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Abstract

Experimental and theoretical studies are reported on the determination of the effective thermal conductivities of
multilayer thermal insulation systems with specially designed shields for application in high temperature fuel cells. An
experimental apparatus and instrumentation have been designed and built to measure heat transfer through such in-
sulation systems at temperatures up to 1000 °C. The insulations consisted of both fibrous and microporous materials. A
theoretical model based on combined conduction and radiation heat transfer through porous materials capable of
absorbing, emitting and scattering has been used to predict the temperature distribution and heat transfer in insulations
comprised of the materials separated by multiple screens (shields). The experimental results obtained for several
multilayer thermal insulation systems are reported, and the experimental data are compared with theoretical predictions

to assess the effectiveness of the screens in reducing the effective thermal conductivity of the insulations.

© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Thermal insulations have been the subject of great
interest and importance to thermal engineers and to the
early development of heat transfer technologies [1,2].
During the last several decades developments in heat
transfer and use of thermal insulations in emerging
technologies have extended the range of applications
from cryogenic temperatures to high temperatures under
reentry conditions into planetary atmospheres. This
paper is concerned with multilayer thermal insulations
(MTIs) for high-temperature fuel cell applications.

MTIs have originally been developed for cryogenic
applications for storing liquids and gases at very low
temperatures. An account describing the early develop-
ments of thermal insulations including MTIs for cryo-
genic applications is available [3]. In order to understand
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the advantages of MTI in both low and high tempera-
ture applications, basic heat transfer mechanisms in
porous media, namely radiation, gas and solid conduc-
tion have to be considered, whereas convection can be
neglected. Thermal protection systems of cryogenic
tanks generally use double-walls and evacuate the gap
between the walls. This reduces both gas conduction and
convection. Radiation heat transfer is reduced by means
of highly reflective screens which are separated by
polymeric or ceramic spacers for the sake of reducing
solid conduction in these superinsulations [3]. For high-
temperature reentry applications into the earth atmo-
sphere the insulations are of different design [4,5]. At
temperatures above 300 °C radiation becomes the
dominant mode of heat transfer and this makes radia-
tion screens suitable for high temperature applications at
ambient pressure. The screens are positioned in a
sandwich with optically dense spacer materials. Large
research efforts have been undertaken to develop MTIs
for space applications, especially heat shields for reentry
vehicles [4,5] as well as in the use for high temperature
(MCFC and SOFC) fuel cells [6,7].

Fuel cells are electrochemical devices that convert
chemical energy of a fuel directly to electrical and
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Nomenclature

1 intensity of radiation

I, blackbody intensity of radiation integrated
over the spectrum

ket effective total thermal conductivity of a po-
rous medium

ke effective conductivity for gas and solid con-
duction in a porous medium

L thickness of insulation layer

n effective index of refraction of porous me-
dium

P scattering phase function

q total (conductive plus radiative) heat flux

qr radiative heat flux, see Eq. (2)

qr normalized radiative heat flux, gr /¢

T temperature

Tx radiation temperature, v/ (T2 + T7)(T; + T») /4

T* normalized temperature, 7'/}

X coordinate

Greek symbols
p extinction coefficient
B, effective extinction coefficient with screens

A normalized effective extinction coefficient,
plb

& emissivity

K absorption coefficient

o reflectivity

Pp scaled reflectance, defined by Eq. (5)

0 polar angle

a scattering coefficient or Stefan-Boltzmann
constant

T optical depth, © = fix

T optical thickness, 1, = SL

TLp scaled optical thickness, see Eq. (5)

¢ porosity

w single scattering albedo

Q solid angle

Subscripts

1 refers to hot boundary

2 refers to cold boundary

thermal energy. They represent an ambitious emerging
technology which has a promise not only to be efficient
but which would simultaneously help industrial nations
around the world to meet desired CO, reduction goals.
A crucial issue in bringing fuel cell technology to ma-
turity in the future is the need to develop very efficient
thermal insulation systems. Effective insulation systems
are highly desirable for ensuring a uniform fuel cell stack
temperature which also promises the possibility of re-
alizing electric load cycles at constant stack tempera-
tures. Furthermore, highly efficient thermal protection
systems are important for an optimal use of waste heat
in order to reach maximum conversion efficiency.

