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Abstract—Numerical results for extinction efficiency, phase function, albedo and asymmetry factor are
presented for clouds of spherical particles illuminated by black body radiation. The refractive indices
(m = m,;—im,) used were m, = 1.5 with m, varied from 0 to 0.024 in steps of 0.006 and m = 1.6—i0.6,
chosen to be representative of fly ash and coal. Averaged scattering data are given for use in radiative
transfer modelling of pulverised fuel furnaces. The results are seen to depend on the product of the mean
particle size and the radiation temperature. The scattering parameters of fly ash are shown to vary
significantly with absorption index m, for small particles, but the choice of refractive index is not critical
for large particles.

1. INTRODUCTION

ELECTROMAGNETIC scattering by particles affects a
wide range of industrial processes. In particular, there
is its influence on radiative transfer. Through this, the
efficient operation of pulverised-fuel furnaces depends
on the physical nature of the particles present and
their number density. The relevant scattering par-
ameters can be calculated for spherical particles using
Mie theory. Buckius and Hwang [1] and Avery and
Jones [2] presented results averaged over particle size
distributions and radiation wavelengths at refractive
indices appropriate to coal. Boothroyd and Jones [3]
reported averaged scattering efficiencies for a refrac-
tive index m = 1.5-10.012 representing fly ash, as
recommended by Gupta and Wall [4]. Gupta et al.
[5] showed, inter alia, that fly ash cloud efficiencies at
discrete radiation wavelengths are strongly dependent
on the particle absorption index m,. In view of this
and the current uncertainty as to the true value of m,
[4] further scattering information for fly ash is needed.

We report here numerical results for the scattering
parameters, averaged over various size distributions
and a Planck function spectral distribution for par-
ticles of refractive index m, = 1.5 with m, =0 to
0.024. Similar data evaluated for a refractive index
m = 1.6 —10.6, chosen to represent coal, are presented
for comparison.

2. DESCRIPTION OF TERMS

For the prediction of radiative transfer in particle
clouds knowledge of the extinction cross-section Co,,
albedo w, and scattering polar diagram I, is required
[6]. For certain approximations to the polar diagram,
the asymmetry factor g is required {7].

In a furnace there exist distributions of both size
and wavelength. In order to define any useful single

+ Current address : BICC Ltd., 38 Ariel Way, London W12
7DX, U.K.

HMT 29:11-C

property it is necessary to average over both of these.
The average F of F, is given by

F=J j FA-N(a)E,“dadA/J‘ f N(a)E;,;dadi
0 Jo o Jo

where Eg, is the Planck function and F, is I, (0),
C,s 01 C, calculated from Mie theory. The average
extinction cross-section is:

C-'exl = C—'sca + C-'abs'

n=20
n#0

_ Gyexp(—ajay),
N(@) = {G,,a" exp (—nala,),

where a is particle radius and G, is a constant. The
Sauter mean radius (as) is 3a for n = 0 and (n+ 3)a,/n
otherwise.

The integrals were evaluated using Gaussian quad-
rature [3, 8]. All the data presented were evaluated
using 40-point quadrature. Tests for convergence were
effected with 32-point quadrature.

The numerical procedure calculated scattering par-
ameters for X < 900. Approximations were made to
take account of integration points representing larger
particle sizes [3].

The efficiencies are the cross-section divided by the
particle’s geometrical area. For example the averaged
extinction efficiency Q is taken as:

Oexe = exl/naz

a’ = J‘w a’N(a) da/ J’@ N(a)da.

