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Abstract

Radiative heat transfer in\ "a# two model enclosures containing a high!temperature CO1ÐH1O mixture\ and "b# a real
multiburner natural!gas!_red furnace\ was studied using the simple grey gas model and the more realistic weighted!sum!
of!grey!gases model of gas radiative properties[ The radiative transfer equation was solved by the discrete!ordinates
method[ When the radiative transfer equation and the enthalpy transport equation are solved simultaneously\ the simple
grey gas model yields wall heat ~ux distributions in reasonably good agreement with those of the weighted!sum!of!grey!
gases model but underpredicts gas temperature levels[ When the temperature _eld is speci_ed and the radiative transfer
equation is then solved\ however\ the wall heat ~ux distributions predicted using the simple grey gas model are in serious
error compared to those from the weighted!sum!of!grey!gases model[ The weighted!sum!of!grey!gases model predicts
more accurate heat ~ux and gas temperature distributions than the simple grey gas model in the full modelling of the
gas!_red furnace[ Þ 0887 Elsevier Science Ltd[ All rights reserved[

Nomenclature

ao\n weighting factor of the nth grey gas in the _tting of
gas emissivity
aa\n weighting factor of the nth grey gas in the _tting of
gas absorptivity
D separation distance between parallel walls ðmŁ
I total "spectrally integrated# radiation intensity ðW
m−1 sr−0Ł
L radiation beam length ðmŁ
p partial pressure ðatmŁ
q heat ~ux density vector
S surface area ðm1Ł
T temperature ðKŁ
V volume ðm2Ł
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x\ y\ z cartesian coordinates ðmŁ[

Greek symbols
a absorptivity
dn unit normal vector of a surface pointing to the gas
side
do unit vector in the direction of radiation propagation
o total gas emissivity or surface emissivity
ke e}ective absorption coe.cient in simple grey gas
approximation ðm−0Ł
kn absorption coe.cient of the nth grey gas component
ðm−0Ł
j\ h\ m direction cosines
s StefanÐBoltzmann constant\ 4[56×09−7 ðW m−1

K−3Ł
V solid angle ðsrŁ
9 = q source term due to radiative transfer ðkW m−2Ł[

Subscripts
0\ 1 value at walls of the parallel planes enclosure
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b blackbody
c centerline value in the parallel planes enclosure
g gas
m mean
n nth grey gas
s surface[

Acronyms
DOM discrete!ordinates method
EWB exponential wide!band
LBL line!by!line
RTE radiative transfer equation
SNB statistical narrow!band
SGG simple grey gas
WSGG weighted!sum!of!grey!gases[

0[ Introduction

Radiative transfer dominates heat transfer in large!
scale\ high!temperature systems such as gas!_red fur!
naces and boilers[ Accurate calculation of radiative trans!
fer is then of crucial importance for the prediction of the
thermal performance[ In addition\ radiation signi_cantly
a}ects the gas temperature _eld and consequently has a
strong impact on the predicted formation of pollutants[
However\ accurate calculation of radiative transfer is
very complex\ primarily due to the extremely strong spec!
tral dependence of the radiative properties of the com!
bustion products[ In natural gas!_red combustion
systems\ the dominant radiating species are CO1 and
H1O[ The e}ects of CH3 and CO are usually highly local!
ised in the near!burner regions and\ thus\ of minor sig!
ni_cance[

Recently\ considerable attention has been paid to the
development of accurate and e.cient methods for hand!
ling the spectral structure of the radiative properties of
gases[ The methods are of two classes[ Those of Class
0 treat the absorption coe.cient[ Most of the solution
techniques for the di}erential radiative transfer equation
"RTE# found in the literature\ such as the discrete!ordi!
nates method "DOM# and other di}erential approximate
methods\ can then be used with only minor adjustments[
Class 0 methods include the line!by!line "LBL# method
ð0\ 1Ł\ the weighted!sum!of!grey!gases "WSGG# method
ð2\ 3Ł among others[ The LBL method entails the exact
treatment of spectral radiative properties[ It is extremely
computationally intensive and therefore\ at present\
impractical for engineering calculations ^ however\ it is
useful for developing benchmark solutions to validate
approximate methods[ The WSGG method is com!
putationally much more e.cient than LBL[ It entails
only moderate increase in execution time "about an order
of magnitude# compared to the simple grey gas "SGG#
model[ Therefore\ the WSGG is a highly attractive and
practical choice to be used in the full modelling of gas!

_red combustion systems[ It has the limitation that par!
ticipating surfaces must be treated as grey but for indus!
trial problems this is usually an acceptable\ even necess!
ary\ simpli_cation[ Methods of Class 1 do not model
the absorption coe.cient ^ instead\ they yield the band
transmittance and absorptance for given radiation paths
over narrow or wide spectral ranges[ These methods are
appropriate to solution of the integral form of the RTE[
The popular band models include the exponential wide!
band "EWB# model ð4\ 5Ł and the statistical narrow!
band "SNB# model ð6\ 7Ł[ Band models cannot be easily
implemented into the RTE in multidimensions mainly
because they require a ray!tracing method to solve the
resultant band averaged RTE which contains extra for!
midable source terms ð7Ł[

