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Abstract-This paper describes two approaches for the determination of radiative flux in high.temperature 
insulations: (a) optical transmission and reflection studies; (b) application of rigorous Mie scattering theory 
and Monte Carlo simulations of both calorimetric and optical measurements. It is shown that the wavelength 
resolved extinction coefficient and the first-order term of the scattering phase function series expansion are 
indispensible parameters for an optimization of the insulation properties of anisotropically scattering 
insulation. The paper demonstrates the validity of the diffusion approximation for radiative transfer also for 

strong anisotropic scattering. A study of the extinction properties of different opacifiers is added. 

1. INTRODUCTION 

THE DEVELOPMENT of a high temperature insulation of 
low thermal conductivity requires a large optical 
thickness, z,,, throughout the IR spectrum (e.g. to = 500 
for a temperature of 600 K at the hot side of the 
insulation for a radiative heat flux below 20 W m-‘). 
For an evacuated insulation this usually allows the 
total heat flux, 4, to be calculated as the algebraic sum of 
a solid conduction part, 4,,, and radiation heat flux, qrad 

4 = 4% +&ad. 

From the diffusion solution of radiation transfer this 
yields 

4 = - (A,, + &,) - d T/dx 

= -(A,,+ 16n2aT3/3E)*dT/dx (1) 

where n is the effective index of refraction (real part), c 

the Stefan-Boltzmann constant and E the total 
extinction coefficient, i.e. the sum of the absorption and 
scattering coefficient. The aim of this paper is to report 
on our investigations on how to determine and 
minimize qrad. These investigations include : 

(a) measurements of transmission and reflection 
spectra for fibre insulations and for different opacifiers 
in the wavelength range 2.5 < A < 14.5 pm, 

(b) determination of extinction coefficients, albedo, 

and the amount of forward scattering from experi- 
mental data by means of improved solutions of the 
equation of transfer which are superior in accuracy to 
frequently used two-flux models, 

(c) calculation of specific extinction properties, 
scattering phase functions and albedo from rigorous 
Mie theory as well as comparison of measured and 
calculated IR spectra, 

(d) check on the results achieved so far on radiative 

transfer by means of a Monte Carlo simulation for 
multiple and anisotropic scattering. 

Improving IR extinction or reflection by optimized 

particle diameters has its well-known optical parallel in 
improving the diffuse reflectance of white paints by a 
selection of pigment particles with an optimum 
diameter [l]. Choosing thermal insulation com- 
ponents with respect to the same criterion has 
qualitatively been discussed in low temperature 
insulation development [2]. At higher temperatures, 
detailed calculations [3] show aluminized fibres to 
possess excellent radiation resistance in comparison 
with unopacified fibres, if the fibre diameter is below 

0.1 pm. However, this reference lacks from a 
correspondence to existing insulation samples. In a 
theoretical and experimental study of radiation 
properties of real insulation samples [4], the 
disagreement between theoretical and measured values 

of extinction coefficients and thus between calculated 
and measured radiative conductivity has been 
attributed to a possible error in applying Beer’s law to a 
transmission measurement without taking into 

account the scattering in the original beam. 

An improved analysis will be presented in this paper. 
Our theoretical results will be brought into a closer 

relation to measured IR spectra, as three- and five-flux 
formulas following from the discrete ordinate method 
[S, 61, are used. Transmission measurements will be 
performed with and without the inclusion of scattered 
radiation. Monte Carlo analyses demonstrate further- 
more the validity of the diffusion approximation for 
strong forward scattering and three- and five-flux 
formulas as good approximations for solutions of the 
equation of transfer. For the optimization of a thermal 
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NOMENCLATURE 

weights for quadrature formula 
scattering coefficients 
geometrical cross-section 

diameter 
total extinction coefficient 
spectral extinction coefficient 
elIective extinction coefficient 
calorimetric extinction coefficient 

intensity 
spectral complex index of refraction 
real part of index of refraction 

particle density 
phase function 
Legendre polynomials 

X depth. 

