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Abstract

Ash is produced in combustion of biomass. Some part of this matter is called fly ash and is carried by the flow and causes not only air
pollution and erosion, but also can affect the thermal radiation. The effects of fly ash particles on the thermal radiation are considered in
this investigation. By analyzing sampled data in an electrostatic filter, a realistic particle size distribution is found. Although the optical
data on biomass fly ash are not available, however, similarity between coal and biomass ash compositions showed that the optical con-
stants of the low Fe coal fly ash can be applied for the biomass fly ash. The Mie theory is used to predict scattering and absorption coef-
ficients and phase function. The mean Planck scattering and absorption coefficients and phase function are predicted by averaging over
the particle size distribution and Planck function, respectively. The effects of fly ash particles on thermal radiation are evaluated by a
three-dimensional test case. It is assumed that the medium is a mixture of non-grey gases and different level of particle loading. Predicted
results from the test case showed that the fly ash can be influential on the thermal radiation. In addition, in selected fly ash volume frac-
tions, the effect of scattering by particles is not so important on the radiative heat source and radiative heat flux to the wall whereas their
absorption effect is important and can increase the radiative heat source and wall heat fluxes.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Thermal radiation is the dominate heat transfer mode in
boilers. Using fuels such as coal or biomass in boilers pro-
duces particles which absorb, emit and anisotropically scat-
ter the thermal radiation. Radiative properties of these
particles are strongly depending on their composition and
size. This study predicts radiative properties of particles
and evaluates their effects on thermal radiation in biomass
fired boilers. Earlier studies have shown that the radiative
heat transfer is the dominating heat transfer mode in coal
furnaces. In such furnaces, coal, char and fly ash particles
absorb, emit and anisotropically scatter thermal radiation
and their radiative properties are affected by their compo-
sition and size. Previously, the radiation scattering in coal
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furnaces has been studied by Gupta et al. [1]. In their study
the Planck scattering and absorption coefficients were cal-
culated by the Mie theory. An exponential particle size dis-
tribution, isotropic and anisotropic phase functions were
studied with the Monte Carlo method. Their study showed
that the heat transfer is overestimated because of neglecting
scattering. The radiative properties of fly ash in coal-fired
systems for two different particle size distributions have
been studied by Goodwin and Mitchner [2]. In their
research, scattering and absorption coefficients were calcu-
lated by using the Mie theory and spectral optical con-
stants. In a similar work, Liu and Swithenbank [3] used a
simplified Mie theory and calculated the spectral and
Planck scattering and absorption coefficients. In another
study by Marakis et al. [4], the absorption and scattering
of particles were evaluated in a cylindrical coal fired fur-
nace. The radiative properties were calculated by using
the Mie theory and spectral optical constants for coal, char
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Nomenclature

c distance between particles
D particle diameter
fv particle volume fraction
I intensity
k optical constant (imaginary part)
m optical constant
N series number
Q efficiency
r position vector
S direction vector
x size parameter

Greek symbols

h scattering angle
j absorption coefficient
k wavelength

l mean of data
q density
r scattering coefficient
rl standard deviation of data
U phase function
X solid angle

Subscripts

A absorption
b blackbody
D diameter
k spectral
P mean Planck
t total
s scattering
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and fly ash particles. A gamma particle size distribution
was applied on clouds of non-uniform particles. In their
study, P � 1 and Monte Carlo methods were compared
and the results showed that particles have significant effect
on the wall heat fluxes. Combustion of biomass produces
particles which are very similar to those of coal combus-
tion. Soot, fly ash and char are main particles in the bio-
mass combustion. From the composition viewpoint, soot
and char consist of mainly carbon whereas fly ash consists
of refractory components such as CaO, MgO, SiO2 and the
radiative properties become strongly dependent on the
wavelength. From size viewpoint, in biomass combustion,
the soot particles are in the range of some nm [5] while
the char particles are large particles with sizes about some
hundred lm [6]. However, the size of fly ash particles varies
in a large range from nm up to some hundred lm. The
objective of the present study is to predict the scattering
and absorption coefficients of the fly ash and evaluate its
effects on the radiative heat transfer in biomass boiler. Sim-
ilar to previous studies some data for optical properties and
size distributions of fly ash are needed. The Mie scattering
theory is applied to predict particle scattering and absorp-
tion coefficients and phase function. The data are used to
solve the radiative transfer equation (RTE) in a three-
dimensional rectangular geometry to evaluate the effects
of particles on overall radiative heat transfer inside a
boiler.
2. Formulation