The dependence on ag7, the product of the Sauter
mean radius and radiation temperature 7, may be
expected from the dependence of the single particle
properties on the ratio a/1. From Wien’s law :

1
T

where

Amax o<
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NOMENCLATURE

a particle radius [m] ms absorption index
a, modal particle radius (n = 0, 1, 3) [m] N(a) particle size distribution function [m™7]
as Sauter mean radius {m] n takes values 0, 1 or 3
Cibss Cexs Cow  absorption, extinction and Q..  extinction efficiency

scattering cross-sections [m?] T temperature [K]
Ey, Planck black body function X particle size parameter, 2na/A.
F, L3 Cabs, Csca.s g Cscaa I sca
F average of F,
g asymmetry factor Greek symbols
I..  scattered light intensity distribution 0 polar angle

function [W m~2 ster~ ] yl wavelength [m)]
k wavenumber, 27/4 [m™ '] Amax  Wavelength at which maximum in black
m complex refractive index, m, —im, body curve occurs {m]
m, refractive index Wy albedo.

we have agT = a/A... This enables the averaged scat-
tering data to be interpreted in terms of the most
effective single particle size parameters.

The asymmetry factor is a weighted average of the
polar diagram, It was calculated using F; = gC,, cal-
culated directly from Mie theory [9], and also using
F, = I, (0)/k* whence

gCos = 27 j Fcosfsin6d4.
it

In both cases, it was then assumed that
g— = gCSCa /C*SC;'

As a test of this assumption, these were compared

0.9~

0.8

“y

0.7

0.6~

with the direct calculation

j 1..(6)cosOsin 6 dp

0

g= -
J 1..(9)singde

0
The three methods agreed to three decimal places and
better.

3. RESULTS

It is found that the calculated results depend
uniquely on the product asT for any one size dis-
tribution. Further, while there is some slight differ-
ence, the results for the various distributions are very

a, 7 {mK)

Fic. 1. Averaged asymmetry factor against a7 for m=1.5-i0.006. — n=0; —O— n=1;
—X g = 3L
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Fic. 2. Averaged extinction efficiency against a;7; n=0. —— m=15;, —— m=1.5-i0.024;
——. m = 1.6—10.6.

close. Figure 1 is a typical example. Because of this
calculations are presented only for » =0, which
appears to be the best representation of actual mea-
sured size distributions of fly ash. Results for other
values of n always lie close to these curves.

Results for Q. are shown in Fig. 2. As a;T increases
the averaged extinction efficiencies show the same
trends as Mie efficiencies with increasing a/4, and
approach a value of 2 demonstrating the well-known
extinction anomaly.

In Fig. 3 albedos for fly ash are compared with
that representative of coal. It can be inferred that for
clouds where the preponderant particles are small,

coal is strongly absorbing whereas fly ash scatters
strongly. It will also be noted that in this region small
changes in the imaginary part of the refractive index
of fly ash cause significant differences in the amount
of scattering. As asT increases the influence of the
refractive index is diminished.

Results for ¢ are shown in Fig. 4. In all cases the
scattering becomes progressively more forward
directed for larger particles. This is also seen in Fig. 5,
where scattering polar diagrams are shown. It may
be noted that increasing the imaginary index for fly
ash over a narrow range from zero quickly reduces
backscattering.

0.3 l 1

a, T {mK)

Fi1G. 3. Averaged albedo against a;7; n = 0. —— m = 1.5 and m, as shown; ——. m = 1.6 —i0.6.
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F1G. 4. Averaged asymmetry factor against #7; n=90. —— m= 1.5 and m, as shown; —.—.
m = 1.6—10.6,

4. CONCLUSIONS

The results show that homogeneous spherical par-
ticles of coal and fly ash with a ~ A have significantly
different scattering properties. The fly ash will scatter
much more than coal which is strongly absorbing.
Also, in predicting the radiative behaviour of these fly
ash particles the choice of absorption index is critical.
However, larger coal and fly ash particles have similar
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properties. For some size distributions, large particles
present in even relatively small numbers could domi-
nate because the amount of light scattered increases
approximately as the square of particle radius. Except
at low temperature, the choice of refractive index is
not critical for predicting scattering properties rele-
vant to furnace particulates.
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FiG. 5. Averaged scaftered intensity against angles; n = 0.
m=1.6-10.6. (a) aq =

m = 1.5 and m, as shown; —.—.
5 pm; (b) ap = 30 pm.
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UNE COMPARAISON DES CARACTERISTIQUES RADIATIVES
DES CENDRES VOLANTES ET DU CHARBON

