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Abstract

The radiative heat transfer in variable concentration, non-isothermal and sooty combustion products is
investigated with a correlated-k gas method and discrete ordinates technique for the solution of equation of transfer.
The spectrally formulated model is an approach for predicting radiative intensities and ¯uxes in mixtures of gaseous

products (H2O, CO2, CO) and scattering soot particles. The reliability of this approach for ®re and combustion
applications is analysed by comparing its predictions with some theoretical results and measured radiative intensities
for a natural gas ¯ame. Use of this model for more accurate calculations and evaluation of simpli®ed ®re and

combustion radiation models, are among its main advantages. 7 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

Radiative heat transfer analysis in ®res and combus-
tion systems is a subject of major concern. In these

systems, evaluation of the radiative intensities and heat

¯ux distributions is of great interest. For example in

pool ®re studies, the determination of radiative heat
feedback is essential for the calculation of the mass

burning rate. For such ®res the heat transferred from

the ¯ame to the burning fuel surface can be divided
into conductive, convective and radiative terms [1,2].

However it is now well established, from literature

works, with few exception, that hydrocarbon pool ®res
of diameter larger than about 0.3 m, which are the

ones of practical interest, burn in radiatively domi-

nated regime. For the radiation calculations of such

pool ®res or combustion systems in general, many
studies have assumed a ¯ame constant grey absorption
coe�cient, uniform temperature and concentration dis-

tribution in the combustion products. These assump-
tions have led to some important errors [3,4]. Thus,
realistic radiative models for combustion system inves-

tigations should take into account the non-grey or
spectral dependency nature of the combustion pro-
ducts. The non-uniformity of the temperature and

species distributions should also be considered. The ac-
curacy of the calculations will mainly depend on the
gas model used and the actual radiative transfer
equation (RTE) solution method. Since the spectral

absorption coe�cients of real combustion gases are
highly variable within the vibration-rotation bands and
di�cult to obtain, various levels of approximations

have been developed to quantify the gas properties
within certain spectral interval Dn: One of the main
di�erences between these approximations are the width

of the spectral interval used, varying from line-by-line
to entire wide band models. It is not viable for the
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line-by-line method, Dn � 0:0002±0.02 cmÿ1, although
exact, to be used in practical engineering applications

because of the enormous amount of computational

time it requires. The extensively used wide band

model, Dn � 100±1000 cmÿ1, developed by Edwards

[5] is based on the assumption of an exponential line

distribution and a constant pressure broadening par-

ameter for the wide band. Although this last approach

reduces the computational time and can be applied to

non-homogeneous and non-isothermal gases, with a

reasonable loss of accuracy, its main shortcoming is

the lack of more spectral information, which can

deform the radiation intensity pro®les [6]. Similar de-

®ciencies, i.e. lack of spectral information, are also pre-

sent in models such as the weighted-sum-of grey gases

[7] which allow the calculation of total or wavelength

integrated radiative quantities such as emissivities,

intensities, and heat ¯uxes. The de®ciencies of these

models have prompted the development of the more

sophisticated spectral narrow band statistical (NBS)

models. NBS models describe the radiative properties

of a homogeneous and isothermal gaseous media in

terms of mean transmissivities averaged over spectral

interval Dn � 5±50 cmÿ1. The two most extensively

used models, of such type were developed by Goody

[8] and Malkmus [9]. The basic di�erence between the

two NBS models consists of the line intensity distri-

bution function. An exponential decay is adopted in

Goody's formulation, whereas Malkmus used an expo-

nential tailed sÿ1 distribution of line intensities, which

accounts for more low intensity lines in the band and

is more accurate for certain bands. For the compu-

Nomenclature

ck correlated-k gas model
d soot particle diameter, mm
DOM discrete ordinates method

f(k ) k-distribution function in gas model
fn soot particles volume fraction
gj jth quadrature point in ck method

g(k) cumulative distribution function in gas
model

I total intensity of radiation, W/(m2 sr)