In the full simulation of combustion systems\ the radi!
ative transport equation\ traditionally known in radi!
ation physics as {the equation of transfer|\ a di}erentio!
integral equation in its full form which includes scatter\
must be solved together\ as a fully coupled system\ with
the partial di}erential equations of materially!mediated
transport "as opposed to photon!mediated ^ speci_cally\
the equations of material\ momentum and enthalpy
transport#[ We herein refer to the former as the RTE and
to the latter as the MMTE|s[ In terms of the present
focus\ the RTE describes the radiative intensity _eld I
whereas the MMTE|s govern the temperature _eld T[
Despite rapid progress in computer speed and capacity
and in the theory of approximate band parameter esti!
mation ð5Ł\ the incorporation of the LBL method\ the
SNB or the EWB model in a gener�ic computer code for
the full simulation of complex\ large!scale\ strongly three!
dimensional combustion systems will remains com!
putationally prohibitive[ Therefore\ simpler treatments
of the radiative properties of furnace gases are practically
necessary for such systems[ It is worth noting that the
state of the art of modelling radiative transfer in such
cases it still largely based on the SGG approximation\
e[g[\ Adams and Smith ð8Ł and Sou_ani and Djavdan
ð09Ł[ Computations using the WSGG model have been
reported by Sou_ani and Djavdan ð09Ł for an axi!
symmetrical furnace\ with _elds e}ectively two!dimen!
sional[ However\ their computations using WSGG were
decoupled from the calculation of the gas temperature
_eld "the solution of the MMTE|s#[ In their approach\
they _rst estimated gas temperature from a full simu!
lation employing the SGG model[ The RTE was then
solved again for the radiant intensity _eld corresponding
to this temperature _eld\ using the SNB and WSGG
radiative property models\ yielding the wall radiative
~uxes and heat transfer rates[ This exercise is of some
interest but falls signi_cantly short of a true full simu!
lation in which the intensity and temperature _elds are
found together under a single radiation model[ Since the
full simulation is fairly easily done with the SGG model\
and we have also been able to achieve it for complex
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furnace problems with the WSGG model\ it is of interest
to make critical comparisons of predictions with these
models under two di}erent scenarios ]

"0# Starting with a speci_ed _eld of gas temperature and
composition\ solve the RTE for the radiant intensity
_eld[ Here the temperature _eld is given\ not
computed[ The _eld may be de_ned experimentally
or it may be hypothetical[ The object is to compute
and compare radiative ~uxes by solving the RTE[
This scenario lends itself to the generation of bench!
mark solutions of radiative transfer which can be
used for testing and calibration[

"1# Starting with no assumptions about the gas tem!
perature _eld\ solve the full system of equations for
the _elds of both radiant intensity and gas tempera!
ture[ Compare predictions with each other and with
experimental data[ Excellent benchmark solutions
are typically lacking[

The object of the present study is thus to investigate
the performance of the SGG and WSGG models under
both scenarios and\ from this\ to arrive at an evaluation
of their individual and relative merits and limitations in
the simulation of industrial furnaces[ In the evaluation\
we use comparisons with the experimental data of Bindar
ð00Ł on a natural!gas!_red multiburner research furnace
of semi!industrial scale[ The evaluation can thus be
regarded as practically valid[

1[ Formulation

1[0[ Simple `rey `as "SGG# model

The simplest treatment of radiative properties of
gaseous combustion products is the SGG approximation[
This model supposes that radiant absorption and emis!
sion by gas molecules are independent of the frequency
of the radiation\ regardless of the strong dependency on
frequency found in reality[ Consequently\ the radiative
properties of a gas mixture are represented by a single
parameter\ the e}ective absorption coe.cient[ Lallemant
and Weber ð01Ł give a comprehensive discussion of the
grey gas model and the e}ective absorption coe.cient[
The advantage of this model are its simplicity and mini!
mal resultant execution times and it therefore has com!
monly been used in generic CFD programs for modelling
radiative transfer[

Under the grey gas assumption\ the radiative transfer
equation "RTE# for the radiation intensity "integrated
over the entire spectrum# in three!dimensional cartesian
coordinates is\ neglecting scattering of radiation which is
negligible in natural!gas!_red combustion systems\

j
1I
1x

¦h
1I
1y

¦m
1I
1z

� −keI¦keIb[ "0#

In the full modelling of a gas!_red furnace\ the RTE is
solved for a {known| temperature _eld determined by the
MMTE|s[ The source term for radiative transfer in the
enthalpy transport equation "the key MMTE# is

−9 = q� ke 0g3p

I dV−3sT3
g1 "1#

which represents the rate of radiant heating per unit
volume ^ we herein call this the radiant heating density[
When the radiant heating density\ rather than the tem!
perature of the gas\ is speci_ed "a situation relevant to
the full modelling of a combustion system where the gas
temperature _eld is updated by the energy equation#\
an extra equation\ which follows from equation "1#\ is
required to relate the blackbody radiation intensity\ Ib �
sT3

g :p\ to 9 = q ]

Ib �
0
3p 0g3p

I dV¦9 = q:ke1[ "2#

Consistent with the limitation of the SGG and WSGG
models\ the bounding surfaces of the system are herein
assumed to be grey and di}usely re~ecting and emitting\
i[e[\ grey Lambert surfaces[ The wall boundary condition
for the leaving radiation intensity is then

I"do# � osIb"Ts#¦
0−os

p g1p\dn=d?o³9

=dn = d?o =I"d?o# dV?\

for dn = do × 9[ "3#

The wall "surface# heat ~ux density is

qn � g3p

dn = d?oI dV � os "Es−Gs# � ossT3
s

¦os g1p\dn=d?o³9

dn = d?oI"d?o# dV?[ "4#

An optimal value of the SGG e}ective absorption
coe.cient for a given situation can be found by trial and
error\ by comparing the numerical results obtained using
the SGG model with experimental data or with more
accurate numerical results based on a more rigorous
treatment of gas radiation[ The optimal value may be
de_ned as that which gives agreement on the total heat
~ux to sinks when the gas temperature _eld is speci_ed[
However\ it will be found that predictions with the opti!
mal coe.cient do not\ in general\ accurately match the
distribution of heat ~ux density over the sinks\ or the
temperature distribution over the refractories\ or the tem!
perature distribution in the gas[ Moreover\ the optimal
value for any one situation is not generally optimal for
another[

