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Abstract-The aim of this paper is to present a modification of the wide-band gas radiation model suitable 
for a non-homogeneous layer. The application of this modification has been compared with the literature 
models of radiation in standard conditions and in large diffusion flames. It has been shown that the 
proposed modification allows an increase of accuracy of radiation intensity calculation by the wide-band 
model. Experimental verification of calculated radiation intensity for a 750 kW natural gas flame is 

presented. 

1. INTRODUCTION 

LARGE gradients of temperature, chemical com- 
position and soot concentration within flames cause 
non-homogeneity of flame radiation properties. 
Measurements have shown that flames form strongly 
non-gray bodies [l]. Consequently, radiation heat 
transfer within the flames can be accurately predicted 
only by application of the narrow-band model [2] ; 
however, it requires a long computational time. The 
wide-band model is much faster [3,4], but its suit- 
ability for a non-homogeneous layer is limited. Non- 
spectral models [_5-81 are very efficient in calculations 
but their accuracy is poor in a non-homogeneous 
layer. 

Application of the narrow-band radiation model 
to comprehensive calculation of large flames requires 
long computational times, while the faster wide-band 
Edwards model and the even faster non-spectral 
models can deform the radiation intensity profiles to 
an extent contrasting with the experimental profiles. 
A new method of calculation of the absorptivity of 
the wide-band model is proposed in this paper, which 
allows the prediction of radiation heat transfer within 
a non-homogeneous layer with the accuracy of the 
narrow-band model. Absorptivities of the bands were 
calculated based on the narrow-band model and are 
tabulated as functions of the temperature and optical 
depth. The modified wide-band model has been veri- 
fied on the bases of non-homogeneous temperature 
and concentration profiles [6] and was successfully 
applied to radiation intensity calculation within an 
industrial natural gas luminous diffusion flame. Very 
good convergence of the experimental and calculated 
radiation intensity distributions has been obtained by 
means of the measured values of soot concentration, 
temperature and gas composition. 

2. RADIATION MODEL 

Within a luminous flame both the gases and soot 
contribute to the radiation flux of the flame. The radi- 

ation properties of soot are relatively well described in 
the literature in a form suitable for non-homogeneous 
layer calculation [9]. There are, however, problems 
with the determination of radiation properties of gases 
applicable to non-gray flame modelling. The non- 
spectral models have very short computation times 
but on the other hand they are limited in applications. 
The model proposed by Hottel and Sarofim [S] of the 
sum of gray gases has elaborated coefficients only for 
cases in which the ratio of water vapour to carbon 
dioxide is constant : 2 for gaseous flames [lo] and 1 
for oil flames [l 11. That developed by Grosshandler, 
the Total Transmittance Non-Homogeneous model 
(TTNH) [6], is based on a faulty integral form of the 
solution of the radiation equation (equation (1) in ref. 
[6]). This faulty form appears to be the reason for 
some wrong interpretation in the literature [6, 12, 131; 
thus, it is worth presenting here the correct form of 
this equation which for a cold background can be 
written as 

(1) 

Another form of this equation is presented by Siegel 
and Howell [ 141. 

The narrow-band model allows the calculation of 
gas radiation properties for each spectral line. In this 
model the linear absorptivity spectral coefficient 
depends on two parameters: the mean spectral line 
intensity and the spectral line width. These parameters 
were measured and tabulated as a function of wave 
number and temperature for water vapour, carbon 
dioxide and carbon monoxide [ 1.51. Fragmentation of 
the whole spectrum into narrow bands of 2500 m- ’ 
wave number width requires scanning over 350 narrow- 
band regions. 

The wide-band model reduces this number to 12 
bands. In this model two parameters have to be deter- 
mined for each band: the optical depth at the band 
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NOMENCLATURE 

Cl band absorptivity I* total path length [m] 

A band absorption [rn- ‘1 n refractive index 

C’ soot concentration [kg m ‘1 I’ pressure [Pa] 

i spectral radiation intensity [w m ’ sr ‘1 T temperature [K]. 

‘1, spectral black body radiation intensity 

[WmC’sr ‘1 
k absorption index Greek symbols 

k,., spectral absorption coefficient [m ‘1 P soot density [kg m ‘1 

1 path length [m] TII optical depth at band head. 

head and the line width parameter. Based on these 
parameters the absorption, A, of a band can be found 
and consequently its absorptivity, rr. may be calculated 
from Edwards’ [4] equation : 

CI = I -(THIA)(dA/dr,,). (2) 

According to Edwards’ proposal the absorptivity cal- 

culated from equation (2) should not be smaller than 
0.1. This method often gives values of band absorp- 
tivity different from the equivalent band absorptivity 
calculated by means of the narrow-band model, in 
spite of the accurate value of the band absorption A. 