In spectral intensity of radiation, W/(m2 sr
cmÿ1)

k, k(n) gas spectral absorption coe�cient, atmÿ1

cmÿ1 or atmÿ1 mÿ1
~k imaginary part of the soot particle refrac-

tion index
kn mean line-intensity to spacing ratio, atmÿ1

cmÿ1

K volumetric spectral absorption coe�cient,
mÿ1 or cmÿ1

L thickness of the medium, m
m discrete direction in DOM
~n real part of the soot particle refraction

index
NBS narrow band statistical
Nd number of discrete directions in DOM
Nq number of quadrature points in ck gas

model calculations
P scattering soot particle phase function, or

gases total pressure, atm

q local heat transfer rate per unit area, W/m2

RTE radiative transfer equation
T temperature, K, transmissivity

Wm weight of a discrete direction m in DOM
x position variable, m

Greek symbols
a size parameter = pd=l
gn mean half-width of the absorbing lines

inside Dn, cmÿ1

dn equivalent line spacing, cmÿ1

e emissivity

y polar angle measured from x axis
l wavelength
m direction cosine = cos y
n wavenumber, cmÿ1

Dn wavenumber range, cmÿ1

R re¯ectivity = 1 ÿ e
s soot spectral scattering coe�cient, mÿ1

w molar fraction
oj weight of a quadrature point gj in ck

method

O solid angle, sr

Subscripts

b blackbody
CO2 carbon monoxide
CO2 carbon dioxide

g relative to absorbing/emitting gases
H2O water vapour
j relative to the jth quadrature point in ck

method

m relative to a discrete direction m in DOM
s relative to soot particles
n spectral value

Superscripts
ÿ spectrally averaged
' incoming direction
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tation of turbulent combustion problems with compu-
tational ¯uid dynamics (CFD) methods, some investi-

gators have presented ``faster'' NBS based models, e.g.,
FASTNB of Yan and Holmstedt [10]. However, NBS
approach presents two major disadvantages. Firstly,

for non-homogeneous and non-isothermal media, they
require further approximations such as Curtis±Godson
or Lindquist±Simmons, that may lead to inaccurate

results [11]. Secondly, the fact that they describe the
properties of the mixture of gas and non-scattering
particles in terms of transmissivity, make them di�cult

to use for radiative transfer including scattering par-
ticles. An alternative method, which does not have
these disadvantages, are the spectral k and correlated-k
(ck ) methods, studied for atmospheric applications by

Goody and Yung [8], but little used in combustion ap-
plications. The ck approach is based on the cumulative
distribution of the absorption coe�cient, and can be

applied to homogeneous/non-homogeneous, isother-
mal/non-isothermal and scattering gas/particle mix-
tures. Dembele et al. [12] have used the method for

isothermal water sprays application. Moreover, in
most previous studies of radiative transfer in combus-
tion systems, the scattering of soot particles was

assumed negligible in comparison to their absorption
(e.g. [13±15]). Although this assumption, valid in many
situations, leads to major simpli®cations in the pro-
blem and can save valuable computing time, there is a

need for more comprehensive models which incorpor-
ate the scattering e�ects of soot particles. Thus, one
can quantify the in¯uence of neglecting scattering

e�ects on the calculated radiative intensities and heat
¯ux pro®les of practical combustion systems and acci-
dental ®res. In the current study, the spectral ck

method is coupled with discrete ordinate method
(DOM) for radiative equation solution, to investigate
radiative heat transfer in non-homogeneous and non-
isothermal combustion products consisting of H2O,

CO2, CO and scattering soot particles. The ®rst goal is
to calculate more accurately the radiative quantities
such as intensities, heat ¯uxes and source terms in

combustion systems with a reasonable compromise
between accuracy and CPU time. The second objective
is to develop a tool capable of evaluing simpli®ed

radiative models i.e. non-spectral and non-scattering
based, used in ®re and combustion applications.

2. Theoretical formulation

2.1. Equations of radiative transfer

We will consider in this study the radiative heat
transfer between two parallel absorbing/re¯ecting sur-

faces in planar geometry (Fig. 1). This one-dimensional
radiative transfer assumption has been used by some

authors [15,16] for large pool ®res. It can also be suit-
able for some other combustion systems. Studies of

other geometries, do not formally involve major di�-
culties and are based on the same procedure presented
here. The participating medium between the two sur-

faces is non-uniform in temperature, with variable con-
centration of soot particles and gaseous products of
combustion.