The general method for making a realistic best estimate
of the e}ective absorption coe.cient from the known
properties of emission by the gas is based on interpret!
ation of the total emissivity\ og\ of the gas upon the
bounding surface[ The estimate involves use of a mean
beam length Lm and a characteristic gas temperature[ The
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characteristic temperature can be the volume!average gas
temperature Tm\ in which case

ke � −"0:Lm# ln ð0−og"Tm\ Lm#Ł "5#

or the local temperature\ T\ giving a locally varying value

ke � −"0:Lm# ln ð0−og"T\ Lm#Ł[ "6#

We here estimate the mean beam length\ following Hottel
and Saro_m ð02Ł\ as

Lm � 9[8L9 0 2[5V:S "7#

where L9 � 3V:S is the limit value of Lm as keLm : 9[
Adams and Smith ð8Ł used an experimentally deter!

mined\ axially!varying gas emissivity to estimate the
e}ective absorption coe.cient for an axisymmetrical
system[ In general\ the total emissivity of the gas mixture
can be calculated using the EWB model\ by the poly!
nomial _tting expression of Modak ð03Ł\ or from the
well!known gas emissivity charts ð02Ł[ The expressions of
Modak and Smith et al[ ð04Ł\ discussed below\ were used
in the present study to estimate the total emissivity of
CO1:H1O:clear!gas mixtures[ Only CO1 and H1O are here
considered as radiating species and the total pressure is
taken to be P � 090[2 kPa[ In addition\ the partial
pressure ratio of CO1ÐH1O is supposed to be 0 ] 1\ which
agrees su.ciently with the mean molecular formula ð05Ł\
C0[904H2[865N9[900\ for the natural gas used in our exper!
imental studies[ For a CO1ÐH1O mixture of pCO1

� 9[0P
and pH1O

� 9[1P "corresponding to natural gas:air com!
bustion of near stoichiometric conditions#\ these
expressions yield similar total emissivities for a wide
range of temperature and fairly wide range of mean beam
length "see Fig[ 4 in Section 2[1#[ The WSGG model
parameters of Smith et al[ are applicable for CO1ÐH1O
mixtures with the partial pressures that they considered\
namely pCO1

� 9[0P and pH1O
� 9[0P or pCO1

� 9[0P and
pH1O

� 9[1P[ The expression of Modak is applicable to
mixtures of arbitrary partial pressures\ but the total
pressure must be one atmosphere[ Since the mean or local
gas temperatures are in general unknown a priori in the
full modelling of a combustion system\ the absorption
coe.cient has to be treated as an eigenvalue[

1[1[ Wei`hted!sum!of!`rey!`ases "WSGG# model

The WSGG model\ introduced by Hottel and co!wor!
kers "see Hottel and Saro_m ð02Ł# in the context of the
zone method\ can be interpreted to express the total
emissivity and absorptivity of a conical column of uni!
form gas of length L\ at temperature Tg\ exchanging
radiation with a grey!Lambert surface element dS at its
apex at temperature Ts ]

og"Tg\ L# � s
N

n�0

ao\n"Tg#ð0−exp"−knL#Ł "8#

ags "Tg\ Ts\ L# � s
N

n�0

aa\n"Tg\ Ts#ð0−exp"−knL#Ł "09#

where ao\n"Tg# and aa\n"Tg\ Ts# denote\ respectively\ the
emission and absorption weighting factors for the nth
{grey gas| component[ The bracketed quantity is the
emissivity of the nth grey gas\ with absorption coe.cient
kn and path length L[ The coe.cient for n � 0 is assigned
a value of zero and e}ectively accounts for windows in
the spectrum between regions of high absorption[ The
weighting factors ao\n"Tg# and aa\n"Tg\ Ts# may be inter!
preted as the fraction of blackbody energy residing in
spectral regions where the absorption coe.cient is
around kn[ The weighting factors must be positive and
sum to unity\

s
N

n�0

ao\n"Tg# � 0 "00#

s
N

n�0

aa\n"Tg\ Ts# � 0[ "01#

In practice\ ao\n"Tg#\ aa\n"Tg\ Ts# and kn are obtained by
_tting equations "8# and "09# to the total emissivity and
absorptivity data ð02\ 04Ł or using the spectral line!based
WSGG procedure of Denison and Webb ð3Ł[ Usually\
the use of two or three grey gas components and a clear
gas "k0 � 9# is su.cient to accurately represent the total
emissivity and absorptivity of a CO1:H1O:clear!gas mix!
ture over a wide range of temperature and partial!
pressure path!length product ð02\ 04\ 06Ł[

For a CO1:H1O:clear!gas mixture with pCO1
� 9[0P\

pH1O
� 9[1P\ and P � 090[2 kPa\ weighting factors have

been reported by Smith et al[ ð04Ł and Truelove ð06Ł\
among others[ Smith et al[ employed third order poly!
nomials for both ao\n"Tg# and aa\n"tg\ Ts#\ i[e[\

ao\n � s
3

j�0

bo\n\ jT
j−0
g "02#

aa\n � s
3

j�0 0 s
3

k�0

ca\n\ j\kT
k−0
s 1Tj−0

g [ "03#

In contrast\ Truelove used simple linear expressions\

ao\n � bn\0¦bn\1Tg\ "04#

aa\n � bn\0¦bn\1Ts "05#

where the same _tting coe.cients are used for both ao\n

and aa\n[ Values of WSGG model parameters of Truelove
"bn\0\ bn\1\ and kn# are also available in Rhine and Tucker
ð07Ł[ E}ects of using the complex WSGG expression of
Smith et al[ and the simple expression of Truelove on
the prediction of radiative transfer are examined in next
section[

The RTE for the nth {grey gas| component of the
radiating gas mixture is

j
1In

1x
¦h

1In

1y
¦m

1In

1z
� kn ðao\n"T#Ib"T#−LnŁ[ "06#

The total intensity "integrated over the entire spectrum#
is simply
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I � s
N

n�0

In "07#

and heat ~ux components are calculated as

qi � g3p

di = doI dV � s
n g3p

di = doIn dV\ i � x\ y\ or z[

"08#

When the _eld of the radiant heating density\ instead
of temperature\ is speci_ed\ the RTEs must be solved
simultaneously with the following equation to update the
medium temperature "where 9 = q is known# ]

