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Abstract-The radiative properties of flyash polydispersions are calculated, allowing for realistic wave- 
length-dependent optical constants. Spectral absorption, scattering, and extinction efficiencies are pre- 
sented, along with the spectral scattering asymmetry parameter. Wavelength-integrated Planck mean 
values are also given. The mean single-particle total emissivity ranges from approximately 0.05 to 0.15, 
depending on size distribution and temperature. The effects of magnetite particles in the ash on the radia- 
tive properties are discussed. The contribution of flyash to radiative heat transfer in coal combustion sys- 
tems is examined, and for typical furnace conditions flyash is predicted to enhance the total emittance by 

approximately 20%. 

1. INTRODUCTION 

FLYASH is believed to make a significant contribution 
to radiative heat transfer in coal-fired systems. On the 
one hand, it is known from experience with pulverized 
coal boilers that the flame radiation characteristics are 
altered when the boilers are fired with coals with 
higher ash content [ 11. Also, numerical studies of radi- 
ative heat transfer in coal-fired systems [2-91 have 
indicated that flyash may play an important role both 
by contributing to the radiative emission and by 
impeding the transport of flame radiation to the walls 
through scattering. 

The predicted effects of flyash on heat transfer are, 
however, strongly dependent on the ash absorption 
and scattering coefficients used in the calculations. 
These coefficients depend in turn on the assumed com- 
plex refractive index m = n - ik of the ash, as well as 
on the ash loading and size distribution. The studies 
to date have assumed that the optical constants n and 
k are independent of wavelength, with n taken in each 
case to be equal to 1.5 and with k values which have 
ranged from 0.005 to 0.05. 

Consideration of the chemical makeup of flyash 
suggests that the assumption of wavelength-inde- 
pendent n and k is far from realistic. Flyash consists 
of a mixture of particles, the most abundant of which 
in most ashes are glassy spherical particles, consisting 
of impure aluminosilicate glasses. Various oxide min- 
eral particles also occur in smaller amounts [5, lo]. 
The optical constants of aluminosilicate glasses, as 
well as of those of oxides such as SiOl and A&O,, 
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are known to exhibit very large variations over the 
wavelength range of interest for heat transfer cal- 
culations (see, e.g. refs. [l 1, 121). Usually for such 
materials, the imaginary part k of the refractive index 
varies by several orders of magnitude in the wave- 
length range i = l-10 pm. 

In this paper, we examine the effects of flyash on 
radiative heat transfer, allowing for realistic wave- 
length-dependent optical constants. T’he analysis shows 
that the highly non-grey character of flyash results in 
predictions regarding the flyash contribution to heat 
transfer which differ significantly from those of pre- 
vious studies. 

2. FLYASH MODEL 

2.1. Size distribution 
Two different size distributions were used in the 

present calculations, representing a fine and a coarse 
ash, respectively. Both distributions were assumed to 
be log-normal in form, so that the fraction of particles 
f(D) with diameters between D and D +dD is 

f(D) = 4&u exp[-(lnD-fi)2/2az] (1) 

where I and ou are measures of location and width, 
respectively. The parameters 1 and Q, for the two 
distributions used here are given in Table 1, along with 
the mass median diameter (MMD), r.m.s. diameter 
(D2,,), mass mean diameter (D3,,), and Sauter mean 
diameter (Dj2) for these distributions. The mean 
diameters D,,,, are defined by 

(D,,)“-” = (D”)l<D” > (2) 

where the angular brackets denote averaging over the 
size distribution. ((8’) = j: F(D) f (D) dD.) 

Size distribution A was obtained from measure- 
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NOMENCLATURE 

4 projected area per unit mass Ti7 temperature of incident blackbody 
C2 second radiation constant radiation 
D particle diameter u parameter in log-normal distribution 
D “?I? mean particle diameter function 

elb spectral blackbody emissive power X size parameter. 

f(D) size distribution function 

si asymmetry parameter Greek symbols 

Sl asymmetry parameter for E slab total hemispherical emittance 
polydispersion Ei slab spectral hemispherical emittance 

k imaginary part of refractive index 5, mean single-particle total emissivity 

k absorption, scattering, or extinction wavelength 
coefficient for particle dispersion ;, Christiansen wavelength, n(&) = 1.0 

K;, effective isotropic scattering p cosine of scattering angle 
coefficient P density 

K la,gas gas absorption coefficient g Stefan-Boltzmann constant 
L pathlength used to calculate zg OU parameter in log-normal distribution 

Zl 
complex refractive index function 
particle mass loading z slab diffuse transmittance for blackbody 

n real part of refractive index radiation 

PA(P) scattering phase function =,i slab spectral diffuse transmittance 

Q* efficiency computed from Lorenz-Mie Q gas narrow-band transmittance. 

e* 
expressions 

01 

size-distribution-averaged efficiency Subscripts 
size-and-composition-averaged a absorption 
efficiency e extinction 

T temperature ‘P Planck mean quantity 
T max maximum temperature for which k data scattering 

available s wavelength-dependent quantity. 

ments in this laboratory on flyash collected at a 
middle-field location of an electrical power-plant 
electrostatic precipitator [ 131. This ash probably 
contained fewer of the larger particles than would be 
present in a furnace, since the larger particles are 
collected preferentially at the precipitator entrance. 
Size distribution B is based on the coarsest dis- 
tribution used by Gupta et al. [8]. The parameters ti 
and Q, were chosen to match the MMD and the r.m.s. 
diameter given in ref. [8]. 

