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Abstract-An assessment is made of the experimental data and the theoretical bases for determining the 
absorption and scattering coehicicnts of the coal products of combustion. Particular attention is devoted 
lo the complex refractive indices for char and ash. A dispersion relation is developed from sparse extinction 
data that can be used to estimate the optical constants of char. Considerable uncertainty and scatter are 
found in the literature data on ash optical constants and are attributed lo variability in ash composition. 
lack of cxpcrimental rigor and limitations in the data reduction procedures. A correlation is presented for 
estimating the complex refractive indices of ash as a function of its mineral composition. A parametric 
study is conducted lo elucidate the role of char. soot and ash particulales in determining the radiation 
properties of coal flames. The eNects of combustion particulates arc discussed in terms of the modifcation 
of the band structure of gas radiation to a luminous spectrum, introduction of scattering in radiation 
transport. particle size distribution. particle loading and particle composition. The results are interpreted 
as possible effects of coal beneficiation. micronization and flyash composition on heat transfer to the water 

walls of a coal furnace. 

1. INTRODUCTION 

THE TRANSFER of energy by infrared radiation from 
the flame to the water walls is a key process in utility 
steam generators using pulverized coal fuel. The major 
controlling factor in designing and operating a utility 
steam generator is the furnace exit temperature. This 
temperature determines whether ash deposits in the 
convection section will be molten and difficult to 
remove or flaky and easily controlled by soot blowing. 
Moreover, the need for attemperation of superheat 
steam and reheat steam has an impact on cycle 
efficiency and economics and is directly affected by 
the furnace exit temperature. This exit temperature is 
determined by the rate of fuel input, the burner design 
and by the radiative properties of the combustion 
gases and particulates. Thus, when utilities burn a 
coal different than that for which the furnace was 
designed, the unit must often be derated. Finally, the 
different radiative properties of the combustion pro- 
ducts affect the furnace exit temperature and the heat 
transfer through the convective section. 

It is generally agreed that the convective heat trans- 
fer is small compared with transfer by radiation. The 
radiative transfer is due to both band emission from 
CO2 and HZ0 and continuous emission from the 
various types of particles which occur in the flame. 
Existing evidence indicates that the particulate 
contribution is dominant and therefore plays a key 
role in determining the furnace exit temperature. 
Since the radiation characteristics of the entrained 
particles can be expected to be related to coal type 
and particle size, changes in the radiative heat transfer 
are a possible cause of the observed sensitivity of 
furnace performance to the coal being fired. 

The various types of particles entrained in the com- 
bustion gas can be classified as being carbonaceous 
(coal. char and soot) or noncarbonaceous/inorganic 
(Byash). The carbonaceous particles are confined pri- 
marily to the firebox region whereas flyash may be the 
only type of particle remaining in the heat absorption 
region. The parameters determining particulate radi- 
ation are particle mass fraction and distribution in the 
flow field, particle size distribution, and the complex 
refractive index generally represented as II + iX- where 
II and k are. respectively, the refractive index and the 
absorption index. There is a considerable amount of 
uncertainty in the literature data on complex refrac- 
tive indices for coal combustion particulates. The 
uncertainties derive in part from the variabilities in 
particle composition, the difficulties associated with 
the experimental techniques. and sometimes the ques- 
tionable methods employed in reducing the exper- 
imental data. One objective of this work is to present, 
on a uniform basis, the experimental data pertaining 
to combustion particulates, to assess the database and 
to make recommendations on use of these data. A 
second objective is to present the absorption and scat- 
tering coefficients of coal combustion gas under typi- 
cal furnace conditions and to quantify the role of 
combustion particulates in the radiative heat transfer 
process. 

The use of micronized (mass mean diameter smaller 
than IO pm) and deeply beneficiated (ash and sulfur 
contents less than I%) coal-based fuels is being con- 
sidered as a method of controlling pollution and dis- 
placing premium fuels. There is a need to assess how 
the furnace heat absorption pattern is impacted by 
finer-char and flyash size distributions, reduction in 
flyash particle loading and alteration of ash mineral 
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content during coal beneficiation (e.g. pyrite is selcc- 
tively removed in the physical cleaning step). Thus, 
the third objective of this work is to elaborate the 
effect of coal cleaning on the radiation properties of 
the combustion gas. 

2. RADIATION PROPERTIES OF COMBUSTION 

GASES 

In coal combustion, CO,, H,O, and trace amounts 
of CO and SO2 are produced which participate in 
radiant heat transfer by the virtue of interaction of 
infrared radiation with vibrational and rotational 
modes of energy absorption by the gaseous molecules. 
The line structure of the vibration-rotation bands 
may be described by postulating a random spectrum 
of Lorentz lines of equal widths (Goody model). This 
postulate leads to the following definition of absorp- 
tivity of a homogeneous gas path of length L for the 
ith species and jth band [I] 

a,.;, = 1 - exp { - (J/d),, PAI + 2(sld)ijPiLl 

(27cy/d);j] - I’?). (1) 

In a narrow band model, an extensive database is 
developed on the mean intensity to line spacing ratio 
s/d and the line density I/d over the entire infrared 
spectrum for every vibration and rotation band of a 
gaseous species. An empirical correlation is con- 
structed to determine the line width as a function of 
broadening pressures and gas temperatures. A com- 
prehensive set of tabulations has been produced for 
the I .14, 1.38, 1.87,2.7 and 6.3 pm bands of H,O, I .9, 
2.7, 4.3 and 15 pm bands of C02, 2.3 and 4.7 pm 
bands of CO, and 4.0,4.3, 7.4, 8.7 and 19.3 pm bands 
of S02. Wide band models are constructed by pre- 
scribing a variation of s/d and Y/d vs v  within a band. 
In an exponential wide band model, (s/d) is assigned 
an exponential band shape. Regardless of the assumed 
band shape, compared with a narrow band model, the 
database requirement is minuscule. 