T � $09 = q¦ s
N

n�0 g3p

knIn dV1>3s s
N

n�0

knao\n%
0:3

[ "19#

The boundary condition for the leaving intensity at a
grey Lambert surface\ similar to equation "3#\ can be
approximated as ð3\ 09Ł

In"do# � osao\n"Ts#Ib"Ts#

¦
0−os

p g1p\dn=d?o³9

=dn = d?o =In"d?o# dV?\ for dn = do × 9[

"10#

For easy identi_cation\ this is hereinafter called the con!
ventional boundary condition[ A more rigorous treat!
ment proposed by Becker ð08Ł gives

In"do# � osaa\n"Ts\ Tm#Ib"Ts#

¦
I−os

p g1p\dn=d?o³9

=dn = d?o =In"d?o# dV?\ for dn = do × 9[

"11#

The radiant heating energy is now calculated as

−9 = q� s
N

n�0 g3p

knIn dV−3 0 s
N

n�0

knao\n1 sT3[ "12#

2[ Results and discussion

The radiative transfer equation was solved using DOM
ð19Ł[ In the two model problems examined below\ spatial
di}erencing was done by the positive scheme ð10Ł in which
the weighting factor of spatial di}erencing varies between
9[4 and unity in terms of the local conditions to ensure
the positivity of radiation intensity[ It is equivalent to the
hybrid di}erencing scheme in CFD[ The diamond scheme
ð10Ł\ equivalent to the central di}erencing scheme in
CFD\ was used in modelling the gas!_red furnace[ The T5

quadrature set ð11Ł was employed in all the calculations[

2[0[ Parallel planes enclosure with speci_ed `as
temperature _eld

2[0[0[ The situation
Consider an H1OÐCO1 gas mixture at 090[2 kPa

between two parallel\ in_nite\ grey and di}use walls\ a

distance D apart\ at equal temperatures T0 and T1[ A
parabolic gas temperature pro_le between the two walls is
supposed\ i[e[ Tg � Ts−3"Ts−Tc#x:D¦3"Ts−Tc#x1:D1[
The partial pressures of H1O and CO1 are pH1O

� 1:2P
and pCO1

� 0:2P "corresponding to stoichiometric natu!
ral!gas:oxygen combustion# and the surface emissivities
are o0 � o1 � 9[7[ The WSGG model constants are taken
from Sou_ani and Djavdan ð09Ł[ The calculation domain
was divided into 49 uniform layers[ It has been checked
that further re_nement of the grid does not alter the
results[ Two sets of calculations were done[ The _rst is
for cold walls but hot gas "T0 � T1 � 499 K\ Tc � 1499
K#\ and the second is for hot walls but cold gas
"T0 � T1 � 1499 K\ Tc � 499 K#[ This problem was pre!
viously investigated by Sou_ani and Djavdan ð09Ł using
the WSGG and the SNB models[ The objectives of cal!
culations in this geometry here are to investigate the
behaviour of the SGG model relative to the WSGG
model and also to compare the present WSGG results to
those of Sou_ani and Djavdan[

2[0[1[ Results employin` a predicted absorption
coef_cient in the SGG model

The mean beam length is Lm � 2[5 V:S � 0[7D[ The
e}ective absorption coe.cient was estimated using the
volume averaged temperature\ equation "5#\ with the
total gas emissivity estimated using the expression of
Modak ð03Ł[ The e}ect of using the local temperature
instead of the volume averaged one in the evaluation of
the ke on the prediction of radiative transfer was not
explored for these thermal conditions "it was examined
for di}erent thermal conditions\ see Section 2[0[3# since
the polynomial _tting expression of Modak is good only
for temperatures below 1999 K[ The conventional bound!
ary condition\ equation "10#\ was used in the WSGG
calculations[

Figure 0 shows the variation of wall heat ~ux density
with distance between the walls\ Fig[ 0"a# and "b#[ The
present WSGG results agree very closely with those of
Sou_ani and Djavdan ð09Ł[ The results of the SGG model
di}er signi_cantly from those of the WSGG model "by a
factor of 2Ð3#\ especially for the case of hot wall but cold
gas\ Fig[ 0"b#[ In addition\ the discrepancy between the
results of the two models increases with increasing dis!
tance between the walls[ These observations are con!
sistent with the di}erences between the results of the
WSGG and SNB models demonstrated by Sou_ani and
Djavdan ð09Ł\ if we view the SGG\ WSGG\ and SNB
models as a hierarchy of increasing accuracy[

Figure 0 also shows the distribution of 9 = q for D � 0
m\ Fig[ 0"c# and "d#[ For the case of hot gas but cold
walls\ Fig[ 0"c#\ the results of the WSGG and the SGG
models di}er signi_cantly around the middle of the
enclosure[ For the case of hot walls and cold gas\ Fig[
0"d#\ they di}er considerably nearly everywhere\ except
close to the walls[
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Fig[ 0[ Comparison of wall heat ~ux densities and radiant heating densities in a parallel!plane enclosure\ using the SGG and WSGG
models ] "a# and "c# hot gas\ cold walls\ and "b# and "d# cold gas\ hot walls[ Key ] solid line\ WSGG ^ dashed line\ SGG ^ symbols\
WSGG results of Sou_ani and Djavdan ð09Ł ^ dashÐdotted line\ SGG with optimised ke[