Fig. 1 shows spacer materials for high temperature
MTIs. The materials considered can be subdivided into

three groups: fibers, microporous materials, and re-
fractories (or fire clays). Fibrous materials combine a
low density of about 100 kgm~3 with a moderate ther-
mal conductivity of 0.10 Wm™'K~' (20 °C) to 0.35
Wm 'K~ (1000 °C), respectively. Microporous mate-
rials available are of moderate density of less then 300
kgm™3 together with a low thermal conductivity of 0.02
Wm™'K~! (20 °C) to 0.04 Wm'K~' (1000 °C), re-
spectively, whereas fire clays are both of high density
(more than 300 kgm~?) and have high thermal con-
ductivity of up to 0.5 Wm~! K- at 1000 °C.

Note that the very low thermal conductivity of mi-
croporous materials is due to their microporous struc-
ture with pore diameters below 0.1 pum. This is
responsible for the reduction of the gaseous convection

Conventional Insulation Materials

Fiber Materials

Microporous Materials

Refractories, Fire Clays

Mineral Wool Glass Wool Aerogels Calcium Silicate Fire Clays/
T <750°C T <750°C T <800°C T <1000°C -concretes
T <1800°C

Silica Fibers Ceramic Fibers Opacified Silica Vermiculite Perlite
T <1000°C T <1800°C T <1000°C T <1000°C T < 1000°C

Fig. 1. Spacer materials suitable for MTI.
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and conduction contributions to total heat transfer but
with a somewhat higher fraction of solid conduction.
Radiation is reduced by addition of, so called, infrared
opacifiers of about 30% by weight. As refractories and
fire clays are designed for mechanical strength and not
for low thermal conductivity they will not be considered
for use as spacer materials in this study.

The paper reports on an experimental and theoretical
study of multilayer thermal insulations for high tem-
perature fuel cell applications such as molten carbonate
fuel cells (MCFC) and solid oxide fuel cells (SOFC).
Experimental results are reported for insulations based
on fibrous and microporous materials with and without
multiple spacers. The effects of screens (shields) are in-
vestigated by using relatively low (stainless steel), inter-
mediate (ceramic) and high (gold) reflectivity screens.
Theoretical predictions based on a combined conduction
radiation heat transfer model are compared with ex-
perimental data for the purpose of gaining improved
understanding of complex heat transfer phenomena in
MTIs.

2. Theoretical analysis
2.1. Analytical model

In a theoretical analysis of heat transfer through
layered porous media gas and solid conduction as well
as radiation need to be considered, and recent accounts
are available [8,9]. As already mentioned, convective
heat transfer in porous media of interest in this discus-
sion is negligible [10,11]. A schematic diagram of a
multilayer insulation is shown in Fig. 2. A low thermal
conductivity filler is confined between two opaque
boundaries. One or more thin screens are placed parallel
to the boundaries to form a one-dimensional layer of
MTI. The porous spacer material absorbs, emits and

Boundary

Boundary
(Heat Source) Spacer  Screen

Spacer (Heat Sink)

Radiation Radiation

Gas Conduction Gas Conduction

Solid Conductionf] Solid Conduction

(l) TL,1 T|_12

! X

Fig. 2. Schematic diagram of a multilayer insulation with two
spacer material layers and a single screen.

scatters thermal radiation. The screens are very thin but
opaque and emit and reflect radiation diffusely. The
steady-state heat transfer through the planar, one di-
mensional layer is assumed to be by combined conduc-
tion and radiation.

There are two possible ways for calculating the
combined heat transfer in stacked systems with radia-
tion screens [11]. For optically dense (z; > 1) porous
materials the effective thermal conductivity can be ex-
pressed in terms of the local radiation temperature Ty as

)
ketr = ke +13—6%(;T§, (1)
where . is the effective thermal conductivity due to the
gas and solid conduction. The second term in Eq. (1)
represents “‘radiative conductivity” based on the
Rosseland diffusion approximation. Plotting the con-
ductivity as a function of T3, its linear representation
allows determination of gray Rosseland extinction co-
efficients f from the slope of the linear function. The
effective thermal conductivity, k., which accounts for
heat conduction in the gas and solid phases can be de-
termined from the intercept of the ordinate at 0 K,
which should be the same for samples with and without
radiation screens.