A comparison of the 2700 nm band of water vapour 
calculated by means of the narrow-band model and 

by means of the wide-band model according to 
Edwards is presented in Fig. 1. It is clear that the 
values of absorptivity by both these methods differ 
significantly. This figure also presents the charac- 

teristics of the band according to the present modi- 
fication, which reflects much better the physical sense 
of the band. The modified absorptivity of the wide- 
band model was obtained based on the narrow-band 
model data, with the assumption that the boundaries 
of the band can be placed at points where the absorp- 
tivity is equal to 5% of the maximum absorptivity 
within the band. In some cases the boundaries of the 
bands arc not abrupt. Then the boundaries of the 

modified wide-band are placed at points where the 

I2 1 1-narrow-bond 

.I 
2-modifwd 

wide- bond 

3 -wide- band 
model 

-e .06 

; .04 
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wave number, 10-4m~’ 

Fro. I. Spectral absorptivity of 2700 nm band of isothermal 
H?O. Path length L = 0.1 m, temperature T = 1500 K, par- 

tial pressure p,, .<I = 10’ Pa, total pressure p = IO’ Pa. 

absorptivity is twice as great as the minimum absorp- 
tivity of the band end. Dividing the band absorption 
A, taken from Edwards’ model [4], by the so-detcr- 

mined width of the band, we get the modified absorp- 
tivity of the wide-band. It can be seen that the centre 
of the modified wide-band is not placed at a point 

determining the middle of the band but at a point 
proposed by the original Edwards model. To enable 
the application of the modified wide-band model to a 
non-homogeneous layer the absorptivities of water 
vapour. carbon dioxide and carbon monoxide main 
bands as a function of the optical depth and tem- 
perature are presented in Table I. 

3. MODEL TESTING IN A STANDARD 

NON-HOMOGENEOUS LAYER 

The efficiency of the modification will be presented 
for a non-homogeneous layer characterized by tem- 
perature and gas composition distribution assumed 
by Grosshandler (Fig. 6 in ref. [6]). A numerical pro- 
cedure was applied in which the total path length 
was divided into elements of length 1. The spectral 
radiation intensity leaving the Mth element in the path 
length’s direction was calculated by means of equation 
(I), which in numerical form can be presented as 

In the case of the wide-band model, because the band 
absorptivity is known, equation (3) is replaced by M 
equations of the same form, the last of which can bc 
written as 

i,, = i,_,(l-nM)+uyib.,w. (4) 

Results of radiation intensity calculation along the 
layer depth. divided into nine elements, are presented 
in Fig. 2 for four models. The modified wide-band 
model curve almost covers the narrow-band model 
curve, so that the largest difference does not exceed 
3%. The curve obtained for the wide-band model 
without modification differs from those above. The 



Table 1. Main bands absorptivity of the modified wide-band model 

Optical 
depth 
(Pa m) 300 600 

Temperature (K) 

1000 1500 2000 2500 Band 

Water vapour 
1 

10 
100 

1000 
10000 

1~0~ 

1 
10 

100 
1000 

10000 
100000 

I 
10 

100 
1000 

10000 
100000 

1 
10 

100 
1000 

10 000 
100000 

1 
10 

100 
1000 

10000 
100000 

0.0045 0.0018 0.00085 0.0005 0.00036 0.00023 
0.042 0.016 0.0078 0.0048 0.0033 0.0022 
0.25 0.1 0.07 0.04 0.03 0.02 
0.5 0.35 0.3 0.27 0.25 0.2 
0.9 0.7 0.6 0.65 0.8 0.77 
0.96 0.94 0.92 0.94 0.96 0.96 

0.0007 0.0003 0.00015 0.00008 0.00005 0.00004 
0.0065 0.0027 0.0014 0.00078 0.00048 0.00038 
0.06 0.02 0.013 0.0076 0.0046 0.0036 
0.25 0.12 0.1 0.07 0.045 0.036 
0.6 0.35 0.3 0.35 0.35 0.33 
0.9 0.67 0.6 0.64 0.65 0.63 