2[0[2[ Results employin` the optimal absorption
coef_cient in the SGG model

As discussed in Section 1[0\ an optimised value of the
e}ective absorption coe.cient for a given problem can
be found by trial and error by matching the total heat
~ux "heat ~ux summed over all surfaces of the enclosure#
predicted by the SGG model to a benchmark value[ It is
of interest to examine the optimised values of the e}ective
absorption coe.cient by employing the results of the
WSGG model as the benchmark solution[ Figure 1 com!
pares the optimised absorption coe.cients with those
calculated from equation "5# for both the cold wall and
hot wall cases[ The e}ective coe.cients based on equa!
tion "5# are much higher than the optimised ones\
especially for the hot wall case "by an order of magni!
tude#\ Fig[ 1"b#[ To directly quantify the di}erence\ the
ratios of the calculated kes to the optimised ones for four
values of D are given in Table 0[ The ratio in the cold
wall case is much lower than that in the hot wall case ^
however\ it increases more rapidly with increasing D[
This is as expected to some extent from the results shown
in Fig[ 0"a# and "b#[ The distribution of 9 = q predicted
using the optimised coe.cient for D � 0 m is also shown
in Fig[ 0"c# and "d#[ The SGG results based on the opti!
mised absorption coe.cient are in good agreement with
those of the WSGG model\ except in regions near the
walls\ but signi_cantly ~attened[

Fig[ 1[ Comparison of the predicted and optimised ke for gas in
a parallel!plane enclosure with di}erent separation distances
between parallel walls ] "a# cold walls\ hot gas and "b# hot walls\
cold gas[ Key ] solid line\ predicted ^ dashed line\ optimised[
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Table 0
Ratio of the predicted absorption coe.cient to the optimised
one for four separation distances between the walls "optical
dimension is based on the predicted ke#

Wall D ðmŁ Ratio Opt[ dimension

Cold 9[90 1[426 9[925
9[0 2[582 9[069
0 4[924 9[483
1 5[507 9[667

Hot 9[90 7[647 9[963
9[0 8[085 9[170
0 7[768 9[672
1 09[195 9[870

2[0[3[ SGG results employin` a predicted absorption
coef_cient based on the local `as temperature

The e}ect of using the local gas temperature in the
calculation of ke in the SGG model was investigated
under thermal conditions similar to those described in
Section 2[0[0 except that for cold wall hot gas case
Tc � 1999 K and for hot wall cold gas case
T0 � T1 � 1999 K\ for the reason given in Section 2[0[1[
The predicted wall heat ~ux densities for di}erent D
based on the SGG model employing both the averaged
temperature and the local temperature in the evaluation
of ke are compared in Fig[ 2\ along with the WSGG
results[ Even in the existence of a fairly large temperature
gradient\ the SGG results are only moderately sensitive
to how ke is calculated ^ the results are within 19) of
each other[ It is also interesting that use of the local
temperature in the calculation of ke yields better results
in the cold wall hot gas case\ Fig[ 2"a#\ but worse results
in the hot wall cold gas case\ Fig[ 2"b#[ This can be
attributed to the better estimation of the e}ective
coe.cient around the middle of the enclosure when using
the local gas temperature since use of the averaged tem!
perature results in higher e}ective coe.cients in this
region for the cold wall hot gas case\ Fig[ 4[

2[0[4[ Factors affectin` the difference between the
predicted and the optimised absorption coef_cients

As shown in Table 0 and Fig[ 1\ one factor that a}ects
the di}erence between the predicted and the optimised
absorption coe.cients is the separation distance between
walls\ which is directly related to the mean beam length[
Numerical calculations were also conducted to examine
the e}ects of partial pressures of the radiating gases and
of the temperature _eld[ In the calculations\ the wall
conditions were _xed ] T0 � T1 � 499 K\ o0 � o1 � 9[7
and D � 0 m[ The results are summarised in Tables 1 and
2[ The WSGG model parameters of Smith et al[ ð04Ł were

Fig[ 2[ Comparison of wall heat ~ux densities in a parallel!plane
enclosure with di}erent separation distances ] "a# cold walls\ hot
gas\ and "b# hot walls\ cold gas[ Key ] solid line\ WSGG ^ dashed
line\ SGG using ke based on mean gas temperature ^ dotted line\
SGG using ke based on local gas temperature[

used to obtain the benchmark wall heat ~uxes for
Table 2[

These results indicate that both the gas temperature
distribution and the partial pressures of radiating gases
strongly a}ect the di}erence between the predicted and
the optimised absorption coe.cients[ The predicted
coe.cient is always greater than the optimised one[ A
stronger temperature gradient leads to a larger di}erence
between the predicted and the optimised coe.cients[ In
addition\ the di}erence decreases with decreasing mean
gas temperature level[ A comparison between results in
Tables 1 and 2 shows that the di}erence decreases with
decreasing partial pressures of the radiating gases[ These
results imply that the SGG model may predict reasonable
radiative wall heat ~uxes under the conditions of nearly
uniform temperature _eld\ low wall temperature\ inter!
mediate to large mean beam length\ and low partial
pressures of radiating gases[ These conditions are
approximately met in industrial natural!gas!_red
furnaces[ The performance of the SGG model under these
conditions is seen in the next two sections[
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Fig[ 3[ Comparison of gas temperature distributions in the rec!
tangular enclosure at three locations along the length ] "a#
z � 9[3 m\ y � 0 m\ "b# z � 1 m\ y � 0 m\ "c# z � 2[5 m\ y � 0
m[ Key ] solid line\ WSGG using the parameters of Smith et al[
ð04Ł and the boundary condition of Becker ð08Ł ^ dashÐdot line\
WSGG using the parameters of Smith et al[ ð04Ł and the con!
ventional boundary condition ^ dashÐdotÐdot line\ WSGG using
the parameters of Truelove ð06Ł and the conventional boundary
condition ^ short dashed line\ SGG with ke estimated using mean
gas temperature and Smith et al[|s ð04Ł expression for gas emiss!
ivity ^ long dashed line\ SGG with ke estimated using local gas
temperature and Smith et al[|s expression for gas emissivity ^
dotted line\ SGG with ke estimated using mean gas temperature
and Modak|s expression ð03Ł for gas emissivity[

2[1[ Rectan`ular enclosure with speci_ed _elds of radiant
heatin` density or `as temperature

The second test case poses a 1×1×3 m rectangular
enclosure[ The boundary conditions of this test case are
summarised in Table 3[