2.2. Optical constants 
The optical constants used in the present cal- 

culations are shown in Fig. 1. These values are taken 
from Goodwin [14], in which the optical constants 
were measured for homogeneous bulk samples with 
compositions similar to those of flyash particles. 
Measurements of k were also made at a series of 
elevated temperatures, and the highest-temperature k 

Table 1. Log-normal size distribution parameters 
~__ 

MMD D,, D,, 
u 0” (pm) (pm) Olm) CZI 

A -0.214 0.747 4.3 1.41 1.86 3.25 
B 0.35 0.971 24.0 3.65 5.8 14.9 

__ 

values are shown along with the room temperature 
values in Fig. 1. The strong wavelength dependence 
of the optical constants is apparent. 

The optical constants used for most of the cal- 
culations in this paper are those shown in Fig. l(b), 
which were measured for a sample with a composition 
of 52.05% SiO,, 26.80% Al,O,, 15.68% CaO, and 
5.47% FeZOx, on a weight percent basis, which was in 
a fully reduced state (all Fe in the form Fe’+). This 
composition corresponds to typical values for the 
mean composition of a sub-bituminous ash [ 151. 

The optical constants shown in Fig. l(a) are for a 
sample of similar composition to that of Fig. l(b), 
except that it is essentially iron-free (56.16% SiOZ, 
27.54% A&O,, 16.26% CaO, and 0.04% Fe*O,). 
These optical constants were used for the glassy, iron- 
free ash particles considered in Section 4. 

The temperature dependence of k was included in 
the calculations to the extent possible, although due 
to limited data this could not be done in a completely 
consistent manner. For temperatures up to the highest 
temperature T,,,,, at which measurements were made 
in ref. [14], the measured high-temperature k values 
were used for the wavelength range l-7.8 pm. Outside 
this wavelength range, no high-temperature k data 
were available, and thus the room temperature k 
values were used. This is a reasonable approximation, 
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FIG. 1. Optical constants used in the present calculations, taken from ref. [14]. The values shown in (a) 
were measured for an iron-free sample, and those shown in (b) were measured for a sample with 5.47% 
Fe,O,. The solid curves are room temperature values, and the dashed curves show the highest-temperature 

measured k values. 

since the large k values which occur at longer wave- 
lengths result from fundamental vibrational absorp- 
tion, which (at least according to simplified theories) 
should be independent of temperature [ 161. 

For temperatures higher than T,,,,,, the k values at 
T,,, were used in the wavelength range 1-4.1 pm, 
since the temperature dependence in this wavelength 
region is in any case small. For the wavelength range 
4.1-7.8 pm, the value of k was extrapolated from 
the measured value at T,,, using the approximate 
overtone-absorption scaling law 

k(T)al+ 
2 

exp (C,/21T) - 1 (3) 

where Cz = 14388 pm K. The temperature depen- 
dence of k measured in ref. [14] was shown to be well 
described by equation (3) in this wavelength range, 
for temperatures from room temperature to T,,,,,. The 
fact that equation (3) is based on theoretically sound 
considerations and contains no adjustable parameters 
(i.e. it is not a fit to the experimental data) makes 
it plausible to assume that it applies at still higher 
temperatures. Extrapolating k to 1800 K by means of 
equation (3) from measured values at 1080 K results 
in an increase by a factor of 1.48 at 4.1 pm, and by 
1.61 at 7.8 pm. 

The temperature dependence of n, which is expected 
to be small, was not measured in ref. [14], and thus 
the room temperature n values were used in the cal- 
culations. For oxides similar to flyash, typical values 
for dn/dT are low5 K-’ away from strong resonances 
[17], which would give a change in n of less than 
0.01 at flame temperatures over the room temperature 
values. In the long-wavelength vibrational resonance 
region, n is also expected to be relatively temperature 

independent, since, like k, its value is determined by 
fundamental vibrational processes [ 161. 

