplifying assumptions that ease the computati
burden without compromising the validity of the analysis.
begin with the discussion of radiative heat transfer in s
transparent anode (positive electrode)–electrolyte–(neg
electrode) cathode, or simply, PEN structure of the SO
unit cell, extend the discussion to surface-to-surface r
tion exchange in the flow (air and fuel supply) channels,
finally conclude with the analysis of stack level thermal
diation effects including high temperature thermal insula
E-mail address:andrei.fedorov@me.gatech.edu (A.G. Fedorov). and overall stack thermal management.

378-7753/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2004.11.063



D.L. Damm, A.G. Fedorov / Journal of Power Sources 143 (2005) 158–165 159

Nomenclature

dF differential view factor
Ebλ blackbody emissive power (W m−2 �m−1)
H0 incident radiation (W m−2 �m−1)
Iλ spectral intensity of radiation (W m−2 �m−1)
n refractive index of medium
qλ spectral radiative heat flux (W m−2 �m−1)
qr total radiative heat flux (W m−2)
Tr transmittance of medium

Greek letters
β extinction coefficient (m−1)
ε emissivity of boundary
κ absorption coefficient (m−1)
λ wavelength (�m)
ρ reflectivity
σ Stefan–Boltzmann constant (J K−4 m−2 s−1)
σs scattering coefficient of medium
τλ spectral optical thickness
τL total optical length of a medium
ω single scattering albedo
Φ scattering phase function

From a heat transfer perspective, the unit cell operates as a
heat exchanger, dissipating heat generated by the irreversible
electrochemical conversion of fuel (hydrogen or reformate
in the case of SOFC with internal hydrocarbon fuel reforma-
tion) to electricity. On the cathode side, oxygen molecules
diffuse through the porous electrode and are reduced at the
interface of the cathode and electrolyte. These ions travel
through the electrolyte and combine with dissociated hydro-

gen (at the electrolyte–anode interface), which has diffused
through the anode from the fuel channel[1] (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 edges to operate at lower 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
c rent
c gro-
d inde-
p gular
v tion
r tions
a ower
d ciated
w sis is

F individu ithin e
i insula
ig. 1. Schematic of a planar SOFC stack consisting of numerous
ndividual cell, (2) between the cell stack and insulation, (3) within the
onvective–conductive heat transfer. The first is the inhe
omplexity of the governing equations, which are inte
ifferential and, in general, depend on as many as seven
endent variables (time, three position variables, two an
ariables describing direction of propagation of radia
ays, and the wavelength). Further, the governing equa
re non-linear, as the emissive power features a fourth-p
ependence on temperature. Besides the difficulty asso
ith solving these equations, the accuracy of any analy

al unit cells. Radiation effects are important on various levels: (1) wach
tion, and (4) between the insulation and surroundings.
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always limited by the extent to which radiative properties are
known. Unlike the thermophysical properties relevant to con-
duction or convection heat transfer, which are well behaved,
rather well characterized, and usually weakly dependent
on temperature, radiative properties are often highly (even
erratically) dependent on wavelength of radiation and surface
preparation, and a strong function of the temperature. Fur-
thermore, in many cases limited experimental data exist for
radiative properties, and even that is for the materials relevant
to power generation and aerospace applications. Fortunately,
in certain cases, making use of carefully justified simplifying
assumptions renders these difficulties manageable and allows
one to obtain results sufficiently accurate for engineering
calculations. Even a simplified analysis can be very costly,
however, increasing computational time requirements by
an order of magnitude or more[6,11] as compared to the
conductive–convective heat transfer calculations alone. This
fact motivates us not only to discuss the existing modeling
methodologies and simplifying assumptions for treating ra-
diative heat transfer, but also to specify the conditions under
which certain radiative effects could be neglected altogether.

2. Electrode/electrolyte (PEN) structure

2.1. Radiative properties

s of
S bsorb,
s , the
s -
t nc-
t per-
t y in
t
t ecify
t se
p gth
a ectly
p elec-
t per-
i d Fe-
d ctral
n al of
y ef-
fi out
s
p ted
b smit-
t ound
t
2 n-
o e
i is in-
d tion
o and

Table 1
Absorption coefficient and refractive index of YSZ

Wavelength,λ (�m) Absorption
coefficient,κ (cm−1)

Refractive index

1.0 172 1.38
1.5 165 1.79
2.0 163 1.90
2.5 162 1.80
3.0 159 1.83
3.5 148 1.86
4.0 121 1.88
4.5 90 1.88
5.0 66 1.87
5.5 50 1.85
6.0 40 1.84
6.5 34 1.82
7.0 35 1.79
7.5 47 1.75
8.0 65 1.71
8.5 79 1.67
9.0 109 1.63
9.5 152 1.58

10.0 203 1.52

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
significant limitation imposed on the extent of the modeling
rigor that can be used in the analysis. Finally, it should also
be mentioned that experimental data on radiative properties
discussed above were taken at room temperature, and these
properties may be quite different at the elevated temperatures
(600–1000◦C) characteristic to SOFC operation.