Greek symbols 

; 

dimensionless parameter in Mie theory 

angle relative to the normal of the plane 
6 scattering angle 
1 thermal conductivity 
A wavelength 

p cos (e) 

p asymmetry factor 

Pi divisions for quadrature formula 

rc porosity 
ZF radiation flux 

P!,“,l)(x) Jacobi polynomial 

4 total heat flux 

4X heat flux due to solid conduction 

&ad heat flux due to radiation 

Q relative cross-section 

r reflectance 

t transmittance 

T temperature 

T, mean radiation temperature 

P 
PO 
c7 

0s 

density of insulation 
density of solid fibre 
Stefan-Boltzmann constant 
surface density 

optical depth 
optical thickness 
azimuthal angle, or tilt angle 

albedo 
moments of phase function. 

insulation it is not sufficient to thoroughly study the 
magnitude of total heat transfer. Primarily, it is the 
variety of different heat transfer modes, i.e. solid 

thermal conductivity, gas conductivity and radiation 
heat flow, as well as their dependence on residual gas 
pressure, porosity, fibre or particle diameter, total 
radiation extinction coefficient and scattering phase 
function, that have to be investigated separately. 
Especially a wavelength resolved optical determination 
of the extinction E and a knowledge of scattering phase 
functions are indispensable. 

2. DETERMINATION OF RADIATIVE 

CONDUCTIVITY FROM CALORIMETRIC 

MEASUREMENTS 

temperatures of the hot and cold boundary, 
respectively. In Fig. 1 the slope of the graph yields 
Ecal = 14900 m- ’ or the specific extinction E,,Jp = 
0.053 mz g-i (taking n2 = 1.1). The solid conductivity 
of the load bearing insulation, which is assumed to 
be temperature independent, is then determined to 
1,,=1.9x10-3Wm-1K-‘.Ithasthesameorderof 
magnitude as the radiative conductivity at T = 600 K. 
The application of equation (2) is valid only, if E is 
independent oftemperature. To check this assumption, 
it is necessary to know the spectral dependence of 
extinction, E,. This can either be obtained from an 
optical experiment or, if the index of refraction of the 
material and its particle geometry is known, by 
application of Mie scattering theory. 

2.1. An experimental example 
Figure 1 shows the results of total thermal 

conductivity measurements of a load-bearing 
evacuated glass-fibre insulation as a function of 
temperature. The guarded hot plate device (metering 
section 0.25 m’) is described elsewhere [7]. The 
properties of the tested insulation are : thickness 3 cm, 
fibre diameter d = 0.5-0.7 pm, density p = 280 kgm- 3, 
porosity rr = 0.9. From these results an experimental 
mean radiation extinction, Ecal, of the insulation can be 
obtained, according to the equation 

i = i,, + 16n2uT:/(3E,,,) (2) 

where T: = (Tf + T$)- (TI + T,)/4, and T,, T2 are the 

Mean Temperature T:1106 K' 

FIG. 1. Calorimetric determination of total thermal 
conductivity of an evacuated glass-fibre insulation, A, as a 
function of effective temperature, T,. Solid conductivity is 
assumed to be temperature independent, and the radiative 

conductivity to be proportional to T:. 
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2.2. Validity of radiative dzjiision equation 
The diffusion model, which is valid for large optical 

thicknesses, To, predicts a simple relation between 
radiative flux qrad and extinction coefficient for the case 
of isotropic scattering [scattering phase function p(0) 
= const.] as given in equations (1) and (2). Note that 
qrad is independent of the albedo, w,,, the ratio of 
scattering and extinction coefficients. Compared with 
isotropic scattering, anisotropic scattering in the 
forward direction, however, increases the radiation flux 
significantly. The phase function p(e), which indicates 
the probability of scattering in a specific direction 0 off 
the incoming beam can be expressed as a sum of 
Legendre polynomials Pi(cos 0) 

p(O) = f WiPi(COS 0) (3) 
i=O 

where 

PO(P) = 1, PI(P) = P,...,; 

s 

1 
wo = (l/2) _ 1 &4d~, 

s 

1 
ml = (3/2) P(P)P dp,.. . 

-1 

and p = cos 0. 