3. SPECTRAL RADIATIVE PROPERTIES FOR 

FLYASH POLYDISPERSIONS 

The properties of a flyash polydispersion needed 
for radiative heat transfer calculations are the spectral 
absorption coefficient K,, the spectral scattering 
coefficient KL,, and the scattering phase function 
PA(p), where p is the cosine of the scattering angle. 
Often, however, the anisotropic nature of the scat- 
tering is treated approximately, using scaled par- 
ameter values for the isotropic problem [8, 181. In this 
case, one needs only the asymmetry parameter gL of 
the phase function, instead of the phase function itself, 
where g1 is given by 

(4) 

If the ash particles all have the same composition, 
then the absorption coefficient of the ash poly- 
dispersion may be written as 

k, = MA,&, (5) 

where A4 is the mass loading of particulates (g m-‘), 
A, the projected area of the particles per unit mass 
(m’ gg’), and &a the size-distribution-averaged 
absorption efficiency. If the particles are assumed to 
be spherical (generally a good assumption for flyash), 
then A, is given by 

A, = $W (6) 

where p is the material density (g mm3). 
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FIG. 2. 
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Mean spectral absorption efficiency. Results computed using extrapolated k values 
dashed. 

The average absorption efficiency &a is given by 

0, = (D2Q,,)l(D2) (7) 

where Qla is the absorption efficiency computed from 
the Lorenz-Mie expressions as a function of the size 
parameter x = nD/1 and the complex refractive index 

m(l). 
Equivalent expressions for the scattering coefficient 

KA, or for the extinction coefficient K,, (defined as 
K& = Kn,+ K,,) are obtained by replacing the sub- 
script a in equations (5) and (7) with the subscript s 
or e, respectively. 

The asymmetry parameter gi for the scattering 
phase function of the polydispersion is given by 

(giQ,sD’) 
” = <Q,,D’> (8) 

where g1 and QIS are computed from the Lorenz-Mie 
expressions as functions of x and m(A). 

The spectral mean absorption, scattering, and 
extinction efficiencies and the spectral mean asym- 
metry parameter were computed for a model ash dis- 
persion, subject to the assumptions discussed above. 

(1) The particles are all spherical and internally 
homogeneous. The small fraction of other particle 
morphologies (e.g. hollow cenospheres, angular crys- 
tallites) is ignored. 

(2) The particle distribution is log-normal, given 
by either distribution A or B of Table 1. 

(3) The particles are all identical in composition, 
and have the optical constants shown in Fig. l(b). 

The computed spectral mean absorption efficiency 
& is shown in Fig. 2. The features seen in the absorp- 
tion efficiency spectrum all have parallels in the spec- 
trum of the imaginary part of the refractive index 
(cf. Fig. l(b)). No additional Lorenz-Mie structure 
is apparent, indicating that the fine ripple structure 
exhibited by the Lorenz-Mie solutions for a single 

are shown 

particle is completely washed out by integrating over 
the size distribution. The particles are weakly absorb- 
ing at short wavelengths (I < 5 pm), with &, < 10% 
in this wavelength range for both size distributions. 
For size distribution A, the absorption efficiency 
drops to below 1% from 2 pm to nearly 5 pm. At 
longer wavelengths, the ash becomes highly absorp- 
tive, with &, rising above 1 .O. 

Comparing the results for size distributions A and 
B indicates the effects of particle size on the absorption 
efficiency. At wavelengths where the particles are 
weakly absorbing, the mean absorption efficiency 
scales approximately with D3*. This scaling follows 
from equation (7), since Qla for a single particle 
scales linearly with D (neglecting ripple structure) 
when kDj1 cc 1 and n- 1 << 1. Since the absorption 
coefficient is proportional to &JD32, it is relatively 
independent of the size distribution as long as these 
conditions are satisfied. 

At longer wavelengths, where the particles are 
strongly absorbing, e,, is similar for the two size 
distributions. Thus, in this wavelength range, the 
absorption coefficient scales approximately inversely 
with D,,. 

The effects of temperature (through the tem- 
perature dependence of k) on the mean absorption 
efficiency are seen to be significant in the 5-8 pm 
range. For size distribution A, the mean absorption 
efficiency at 7 pm rises by more than a factor of 3 in 
going from room temperature to 1800 K. For size 
distribution B in this wavelength range, &, reaches 
values of 30-50% at 1800 K. For wavelengths below 
about 5 pm, the effects of temperature are relatively 
small, since k has a small temperature dependence in 
this region. 

The mean scattering and extinction efficiencies are 
shown in Fig. 3. For size distribution A, both 
efficiencies peak near 1.5 pm, and decrease nearly 
linearly with increasing wavelength up to the 
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FIG. 
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3. Mean spectral scattering efficiency (dashed curve) and extinction efficiency (solid 

Christiansen wavelength (defined by n(&) = 1.0) at 
7.9 pm. At this point, the scattering efficiency is very 
nearly zero. The peak in & and & is broader and 
shifted to longer wavelengths for size distribution B, 
and thus the decrease in the efficiencies near 7.9 pm 
occurs over a much narrower wavelength interval than 
it does for distribution A. Beyond 8 pm, the scattering 
and extinction efficiencies differ significantly from one 
another, since the absorption efficiency is large in this 
wavelength region. The effects of temperature on the 
scattering and extinction efficiencies are seen to be 
relatively minor. It should be noted that the strong 
drop in & and eb near 8 pm was not predicted in 
previous studies, since in these n was assumed to be 
constant and greater than 1 .O. 