2.1. Scattering of the thermal radiation by particles

The interaction of electromagnetic waves and particles
can change the direction and amount of energy which is
carried by the waves. Although for scattering problems
there are some boundary solutions available such as Ray-
leigh, Rayleigh Gans and so on, however, when the particle
diameter varies widely and most of the particle abundance
is focused in several micrometers, the Mie scattering theory
will be the most suitable method for study of particle scat-
tering. This analytical method, analyses the interaction of a
single spherical particle and electromagnetic waves and its
details can be found in van de Hulst [7], Kerker [8] and
Bohren and Huffman [9]. The Mie computations are rela-
tively straightforward although in some rare cases for
instance, a partly absorbing sphere, numerical instability
has been reported [10]. The necessary parameters for the
Mie calculations are the size parameter (x = pD/k) and
optical constant (m = n � ik). The results of the Mie theory
will be scattering and absorption efficiency factors, phase
function and asymmetry factor as functions of size param-
eter. Here, for calculation of the mentioned parameters, a
code from Bohren and Huffman [9] with the number of
N = x + 4x1/3 + 2 for evaluation of infinite series is
applied.
2.2. The fly ash optical constants

In biomass combustion, it can be assumed that the fly
ash particles are formed from components such as SiO2,
Al2O3, Fe2O3, CaO and MgO [11]. Although this assump-
tion may not be completely true for very fine fly ash parti-
cles and very coarse particles it may be good in the
influential range on thermal radiation. Comparison
between compositions in biomass and coal fly ashes reveals
a close similarity in the types and amounts of the above
mentioned mineral materials. An analysis of mineral com-
ponents and their influence on optical constants for differ-
ent type of coal fly ashes has been investigated by Im and
Ahluwalia [12] and the general results are shown in Table 1.

As it is seen the most influential components on both
scattering and absorption coefficient are common with



Table 1
Composition dependence of ash optical constants [12]

Wavelength
(lm)

Refractive index, n Absorption index, k

1–4 Mixture rule for SiO2, CaO, Fe2O3

and MgO
f(Fe2+, Fe3+)

4–8 Mixture rule for SiO2, CaO, Fe2O3

and MgO
Silica glass data

8–13 SiO2 Reststrahlen band, Al2O3 and
MgO Reststrahlen Bands

Al2O3 and MgO
Reststrahlen bands

Table 3
Size distribution analysis in vol. % on collected fly ash in an electrostatic
filter

Low
(lm)

High
(lm)

Result in
(%)

Low
(lm)

High
(lm)

Result in
(%)

0.2 0.48 0.15 8.48 10.27 7.46
0.48 0.59 0.6 10.27 12.43 8.44
0.59 0.71 0.91 12.43 15.05 9.08
0.71 0.86 1.03 15.05 18.21 9.06
0.86 1.04 0.95 18.21 22.04 8.3
1.04 1.26 0.76 22.04 26.68 7.01
1.26 1.52 0.59 26.68 32.29 5.55
1.52 1.84 0.58 32.29 39.08 4.21
1.84 2.23 0.79 39.08 47.3 3.03
2.23 2.7 1.21 47.3 57.25 2.12
2.7 3.27 1.72 57.25 69.3 1.49
3.27 3.95 2.37 69.3 83.87 1.1
3.95 4.79 3.21 83.87 101.52 0.85
4.79 5.79 4.19 101.52 122.52 0.68
5.79 7.01 5.28 122.52 148.72 0.54
7.01 8.48 6.37 148.72 180 0.4
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the biomass fly ash. Here, due to the composition similar-
ity, it is assumed that the optical constants data for the coal
fly ash is applicable for the biomass fly ash. Therefore, in
this study, available experimental optical constants data
for the low Fe coal fly ash provided by Goodwin and
Mitchner [2] is applied for the biomass fly ash. In order
to simplify the application of these data in a numerical sim-
ulation, linear functions are fitted to them as given in Table
2.

