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Abstract-A spectral version of the exponential wide band model has been adapted for implementation 
within a computational fluid dynamic framework. The model has been assessed by comparing predicted 
spectral and integrated quantities with experimental data and statistical narrow band model results for a 
number of ldealised homogeneous and non-homogeneous configurations, and for a jet flame. Overall, the 
spectral wide band approach has been shown to be in reasonable agreement with experimental data, and 
to have an accuracy, for total quantities, comparable to that of the narrow band model whilst requiring 
almost an order of magnitude less computer processor time. 0 1998 BG pk. Published by Elsevier Science 

Ltd. All rights reserved. 

II. INTRODUCTION 

There are many combustion applications where it is 
important to be able to model accurately radiative 
heat loss combined with other modes of heat transfer 
and fluid flow. Examples include fires in enclosures, 
and in particular the prediction of flash-over and flame 
spread, as well as assessments of the safety of gas 
venting and flaring operations. Another application 
where accurate modelling is particularly important is 
in the design of burners and furnaces, where a primary 
objective is the minimisation of emissions of oxides of 
nitrogen, since ND, production is highly sensitive to 
local flame temperatures. 

Modelling thermal radiation in conjunction with 
solutions of the fluid dynamic equations for a com- 
busting system is a difficult task. In some situations, 
however, the influence of radiative heat transfer on 
fluid motion is small, with heat loss only causing small 
perturbations to the density field of the combusting 
flow. In such case:3 radiative heat transfer can be mod- 
elled using relatively crude approaches as, for exam- 
ple, when heat 106,s is introduced directly into laminar 
flamelet prescriptions used as the basis of the com- 
busting flow calculations [ 11. The fluid dynamic sys- 
tem of equations can then be converged in an 
uncoupled fashion without the explicit need of any 
model of radiative transfer, although the radiation 
incident on any surface of interest can be calculated 
subsequently using more sophisticated approaches [ 11. 
For other areas of application, such as those noted 
above, radiative heat transfer has a sufficiently large 
effect on the flow field to require accurate calculation 
of heat transfer and fluid flow in a coupled manner. 

t Author to whom correspondence should be addressed. 

There are two aspects of the radiative heat transfer 
process that require modelling : one is the transfer of 
radiant energy in the participating media, described 
by the radiative transfer equation, and the second is 
the adsorption, emission and scattering of radiation 
by the participating media itself. For the type of radi- 
ative transfer equation solution method considered 
later, the former problem reduces to one of describing 
the dependence of the intensity of radiation on the 
direction cosines that define a pencil of radiation. This 
is a geometric problem for which a number of methods 
of solution exist, examples being the discrete transfer 
[2] and discrete ordinate [3] methods. Both these tech- 
niques solve the transfer equation along a number of 
representative rays, with the accuracy of the solution 
obtained being simply a function of numerical error 
that can be reduced to any level required by solving 
for more rays or directions. 

The modelling of participating media introduces a 
second form of error; namely the physical error 
implicit in the underlying assumptions of the model 
implemented. In reality, the significant computational 
cost associated with solving a system of transport 
equations makes it desirable to model such con- 
tributions to the heat transfer process as economically 
as possible. As a consequence, one option that is 
superficially attractive, as the computational overhead 
is small, is to specify a mean absorption coefficient 
based on a curve fit to total emissivity data for each 
control volume in the computational mesh used in 
solving the flow equations. The participating media is 
therefore assumed to be grey, and a non-homogeneous 
path is approximated as a sequence of homogeneous 
elements. The inputs to the curve fit to emissivity 
data are then local compositions and a length scale 
calculated from the dimensions of the control volume. 
For this approach to be valid, predicted radiation 
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NOMENCLATURE 

A total band absorption 
AQ numerical quadrature of equation 

(2) 
C constant 

r” 
line spacing 

; 
soot volume fraction 
radiant intensity 

Z black body spectral intensity 
Zr;‘I, spectral intensity 
K, grey gas absorption coefficient 
KV spectral absorption coefficient 
1 path length 
P total pressure 
p, equivalent broadening pressure 

parameter 
P, partial pressure of gaseous species 

i 
4 radiative heat flux 
r radial distance 
s mean line intensity 
T temperature 

; 
axial distance 
partial density path length. 

Greek symbols 

; 
integrated band intensity 
mean line width-to-spacing parameter 

Av band width 
line width-to-spacing ratio 

1 wave length 
V wave number 
P partial density 
r&v spectral transmittance of gas phase 
TH optical depth at band head 
r,,, spectral transmittance of soot 
TA” band transmittance 
7” total spectral transmittance 
w band width parameter. 

