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Abstract

The P-1 approximation and the Monte Carlo method are applied in cylindrical coal-®red furnaces. The
absorption and scattering e�ciencies and the phase function of coal, char and ¯y-ash particles are obtained from
Lorenz-Mie theory and wavelength dependent optical properties based on measurements available in the literature.

The in¯uence of each kind of particle on the radiative heat transfer is investigated. Comparisons between the P-1
and the Monte Carlo methods are performed for various particle size distributions and mass concentrations.
Isotropic and neglecting of scattering are evaluated against anisotropic scattering as potential simpli®cations in

engineering applications. 7 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Thermal radiation is the dominant heat transfer

mode in pulverised coal-®red furnaces [1]. A factor

that signi®cantly complicates the analysis in these fur-

naces is the presence of coal combustion particles.

Coal, char and ¯y-ash particles absorb, emit and an-

isotropically scatter thermal radiation. Their radiative

characteristics are strongly dependent on their compo-

sition, the pulverisation process and the ®ring system.

These parameters a�ect the optical properties, the par-
ticle size distributions and the mass concentrations, re-
spectively, which in turn a�ect the extinction

coe�cient, the scattering albedo and the angular distri-
bution of the scattered intensity of the particulate
phase. The overall contribution of this phase to radi-
ative heat transfer in coal-®red furnaces increases pro-

portionally to the particle loading. Therefore, even
being signi®cant in atmospheric coal combustion, par-
ticulate radiation is expected to be a key design par-

ameter for novel coal utilisation technologies,
characterised by increased particle loading, such as the
Pressurised Pulverised Coal Combustion (PPCC).

The objective of the present study is to evaluate
some of the methods, models and assumptions that
are used for the prediction of the radiant exchange

in coal-®red furnaces. These methodological
approaches can be distinguished in two categories;
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®rst, methods for the solution of the radiant

exchange and second, methods for the calculation of

the radiative properties. In this study, for assess-

ments in the ®rst category, reference results will be

provided by a Monte Carlo (MC) method. The ap-

plications of this method in various ®elds of ther-

mal engineering have been recently reviewed by

Howell [2]. In the area of furnace modelling, (MC)

method have been applied in Refs. [3±7]. Although

the method has many well-known advantages, such

as exactness for su�ciently large statistical samples

and ¯exible incorporation of detailed physical sub-

models, it also has the disadvantage that it requires

long execution times. This disadvantage is crucial

for furnace modelling, because the strong coupling

of radiation with the ¯ow ®eld and the chemical

reactions implies an iterative solution of the energy

equation. In this case, an approximate method is

usually adopted for the fast computation of the

radiative source term occurring in the energy

equation. Methods belonging to this category are

the P±N approximations [8±13]. These methods use

expansions of the local intensity in terms of spheri-

cal harmonics, with truncation to N terms in the

series and substitution into the moments of the

di�erential form of the Radiative Transfer Equation

(RTE). In the present study, the lowest order P-1

approximation is evaluated.

Equally important to the solution methods are

the models used for the prediction of the radiative

properties of the coal combustion particles [1,14].

Coal and char strongly extinguish thermal radiation,

however, their presence is restricted in the near bur-

ner area of a furnace. In contrast, ¯y-ash may be

found in larger volumes including the heat recovery

section of a furnace. Many studies, including Gupta

et al. [5], Blokh [15], Boothroyd and Jones [16] and

references cited therein, indicated that ¯y-ash is an

important Ð perhaps dominating Ð contributor to

radiative transfer in pulverised coal furnaces. Good-

Nomenclature

a parameter in Eq. (9)
A projected area of particles per unit mass
b parameter in Eq. (6)

c parameter in Eq. (9)
D diameter
fv volume fraction

g asymmetry factor
I radiative intensity
I0 zeroth order moment of the radiative inten-

sity
Ii ith order moment of the radiative intensity
k imaginary part of m
li direction cosines

m complex refractive index
n real part of m
p phase function

Q e�ciency
qw wall ¯ux
Qw total wall ¯ux

r, j, z cylindrical co-ordinates
R random variable
s distance

t parameter in Eq. (6)
T temperature
W mass concentration
x particle size parameter