As in neutron diffusion theory [S], the diffusion 
solution for anisotropic scattering has a similar form as 
given in equation (1) : The extinction E can be replaced 
by an effective extinction E* = E * (1 -j), where 

ji = cos 8 = (l/2) j ‘_ 1 p(p)p dp is the asymmetry factor. 
With ji > 0, E* < E holds, and thus an increase of Jrad 
occurs. p can be indentified as w,/3. Thus it is sufficient 
to know the first moment wl(A) of the scattering phase 
function p(B, A) and the extinction coefficient, E,, to 
determine the radiative heat flux through the 
insulation. 

In order to verify the validity of the diffusion 
approximation also for strong anisotropic scattering, 
we have performed Monte Carlo simulations [9] (Fig. 
2) with a model phase function (Fig. 3, dashed curve) 
defined as p(B) = n/e* for 0 G 0 < B* and p(0) = 0 for 
0* G 0 G 7~ where 0* = n/6 is assumed. The procedure 
is as follows : A photon is emitted from the boundary 

FIG. 2. Relative directed intensity I@, T,,) from Monte Carlo 
simulation for different exit angles with respect to the normal 
of a plane parallel probe of optical thickness zO. Scattering 
phase function is given in Fig. 3 (dashed line). A parallel 

incoming beam with normal incidence (6 = 0) is assumed. 

Scattering Angle 8 

FIG. 3. Model phase function used for the Monte Carlo 
calculation in Fig. 2 (dashed line), and phase function of a glass 

fibre with d = 2 pm and A = 2 ,um (solid line). 

7 = 0 with direction 6 = 0 and azimuth 4 = 0. It is 
travelling a randomly given optical depth A7 = 

-cos 6. In (RN@, where RND is a random number 
from the random number generator of a TRS-80 
microcomputer (0 < RND < 1). The new direction 6’ 
due to the following scattering process is given by cos 6’ 
= cos 6 * cos 0 + sin 6 - sin 0 * cos (27~ * RND). The new 
azimuthal angle 4 is not of interest and is set equal to 
zero. The scattering angle 0 is given here [assuming a 
randomly orientated cylinder with perpendicular 
incidence and the above model phase function p(e)] by 
0 = (n/6)* RND. This procedure is repeated until the 
photon is beyond 7 = fo, which means transmission, or 
7 < 0, which means reflection. As several thousand 
photons are started during each run, the statistical 
error due to the finite number of transmission and 
reflection events is usually below 5%. 

In Fig. 2 a parallel radiation beam is assumed to fall 
onto a sample with normal incidence. With increasing 
optical thickness, TV, the angular distribution of the 
transmitted intensity is soon smoothed out although 
p = 0.955! For a similar calculation the phase function 
of a glass fibre (Fig. 3, solid line) with d = 2 pm and for 
A = 2 pm is used in Fig. 4 (F = 0.84). It shows the 
emerging intensity distribution after passage through 
the layer 7. for a diffuse radiation field hitting the 
boundary 7 = 0. From both Figs. 2 and 4 the surprising 
result is a very broad, slightly forward accented 
intensity distribution though strong asymmetric phase 
functions or a narrow pencil of incident radiation were 

FIG. 4. Relative directed intensity I(& T,,) as in Fig. 2 using the 
phase function of Fig. 3 (solid line). Here, however, a diffuse 

radiation field is impinging on the probe. 
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0 10 20 

Optical Thickness Q. 
FIG. 5. Total transmitted flux t from Monte Carlo calculations 
for a diffuse radiation field impinging onto the probe (solid 
lines); curve (a) using the phase function as in Fig. 3 (dashed 
line); curve(b) phase function as in Fig. 3 (solid line); curve(c) 
isotropic phase function p(0) = 1, for comparison. The dashed 
lines are the predictions of the linear anisotropic model 

[equation (4), here p = 0.955,0.84 and 0, respectively]. 

used. This demonstrates the diffusion model to be more 
widely applicable than assumed up to now, i.e. in strong 
anisotropic scattering cases. 

The integrated transmitted flux, t (from Fig. 4), is 
plotted in Fig. 5 and compared with 

t = 1/(1+0.75*z,*(l-~)) (4) 

(linear anisotropic model, compare e.g. ref. [4]) which 
for large z0 is asymptotically equal to the diffusion 
solution. The agreement is very good especially for 
large zO. 

