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Abstract

The paper assesses the significance of thermal radiation in turbulent non-premixed natural gas flames confined in axisymmetric fur-
naces. The in–house developed computational model includes simulation of the turbulent flow characteristics, the controlling mixing and
chemical mechanisms as well as radiation modeled via the six-flux and of the P-1 models. A variable absorption coefficient is taken into
account for the gaseous combustion mixture based on temperature and composition of the mixture. The results with and without radi-
ation are evaluated as part of the complete prediction procedure involving flow, combustion, convection, and radiation phenomena. The
comparative assessment of the two radiation models against experimental data indicates that they can be easily applied in engineering
cases, with the P-1 model yielding more accurate results in the case considered.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Thermal radiation in gaseous media can be an impor-
tant mode of heat transfer in high temperature combustion
systems, such as combustors, furnaces and fires. Radiation
exchange plays a very important role even under non-soot
conditions. In hydrocarbon fuel combustion, products like
H2O, CO2, CO are especially significant due to their high
absorptivities and emissivities that drastically affect heat
transfer characteristics and emphasize the need for evalua-
tion of their effects on radiative heat transfer.

Although computational fluid dynamics (CFD) has
become a widely used and reliable tool to support research-
ers and designers in the characterization, understanding
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and optimization of energy devices, radiation is often
neglected among the complex flow, thermo-kinetic and
convection phenomena. This is primarily associated with
the high computational cost linked with the solution of
the radiation equations, the significant uncertainty in rela-
tion to the properties of the participating media and the
optical properties of involved surfaces. However, ignoring
radiation may introduce considerable inaccuracies in the
overall predictions. For example, thermal radiation affects
the structure and extinction characteristics of hydrocarbon
fuels [1,2], as well as the NO formation due to the sensitiv-
ity of thermal NO kinetics to temperature (which is very
important to air pollution) [3–5].

Several analytical methods have been developed to sup-
port the engineering treatment of radiative heat transfer.
Radiation models are mostly tested separately, in isolation
of other physical processes [6–9]. Nevertheless, in real
combustion systems where non-uniform velocity and tem-
perature distributions occur, the predictive behavior of
any radiation model is expected to differ from the simpli-
fied case [6,10]. The most precise model categories are
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Nomenclature

A reaction rate constant
Aj pre-exponential factor
B reaction rate parameter
Bj backward rate constant of reaction j

C linear-anisotropic phase function coefficient
E emissive power (W m�2)
Ej activation energy (J kmol�1)
ew surface emissivity
Fj forward rate constant of reaction j

G incident radiation (W m�2)
[I] molar concentration of component I (kmol)
k turbulence kinetic energy (m2 s�2)
NC number of components
NR number of reactions
qr radiation flux (W m�2)
R universal gas constant, 8314 (J kmol�1 K�1)
Rj elementary reaction rate of progress for reaction

j (kmol s�1)
SI rate of production/consumption for the compo-

nent I (kg s�1)
SU source term
Srad radiative energy boundary source term (W m�2)
T temperature (K)
t time (s)
x, r co-ordinate axes in cylindrical geometry
~U velocity (m s�1)
WI molecular weight of component I (kg kmol�1)

YI mass fraction of component I (kg kg�1)

Greek symbols

a gas absorption coefficient (m�1)
bj temperature exponent
CU diffusion coefficient
e dissipation of turbulence energy (m2 s�3)
mjI stoichiometric coefficient for component I in the

elementary reaction j

q density (kg m�3)
r Stefan–Boltzmann constant, 5.67� 10�8 (Wm�2K�4)
rs gas scattering coefficient (m�1)
U transport variable

Subscripts

I component
j reaction
kin kinetically controlled
mix mixing controlled
r radial direction
w wall
x axial direction

Superscripts

� favre averaging
P products
R reactants
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considered to be the zone [11], the Monte Carlo [12] and
the flux [13] models. The first two require significant com-
putational time and storage and they are not used very
often for engineering calculations. Flux methods are easy
to understand, readily applicable, fast and have success-
fully been applied to a number of confined cases, e.g.
[14–16].