2.2. Modeling radiative transport

Modeling of thermal radiation propagation in participat-
ing media requires solution of the radiative transfer equation
[13] (RTE), an integro-differential equation which cannot be
solved analytically in its most complete form. It is convenient
to write an RTE in terms of the spectral optical thickness,
τλ = ∫ s

0βλ ds, which is a rescaled spatial variable,s, in the
direction of radiation beam propagation with the spectral ex-
tinction coefficient,βλ = κλ + σλ, acting as scaling factor. In
quasi-steady state form, with the given change of variables,
the RTE is,

dIλ ωλ
∫

w
b ra-
t ia-
t on),
a ion
o f
r om
In general, the electrolyte and the porous electrode
OFCs are semitransparent materials; that is, they can a
catter, and emit thermal radiation. For a linear medium
pectral absorption coefficient (κ), refractive index (n), spec
ral scattering coefficient (σs), and the scattering phase fu
ion (Φ) provide a complete set of phenomenological pro
ies required to model the propagation of radiative energ
he medium. In addition, emissivity (ε) and reflectivity (ρ) of
he bounding interfaces must be provided in order to sp
he boundary conditions[13]. Accurate knowledge of the
roperties, or the lack of it, as a function of the wavelen
nd temperature is currently the biggest obstacle to corr
redict radiative heat transfer in SOFC electrodes and

rolyte. Only recently, initial efforts have been made to ex
mentally measure some of these properties. Murthy an
orov[6] used FTIR spectrometer measurements of spe
ormal transmittance and reflectance for a single cryst
ttria-stablized zirconia (YSZ) to compute its extinction co
cient and refractive index, but reported no information ab
cattering phase function. In a follow-up work[7], radiative
roperties of polycrystalline YSZ electrolyte were calcula
ased on FTIR measurements of the spectral normal tran

ance and reflectance. The absorption coefficient was f
o have a strong spectral dependence (seeTable 1). Similarly,
00�m thick samples of fully densified Ni-doped YSZ (a
de) and strontium-doped LaMnO3 (LSM) (cathode) wer

nvestigated and found to be completely opaque, which
icative of a large extinction coefficient. However, extinc
f radiation could be caused by either or both absorption
dτλ
= −Iλ + (1 − ωλ)Ibλ +

4π 4π
I(ŝi)Φ(ŝi, ŝ) dΩi (1)

hereIλ is the spectral intensity of radiation,Ibλ the black-
ody intensity of radiation (function of the local tempe

ure),ωλ =σλ/βλ the single scattering albedo (ratio of rad
ion decay by scattering to the total extinction of radiati
ndΦ(ŝi, ŝ) is the scattering function, which upon integrat
ver the entire hemisphere in Eq.(1) gives augmentation o
adiation via in-scattering (i.e., redirection of radiation fr
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other directions to the given direction). The radiative heat
flux at any point within the medium can be computed from
the spectral intensity of radiation (after it is determined by
solving Eq.(1)) by integration over all possible directions of
radiation propagation as well as over the entire electromag-
netic spectrum,

qr =
∫ ∞

0

∫
4π
Iλ(ŝ)ŝ dΩ dλ (2)

Solving Eq. (1) in the most general case of a three-
dimensional, spectrally dependent, absorbing–scattering–
emitting medium is a formidable task even when it is done
numerically. Therefore, it is beneficial to explore approxi-
mate solutions of the problem which are valid in the limit of
some simplifying assumptions, provided those can be justi-
fied for the problem in hand. First of all, the typical SOFC
unit cell geometry features very thin (high aspect ratio) lay-
ers of electrode and electrolyte materials arranged in ei-
ther plane–parallel (planar design) or cylindrical/concentric
(tubular design) fashion, thereby making a one-dimensional
heat transfer approximation well justified. This reduction in
dimensionality of the problem reduces the complexity signif-
icantly.