The spectral radiative transfer equation (RTE) for
azimuthally symmetric condition is expressed by the
following [17]:

m
@ In�x,m�
@x

� ÿ�Kng�x� � Kns�x� � sns�x�
�
In�x,m�

� �Kng�x� � Kns�x�
�
Ibn
�
T�x��

� sns�x�
2

�1
ÿ1

P
ÿ
m,m 0

�
In
ÿ
x,m 0

�
dm 0 �1�

where I is the intensity, m � cos y, y is the polar angle

measured from the x axis and Kng � KnH2O � KnCO2
�

KnCO is the spectral absorption coe�cient of the
gaseous mixture.

In the particular Rayleigh region �a << 1 and aj ~nÿ
1j << 1� typical to soot particles, the phase function is
expressed as [17]:

P
ÿ
m,m 0

� � 1� 1

8

ÿ
3m 2 ÿ 1

�ÿ
3m 0 2 ÿ 1

�
: �2�

The soot particles spectral absorption and scattering

coe�cients are calculated based on Mie theory [18],
which provides the following equations in the Rayleigh
limit:

Kns � 36afv ~n ~k

d

��
~n 2 ÿ ~k

2 � 2

� 2

�4 ~n 2 ~k
2

� �3�

Fig. 1. Typical physical system considered: radiative transfer

between the ¯ame and fuel surface.
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sns �

4a4fv
d

hÿ
~n2 ÿ ~k

2 ÿ 1
��

~n2 ÿ ~k
2 � 2

�
� 4 ~n2 ~k

2
i2
�36 ~n2 ~k

2��
~n2 ÿ ~k

2 � 2

�2
�4 ~n2 ~k

2

�2 :

�4�
Spectral values of ~n�n� and ~k�n� used in this work

are obtained from Lee and Tien [19]. The discrete ordi-
nates method [20,21] is based on the separation of the

angular dependence from the spatial dependence of the
intensity in the RTE. This is achieved by choosing a
set of discrete directions spanning in the angular range

of 4p: The method is easy to be incorporated into
CFD calculations and is computationally faster in
some situations than the discrete transfer method [22].
For the one-dimensional slab considered here, as

shown by Eq. (1), the integration reduces to quadra-
ture on [ÿ1,1] interval. A discrete ordinates Gauss±
Legendre angular quadrature scheme on �ÿ1,1] is

selected in this work. It is important to underline that
there is no optimum quadrature for all situations.
By the discrete ordinates technique the governing

equations are evaluated for a discrete number of direc-
tions m of weight Wm, and the integral term in Eq. (1)
is replaced by a numerical Gauss±Legendre quadra-
ture:

mm
@Inm�x�
@x

� ÿ�Kng�x� � Kns�x� � sns�x�
�
Inm�x�

� �Kng�x� � Kns�x�
�
Ibn
�
T�x��

� sns

2

XNd

m 0�1
Wm 0P

ÿ
m,m 0

�
Inm 0 �x�: �5�

To solve Eq. (5), the following di�usely re¯ecting
boundary conditions are set, respectively at x � 0 and

x � L:

Inm � e1Ibn�T1 � � 2�1ÿ e1 �
XNd

m 0�1,m 0<0
mm 0wm 0 Inm 0 �x�,

mm > 0 at x � 0

�6�

Inm � e2Ibn�T2 � � 2�1ÿ e2 �
XNd

m 0�1,m 0>0
mm 0wm 0 Inm 0 �x�,

mm < 0 at x � L

�7�

The set of di�erential equations (5)±(7) is solved by
selecting a spatial discretization scheme. For non-grey

and non-gaseous media these solutions can be found in
an iterative manner without major di�culties [23].
However, because the non-grey gases and scattering

soot particles simultaneously interact with radiation,
two major di�culties are encountered in solving this

set of equations.
Firstly, except through the highly time consuming

line-by-line procedure, the gases spectral absorption

coe�cient Kngin Eq. (5), varying in a complex manner
with frequency, cannot be used in practice. It is im-
portant to note that for CO2 and H2O in the infrared

region, there are about 105±106 spectral lines and the
RTE should be solved a similar number of times.
Secondly, because of the in-scattering term, it is a

di�cult task to use reasonable CPU time gas models
such as the transmissivity formulated NBS method
even with the integrated RTE. Scattering problems
cannot be treated by band models.

Without the in-scattering term, this can be easily
achieved [10,24].
Gaseous models based on absorption coe�cient con-

cept, such as the k or ck distribution methods are an
alternative to overcome these drawbacks with accepta-
ble CPU times.