The present study intents to complement the previous
work of Keramida et al. [14] that examined numerically a
turbulent, non-premixed, natural gas flame with and
without consideration of the radiation effects by using the
six-flux and the discrete transfer model. The results demon-
strated the importance of thermal radiation on flame
temperature predictions. Both examined radiation models,
performed similarly showing good agreement with the
experimental data. The results indicated that the modeler
could take advantage of the simplicity and low computa-
tional requirement of the six-flux model and use it with
confidence for describing the radiative heat transfer in nat-
ural gas-fired furnaces.

The six-flux is a differential model providing conve-
nience in the discretization of the transport equations but
accounts for contributions to the radiative flux coming
from only six directions; parallel and anti-parallel to the
three main coordinate directions [17,18]. It retains the
important parameters relevant to the case scenarios,
although it assumes that radiation is transmitted only in
the coordinate directions. It also offers computational
economy and solves directly on the flow spatial grid, which
means that there is no need for special description of the
geometry. On the other hand, it has no inter-linkages, apart
from scattering, between the radiation fluxes in the respec-
tive coordinate directions. It is quite accurate for optical
thick media, but it will yield inaccurate results for thinner
(transparent) media, especially near boundaries, and also
if the radiation field is anisotropic. Finally, it fails in cases
of complex geometry, such as congested spaces, or many
and large openings.

In this study another radiation model is tested versus the
six-flux model, namely the P-l model [19,20]. The P-1 is a
simplification of the spherical harmonics method, and has
recently gained acceptance as it can deliver good accuracy
in optical thick media, such as combustion applications.
This approximation is considered a popular method since
it reduces the equation of radiative transfer from a very
complicated integral equation to a relatively simple partial
differential equation. The P-1 approximation is powerful
and the average heat transfer engineer is much better
trained in solving differential equations than integral equa-
tions. Furthermore, if overall energy conservation is com-



Table 1
Input conditions and fluid properties

Geometry

Fuel inlet zone (mm) From r = 0.0 to r = 3.0
Primary air inlet zone (mm) From r = 7.5 to r = 22.5
Secondary air inlet zone (mm) From r = 22.5 to r = 293.0
Burner radial (mm) 293.0
Burner length (mm) 990.0

Fuel
inlet

Primary
air

Secondary
air

Inlet boundary conditions

Axial velocity (m/s) 21.9 Fig. 2 0.3
Radial velocity (m/s) 0.0 0.0 0.0
Turbulent kinetic energy (m2/s2) 2.2 Fig. 2 0.0004
Dissipation of turbulence (m2/s3) 500 Fig. 2 0.0002
Temperature (K) 295 295 295

Air Fuel (Groningen natural gas)

Composition (mass fraction)

O2 0.2315 0.0
N2 0.7685 0.2152
CH4 0.0 0.7638
CO2 0.0 0.0210

Table 2
Conditions for pilot flames simulation

Inner radius (mm) 3.5
Outer radius (mm) 4.0
Inlet velocity (m/s) 17.9
Temperature (K) 2220
Composition (mass fraction) CO2 H2O N2

0.15 0.12 0.73
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puted, compatibility of the solution methods is virtually
assured. However it is important to remember that the
model may produce substantial error in optically thin situ-
ations, in particular in multi-dimensional geometries with
large aspect ratios (i.e. long and narrow configurations)
and/or when surface emission dominates over medium
emission [19,20]. The P-1 model requires limited CPU
demand [4] and, as a result, can be easily applied.

The present study compares the performance of the P-1
and 6-flux radiation models. Numerical experiments are
carried out in a natural gas fired furnace using the above
two radiation models and the results are compared to the
non-radiation model case. The computed temperature
fields are compared to experimental data provided by the
‘Delft experiment’ [21], which is a flow characterized by
steep temperature gradients. The flame is stabilized with
the aid of pilot flames. The complexity of the flow and
the availability of detailed experimental data make the case
appropriate for the assessment of the above radiation
models.