As the diffusion solution has above been de- 
monstrated as a good approximation for radiative heat 
transfer in a plane parallel, optically thick insulation 
also for strong anisotropic scattering, only E, and 
ji = w,(A)/3 are necessary to determine &. For 
cylindrical and spherical geometries the spectral 
extinction E, and moment wl(A) can be calculated 
numerically from Mie theory(seee.g. Kerker [lO])ifthe 
complex index of refraction m(A) and particle diameter 
d are known. 

2.3. Mie theory 
Mie theory predicts the relative cross-sections for 

extinction, Q,,,, absorption, Qabs, and scattering, Q,,, of 
spherical and cylindrical particles, as well as their 
scattering phase functions p(0). From these properties 
the radiative heat flux in an absorbing, scattering and re- 
emitting medium can be determined. The extinction 
coefficient, E,, is connected to the relative extinction 
cross-section, Q,,,, by E, = NAQ,,,(h, d), where N is 
the particle density, A the geometrical cross-section. 
For cylinders lying perpendicular to the incoming 
radiation 

E JP = (UP,). (4/A) - Qe& (5) 

where a = rid/A,, and p0 is the density of the solid 
cylinder. From E, an averaged mean E, (applying the 
Rosseland mean [9]) of the thermal spectrum at 
temperature T can be evaluated. 

Because the tested samples are made of many layers 
of thin glass-fibre papers, the main radiation flux is 

perpendicular to the fibre. Therefore, we preliminary 
use only the case of perpendicular incidence for the 
nurherical calculation. The cross-section for oblique 
incidence with tilt angle 4 varies approximately with 
cos 4 [I 11. Therefore, as a first approximation, the 
extinction cross-section, Q,,,, can be multiplied by 

s El’ cos 4 - cos C#J d4 = 7t/4 = 0.785 to account for ran- 
domly distributed cylinders in the fibre insulation. 
ji = w1/3 can be obtained analytically by integrating 
the phase function for perpendicular incidence (4 = 0), 
which yields 

where uj, bj are the scattering coefficients as defined in 
Kerker [lo]. 

The index of refraction, m,.,, of glass does not vary 
appreciably with the chemical composition, as was 

pointed out by several authors [3, lo]. We used the 
complex index of refraction of silicate glass from 1 to 
30 pm published by Hsieh and Su [12]. Figure 6 shows 
the calculated specific extinction coefficient, E/p, and 
effective extinction coefficient, E*/p, of glass (d = 2 pm, 
p0 = 2700 kg rnw3) for perpendicular incidence. It 
demonstrates that due to strong forward scattering a 
much smaller effective extinction coefficient E* (for 
A < 5 pm) results as could be expected from the 
huge extinction cross-section E. 

Figures 7(a) and(b) show the temperature-dependent 
specific extinction coefficient vs temperature T and 
fibre diameter, assuming isotropic scattering (a) and 
anisotropic scattering(b), respectively. In the first case 
the maximum is in the range 3-4 pm (depending on 
temperature). In the latter case, d = 1.2 m, yielding 
E*/p = 0.096 m2 g- ’ (or 0.075 m* g- ’ for average tilt 
angles), is the best choice for the whole temperature 
range. The extinction decrease from the maximum is 

belbw 20x, however, for diameters between 0.6 and 
2 pm, so the fibre size distribution is not of great 
importance within these limits. 

FIG. 6. Specific extinction coefficient, E/p, for glass fibres (d = 
2 pm) predicted by Mie theory for perpendicular incidence, 
and effective extinction, E*/p, as caused by anisotropic 

scattering. 
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FIG. 7(a). Rosseland mean of specific extinctions, E/p, as 
derived from Mie theory, assuming isotropic scattering, in 

dependence of temperature T and fibre diameter d. 

FIG. 7(b). Rosseland mean E*/p as in Fig. 7(a), however, 
accounting for anisotropic scattering. 