Greek symbols
b parameter in Eq. (6)

d Kronecker's delta
e emissivity

W polar angle
k absorption, extinction, scattering coe�cient
l wavelength

x, Z, z direction cosines
r re¯ectivity
t optical thickness

j azimuth angle
c scattering angle
o scattering albedo

O solid angle

Subscripts
20 quadratic mean diameter

32 Sauter mean diameter
a absorption
b black body

c coal
ch char
e extinction

f ¯y-ash
m most probable
r radial

s scattering, soot
w wall
l spectral
r re¯ectivity

Superscripts
' before scattering

± psd averaged
� Planck averaged
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win and Mitchner [17] published measurements of

the wavelength dependent real and imaginary parts

of ¯y-ash refractive index. Apart from the strong

wavelength dependence, these measurements showed

signi®cantly lower values for the imaginary part of

the ¯y-ash refractive index. Goodwin's measurements

have been discussed by Im and Ahluwalia [18], who

proposed dispersion formulas dependent on ash

chemical composition and by Liu and Swithenbank

[19], who investigated the in¯uence of the particle

size distribution on the ¯y-ash radiative properties.

The present study attempts to quantify the e�ect of

these ¯y-ash optical properties on the overall heat

transfer inside a furnace.

For that purpose, an algorithm is needed to con-

nect the optical properties of single particles with

the extinction coe�cient, scattering albedo and

angular distribution of the scattered intensity of par-

ticle clouds. The ®rst step of this algorithm, based

on the assumption of spherical homogeneous par-

ticles and the measured wavelength dependent opti-

cal properties, will estimate the extinction and

scattering e�ciencies of single particles using the

Lorenz±Mie theory (Bohren and Hu�man [20]). The

applicability of this approach for a cloud of ¯y-ash

particles suspended in a small ¯uidised bed has

been veri®ed by Boothroyd et al. [21]. The second

step of the algorithm extends the single particle

properties to the particle cloud properties encoun-

tered in the RTE. For this step, the local concen-

trations and size distributions have to be

determined. The underlying assumption in this algo-

rithmic step is the single scattering per control

volume. In general, this assumption can be valid by

appropriately adjusting the size of each control

volume. Especially for the Monte Carlo method, an

ad hoc estimation of the validity of this assumption

is possible, with small computational overhead, by

keeping for each control volume, an account of the

ratio of the multiple to the total scatterings.

In the following paragraphs, the methods for the

calculation of the radiant exchange and the radiative

properties of the combustion products inside a coal-

®red furnace are described. The emphasis is placed on

the real properties of the coal combustion particles

and their e�ects on the overall heat transfer. Results

are presented for two-dimensional cylindrical furnaces.

Test cases showing the in¯uence of each kind of par-

ticles and the assumptions related to their scattering

behaviour are presented for di�erent particle concen-

trations and particle size distributions. The test cases

are solved with both the accurate Monte Carlo and the

approximate P-1 methods. Concluding remarks on the

applicability and e�ectiveness of the examined model-

ling approaches are discussed in the last paragraphs.

2. Formulation

For an absorbing, emitting and scattering mixture of

coal combustion gases and particles in local thermo-
dynamic equilibrium which is enclosed in a two-dimen-
sional axisymmetric cylindrical furnace, the spectral

RTE is written (MenguÈ c° and Viskanta [10])
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where x � sin W cos j, Z � sin W sin j, z � cos W are the

direction cosines, j and W are the azimuth and polar
angles, kl, e the spectral extinction coe�cient, ol the
single scattering albedo and pl�O, O 0 � the phase func-

tion of the medium.
For the solution of Eq. (1) in coal-®red furnaces, a

method is required to determine the ®eld distributions

of the absorption and scattering coe�cients and the
phase function of the medium. Since the present study
focuses on particulate radiation, the ¯ue gases will be
simply characterised by a prescribed absorption coef-

®cient leaving the investigation of their detailed spec-
tral modelling for a separate publication (Marakis
[22]). The particulate phase may consist of coal, char,

¯y-ash and soot particles. The latter will be considered
as absorbing, emitting and non-scattering agents. In
general, a simpli®ed treatment of soot radiation in

coal-®red furnaces is justi®ed by the uncertainties re-
lated with soot formation under coal-volatile combus-
tion.