The experimental data suggest that SOFC electrodes are
opaque and, therefore, volumetric radiation can be neglected
o x-
i
e im-
p e
m dia-
t n the
o thin
[ ium
t
b E
f sfer
i ded
a d to
t g an
R e
t FC
p l
g ntly
s ional
p ate
s for-
m

2
c

en-
t nted
f the
s nd

the Rosseland radiative “conductivity” defined as,

kr = 16n2σT 3

3β
(3)

where T is the absolute local temperature (K),σ the
Stefan–Boltzmann constant (5.67× 10−8 W m−2 K4), n the
refractive index of the medium, andβ is the spectrally aver-
aged Rosseland-mean extinction coefficient of the medium
1
β

= π

4σT 3

∫ ∞
0

1
βη

dIbη
dT dη (η= 1/λ is the wavenumber). Radia-

tion is thus coupled to overall energy conservation as,

qtotal(z) = qcond(z) + qrad(z) = −k
dT

dz
− kr

dT

dz

= −
(
k + 16n2σT 3

3βr

)
︸ ︷︷ ︸

effective thermal conductivity

dT

dz
(4)

However, caution must be exercised because this approxi-
mation does not perform well near boundaries where even
an optically very thick medium is locally optically thin. A
comparison of the radiative conductivity to the intrinsic ther-
mal conductivity indicates the relative magnitudes of radi-
ation and conduction heat fluxes. As shown in the analysis
by Murthy and Fedorov[6], the radiative conductivity of the
electrodes is much smaller than the overall thermal conduc-
t ely
b
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a ia-
t de-
r treated in the limit of the optically thick media appro
mation, for which the optical distance,τL =βL� 1, if the
xtinction coefficient is known. In this case, the very s
le, Rosseland approximation[13] can be invoked since th
ean free path for photon propagation is short and ra

ion propagation can be treated as a diffusion process. O
ther hand, the YSZ electrolyte appears to be optically

7] (τL ≤ 1), and in the case of a 1D, plane–parallel med
he Schuster–Schwartzchild two-flux approximation[13] can
e used to reduce the RTE (Eq.(1)) to a second-order OD

or spectral radiative heat flux. In analyzing radiative tran
n the SOFC electrolyte, the two-flux approximation yiel

10-fold reduction in computation CPU time compare
he most accurate discrete ordinates method of solvin
TE without losing much accuracy[6]. Further, details on th

wo-flux formulation for radiation propagation in the SO
lanar unit cell is given by references[6,7]. For tubular cel
eometries, if the thickness of the electrolyte is sufficie
mall compared to diameter of the tube, a one-dimens
lanar solution of RTE may be used to obtain an approxim
olution, but strictly speaking, the cylindrical coordinate
ulation is required.

.3. Coupling of radiation to overall energy
onservation

In the optically thick case of SOFC electrodes, augm
ation of total heat flux due to thermal radiation is accou
or by using an effective thermal conductivity, given by
um of the intrinsic thermal conductivity of the medium a
ivity, implying that radiation in the electrodes could saf
e neglected.

In the optically thin case of SOFC electrolyte, the two-
pproximation provides the radiative heat flux at every p
ithin the medium. In order to couple radiation with ot
odes of heat transfer (only conduction in the case o
lectrolyte), the divergence of the total radiative heat flu
dded to the overall energy conservation equation as a
ink,

= −∇ · qr (5)

f spectralradiative heat flux[7] is calculated as a solutio
f the RTE, it must be integrated over the entire spectru
btain thetotal radiative heat flux, which is used in Eq.(5).

The relative importance of radiative heat transfer in the
ically thin electrolyte depends on a number of parame
ith the thickness of the electrolyte layer and the temp

ures at the boundaries being the most important. In gen
he greater the temperature is and the thicker the layer i
ore significant the radiative transfer becomes as comp

o heat conduction in electrolyte. This is because the r
ive heat flux is scaled with temperature to the fourth po
unlike the linear dependence of the conductive heat fl
hile conductive resistance to heat transfer increases lin
ith the thickness of the conductive layer. Therefore, it is
urprising that Murthy and Fedorov[6] showed that therm
adiation through the electrolyte dramatically affected the
rating temperature and voltage in a monolith-type cell
thick, 500�m electrolyte. More recently, with better rad

ive property information and for the state-of-the-art, ano
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supported planar cells with very thin (∼15�m) electrolyte,
the effect of radiation was found to be negligible compared
to conduction in the solid[7].