Whiled is large, forward scattering has a drastic effect 
on the average extinction and hence the radiation flux. 
As d falls below 1 pm Rayleigh scattering and 
absorption are dominant and thus E and E* eventually 
become equal. The temperature-dependent variation of 
the extinction between T = 400 and 700 K does not 
exceed + 10% for d x 0.6 pm, thus the assumption of 
temperature-independent extinction in equation (2) 
can be justified. Temperature averaged extinctions in 
this range for d = 0.5 and 0.7 pm are E*/p = 0.060 and 
0.076 mz g-‘, respectively, or, if oblique incidence is 
accounted for, E*/p = 0.047 and 0.06 m2 g- i. This is in 

very good agreement with the experimental value given 
in Section 2.1 (E,,Jp = 0.053 m2 g- I). 

3. EXTINCTION COEFFICIENTS FROM 
TRANSMISSION MEASUREMENTS 

3.1. Procedure for determination of transmission and 
reflection 

The remarkable agreement between measured and 
calculated extinction coefficients shown above in- 

dictates that the radiative flux in an insulator can in 
principle be deduced from theory, i.e. from the optical 
constants and the internal geometry of the material. 
Some limitations, however, are given in practice: we 
did not account explicitly for oblique incidence, the 
exact equation of radiation transfer in a medium with 

randomly oriented cylinders, the effect of dependent 
scattering (Mie theory assumes independent scatter- 
ing), and other problems related with exact solutions of 

radiation transfer combined with solid conductivity. 
Therefore, it is essential to test the correctness of the 

simplifications used in additional experiments. One 
purpose is to measure the extinction coefficient for a 
(nearly parallel) beam penetrating a sample. The beam 
is always attenuated by a simple exponential decay eeTo 
(Beer’s law), if scattering in the original beam can be 
avoided. If the surface density, os, is known, this 
immediately yields the extinction E per density p: 
E/p = to/c,. The experiment also should reveal the 
total transmittance and reflectance, t and r, which de- 

pend on r,,, we and the phase function. Then the experi- 
ment can be compared with the predictions of Mie 
theory and solutions of the equation of transfer. 

In the experiment an almost parallel beam is falling 

on a cold sample. The equation of transfer for the 
intensity I (in general wavelength dependent) in a 
plane-parallel, non-emitting medium, which has to be 
applied here, is [6] 

P * W, d/dr = -lb, d + (l/2) 

s 1 

X I(7,d) f WjP,@L) * P&‘) dp’ 
-1 j=O 

+(F/4)*exp(-z)* f wjp,XP). (7) 

j=O 

The last term is due to the incoming parallel beam of 
flux nF, which can be seen as an internal light source. 
The boundary conditions then are: Z(r = 0, p) = 0; 

I(7 = to, -p) = 0, where p > 0. As in astrophysics, a 
two-flux approximation is frequently used to solve this 
equation, where the radiation field is divided into a 
forward and a backward hemisphere. This method can 
be generalized, if the directions p are divided into n 
discrete directions, pLi, and corresponding weights, a,. 
Theseare usedforevaluation oftheintegralinequation 
(7) which is converted into a sum of n terms. Kaganer 

[S] showed that a three-flux approximation in the p 
= 0 direction can be reduced to the formalism of two- 
flux calculations. He also used divisions pi and weights 
ai of a quadrature formula on the basis of Jacobi 
polynomials P:‘*“(x) (see Table 1 for divisions and 
weights with n = 3 and 5). In the case of isotropic 
scattering his results are close to exact numerical 
solutions of the equation of transfer. The linear 
anisotropic model equation (4) can be verified easily in 
the three-flux approximation for albedo o. = 1. We 
found that extending Kaganer’s method to anisotropic 
scattering for arbitrary albedo w. and boundary 

Table 1. Divisions, pci, and weights, a, for quadrature formula 

n flux ai 

3 +2/3 314 
0 l/2 

5 *@+J6)/10 
k(6- J6MlO 

125/(18*(16+J6)) 
125/(18.(16-J6)) 

0 219 
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0 5 10 15 20 25 

FIG. 8. Comparison of transmittance t derived from Monte 
Carlo calculations (solid lines) as a function of optical 
thickness T,, and five-flux model (dashed lines). Fibre diameter 
d = 2 pm and wavelengths A = 2.5,3.0,4.0, 5.0, 6.0 pm (from 
top to bottom) are assumed for Mie theory calculations 