In radiation transport calculations, one needs to 

determine the absorption coefficient. It is intuitively 
possible to define an ‘apparent’ absorption coefficient 
of gas as 

The optical beam length appears in the above defi- 
nition of the gas absorption coefficient even though 
ti,. is a point property. The difficulty is a manifestation 
of the difference between the actual line structure of 
gas radiation and the assumed spectral smoothing of 
the narrow band models. In principle, true absorption 
coefficients can be determined from line-by-line cal- 
culations summing over the contributions of the iso- 
lated lines comprising gas bands [2]. A complementary 
high resolution spectroscopic database is available for 
use at low temperatures [3]. The application of this 
database to furnace temperatures, however, must 
await additional data on hot-band lines. 

3. COAL OPTICAL CONSTANTS 

In furnace heat transfer calculations, optical con- 
stants of coals are considered to be of secondary 
importance to char since the coal devolatilization time 
is generally insignificant compared with the char burn- 
out time. Therefore, the literature on coal optical 
constants in the infrared range is mentioned here only 
briefly although it is quite extensive. Foster and 
Howarth [4] employed a Fresnel reflectance technique 
to measure the complex refractive indices of coals of 
different ranks. Blokh [5] presents a similar com- 
pilation for Russian coals. Brewster and Kunitomo 
[6] questioned the validity of the reflectance technique 
applied to coal. Using a transmission technique for 
small coal particles in KBr, they measured the absorp- 
tion index of some Australian coals to be less than 
0.05 in the infrared. These values are generally an 
order of magnitude smaller than the reflectance data. 
Solomon et al. [7] and Grosshandler and Monteiro 



Coal combustion products 295 

[S] reported complementary data on spectral emiss- 
ivities of coals of different ranks. 

4. CHAR OPTICAL CONSTANTS 

The literature on the measurement of char optical 
properties is somewhat limited. Grosshandler and 
Monteiro [8] measured efficiency factors for absorp- 
tion (spectrai absorptivity in the terminology of the 
authors) by char particles (differences between coal 
and char indiscernible) in the 1.2-5.3 itrn spectral 
range. Solomon e/ al. [7] employed FTIR spec- 
trometry to measure spectral emissivity of char pro- 
duced from Montana Rosebud coal. Neither set of 
data is appropriate for deriving fundamental infor- 
mation on the complex refractive indices of char 
particles. 

Brewster and Kunitomo [6] extracted extinction 
efficiencies from transmissivity measurements on 
micron-sized char suspensions in a KBr pellet. The 
chars were prepared from three Australian coals rang- 
ing in nature from swelling (Saraji) to nonswelling 
(Sufco) coals. By using the Mie theory and the dis- 
persion equation for a free-electron oscillator, they 
deduced II and k which we found to be inconststent 
with their reported dispersion parameters. Brewster 
[9] pointed out that the discrepancy was due to an 
error in the assumed form of the dispersion relations 
and, on request, supplied us with the extinction effi- 
ciency data for reanalysis. An initial atternpt to infer 
n and k by exploiting the subtractive Kramer-Kronig 
(K-K) relationship together with the Mie theory 
was unsuccessful. This method of correlation requires 
knowledge of a reference value of jr at one wavelength. 
Converged solutions could not be obtained for any 
choice of reference n(&). An altetnarive approach was 
adopted in which the K-K relation was substituted 
with a generalized representation for combination of 
an arbitrary number of.bound-electron oscillators and 
a free-electron oscillator 

The oscillator parameters to be determined are II, . 
number of oscillators, w,,,, wi, or, yi and yr. A non- 
linear optimizer was used for this purpose such that 
spectral n and k calculated from the dispersion 
relation yielded the best least-square fit of the 
efficiency factor data. For consistency, the resonant 
frequencies were determined for one char and pre- 
scribed to be the same for other chars. Table I lists 
the oscillator parameters determined in this manner. 
The choice of the parameters should not be regarded 
as unique, and no physical significance can be 
attached to the location and strength of the oscillators. 
The efficiency data are not faithfully represented by a 

Table I. Oscillator parameters 

Saraji char West char Sufco char 

n, 2.046x10-' 1.896x IO-’ 3.012X lo-’ 
ur (cm - ‘) I.371 x IO I.286 x IO” 9.157 x 10) 
yr (cm ‘) 4.522 1.548x IO-’ 5.187 x IO’ 
o+, (cm-‘) 3.550x IO’ 3.542x 10J 2.252x IOJ 
00, (cm-‘) I .357 X IO’ 1.357 x IO” I .357 X IO4 
11~ (cm-‘) 6.259x IO’ 3.418 x IO’ 9.869x IO’ 
up2 (cm- ‘) 4.5x IO’ 4.499x IO’ 4.506x IO’ 
to2 (cm- ‘) 3.597x IO 3.597x IO 3.597x IO’ 
;g2 (cm - ‘) 7.622x IO’ 7.622x IO’ 7.622x IO’ 
cop, (cm ‘) 3.435x IO 3.450x IOS 3.950x IO 
o+ (cm- ‘) 7.593x IO’ 7.593x IO2 7.593x IO’ 
:‘> km- ‘) 2.166 x IO4 1.964 x IOJ 3.896x IO’ 

classical oscillator model in the sense that a choice of 
n, different from unity had to be made. 