The results for the mean asymmetry parameter for 
the two size distributions are shown in Fig. 4. The 
results show, as expected, that scattering by the ash 
particles is highly forward directed ( Qn > 0), with scat- 

tering by the coarser ash B more forward directed 
than that by the finer ash A. Temperature is seen to 
have little effect on dL. 

4. EFFECTS DUE TO MAGNETITE PARTICLES 

In the previous section, the ash was assumed to 
consist only of glassy particles, which were taken to 
all have the same composition. In reality, however, 
flyash contains a small admixture of non-glassy par- 
ticles, some of which appear opaque under an optical 
microscope [19]. Some of the opaque particles are 
carried-over char or soot, but others are iron oxide 
particles, in the form of either hematite (Fe,O,) or 
magnetite (Fe,O,). The iron oxide particles generally 
have a coarser size distribution than the glassy par- 
ticles [19], and may contain a significant fraction of 
the total iron content of the ash [20]. 

The possible effects of iron oxide particles on the 

0.2 ____--- ,606 K 

- 295 K 

0.01 ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ 1 
0 2 4 6 6 10 12 

FIG. 4. Mean spectral asymmetry parameter for size distributions A and B. 
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FIG. 5. The optical constants of magnetite (Fe,O,) used for the present calculations. These values were 
computed from data given by Schlegel et al. [22]. 

ash radiative properties depend on which form the 
particles take. Hematite particles, although visually 
deep red, are essentially transparent in the infra-red, 
since k is less than 1O-6 at infrared wavelengths [21]. 
Magnetite, however, is a black mineral which remains 
highly absorbing (k x 1) throughout the infra-red. 

The effects of magnetite particles on the ash radi- 
ative properties were investigated by considering the 
limiting case in which all of the iron in the ash occurs 
as magnetite (no hematite particles and no Fe in the 
glassy particles). The total iron content was held the 
same as that for the homogeneous glassy ash of the 
previous section, namely, 5.47% by weight expressed 
as FeZOX. Accounting for the different molecular 
weights of Fe203 and Fe,O,, this corresponds to an 
ash with 5.3% magnetite by weight, so the ash for the 
calculations here is taken to consist of: 

(a) 5.3% by wt. magnetite particles; 
(b) 94.7% by wt. glassy Fe-free particles. 

The optical constants for the glassy particles are 
taken to be those shown in Fig. l(a). The optical 
constants for magnetite were calculated from the 
room temperature infra-red dielectric function data 
of Schlegel et al. [22] and are shown in Fig. 5. The 
radiative properties calculated using these optical con- 
stants for a magnetite polydispersion distributed 
according to either size distribution A or B are shown 
in Fig. 6. 

For a mixture of different particle types, the absorp- 
tion coefficient may be obtained by summing equation 
(5) over each particle class. Alternatively, a mean 
absorption efficiency for the mixture may be defined 
by generalizing equation (5) as 

K,, = MA,&, (9) 

where &A. is the composition-averaged efficiency, 
weighted by the projected area of each composition 
class 

(10) 

The composition-averaged mean absorption 
efficiency for the two-component glass/magnetite ash 
is shown in Fig. 7, for a temperature of 1500 K. 
The absorption efficiency computed previously for the 
single-component ash is also shown for comparison. 
The high-temperature k values for the glassy particles 
at 1500 K (scaled using equation (3) from 1200 K) 
were used for i < 7.6 pm, and the room temperature 
k values were used for 1 > 8.1 pm. The computed 
values of Qia are joined with a smooth curve between 
7.6 and 8.1 ,um. 

The absorption efficiencies for the two cases are 
seen to differ primarily in the short wavelength region, 
where the glassy particles are weakly absorbing. 
Whether the two-component ash has a higher absorp- 
tion efficiency in this wavelength region depends on 
the relative size distributions of the magnetite and 
glassy particles. If both phases are distributed accord- 
ing to size distribution A (curve (a) in Fig. 7) the 
magnetite-bearing ash is significantly more absorbing 
than the homogeneous ash for 1 -C 5 pm. Never- 
theless, the mean absorption efficiency in the short 
wavelength region is still only 3% for the magnetite- 
bearing ash. 