Résumé—Des résultats numériques pour U'extinction, la fonction de phase, I'albédo et le facteur d’asymétrie
sont présentés pour des nuages de particules sphériques recevant un rayonnement de corps noir. Les indices
de réfraction (m = m,—im,) utilisés avec m, = 1,5 et m, variant de 0 & 0,024 par pas de 0,006 ¢t m = 1,6
i0,6, sont choisis pour représenter les cendres voltantes et le charbon. On donne des valeurs de diffusion
mayonnes pour utiliser les modéles de transfert radiatif dans les foyers & combustibles pulvérulents. Les
résultats dépendent du produit de la taille moyenne de particule par la température de rayonnement. Les
paramétres de diffusion de la cendre volante varient sensiblement avec Uindice d’absorption m, pour des
petites particules, mais le choix de I'indice de réfraction n’est pas critique pour des grosses particules.

VERGLEICH DER STRAHLUNGSEIGENSCHAFTEN VON FLUGASCHE UND -KOHLE
Zusammenfassung—Es werden numerische Ergebnisse der Extinktionseffizienz, der Phasenfunktion, des
Albedo und des Asymmetriefaktors fiir eine Wolke kugelfSrmiger Partikel, die durch schwarze Strahlung
beleuchtet wird, vorgestellt. Die verwendeten Brechungszahlen (m = m; —im,) betragen m, = 1,5, wobei
m, von 0 bis 0,024 bei Schrittweiten von 0,006 variiert wurde. Als reprisentativer Wert fiir Flugasche und
-kohle wurde m = 1,6 —i0,6 gewihlt. Fiir die Modellbildung des Strahlungsaustausches in Staubfeuerungs-
anlagen werden gemittelte Streuungsdaten mitgeteilt. Es zeigt sich, dafl die Ergebnisse vom Produkt aus
mittlerer PartikelgroBe und Strahlungstemperatur abhéngen. Es zeigt sich weiterhin, da die Parameter
fiir Flugasche bet kleinen Partikeln signifikant vom Absorptionsindex m, abhingen. Jedoch ist fiir groBe
Partikel die Wahl der Brechungszahl nicht kritisch.
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CPABHEHUE PAJUALIMOHHBIX XAPAKTEPUCTHUK JETYYEH 30JIbl U Y4

Aunotaumn—IIpeacTapnensl 4HMCJIeHHBlE pe3ynbTaThi AT  KOdpdUUMEHTa BKCTMHKUMH, (a30BOi
bynximu, anbbemo n Ko3hPHLHEHTa ACHMMETPHA s CKOTUIEHHH CEPHYECKHX YACTHL, OCBELUCHHBIX
u3nyveHueM abCOIOTHO 4EPHOTo Tena. 3HAYEHMS MOKasaTelledl NpeIOMIEHMS (m = m, — im,) coc-
TaBnanau: m, = 1,5 npu m,, usMmensiowemes ot 0 1o 0,024 crynendaro ¢ warom 0,006, n m = 1,6 — i0,6,
BbIOpAHHBIE B KAYECTBE XAPAKTEPHBIX UIA JIETyuell 30Jibl M yriid. OCcpefHeHHble JaHHBIE IO PACCEAHHIO
HCTO/IB3YIOTCS [IPH MOZEIMPOBAHUHE PalMALMOHHOTO MEePeHoca B NEYax ¢ pachblUIEHHEM Tomausa. Pesy-
JIbTAThl 3aBHCAT OT NMPOM3BEICHUSA CPEAHETO pa3Mepa 4YacTHUBI M TEMIEPATYpbl H3Jydenus. [TokasaHo,
4TO NMapaMeTpbl PACCEAHHUS WIS JleTy4eH 30/bl CHILHO 3aBHCAT OT M, [UIR MajiblX HaCTAL H cnabo—uis
GonbLMx.