Figure l(a) compares the measured extinction 
efficiency against the values calculated from the Mie 
theory applied to monodisperse particles (mean diam- 
eter of I .2.5 pm for Sufco char, I .89 pm for West char 
and 2 pm for Saraji char) with complex refractive 
indices determined by the oscillator parameters given 
in Table I. The data are well represented at all interior 
points with noticeable disagreements at small and 
large wave numbers. The discrepancy at large wave 
numbers is particularly disturbing since a slight extra- 
polation into the visible region is necessary while cal- 
culating heat transfer. A fundamental concern is 
whether an extinction database alone is sufficient for 
deriving optical constants. A need to distinguish 
between the absorption and scattering contributions 
to extinction for at least one data point seems obvious. 
It appears that a dispersion correlation might be 
acceptable if it leads to extinction coefficients that 

(a) 

0 5cm ,a30 15al 2am 2500 3cm 35al 4cm 4500 

Wave Number, l/cm 
(b) ,ol , 

Wave Number, l/cm 
FIG. I. (a) Dispersion analysis of char extinction data 
obtained by Brewster and Kunitomo [6]: (b) optical con- 

stants of Saraji char and soot. 



296 K. H. IM and R. K. AHLLJWALIA 

match the experimental data at all points. In that 
respect, the dispersion parameters for Saraji coal char 
appear mosl appropriate. 

Figure l(b) shows the spectral variations in optical 
constants of char determined from the oscillator par- 
ameters listed in Table I. For comparison. the absorp- 
tion index measurements of Hauser [IO] for an 
amorphous carbon film are also included. In general, 
there is a large discrepancy in magnitude and shape of 
the absorption index curves for char and amorphous 
carbon even though the two materials have some 
structural similarities. Further measurements of char 
optical constants are recommended to resolve the 
apparent discrepancy. 

5. SOOT OPTICAL CONSTANTS 

In coal combustion, soot production coincides with 
the stage of volatile matter being driven from the coal. 
There are no extant data on optical properties of coal 
soot, although voluminous data may be found on 
soot produced from other hydrocarbon fuels. Lee and 
Tien [I I] analyzed the optical constants of soot using 
the dispersion theory applied to a two bound and one 
free-electron oscillator model. They determined some 
dispersion parameters rigorously and deduced the 
remaining unknowns from i/z si/u flame transmission 
data. Their results indicate that the infrared optical 
properties of soot are relatively independent of the 
fuel hydrogen to carbon ratio and the molecular struc- 
ture of soot. Thus their dispersion constants can be 
regarded as some mean values applicable to many 
fuels. For reference, the absorption and refractive 
indices estimated from their correlations at 1500 K 
are also presented in Fig. 1 (b). 

6. ASH OPTICAL CONSTANTS 

The existing database on optical constants of ash 
can be classified according to the measurement tech- 
nique used in the experiments. Willis [I21 measured 
the relative intensities of light scattered at different 
angles from ash particles dispersed in a flowing gas. 
The complex refractive indices were derived from 
Fresnel relations that are strictly valid for plane media 
rather than dispersed particles. The use of this data 
reduction technique has been criticized by Goodwin 
[I31 to the extent that the reported values are judged 
as meaningless. A single particle scattering technique 
was used by Wyatt [I41 in which angular scattering 
was inferred by directing a laser beam onto levitated 
ash particles. The imaginary part of the complex 
refractive index, ranging in magnitude from 0 to 0.008, 
was inferred by comparing the scattering pattern 
against the Mie theory for different values of particle 
size and k. 

Volz [15] and Gupta and Wall [I61 have employed 
the KBr pellet transmission technique in which the 
ash particles are dispersed in KBr powder, the mixture 
compressed under vacuum in the shape of a disc, and 
the spectral transmittance measured through the disc. 

The imaginary part of the refractive index is inferred 
from transmittance by approximating the pellet as a 
homogeneous plane layer. Goodwin [ 131 pointed out 
the limitations in theexpression relating transmittance 
and k. The expression is strictly valid for a dilute 
suspension of particles with size parameter 2rcr/j, cc I, 
i.e. negligible scattering in comparison with absorp- 
tion, for 11 near unity, and for k much less than I. One 
or more of these assumptions have been violated in 
the data reduction procedure. 

Lowe et nl. [ 171 used a radiometric probe to measure 
emission at the exit of an Australian utility coal 
boiler. The measurements were made for several wave- 
lengths in the windows of the gas bands. The absorp- 
tion index was deduced from the measured emission 
spectra by assuming that emission was from ash 
alone. Gupta and Wail [ 161 improved upon the radio- 
metric technique and deduced k that was a factor of 
two smaller than the 0.01-0.02 values derived by Lowe 
e/ rrl. [l7]. They also observed that the ash particles 
contained residual carbon and that the measurements 
were affected by the carbon content. The procedure 
used for reducing the emission data contained a num- 
ber of simplifications whose accuracy is difficult to 
quantify. 

Blokh [5] reports extensive data on optical con- 
stants of ash particles from Russian coals. The data 
are apparently derived from extinction measurements 
on a flowing gas stream. Exact details on the exper- 
imental technique or the data reduction procedure are 
not available. 

Goodwin [ 131 performed systematic measurements 
of transmittance through, and near-normal reflec- 
tance on thin polished wafers cut from coal slags, 
from which the ash optical constants were determined. 
The wafers were cut from synthetic slags, prepared 
from oxide ‘powder mixtures, and natural slags, pre- 
pared by remelting flyash or gasifier slag. The trans- 
mittance spectra were measured at room temperature 
from 0. I9 to 8 pm and the reflectance spectra from I 
to I3 jlm. The optical constants were determined 
from the transmittance and reflectance data at wave- 
lengths where both sets of data were available. At wave- 
lengths longer than 8 pm the wafers were opaque, and 
a Kramers-Kronig analysis of the spectral reflectance 
data was made to compute the optical constants. 