2. The physical and mathematical model

2.1. Furnace configuration

The case studied is a typical chamber of gaseous com-
bustion, namely a cylindrical enclosure of 293 mm radius
and 990 mm length [21]. The fuel is injected from a central
jet, whereas the primary air supply enters from an annulus.
The secondary airflow is inserted axially in the direction of
the primary air-supply from a second annulus. The pilot
flames are created via 12 holes (0.5 mm in diameter) cir-
cumferentially located on an imaginary ring at 3.5 mm
from the centre of the burner. They are used to stabilize
the natural gas flame and are fuelled by a mixture of acet-
ylene, hydrogen and air, where the ratio of the flow rates of
acetylene and hydrogen was chosen to give the same C–H
ratio as in the natural gas and not affecting the chemistry of
the turbulent flame. The overall geometry of the burner is
illustrated in Fig. 1. The inlet conditions for the fuel and
air (primary and secondary) are shown in Table 1. The
presence of the pilot flames introduces an additional com-
plexity in the computational procedure. They are simulated
in such a way as to guarantee ignition, but minimizing their
effect on the general flow pattern. The 12 holes are replaced
by a concentric slit burner fed by burnt gases, giving a mass
flow rate equal to that one achieved in the experiment
according to the specification of Table 2 (see Fig. 2).
Fig. 1. Geometry of the chamber.

Fig. 2. Annular inlet boundary conditions.
2.2. Mathematical model

A two dimensional CFD code developed in the Labora-
tory of Heterogeneous Mixtures and Combustion Systems
[22] is used in order to simulate the flow and chemical reac-
tions in the combustor chamber. The in-house 2PHASE
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code is conceptually developed for the modelling of
multi-phase, multi-component, reacting flows (using both
Euler–Lagrange and Euler–Euler formulations). The code
is purposely kept as simple as possible – maintaining a
good physical representation of the main phenomena – in
order to be used for assessment of detailed models pertain-
ing to complex flows and not to ‘‘mask” the impact of each
individual model. It has been previously validated in a
number of gas–particle, liquid–particle, gas–liquid flows
with and without chemical reaction [23,24,28,29].

The gaseous phase is treated via partial differential equa-
tions describing the conservation of momentum, heat and
mass, in conjunction with a two-equation turbulence
model. The ensuing system of mass, momentum, species
and energy conservation equations is expressed in the gen-
eral form of Eq. (1). U stands for the dependent variables,
CU is the transport coefficient of variable U and SU is the
source term of the transport equation for U including the
rate of generation of the chemical species, the rate of heat
generation and the rate of heat transfer with radiation. The
above system is solved via a finite volume method based on
a staggered grid arrangement, using the SIMPLE algo-
rithm [25]. The turbulence kin etic energy and the dissipa-
tion of turbulence are calculated with the standard k–e
model [26]. Standard wall functions are used for the near-
wall boundary conditions; convective heat transfer phe-
nomena are also taken into account [27].

o

ot
ðqUÞ þ r � ðq~UU� CUrUÞ ¼ SU ð1Þ
2.3. The combustion model

In general, chemical reactions can be described in terms
of NR elementary reactions involving NC components that
can be written as shown in Eq. (2).XNC

I¼A;B;C

V 0jI I ()
XNC

I¼A;B;C

V 00jI I ð2Þ

where mjI is the stoichiometric coefficient for component I in
the elementary reaction j.

The rate of production/consumption, SI, for the compo-
nent I can be computed as the sum of the rate of progress
for all the elementary reactions that component I partici-
pate in Eq. (3).

SI ¼ W I

XNR

j¼1

ðV 00jI � V 0jIÞRj ð3Þ

where Rj is the elementary reaction rate of progress for
reaction j and WI the molecular weight of component I.

A suitable turbulent combustion model is required in
order to determine this reaction rate, which allows the cal-
culations of the source terms in the species and enthalpy
transport equations. The combustion process is here simu-
lated using the combined eddy-dissipation/finite rate com-
bustion model. According to the model, in the mixing-
controlled regime, the reaction rate Rmix is calculated using
the eddy-dissipation model [30], while in the kinetically
controlled regime the reaction rate Rkin is calculated
according to an Arrhenius formula [31,32]. For each com-
putational cell the reaction rate is set as the minimum of
Rmix and Rkin.