Subscripts 
i gas band 
j gaseous species 
n, n - 1 exit and entry points of ray 

traversing control volume 
u upper 
Av band quantity 
V spectral quantity. 

intensities should converge as the representation of 
the non-homogeneous path is refined through the use 
of more homogeneous control volumes. In practice, 
however, this is not the case since as path length is 
reduced the mean absorption coefficient increase in 
dK,/dl does not tend to zero. This in turn implies that 
as the computational mesh is relined the sensitivity 
of the predicted intensity field to local path length 
increases. This problem is well known in the radiation 
modelling community, but applications of this type of 
methodology, in conjunction with numerical solutions 
to the flow equations, still appear in the literature. 

Edwards [4] coined the phrase “the grey gas myth”, 
and demonstrated how a grey analysis for a molecular 
gas with banded emission has dubious utility. A model 
with a more subtle basis must therefore be used where 
emission from molecular gases is an important part of 
the heat transfer process. A number of models for 
participating media that can be used in conjunction 
with computational fluid dynamic solutions of the 
fluid flow equations exist in the literature, with the 
different models varying in their level of sophis- 
tication, generality, accuracy and computational cost. 
Examples include mixed grey gas models [5], the total 
transmittance non-homogeneous model [6], and 
exponential wide [7] and statistical narrow band mod- 
els [6]. 

The present paper uses an extension of Edwards 
and Balakrishnan’s [7] formulation of the exponential 
wide band model within a computational fluid 

dynamic framework. There are a number of features 
of this model that make its further investigation 
appealing : it has a sound physical basis [8] ; has been 
shown to provide a reasonable fit to data obtained 
over a wide range of conditions [8-lo] ; and the com- 
putational cost of the model is typically an order of 
magnitude less than statistical narrow band 
approaches [ 111. The wide band model can, of course, 
be applied directly to non-homogeneous systems using 
the technique of wide band scaling [4] which solves 
the radiative heat transfer equation in its integral 
form. The approach does not, however, easily lend 
itself to coupling with fluid dynamic calculations 
where the radiation intensity field throughout the 
computational domain is required in order to deter- 
mine source terms for use in solving an energy trans- 
port equation. As a consequence, a number of authors 
have considered using the wide band model for pre- 
dicting radiative heat transfer in non-homogeneous 
systems, without the need for wide band scaling [4]. 
Docherty and Fairweather [12] used the banded ver- 
sion of Edwards and Balakrishnan’s [7] exponential 
wide band model in conjunction with an adaptation 
of the discrete transfer method. The overall model can 
be applied to combustion systems by approximating 
a non-homogeneous profile as a sequence of homo- 
geneous elements and solving the radiative transfer 
equation by applying a suitable banded recurrence 
relation. This model was validated, through inclusion 
of Modak’s [13] model for emissions from soot, by 
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comparison of predicted spectral and total intensities 
with results derived from a narrow band model for a 
number of non-homogeneous situations rep- 
resentative of various lines-of-sight through turbulent 
non-premixed flames. Agreement between the overall 
model and narrow band results was encouraging. 
However, application of the model, which uses the 
four-region approximate expression to calculate band 
absorptance discussed further below, is dependent on 
increasing the upper bound on band transmittance 
recommended by Edwards [4], subject to the proviso 
that the band transmittance still behaves as if grey at 
small optical depths. 

Komornicki and Tomeczek [ll] also modified 
Edwards and Balakrishnan’s [7] exponential wide 
band model for application to flames, their motivation 
again being the upper bound on band transmittance 
used in the banded version of the original formulation. 
These authors noted that for small optical depths this 
version of Edwards and Balakrishnan’s [7] model gave 
inaccuracies in band absorptivity, when compared to 
narrow band results, despite band absorption being 
predicted to an acceptable level. They therefore cal- 
culated absorptivities for those bands of importance 
in the combustion products of natural gas using a 
narrow band model, and tabulated these results in 
terms of temperature and partial pressure path length 
for a total pressure of one atmosphere. Data from the 
latter tables was subsequently used in specifying the 
band absorptivities required in the wide band model, 
with all other aspects of the model being the same as 
in the original [7] banded formulation. The model was 
validated by comlparing total intensities predicted for 
two lines-of-sight through a 750 kW natural gas fur- 
nace flame with narrow band model results and exper- 
imental measurements, with good agreement being 
obtained. Unfortunately, Komornicki and Tomeczek 
only calculated band absorptivities for the major par- 
ticipating species., neglecting the 2.34 pm CO band, 
the 2.0, 9.4 and 10.4 pm CO2 bands, and all CH4 
bands, which inevitably restricts the overall appli- 
cability of the model. 