(yielding p = 0.86, 0.79,0.78,0.72 and 0.26, respectively). 

conditions still yields sufficiently accurate results iffive- 

flux approximations and the first three moments of the 
phase function o1 . . . co3 are used. Three-flux calcu- 
lations using w1 give satisfying results, if z0 is not too 
small (depending on the asymmetry factor). Five-flux 
calculations for the case of absorption and anisotropic 
scattering of a parallel beam falling on a cold medium 
were performed numerically in order to include also 
small optical thicknesses into the analysis. Several 

wavelengths, A, and the corresponding phase functions 
and cross-sections of a 2 pm glass fibre were chosen for 
demonstration and compared with Monte Carlo 
calculations (Fig. 8). The good agreement between both 

theoretical approaches indicate that as Monte Carlo 
calculations are very time consuming, this five-flux 
method can be used to compare optical transmissivity 

measurements with the predictions of Mie theory and 
radiation transfer theory. 

3.2. Experimental procedure for transmission 4. COMPARISON OF THEORETICAL 
measurements AND EXPERIMENTAL RESULTS 

The thermal radiation of a globar (Fig. 9) is focused 
by a germanium lens on a circular variable filter in the 
wavelength range 2.5-14.5 pm. A second germanium 
lens focuses the chopped beam onto the sample. A 
pyroelectric detector is in close contact with the sample 
and collects about 75% of the hemispherical IR 
transmission. The signal is passed to a lock-in amplifier 
and correlated with the chopper frequency of 12.5 s-l. 
A semi-reflecting ZnSe-mirror and a second pyroelec- 

tric detector enable us to monitor the original intensity. 

Figure 10 shows the specific extinction spectrum E/p 
(= q,/cr,) of Microglass 1000 and a comparison with 
Mie calculations for d = 0.5, 1.0 and 1.5 pm. A mean 
size diameter of 0.5 pm is claimed by the manufacturer, 
SEM-pictures, however, show an appreciable amount 

Pyroelectr1c 

IR - Source 

Detector 
Chopper 

Pyroelectric 
Detector 

Circular 
Vanable Filter 
25 -14.5pm 

FIG. 9. Experimental setup for IR transmission measurement. 

Both signals are digitized and stored in a TRS-80 
microcomputer, which is also used to automatically 
turn the variable filter and a movable detector holder as 
well as to process and plot the data. In the arrangement 
described here, the total IR transmission through a 
sample can be measured. 

If the extinction of a fibre-glass sample is to be 

determined, it is positioned in front of the second lens. 
Now the scattered radiation is distributed over the 
hemisphere and only a small fraction arrives at the 

detector. The dectector, however, still registers the 
unscattered exponentially attenuated light of intensity 
I,. From the primary intensity, I,, the optical thickness 
of the sample is derived : to = In (Z,/Z,). As the detector 
is 2 mm in diameter and the distance between lens and 
detector about 60 mm, the scattered intensity hitting 
the detector is reduced to (l/60)’ or less than 0.03%. 
Therefore, the influence of scattered light can be 
neglected. Directed off-beam transmission as well as 
reflection can be recorded, if the detector is moved 

around the sample. As no focusing element is used, the 
maximum distance between detector and sample has to 
be kept at 24 cm. 

Various fibre-glass papers have been tested. To get 
measurable signals in the extinction experiment the 
papers have to be as thin as possible. The best specimen 
was Microglass 1000 (Manning Corp., Troy, New 
York) where sheets of surface densities gs = 14.2 g m-* 
could be used. For the transmission experiments 
usually several sheets were inserted. Prior to 
measurements, the sheets were heated to 180°C to avoid 
water absorption in the spectra. Several powders were 
also studied as candidates for opacifiers. The powders 
were mixed in small quantities with KBr and pressed 

into tablets. 

3 8 10 15 

Wavelength A/pm 

FIG. 10. Comparison between experimental specific extinc- 
tion, E/p, of Microglass 1000 (u. = 14.2 pm-‘. solid line). and 
predictions of Mietheory as&king d zO.5 pm (dotted’iine), 

1.0 pm (dashed line) and 1.5 pm (dashed-dotted line). 



