
ht. 1. Hrur Mass Trrwsfer. Vol. 33. No. 4. pp. 767-770. 1990 
Printed in Greal Britain 

0017-931080 53.00+0.00 
% 1990 Pergamon Press plc 

Radiative heat transfer in insulations with random 
fi bre orientation 

R. MATHES and J. BLUMENBERG 

Technische Universitlt Mtinchen, D-8000 Miinchen, F.R.G. 

and 

K. KELLER 

Messerschmitt-Bi%kow-Blohm GmbH, D-8012 Ottobrunn, F.R.G. 

(Receic,ed 27 February 1989) 

Abstract-The diffusion solution describes radiative flux in high temperature fibre insulations of sufficient 
optical thickness. This paper is concerned with the application of Mie-scattering theory for the deter- 
mination of the extinction coefficient used in the ditfusion equation. Emphasis is put on radiation incident 
oblique to the fibres. Averaging over all tilt angles reflects a completely random orientation of the fibres 
to the radiative flux. It is apparent that consideration of averaged oblique incidence is a realistic simulation 

of extinction efficiencies determined by guarded hot plate measurements. 

1. INTRODUCTION 

RADIATIVE heat flow has received attention from 
experimentalists and theorists for decades. In a low 
density fibre insulation infrared radiation is one of the 
most important heat transfer modes. In the case of 
reduced ambient pressure the heat conduction by the 
residual gas in the insulation decreases and for 
sufficiently low pressures radiative heat transfer 
becomes dominant even for low temperatures. 

To improve the thermal performance of a fibre insu- 
lation the sensitivities of radiative transfer with respect 
to fibre characteristics have to be well understood. 
For a full understanding analysis is indispensible. 

For a large optical thickness 5 the diffusion solution 

had 

16Gi’a dT 
=-7,3x 

is a valid approximation of the radiative transfer 
equations [I]. 

The optical thickness T is determined from the 
anisotropic extinction coefficient E* and the thickness 
L of the insulation. In the case of homogeneous E* 
simply T = E*L holds true. To establish the depen- 
dence between extinction coefficients and fibre charac- 
teristics Mie-scattering theory is used. 

Whereas scattering of electromagnetic radiation 
incident perpendicular to a cylinder has been con- 
sidered in numerous publications, oblique incidence 
has received less attention. Infrared extinction 
coefficients EP+ are computed for h-radiance per- 
pendicular to the fibres. Random oblique orientation 
is accounted for by multiplication of the computed 
extinction Ep+ by a constant factor v = n/4 3: 0.785 

V-U9 v = 2/3 z 0.667 [9] or v = 4/S = 0.800 [lo] thus 
yielding E,’ = vE,*. 

As indicated already by the different values of v 
the consideration of averaged oblique incidence by 
constant factors seems to be a first-order approxi- 
mation valid for special cases. It will be demonstrated 
in this paper that the ratio between E: and E,* varies 
with temperature and fibre diameter. 

2. CALCULATION OF EXTINCTION FROM MIE 
THEORY 

An electromagnetic wave incident on a fibre is scat- 
tered and absorbed. The relative scattering and 
absorption cross-sections QsU and Q,, give the ratios 
between scattered and incident energy or absorbed 
and incident energy, respectively. The total extinction 
of the electromagnetic wave is described by the relative 
extinction cross-section QeXt = Q,. + Qub. 

The extinction cross-section can be calculated from 
Maxwell equations considering the real fibres as cir- 
cular cylinders. Details may be found in the related 
literature [2-6]. One obtains for unpolarized infrared 
irradiation having a tilt angle 5 to the cylinder axis 

The terms a,,, b, are dependent on Bessel and Hankel 
functions of the first kind 

A,V,,-iC,D, 
a, = - 

W,,V,+iDi 

b, = 
W,,B,,+iD,,C, 

W,,V,+iD,f 

where 
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NOMENCLATURE 

fibre diameter x size parameter 
anisotropic extinction coefficient : depth. 
specific anisotropic extinction coefficient 
Hankel function of the first kind 
Bessel function of the first kind 
insulation thickness Greek symbols 
index of refraction i wavelength 
scattering phase function i tilt angle 
heat flux due to radiation P density of insulation 
relative cross-sections Pr bulk density of fibres 
temperature u Stefan-Boltzmann constant 
ratio of extinctions for oblique to r optical thickness 
perpendicular irradiance w anisotropy factor for forward scattering. 