Although it is possible to extend Komornicki and 
Tomeczek’s [ 1 l] modification to the wide band model 
to include these bands, the original spectral for- 
mulation [7] of .the wide band model can be used 
within a fluid dyrramic framework without restrictions 
imposed on its range of applicability. Use of the meth- 
odology described below also avoids the need to 
increase Edwards’ [4] upper bound on band trans- 
mittance, required in the technique described by 
Docherty and Fairweather [12], which makes 
implementation within any computational fluid 
dynamic model cumbersome. 

2. BASIS OF THE EXPONENTIAL WIDE BAND 

MODEL 

The versions of the exponential wide band model 
considered in the present paper are based on the orig- 

inal formulation of Edwards and Balakrishnan [7], 
also described in detail by Edwards [4]. As the deri- 
vation of the model is lengthy, attention below is 
restricted to the salient points. 

The model is based on the fact that the absorption 
and emission of infra-red radiation by a molecular gas 
is generally concentrated in between one and six wide 
bands which are associated with vibrational modes of 
energy storage by the molecule. Within these 
vibrational bands are a large number of spectral lines 
which are associated with rotational modes of energy 
storage. In the wide band model a detailed knowledge 
of the position and intensity of these rotational lines 
is considered to be unimportant, such that they can be 
re-ordered in wave number space with exponentially 
decreasing line intensities moving away from the band 
head. The band shape is then approximated by one of 
three simple exponential functions depending upon 
whether a lower limit, upper limit or band centre wave 
number is used to prescribe the position of the band 
head, and radiative properties are obtained by speci- 
fying three model parameters that characterise a given 
absorption band: an integrated band intensity, u, a 
mean line width-to-spacing parameter, /I, and a band 
width parameter, w. Values of all these variables have 
been evaluated by Edwards and Balakrishnan [7] for 
the bands of a number of molecular gases. For an 
asymmetric band with upper limit v,, the mean line 
intensity to spectral line spacing ratio is given by 

S/d = (c+)~- (“.- “)I0 

with band absorption being calculated from 

(1) 

A = 1: (l-exp[(L~~~),,*])d(v.-v) 
(2) 

where q = /3Pe. Similar expressions are used for bands 
specified by their lower limit or band centre. Edwards 
and Balakrishnan [7], and later Edwards [4], proposed 
that a four-region approximate expression be used to 
replace the above integral in hand calculations of band 
absorptance : 

A/w = ,rH T” < l,r, < 1 

A/o = (4&“’ - rl ?<Z,<l/rl,rl<l 

A/w = ln(r&+2-1 l/q < rH < co,~ < 1 

A/w=lnr,+l rHa l,q> 1 (3) 

where r‘H is the optical depth at the band head. The 
transmittance of the band is then given by 

~Av = (%lA)(dAl dd. (4) 

This is equivalent to assuming that absorption within 
a band is grey, and in the same way that the grey 
gas assumption can lead to problems, for small path 
lengths the grey band assumption also breaks down 
such that a lower limit on band absorptivity must be 
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imposed. Edwards [4] does this by imposing an upper 
bound on band transmittance : 

zA, + min(zb,, 0.9). 

Lastly, the width of the band is 

(5) 

Av = A/(1-z,,) (6) 

and, given the position of the band head, both the 
upper and lower limits of the band in wave number 
space can be determined. A number of quantities have 
been introduced above with no further explanation or 
discussion. A full account of the model can be found 
in Edwards and Balakrishnan [7] and in Edwards [4]. 

The above analysis is for a single band. Where a 
gas with more than one band, or a mixture of gases, 
is present, a piece-wise constant approximation to the 
spectral transmittance can be calculated. This is done 
by applying the above procedure to each band and, 
where bands overlap in wave number space, the spec- 
tral transmittance is taken to be the product of the 
band transmittances. 

As noted earlier, the version of the wide band model 
described above can lead to problems when used in 
conjunction with solutions of the radiative transport 
equation within fluid dynamic codes. In particular, 
its application together with the type of recurrence 
relation used in the discrete transfer method can result 
[ 1 l] in the predicted radiation intensity failing to con- 
verge as the number of homogeneous elements used 
to represent a non-homogeneous profile increases, i.e. 
as the number of control volumes used in any fluid 
dynamic calculation increases. This occurs because of 
the break down of the grey band assumption at small 
path lengths. This problem can be alleviated by 
increasing the upper limit on band transmittance 
imposed through equation (5), provided that z~,, still 
behaves as if grey as path length decreases, although 
the latter condition makes implementation within any 
computation fluid dynamic framework difficult. Alter- 
natively, the approach of Komornicki and Tomeczek 
[l I] can be used, with band absorptivities calculated 
using a narrow band model. 