We emphasize that the approximation, Eq. (1), is
only valid for optically dense media having large opac-
ities (i.e., 7, > 15) and fails to take proper account of
radiation transfer in the vicinity of the screens. Pre-
liminary calculations using the Rosseland diffusion ap-
proximation underestimated the effects of the screens
[12].

The second approach is based on the conservation of
energy equation in the layer, with the radiation contri-
bution calculated using the radiative transfer equation.
In this paper we adopt the latter approach for analyzing
combined heat transfer.

Based on the physical model described, the governing
steady-state energy equation is

dg d - dr
& {"‘ca“"*(x)] =0
or —k dr + gr(x) = constant, (2)

dx

where the local radiative flux g (x) is defined by
qr(x) = / I(x,0)cos 6dQ. (3)
Q=4n

The intensity of radiation /(x, ) is calculated from the
radiative transfer equation (RTE) for an absorbing,
emitting and scattering spacer material,

cos@% = —BI + ki IL,(T) +% / I(x,0)sin0'd0’. (4)
0
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The temperatures are imposed at the boundaries for
the energy equation, Eq. (2), and for intensity at the
boundaries and screens (shields) diffuse emission and
reflection of radiation is considered at the surfaces.

Thermophysical and radiation characteristics of the
spacer materials are needed as inputs before the model
equations can be solved. These characteristics for porous
media are described in some detail elsewhere [12] and
will be only briefly discussed later.

The RTE cannot be solved analytically and further
assumptions have to be made. The scaling model de-
scribed by Lee and Buckius [13] is used. The scattering
coefficient ¢ can be set to zero and scaled transmission
and reflection coefficients are defined based on linear
scattering for optically thin layers as documented else-
where [13]. The optical thickness and reflectance can be
scaled as

p=(1—-w)r, and pg=1 7%0%' (5)
Furthermore, the scaling model of Lee and Buckius [13]
recommends splitting up the spacer material into a
number N of optically thin, isothermal layers and thus
separating radiation heat transfer into three subprob-
lems, i.e., two irradiation problems from the hot side
and cold side of each layer, respectively, as well as an
emission problem with boundary temperatures generally
set to zero. Discussions of heat transfer in gray radi-
atively participating media and steady-state heat trans-
fer can be found in the literature [11,14]. The procedure
suggested [13] yields so-called attenuation functions for
transmittance, reflectance and emittance in each layer
and gr can be calculated by simply adding the three
contributions. The details of the calculations are de-
scribed elsewhere [12].

Fig. 3 shows a sketch of the multilayered system,
consisting of & sections formed by the spacer and the two
adjacent radiation screens. Each section again is sub-
divided in N isothermal, optically thin layers of At
thickness. As a temperature distribution is needed for
calculating gg, sectional temperature distribution has to
be determined iteratively, and the heat flux through the
system has to be varied numerically until a given cold

f82’1’T2’1

|11 | | |11
j=|11213 INMIN] 112131

A\81,1,1'1,1

\ €12,T12

side temperature of the system (7;) is reached. The
computational details are given elsewhere [12].

Comparison of the model predictions with published
results given in literature [14,15] yielded good agreement
in the case of strong scattering (i.e., high albedo) case,
whereas some minor discrepancies were found for purely
absorbing spacer materials [12].

3. Experimental studies

Effective thermal conductivity k. of MTIs were de-
termined experimentally. The best means of obtaining
thermal conductivity data in layered systems are
through measurements using the guarded hot plate ap-
paratus. A description of the general operating princi-
ples of the guarded hot plate apparatus can be found
elsewhere [16].