A mixture rule was developed to predict the real 
part of the refractive index from 1 to 8 pm in terms 
of the mass fraction (Y) of the mineral constituents 
Si02, Al,O,; CaO, MgO and Fe203 

[ 

I +2pzYiFi(l) 'iZ 
n(A) = 

1 -pz YiFj(l) 1 
p = 2.54+0.00978YF+ I 

&(A) = (a,n'-b,)/(citl'-di). (5) 

The parameters u, 6, c and d are 0.9389, 53, 5.001 
and 420 for SiOZ; 1.914. 174, 10.36 and 1633.8 for 
AllO,; 4.25, 827.7, 16.63 and 6102.3 for CaO; 1.647, 
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Table 2. Parameters defining g(i) 

i ‘U Ul h, 

1.1 5.5 2.5 
I.1 1.54 - I .3529 2.18 
1.54 1.9 0.7778 2.46 
1.9 2.3 -0.9150 2.094 
2.3 2.6 -0.6533 1.898 
2.6 4.0 0.1877 2.153 

0. Il.36 and 0 for Fe,O,; 2.72, 260, 15.8 and 1954.4 
for TiOz; and 1.278, 136.9,7.433 and 1200.9 for MgO. 

According to Goodwin’s data, the imaginary part 
of the refractive index depends primarily on the iron, 
silica and hydroxide contents of the slag. Iron is the 
primary absorber for 1 < 4 pm. A correlation was 
developed for the effect of Fe in this wavelength 
region, accounting for both Fe’+ ligand-band absorp- 
tion and Fe2+ -Fe3+ intervalence charge transfer 
absorption. The correlation is given in terms of the 
molar concentrations of Fe’+ and Fe-‘+ 

k(A) = A, e ‘.75ii +A 2g(A) 

A, = 2.30 x 10-5[Fe’f][Fe’+] 

Al = 7.685 x 10-5[Fe2+]+7.037x IO-“[Fe’+]’ 

g(k) = a,(l-l,)+b, 1, < 1 < A,. (6) 
Table 2 provides the parameters comprising the g(L) 
expression. 

In the intermediate wavelength region, 4 < 1 < 8 
pm, the absorption index is dominated by vibrational 
absorption due to Si-O-Si and Si-O- 

W) = ; Ys,02ki(4 (7) 

where pn. the specific gravity of fused silicas, is 2.19. 
Table 3 lists the spectral variation in k,(l) at T, = 
300 K. In the intermediate wavelength region, the 
following temperature correction may be applied to 
the absorption index 

k(T) = k(T,) 
2 

I+ 1 exp(7194/LT)- 1 . (8) 

The optical constants in the wavelength range 8-13 
pm were observed to be dominated by three absorp- 
tion bands. The first absorption peak at 9.4 pm was 
attributed to Si-0 vibration associated with bridging 
oxygen (i.e. Si-0-Si). The second peak at 10.4 pm 
was observed to increase in strength with Fe,Ol 
content. This peak is associated with Si-O- vibration 
(nonbridging oxygen). The third peak at approxi- 
mately 13 [tm was similar to the peak seen in the fused 
silica spectrum, and may be due to the occurrence of 
ring groups. The experimental data were curve-fitted 
by the three-oscillator model of equations (3) and (4) 
with n, = 2.12+0.08 and CL+= 0. The resonant fre- 
quencies and the damping constants of the bound- 
electron oscillators in pairs are 1062.8 and 164.7,955.8 
and 79. I, and 702.8 and 27.5 cm- ‘. The plasma fre- 
quencies were expressed as a function of silica and 
iron mass fractions in ash 

(w~I/wI)’ = (0.425-0.6OYr++,)( Ysio1/0.52) (9) 

(w,&)~ = (0.175+0.75Y~+,)( Y,,ojO.52) (10) 

(w,,~/o~)~ = 0.053( Ysi,J0.52). (11) 

No experimental data are reported for the long 
wavelength region 1 > 13 /tm. At the suggestion of 
Goodwin, the optical constants in this range are 
assumed to bc dominated by the Reststrahlen bands of 
Al?O, and MgO. A four-oscillator fit is used to 
describe the A1,O1 spectrum and a two-oscillator fit 
for the MgO Reststrahlen band. Table 4 summarizes 
the oscillator parameters for the A1201 and MgO 

Table 4. Oscillator constants for AlzO, and MgO Restrahlen 
bands 

Oscillator I 2 3 4 

A120,, n; = 3.01 
q, (cm- ‘1 210.9 126.3 639.1 347.8 
0, (cm- ‘) 383.0 442.0 369.0 635.0 
7, (cm- ‘) 0.015 0.01 0.02 0.02 

MgO. ,I: = 3.01 
~0, (cm- ‘) 1030.2 135.8 
wj (cm- ‘) 401.0 640.0 
11, (cm- ‘1 7.62 102.6 

Table 3. Silica absorption index, /c&J 

1. b-d k, (m- ‘) i. (w0 k, (m-l) 1 km) k. W ‘1 

4.00 5.79x lo-s 5.00 3.98x10-' 6.667 7.16x IO-’ 
4.082 7.99x10-5 5.063 5.12x lo-” 6.897 8.51 x IO-’ 
4.167 1.07 x 1o-4 5.128 5.18 x IO-’ 7.143 1.06x IO-’ 
4.255 1.32 x IO-” 5.263 5.49 x lo-’ 7.407 1.48x IO-’ 
4.348 2.13 x IO-J 5.333 5.69x IO-’ 7.692 3.72 x IO-’ 
4.396 2.65 x IO-” 5.405 5.72x IO-’ 7.752 4.74x lo-’ 
4.444 2.84 x IO-” 5.556 5.63 x IO-’ 7.813 7.68x IO-’ 
4.494 2.84x10-" 5.882 5.94x 10-j 7.874 0.132 
4.545 2.56x IO-” 6.061 6.32x IO-’ 7.937 0.216 
4.651 2.62x IO-J 6.154 6.46x IO-’ 8.00 0.323 
4.762 4.85 x IO-“ 6.250 6.52x IO-’ - - 
4.878 1.82x IO-’ 6.452 6.57x10-' - 
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Table 5. Ash composition of Australian, Russian and U.S. coals 