The eddy-dissipation model is based on the concept that
chemical reaction is fast relative to the transport processes
in the flow. When reactants mix at the molecular level, they
instantaneously form products. The reaction rate is pro-
portional to the inverse of the time-scale of the large-scale
eddies characterized by the ration k/e and to the smallest of
the fuel, oxygen or products concentration. The rate of
progress of the elementary reaction j is determined by the
minimum of a reactants and products limiter (Eq. (4)).

Rj ¼ minðRR
j ;R

P
j Þ ð4Þ

The reactants limiter is defined from Eq. (5).

RR
j ¼ A

~e
~k

min
½I �
V 0jI

 !
ð5Þ

where [I] is the molar concentration of component I, which
only includes the reactants, while the products limiter is
determined from Eq. (6).

RP
j ¼ AB

eeek min

P
P ½I �W IP

P V 00jI W I

 !
ð6Þ

where P loops over all product components in the elemen-
tary reaction j. A, B are constants which take the values of
4 and 0.5, respectively.

The finite rate chemistry model assumes that the rate of
progress of the elementary reaction j can be reversible only
if a backward reaction is defined. Therefore, the rate of
progress is determined by Eq. (7).

Rj ¼ F j

YNC

I¼A;B;C

½I �r
0
jI � Bj

YNC

I¼A;B;C

½I �r
00
jI

 !
ð7Þ

Fj and Bj are the forward and backward rate constants de-
fined by Eqs. (8) and (9) and r represents the reaction order
of the component I in the elementary reaction j.

F j ¼ AjT bj exp � Ej

RT

� �
ð8Þ

Bj ¼ AjT bj exp � Ej

RT

� �
ð9Þ

Aj is the pre-exponential factor, bj is the temperature expo-
nent (dimensionless), Ej is the activation energy and T is
the absolute temperature.

In the present study, combustion is modelled as a two-
step mechanism, where production and combustion of car-
bon monoxide is taken into account. In the first stage, fuel
is oxidized into carbon monoxide and water vapour, while
in the second stage carbon monoxide oxidizes into carbon
dioxide (Eqs. (10) and (11)).
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CH4 þ
3

2
O2 ! COþ 2H2O ð10Þ

COþ 1

2
O2 ! CO2 ð11Þ
Fig. 3. Computational mesh of the furnace.
2.4. Radiation models

2.4.1. The P-1 model

In the present formulation of the P-1 model, four terms
in the series expansion are used and Eq. (12) is obtained for
the radiation flux qr.

qr ¼ �
1

3ðaþ rsÞ � Crs

rG ð12Þ

where a is the absorption coefficient, rs is the scattering
coefficient, G is the incident radiation and C is the linear-
anisotropic phase function coefficient. It ranges from �1
to +1 and represents the amount of radiation scattered in
forward direction. A positive value indicates that more
radiant energy is scattered forward than backward with
C = 1 corresponding to complete forward direction. A neg-
ative value means that more radiant energy is scattered
backward than forward with C = �1 standing for complete
backward scattering. A zero value of C defines isotropic
scattering. This approximation is implemented in the pres-
ent study.

The transport equation for G is show in Eq. (13).

r 1

3ðaþ rsÞ � Crs

rG
� �

� aGþ 4arT 4 ¼ 0 ð13Þ

where r is the Stefan–Boltzmann constant. Combining Eq.
(12) and (13), Eq. (14) is obtained where the expression for
radiation’s flux gradient can be directly substituted into the
energy equation to account for heat sources or sinks due to
radiation.