Note that there are certain limitations in the general
standards for measurements with the hot plate appara-
tus at higher temperatures. Normally, the hot plate is
heated directly via electrical resistance which causes
heater burnouts at hot plate temperatures above 800 °C.
Furthermore, the thermal deformation of the (metallic)
hot plate has to be avoided as an exact sample thickness
is crucial for experimental accuracy. Fig. 4 shows a
schematic diagram of the experimental set-up used for
the measurements. Apart from the technical standards,
an indirect system is used for heating a ceramic plate by
means of a 24 kW infrared heater unit. With this setup,

Electrical Power
— m - IR Radiation Heater
Coolant (Air) ~ )
)_/ Hot Plate (Heat Source)
T Sample (with Screens)
Mim)k q
Reference Plate
Coolant (Water) ) A Cooling Plate (Heat Sink)
System Boundary

Fig. 4. Schematic diagram of the guarded hot plate apparatus.

v/82,2,1'2,2
| |11 ||

ININ 112131 ININ
IO oe [DIDDIDID] <o 1DID] .-

DIOIOL -« [D1D
| L1 [
| [ I

81,k,T1,kJ 82,k,T2,kJ

Fig. 3. Separation of the insulation system in k-sections and N-layers each.
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hot plate temperatures of 1200 °C and higher can easily
be achieved with no or very small deformation of the hot
plate. As a reference, a PTFE plate with well established
thermal conductivity of 0.139 Wm~! K~ is used together
with a water cooled aluminum heat sink. Side insula-
tions are applied according to the German standards
[16], but no temperature guarding is used. Preliminary
tests have shown negligible influence on the results by
varying the sample thickness, justifying the assumption
of negligible radial heat losses.

During the preliminary tests a horizontal set-up was
used which employed an Inconel hot plate, but this ar-
rangement resulted in certain limitations of the experi-
mental accuracy due to thermal deformation. The main
test series was carried out on a second (enhanced) ap-
paratus in vertical orientation. A ceramic hot plate (SiC)
showed no thermal deformation and an improved axial
guideway for adjusting sample thickness with optimal
accuracy was employed [12].

The experimental uncertainty for measuring the ef-
fective thermal conductivity was determined according
to recommendations in [17, section F]. The maximum
uncertainty was about 30% and the minimum was about
3%. The uncertainty depended on the temperature dif-
ference, the thickness and the thermal conductivity of
the reference plate as well as on the temperature differ-
ence across the plate. Thickness of the test specimen was
found to be crucial for measurement accuracy. The de-
tails are given elsewhere [12].

The physical characteristics of the commercially
available spacer materials used in the tests are summa-
rized in Table 1. A total of 14 (four without screens and
10 with screens) test MTIs were constructed and studied
and each had four equally spaced shields made from
either stainless steel (Cr 22 A15Y), gold or ceramic
(A1,03). The test MTIs were 30 mm in thickness. De-
tailed descriptions of specimen are provided in the dis-
sertation [12]. In order to exclude disturbing influences
of different spacer densities on the thermal conductivity,

Table 1

1309

their weight and dimensions were controlled at the be-
ginning and the end of each test series. The mechanical
load pressure was generally adjusted to 10° Pa.

4. Results and discussion
4.1. Experimental results

According to the Rosseland diffusion approximation
(see Section 2.1), the effective thermal conductivity k. is
a function of the radiation temperature 7x to the third
power. Fig. 5 illustrates representative results of mea-
surements with the ordinate showing the effective ther-
mal conductivities in [Wm~! K~!] for samples with and
without screens. The abscissa is the magnitude of radi-
ation temperatures T3 in [K]. In the experiments shown
in Fig. 5, the silica fibers type “Isotherm 1000 by
Frenzelit were used as spacer material with four (4) ei-
ther stainless steel or gold screens at 5 mm apart,
starting from the hot side. The emissivities of the screens

0°C 400°C 800°C 1000°C
0.200 t
0.180 1 SiO, - Fiber “Isotherm 1000”; | /
: p=3812m"
0.160 s
"¢ 0.140 7
‘e 0.120 /.
2 0.100
5 /
~ 0.080 [
/l-,
0.060 /" (] W no screen H
0.040 =1 ASS =
0.020 ® gold 1
0 : ; ;
0.0E+00 5.0E+08 1.0E+09 1.5E+09 2.0E+09
3
Trao’ [K™]

Fig. 5. Dependence of the effective thermal conductivity on 73
for an insulation system: “Isotherm 1000”” spacer material, four
screens, total thickness of 30 mm.