2.2. Gases modelling with the correlated-k approach

More details and deeper understanding concerning k
and ck distribution methods may be found in Goody

and Yung [8]. Here we will only outline the basic de®-
nitions that are essential for understanding our analy-
sis. The k and ck methods have been widely used in

atmospheric problems [8,25]). The former is suitable
for homogeneous and isothermal gases problems while
the latter is the extension to non-homogeneous and
non-isothermal cases. They o�er the advantage to be

formulated in terms of absorption coe�cient and are
therefore compatible with any method of solution of
the RTE. The k and ck techniques can be used for

scattering problems, contrary to band models, with
reasonable CPU time. The concept of ck approach is
to transform frequency integration, into integration

over absorption coe�cient. Recently, Lacis and Oinas
[25] reported a detailed testing of the ck method based
on Malkmus NBS model [9] parametric ®ts, and this

approach will be adopted in this work. The method is
based on the cumulative distribution function g(k ), in
the form:

g�k� �
�k
0

f�k 0 � dk 0: �8�

g(k ) is a monotonically increasing and smooth

function in k space, with an inverse k�g� �
gÿ1�k�:k�n��atmÿ1mÿ1� is related to the volumetric
gas absorption coe�cient Kng�mÿ1� by Kng �
wH2OPkH2O�n� � wCO2

PkCO2
�n� � wCOPkCO�n�, P and w

are the total pressure and molar fraction, respectively.
In Eq (8), f(k ) is the k-distribution function obtained
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by inverse Laplace transform of the Malkmus NBS [9]
model transmissivity [25,26] by:

f�k� � 1

k

�������������
kngn

pkndn

s
exp

�
gn

dn

ÿ
2ÿ k=kn ÿ kn=k

��
, �9�

with a peak value at:

kmax �
ÿ
kn=

ÿ
4gn=3dn

��� ����������������������������ÿ
4gn=3dn

� 2�1q
ÿ 1

�
: �10�

In this work, the parameters kn and dn for H2O, CO2

and CO are taken from Sou®ani and Taine [27]. These

parameters, dependent on temperature, are tabulated
for a set of spectral intervals, Dn � 25 cmÿ1 wide,
centred on a frequency n characterised by a signi®cant

absorption. The temperature and spectral ranges con-
sidered are respectively 300±2900 K and 150±9300
cmÿ1, i.e, 1 to 66 mm. The parameters gn of the con-

sidered absorbing gases are given by [27]:

gnH2O �
P

Ps

(
0:462wH2O

�
Ts

T

�
�
�
Ts

T

�0:5�
0:079

ÿ
1

ÿ wCO2
ÿ wO2

�� 0:106wCO2
� 0:036wO2

�)
, �11�

gnCO2
� P

Ps

�
Ts

T

�0:7�
0:07wCO2

� 0:058
ÿ
1ÿ wCO2

ÿ wH2O

�
� 0:1wH2O

	
, �12�

gnCO �
P

Ps

(
0:075wCO2

�
Ts

T

�0:6

�0:12wH2O

�
Ts

T

�0:82

� 0:06

�
Ts

T

�0:7ÿ
1ÿ wCO2

ÿ wH2O
�)
: �13�

In these equations, Ps � 1 atm and Ts � 296 K. P

and T are the total pressure and temperature of the
gases, respectively.
In the ck formulation, the spectrally averaged value

of any function of the absorption coe�cient R�k�n��
can be written as:

R
�
k�n�� � 1

Dn

�
Dn

R
�
k�n�� dn �

�1
0

R
�
k�g�

�
dg �

XNq

j�1
ojR

�
k�gj �

�
:

�14�

Because of the smooth variation in g space, contrary
to frequency n space, integration on [0,1] interval in
Eq. (14) can be approximated by a quadrature formula

for practical use of the ck method. In this work Nq �
10 classical Gaussian quadrature points gj of weight oj

[28] are used, and this number was found to be su�-
cient for atmospheric pressure problems [8,25]. A pre-
liminary investigation for the combustion

con®gurations encountered here, has shown that the
accuracy of the results presented in this work did not
change signi®cantly when more than 10 points were

used.
Calculations of k�gj � values are based on a Newton±

Raphson procedure �kmax given by Eq. (10) is the start-

ing point) which is only based on kn and dn values
[25]. The transmissivity of a non-homogeneous and
non-isothermal absorbing gas column, divided into M
discrete homogeneous and isothermal paths of length

Li, and molar fraction wi is given by:

Tn �
XNq

j�1
oj exp

 
ÿ
XM
i�1

ki�gj �wiPLi

!
: �15�

2.3. Calculation of spectrally averaged radiative
intensities and heat ¯uxes

To obtain the spectrally averaged intensity, Eq. (5)
is averaged on each spectral interval Dn, i.e. the oper-

ator 1
Dn
�
Dn�. . .� dn is applied.