Russian U.S. 
Australian 

Br-I Br-2 BI-5 Pittsburgh Illinois 
Luddell Buchanan Wangi (SW (SBC) (BHVB) No. 8 No. 6 Eastern 

AlzO, 30.25 18.51 29.43 II 13 25.0 20.2 20.7 28.90 
CaO 1.29 0.52 0.69 42 26 5.5 3.0 2.2 0.71 
Fe>O, 6.89 2.35 4.07 9 8 15.0 31.4 16.9 3.33 
KIO 0.79 0.57 I .22 - - 
MS 0.90 0.37 0.42 - - 0.8 0.9 0.83 
SiOt 57.09 76.06 62.16 30 47 49.0 39.3 51.7 60.73 
TiO? I .26 0.79 I.15 - - 
Other 1.53 0.83 0.86 - - 
Residual carbon 7.0 IO.1 3.5 - - - - - - 

bands. In lieu of any better information, we adopt a 
simple mixture rule in which n and k for the A1203 
and MgO bands are mass-fraction averaged to obtain 
the optical constants for ash in the long wavelength 
region. 

The above correlations have been used to study the 
influence of mineral composition on optical constants 
of ash. Table 5 lists the mineral composition in three 
U.S. coals selected because of their different iron con- 
tents. Pittsburgh No. 8 coal ash represents a high-iron 
ash, Illinois No. 6 coal ash an intermediate-iron ash, 
and Eastern coal ash a low-iron ash. The optical con- 
stants calculated for the three ashes are displayed in 
Fig. 2. As indicated in Table 6, four spectral regions 
may be identified. In the long wavelength region, 
I > I3 pm, the optical constants are determined by 

0 ml low 15cul2oW 25,003wo 3503 4WJ 4500 5lxnl5Mo MM0 

Wave Number, l/cm 
FIG. 2. Optical constants for different coal ash compositions. 

the Reststrahlen bands of alumina and magnesia. In this 
region, sharp peaks in absorption index are evident as 
are bands with refractive index much smaller than 
unity. The magnitudes of n and k are proportional to 
the AlzO, and MgO contents, and thus are highest for 
Eastern coal ash. In the long intermediate wavelength 
region, 8 < 1 < 13 pm, the complex refractive indices 
are determined by the Restsrrahlen bands of silica. 
Here, the width of the absorption band is proportional 
to the silica content of ash. In the short intermediate 
wavelength region, 4 < A < 8 pm, n is given by the 
mixture rule and k by the absorption bands of silica 
glass. Both silica and iron constituents in ash con- 
tribute to absorption in this region. Pittsburgh No. 8 
and Illinois No. 6 spectra exhibit an absorption peak 
at approximately 4.2 pm which is indistinguishable in 
Eastern coal ash spectra because of its low iron 
content. Finally, in the short wavelength region, 1 < 4 
pm, the absorption is entirely due to Fe’+ ligand band 
and Fe’+--Fe’+ mrervalence charge transfer. Thus, 
the magnitude of absorption index is directly pro- 
portional to the iron content. The high frequency 
region is important in infrared radiation transfer since 
at temperatures typical of furnace operation, the peak 
in black body emissivity lies in this region. Thus all 
other things (ash content, particle size distribution) 
being equal, one would expect a greater enhancement 
in radiative heat transfer due to Pittsburgh No. 8 coal 
flyash than flyash liberated from Eastern coal. 

Figure 3 represents an attempt to present ash 
optical data from different sources on a uniform basis. 
The optical constants for Australian coals (see Table 
5 for ash composition) as rneasured by Lowe et 01. 

[ 171 and Gupta and Wall [ 161 are compared with the 
Goodwin correlation using the coal ash composition 
with the highest iron content. The absorption indices 
measured in situ and in the laboratory are one to two 
orders of magnitude higher than the values indicated 
by the correlation. The in situ measurements are cor- 
rupted by residual carbon content (up to 10% carbon 
in ash) and contain inherent uncertainties associated 
with obtaining and reducing data in an operational 
utility furnace. The laboratory measurements were 
conducted on carbon-free ASTM ash and represent 
an upper bound on the absorption index since the 
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Table 6. Composition dependence of ash optical constants 

Wavelength Wave number 
b-d (cm- ‘) 

Refractive index, 
,I 

Absorption index. 
! i  

I4 2500-10000 

48 1250-2500 

8-13 770-I 250 
>I3 200-770 

Mixture rule for SiOz, ,/(Fe’+. Fe’+) 
CaO, Fe,O, and MgO 

Mixture rule for SiO?, Silica glass data 
CaO. Fe,O, and MgO 

SiOz Reststrahlen band SiOz Reststrahlen band 
AlzOz and MgO Reststrahlen Al,O, and MgO 

bands Reststrahlen bands 

likelihood of scattering was ignored during data 
reduction. Figure 3 depicts an equally dismal com- 
parison between the Goodwin correlation applied to 
SBC coal ash composition and optical constants 
reported by Blokh [5]. The Russian data, however, 
are difficult to assess since few details are available on 
the experimental technique and the data reduction 
methodology. 