0.0005 0.~18 
0.0047 0.0017 
0.03 0.015 
0.16 0.1 
0.45 0.3 
0.15 0.6 

0.0~94 
0.009 
0.085 
0.07 
0.25 
0.55 

0.~~13 
0.00013 
0.0012 
0.012 
0.07 
0.35 

0.00001 
0.0001 
0.001 
0.008 
0.05 
0.5 

0.~5 0.~3 0.~2 
0.00048 0.0003 0.0002 
0.0045 0.003 0.0025 
0.042 0.03 0.024 
0.25 0.22 0.2 
0.55 0.5 0.45 

0.00008 0.00~25 
0.~78 0.00024 
0.007 0.0023 
0.05 0.02 
0.2 0.08 
0.5 0.39 

o.oo~a 0.~5 O.OOOOO4 
0.~8 0.~05 0.~4 
0.00075 0.0006 0.00045 
0.008 0.006 0.005 
0.06 0.055 0.045 
0.28 0.25 0.2 

0.00003 
0.0003 
0.003 
0.015 
0.04 
0.4 

0.00002 
0.00019 
0.0017 
0.01 
0.03 
0.3 

0.900004 0.0000025 0.0000025 
0.00004 0.000025 0.000025 
0.0004 0.0003 0.~025 
0.004 0.003 0.0025 
0.04 0.03 0.025 
0.4 0.3 0.25 

1380 nm 

1870 nm 

2700 nm 

6300 nm 

rotational 

Optical 
depth 
(Pa m) 300 600 

Temperature (K) 

1200 1500 1800 2400 Band 

Carbon dioxide 
1 

10 
IO0 

1000 
10000 

1000~ 

1 
10 

100 
1000 

10 000 
1~0~ 

1 
10 

100 
1000 

10000 
l00000 

0.0025 0.001 0.0004 0.0003 0.0002 0.00014 
0.024 0.09 0.0038 0.003 0.002 0.0013 
0.2 0.1 0.035 0.03 0.02 0.013 2700 nm 
0.8 0.6 0.3 0.3 0.2 0.15 
0.88 0.9 0.76 0.78 0.75 0.7 
0.98 0.98 0.98 0.97 0.96 0.95 

0.02 0.012 0.005 0.0035 0.0023 
0.18 0.11 0.045 0.033 0.022 
0.58 0.5 0.3 0.24 0.2 
0.9 0.96 0.96 0.95 0.9 
0.97 0.96 0.96 0.96 0.95 
0.99 0.98 0.97 0.98 0.97 

0.0013 
0.013 

0.0004 0.00015 0.000078 0.000067 0.000057 
0.004 0.0015 0.00075 0.00065 0.00055 
0.040 0.015 0.008 0.0065 0.005 
0.25 0.15 0.075 0.06 0.05 
0.6 0.6 0.5 0.45 0.45 
0.97 0.97 0.96 0.96 0.95 

0.13 4300 nm 
0.7 
0.92 
0.97 

0.00004 
0.0004 
0.004 15000 nm 
0.04 
0.35 
0.93 

Optical 
depth 

(Pa m) 300 600 

Temperature (Kf 

1200 1800 2400 Band 

Carbon monoxide 
1 0.0012 0.0006 

10 0.0055 0.004 
100 0.018 0.014 

1000 0.055 0.045 
10000 0.13 0.11 

100 000 0.38 0.32 
_ 

0.0002 0.00012 0.00008 
0.0018 0.0011 0.~75 
0.013 0.009 0.007 4700 nm 
0.04 0.035 0.033 
0.14 0.125 0.11 
0.35 0.28 0.25 
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FIG. 2. Comparison of radiation intensity profiles for Stan- 
dard non-h[)mo~enc~)~s conditions. 

Hottei model of the sum of gray gases with the 
coeflicients of johnson and Beer [I I] gives far worse 

results due to its fimited applicability. It is worth not- 

ing that the curve obtained by the ‘transmittance 
method’ (equation (13) in ref. [6]) with application of 

the narrow-band model deforms the intensity curve 
so that it loses the maximum. This is the outcome 
of the faulty integral form of the intensity equation 
(equation (I) in ref. [6]). The TTNH model [6], which 

gives even worse results than the ‘transmittance 
method’, is not presented. 