Using the properties of Eq. (14) we obtain:

mm
@ Ijm�x�
@x

� ÿ�Kjg�x� � Kns�x� � sns�x�
�
Ijm�x�

� �Kjg � Kns
�
Ibn
�
T�x��

� sns

2

XNd

m 0�1
wm 0P�m,m 0 �Ijm 0 �x�: �16�

where Kjg � wH2OPkH2O�gj � � wCO2
PkCO2

�gj � �
wCOPkCO�gj � and Ibn is the smoothed blackbody inten-
sity at the spectral interval Dn centre. The soot par-
ticles properties are slowly varying within Dn and

therefore assumed constant for each spectral interval.
For the calculations here, the width of Dn is 25 cmÿ1,
following the gas parameters database for the par-

ameters kn and dn [27]. The spatial discretization to
solve the set of di�erential equations (16) is performed
by subdividing the medium in control volumes. Then

by integrating each equation over the control volume,
assuming a constant source term Sjm at the volume
centre, the following relation is found:

Ijm�x� � I�jmexp
ÿÿ bjx=mm

�� Sjm

bj

�
1ÿ exp

ÿÿ bjx=mm
��
,

�17�
where
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Sjm �
�
Kjg � Kns

�
Ibn
�
T�x��� sns

2

XNd

m 0�1
wm 0P

ÿ
m,m 0

�
Ijm 0 �x�

and bj � Kjg�x� � Kns�x� � sns�x�: I�jm is the initial

intensity at the entrance face of the control volume.
Ijm�x� is the resultant intensity after a distance x
crossed from the entrance face of the control volume

by the intensity I�jm: Knowing the initial intensity at the
entrance face of the control volume and the crossed
distance, the intensity can be calculated at both the

central grid point and the exit face of volume. The
procedure starts with the boundary values and is
repeated from one volume to the neighbouring one.
Once the intensities Ijm�x� are found, the spectrally

averaged intensity Inm�x� is expressed by:

Inm�x� � 1

Dn

�
Dn

Inm�x� dn �
XNq

j�1
ojIjm�x�: �18�

From the spectral values, the total intensities are cal-
culated by integration:

Im�x� �
X
all Dn

Inm�x�Dn: �19�

The spectrally averaged and total net radiative heat
¯ux at any location are respectively given by:

qn�x� �
XNd

m�1
wmmmInm�x�, �20�

q�x� �
X
all Dn

qn�x�Dn: �21�

All the radiative quantities, i.e. intensity, heat ¯ux,
source term, are evaluated in this work at the central
grid-point of each control volume. The radiative source

term, ÿdq=dx in the medium, used for CFD calcu-
lations in the energy equation, for combustion systems
is obtained by either ®nite di�erencing the net ¯uxes or

by the di�erence between the absorption and emission
terms. The former procedure is used here. The source
term at the central grid point i + 1/2 of the control
volume with faces location i and i + 1 is given by:

ÿdq

dx

����
i�1=2
� ÿ qi�3=2 ÿ qiÿ1=2

x i�3=2 ÿ x iÿ1=2
: �22�

For geometries other than planar, the same pro-
cedure can be followed in treating the equations. For
multidimensional rectangular or cylindrical geometries,

the reader may refer to Carlson and Lathrop [21], or
Fiveland [29], for the use of the discrete ordinates
method.