7. ABSORPTION AND SCATTERING 

CROSS-SECTIONS 

A number of parametric calculations have been 
performed to provide the expected magnitudes of 
absorption and scattering coefficients in coal com- 
bustion flames in a manner that facilitates under- 
standing of the relative contributions of different 
participants. For the purpose of these benchmark 
calculations, the reference gas pressure and tem- 
perature are taken as 1 atm and 1500 K, respectively. 
The mole fractions of CO2 and HI0 are fixed at 0.08 
and 0.14. These are representative of coal (6.2% 
moisture. 60% fixed carbon, 20% volatile matter) 

0 mo *cux Moo 4cm 5ooo Em0 7m scoo 9ooolooca 
Wave Number, l/m 

FIG. 3. Comparison of Goodwin correlation against data of 
Lowe CI al. [17], Gupta and Wall [16], and data presented in 

Blokh [5]. 

combusted in 10% excess air having 10% relative 
humidity. Under these conditions, the fuel-air ratio 
is 0.07. 

Two types of char particle size distributions (psd) 
are considered. One is classified as pulverized char 
and represented by a log-normal psd with 50 itrn mass- 
median diameter (mmd) and 2.0 geometric standard 
deviation (cJ. The second is classified as micronized 
char, and also represented by a log-normal psd but 
with IO /cm mmd and 2.00,. 

Two types of ash psd are considered. One is referred 
to as pulverized-coal ash and represented by a log- 
normal psd with 7.5 pm mmd and 2.00,. The pul- 
verized coal from which the ash is liberated is assumed 
to contain 10% ash. The second type of ash is refer- 
enced as clean-coal ash. It is also assigned a log- 
normal psd but with 3.5 pm mmd and 2.00,. The 
smaller particle size reflects an assumed fine grinding 
step in the process of cleaning coal down to the 1% 
ash level. For consistency in comparison, the mineral 
composition of ash is assumed to remain unchanged 
in the coal cleaning operations. 

The effect of mineral composition is studied by 
considering a high-silica/low-iron ash (Eastern coal 
type ash), an intermediate-silica/intermediate-iron ash 
(Illinois No. 6 coal type ash), and a low-silica/high- 
iron ash (Pittsburgh No. 8 coal type ash). 

The size of primary soot particles generated in 
different fuel flames is generally much smaller than 
0. IO pm. Soot particles have a noticeable tendency to 
form chain-like agglomerates. The amount of soot 
produced is a function of carbon to hydrogen ratio in 
fuel, combustion stoichiometry and the degree of fuel- 
air mixing in flame zone. In coal combustion, soot 
production is likely to be related to the volatile matter 
content, and both soot production and burnout are 
relatively unknown. We parametrize soot psd by a 
log-normal function with 0.05 pm mmd and 2.0crs, 
and by assuming that 0.05-l% volatile matter com- 
pletes combustion via soot formation and burnout. 

We propose using the Mie theory for calculating 
the absorption and scattering cross-sections of com- 
bustion particulates. In applying the Mie theory, 
the particles are regarded as spherical and com- 
positionally uniform. Neither of these assumptions 
can be defended on the basis of physical appearance 
of char, soot or ash particles. Although questionable 
for single particles, the assumptions are not extreme 
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when treating a cloud of randomly oriented particles 
with statistical variations in size, shape and com- 
position. The averaging assumption has also been 
verified in some electromagnetic transport theories 
applied to a cloud of irregularly shaped particles. 

The particle size distribution effects are resolved by 
adopting a histogram representation and using up to 
40 size bins. The efficiency factors are calculated for 
each size, weighted over cross-sectional area, and inte- 
grated over psd to obtain macroscopic absorption and 
scattering cross-sections. 

We advocate spectral calculations of radiation 
properties since no established rules exist by which 
spectral averaging can be carried out for combustion 
particles. For this purpose, the infrared radiation 
spectrum is discretized into 37 frequency bands. The 
band centers are located to accommodate more than 
one frequency band per gas band. Each frequency 
band is further subdivided into 20 channels. The 
macroscopic absorption and scattering cross-sections 
for gaseous species and combustion particles are first 
calculated for 20 channels and then integrated to yield 
the average cross-sections for the constitutent fre- 
quency band. The averaging procedure recognizes and 
attempts to account for the periodic nature of the 
particle efficiency factors with respect to the size 
parameter 2rcr/i. particle size distribution and the 
different types of particles having different fre- 
quency-dependent optical constants. In this manner, 
740 frequency calculations are required to capture the 
full spectral nature of radiation properties. 

Figure 4(a) compares the macroscopic gas absorp- 
tion cross-section with combined gas and micronized 
char absorption and scattering cross-sections. The 
char particle concentration has been multiplied by 
a factor of one-third to reflect the changes in char 
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FIG. 4. Radiation properties of (a) micronized char laden 

combustion gas; (b) soot laden combustion gas. 

concentration with burnout. The gas absorption 
cross-section is seen to display a band structure typical 
of gas radiation. Introduction of char particles modi- 
fies the spectral absorption cross-section from band 
structure to luminous radiation. The radiation 
windows between the gas bands vanish, and the 
absorption cross-section becomes finite at large wave 
numbers where no gas bands are present. The changes 
in absorption cross-section are most significant away 
from the band centers. The char particles are also 
effective scatterers of thermal radiation. The scat- 
tering albedo is essentially larger than 0.5 at all fre- 
quencies, exceeding 0.9 for wave numbers greater than 
7500cm-‘. 

Figure 4(b) attempts to assess the role of soot par- 
ticles in radiation transport. Even in small quantities, 
soot can potentially dominate the transport process. 
The major uncertainty lies in our ability to specify 
the production and destruction of soot particles. The 
importance ofsoot can be negated by its short lifetime. 
Because of its small size, the interaction of soot with 
thermal radiation generally falls in the Rayleigh scat- 
tering regime, in which case the absorption cross- 
section can be shown to be approximately pro- 
portional to the soot volume fraction. In this limit, 
soot psd does not affect radiative heat transfer, and 
scattering by soot particles is negligibly small. The 
sweeping conclusion, however, is tempered by the 
tendency of soot to form chain-like agglomerates in 
which case the size and shape of agglomerates can 
intluence radiation transport. 