If the magnetite particles are distributed according 
to distribution B (curves (b) and (c)), then the mag- 
netite-bearing ash is actually less absorbing at short 
wavelengths than the homogeneous ash, for either size 
distribution for the glassy particles. This is probably 
the more realistic assumption, since the iron oxide 
particles are known to be distributed more coarsely 
than the glassy particles in flyash [ 191. 

These results suggest that the presence of iron oxide 
particles in the ash will not increase the absorption 
efficiency significantly beyond that calculated 
assuming a homogeneous iron distribution in the 
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FIG. 6. Mean efficiencies (absorption, scattering, and extinction) and mean asymmetry parameter for a 
magnetite polydispersion with size distribution A or B. 

glassy phase, and may actually decrease it. The value 
of the mean absorption efficiency in the short wave- 
length region (A < 4 pm) will be of the order of a few 
percent (at most), for any reasonable assumptions 
regarding the size or iron distribution of the ash dis- 
persion. 

Similar calculations were carried out for the scat- 
tering and extinction efficiencies, and for the asym- 
metry parameter. However, these were found to differ 
only negligibly for the magnetite-bearing ash from the 
previously computed values for the homogeneous ash. 

5. WAVELENGTH INTEGRATED PROPERTIES 

It is not always possible to perform radiative heat 
transfer calculations on a spectral level, either due to 
the prohibitive computation time required or because 
the computation scheme employed (e.g. the zone 
method) is formulated in terms of total properties. In 
such cases, wavelength-integrated absorption, scat- 
tering, and extinction coefficients are required. These 
may be computed from appropriately defined mean 
efficiencies, using equation (5). 

Size Dist. B 
III’, IIIIII 

0 2 4 6 8 10 12 

Wavelength (pm) Wavelength (pm) 

FIG. 7. The effect of magnetite particles on the mean absorption efficiency, for T = 1500 K. The two plots 
are for distributions A and B, respectively, for the glassy particles. Curve (a) : magnetite particles distributed 
according to distribution A. Curves (b) and (c) : magnetite particles distributed according to distribution 

B. The dashed curves show the values for the homogeneous ash from Fig. 2. 
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The Planck mean absorption efficiency, useful when 
the medium is optically thin, is defined as 

where e,,(T,) is the spectral blackbody emissive 
power at the incident radiation temperature TR. Simi- 
lar expressions apply for the Planck mean scattering 
and extinction efficiencies. Using Kirchhoffs law, it is 
easily shown that ppB evaluated for T = TR is equal to 
the average single-particle total emissivity EP, defined 
such that the power radiated per unit volume by the 
ash dispersion is 4MA,E,aT4. 

A Planck mean asymmetry parameter may also be 
defined, which is given by 

1 
J, = ~ 

s 
cu &(T)&(T)e&T~) dk. (12) 

&&,, 0 

The mean single-particle emissivity, the Planck 
mean extinction efficiency, and the Planck mean asym- 
metry parameter were calculated for the homogeneous 
ash using the spectral data shown in Figs. 2-4, for the 
temperature range 120@-1800 K. For simplicity, the 
calculations of epe and S, were carried out for the case 
T = TR. Since the spectral quantities & and Qi are 
nearly independent of T, this simplification does not 
affect the results significantly. 

The wavelength integrals in equations (11) and (12) 
were evaluated numerically for the wavelength range 
from 0.4 to 12.8 pm. The fraction of the total black- 
body flux contained in this wavelength range is 0.971 
at 1200 K, and 0.990 at 1800 K, with the excluded 
fraction primarily on the long wavelength side. For 
0, and A, the computed values were normalized by 
the blackbody fraction within the integration range, 
resulting in an overestimate of at most 3% at 1200 K 
and 1% at 1800 K. For the absorption efficiency 
calculations, &, was assumed to have a constant value 
for wavelengths 1 > 12.8 pm. 

The results for E,, Q,, and &, are shown in Fig. 8, for 
both size distributions A and B. The shaded regions 
in the emissivity plot indicate the uncertainty in 5, 
resulting from assuming values for eia for 1 > 12.8 
pm ranging from 0.4 to 0.8. 

The single-particle emissivity varies from about 5% 
to about 15%, depending on temperature and size 
distribution. The value decreases with increasing tem- 
perature, due to the stronger weighting of short wave- 
lengths, where the spectral absorption efficiency is 
low. Due to the large value of & at long wavelengths, 
approximately 50% of the value of S, is contributed 
by the wavelength region 1 > 9 pm, even though the 
fraction of the total blackbody flux in this long-wave- 
length region is small at these temperatures. The 
decrease of E, with temperature is solely due to the 
temperature dependence of the blackbody weighting 
function, and is not affected significantly by our 
assumptions regarding the temperature dependence 
of the optical constants : if room temperature optical 
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FIG. 8. Mean single-particle total emissivity, Planck mean 
extinction efficiency, and Planck mean asymmetry parameter 

for the two size distributions A and B. 

constants had been used for all temperatures, the 
decrease in 5, with temperature would have been still 
larger. 