J 

< = .Y sin < ; tJ = .+v+-cos2 5). 

In the equations above m is the complex refractive 
index and x = aD/A where D is the diameter of the 
fibres and i the wavelength of the irradiance. 

For fibre insulations with sufficient density p the 
wavelength-dependent anisotropic extinction coeffi- 
cient is given by 

where 

s 

ii 
W= cos cp P(P) drp 

0 is 
0r&4 dCn 

and ~(9) the scattering phase function. Here pF is the 
density of the fibres. The temperature dependent 
extinction coefficient E*(T) is obtained from the 
Rosseland mean of ET. The specific extinction e* is 
defined by e* = E*lp. 

3. APPLfCATlDN TO RADIATIVE HEAT 

TRANSFER CAL~U~TION 

The above equations are applied to the simulation 
of heat transfer measurements for an evacuated glasy 
fibre insulation 181, The complex index of refraction 
as given in ref. f7J is used. For the density of the fibres 
pr = 2700 kg mm3 is considered [8]. The anisotropic 

specific extinction has been calculated for infrared 
radiation incident perpendicular (< = 0) and oblique 
([ 2 0) to the fibres. To be more precise, the latter 
case accounts for all oblique orientations between 0 
and x/2 and is therefore an average over ail possible 
oblique incidence directions. The calculation results 
are presented in Figs. t and 2. 

FIG. I. Anisotropic specitic extinction vs temperature and 
fibre diameter for perpendicular incidence fc j= 0). 

FOG. 2. Anisotro~~c specific extinction vs temperature and 
fibre diameter averaged over al1 oblique incidences 

(0 $ ( < YL!2). 
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Table 1. Specific extinction for perpendicular (e$ and oblique (e$ incidence (averaged 
over all incidence angles} 

T WI e,Z Im* kg-‘] e: [m’ kg-‘] 

300.0 15.9 83.9 90.9 56. I 62.7 69. I 
400.0 68.0 78.9 87.1 51.1 61.5 71.2 
500.0 67.7 81.2 89.8 50.5 64.9 77.7 
600.0 12.4 88.1 96.4 53.6 72.3 88.4 
700.0 80.1 97.5 104.0 59.5 82.8 102.0 

Fibre diameter brn] 0.6 0.8 1.0 0.6 0.8 1.0 

Table 2. Ratio between specific extinctions due to per- 
pendicular and averaged oblique radiation incidence 

T fK1 

z 
500 
600 
700 

Fibre diameter [rem] 

u = e,*le,* 

0.739 0.747 0.760 
0.751 0.779 0.817 
0.746 0.799 0.865 
0.740 0.821 0.917 
0.749 0.849 0.98 I 
0.6 0.8 1.0 

It is noted that the maxima of the surface e* (D, T) 
are more pronounced for oblique than for per- 
pendicular incidence. 

Some numerical results are shown in Table I. Table 
2 presents the ratio between specific extinction due to 
oblique (e,“) and perpendicular (e,+ incidence, i.e. u = 
e,*lef Obviously this ratio changes with temperature 
and fibre diameter. 

The extinction of the evacuated glass fibre insu- 
lation has been measured [8] in the radiation mean 
temperatun: range 300 K to nearly 500 K. Properties 
of the tested insulation are [8] : insulation thickness, 
30 mm; fibre diameter, OS-O.7 pm ; insulation density 
p = 280 kg m-l. A temperature averaged specific 
extinction e& = 53 m* kg-’ was determined for that 
insulation by guarded hot plate experiments [S]. 

From Mie theory (~~ndicuiar incidence) tem- 
perature averaged extinctions ep’ = 60 and 76 rn’ kg- i 
have been calculated for the fibre diameters of 0.5 and 

‘0.7 pm [S]. Oblique incidence was accounted for by 
multiplication of ail calculated extinctions with 

s 

n/Z 
cosL Q, drp = n/4 Y 0.785 

0 

thus yielding e,* = 47 m* kg-’ (L? = OS ,um) and e,* 
= 60 m* kg- ’ (t, = 0.7 m) [S]. 

Temperature averaging our results presented in 
Table 1 for a (mean) fibre diameter D P 0.6 pm in the 
temperature range 300-500 K one obtains the results 
compared in Table 3 with the values given in ref. [8]. 