Summary of physical characteristics of spacer materials used in experiments

Material (manufacturer) Chemical composition

Density (kg/m?)

Porosity (%) Avg. particle diameter (um)

Isotherm 1000 (Frenzelit)* ~95% SiO, 140

HT 1000 (Klevers)® ~4% Al,04 140
~95% Si0,

Saffil (ICI)® ~96% Al O, 96
~4% SIOZ

Super G (Microtherm)? ~60% SiO- 300

~37% TiO,

94.9 6
94.9 6
97.6 3
90 0.1 (Pores)

# Frenzelit-Werke GmbH & Co.

KG, P.O. Box 11 40, D-95456 Bad Berneck, Germany.

®Klevers GmbH & Co. KG, Oppelner Strasse 11, D-41199 Ménchenglad bach, Germany.
“ICI-Saffil Ltd., Pilkington Sullivan Site, Tanhouse Lane, Widnes, Cheshire, W A8 ORY, UK.
4 Microtherm International Ltd., Industriepark Noord 1, B-9100 Sint Niklaas, Belgium.



1310 M. Spinnler et al. | International Journal of Heat and Mass Transfer 47 (2004) 1305-1312

were determined from preliminary measurements as
& = 0.6 for stainless steel and ¢ = 0.05 for gold, respec-
tively [12]. Experimental data on samples without
screens such as given in this figure, together with the
definition of the effective thermal conductivity, Eq. (1),
can be used to determine the mean extinction coeffi-
cient f3.

In general, it is noted that the effect of radiation
screens is to decrease the effective thermal conductivity
with a decrease in the screen emissivity. The effect of the
radiation screens can also be observed in decreased
slopes of the conductivity curves. This is due to a sig-
nificant reduction of radiative heat transfer in these
layered systems, or, in other terms, an increased effective
extinction coefficient. Additional results using different
spacer materials are given elsewhere [12] and demon-
strate conclusively the effect of screen emissivity on the
effective thermal conductivity. For the sake of brevity, a
part of these data are given together with theoretical
results in the following section.

In Fig. 6 the influence of the screen is expressed by
means of the dimensionless “gray pseudo extinction
coefficient”, 8, which is the ratio of the extinction co-
efficient of the sample without screens to the extinction
coefficient of the sample with screens. Therefore, f*
(= B/B) describes the reduction of the radiation con-

08 -
//

0.4
0.2 / | Al, O, -fiber "Saffil"; 4 screens at }»

| 5 mm apart from the hot side

Normalized Extinction Coefficient [-]

0.0 T T
0 0.2 0.4 0.6 0.8 1
Screen Emissivity ¢ [-]

Fig. 6. Effect of screen emissivity on the normalized gray ex-
tinction coefficient: 30 mm ceramic fiber *“Saffil”” spacer material
at T = 700 °C.

Table 2

tribution to the total heat transfer rate. Symbols show
the experimental data together with an approximation
curve. As can easily be seen, f° shows a dramatic de-
crease at lower emissivities, whereas little influence is
evident for high screen emissivities.

It should be noted that optimization leads to im-
provement of MTI for low screen emissivity whereas the
screen influence increases with decreasing opacity of the
spacer materials. This becomes evident when the di-
mensionless pseudo extinction coefficient ° of fiber
based MTI(f = 5000m™!, f;,, = 0.4)is compared with *
of MTI based on microporous materials (f = 30,000
m~!, g3, = 0.6) while using gold screens.

4.2. Comparison of theoretical and experimental results

Results for three fiber spacers and microporous filler
materials are available [12]. As the thermal performance
of the three fiber spacer materials (Isotherm 1000, HT
1000 and Saffil) was very similar, results are given only
for Saffil for the sake of brevity. The extinction coeffi-
cients used in the theoretical calculations are summa-
rized in Table 2.