FIG. 11. Measured transmittance, t, vs wavelength for 
Microglass 1000 with surface densities (r. = 14.2, 28.4, 56.8 

and 71.0 g m-*, proceeding from top to bottom. 

810 15 3 4 5 6 8 10 15 

Wavelength A/JJ~ Wavelength hlfim 

FIG. 13. Measured reflectance (dashed lines) vs wavelength, A, 
for Microglass 1000 with 1 and 12 layers (u, = 14.2 gm-’ and 
us --+ co), and predictions from Mie theory and five-flux model 

(solid lines) assuming d = 1.4 pm. 

of additional larger fibre sizes in the range of 1 pm. The 
figure shows a remarkable agreement between 
measured and calculated spectral extinction. The 
measured transmittance of several layers of Microglass 

sheets is shown in Fig. 11. Two different regions have to 
be distinguished: one of high albedo o,, (mainly 
scattering, A < 6.5 pm), and the second a strong 
absorption band around A = 10 pm. Despite a large 
extinction cross-section at shorter wavelengths (first 
case), transmittance is large even for many layers of 
Microglass (due to high albedo, w,,, and forward 
scattering). 

The same wavelengths as in Fig. 8 have been chosen 
to compare these experimental results with five-flux 
approximations (Fig. 12). A single fibre diameter of d 
= 1.5 pm is assumed for the Mie calculations of phase 

functions. The optical thickness was taken from the 
experimental extinction spectrum (Fig. 10). Experiment 

and calculation agree and show the reliability of the ab 
initio calculations. 

In Fig. 13 the reflectance, r, is plotted for different 
layers and also compared to the five-flux calculations. 
In summary, these optically obtained results confirm 
that forward scattering compared with isotropic 
scattering indeed enhances radiation flux. 

Also, the extinction properties of several powders, 
which might be suitable as opacifiers were tested 
experimentally (Fig. 14). As the wavelength region 
below A = 8 pm is most important for high 

1.0 
A/pm 

“0 5 10 15 20 25 

Optical Thickness r. 

FIG. 12. Comparison of transmittance, t, vs optical thickness, 
z0 ; wavelengths from transmission experiment as in Fig. 11 
(symbols) and theory (solid lines) assuming d = 1.5 pm. The 
optical thickness, T,,, was taken from experimentally obtained 

01 
300 400 500 600 700 800 

Temperature T/K 

FIG. 15. Specific extinction, E*/p, for glass fibres (d = 1 pm) 

extinction (Fig. 10). 
doped with Fe,O, vs temperature T for different 

concentrations, c, of Fe304. 
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temperature applications, Fe,O, (d z 0.2 pm) and 
MoTe, (d z 2 pm) are efficiect absorbers. Model 

calculations for certain weight percents, c, of Fe,O, 
added to a glass-fibre insulation provided the Rosseland 
mean ofspecific extinction coefficients are shown in Fig. 
15. The specific extinction of Fe,O, was taken from 
experimental data (Fig. 14) and combined with the 
specific extinction, E*/p, obtained from Mie theory 
calculations (assuming d = 1 pm). Especially at higher 
temperatures 7; adding Fe,O, as an opacifier to a fibre- 
glass insulation increases the total extinction and thus 
lowers the radiative heat flux appreciably. As the 
influence of the opacifier Fe,O, to solid conductivity is 
not known, additional calorimetric heat flux measure- 
ments are to be performed. 