The gas in the enclosure is supposed to be homo!
geneous with pCO1

� 9[0P\ pH1O
� 9[1P\ and P � 090[2

kPa[ All the calculations were done using
00×00×10 � 1430 uniform control volumes[ Further

Fig[ 4[ Variation of the SGG e}ective absorption coe.cient
with\ "a# temperature\ and "b# mean beam length\ for an iso!
thermal and homogeneous CO1ÐH1O mixture of pCO1

� 9[0P\
pH1O

� 9[1P\ and P � 090[2 kPa[ Key ] solid line\ gas emissivity
based on the expression of Modak ð03Ł ^ dashed line\ gas emiss!
ivity based on the expression of Smith et al[ ð04Ł[

re_nement of the grid has negligible e}ects on the results[
It should be pointed out that use of the local temperature
in the evaluation of the weighting factors in equation "19#
for WSGG calculation with speci_ed 9 = q gives rise to
non!convergence in the calculation of the temperature
_eld[ This may be attributed to the monotonic variation
of Snknao\n with temperature T[ Results of the WSGG
model reported here were obtained using the volume
averaged temperature in the calculation of the weighting
factors in equations "06# and "19#[ Iteration was stopped
when the maximum relative error of the irradiance "inci!
dent radiant ~ux density# is less than 0×09−3[

Two scenarios were investigated[ In the _rst\ a uni!
formly distributed radiant heating density −9 = q�
−4×093 W m−2 is speci_ed\ and the predicted gas tem!
perature and wall heat ~ux using the WSGG and SGG
models are compared ]

"0# The predicted gas temperature distributions are
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Table 1
Comparison between the predicted and the optimised absorption
coe.cients for pCO1

� 0:2P\ pH1O
� 1:2P\ and P � 090[2 kPa

Gas temperature Predicted Optimised
distribution ke ðm−0Ł ke ðm−0Ł Ratio

Parabolic
Tc � 1499 K 9[229 9[9544 4[925
Tm � 0723 K

Uniform
T � 0723 K 9[229 9[031 1[205

Parabolic
Tc � 1999 K 9[260 9[9852 2[749
Tm � 0499 K

Uniform
T � 0499 K 9[260 9[100 0[659

Table 2
Comparison between the predicted and the optimised absorption
coe.cients for pCO1

� 9[0P\ pH1O
� 9[1P\ and P � 090[2 kPa

Gas temperature Predicted Optimised
distribution ke ðm−0Ł ke ðm−0Ł Ratio

Parabolic
Tc � 1499 K 9[058 9[9412 2[122
Tm � 0723 K

Uniform
T � 0723 K 9[058 0[502

Parabolic
Tc � 1999 K 9[087 9[9792 1[369
Tm � 0499 K

Uniform
T � 0499 K 9[087 9[044 0[168

Table 3
Boundary conditions of the rectangular enclosure

Wall"s# Position T ðKŁ o

1×1 m z � 9 0199 9[74
1×1 m z � 3 m 399 9[69
1×3 m x � 9\ x � 1 m\ 899 9[69

y � 9\ y � 1 m

shown in Fig[ 3[ The SGG model underpredicts the
temperature levels by as much as 09) relative to the
WSGG\ Fig[ 3"a# and "b#[ Furthermore\ it gives a
much ~attened distribution[

"1# The SGG results with ke estimated from the WSGG
expressions of Smith et al[ ð04Ł di}er only slightly
from those obtained with ke based on the polynomial
_tting expression of Modak ð03Ł\ because the kes are
in close agreement under the conditions of this case\
Fig[ 4[ Use of the local gas temperature instead of
the volume averaged one in the estimation of ke has
almost no e}ects on the predicted temperatures due
to the relatively small temperature gradients[ Figure
4 shows the variation of ke with gas temperatures and
the mean beam length over broad ranges of these
variables[ For this problem\ the mean beam length is
0[25 m and the gas temperature varies slightly around
0199 K[ Under these conditions\ the variation of ke

with gas temperature is small[
"2# Employing the model parameters of Smith et al[ ð04Ł\

the WSGG predictions of gas temperatures with the
boundary condition of Becker ð08Ł\ equation "11#\
di}er insigni_cantly\ Fig[ 3\ from those using the
conventional boundary condition[ The temperatures
predicted using the simple linear WSGG weighting
factors of Truelove ð06Ł are only about 2) higher
than those obtained with Smith\ et al[|s third!order
expressions ð04Ł[

"3# Figure 5 shows the predicted heat ~ux density dis!
tributions at the hot wall "z � 9# and the cold wall
"z � 3 m# along y � 0 m\ Fig[ 5"a# and "b#[ At the
hot wall\ Fig[ 5"a#\ using Becker|s boundary
condition\ the WSGG results based on the par!
ameters of Truelove are identical to those based on
the parameters of Smith et al[ At both walls\ the
predictions of the WSGG and SGG models di}er
only slightly from each other[ This is not wholly
unexpected\ based on the consideration that energy
conservation here requires that the rate of heat
removal through the walls must equal the rate of heat
production in the gas[ Again\ the SGG model gives
relatively ~attened distributions of heat ~ux density[

In the second scenario\ the temperature _eld calculated
from the WSGG model using the parameters of Smith et
al[ ð04Ł and the boundary condition of Becker ð08Ł is
speci_ed and radiative transfer is calculated using the
WSGG "employing di}erent model parameters or
boundary condition# and SGG models[ The resultant
wall heat ~ux densities are compared in Fig[ 5"c# and "d#[
Similar to what has been found in the one!dimensional
case\ Fig[ 0"a#\ the SGG model overpredicts the heat ~ux
when the temperature _eld is speci_ed[ The predicted
heat ~ux densities are sensitive to the radiative property
model used "SGG or WSGG# but weakly dependent on
di}erent forms of boundary condition or model
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Fig[ 5[ Comparison of the predicted wall heat ~ux density distributions in the rectangular enclosure with speci_ed radiant heating
density\ "a# and "b#\ and gas temperature _eld\ "c# and "d#[ Key ] solid line with ¦\ SGG using optimised ke[ For other curves\ see
Fig[ 3[

parameters[ Also shown in Fig[ 5"c# and "d# are the SGG
results based on the optimised absorption coe.cient[ The
optimised SGG heat ~ux densities are slightly lower than
the WSGG results at the hot wall\ Fig[ 5"c#\ but slightly
higher at the cold wall\ Fig[ 5"d# indicating ~attened
distributions of heat ~ux density[ In this case the e}ective
absorption coe.cient calculated from the procedure of
Smith et al[ ð04Ł\ ke � 9[177 m−0\ is not much higher than
the optimised value\ 9[058 m−0\ for reasons discussed in
Section 2[0[4[