The present work employs an alternative approach, 
as originally used by Edwards and Balakrishnan [7]. 
The grey band assumption necessary in calculating 
the band absorptance using equation (3) is therefore 
avoided by employing the analytic expressions, equa- 
tion (2) and its variants, to model band transmittance. 
The spectral transmittance for a mixture of gases is 
then taken to be 

7&V =exp -1 ( Cs14ixj 
ii 11 + (~/4i(x/rI)jl”2 > 

(7) 

where i denotes a particular gas band and j a par- 
ticipating species. Specifying the spectral trans- 
mittance for participating gases using the above equa- 
tion makes implementation within either the discrete 
transfer or discrete ordinate method straightforward, 

as the spectral absorption coefficient is given simply 
by 

K~ = CCs/4iPj11 + (s14i(x/?),l-“2~ (8) 
lj 

Moreover, as the path length is reduced 

so that the grid independent predictions can be 
obtained when this version of the exponential wide 
band model is applied to combusting flows within a 
computational fluid dynamic framework. 

One problem does arise in using equation (2) and its 
variants directly, rather than equation (3), in spectral 
calculations. In deriving optimum values for the three 
model parameters that characterise a given absorption 
band, fits to experimental data for CC, /3 and w were 
obtained in conjunction with the four-part expression. 
Edwards and Balakrishnan [7] therefore rec- 
ommended that in spectral calculations for homo- 
geneous gases the ratio of band absorptions (A/A,) 
determined from equations (3) and (2), respectively, 
be derived, and values of t( and w multiplied by this 
ratio in order to achieve a similar level of agreement 
for total quantities as would be obtained using the 
four-part expression. Use of this correction in non- 
homogeneous calculations is, however, inappropriate 
171, and complicated by the fact that A/A, is not a 
smooth function which in turn causes problems as 
increasing numbers of homogeneous cells are used to 
represent a non-homogeneous profile. Edwards [4] 
subsequently modified this recommendation, in line 
with Edwards and Balakrishnan’s [7] suggestion for 
non-homogeneous systems, and proposed that adjust- 
ing w alone upward by 20% was adequate for spectral 
calculations given that the data originally fitted using 
the four-part expression was only correlated to within 
15%. A modified version of the latter approach was 
adopted in deriving the predictions given in the 
remainder of this paper. Thus, for small path lengths, 
where the linear relation of the four-part expression 
[equation (3)] is valid, it can be shown, by expanding 
equation (2) as a Taylor series in the partial density 
path length, that 

A, = A+O(X2). (10) 

Results were therefore derived by increasing w by 
20%, apart from in the region zH < q < 1 where no 
correction was applied. 

In the results given below, calculations for non- 
homogeneous paths were based on numerical solu- 
tions of the equation of radiative heat transfer 
obtained using a similar approach to that adopted by 
Docherty and Fairweather [12]. The exponential wide 
band model was therefore used to calculate the trans- 
mittance of participating gaseous species and, where 
required, soot transmittance was taken as 

7*, = ew( - CfyvO (11) 
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where C is a consiant taken, from [5], to be 7.2. The - blmsurod 
spectral transmitta.nce for a mixture of gaseous species -----Prodieted npmtral 

and soot is then --Predicted banded 

2” = &t&v. (12) 

Finally, the spectral intensity distribution was cal- 
culated by applying the recurrence relation 

L ??= Ll.“~“+&J--r”) (13) 

to the sequence of homogeneous volumes used to 
approximate a non-homogeneous path at a set of dis- 
crete points uniformly spaced in the region of wave 
number space of interest. Total intensities were then 
determined by numerically integrating the spectral 
intensity distribution using a composite trapezoidal 
quadrature rule [ 1,4]. It was found that 80 points over 
the wave number interval 10 < v < 10000 were 
sufficient in predicting the radiation fields considered 
below. Doubling this number of points changed pre- 
dictions by 5% at most. 