Figs. 7 and 8 show comparisons between predicted
and measured effective thermal conductivities vs. T3 for
ceramic (Saffil) and microporous fillers, respectively. The
dashed curves represent experimental values, whereas
the solid curves denote the theoretical predictions. The
extinction coefficient was determined by measuring ke
of samples without screens and using Eq. (1), whereas
the single scattering albedo was determined empirically.
Therefore, albedoes were varied until the reduced con-
ductivities which were experimentally measured with
gold screens, could be confirmed analytically. Both the
extinction coefficient and the albedo are given in the
captions of the figures. The MTIs were 30 mm thick and
had four equally spaced screens 5 mm apart starting
from the hot side.

As can be seen in the Fig. 7, theoretical and experi-
mental values yield a good correspondence with devia-
tions below 10%. Note that extremely high scattering
albedos w near unity are needed for modeling a signifi-
cant screen influence. This is due to a forward scattering

Summary of effective extinction coefficient (f) and normalized extinction coefficient (") for the MTIs constructed with four screens

and different spacer materials

Material (manufacturer) Extinction Effective extinction coefficient (1/m) (normalized extinction coefficient, )
coefficient (1/m) Black SS steel Ceramik Gold
Isotherm 1000 (Frenzelit) 3812 - 4765 (1.25) - 9073 (2.38)
HT 1000 (Klevers) 4844 - 4796 (0.99) - 10,172 (2.10)
Saffil (ICI) 5097 5708 (1.12) 5607 (1.10) 6728* (1.32) 12,080* (2.37)

Super G (Microtherm) 17,900

45,182 (1.41) 40,055 (1.25)

# At a radiation temperature of 700 °C.



M. Spinnler et al. | International Journal of Heat and Mass Transfer 47 (2004) 1305-1312 1311

0°C 400°C 800°C 1000°C
0.200 +
|| [ A1,0; - Fiber “saffil”;
0180 B =5097 m”; v=0.999
0.160 _a
— 0.140 —n
X 0120
5
0.100
g 0.080 =" _{—* [“exp -noscreen 1
s / u pred. - no screen
0.060 = exp. - S 1
0.040 ‘**r'/ 4 pred. - SS I
hd exp. - gold
0.020 oo 1
0 . . -
0.0E+00 5.0E+08 1.0E+09 1.5E+09 2.0E+09

TR IK’]

Fig. 7. Comparison of measured and predicted effective ther-
mal conductivities for 30 mm ceramic fiber (“Saffil”’), four
screens, = 5097 m~' and w = 0.999. Dashed curves show
experimental values and solid curves theoretical predictions.

0°C 400°C 600°C
0.040 T 1
0.035 | Microporous Material “Microtherm” |
: B =32044 m"'; » = 0.999 | LY
0.030 /
¢ 0.025 —
E 0.020
= = exp. - No screen
Hﬁ 0.015 = pred. - no screen [
=~ exp. - SS
0.010 4 pred. - SS
0.005 exp. - gold
e pred. - gold
0 T T - T
0.0E+00 2.0E+08 4.0E+08 6.0E+08 8.0E+08

TR [K']

Fig. 8. Comparison of measured and predicted effective ther-
mal conductivities for 30 mm microporous material (“Micro-
therm Super G™), four screens, f = 32,044 m~! and o = 0.999.
Dashed curves show experimental values and solid curves the-
oretical predictions.

tendency in the fiber materials under investigation. Fig.
8 is showing totally different results. The model does not
correctly predict the influence of the screens. It must be
said that this discrepancy between model predictions
and the experimental data is believed to be due to the
model limitations discussed above. Highly absorbing
infrared opacifiers have been added to the microporous
spacer materials at a mass percentage of 30%.

4.3. Optimization of MTI

The theoretical model developed was used to opti-
mize the design of the MTI. The model parameters in-
clude the number of screens and their locations, spacer
material, thickness of spacer material, total thickness of
the insulation as well as the highest temperature of the
insulation surface. Some sample results of calculations

1.0 =~
|
—~
h‘\
0.8
T — ____—— T*(no screens)
w« 05— ™~ T* (SS screens)
o 1 T* (gold s¢reens)
2 |
® 04 '\ t
® \
-
N ' gr* (no screens)
0.2 qgr* (SS screens)
Screens| qg* (gold screens)
0.0 T
0 50 100 150 200

Optical Depth T []

Fig. 9. Effect of screens on the dimensionless temperature and
radiant heat flux fraction profiles vs. the optical depth: Al,Os-
fiber filler, 7} = 1000 °C, ¢ = 1900 W/m?, four SS alloy and
gold screens placed as shown.

are illustrated and discussed below for ceramic fiber and
microporous filler materials.