2[2[ Multiburner `as!_red research furnace with
experimental data

In the third test case\ the e}ects of using the SGG
and the WSGG radiative property models in the full
modelling of a multiburner natural gas!_red furnace were
investigated by comparing the predicted gas temperature
and wall heat ~ux distributions with experimental data[

The CAGCT research furnace was described in detail
elsewhere ð00\ 05Ł[ The combustion chamber\ Fig[ 6\ is
3[4 m long "y direction#\ 2 m wide "x direction#\ and 0 m
high "z direction#[ Three long!~ame industrial burners
are _tted on the x � 9 side!wall at "x\ y\ z# �"9\ 9[64\ 9[4#\
"9\ 0[64\ 9[4# and "9\ 1[64\ 9[4# m[ The gas exhaust is
through an uniform array of holes in the y � 3[4 m wall
which is made of brick[ The furnace ~oor\ z � 9\ consists
of 23 water!cooled panels instrumented to measure the
cooling water ~ow rate and temperature rise\ giving the

heat ~ux to each panel[ The three other walls and the
roof are insulated with 294 mm thick ceramic _ber block
refractory[ Forty!four thermocouples are embedded at
the surface of the refractory to measure local surface
temperatures[ There are thirty!four probe access ports
"seventeen in the roof# which allow the insertion of a
traversable thermocouple probe to measure the gas tem!
perature distribution[ It has been shown that the domi!
nant mode of heat transfer in this furnace is radiation
ð00Ł[

The full modelling of the furnace was performed using
a three!dimensional _nite!volume code ð00Ł[ Since the
present paper is focused on radiative transfer modelling
using the SGG and WSGG radiative property models\
the preburn combustion model ð12Ł was used in the cal!
culations in order to reduce the computing time to accept!
able levels[ In the preburn model\ it is supposed that fuel
and air are fully reacted at burner exit " furnace inlet#\ and
the combustion products enter the furnace in adiabatic
equilibrium[ The immediate advantage of this approach
is that fully detailed modelling of the near_eld is rendered
unnecessary[ The burner exit can be represented by a
small array of contiguous control volume surface
elements[

Numerical calculations were performed for two sets of
thermal boundary condition at the furnace ~oor[ In the
_rst set "Run 2 in ref[ ð00Ł#\ all the water!cooled panels
of the furnace ~oor were bare[ In the second "Run 4B in
ref[ ð00Ł#\ the ~oor between y � 9 and y � 1[4 m was
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Fig[ 6[ A schematic of the CAGCT research furnace[

covered with 14 mm thick _ber refractory blanket[ All
other conditions were the same[ The temperature at the
surface of water!cooled panels was supposed to be _xed at
69>C[ The conduction heat transfer boundary conditions
described in detail by Bindar ð00Ł were used at refractory
walls[ The emissivities of the refractory walls and the
water!cooled panels are approximately 9[5 and 9[74\
respectively[ Further details of these two runs are avail!
able in ref[ ð00Ł[

In the SGG calculations\ the e}ective absorption
coe.cient is treated as a solution variable and updated
using equation "5# "using the mean gas temperature#
together with the expression of Modak ð03Ł\ since it has
been demonstrated in the above two model problems
that the SGG results are insensitive to the characteristic
temperature in the calculation of ke or the method for
obtaining the total gas emissivity[ In the WSGG cal!
culations\ three grey gases plus one clear gas were used[
Both the complex polynomial expressions for the weigh!
ting factors of Smith et al[ ð04Ł and the linear expressions
of Truelove ð06Ł were employed in the DOM:WSGG
calculations\ to determine their e}ects on the predictions[
In the WSGG calculation using the model parameters of
Smith et al[\ the boundary condition of Becker ð08Ł was
employed to update the radiation intensity at surfaces[

All numerical results presented below were obtained
using 29×34×00 � 03 749 uniform control volumes[
Each burner exit was represented by a 2×2 cluster of
control surface elements[ The momentum\ mass and
enthalpy ~uxes from each burner were set to match the
experimental values[ Grid dependence study shows that
the results did not fully achieve grid independence[ How!
ever\ it has been checked that further re_nement of the
grids does not a}ect the qualitative conclusions of this
study but greatly increases the computing time ð00Ł[

The computed local heat ~uxes on the sink panels using
the SGG and WSGG models for Run 2 and Run 4B are

compared with the experimental data in Fig[ 7[ These
_gures indicate that all the predicted results are in close
agreement in both the trend and values with the data\
with some deviation of the SGG results from those of the
WSGG[ Again\ the WSGG results based on the model
parameters of Truelove ð06Ł di}er only slightly from the
results obtained using the parameters of Smith et al[ ð04Ł[
The interesting observation here is that the SGG model
predicts sink heat ~ux distributions in good agreement
with those of the WSGG model\ as anticipated to some
extent from the second test case alone[ The predicted
refractory wall temperatures are compared with the
measured data in Fig[ 8[ The results based on the two
radiative property models are in good agreement with
the experimental data\ especially for Run 4B[