During the testing procedure it was noticed that all 
the analyscd spectral models arc sensitive, in certain 
conditions, to the density of division of the layer depth 
into elements. Particularly sensitive is the wide-band 
Edwards model, as a consequence of the too-high 
value of absorptivity of this modef for very small path 
lengths. This sensitivity was tested for a homogcncous 
layer divided into elements, because in this case the 

results ought to be dependent only on the path length 
of the elements. it has been noticed that the calculated 
value of radiation intensity for the single homo- 
geneous layer differs from that for the same iaye] 
divided into elements. It must be ctcarly stated here 
that tbc reason for this divcrgcncc is not the nul~~eri~ll 
procedure but the nature of the equation describing 
the spectral properties of the models as a function of 
the clement’s path length. The results presented wcrc 
then obtained for only nine elements because the ref- 
erence calculations of Grosshandler [6] wcrc done fol 
this number of elements. 

4. FLAME TESTING 

The suitability af the present modification lo prc- 
diction of the radiation from a real flame has been 
tested on a 750 kW natural gas industrial diffusion 
ffame in an experimental combustion chamber. pre- 

scntcd in ref. [I], Because the comprehensive math- 
ematical model of the flame is also influenced by fluid 
mechanics and chemical kinetics data. to avoid ~1 
Nrong interpretation of results it was decided that, in 
the verification procedure. the experimental values of 

temperature, gaseous chemical composition and soot 
concentration would be used. The linear spectral 

coefficient of soot absorption was calculated based on 
Mie theory from the equation 191 

x,, = .?6xtnk;~(,r-X-+2):‘+-4rz’Xr’]~’ rSi 

whcrc values of fi and k wcrc obtained from ref. [i hj. 
The scattering of radiation on soot particles was 
neglected, because measurements show that diameters 

of soot in flame arc smaller than 80 nm. 
The intensity of flame radiation in a direction pcr- 

pcndicular to the flame axis wa.s measured by :I 
narrow-angle probe equipped with a total radiation 

pyrornetcr. During the measurements a cold black 
body was placed at the background of the flame. The 
con~nt~ltjon of soot was obtained by a sampling 
probe in which combustion products were diiutcd b) 
nitrogen. Figures 3 and 4 present tncasurcd traversal 
distributions of the Ramc parameters at two distances 
along the axis. Calculations were based on equation 
(4), with application of 18 elements along the path 
length, because the traversal experimental data were 
obtained at this number of points. Results arc prc- 
sented in Fig. 5 for 3 distance along the flame axis 0.6 
m from the burner mouth. together with the expcr- 
imental data of radiation intensity. The narrow-band 
model and the moditied wide-band model describe the 
measured results reasonably well. 

The model has also been tested on the sensitivity 01 
the numbct- of clomcnts. Calculations were made f‘or 
I.? and 26 efcmcnts. Radiation intensity at the end 
of the path length for the three anafysed mod& is 

0.08 

0.06 

0.04 

1700 

1600 

1500 

1400 

1300 

1200 

0 0.2 0.4 06 0.8 1 

distance, m 

Fit;. 3. Camposition and temperature profiles mcasurcd 
within the natural gas flame. Distance from burner exit 

0.6 m. Chamber pressure IO’ Pa. 
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FIG. 4. Composition, soot con~~ntrat~o~ and t~rn~rat~re 
profiles measured within the natural gas flame. Distance from 

burner exit 1.3 m. Chamber pressure lo5 Pa. 

presented in Table 2. ft can be seen that, for the 
conditions of analysis, the narrow-band model is 
almost insensitive to the number of elements. The 
most sensitive is the Edwards wide-band model. 
Assuming the results of the narrow-band model as 
standard values we can say that, for division of the 
flame into 38 elements, the Edwards wide-band model 
gives results with an error of27%, while the modi~ed 
wide-band model reduced this error to only 7%. 

luring the calculations the radiation properties of 
methane were taken from Edwards’ wide-band model, 
without modifkation, because insufficient infor- 
mation of the narrow-band model dam for methane 
did not ahow the model modi~cation for this com- 
ponent of the game. We believe that if such modi- 
fication were made it would further improve the 
accuracy of modelling. 

The calculated results of radiation intensity for a 

08 
0 0.2 0.4 0.6 0.8 1. 
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0 0.2 0.4 0.6 Q8 1. 

distance, m 

FIG. 5. Comparison of the calculated and measured radiation FIG. 6. Comparison of the calculated and measured radiation 
intensity values for a natural gas flame. Distance from burner intensity values for a natural gas t&me. Distance from burner 

exit 0.6 m. exit I.3 m. 