The extinction coe�cient of a particle cloud follow-
ing a size distribution f �D�, where D is the particle di-
ameter, is associated with the averaged extinction
e�ciency �Ql, e, i through the following equation

(Goodwin and Mitchner [17])

�kl, e, i �WiAi
�Ql, e, i �2�

where i denotes either coal, char or ¯y-ash, Wi is the

mass concentration of the ith kind of particles (kg
mÿ3), Ai � 3�2riD32, i �ÿ1 is the projected area of the
particles per unit mass (m2 kgÿ1) and ri the density of

the ith kind of particles (kg mÿ3). The scattering coef-
®cient kl; s;i of a particle cloud is determined by an
equation similar to (2). Dropping the i subscript for

convenience, the averaged, over the particle distri-
bution, e�ciencies are estimated from the e�ciencies
of each particle diameter as

J.G. Marakis et al. / Int. J. Heat Mass Transfer 43 (2000) 2961±2971 2963



�Ql, e �

�1
0

D2Ql, e�D�f �D� dD
D2

20

�3�

The characteristic diameters D20 and D32 are the quad-
ratic and Sauter mean diameters of the particle size
distribution f �D� de®ned by the following equations

D2
20 �

�1
0

D2f �D� dD �4�

D32 �
�1
0

D3f �D� dD=
�1
0

D2f �D� dD �5�

A general expression for the particle size distribution,
from which simpler forms used in various engineering
®elds can be derived, is the gamma particle size distri-

bution (psd) discussed in Blokh [15]

f �D� � tb�b�1�=tDbeÿbD=Dm

G��b� 1�=t� �6�

where G�x� denotes the gamma function of the variable

x, b � �b=t�Dÿtm , Dm is the most probable diameter and
b, t are adjustable parameters. Furthermore, the psd-
averaged asymmetry factor is estimated as

�gl �

�1
0

Ql, s�D�f �D�D2gl�D� dD�1
0

Ql, s�D�f �D�D2 dD

�7�

where gl�D� is the particle asymmetry factor de®ned as
the averaged, over the solid angle, value of the particle
phase function

gl�D� � 1

4p

�
4p
pl�m, x, O� cos W dO �8�

In Eq. (8), m � n� ik is the complex refractive index
of the medium and x � pD=l is the size parameter.

The optical properties n and k are wavelength depen-
dent. Table 1 summarises the formulas used in the pre-
sent study to account for this dependence. For coal
and char particles, optical properties are based on the

measurements of Brewster and Kunitomo [23]. This set
of measurements has been discussed by Im and Ahlu-
walia [18] and Solomon et al. [24]. It covers the wave-

length region 2 < l < 20 mm. For wavelengths
0:5 < l < 2 mm, due to the absence of a better ap-
proximation, the optical properties are linearly ex-

trapolated from the previous region. For the real part
of the ¯y-ash refractive index, there is essential agree-
ment in the literature for the values included in Table 1

(see also Refs. [5,15,16,21]). In contrast, the imaginary
part, as measured by Goodwin [17], di�ers signi®cantly
from previous estimations, exhibiting a strong wave-

Table 1

Wavelength dependent optical properties of coal combustion particles

Particle Reference Optical property Range

Coal Brewster and Kunitomo [23], Fig. 4 nl Data points 2 < l < 20

Brewster and Kunitomo [23], Fig. 5 kl 2:4� 10ÿ3�lÿ2� 2 < l < 20

Char Brewster and Kunitomo [23], Fig. 7 nl 1:9� 9:7� 10ÿ2�lÿ2� 2 < l < 5

2:1� 7:7� 10ÿ2�lÿ5� 5 < l < 12

Brewster and Kunitomo [23], Fig. 7 kl 2:3� 1:3� 10ÿ�lÿ2� 2 < l < 5

2:7� 6:1� 10ÿ2�lÿ5� 5 < l < 12

Fly ash Goodwin and Mitchner [17], Fig. 1(b) nl 1.5 0:5 < l < 6

Liu and Swithenbank [19] 1:5ÿ 0:4�lÿ 6� 6 < l < 8

0:8� 0:5�lÿ 8� 8 < l < 11

2:3ÿ 0:5�lÿ 11� 11 < l < 12

Goodwin and Mitchner [17], Fig. 1(b) kl, T�300 K 10ÿ4:6�2:2�lÿ0:5� 0:5 < l < 1

Liu and Swithenbank [19] 10ÿ3:5 1 < l < 4

10ÿ3:5��lÿ4� 4 < l < 5

10ÿ2:5�0:2�lÿ5� 5 < l < 7:5
10ÿ1:9�1:8�lÿ7:5� 7:5 < l < 8:5
10ÿ0:1 8:5 < l < 10:5
10ÿ0:1ÿ0:7�lÿ10:5� 10:5 < l < 12