Comparisons between the predicted gas temperatures
and the experimental data are made in Figs 09 and 00 for
Run 2 and Run 4B\ respectively[ The agreement is in
general good[ The SGG model yields gas temperatures
generally lower than the WSGG model and the measure!
ment\ similar to what is observed in the second test case\
Fig[ 3[ The WSGG results based on the model parameters
of Truelove ð06Ł are in general slightly higher than those
based on the model parameters of Smith et al[ ð04Ł\ again
as seen in the second test case\ Fig[ 3[ For Run 4B\ use
of the WSGG model yields more realistic gas temperature
distributions than the SGG model at some locations "P04\
P05\ P08\ and P19 in Fig[ 00#[

Assuming that the temperature _eld and the total heat
loss from the surfaces of the furnace chamber predicted
from the full furnace modelling using the WSGG model
"employing the model parameters of Smith et al[ ð04Ł and
the boundary condition of Becker ð08Ł# are the bench!
mark values\ an optimised absorption coe.cient in the
SGG model was found by matching the total loss from
the SGG model to that based on the WSGG model\ with
the speci_cation of the benchmark temperature _eld[ The
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Fig[ 7[ Comparison between the predicted and the measured wall heat ~ux density distributions on the ~oor of the CAGCT furnace at
four locations along y direction for Run 2 and Run 4B[ Key ] circle\ measured ^ solid line\ WSGG using the model parameters of Smith
et al[ ð04Ł ^ dashÐdot line\ WSGG using the model parameters of Truelove ð06Ł ^ dotted line\ SGG with predicted ke[

mean beam length of this furnace is 0[05 m[ Calculations
of the optimised absorption coe.cient were conducted
for three runs\ Run 2\ Run 4B and Run L[ In Run L\ the
furnace ~oor between y � 9 and y � 3 m was covered
with 14 mm thick _ber refractory blanket[ The purpose
of these calculations is to examine the variation of the
optimised absorption coe.cient with heat transfer
boundary conditions[ The results of these runs are given
in Table 4[ It is interesting that the ratio of the predicted
absorption coe.cient to the optimised one is not sig!
ni_cantly di}erent from 0[4 for all three runs[ This may
suggest that the rule of thumb of obtaining a good esti!
mate of the e}ective absorption coe.cient of the SGG
model for large!scale gas!_red furnaces is to divide the
predicted one\ based on equation "5#\ by a factor of 0[4[

It has been checked that the SGG model with the
optimised absorption coe.cient in the full furnace mod!
elling reproduces the correct volume averaged gas tem!
perature and total heat ~ux to sinks\ compared with the
results of the full furnace modelling using the WSGG
model "the {benchmark solution|#[

3[ Conclusions

A comparative study has been conducted for radiative
transfer modelling using the SGG and WSGG radiative

property models in two model problems and a real mul!
tiburner\ natural!gas!_red research furnace of semi!
industrial scale[ The e}ective absorption coe.cient in the
SGG model can be estimated from the total gas emissivity
of the radiating system or found by optimising the SGG
results against a benchmark solution[ The SGG results
are practically insensitive to some alternations ] "a# use
of the volume averaged temperature or the local tem!
perature\ and "b# use of the method to estimate the total
gas emissivity in the calculation of ke[ The estimated
absorption coe.cient is always higher than the optimised
one\ re~ecting the fact that SGG always overpredicts
wall heat ~ux densities for a speci_ed temperature _eld[
Factors a}ecting the goodness of the estimated absorp!
tion coe.cient include the mean beam length\ the uni!
formity and level of the gas temperature _eld\ and the
partial pressures of radiating gases[ The estimated
absorption coe.cient signi_cantly deviates from the opti!
mised one under the conditions of high partial pressures
of CO1 and H1O and strong temperature gradients in the
temperature _eld[ Under conditions typical in industrial
natural!gas!_red furnaces\ the estimated absorption
coe.cient is about 49) higher than the optimised one[
For a given temperature _eld\ the SGG model using the
optimised absorption coe.cient predicts wall heat ~ux
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Fig[ 8[ Comparison between predicted and measured refractory wall temperatures in the CAGCT furnace at selected locations for Run
2 and Run 4B ] "a#Ð"c# roof\ "d#Ð"f# x � 2[9 m side wall[ Key ] see Fig[ 7[

densities in good agreement with WSGG model\ but ~at!
tened[ Unfortunately\ there is no general rule to obtain
the optimised absorption coe.cient[ Numerical results
also show that the predicted wall heat ~uxes from the
two radiative property models are in reasonably good

agreement with each other and with the experimental
data in the full furnace modelling or under the condition
of speci_ed radiant heating density[ However\ the SGG
model predicts lower gas temperature levels in the full
furnace modelling or when the radiant heating density is
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Fig[ 09[ Comparison between predicted and measured gas temperature distributions over the height of the CAGCT furnace for Run 2[
Key ] see Fig[ 7[

Fig[ 00[ Comparison between predicted and measured gas temperature distributions over the height of the CAGCT furnace for Run
4B[ Key ] circle\ measured ^ solid line\ WSGG using the model parameters of Smith et al[ ð04Ł\ dashÐdot line\ SGG using predicted ke[
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Table 4
Comparison of the predicted and the optimised absorption coe.cients from the modelling of the
CAGCT research furnace for three heat transfer boundary conditions

Run 2 Run 4B Run L
"fully open ~oor# "45) ~oor covered# "78) ~oor covered#

Tm ðKŁ 0084[4 0182[0 0523[1
Predicted ke ðm−0Ł 9[185 9[179 9[118
Optimised ke ðm−0Ł 9[086 9[088 9[047
Ratio 0[492 0[396 0[338

given[ In the WSGG calculations\ the results based on
the boundary condition of Becker di}er only slightly
from those based on the conventional boundary
condition[ The use of di}erent WSGG model parameters
has little e}ect on the predictions[ In the full furnace
modelling\ the WSGG model predicts gas temperature\
wall temperature\ and wall heat ~ux in better agreement
with experiment than the SGG model[ The WSGG model
is recommended in the modelling of large!scale gas!_red
combustion systems based on the considerations of
execution time and accuracy[
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