The value of 5, is greater for the coarser size dis- 
tribution, as expected, but the increase is not in pro- 
portion to the increase in D3*. Thus, the emissive 
power of the ash per unit mass (proportional to A&) 
is greater for size distribution A than for B. 

It should be noted that the temperature dependence 
of 5, computed here is opposite to that predicted 
in previous studies, which all assumed wavelength- 
independent optical constants [6,9,23]. These studies 
all showed cp increasing with temperature. Such a 
temperature dependence always results if wavelength- 
independent optical constants are assumed, since the 
spectral absorption efficiency is in this case a decreas- 
ing function of wavelength. 

The Planck mean extinction efficiency increases 
with temperature for size distribution A (approxi- 
mately 20% over this temperature range), but is nearly 
independent of temperature for size distribution B. 
The Planck mean asymmetry parameter decreases 
slightly with increasing temperature, though the 
decrease is so small that for most purposes the tem- 
perature dependence of &, could be neglected. 

6. THE EFFECTS OF FLYASH ON AADlAtlVE 

HEAT TRANSFER 

The spectral radiative properties computed above 
are used here to investigate the effects of flyash on 
radiative heat transfer for conditions typical of coal- 
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Table 2. Model problem parameters 

Temperature 1500 K 
P fw 0.08 atm 
PCO1 0.145 atm 
Slab thickness 3m 
Ash mass loading 6.5 g mm3 

fired furnaces. Our primary interest in carrying out 
these calculations is to examine the effects on heat 
transfer of the strongly non-grey nature of the radi- 
ative properties of flyash. Consequently, we confine 
our attention to a geometrically simple model prob- 
lem. 

The problem to be examined is an isothermal slab 
with transparent boundaries, which contains water 
vapor, carbon dioxide, and flyash. (No account is 
taken of carbon in the ash.) The dimensions of the 
slab, the temperature, the partial pressures of the gas 
species, and the ash loading are chosen to approxi- 
mate typical values for a pulverized-coal furnace burn- 
ing a high-ash coal, and are based on values suggested 
by Wall et al. [5]. The parameter values are given in 
Table 2. 

The spectral hemispherical emittance .sn and the 
spectral diffuse transmittance ri of the slab were com- 
puted by solving the equation of radiative transfer 
exactly using the Case Normal Modes technique [24]. 
The solution for isotropic scattering was used, with a 
scaled scattering coefficient to account for anisotropic 
scattering. The effective isotropic scattering coefficient 
K;, was computed as 

K;, = (1-9i)&s. (13) 

This scaling was found by Gupta et al. [8] to give the 
best results of the several schemes they investigated, 
and gave errors in the slab hemispherical properties 
of approximately 2%. 

The spectral absorption coefficients of water vapor 
and carbon dioxide were calculated using the single 
line group (SLG) model of Ludwig et al. [25]. To 
calculate the collision broadening coefficient, the 
background gas was assumed to be nitrogen. An 
absorption coefficient for the gas was computed as 

K la.gas = -In (r,)/L (14) 

where rr is the narrow-band transmittance of the gas 
mixture calculated from the SLG model, and L the 
pathlength used to calculate rg. Due to the effects 
of averaging over line structure in the narrow band 
model, the transmittance t, is non-exponential, and 

thus Kh,gas is pathlength dependent. However, for 
combustion temperatures and pressures the path- 
length dependence is small, since the lines tend to be 
broad and overlapping, in which case the narrow- 
band transmittance deviates only slightly from the 
exponential form. In the present calculations, the gas 
absorption coefficient is evaluated with L equal to 
twice the slab thickness, which is the geometric mean 
beam length in the optically-thin, non-scattering limit. 

0.8 ,I---------. 

0.6 

cf 
0.4 

0.2 

I ’ ’ ’ ’ 

‘.Ot 
0.8 1 

0.6 

6 

0.4 

2 4 6 8 10 12 

Wavelength (urn) 

FIG. 9. Spectral hemispherical emittance and spectral diffuse 
transmittance for the slab containing only ash, for both size 

distributions A and B. 

(In a more detailed treatment, the mean beam length 
could be corrected for finite optical depth in the gas 
bands, but since this correction would have to include 
the effects of scattering as well, it would not be 
straightforward. The simple approach used here is 
adequate for the present purposes.) 

The slab spectral hemispherical emittance and 
diffuse transmittance are shown in Fig. 9 for flyash 
alone (no CO2 or H,O), and in Fig. 10 for the ash/ 
COJH,O mixture. For the ash alone, the emittance 
is small for 1 < 4 pm, and then rises rapidly at longer 
wavelengths, reaching a value for size distribution A 
of almost 1.0 near 9 pm. The emittance is greater for 
the finer size distribution, except near 4 pm, where 
the particles are only weakly absorbing. Here the 
emittance is independent of size distribution. 