Goodwin and Mitchner [17], Fig. 1(b) kl, T�1080 K kl, T�300 K 0:5 < l < 5

10ÿ2:5�0:3�lÿ5� 5 < l < 5:5
10ÿ2:2�0:4�lÿ5:5� 5:5 < l < 7:8
10ÿ1:4�1:8�lÿ7:8� 7:8 < l < 8:5
kl, T�300 K 8:5 < l < 12
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length dependence and generally lower values. The
e�ect of this substantially lower imaginary part on the

overall radiative heat transfer in a coal-®red furnace
will be examined in Section 3.
The formulas of Table 1 are used to provide the

complex refractive index of coal, char and ¯y-ash as
input to the BHMIE program ([20]). The output of
this program are the particle extinction and scattering

e�ciencies Ql, e�D�, Ql, s�D� and the asymmetry factor
gl�D�, which are then introduced into Eqs. (3) and (7),
respectively, to estimate the psd-averaged extinction

coe�cient �kl, e, scattering coe�cient �kl, s and the
asymmetry factor �gl: A further averaging over the
black body intensity distribution function allows the
determination of the Planck-mean properties �k�e , �k�s
and �g� ([5]).
The highly forward scattering behaviour of the coal

combustion particles is satisfactorily represented by the

delta-Eddington phase function ([25], also used in
Refs. [5,10,14])

p
ÿ
O, O 0

� � 2ad�1ÿ cos c� � �1ÿ a��1� 3c cos c� �9�

where c is the scattering angle: cos c � xx 0 � ZZ 0 � zz 0

and the parameters a and c are related to the coef-
®cients of the Legendre series expansion of the exact

phase function [9].
The angular dependence of the radiative intensity

Il�~r, O� may be expressed by a series of spherical har-
monics. In the P-1 approximation, the retention of the

®rst four terms results in transformation of Eq. (1)
into the following equation (see [9,10] for details on
this derivation)

W
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�
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WI0
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�
� 1
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� W
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�
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�k�
WI0
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Eq. (10) contains only spectrally averaged quantities.

Speci®cally, �k� � �k�a � �k�s �1ÿ �g��, �k�a � �k�e ÿ �k�s and I0 is
the zeroth moment of I�~r, O� de®ned as I0 �

�
4p I�~r,

O� dO: In the present study, the Marshak boundary

condition for di�usely re¯ecting walls is used together
with Eq. (10)

I02
2�2ÿ ew �

ew

Ii � 4pIb�Tw � �11�

where ew is the emissivity at the boundary surfaces, +

indicates their positive orientation and Ii is the ®rst
order moment of I�~r, O�, de®ned as Ii �

�
4p I�~r, O�li dO

where li denotes one of the direction cosines x, Z or z:
Reference results for the test cases that will be exam-

ined in Section 3 will be provided by an MC method.
Description of the method and derivation of the prob-
ability density functions can be found in textbooks;

e.g. Siegel and Howell [26] and Brewster [27]. The ran-
dom functions used in this study are summarised in
Table 2. An explanatory note is needed for the func-

tion used to sample the polar angle after a scattering
event.
Whenever an energy packet is emitted, a relative sys-

tem of axes is adapted on it. The z-axis of this system
is identical to the propagation direction of the energy
packet. In this system, the phase function is symmetric
with respect to the azimuth angle. Under this arrange-

ment, when scattering occurs, the polar angle is
sampled from the cumulative phase function�x 0
ÿ1

p�x� dx � 2RW �12�

In Eq. (12), p�O, O 0 � has been reduced to p�x� due to
the arrangement of the relative system adapted on the
energy packet. The Henyey±Greenstein phase function