As a general rule, 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 temperatures,T1
andT2, cannot exceed the limit set by radiation exchange be-
tween two black walls separated by a radiatively transparent
medium,

qr = n2σ(T 4
1 − T 4

2 ) (6)

and the radiative heat flux will only be reduced from this
value as a separating medium becomes absorbing. Thus, if
this maximum radiative heat flux is much less than the average
conductive heat flux given by the following expression for the
layer whose thickness isL,

qc = k
T1 − T2

L
(7)

then the radiative heat transfer effects will be negligible. This
scaling argument should only be used as a filter to eliminate
unnecessary, costly computations, not as an analysis tool.
We cannot stress enough how many simplifying assumptions
are involved in the analyses presented above, and the reade
s not be
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can quickly become very involved with more than a half of
a 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, Modest[13]) these spec-
trally averaged absorption coefficients are approximately:
0.1 cm−1 bar−1 for H2O; 0.3 cm−1 bar−1 for CO2 and CO;
0.4 cm−1 bar−1 for CH4 at 600◦C. A quick calculation of
the optical thickness of the fuel channel across its diame-
ter (∼5 mm) for a typical fuel stream composition yields
τL < 0.1 at atmospheric pressure, leading to gas transmit-
tance, Tr = exp[−τL], approaching unity—implying that the
medium can be treated as transparent. Surface-to-surface ra-
diation exchange is thus the only radiative transfer mode that
must be considered in the flow channels of SOFC unit cells.
From the property perspective, the only required input to this
model is the emissivity of the relevant materials, which is
not well known and can vary significantly depending on tem-
perature and redox state. Finally, it should be noted that this
conclusion is strictly valid for the air/fuel supply channels
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hould exercise these results with great care as they can
utomatically extended to other geometries, configurat
r operating conditions.

. Air/fuel channels

In this section, we consider radiative transfer in the fl
hannels which are used to supply the fuel (hydrogen o
rocarbons) and oxidizer (air) to the cell PEN structure
re bounded by hot (emitting radiation) walls. In general,
eeds to consider emission and reflection of radiation b
alls as well as its extinction (absorption and scattering)
mission by the flowing gases.

.1. Radiative properties

Air mainly consists of simple non-polar nitrogen and o
en molecules and, therefore, is non-interacting (transpa
ith thermal radiation at the moderate pressures and tem
tures found in SOFCs[13]. Therefore, no bulk extinctio
nd emission of radiation take place, limiting the radia

ransfer to surface-to-surface exchange of radiative en
or the fuel channels, however, the analysis is more
licated due to the presence of the following participa
pecies: H2O, CO2, CO, CH4, and possibly, other hydroca
ons. Radiative properties of these gases are well estab
even at high temperatures) and show very strong spe
emperature, and pressure dependence[13]. Therefore, an ac
urate treatment of spectral emission and absorption by
r
ith very high aspect ratio only. Not surprisingly, the sa
onclusion was reached in the recent paper presented b
erSteen and Pharoah[8] although several aspects of the an
sis presented by these authors are not strictly accurate

.2. Modeling surface-to-surface radiative exchange

Here, we review the net radiosity method[13] for calcu-
ating the radiative heat flux between surfaces in a cha
planar and tubular cell) separated by a transparent me
nd comment on some simplifications that can be ma

he analysis under certain conditions. As a first approx
ion, one can assume that the walls are opaque, gray, d
mitters, and reflectors of thermal radiation, especially in
bsence of more detailed property data. However, in the
hen one of the walls is a porous surface of the electr

his assumption may be questionable and the analys
omes proportionately more complex. One way to avoid
ifficulty is to assign an apparent emissivity and reflecti

o the porous electrode interface, which can be comput
easured by considering the entire porous electrode
y forming an enclosure based on the flow channel ge

ry (where all openings are closed by virtual black surfa
aintained at 0 K), the radiative heat flux at any point on

urface of the flow channel is given by,

q(r)

∈ (r)
−

∫
A

(
1

∈ (r′)
− 1

)
q(r′) dFdA−dA′ + H0(r)

= Eb(r) −
∫
A

Eb(r′) dFdA−dA′ (8)
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where dFdA−dA′ is the diffuse shape (view) factor between two
surface elements dA and dA′, ε the emissivity of the surface,
Eb =σT4 the blackbody emissive power, andH0 is incident
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-
tice that in order to solve Eq.(8) for heat flux, the temperature
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 ratio (L/d∼ 30), and there-
fore, following the conclusions reached in papers[14–16], the
walls can be treated as black surfaces with emissivity equal to
1. This greatly simplifies the analysis, and the radiative heat
flux at any point on the channel walls can be expressed as,

qr = Eb(r) −
∫
A

Eb(r′) dFdA−dA′ − H0(r) (9)