3. MODEL EVALUATION 

Before considering application of the method 
described to non-homogeneous calculations, it is use- 
ful to first compare predictions of the spectral tech- 
nique with results derived from the banded for- 
mulation and with experimental data. The first 
configurations considered are three homogeneous 
paths of length 0.39 m, where the participating species 
are CH4, CO2 and H20. Measurements of spectral 
absorptivity with wave number are available [4] for 
these configurations, with details of the total and par- 
tial pressures, and temperatures, examined being given 
in Table 1. Figure 1 shows measured and predicted 
spectral absorptivities for these three situations, whilst 
Table 1 includes total integrated absorptivities. Com- 
paring the performance of the two models, the spectral 
method is obviously superior from a qualitative point 
of view since the spectral absorptivity shown in Fig. 
1 is a smooth function, compared to the piece-wise 
constant function used in the banded approach. Quan- 
titatively, and with reference to the results of Fig. 1 
and Table 1, the spectral method is marginally more 
accurate than the banded approach. Of the homo- 
geneous paths considered, the poorest agreement with 
measurements is for CH4 where both modelling 
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Fig. 1. Measured and predicted spectral absorptivities for 
three homogeneous paths. 

approaches suffer from inaccuracies in the exponential 
tail representation of the 3.3 ,um band [4]. Also 
included in Table 1 is a fourth case for which data is 
available, see Siegel and Howell [15]. This case is of 
interest as the wave number range examined includes 
the 2.0 pm band of CO2 which is outside the range of 
the data given for the other three situations. As for 
the other cases considered, use of the spectral method 
again gives results in closer agreement with obser- 
vations. 

All these comparisons serve to confirm the superi- 
ority of the spectral over the banded method, although 
in some cases this is marginal in terms of total absorp- 
tivities. Edwards and Balakrishnan [7] performed 

Table 1. Total absorptivities for four homogeneous paths 

Total absorptivity 

P [atm] 

3.20 
10.00 

2.0 
10.00 

pi W-4 

0.80 
10.00 
2.00 

10.00 

T Fl Measured 

833.00 0.21 
1389.00 0.23 
833.00 0.43 
833.00 0.29 

Predicted Predicted 
banded spectral 

0.28 0.25 
0.22 0.23 
0.46 0.41 
0.26 0.28 
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similar calculations for various mixtures of CO, and 
Hz0 at differing temperatures, and total and partial 
pressures, and found that both the spectral and 
banded methods were in general within 10% of obser- 
vations, with the former method again being mar- 
ginally in closer agreement with total emissivities and 
absorptivities derived from the data. 

Turning to an evaluation of the spectral method for 
application to non-homogeneous paths, there is, in 
general, an absence of experimental data for radiation 
intensities in well-characterised combustion systems. 
As a consequence, the calculation method was vali- 
dated by comparison with predictions of a statistical 
narrow band model [6, 161 for a number of idealised 
one-dimensional situations. The accuracy of the latter 
model for predicting both homogeneous and non- 
homogeneous systems is well documented [6, 16, 171. 
Figure 2 shows temperature and partial pressure pro- 
files for four non-homogeneous paths studied by 
Grosshandler [6]. Configuration A approximates the 
distributions that might be found parallel to the sur- 
face of a pool fire, whilst configurations B to D rep- 
resent rearrangements of these base case distributions, 
or portions thereof. Predictions of right-directed radi- 
ation intensity for all four cases are given in Fig. 3, 
where results were derived for path lengths ranging 
from 0.05-1.0 m as additional elements of the tem- 
perature and partial pressure profiles were added to 

the line-of-sight. For all these configurations, spectral 
wide band model results were obtained using varying 
numbers of homogeneous cells to represent the non- 
homogeneous profiles. In general, predictions derived 
using 18 and 36 homogeneous cells were identical, 
with results obtained using nine cells being at variance 
from converged values by a maximum of 10%. It is 
converged values that are considered in Fig. 3, and in 
the remainder of the paper. 

Results derived from the spectral wide band 
approach are seen to be in close agreement with nar- 
row band predictions for all four configurations. 
Qualitatively, agreement between the two methods 
is good, with the spectral approach reproducing the 
location of minima and maxima in the narrow band 
results caused, respectively, by the addition of hot 
emitting or cold absorbing layers of gas to a line-of- 
sight. Quantitatively, the deviation between the two 
methods generally increases with path length, 
although the maximum error is only 12%. 

Comparison of spectral intensities obtained from 
the two modelling approaches is made in Fig. 4. These 
results were derived for the profiles of configuration 
A, at a path length of 1 m, and for low 
(L = 5.55 x lo-‘) and high (fv = 1.11 x 10p6) soot 
loadings distributed uniformly across the total path 
length. In both cases, agreement between results 
derived from the two models is good. For the low soot 

Configuration B 

‘1600 

Configuration A 
‘800 

C ??