([28]) is used in combination with Eq. (12)

p�x� � 1ÿ �g�
2ÿ

1� �g�
2 ÿ 2 �g�x

�3=2 �13�

Introduction of Eq. (13) into Eq. (12) yields a closed

form expression for sampling the after-scattering polar
angles

cos W �

0@1� �g�
2 ÿ

 
1ÿ �g�

2

1� 2 �g�RW ÿ �g�

!2
1A=2 �g� �14�

A set of random variables is used to simulate the sto-

chastic events which, together with the random vari-
ables of Table 2, are necessary to complete the Monte

Table 2

Random variables used in the Monte Carlo simulations

Parameter Phenomenon Function

j Emission from surface and volume, re¯ection, scattering j � 2pRj

W Emission from surface, re¯ection W � sinÿ1� ������
RW
p �

Emission from volume W � cosÿ1�1ÿ 2RW�
Scattering Eq. (14)

L Extinction length ln RL � ÿ
Pn

i�1 �k�e, tot, i, si
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Carlo algorithm. This set includes: (i) Rr, which is
compared to re¯ectivity to decide whether an energy

packet will be absorbed or re¯ected on a wall bound-
ary, (ii) Ro, which is compared to the scattering albedo
�o� � �k�s = �k�e to decide whether extinction of an energy

packet will be interpreted as absorption or scattering
and, (iii) Rg, which is compared to the ratios
�k�s; coal= �k�s; tot and � �k�s; coal � �k�s; char�= �k�s; tot in order to

decide whether an energy packet has been scattered on
a coal, char or ¯y-ash particle. After this decision is
made, the corresponding value of the asymmetry factor

is used in Eq. (14). Rg is introduced because, as will be
discussed in the next paragraphs, the coal combustion
particles exhibit signi®cantly di�erent behaviour with
respect to the angular distribution of the scattered

radiative intensity.

3. Results

The methods described in the previous section are
applied in a series of test cases with increasing com-
plexity. The approximate P-1 method is evaluated

against the reference MC method for a simple test case
in Section 3.1, the in¯uence of each kind of coal com-
bustion particles in radiative heat transfer is analysed

in Section 3.2 and a sensitivity analysis concerning the
e�ect of particle loading, particle size distribution and
simpli®cations of the scattering pattern is presented in

Section 3.3.

3.1. Absorbing and emitting medium

The P-1 approximation is evaluated against the MC
method for the simple case, de®ned in Ref. [29], of an
absorbing and emitting medium enclosed in an axisym-

metric cylindrical enclosure. The length of the en-
closure is 6.29 m and its radius is 1.11 m. The en-
closure is subdivided into i � 1, . . . ,17 radially homo-

geneous zones. The temperature distribution is pre-
scribed as Ti � 2000ÿ 100�iÿ 1�, Ti in K. In order to
focus on the comparisons between the di�erent

methods and modelling approaches, no attempt is
made in the present and the following test cases to
account for coupling of radiation with the estimation
of the temperature ®eld. The wall temperature and

emissivity are 300 K and 0.5, respectively. Fig. 1 shows
the distributions of the wall heat ¯uxes calculated by
P-1 and MC for two di�erent values of the gas absorp-

tion coe�cient. For comparison, results from the zonal
calculations of Heap et al. [29] are included in this
®gure. For axial distances greater than 3 m, the ¯uxes

of the zonal method were omitted because they are
indistinguishable from those of MC. As it is evident in
Fig. 1, for both ka � 0:1 and 0.5 mÿ1, the zonal and

MC methods practically yield the same results. The P-
1 approximation predicts satisfactorily accurate radia-

tive wall ¯uxes in the case of ka � 0:5 mÿ1 (radial opti-
cal thickness tr � 0:555), while for ka � 0:1 mÿ1

�tr � 0:111�, di�ers signi®cantly from both the MC

and zonal results.
This ine�ciency of the P-1 approximation when

applied in optically thin media has been observed by

various authors ([8,9]) who agree that P-1 approxi-
mation is suitable for modelling the radiative heat
transfer in cases where the optical depth is greater

than one. Fortunately, as will be shown in the follow-
ing paragraphs, in pulverised coal ®red furnaces, the
presence of solid particles results in the increase of the
gas-particle mixture extinction coe�cient up to levels

where the aforementioned limit is satis®ed.