The view factor dFdA−dA′ in Eqs.(8)and(9)physically repre-
sents the fraction of radiation leaving surface element dA that
is incident on another surface element dA′ without any inter-
mediate reflections, i.e., via direct travel (seeFig. 2). View
factors are geometric quantities which can be evaluated ana-
lytically, numerically, or by consulting tabulated values[13].
The view factors between elements on the channel walls and
inlet/outlet elements diminish to zero very rapidly with dis-
t nts
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( en-
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F tion
o ding
o tors
m on.

F ents
i

Fig. 3. In a tubular cell[9,10], thermal radiation from the outer supporting
air tube to the air supply pipe is the dominant heat transfer mechanism due
to the large temperature difference between the two surfaces.

Once again, this must be determined on a case-by-case
basis.

3.3. Coupling of radiation to energy equation

Once radiative heat flux at the surface is calculated, it can
be incorporated into overall energy conservation through the
boundary conditions at the walls,

qconv + qrad = qcond → h(Tb − T∞) + qrad

= −k
∂T

∂n

∣∣∣∣
boundary

(10)

Comparison of the magnitude of the convective and radiative
heat fluxes will give an indication of which heat transfer mode
is dominant, and which, if any, can be neglected.

4. Insulation materials

4.1. Radiative properties

Recently, Spinnler et al.[17,18] published an excellent
theoretical and experimental analysis of high temperature
insulation for application to SOFC stacks. The insulation
design considered by these authors featured multi-layer
t ens
a wn in
F tance

F ntric
t e and
v n, (C)
t ee the
e

ance from the end[15]. The view factors between eleme
t fixed axial positions (i.e., on top of each other) are r

ively large, but the temperature differences between the
urface elements at a given axial position are relatively s
n a typical fuel cell. Thus, radiative heat flux is not expec
o have a large effect on the average operating temper
f the cell, although some have indicated as much as a◦C
ecrease in maximum temperature and a flattening o

emperature profile with the inclusion of surface radiatio
lanar cell channels[8,11].

It is important to point out the fundamental differen
etween a tubular cell channel and planar cells in analy

he flow channel radiation exchange. In the tubular
adiation exchange is between the surfaces of two conce
ubes, the air supply tube, and the porous support
Fig. 3), and the black surface approximation would not g
rally be appropriate. However, there does exist symme

he radial direction that allows the channel to be discret
nto N isothermal slices unlike the channels in planar c
ig. 4 shows this schematically, and gives an indica
f the view factors that should be calculated. Depen
n geometry of the channel, some of these view fac
ay be negligible or vanish quickly in the axial directi

ig. 2. Schematic to aid in view factor definition for two surface elem
n a planar cell flow channel.
hermal insulations (MTIs), wherein highly reflective scre
re separated by insulating, opaque spacers as sho
ig. 5. The screens increase the overall thermal resis

ig. 4. View factor calculation for the isothermal slices on two conce
ubes: (A) the inner surface “sees” the outer surface of the same slic
ice versa, (B) both surfaces see other slices along the axial directio
he outer surface sees itself, and (D) both surfaces of a given slice s
xternal environment.
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Fig. 5. Multi-layer thermal insulation wherein opaque, insulating spacer
materials are separated by reflective screens which reduce the heat loss by
back-reflecting thermal radiation[17,18].

of the MTI by reflecting thermal radiation back towards the
hot side. Several screen materials such as gold, ceramic, and
stainless steel have been considered with reflectivity ranging
from high to low values, respectively. The spacer materials
considered by the authors were of the fibrous (thermal
conductivity, k∼ 0.1–0.35 Wm−1 K−1) and microporous
(k∼ 0.02–0.04 Wm−1 K−1) type with known absorption
and scattering characteristics. The goal of the analysis
was to develop a thermal model for MTIs that predicts the
experimentally measured effective thermal conductivity,
given material selection and configuration.