Figure 5(a) displays the contribution of a high- 
iron/low-silica Pittsburgh No. 8 type coal ash to radi- 
ation properties. With pulverized-coal ash, the high- 
frequency structure of the gas bands remains intact; 
the windows between the low-frequency bands dis- 
appear, and the absorption coefficient becomes finite 
at high frequencies outside the range of gas bands. 
Also, scattering comes into play in a manner that 
suggests reduction of spectral heat transfer in the 
vicinity of low-frequency gas band centers but 
enhancement in the wings and windows of the gas 
bands and at high frequencies. A significant change 
in radiation properties is observed as the parent coal 
is cleaned to reduce the ash content. Within the fre- 
quency range of gas vibrational and rotational bands, 
the absorption coefficient reverts to the band structure 
typical of gas radiation. Because of the ash particles, 
the absorption coefficient remains finite at high fre- 
quencies, and’the radiation transport is dominated by 
scattering for wave numbers greater than 4000 cm- ‘. 

The effect of mineral matter composition on radi- 
ation cross-sections can be ascertained from the 
results presented in Fig. 5. The Eastern coal type ash, 
low-iron/high-silica content, should be regarded as a 
scattering-type ash. In Fig. S(c), the absorption 
coefficient of the combustion gas laden with the 
Eastern type of ash reflects the overlapping band 
structure resulting from the simultaneous presence of 
CO2 and H,O. Furthermore, the band structure is 
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FG. 5. Radiation properties of combustion gas laden 
with : (a) high-iron : (b) medium-iron : (c) low-iron coal ash 

particulatcs. 

nearly independent of the ash content although the 
scattering coefficient decreases as the ash content is 
reduced. Thus, the effect of Eastern coal ash is purely 
to interject scattering into radiation transport. One 
would expect the radiative heat transfer to decrease 
because of the presence of Eastern coal ash. It 
also follows that heat transfer should improve 
(via reduction in scattering albedo) with cleaning of 
Eastern coal. 

The Illinois No. 6 coal ash. characterized as a medi- 
um-iron/medium-silica ash, shows an intermediate 
character in Fig. 5(b). With pulverized-coal ash. the 
gas band structure is still visible although the windows 
between the bands have disappeared, and significant 
absorption at high frequencies is expected. As the ash 
content is reduced to I %. the gas band structure 
reemerges except that the scattering cross-section is 
significant in magnitude. With this type of ash, one 
might expect to have an enhancement in heat transfer 
when ash is-present in a concentration typical of pul- 
verized coal, but a reduction in heat transfer as the 
ash content is reduced to I %. 

8. DISCUSSION AND CONCLUSIONS 

Besides gaseous species, char and flyash are two 
main contributors to infrared radiation transport in 
coal-fired furnaces. The potential for enhancement in 
heat transfer by coal and soot particles is limited by 

the small lifetimes characterizing their transit through 
the fire-box region. 

Within a coal furnace, the distribution and con- 
centration of gaseous species and particulate matter 
are quite nonuniform. The hydrogen content of coal 
is converted to water vapor in a relatively short time 
as the volatile matter completes combustion. Over a 
longer time span, fixed carbon is oxidized to carbon 
dioxide during char burnout. Flyash is liberated from 
the char matrix as the carbonaceous matter is gasified. 
Thus, one can identify two distinct furnace regions : a 
high temperature tire-box region with variable gas 
composition and particulate composition approxi- 
mating the carbonaceous content of coal, and a heat 
absorption region with fixed combustion gas com- 
position and particulate composition reflecting the 
mineral content of coal. Depending on the location 
and number of burners used in a furnace and the 
burner tilt angle. the flyash can occupy a greater por- 
tion of the furnace volume and be a more dominant 
contributor to radiative heat transfer than the char 
particles. 

The radiative properties of molecular combustion 
products have been studied extensively. Empirical 
wide-band and narrow-band models have been for- 
mulated for estimating the spectral emissivity and 
absorptivity of combustion gases. Rigorous heat 
transfer models. based on solution of the radiation 
transport equation in multidimensional geometries. 
require a knowledge of the absorption coefficient (x,.). 
An apparent absorption coefficient can be estimated 
from the gas emissivity. It has an undesirable property 
of being mean beam length dependent even though K,. 
is theoretically a point property. 

There is a general paucity of experimental data 
on optical constants of char. We have conducted a 
dispersion analysis of the transmissivity measurement 
by Brewster and Kunitomo [6] on char particles 
dispersed in infrared transmissive KBr pellets. There 
is some question as to the uniqueness of the opti- 
cal constants inferred purely from the extinction 
measurement. The necessity of measuring a second 
independent variable has been recognized in order to 
properly resolve the contributions of absorption and 
scattering to extinction efficiency. There is also some 
concern regarding extrapolating data to wavelengths 
smaller than 2.5 /cm since the disagreement between 
the dispersion correlation and the experimental data 
was largest at short wavelengths. The short wave- 
length region is important in radiative heat transfer 
since, at typical furnace temperatures, the peak in 
black body emissive power tends to be in the region 
i, < 2.5 Ltm. Finally. no attempt has been made to 
explain the optical behavior of char in terms of the 
known absorption bands of graphite even though char 
shares many structural similarities with graphite. 