4. CONCLUSIONS 

The agreement between the measured extinction 
e& = 53 m2 kg- ’ and the present calculations isexcei- 

Table 3. Comparison between the present analysis (D = 0.6 
pm) and previous [S] results (D = OS-O.7 pm) 

Present Theoreticat Experimental 
analysis results [8] results [8] 

P P 70.5 60-76 - 

B 52.6 47-60 
c$ [m” kg-‘] - - G 
v‘ 0.145 0.785 - 

lent for averaged oblique incidence e,’ = 52.6 m2 kg- ’ 
(Table 3). 

Consideration of averaged oblique incidence by a 
constant factor 0.785 [8] fits the extinction of this 
special measurement too and the factor is quite close 
to our calculated mean value e,*lex = 0.745 (Table 3). 
However, Table 2 indicates in the general case no 
constant relation between extinctions for per- 
pendicular and averaged oblique incidence. 
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TRANSFERT RADIATIF DANS DES ISOLANTS A ORIENTATION ALEATOIRE DES 
FIBRES 

R&snrn~La solution de diffusion dkcrit le flux radiatif a haute temperature dans des isolants fibreux 
d’ipaisseur optique suBisante. Ce texte conceme l’application de la theorie de Mie pour la determination 
du coefficient d’extinction utilid dans l’kquation de diffusion. L’inttr6t est port& sur le rayonnement 
incident oblique par rapport aux fibres. Une moyenne pour tous les angles d’inclinaison represente une 
orientation complttement aleatoire des fibres pour le flux radiatif. 11 apparait que la consideration dune 
incidence oblique moyenne est une simulation r&aliste des efficacitks d’extinction determinkes par des 

mesures de plaque chaude gardb. 

STRAHLUNGSWARMEUSTAUSCH IN WARMEDAMMUNGEN MIT ZUFALLIGER 
FASERORIENTIERUNG 

Zusammenfassnng-Es wird der Strahlungswiirmeuastausch in faserigen WiirmedHmmateriaIien fiir den 
Hochtemperaturhereich hei ausreichender opt&her Dicke heschriehen. Die Streutheorie nach Mie wird 
hei der Bestimmung des ExtinktionskoetEzienten in der Diffusionsgleichung Angewandt. Besonderer Wert 
wird auf die schrrIg in die Faser einfallende Strahlung gelegt. Eine Mittelung iiher alle Einfallswinkel 
spiegelt eine wirklich zuTallige Anordnung der Fasern zum StrahhmgsfluB wider. Es ist offensichtlich, dall 
die Betrachtung geneigter schriiger Einstrahlungen eine realist&he Simulation der Extinktionswirkungs- 

grade darstellt, wie sie aus HeiBplattenmessungen bekannt sind. 

PAJ&IAI&IOHHbI6i TEI-IJIOIIEPEHOC B M30JIRLIMIIX C IIPOM3BOJIbHOfl 
OPHEHTALDIE~ BOJIOKOH 

Anno~8u11~~p~ noMouw peweHHn ypasHeHHn n+&3H~ onticblBafm24 nyuHcrsliS ~OTOY B Bbuzo~o- 

TebfnepaTypnblx BonoKHwmdx H30nKI.wx c nocraTovHo21 0nTHwcKoil T0nWi~08. PacctdaTpmaercn 
,,pHMeHeHHe TeOpHH paCCeKHHK MH MS On~LleJieHHK K03@HUHeHTa ocJla6neHHn, HCIfOJlb3yeMOr0 B 

ypaenennnx JIH@&~HH. Oco6oe tmrr~anue ynennercn nwysenmo, nax.nomro nanaronrer4y tia nonorma. 
YCpenHeHHe IlO BCCM yrJlaM HaKJlOHa OTpaWWT COBeplueHHO flpOH3BOJlbHylO OpHeHTaLWO BOJIOKOH 
OTHOCHTe,IbHO ,,yW,~OrO nOTOK% O’WBHlUiO. ‘IT0 HCCSeI(OBaHHe yCpeL,HeHHOrO HaLnOHHOrO IIWeHHK 

HsJlyveHHn IlpWOAHTCK Ha OCHOBe peiUlHCTH’ieCKOl-0 MO~eJlHpOBaHNR %#eKTHBHOCTeii ocna6neHnn. 
OII~~eJllh%iblX H3MepeHHehl C HCllOJlb3OBaHHeM HalJ.ETblX OXpaHHbIX IlJlaCTHH. 