3.2. In¯uence of coal combustion particles

It has been pointed out earlier that a signi®cant
body of the relevant literature considers coal, char and

¯y-ash as main contributors to radiative heat transfer
inside pulverised coal-®red furnaces. In order to inves-
tigate the in¯uence of each kind of particles a pro-

cedure similar to that of MenguÈ c° and Viskanta [14] is
followed. These authors considered, as a base case, a
furnace containing only ¯ue gases and then they pro-

gressively added coal, ¯y-ash and soot particles. The
present study extends this approach by incorporating
detailed optical properties of the coal combustion par-
ticles and solution of the test cases with both the ap-

proximate P-1 and the accurate MC methods.

Fig. 1. Comparison of the wall ¯uxes predicted by the P-1 ap-

proximation and the Monte Carlo method for two di�erent

absorption coe�cients. Symbols correspond to the zonal cal-

culations of Heap et al. [29].
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The furnace that will be analysed is shown in Fig. 2.
The radiant wall ¯uxes for this furnace have been

measured in Ref. [30] and calculated in Refs.
[10,31,32]. Although atmospheric and natural gas-®red,
this furnace was found suitable for the sensitivity

analysis that will follow because the base case (con-
sideration of only ¯ue gases) has been worked out in

the previously mentioned references and also because

its high temperature ®eld is representative of the tem-
perature level that is experienced in PPCC combustors.
The furnace is divided into three zones. Zone 1 corre-

sponds to the near burner area where considerably
large concentrations of coal particles are found. After
devolatilisation, coal turns to char, which burns out in

zone 2. It is assumed that ¯y-ash exists everywhere in
the furnace, with large concentrations in zones 1 and 2

and small concentration in zone 3. Soot absorption
and emission is not included in the test cases of this
paragraph. For the analyses of the next paragraph,

soot will be assumed to be uniformly distributed inside
the furnace with concentration and particle size distri-

bution as indicated in Table 3, and with the spectral
absorption coe�cient calculated as ([14])
ka, soot � 7fv=l, where fv is the volume fraction. Similar

expressions are discussed in [26], while, especially for
PPCC conditions, the use of more elaborate
approaches does not guarantee improvement of the

overall accuracy.
The size distribution of each kind of particles is rep-

resented by a gamma distribution function (Eq. (6)). A
simple rule for deriving the most probable diameters of
char and ¯y-ash particles based on the corresponding

diameter of the mother coal particle is followed. It
should be noted that this rule is used only to facilitate

the de®nition of the test cases examined here and it is
not meant to replace other detailed models (see e.g.
Ref. [33]) which appropriately account for the evol-

ution of the particle size distributions in coal-®red fur-
naces due to particle burning and fragmentation.
According to this simple rule, the diameter of char

shrinks compared to the diameter of coal by a factor
of 0.8. Furthermore, it is assumed that the ¯y-ash con-

centration in the natural coal is 10% and that six ¯y-
ash particles are produced from each coal particle. The
b and t parameters of the gamma distribution function

were accepted, for all the cases, as equal to 2. Table 3
summarises the data relevant to the assumed mass con-
centrations and particle size distributions.

The radiative properties of the coal combustion pro-
ducts are calculated for the mass concentrations corre-

sponding to Case 1 and the 40 mm coal particle
diameter. For coal, the Planck-mean absorption coef-
®cient ranges from 3.504 to 3.509 mÿ1, the scattering

coe�cient was found from 4.548 to 4.552 mÿ1, and the
asymmetry factor from 0.891 to 0.896. The corre-

sponding values for char were 0.295±0.296 mÿ1 for the
absorption coe�cient, 0.745±0.746 mÿ1 for the scatter-
ing coe�cient and 0.674±0.689 for the asymmetry fac-

tor. The variation of the ¯y-ash radiative properties
was larger because ¯y-ash was assumed to be found
under two di�erent mass concentrations in zones 1, 2

and 3. The ¯y-ash absorption coe�cient ranged from
0.002 to 0.077 mÿ1, the scattering coe�cient from