Configuration C 

’ 0.4 0.8 

Configuration D 

‘1600 

l/m 
Fig. 2. Temperature and partial pressure profiles for four non-homogeneous paths. 
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Configuration A 
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Fyig. 3. Predictions of right-directed intensity for the four non-homogeneous paths. 

- Narrow band 
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Fig. 4. Predictions of spectral intensity for low and high soot loadings. 
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loading case banded radiation due to gaseous species 
is seen to dominate the spectra, with the only serious 
discrepancy between the two approaches being the 
peak at v g 1600 cm-’ associated with the 6.3 pm 
band of H,O. Despite this, and the slight overe- 
stimation of narrow band results by the wide band 
model at 5350 and 7250 cm-’ (corresponding to the 
1.87 and 1.38 pm bands of H20) noticed by other 
authors [12, 181, the total integrated intensity pre- 
dicted by the spectral method of 3.52 W cm-* str-’ 
compares favourably with a value of 3.32 W cm-’ 
str-’ obtained from the narrow band approach. For 
high soot loadings soot emissions dominate the spec- 
tra, accounting for approximately 96% of the total 
intensity [19], although the major gas bands are still 
evident at low wave numbers where soot absorption 
is small. For this case the integrated intensities derived 
from the two models were within 2%. 

Lastly, Grosshandler and Sawyer [20] did obtain 
measured emission spectra from experiments per- 
formed in a water-cooled furnace burning methanol, 
as well as temperatures and partial pressures of CO, 
CO, and H,O along the line-of-sight used for the radi- 
ation measurements. Comparison between pre- 
dictions of the spectral wide band approach and data 
obtained at an axial distance to furnace diameter ratio 
of three are given in Fig. 5. Overall, the wide band 
model tends to overestimate the peak intensities of the 
lower wave length bands of these species, and the 6.3 
/*m band of H,O. The measured intensity distribution 
in the neighbourhood of the latter band is, in fact, 
typical of radiation that has traversed a hot gas layer 
followed by a cold layer. In such situations the radi- 
ation emitted by the hot gas is absorbed at the band 
centre, leaving the radiation in the wings of the band. 
The wide band model cannot predict this effect. 
Despite these problems, however, the total measured 
intensity of 1.02 W cm-* str-’ does compare reason- 
ably well with a value of 0.88 W cm-* str-’ obtained 

from the wide band approach, and 0.84 Wcm-* str-’ 
from the narrow band model. 

4. MODEL APPLICATION 

In the previous section the spectral wide band model 
was evaluated by comparing its predictions with 
experimental data and results derived from a stat- 
istical narrow band model for a number of homo- 
geneous and non-homogeneous configurations. This 
allowed the performance of the model to be assessed, 
without the need for modelling of other physical and 
chemical processes clouding the issue. However, as 
one of the primary objectives of this work is the assess- 
ment of radiation models for use within a com- 
putational fluid dynamic framework, it is useful to 
consider the application of both techniques to pre- 
dicting a real flame. 

A laboratory scale jet flame studied by Faeth and 
co-workers [21-241 was selected for this exercise. 
These authors obtained detailed measurements of vel- 
ocity, temperature and composition for a number of 
flames, as well as data on thermal radiation levels 
received at various positions about the flames. A tur- 
bulent non-premixed methane flame, stabilised on the 
rim of a 5 mm diameter pipe with a source Reynolds 
number of 11 700, is considered below. 

4.1. Description of jetjame structure model 
Predictions of the structure of this essentially para- 

bolic flow were obtained by solving the axisymmetric 
forms of the appropriate Favre-averaged transport 
equations, with closure being achieved using a stan- 
dard k--E turbulence model. The gas-phase, non-pre- 
mixed combustion process was modelled by assuming 
fast chemical reaction via the conserved sca- 
lar/prescribed probability density function (p.d.f.) 
approach using the laminar flamelet concept. A two- 
parameter, /I-p.d.f. was used, with the form of this 

- Measured 
-I--- Wide band 

Fig. 5. Measured and predicted spectral intensity for a methanol furnace. 
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p.d.f. being specified in terms of the mean and variance 
of mixture fraction obtained from solution of mod- 
elled transport equations. Predictions of soot levels 
within the flame also incorporated through the solu- 
tion of conservation equations for soot mass fraction 
and particle number density [ 11, although for the flame 
examined below soot levels were found to be 
sufficiently small to make no significant contribution 
to the emitted radiation field. The empirical constants 
which appear in the overall model described above 
were assigned standard values found to give accept- 
able agreement with experimental data in a wide range 
of flows [l, 251. 