4.2. Radiation model

The analysis was done in the limit of steady, one-
dimensional conductive–radiative heat transfer in the
plane–parallel layer of insulation. It was determined that the
Rosseland diffusion approximation underestimates the influ-
ence of radiation screens, since the opaque spacer material is
optically thin very near the screens. Thus, the RTE was still
used to calculate radiative heat transfer in the optically thick
spacers,

cosθ
dI

ds
= −βI + κn2Ib + σ

2

∫ π

0
I(ŝ, θ′) sinθ′ dθ′ (11)

In order to solve the RTE, the scaling model of Lee and Buck-
i lem
i oach,
t ssion
a scat-
t

τ

A yer
o s,
w . In
t ce of

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,

d

dx

[
−kc

dT

dx
+ qr

]
= 0 (13)

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

4.3. Experimental results

The theoretical predictions were also compared to ex-
perimental data obtained by the authors[17,18]. Test MTIs
30 mm in thickness were constructed with screens (four
equally spaced) and without screens. The screens were stain-
less steel (Cr 22 A15Y), gold, or ceramic (Al2O3). The spacer
materials tested were Isotherm 1000 (Frenzelit), HT 1000
(Klevers), Saffil (ICI), and Super G (Microtherm). Theoreti-
cal calculations of temperature dependent, effective thermal
conductivity fit the experimental data within 10% except for
the case of highly absorbing spacer materials.

In general, the presence of the screens dramatically lowers
the effective thermal conductivity of the MTI, by as much as
50% in some cases. Also, it was shown that effective conduc-
tivity decreases with a decrease in screen emissivity (gold
s opac-
i ulted
i rk
[ vali-
d ther-
m sign
a s.

5

t for
m tack
a near
t rfor-
m ns in
c ential
t ddi-
t uter
s , pre-
s mal
m use
o ld be
g

he
s ther-
m f the
i me
c ibit
h . It
us [19,20], which converts a scattering radiation prob
nto a non-scattering one, was used. In this elegant appr
he scattering coefficient is set to zero and the transmi
nd reflection coefficients are scaled, assuming linear

ering in an optically thin layer, as

L,β = (1 − ω)τL and ρβ = 1 − 2
3
4τLω + 2

(12)

further simplifying technique was to split up each la
f spacer material intoN optically thin, isothermal layer
hich are irradiated and emit radiation from both sides

his manner, the transmittance, reflectance, and emittan
creens performed best). As expected, use of higher
ty spacer materials such as Microtherm Super G res
n lower effective thermal conductivity. Overall, this wo
17,18]provides a sound theoretical and experimentally
ated basis for the design and application of multi-layer
al insulation and can be recommended for use in de
nalysis of other thermal insulation materials for SOFC

. Radiation from stack to environment

Effective stack thermal management is a requiremen
aintaining uniform operating conditions across the s
nd thus preserving stack efficiency. For example, if cells

he edge of the stack are not properly insulated, their pe
ance can vary from the stack average causing variatio

ell voltage. Heat loss from the edges also has the pot
o induce damaging thermal gradients within cells. In a
ion, SOFC-based power plant design will require the o
urface of the insulation to be maintained at some safe
cribed temperature[21]. These considerations make ther
odeling of the stack to environment critical, and beca
f high operating temperatures, thermal radiation shou
iven special treatment.

A first-order simplifying approximation in modeling t
tack would be to treat the outer surface of the stack as iso
al, exchanging heat with an isothermal inner surface o

nsulation[21]. However, this is clearly not the case for so
onfigurations of cells (co-flow, counter-flow), which exh
ighly non-isothermal behavior along the flow direction
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would be ideal to preserve this same temperature profile on
the inner surface of the insulation, so as not to disturb the outer
cells. In fact, a single cell can become completely isothermal
if it is allowed to exchange thermal radiation with an isother-
mal enclosure[22]. This temperature non-uniformity would
then propagate into the stack, affecting overall performance.
Our literature review indicates that little has been reported
about the interaction between stack and insulation and on
the role of radiation heat transfer in minimizing heat losses
from the stack. The methods for detailed treatment of radia-
tion heat transfer in stack thermal management have already
been covered in this paper and they are equally applicable
to treatment of stack-to-environment radiation heat transfer.
We can only emphasize again that the choice of the model
and implementation will depend on the geometry, flow con-
figuration, and composition of the gas mixture, choice of in-
sulating material, and prescribed external temperature of the
insulation.

6. Concluding remarks

Radiation heat transfer in SOFC components and mate-
rials has been reviewed with a goal of providing guidelines
on how to identify the proper radiation models for different
c have
b and
r edia
a onsid
e was
d ative
r ature
fi aly-
s gible
i eader
h ptions
t valid
i new
S adia-
t ties
a cur-
r rials
a
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