Fig. 2. Furnace geometry, temperature distribution and zo-

ning for the test cases examined in Sections 3.2 and 3.3. The

distributions of the particle mass concentrations and sizes are

given in Table 3. Other data: wall temperature Tw � 425 K,

wall emissivity ew � 0:8, ¯ue gas absorption coe�cient

ka � 0:3 mÿ1.
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0.026 to 1.093 mÿ1 and the asymmetry factor from

0.727 to 0.762. The lower values of these radiative
properties correspond to zone 3 and the higher to
zones 1 and 2. Noteworthy is the range of the scatter-

ing albedos of these particles. For ¯y-ash, the scatter-
ing albedo it is calculated between 0.93 and 0.95, for
coal it is 0.56 and for char it exhibits an intermediate

value of 0.71.
The e�ect of the high ¯y-ash scattering albedo on

the radiative wall ¯ux, as calculated with the MC

method, is shown in Fig. 3. Only a slight increase of
the wall ¯ux when ¯y-ash is added to the ¯ue gas is
observed. In contrast, when char, which has extinction
coe�cient in the same order of ¯y-ash, is added in the

mixture, the result is an apparent increase of the wall

¯ux. This is due to the lower scattering albedo of char
which allows an absorption coe�cient almost an order
of magnitude greater than that of ¯y-ash. Finally, coal

alone seems to shape the wall ¯ux near zone 1. Since
the optical properties of coal, as shown in Table 1, are
on an intermediate level between char and ¯y-ash, this

strong in¯uence is attributed, ®rst, to the high mass
concentration of coal in zone 1 and the consequent
high absorption coe�cient and second, to the quite

high transmissivity of zones 2 and 3. It should be
noted however that this in¯uence may be overesti-
mated whenever the common modelling assumption
that the particulate and gaseous phases are isothermal,

is adopted.
The previous calculations are repeated using P-1

instead of MC. The results, shown in Fig. 4, reveal the

same qualitative tendencies as far as the in¯uence of
each kind of particle is concerned. In addition, the
agreement between P-1 and MC is satisfactory in the

cases where coal and char are included in the gas and
¯y-ash mixture, while the calculated wall ¯ux distri-
butions are apparently di�erent between these two

methods when coal and char are ignored. This beha-
viour is explained by observing that the furnace optical
depth is small when only ¯ue gases are considered
�tr � 0:135), it remains small when ¯y-ash is added

and departs from the optical thin region only when
coal and char particles are added. However, even for
the latter case, as shown in Fig. 4, especially in the

near burner area P-1, compared to MC, tends to
smooth the radiative wall ¯uxes.

3.3. The in¯uence of scattering

The procedure described in the previous paragraph
is applied for the mass concentrations denoted as Case

Table 3

Data for the test cases examined in Sections 3.2 and 3.3

Coal Char Fly-ash Soot

Mass concentration (kg/m3) 2� 10ÿ1 2� 10ÿ2 2� 10ÿ2a 1� 10ÿ4

Case 1 5� 10ÿ4b

Mass concentration (kg/m3) 5� 10ÿ1 1� 10ÿ1 5� 10ÿ2a 1� 10ÿ4

Case 2 5� 10ÿ4b

Most probable psdc diameter (mm) 10 8 3.7 2

Cases 1 and 2 20 16 7.4 2

30 24 11.1 2

40 32 14.7 2

60 48 22.2 2

80 64 29.4 2

a Zones 1 and 2 in Fig. 2.
b Zone 3 in Fig. 2.
c Eq. (6).

Fig. 3. E�ect of coal combustion particles on the distribution

of the radiative wall ¯ux as predicted by the Monte Carlo

method. Particle mass concentrations as in Table 3, Case 1.

Particle size distributions based on the 40 mm coal diameter.
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1 and Case 2 in Table 3, and for particle size distri-

butions derived from the 10, 20, 30, 40, 60 and 80 mm
coal diameter. For each set of diameters and mass con-
centrations, the calculations were repeated considering
anisotropic, isotropic as well as neglecting of scatter-

ing. The axial distributions of wall ¯uxes were then
integrated along the peripheral surface to obtain total
heat ¯uxes. These calculations were made with the MC

method and were also repeated with the P-1 approxi-

mation. Results are presented in Figs. 5 and 6, respect-
ively.