�rqr ¼ aG� 4arT 4 ð14Þ

The flux of the radiation at walls, qr,w, caused by incident
radiation Gw is given from Eq. (15) and ew is wall
emissivity.

qr;w ¼ �
ew

2ð2� ewÞ
ð4rT 4

w � GwÞ ð15Þ
Fig. 4. Planck mean absorption coefficient from RADCAL [33].
2.4.2. The six-flux model

The model employs diffusion-type differential equations
for calculating radiative heat transfer. The solid angle sur-
rounding a point is divides into six solid angles. The follow-
ing second-order ordinary differential equations describe in
polar coordinates the six-flux model, for a two-dimensional
case (actually a four-flux):

1

r
d

dr
1

aþrsþ 1
r

dðRrÞ
dr

" #
¼RrðaþrsÞ�aE�rs

2
ðRrþRxÞ ð16Þ

d

dx
1

aþrs

dðRxÞ
dx

� �
¼RxðaþrsÞ�aE�rs

2
ðRrþRxÞ ð17Þ
Rr, Rx are the composite radiative fluxes in radial and axial
directions respectively. Each of the differential flux equa-
tions expresses the attenuation of a flux with distance as
a result of absorption and scattering and its augmentation
by emission and scattering from other directions.

The required boundary source term, Srad, for a wall is:

Srad ¼
ew

2� ew

ðEw � RwÞ ð18Þ

where Ew ¼ rT 4
w, is the emissive power on the wall, ew is the

emissivity constant on the wall and Rw is the radiation flux
near the wall.

At symmetry planes and perfectly reflecting boundaries,
the radiative heat flux is zero. At non-reflecting boundaries,
such as openings or free boundaries, the outgoing radiation
leaved the computational domain without reflection.
3. Computational details

The computations were performed both on a 194
(axial) � 86 (radial) and a 288 � 172 mesh in order to
secure grid independence. The results were virtually identi-
cal. The grid lines were non-uniformly spaced on both
radial and axial direction as shown in Fig. 3.

The walls were treated as a grey heat sink of emissivity
0.8 and assumed to be completely water-cooled at a tem-
perature of 295 K [21]. Wall scattering coefficient is taken
0.01 m�1. Curve fits for the Planck mean absorption coef-
ficients for H2O, CO2, CH4 and CO were used as functions
of temperature produced from the RADCAL program as
shown in Fig. 4 [33]. The RADCAL program predicts the
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radiant intensity emitted by a non-isothermal volume con-
taining non-uniform levels of carbon dioxide, water
vapour, methane, carbon monoxide, nitrogen and oxygen.
The absorption coefficient of the combined gases is calcu-
lated from a narrow-band model and a combination of tab-
ulated spectral properties and theoretical approximations
to the vibrational-rotational molecular bands. The CPU
time consumed on an Intel Core 2 Duo T7100 1.8 GHz
are 56 min for the 6-flux model and 42 min for the P-1
model on the 194 � 86 mesh.
Fig. 6. Radial temperature profiles at distances 50, 150, 250 and 400 mm
from entrance.
4. Results and discussion

Comparisons between the experimental data reported by
Stoomer [21] and the calculated results obtained with and
without radiation are shown in Fig. 5 (temperature distri-
bution along the furnace centerline) and Fig. 6 (radial
temperature profiles for seven axial locations). No signifi-
cant differences are observed between the predicted temper-
atures with and without radiation models near the furnace
entrance. This is mainly because the combustion process is
at an early stage, maintaining the mean temperature of this
zone at low levels. Further downstream, in the main com-
bustion zone (0.1 < x < 0.4 m), accounting for radiation
effects does not appear to improve agreement with experi-
mental data. Maximum differences in the predicted temper-
atures on the centerline are of the order of 400 K and can
be possibly attributed to the performance of the combus-
tion model.

At the combustor exit (Fig. 5), the maximum predicted
centerline temperature is 1440 K without radiation,
1180 K with the 6-flux and 917 K with the P-1 radiation
model, corresponding to 18% and 36% decrease respec-
tively. The mean temperature level (Fig. 7) calculated in
the high temperature outlet region (0 6 r 6 0.15 m,
x = 0.9 m) is about 671 K without radiation, 611 K with
the 6-flux and 556 K with the P-1 radiation model, corre-
sponding to 9% and 17% decrease respectively.