Wavelength h/pm 

FIG. 14. Experimental specific extinction, E/p, vs A for Fe,O,, 
MoTe, and Fe-spheres (solid lines). Prediction of Mie theory 

for Fe-spheres assuming d = 3 and 4 pm (dashed lines). 
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Finally a sample of iron spheres (mean diameter as 
estimated from SEM-pictures d x 4 pm) was used to 
compare experimental specific extinction (Fig. 14, 
lower solid curve) with the prediction from Mie theory 
for spherical particles (Fig. 14, dashed lines, assuming d 
= 3 and 4 pm). The data of the complex index of 
refraction for iron are taken from Ordal et al. [13], and 
divided by nKBr = 1.5 to take into account the index of 
refraction of the KBr tablet. Also here a striking 
agreement between both methods has been found. 
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PROPRIETES SPECTRALES DE TRANSMISSION ET DE REFLEXION DES MATERIAUX 
ISOLANTS A HAUTE TEMPERATURE 

R&sum&On d&it deux approches pour la d&termination du flux radiatif dans les isolants $ haute 
tempbrature : (a) ttude de la transmission et de la riflexion optique; (b) application de la thiorie rigoureuse de 
Mie et des simulations Monte-Carlo des mesures calorimetriques et optiques. On montre que le coefficient 

d'extinctionmonochromatique et leterme du premierordredudCveloppementen seindefonctiondephase 

sont indispensables pour une optimisation des propriirtes d’isolation d’un isolant anisotropiquement 
diffusant. Cet article montre la validiti de I’approximation de diffusion pour le transfert radiatif aussi pour une 

diffusionfortementanisotropique.Onajouteune~tudedespropri~tisd'extinctiondediff~rentsopacifiants. 

SPEKTRALE TRANSMISSIONS- UND REFLEXIONSEIGENSCHAFTEN VON 
HOCHTEMPERATUR-ISOLATIONSMATERIALIEN 

Zusammenfassung-Es werden zwei Wege zur Bestimmung des Strahlungsflusses in Hoch- 
temperaturisolationen beschrieben : (a) optische Transmissions- und Reflexionsmessungen; (b) 

Anwendungder Mie’schen Streutheorie und Monte-Carlo Simulationen von kalorimetrischen und optischen 
Messungen. Es wird gezeigt, daB die Kenntnis des spektralen Extinktionskoeffizienten und des ersten Terms 
der Legendrepolynomentwicklung der Streuphasenfunktion ausreichend ist, urn die Isolationseigenschaften 
von anisotrop streuenden Isolationen voraussagen und optimieren zu kiinnen. Das Diffusionmodell fiir den 
Strahlungstransport behilt such in stark anisotrop streuenden Medien Giiltigkeit. Weiterhin werden 

Extinktionseigenschaften von verschiedenen Infrarot-Triibungsmitteln beschrieben. 

CIlEKTPAJIbHbIE XAPAKTEPMCTMKM OTPA~EHMII M flPOnYCKAHM5l 
BblCOKOTEMnEPATYPHbIX M30JI5I~MO,HHbIX MATEPMAJIOB 

AtuioTaunn~Onecanbl nsa Merofla 0npeneneHMs noroKa u3nyreHm4 i3blcoKoTeMnepaTypHblx 

W30,,lm,OHHb,X MaTcpAaJIOB: (a) OnTWIeCKEfi CnOCO6 O"pcJIe,IeHHn npOnyCKaHHS4 H OTpaNZHHH; H 

(6) Hcnonb3oBamie c~poroR Teopmi paccenHHn MH M MonenHposanHe MeToaoM Mote-Kapno 
KanopeMeTpnqecKHx R 0nTAgecKMx M3Mepemiii. noKa3an0, '470 pa3pWZHHbIti "0 &"MHC BOJHbl 

K03&@imieHT 3aTyxaHnn H 9ne~ nepeoro nopnnKa a pa3nomeHua a pan @a3oBoA (PYHKUMH paccenHm4 

IIB,,RH)TCII He06XOAHMbIMM ,,apaMeTpaMH &"a OllTllMASauHM WSOJIRuHOHHblX CSOi%CTB aHWlOrpOnH0 

paCCcHBaIOmer0 MaTcpHaJIa. nOKa3aHa C"paBcAJIHaOCTb AH++y3HOHHOfi a""pOKCMMauHH IIyq54CTOrO 

"c~HOCaTaKEcBC~y~aeCM~bHOrOaHH30TpOnHOrOpaCCeI(HI(R. KpoMe TOrO,HCCJIcAOBaHbl "apaMCTpb1 
3aTyXkiHWl B pal,,R'IHb,X He"pO3paqHblX MaTepHanaX. 