The dimensionless temperatures and fractional radi-
ant heat flux profiles for Al,O;-fiber filler material are
shown in Fig. 9 as a function of the optical thickness of
the layer (excluding the very thin screens). The entire
sample thickness is now 40 mm or © = 204, respectively,
with four equally spaced screens 2 mm apart starting at
the hot side. Results are reported for an insulation with
and without four alloy and gold screens. The locations
of the screens are indicated in the figure. Note that the
temperature profile is continuous, but the dimensionless
radiation heat flux varies in a discontinuous manner at
the screen surfaces. The continuity of the total heat flux
is insured as required by the conservation of energy
equation, Eq. (1). Also as expected, the discontinuities of
the gy are greater for gold than for stainless steel
screens, because the former has a much lower emissivity
(higher reflectivity). It should be mentioned that the
enhanced radiative heat flux in the vicinity of the cold
side of the last screen is due to the emitted flux of the
screen itself, which is interfering a constant radiative flux
profile. This affects also the temperature profiles in the
vicinity of the screens, whereas the cold side temperature
is as expected.

Similar results for dimensionless temperature and
fractional radiant heat flux vs. optical thickness are il-
lustrated in Fig. 10 for a microporous material. Again,
sample thickness is 40 mm or t = 1282, respectively,
with four equally spaced screens 2 mm apart starting at
the hot side. Comparison of Figs. 9 and 10 shows that
radiation accounts for a larger fraction of the total heat
flux through the A1,0;-fiber MTTI than the microporous
material filler MTI. At the cold face of the MTI more
than about 95% of total heat transfer rate is by con-
duction in the microporous material and only about
85% in the silicon fiber filler material. The total heat flux
through the A1,0;-fiber filler material MTI without the
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1.0
0.8 T* (SS screens)
: T* (gold screens)

_— T* (no screens)
52 06
-3 ~
g 0.4 = qRr* (SS screens)
MOl N qr* (gold screens)
= Wrmr‘ gRr* (no screens) \

021 S

Screens
0.0 . : : : : :
0 200 400 600 800 1000 1200

Optical Depth T [-]

Fig. 10. Effect of screens on the dimensionless temperature and
radiant heat flux fraction profiles vs. the optical depth: micro-
porous material filler, 7} = 1000 °C, ¢ = 760 W/m?, four SS
alloy and gold screens placed as shown.

screens is 1900 W/m? while the total heat flux through
the microporous filler material is 760 W/m?. This clearly
indicates that the microporous material (Microtherm
Super G) is thermally more effective than the silicon fiber
material (Saffil).

5. Concluding remarks

The problem studied involved the development of
high temperature multilayer thermal insulations for an
application to MCFC and SOFC fuel cell power plants.
Therefore, both experimental and theoretical studies
were carried out in parallel.

The experimental investigations led to a new design
of guarded hot plate apparatus. Calorimetric measure-
ments were made with the apparatus, and the influence
of radiation screens on the effective thermal conductivity
of layered insulation systems was investigated system-
atically. The lowest thermal conductivity MTI were
achieved with microporous materials.

Radiation screens generally reduce more or less the
effective thermal conductivity of the stand-alone spacer.
A combination of low emissivity screens and optically
thin spacers yield optimal reduction of the effective
thermal conductivity, whereas additional screens show
only limited influence.

For numerical simulation of the combined conduc-
tion and radiation heat transfer in porous layered media
the energy conservation equation approach was used
together with a scaling model reported by Lee and
Buckius [13] for predicting heat transfer in porous ma-
terials with screens. The model predictions agree with
experimental results for fibrous spacer materials. The
assumption of gray radiation properties, therefore,

seems to be appropriate. Limitations of the model ap-
pear evident for microporous spacer materials to which
highly absorbing opacifiers have been added.
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