The two methods exhibit similar tendencies. The
®rst phenomenon that is observed in both ®gures is
that scattering enhances absorption. In terms of the

MC method, this phenomenon is explained by the
enlargement, caused by scattering, of the path length
that an energy packet travels inside the furnace. This

enlargement increases the possibility of absorption of
the energy packet, which in turn results in reduction of
the amount of energy packets reaching the wall and

consequently, the reduction of wall ¯ux. This enhance-
ment of absorption due to scattering is expected to be
more intense in the cases where isotropic scattering is
considered, an expectation which is con®rmed in the

applications of both methods.
The larger discrepancies between the curves corre-

sponding to anisotropic, isotropic and neglecting of

scattering occurred for the dense mass concentrations
(Case 2), since in these cases, the scattering and
absorption coe�cients were higher compared to Case

1. In addition, the curves of non-scattering calculations
were closer to those of anisotropic scattering, com-
pared to the curves of isotropic scattering. This is

explained by the highly forward scattering behaviour
of the all kinds of particles, as mentioned in the pre-
vious paragraph.
In general, the non-scattering curves lie above the

anisotropic scattering ones. However, it is noteworthy
that in Fig. 5 and for the dilute concentrations, the
points of the non-scattering curve for large diameters

lie below the corresponding points of the anisotropic
scattering. In MC terms, this phenomenon is explained
by the fact that scattering alters the straight-line paths

Fig. 4. Same as in Fig. 3, predictions by the P-1 approxi-

mation.

Fig. 5. E�ect of the assumption concerning the scattering

behaviour of coal combustion particles on the total peripheral

wall ¯ux for various particle size distributions as predicted by

the Monte Carlo method. Particle mass concentrations and

size distributions as in Table 3, Cases 1 and 2.

Fig. 6. Same as in Fig. 5, predictions by the P-1 approxi-

mation.
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of the energy packets to ``zig-zag'' lines. Therefore,
energy packets emitted from the peripheral zones and

directed to the central ones, where dense particle phase
exists, may be scattered towards the wall boundaries
reducing in that way, the possibility to be absorbed.
Under these conditions, the enhancement may turn to

reduction of absorption. In order to quantify this
phenomenon, the ratio of the total thermal energy
absorbed by the gas±particle zones over the total

energy emitted by the same zones is calculated and
results are presented in Fig. 7. The higher values of the
absorption to emission ratio correspond to isotropic

scattering. The enhancement of absorption due to scat-
tering is identi®able, since the scattering curves lie
above the non-scattering ones for all cases, except for

anisotropic scattering, large particles and dilute con-
centrations where this tendency is reversed, as men-
tioned earlier.

4. Conclusions

The physically realistic approach for the scattering

behaviour of coal combustion particles is the anisotro-
pic, strongly forward scattering. However, there are
cases where a simpli®cation is needed to reduce the

computational e�ort. The competing approaches are
the isotropic scattering and neglecting of scattering. It
was shown that, in realistic conditions, the second

approach gives results closer to anisotropic scattering
with the exception of large particle loading and ®ne
pulverisation, where both simpli®cations may lead to

signi®cant errors. Therefore, while in atmospheric coal
combustion, neglecting of scattering is a reasonable

approach, in PPCC conditions the anisotropic scatter-
ing of coal combustion particles should be taken into
account, especially as the operational pressure level

increases.
The P-1 approximation gave results in satisfactory

agreement with the Monte Carlo method. This is

because in coal-®red furnaces the presence of combus-
tion particles implies su�ciently large optical depth to
avoid the known shortcoming of P-1 when applied to

optically thin media. This behaviour is favoured in ap-
plications where the optical depth is further increased,
such as the large scale atmospheric boilers with signi®-
cantly larger than the examined geometric dimensions,

and in PPCC combustors, where the optical depth
increases following the particle loading.
It was shown that ¯y-ashes characterised by refrac-

tive indices as low as these measured by Goodwin, are
almost conservative scatterers. Completely di�erent is
the behaviour of coal and char particles which, under

the assumption of isothermal gaseous and particulate
phases, almost shaped the wall heat ¯ux near the inlet
areas. Because of this opposing behaviour, future

measurements of the ¯y-ash optical properties should
restore the wavelength dependence of the refractive
index of ¯y-ashes containing progressively higher per-
centages of unburned fuel.
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