Although an extensive database exists on the optical 
constants of ash, its usefulness is compromised by the 
attendant experimental uncertainties or the analytical 
techniques employed for data reduction. Most com- 
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prehensive measurements in a controlled laboratory 
setting have been conducted by Goodwin [ 131. and we 
recommend correlations based on his experimental 
data. One particularly useful aspect of his data is the 
attempt to explain and correlate ash optical constants 
in terms of the composition of the mineral matter and 
the known absorption bands of the constituent oxides. 
Thus. the correlations are potentially useful for 
estimating the optical constants of any coal ash. We 
have observed that the correlation estimates an absorp- 
tion index consistently lower than the experimental 
measurements of other investigators. The correlation 
does not account for the unburnt carbon content in 
flyash. Measurements by Gupta and Wall [ 161 indicate 
enhancement in absorption index by residual carbon. 
In utility furnaces. one would expect the flyash to 
contain some ( IO% or less) unburnt carbon since com- 
plete combustion of fixed carbon is not always attain- 
able. Thus. an extension of the Goodwin correlation 
to account for residual carbon content would be most 
desirable. 

WC have performed several parametric calculations 
to elucidate the role of suspended particulates in deter- 
mining the radiation properties of coal flames. One 
effect ofcombustion particulates is to modify the band 
structure of gas radiation by absorbing infrared radi- 
ation in the windows of CO2 and HZ0 bands and in 
the high-frequency region where no gas bands are 
present. The char and ash particles are also effective 
scatterers of thermal radiation. The scattering albedo 
of gas-char and gas-ash mixtures is essentially larger 
than 0.5 at all frequencies. exceeding 0.9 in the near- 
visible region. The role of ash particles is determined 
by the mineral composition, in particular the iron 
content. Flyash may be classified as absorbing type or 
scattering type depending on whcthcr it is high or low 
in iron content. 

The parametric calculations point to a significant 
impact of coal beneficiation and micronization on 
radiation properties and heat transfer. The flyash con- 
tribution to furnace heat transfer is expected to 
decrease with coal cleaning if the parent coal ash is 
rich in iron or if iron is selectively removed in the 
cleaning process. Conversely, if the parent coal ash is 
low in iron content, heat transfer should improve with 
reduction in ash content. 

I 

2. 

3 

4. 

5. 

6. 

7. 

8. 

9. 
IO. 

I I. 

12. 

13. 

14. 

15. 

I6 

REFERENCES 

C. B. Ludwig. W. Malkmus. J. E. Reardon and J. A. 
L. Thompson. Homlhook o/’ I~~/icrred Rorliuiion ,/km 
Cornhusrim Gaws. NASA SP-3080 ( 1973). 
S. A. Clough, F. X. Kneizys and J. H. Chetwynd. Algo- 
rithm for calculation of absorption coefficient-pressure 
broadened molecular transitions. AFGL-TR-77-0164 
(1977). 
L. S. Rothman. R. R. Gamache. A. Goldman, L. R. 
Brown. R. A. Toth. H. M. Pickett. R. L. Povnter. J.-M. 
Flaud. C. Camy-Peyrct. A. Burbe. N. H&on. C. P. 
Rinsland and M. A. H. Smith, The HITRAN database: 
1986 edition. .4pp/. Op/. 26,40584097 (19X7). 
P. J. Foster and C. R. Howarth. Optical constants of 
carbons and coals in the infrared, Curhon 6, 719- 729 
( 1968). 
A. G. Blokh. Hem Trrrrt.y/& irl Steam Boiler Fwrmes. 
Hemisphere, New York (1988). 
M. Q. Brewster and T. Kunitomo, The optical constants 
of coal. char, and limestone. J. Herr/ Trcrns/Fr 106, 67% 
683 ( 1984). 
P. R. Solomon. R. M. Carangelo, P. E. Best, J. R. 
Markham and D. G. Hamblen. The spectral emittance 
of pulverized coal and char. Tu~rJ.~/i,:v( SJpnrp. (/)I/.) 011 
Comhu.v/ior~, pp. 437-446. Combustion Institute, Pitts- 
burgh (I 986). 
W. L. Grosshandler and S. L. P. Monteiro, Attenuation 
of thermal radiation by pulverized coal and char, J. Ha/ 
T/YuL~/~T 104, 587-593 (1982). 
M. Q. Brewster, Personal communication (1990). 
J. J. Hauscr. Electrical, structural and optical properties 
of amorphous carbon, J. Non-CQX!U/. Solid 23, 7 I4 I 
( 1977). 
S. C. Lee and C. L. Tien, Optical constants of soot in 
hydrocarbon flames, Eigh/ecw/h Swp. (Iv/.) ou Com- 
hm/ion. a~. 1159-l 166. Combustion Institute. Pitts- 
burgh (19dl). 
C. Willis. The complex refractive index of particles in a 
flame J. P/I~~s. D : Ap/)/. P/iJ:y. 3, 194J-1956 (1970). 
D. G. Goodwin, Infrared optical constants ofcoal slags. 
HTGL Report No. T-255, Stanford. California (1986). 
P. J. Wyatt, Some chemical, physical, and optical prop- 
erties of flv ash uarticles. Ad Onf. 19. 975-983 (1980). 
F. E. Voiz. Infrared optical constants of ammonium 
sulfate. Sahara dust, volcanic pumice and flyash. Appl. 
Op. 12,564568 (1973). 
R. P. Gupta and R. F. Wall, The optical propertics of 
fly ash in coal fred furnaces. Comhus/ion Flcrme 61, 145- 
I51 (1985). 

17. A. Lowe, 1. M. Stewart and T. F. Wall, The measurement 
and interpretation of radiation from fly ash particles in 
large pulverized coal flames, .Se~~r7~e~777/7 S&77p. (1771.) 
017 Comhusrion. PD. 105-l 14. Combustion Institute. 
Pittsburgh (I 979): . 