The transmittance of the slab depends strongly on 
particle size. For distribution A, the transmittance is 
low at all wavelengths. The value of the transmittance 
in the short wavelength region is due primarily to 
scattering, while the value at longer wavelengths 
results both from scattering and absorption. The 
higher transmittance for size distribution B results 
from lower values of the effective scattering coefficient 
K;, for this distribution, due both to the inverse depen- 
dence of the scattering coefficient on D,, and to the 
higher value of #A for this distribution. For both size 
distributions, the transmittance falls off significantly 
at longer wavelengths where, for distribution A, the 
layer becomes nearly opaque. 

The spectral emittance and transmittance of the 
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FIG. 10. Spectral hemispherical emittance and spectral diffuse 
transmittance for the slab containing C02, H,O, and ash, for 

size distribution A. 

ash/C02/H20 mixture are shown in Fig. 10 (for dis- 
tribution A only) along with the results for the 
C02/Hz0 alone (no ash). For wavelengths less than 
2.4 pm, both the ash and the molecular gases have 
fairly low emittances, and neither one dominates the 
combined emittance. The region from 2.4 to 4.8 ,um 
is dominated by the strong bands of CO2 and HZ0 at 
2.7 pm, and by the strong CO* band at 4.2 pm. The 
presence of the ash results in a decrease of the spectral 
emittance at the peaks of these bands, due to the ash 
particles scattering radiation emitted by the gases. 

The largest effect of flyash on the spectral emittance 
occurs in the long wavelength region (2 > 5 pm). The 
molecular gases exhibit a region of relatively low 
emittance near 10 pm, where the ash has the highest 
emittance. At these wavelengths flyash is the dominant 
emitter. 

As would be expected from the results in Fig. 9 for 
the ash alone, the presence of the ash greatly alters 
the transmittance of the slab, compared to the trans- 
mittance with only CO2 and H20. With only the 
molecular combustion products present, the slab has 
regions of high transparency between the gas bands. 
With the ash, however, the transmittance is low at all 
wavelengths, due to scattering by the ash particles. 
The total hemispherical emittance and diffuse trans- 
mittance were computed from the spectral values in 
Figs. 9 and 10 and are tabulated in Table 3. The 
wavelength integration was carried out over the wave- 
length range from 1 to 12.5 pm. An incident radiation 
temperature T, = 1900 K was assumed for the trans- 

Table 3. Total hemispherical slab emittance E and diffuse 
transmittance 5 for T = 1500 K and TR = 1900 K 

Size 
distribution F 5 

CO,, H,O 0.2974 0.7065 

Ash A 0.1279 0.2717 
B 0.1088 0.6022 

Ash, CO*, H,O A 0.3531 0.1900 
B 0.3561 0.4612 

mittance calculations, and the computed emittance 
and transmittance values were normalized by the 
blackbody fraction in the wavelength range 1-12.5 pm 
(0.97 at 1500 K). 

While the emittance of the CO,/H,O mixture alone 
is larger than that of the ash alone, it is clear that both 
are important in determining the total emittance of the 
gas/ash mixture, which is approximately 20% greater 
than that of the gas alone. It is interesting to note that 
while the emittance of the ash alone is lower for size 
distribution B than for A, in the presence of the molecu- 
lar gases the situation is reversed, with the emittance 
of the mixture being slightly greater for distribution 
B than for A. This behavior is a consequence of the 
lower scattering coefficient for distribution B (which 
follows from the inverse dependence of K;, on Dj2 
and from the greater value of h for distribution B). 
Thus, the emittance in the regions of the strong gas 
bands is not decreased by the presence of the ash to 
as great an extent with size distribution B as it is with 
distribution A. 

The emittance of the ash/gas mixture is less than 
the sum of the emittances of the two considered sep- 
arately. This is due both to the spectral overlap of the 
emission of each, as well as to the scattering by the 
ash of radiation emitted by the gas. 

The results for the total diffuse transmittance show 
the presence of the ash significantly reduces the layer 
transmittance below the value obtained when only the 
gases are present. This shows the significant shielding 
effect that a cool ash-laden layer between the flame 
and the wall may have, as has also been suggested 
previously [5]. 

7. SUMMARY AND CONCLUSIONS 

The radiative properties of flyash and the effects of 
flyash on radiative heat transfer in coal combustion 
systems have been investigated, allowing for the first 
time for realistic wavelength-dependent optical con- 
stants for the flyash. The results show significant 
differences in comparison to previous studies, which 
have assumed wavelength-independent optical con- 
stants. 