3. Results and discussion

3.1. Flame intensities calculations

The accuracy and CPU time of the approach pre-
sented in the previous section for radiative transfer cal-

culations in non-homogeneous and non-isothermal
gases, is analysed here, for real ¯ame conditions. The
experimental data are taken from Ref. [6] for a 750

kW natural gas industrial di�usion ¯ame in a combus-
tion chamber. A narrow probe equipped with a total
radiation pyrometer measured the intensities of ¯ame
radiation, in a direction perpendicular to the ¯ame

axis. Fig. 2 presents measured distributions of the
¯ame parameters at the distance of 0.6 m along the
axis, illustrating non-homogeneous and non-isothermal

combustion gases.
Calculations with the model, for this non-sooty con-

®guration are performed in a line-of-sight calculation

with 38 nodes or supdivisions along the path length.
The experimental data were obtained for these same
points. Fig. 3 shows the comparison between the
measured and calculated total intensities with the cur-

rent ck approach using Eq. (19). The spectral region
accounts for in the ck calculations, the major absorp-
tion bands of H2O, CO2, CO and range from 1 to 20

mm, i.e 500±9300 cmÿ1 comprising 353 spectral bands
of width Dn � 25 cmÿ1 for H2O, 96 for CO2 and 48
for CO. A good agreement is observed between the

measured and calculated total intensities. Although the
uncertainties on measured intensities are not provided
in Ref. [6], for the intensities leaving the ¯ame and

reaching the surrounding targets at end-path x � 1, the
relative di�erence between the measured and calculated
values are within 4.2% in Fig. 3. We have also plotted
on the same graph results given by narrow-band model

[6], which provides 12.7% of relative di�erence with
measured end-path intensity. Following Ref. [6], at this
end-path position, the sensitivity of the present model,

to the number of elements is shown in Table 1, for 13,
26 and 38 elements. It can be seen that the model is
almost insensitive to this number. In the table, the

results obtained with the wide-band and narrow-band
models [6] are also shown, the experimental value is
24.34 kW mÿ2 srÿ1. The inadequacy of the wide-band
model can be seen. For the results presented in Fig. 3

and Table 1, using ck approach, the CPU time is
about 20 s on a Sun Ultra 1 Solaris (OS 5.5) worksta-
tion. No spectral results have been provided by Ref.

[6], however total or integrated intensity values are not
su�cient to fully assess a spectral based model. We
present in Fig. 4, for benchmark purposes, the spectral

distributions of the radiative intensities at the distances
of 0.066 and 1 m of the line-of-sight using 38 subdiv-
isions. Some of the major absorption bands of H2O
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(1.4, 1.9, 2.7, 6.3 mm), CO2 (2.7, 4.3, 15 mm) and CO

(4.7, 2.4 mm) can be observed here.

Line-of-sight calculations are now performed, taking

into account the soot contribution. The experimental

concentration and temperature pro®les, taken from

Ref. [6], are shown in Fig. 5. The measurements were

carried out at a distance of 1.3m from the burner exit

in conditions similar to those of Fig. 2. The compari-

son results between the model predictions and the

measured total radiative intensities are presented in

Fig. 6. The relative di�erences between the predicted

and measured intensities vary from about 9.5% at the

position of 0.06 m to 10% at the end-path x = 1m.

The two curves show a relatively good agreement

between the calculated and experimental values. This

result underlines the ability of the presented formu-
lation, to take into account the soot properties, in ad-

dition to the gaseous ones.

3.2. Radiative heat ¯ux and source term calculations

Although some works in the literature have
claimed accuracy of simpli®ed models, based only
on line-of-sight calculations [10,24] such calculations

are not su�cient to assess a model. This is due to
the fact that the major radiative quantities of inter-
est are the heat ¯ux and its derivative, the radiative

source term, used for CFD calculations in the
energy equation. To fully assess a model, one
should conduct these ¯uxes calculations by taking

Fig. 2. Composition and temperature pro®les measured within the natural gas ¯ame at 0.6 m from burner exit Ð chamber pressure

105 Pa [6].

Table 1

Calculated radiation intensity at end-path (kW mÿ2 srÿ1) for di�erent numbers of elements Ð distance from burner exit 0.6 m (ex-

perimental value = 24.22 kW mÿ2 srÿ1)

Number of elements Wide-band model [6] Modi®ed-wide band model [6] Narrow-band model [6] Present work (ck approach)

13 23.69 27.24 27.87 22.85

26 22.39 27.63 27.60 23.11

38 19.77 25.53 27.30 23.18
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Fig. 3. Comparison of the calculated and measured radiation intensities for a natural gas ¯ame Ð distance from burner exit 0.6 m.

Fig. 4. Calculated spectral intensity distribution at the positions 0.066 m and 1 m.
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Fig. 5. Composition, soot concentration and temperature pro®les measured with the natural gas ¯ame at 1.3 m from the burner

exit Ð chamber pressure 105 Pa [6].