Laminar flamelet prescriptions were based on pre- 
dictions of a detailed gas-phase chemistry scheme. 
Applications of this scheme to laminar counterflow 
diffusion flames burning methane were used to derive 
instantaneous relationships between mixture fraction 
and the density, temperature and composition of the 
combustion mixture. The results given below were 
derived from laminar calculations performed for an 
adiabatic flame with a strain rate of 15 s-l, i.e. for an 
effectively unstrained flame. Radiative heat loss was 
accommodated by adjusting temperatures and den- 
sities derived from the adiabatic calculations in order 
to match turbulent flame predictions with the peak 
mean temperatures measured in the experiments. 

Solution of the appropriate transport equations was 
achieved using a m’odified version of the GENMIX 
code [26]. In the absence of suitable experimental data, 
the fuel jet was assigned mean velocity and turbulence 
quantities typical of fully developed pipe flow. 
Numerical solutions were derived using expanding 
finite-volume meshes in both the axial and radial 
directions, with 3450 x 40 nodes in the x and r direc- 
tions, respectively, being found sufficient to give pre- 
dictions that were free of numerical error. Further 
details of the complete model may be found elsewhere 
1271. 

The sensitivity of radiant emission to the tem- 
perature field, due to the non-linear dependence of the 
Planck distribution on temperature, makes its accu- 
rate prediction mandatory. Predicted mean tem- 
peratures were found to be in good agreement with 
experimental data [Z!l-241, and generally within 15% 
of observed values, although there was a slight tend- 
ency to underpredict the radial extent of the jet. Pre- 
dictions of the mean mass fraction of COZ were in 
similar agreement with available data, although for 
HZ0 agreement wa;s less satisfactory with the pre- 
dicted peak mass fraction exceeding the measured 
value by approximately 40%. To assess the influence 
of differences between the predicted and observed jet 
flame structure on the radiation field, calculations of 
incident flux were obtained using the temperatures 
and species mass fractions predicted as above, and 
versions of the latter results that were scaled such that 
the jet width and pea.k species mass fractions matched 
the measured values. The relative difference between 
the two sets of incident fluxes was less than 10%. 

This analysis suggests that differences between the 
measured and predicted flow quantities of interest in 
any evaluation of models of radiative heat transfer 
can be expected to contribute an error of the order of 
10% to predictions of incident flux-an acceptable 
level of inaccuracy given experimental uncertainties 
[22]. All the results given below were derived using 
the un-scaled flame structure results. 

4.2. Radiation model application 
In the results considered below the spectral wide 

band model was applied to predicting radiation inten- 
sities received from line-of-sight measurements taken 
along radial paths through the flame, and total fluxes 
received at various locations around the flame 
obtained using radiometers with a 150”, circular field 
of view. In making these predictions line-of-sight 
results were derived from radial temperatures and 
compositions obtained from the flame structure cal- 
culation, with the number of control volumes used to 
represent the non-homogeneous profiles through the 
flame being increased until received intensities were 
invariant to further refinement. Total fluxes were 
derived using an adaptation of the discrete transfer 
method [2, 281. These computations again used tem- 
peratures and compositions derived from the structure 
calculation, with both the number of control volumes 
and rays required to determine received fluxes being 
increased until converged results were obtained. 

All these predictions were made on the basis of 
Reynolds-averaged mean temperatures and Favre- 
averaged mean gaseous species mole fractions [ 11. The 
actual intensity of radiation emitted from a fluctuating 
turbulent flame can, however, exceed values estimated 
using mean scalar properties since the physical par- 
ameters controlling radiative heat transfer interact in 
a highly non-linear fashion [29]. The influence of tur- 
bulence-radiation interactions was therefore ignored. 
The augmentation of radiative heat transfer by fluc- 
tuations of the temperature field does, however, 
depend crucially on the root mean square (rms) of the 
fluctuating temperatures [30]. Kritzstein and Soufiani 
[30] studied turbulence-radiation interaction in a 
homogeneous turbulent medium and demonstrated 
that for the configuration examined a relative rms 
temperature of 10% meant that the relative difference 
in band intensity calculated using the mean tem- 
perature and a stochastic simulation, which took the 
effects of turbulence fluctuations into account, was of 
the order of 8%. If the relative rms temperature was 
increased to 40%, then the difference in band intensity 
calculated by the two methods increased on average 
to 90%. No rms temperature measurements were 
made by Jeng et al. [21] for the jet flame considered 
below. Hassan et al. [31] did, however, obtain such 
measurements in a methane jet flame with a Reynolds 
number of 15 000. For the latter flame, rms tem- 
perature of up to approximately 170 K occurred on 
the flame axis, at the same location as the peak mean 
temperature of 1700 K, and in other regions of the 
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flame the relative rms temperature had a peak value 
of 20%. It is therefore likely that turbulence-radiation 
interactions did not have a large effect on radiative 
heat transfer from the flame studied by Faeth and co- 
workers [21-241. This is consistent with the findings 
of Jeng et al. [23, 241 whose predictions of spectral 
radiation intensities based on mean flame properties 
and a stochastic method differed by only 20%, with 
this difference being estimated to be comparable to 
uncertainties in the flame structure and radiation 
models used [24]. Spectral intensities derived using 
mean flame properties were also found to be in closest 
agreement with experimental data, with total radiative 
fluxes obtained on the same basis also being in close 
accord with measurements [23]. The neglect of tur- 
bulence-radiation interactions in the flame considered 
below therefore seems to be justified. 