Table 2. Calculated radiation intensity for various numbers 
of elements; distance from burner exit 0.6 m 

Radiation intensity (kW m-” ST-‘) 
.“-- 

modified 
Num~r of Wide-band wide-band marrow-band 

elements model model model 

13 23.69 27.24 27.87 
26 22.39 27.63 27.60 
38 19.17 25.53 27.30 

I .3 m distance from the burner mouth along the flame 
axis are presented in Fig. 6. The differences between 
the values of intensity obtained by the analysed gas 
radiation models are smaller than those presented in 
Fig. 5. This is due to the high soot concentration at 
1.3 m, giving intense luminous radiation which covers 
the differences between the gas radiation models. 

5. CONCLUSION 

The presented modifica~on of the wide-band model 
allows application to non-homogeneous layers with 
satisfying accuracy. 

The narrow-band model and the modified wide- 
band model stabilize with an increasing number of 
elements, while the Edwards wide-band model gives 
increasing error. 

The still-existing differences of results with the 
narrow-band model and with the modified wide-band 
model are due to the approximations of the equivalent 
gas wide-band area given by Edwards. This error, 
however, is smaller than 10% in extreme cases. 

Dividing the range of the wave number into the 
same elements, the time of cal~uiation by the wide- 
band model is about eight times shorter than by the 
narrow-band model. 

Radiation intensity from large diffusion flames can 
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be predicted satisfactorily by the modified wide-band 
model with absorptivities presented in Table 1. 
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MODIFICATION DU MODELE DE ~YONN~MENT DE GA2 A LARGE BANDE POUR 
LE CALCUL DE FLAMME 

R&m&-On prisente une modification du modile de gaz B large bande convenable pour une couche non 
homog&ne. L’application de cette modification est cornparke avec Ies modiles d&j& connus du rayonnement 
dans la condition standard et dans une flamme ;i forte diffusion. On montre que la modi~cation conduit 
Li I’accroissement de la prMsion du calcul de I’intensitC du rayonnement par le modele B large bande. Une 

vfrification expbrimentale est p&sent&e pour une flamme de gaz naturelle de 750 kW. 

MODIFIKATION DES MODELLS FtSR DIE BREITBAN~-GASSTRAHL~NG BE1 DER 
BERECHNLJNG VON FLAMMEN 

~Usammenfa~ng~In der v[~rliegenden Arbeit wird eine Modi~kati~n des Modells fiir Breitband-Gas- 
strahlungvorgestellt, die fiir inhomogene Schichten geeignet ist. Die Anwendung dieser Modilikation wurde 
mit Modellen fiir Strahlung unter Standardbedingungen in der Literatur und mit groBen Difhtsionsflammen 
verglichen. Es wird gezeigt, daI.3 die vorgeschlagene Modifikation eine genauere Berechnung der Strah- 
lungsintensitlt mit dem Breitbandmodell erlaubt. Die berechnete Strahlungsintensitgt fiir eine Gasflammc 

mit einer Leistung von 750 kW wird experimenteil bestltigt. 

MO~~~~KA~~~ ~HP~KO~HHO~ MOAEnH HSJIYYEHHg I-A3A mff PACqETA 
QlAKEJIA 

~~alpla_-yeJrbH,HarrronureroaccnenosaHuR 5nuseTcs MOAH$M~~~~X i11apo~o30~woP bfoitenw a3ny- 

9ewix ra3a &lIr cxysar HeonHopoaaoro cffoll. Pe3yJlbTaTbI liCIIOJIb30BtUiHil hfo&wuiposatifroB 

Moaefiu cpaemi~aro~cn c wMei0whincs B nw~epallype j3,aHHbwfH ~z3 Mozeneii u3nyqeKun B ~oprdanb- 
HbIx ycno~wfx A npn 6onbunix ~~y3~oHH~x nnah+eEax. Ffoxa3aHo,wo ~~~0~eH~a~ Mom&ixa- 

I&I.%% l,O3BOXXeT ITOBZSCHTb TOSHOCTb FCWTa BWTeHCABHOCTB iE3yWHHx C IIOMOIULH) UI~OR030HHOti 

biofiemi. ~~HBOAHTCX 3xcnepaMeHTanbnoe nonTaepXcneeaepacfseTHbxx pe3yJlbTaTOB no HHTeHcnBHocTH 

a3y9e~sr~nrec~ecrse~nororasonoro +aKena MouuiocTbK, 750 KBT. 