Fig. 6. Comparison of the calculated and measured radiation intensities for a natural gas ¯ame Ð distance from burner exit 1.3 m.
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into account the contribution of the intensities from

all directions in the space (Eqs. (20)±(21)) and not
from only one direction, i.e. a line-of-sight. For this

purpose, the model presented in this work is ana-
lysed by comparing its results to simulated radiative

source term in a one-dimensional planar slab. Pre-
dicted values of the divergence of the radiative ¯ux
ÿ dq/dx, obtained by our approach are compared

with those of Menart and Lee [30]. The con®gur-
ation considered is a participating medium between

two parallel, re¯ecting/absorbing boundaries (Fig. 1).
A non-scattering mixture of H2O/N2 medium, non-

homogeneous i.e. parabolic water vapour concen-
tration pro®le and non-isothermal, i.e. parabolic like

temperature pro®le are considered. Fig. 7 shows the
temperature pro®le. The maximum temperature is 1110

K at the centreline and 400 K at the boundaries [30].
The parabolic H2O concentration pro®le is prescribed

by wH2O � 1ÿ � xL ÿ 0:5� 2=0:25 at 1 atm total pressure.
For calculations with our ck-based approach, 20 uni-

form control volumes are taken in x direction for the
spatial discretization scheme. For the discrete ordinates

method, 20 Gauss±Legendre quadrature points are
used and radiative properties are calculated at the cen-
tral point of the control volume. All the water vapour

main absorption bands, ranging from 150 to 9300
cmÿ1 are considered (367 spectral bands). Results are

presented in terms of total volumetric radiative source
distribution (ÿdq=dx,� in Fig. 8.

The simulated results of Menart and Lee [30] are

obtained with a ¯ux technique by expansion of intensi-

ties in series (third order truncation). These authors

used a NBS model and Curtis±Godson approximation

for this non-homogeneous, non-isothermal and non-

scattering gas case. The purpose is not to show the

superiority of one approach over the other for this

gaseous con®guration but to show the relative ten-

dencies of both models for heat ¯ux predictions. Our

approach can be applied to scattering problems, in

contrary to the formulation presented by Menart and

Lee [30]. Fig. 8 shows the relative good agreement in

the whole x/L domain, between the 10 points ck-based

approach used in our work and the simulated data of

Menart and Lee [30]. In all the central region, the rela-

tive di�erence is about 4% between the two sets of

data. Close to the boundaries, the di�erence is quite

large, however correlated approaches are known to

better predict wall correlations than NBS models

(Menart et al. [31]). Moreover, even if the two pro-

grams were run on di�erent computers, it is important

to note that the CPU time on a Sun Ultra 1 worksta-

tion for this con®guration with our ck-based approach

is about 150 s. The simulations of Menart and Lee [30]

has required more than 200 s on a Cray-YMP super-

computer. These results demonstrate the relatively

good accuracy of the current approach and its reason-

able CPU time for heat ¯ux calculations.

Fig. 7. The parabolic temperature pro®le simulated.
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4. Conclusions

Radiative heat transfer in non-isothermal, non-

homogeneous combustion products has been analysed.

Previous modelling of the complex spectral nature of

absorbing/emitting gases has been reviewed. The spec-

trally based formulation presented in this work, pre-

sents a way of modelling such mixtures of scattering/

absorbing particles and gases, with reasonable CPU

times. Application of the model to predict intensities

for a natural gas ¯ame condition, and radiative source

terms for absorbing/re¯ecting boundary problems, has

shown good agreements with the experimental

measurements and benchmark data. Beyond intensities

and heat ¯uxes calculations in ®res and combustion

systems, the model presented can be used to generate

benchmark solutions for testing simpli®ed models used

in investigating radiative transfer in non-homogeneous

and non-isothermal combustion products. Work is

continuing to couple this model with the CFD code

SOFIE (Simulation of Fires in Enclosures, Lewis et al.

[32]) to investigate a wide range of pool ®res and com-

bustion systems con®gurations. CFD calculations will

provide the concentrations of species and temperature

spatial distributions, which are the important par-

ameters for the radiative heat transfer analysis. For

this purpose, computations using the ck-based

approach will be faster by tabulating the pre-computed

values of the re-ordered absorption coe�cient with an

interpolation procedure.
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