Figure 6 compares total intensities obtained using 
a radiometer pointing horizontally through the flame 
at three downstream locations. Predictions were made 
using both the spectral wide band and narrow band 
models, with the measurements being from Jeng et al. 
[24]. Similar comparisons for incident fluxes received 
about the flame are given in Fig. 7. The latter results 
were obtained [23] using a radiometer which was tra- 
versed in the radial direction, with its normal pointing 
vertically upwards, in the plane of the burner exit, and 
also parallel to the axis of the flame, and facing the 
axis, at a radial distance of 575 mm. Predictions of the 
spectral wide band model are seen to be in reasonable 
agreement with observed values of both integrated 
intensity and heat flux. This model does tend to over- 
estimate incident flux data close to the base of the 
jet flame for radiometers traversed horizontally, but 
agreement with measured values is acceptable for 
radial distances greater than 150 mm. In addition, 
incident fluxes obtained as a function of vertical dis- 
tance tend to be underpredicted for vertical heights 

above 700 mm. The results obtained are, however, 
comparable to those derived by Jeng et al. [23] using 
a narrow band approach, and slightly superior to pre- 
dictions made using the narrow band model employed 
in the present study. 

Overall, therefore, predictions of the spectral wide 
band model are in reasonable accord with obser- 
vations, and comparable to results obtained using a 
narrow band approach. The superiority of predictions 
of the former model over those of the more accurate 
narrow band model must, of course, be considered to 
be to a large extent fortuitous-particularly in view 
of the proven accuracy of the latter approach-and 
largely due to inaccuracies in the flame structure cal- 
culation. When considering the usefulness of any 
model, however, both the physical error and the com- 
putational resource required must be assessed. For 
the predictions of total intensity and heat flux shown 
in Figs. 6 and 7, the narrow band model (with a wave 
number spacing of Av = 25) required approximately 
nine times as much processor time as the spectral wide 
band model for no improvement in accuracy. 

5. CONCLUSIONS 

A spectral version of the exponential wide band 
model for calculating the radiation properties of 
molecular gases has been adapted for implementation 
within a computational fluid dynamic framework. 
Unlike the banded formulation of the same model, 
the spectral approach does not give rise to difficulties 
when trying to obtain coupled predictions of the radi- 
ation field from non-homogeneous combustion 
systems. Specifically, grey band assumptions are 
avoided, and as a consequence predictions of radi- 
ation intensity converge as the number of homo- 
geneous elements used to represent a non-homo- 
geneous profile increases, i.e. as the number of control 

I Q Measured 
- Narrow band 
----I Wide band 

;:;I ; 

\ 

Fig. 6. Measured and predicted total intensities as a function of vertical distance. 



Wide band radiation models 1583 

1.6 

0.8 

Q Measured 
- Narrow band 
----- wide band 

3 4 
0.2 0.4 0.1 

r/m 

0.8 

4 
0.4 0.8 1.2 1.6 

X/m 

Fig. 7. Measured and predicted radiative heat fluxes incident on a line of horizontal and vertical receivers. 

volumes used in any fluid dynamic calculation 
increases. 

The spectral wide band model has been assessed by 
comparing predicted spectral and integrated quan- 
tities with experimental data and results derived from 
a statistical narrow band model for a number of ideal- 
ised configurations. In addition, similar comparisons 
have been made for a laboratory scale non-premixed 
jet flame using coupled flame structure and radiative 
heat transfer calcuhations based on an adaptation of 
the discrete transfer method. Overall, the spectral wide 
band approach has been shown to be in reasonable 
agreement with experimental data, and to have an 
accuracy, for total quantities, comparable to that of 
the narrow band model whilst requiring almost an 
order of magnitude less computer processor time. 
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