2.3. Treatment of particle cloud

In the independent scattering regime (c/k� 1), the spec-
tral scattering coefficient in a uniform cloud of particles, is
given by:

rk ¼
3f vQs

2D
ð1Þ

where D and fv are particle diameter and volume fraction,
respectively, and Qs is the scattering efficiency for the size
distribution x. A similar equation is written for the spectral
absorption coefficient. Assumption of the uniform particle
cloud can be applied for all situations. For instance, fly ash
particles vary in a large range from some nm up to some
hundred lm. In such a situation, by using particle size dis-
tribution (PSD) the effect of non-uniformity of particles
can be taken into account. In a biomass boiler, accurate
prediction of PSD may depend on different parameters
and it can also vary locally. In this study, for a realistic
assumption, PSD is estimated by collected fly ash in an
Table 2
Models for the optical constants of fly ash

Optical constants Range (lm)

nk 1.5 k < 3.4
1.5 � 0.074(k � 3.4) 3.4 6 k < 7.2
1.22 � 0.46(k � 7.2) 7.2 6 k < 8.2
0.76 + 0.57(k � 8.2) 8.2 6 k < 11
2.3 � 0.56(k � 11) k P 11

kk 10�2.96�4.6(k�0.22) 0.2 6 k < 0.5
10�4.48+1.96(k�0.5) 0.5 6 k < 1
10�3.5 1 6 k < 4
10�3.5+(k�4) 4 6 k < 5
10�2.5+0.26(k�5) 5 6 k < 7.5
10�1.86+1.76(k�7.5) 7.5 6 k < 8.5
10�0.1 8.5 6 k < 10.5
10�0.1�1.0(k�10.5) k P 10.5
electrostatic filter. These data have been presented in Table
3.

Statistical analysis of the data shows that the fly ash
PSD consists of two distinguishable peaks in the sub and
super micron regions and it can be represented by a heter-
ogeneous log-normal distribution in the following form:

f ðDÞ ¼ w1ffiffiffiffiffiffi
2p
p

Drl;1

e
�
ðD�ll;1Þ2

2r2
l;1 þ w2ffiffiffiffiffiffi

2p
p

Drl;2

e
�
ðD�ll;2Þ2

2r2
l;2 ð2Þ

where in this equation the values of the parameters are gi-
ven as:

w1 ¼ 0:056; w2 ¼ 0:944

ll;1 ¼ �0:1193; ll;2 ¼ 2:655

rl;1 ¼ 0:3867; rl;2 ¼ 0:8354

The heterogeneous log-normal model is fitted to the data
and is presented in Fig. 1.

The spectral scattering and absorption coefficients and
phase function in the non-uniform cloud of fly ash are pre-
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Fig. 1. Measured and modeled heterogeneous log-normal fly ash size
distributions.
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dicted by integration over the particle diameter using the
PSD as [13]

rk ¼ 1:5f v

R1
0 QsD

2f ðDÞdDR1
0 D3f ðDÞdD

ð3Þ

jk ¼ 1:5f v

R1
0 QaD2f ðDÞdDR1

0 D3f ðDÞdD
ð4Þ

UkðhÞ ¼
R1

0
QsUk;DðhÞD2f ðDÞdDR1

0
QsD

2f ðDÞdD
ð5Þ

These equations show that the spectral scattering and
absorption coefficients are linearly proportional to the fly
ash volume fraction. The mean Planck scattering and
absorption coefficients and total phase function are pre-
dicted by averaging the spectral results over the Planck
function given by Eqs. (6)–(8).