The radiative properties of flyash are found to be 
highly non-grey, which has significant implications 
for the contribution of flyash to heat transfer. The 
mean single-particle total emissivity varies between 
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approximately 0.05 and 0.15, depending on size dis- 
tribution and temperature, and is a decreasing func- 

tion of temperature. The effects of magnetite particles 
within the ash were examined and found to he gen- 
erally small, particularly if the magnetite particles 
have a coarser size distribution than the glassy 
particles. For typical furnace conditions, flyash is pre- 
dicted to increase the total emittance of the com- 
bustion products by about 20%, compared to the 
value calculated considering only CO2 and HzO. The 
presence of the ash in cool layers near the walls may 
also significantly impede the transport of hot flame 
radiation to the walls. 
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PROPRIETES RADIATIVES DES CENDRES VOLANTES ET EFFETS SUR LE 
TRANSFERT THERMIQUE RADIATIF DANS LES SYSTEMES A CHARBON 

INCANDESCENT 

R&un&On calcule les proprittes radiatives des polydispersions de cendres volantes, avec des constantes 
optiques d&pendant, de fapon rbaliste, de la longueur d’onde. L’absorption spectrale, la diffusion et 
l’extinction sont present&es, en tenant compte dun parametre d’asymbtrie de diffusion spectrale. On donne 
aussi les valeurs moyennes du coefficient de Planck integr&es en longueur d’onde. L’tmissivite totale pour 
une seule particule moyenne varie entre 0,05 et 0,15 selon la distribution de taille et la temperature. On 
discute les effets des particules de magnetite, dans la cendre, sur les proprietes radiatives. La contribution 
de la cendre volante au transfert radiatif dans les systdmes a combustion de charbon est examinee et, pour 

des conditions typiques dun foyer, la cendre volante accroit l’bmittance totale d’environ 20%. 
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STRAHLUNGSEIGENSCHAFTEN VON FLUGASCHE UND DEREN EINFLijSSE AUF 
DEN STRAHLUNGSWiiRMEAUSTAUSCH IN KOHLEBEFEUERTEN SYSTEMEN 

Zusammenfassung-Unter Beriicksichtigung einer realistischen Wellenlingenabhlngigkeit der optischen 
Konstanten werden die Strahlungseigenschaften fiir polydisperse Flugasche berechnet. Die Koeffizienten 
fiir spektrale Absorption, Streuung und Extinktion werden gemeinsam mit dem spektralen Asymetrie- 
parameter der Streuung dargestellt. AuDerdem werden die iiber die Wellenlsnge integrierten Planck’schen 
Mittelwerte angegeben. Die mittlere GesamtemissivitSt des Einzelpartikels reicht von 0.05 bis O,lS- 
abhLngig von GriiBenverteilung und Temperatur. Die Einfliisse von Magnetitpartikeln in der Asche auf 
die Strahlungseigenschaften werden diskutiert. Der Beitrag der Flugasche zum Strahlungswgrmeaustausch 
in kohlebefeuerten Verbrennungssystemen wird untersucht. Fiir typische Brennraumverhaltnisse wird 

eine Erhijhung der Gesamtstrahlung durch die Flugasche urn ungefghr 20% vorhergesagt. 

PAJ@IAIJklOHHbIE CBOtiCTBA JIETYVEfi 3OJIbI ki HX BJWIIHHE HA J-IYWICTbIfi 
TJXIJTOfIEPEHOC B CMCTEMAX CO CXCMl-AHEIEM YI-JITIII 

&llpPPaCC’IHTbJBaIOTCB pwawioHHble CBOkTBa nomimicnepcxoP n-e* 3oJIbl c yneToh4 

388HCEMOCTBOIITEf'leCXHXIlOCTO- 0T nmim ~omm. llpmeneriar no3@#m.uiembl cnenqxmbHor0 

norno~emin,paccenHHs H 3a~~,aTa~eac~~~nap~~cneXTpanb1loropaccenHanH 

npoHtrrerpHpo nammenommxe ~omibxcpenmie 3Hasema Xo3#musemal%mma. Cpemuw xmmmia 
mi'rfxp~~o~ Ii3nyna’reJibHoi cnoco6socre om~ofi PBCTFD&I HaxoL(HTcP npH6nmemo B nHana3oHe OT 

0,05 no 415 B 3aBm2ihmcm OT pa3Mepa H Teh4nepaTypbI. 06cyxrnaeTca wnuume npucyrcrqwwix n 
3one pa- MaraeTHTa tta ee panmumomnde csoikrea. PacchdaTpHsaeTcn eman neTyveii 30~1b1 B 
Jl)‘¶Hd Tf2I.JlOII~HOC B CHC’ZMBX CO -Bbl YTJIX. nOKa3tut0, ‘IT0 B T- YCJIOBEffX TOIIga 

JleTyVaJl3OJIa j’BeJlE=BaeT rIOJIH)‘IO H3JIflaTeJIbHj’Kl CIIOCO6HOCTb IlpHMepHO Ha 20%. 