rp ¼
Z 1

0

rkIbkdk=
Z 1

0

Ibkdk ð6Þ

jp ¼
Z 1

0

jkIbkdk=
Z 1

0

Ibkdk ð7Þ

UðhÞ ¼
Z 1

0

rkUi;kðhÞIbkdk=
Z 1

0

rkIbkdk ð8Þ
Particle diameter (μm)
0.01 0.1 1 10 100 1000

Fig. 2. Variation of mean Planck scattering (a) and absorption (b)
coefficients versus diameter.
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Fig. 3. Fly ash spectral scattering (a) and absorption (b) coefficients for
different concentrations.
3. Results

3.1. Radiative properties and phase function

Fig. 2 shows the variation of the mean Planck scattering
and absorption coefficients of fly ash for fv = 1e�6 of a
uniform cloud of particles versus diameter. As can be seen,
by increasing the temperature and decreasing the particle
diameter (down to 1 lm), the mean Planck scattering coef-
ficient increases and then sharply decreases whereas the
mean Planck absorption coefficient decreases to a constant
value.

In addition, Fig. 2 tells how important the size distribu-
tion of the particles is at different temperatures. A PSD,
which focuses in the range of some lm, can have a large
impact in calculations of both scattering and absorption
coefficients. As can be seen, the fly ash inside of the range
of 0.1–100 lm has a large scattering coefficient. In this
study, the mentioned range is used as integration limits in
Eqs. (3)–(5).

Results of the predicted radiative properties for some
levels of fly ash volume fractions show that, for wave-
lengths below 8 lm the spectral scattering coefficient is
strong whereas the values for spectral absorption coeffi-
cient are considerable for wavelengths above 8 lm (see
Fig. 3).

Fig. 4 shows the mean Planck scattering and absorption
coefficients. The mean Planck scattering coefficient at low
temperature is smaller than at high temperature and
increases with increasing temperature, because the peak of
the Planck function at high temperature shifts to shorter
wavelengths and for the same reason the mean Planck
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absorption coefficient is large at low temperature. Both the
scattering and absorption coefficients increase linearly by
increasing the fly ash volume fraction. In this study, in order
to apply temperature dependent values of the scattering and
absorption coefficients, polynomial functions have been fit-
ted to the data as shown in Table 4.

The average Mie phase function over particle diameter
and Planck function is shown in Fig. 5 and it presents
strong forward scattering and some backward scattering
regimes.
3.2. Effects of fly ash on radiative heat transfer

In order to study the effect of fly ash on radiative heat
transfer, a 3D rectangular enclosure with dimensions
2 m � 2 m � 4 m is considered. The temperature and emis-
sivity for all the side walls are 498 K and 0.8, respectively.
The bottom and top walls are at 1100 K and 800 K, respec-
tively, and they are assumed to be black. The medium is
assumed to be a mixture of 0.287 H2O + 0.117 CO2 and
Table 4
Polynomial coefficients fitted to the predicted data

f ðT Þ ¼ a T
100

� �4 þ b T
100

� �3 þ c T
100

� �2 þ d T
100

� �
þ e

f(T) (m�1/fv) a b c d e

rp 25755.4 8245.92 �670.487 24.592 �0.34278
jp 46219.8 �8100.43 621.96 �22.155 0.303024
nitrogen (mole base). These values are average results
which are predicted by modeling combustion in a fixed
bed biomass boiler [14]. The gas temperature is non-uni-
form but symmetric around the centerline of the enclosure
and is specified as T = (Tc � Te)f(r/R) + Te. In this equa-
tion, Tc is the gas temperature along the centerline of the
enclosure and Te is the exit temperature at z = 4 m. Inside
of the circular region of the cross section of the enclosure,
the variation of the gas temperature is defined by f(r/

R) = (1-(r/R)2)0.5, where r is the distance from the enclo-
sure centerline and R = 1.4 m is the radius of the centerline
region. The gas temperature outside the circular region is
assumed to be constant and equal to the exit temperature.
The centerline temperature is assumed to increase linearly
from 1100 K at the bottom of the enclosure (z = 0 m) to
1600 K at z = 1 m and then decrease linearly to 800 K at
the exit. Different numerical methods are available for solu-
tion of the RTE. Jinbo et al. [15] have shown that in a med-
ium with anisotropic scattering, reliable results are
achieved by the finite volume method (FVM). In this study
this methods is applied. Details of the procedure for dis-
cretization of the RTE in the FVM have been described
in Chai et al. [16]. In addition the Mie phase function is
applied in a similar approach as that introduced by Chai
and Patankar [17]. In this approach the main control
angles, D Xland DXl0 , are divided into some sub-control
angles and the average value of the phase function over
all sub-control angles is predicted as:

�Ull0 ¼
PLs

ls¼1

PL0s
l0s¼1

Ul0slsDXl0sDXls

DXl0sDXls
ð9Þ

For simulation of non-grey radiation of the mixture of
H2O, CO2 and particles, the spectral line weighted sum of
grey gases model (SLW) introduced by Denison and Webb
[18] is applied. In this model, the RTE for an absorbing,
emitting and scattering mixture of H2O, CO2 and particles
is written as follows:

dIjkðr; ŝÞ
ds

¼ �ðjjk þ jp þ rpÞIjkðr; ŝÞ þ ðjjk þ jpÞajkIbðrÞ

þ rp

4p

Z
4p

Ijkðr; ŝ0Þ�Uð̂s0; ŝÞdX0 ð10Þ
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where Ijk is the radiation intensity for the jth grey gas com-
ponent of H2O and kth grey gas component of CO2. In
addition, jp and rp are the mean Planck absorption and
scattering coefficients of the particles. Details about appli-
cation of this method in a mixture of H2O and CO2 can be
found in [19]. The convolution approach with 20 logarith-
mically spaced absorption cross sections ranging from
1e�5 up to 100 is applied to give accurate result. For
numerical solution of the RTE by the FVM the enclosure
is divided into uniform Nx � Ny � Nz = 21 � 21 � 41 con-
trol volumes. In addition, in the cases with large values of
fly ash volume fractions, different number of control angles
was examined which showed that the uniform
Nh � Nu = 10 � 12 control angles and 5 � 5 sub-control
angles (for phase function prediction), gave accurate re-
sults. The defined test cases in 0, 1e�6, 2.5e�6, 5e�6,
1e�5 levels of fly ash volume fractions are examined.

Fig. 6 shows the predicted radiative heat source along
the centerline of the enclosure (1 m, 1 m, z). An increase
in the fly ash volume fraction, increases the radiative heat
source ( regardless of the negative sign) and the highest
increase is seen at z = 1 m. In addition, for selected levels
of fly ash volume fraction, the absorption and emission
of thermal radiation by particles seems to be influential
and scattering has not an important role in the radiative
heat source. However, increasing the volume fraction
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beyond 1e�5, which might be unrealistic, shows that scat-
tering decreases the radiative heat source.

Fig. 7 shows predicted radiative heat flux along the
height of the enclosure (0 m, 1 m, z). An increase in the
fly ash volume fraction increases the radiative heat flux
but absorption by the particles has a major role while the
effect of scattering by the particles is not important.

Fig. 8 shows the predicted heat flux distribution along
the width of the enclosure (x, 1 m, 0 m). It can be seen that
the selected wall is radiating to the interior part of the
enclosure and an increase in the fly ash volume fraction
decreases the predicted heat flux.
4. Conclusions

Experimental data and realistic assumptions were used
to predict the scattering and absorption properties of fly
ash and its effects on the thermal radiation. By using anal-
ysis of a uniform particle cloud, the effects of PSD on pre-
dicted properties were discussed and it was found that the
both scattering and absorption coefficients have consider-
able values in the range of some lm. The spectral and mean
Planck scattering and absorption coefficients of fly ash
were predicted. The results of mean Planck coefficients
showed that an increase in the temperature increases the
scattering coefficient whereas it decreases the absorption
coefficient. In order to study the effect of fly ash on thermal
radiation, a three-dimensional test case with non-grey gases
was defined. Predicted results from the test case showed
that by increasing the fly ash volume fraction, particles will
be more influential on thermal radiation. However, the
particle absorption plays a major role and the scattering
of thermal radiation by particles at selected levels of the
volume fraction is not important but further increase of
the volume fraction decreases the radiative heat source
and also the heat flux to the wall which may not be
realistic.
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