The improvement in agreement with experiments
becomes apparent in the high temperature zone (T >
1500 K) extending downstream 400 mm, where the two
examined radiation models reduce predicted temperatures
by approximately 200 K (6-flux) and 400 K (P-1).
Although the overall heat released is the same in all the
examined cases, radiative heat transfer is responsible for
reducing the size of the high temperature regions of the
Fig. 5. Temperature distribution along the furnace centerline.
flame as it is shown by the temperature contours in
Fig. 7. A high temperature flame zone is predicted between
the injection plane and the main combustion zone in the
first half of the furnace length. Temperature levels decrease
considerably after this high temperature flame zone until
the furnace exit for both radiation models, while high tem-
peratures continue to exist for the no radiation case.

The predicted radial profiles of the main combustion
products (CO2, H2O) in the main combustion zone and
towards the furnace exit are given in Fig. 8. The predicted
profiles show similar trends with the temperature profiles,
namely the higher the local temperature the stronger the
main products formation. This is due to the fact that
towards the furnace outlet the combustion process is kinet-
ically controlled. This implies that in the Arrhenius equa-
tion the local temperature directly affects the component
rates of production and consumption. At the furnace exit,
the predicted maximum CO2 and H2O mass fractions are
Y CO2

¼ 0:093� Y H2O ¼ 0:075 without radiation, Y CO2
¼



Fig. 7. Contours of temperature.
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0:087� Y H2O ¼ 0:071 with the 6-flux and Y CO2
¼ 0:067

�Y H2O ¼ 0:058 with the P-1 model. The above highlight
the importance of incorporation the appropriate radiation
model for the accurate prediction of species concentration.

The contours of the mixture absorption coefficient, as
predicted with the 6-flux and the P1 radiation models,
respectively, are shown in Fig. 9. Although these two con-
Fig. 8. CO2 and H2O radial pro
tours are very similar, they are not identical. This is nor-
mally expected, as each model predicts a slightly different
temperature and composition field inside the furnace. It
is noted that the absorption coefficient of the mixture varies
from 4.8 to 3.9 m�1 (maximum values) just outside the fuel
inlet, then it drops to 0.3–1.2 m�1 (minimum values) inside
the central zone of the combustion process, and just before
the combustion gases leave the exit, it rises a little to 1.2–
1.5 m�1, following a ‘‘3-zone” pattern. The absorption
coefficient takes its maximum value, 4.8 m�1 just where
pure methane is located, at a temperature of 295 K, per-
fectly agreed to the RADCAL curve, as shown in Fig. 4.
As we move inside the main combustion zone, where the
main combustion products, CO, CO2 and H2O are prevail-
ing and the temperature rises to 1900 K, the absorption
coefficient drops rapidly to 0.3 m�1, mainly due to the very
high temperature of the combustion products. Finally, as
the temperature drops along the exit to 1500 K, the absorp-
tion coefficient rises again to 1.2 m�1, making this rise a lit-
tle more evident with the 6-flux radiation model, which
slightly over-predicts local temperatures with respect to
the P1 predictions. It is shown that the absorption coeffi-
cient of the mixture, as calculated from temperature and
composition dependent formulas, varies significantly inside
the furnace, a phenomenon which should not be neglected
when high-accuracy predictions are sought by the heat
transfer engineer.

Overall, in terms of predictive accuracy, P-1 radiation
model has performed better than the 6-flux. This can be
explained by the fact that the P-1 radiation model takes
files downstream of furnace.



Fig. 9. Contours of absorption coefficient in the combustor.
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into account of the integrated radiation intensity in a hemi-
spherical space, expressed through the source term in the P-
1 intensity equation (Eq. (13)). On the other hand, the six-
flux model is based on a directional selectivity and its accu-
racy is lower with respect to the P-1 approach when quan-
tities are integrated over the flow geometry. Thus, in the
main combustion zone, where high temperature are
reached, the six-flux model will ‘transmit’ radiation to spe-
cific directions producing less accurate results. It should
also be reminded that the P-1 radiation model offers a sig-
nificant convenience for engineers, because it can be easily
incorporated in any 2-D or 3-D CFD analysis by simply
introducing one scalar equation into the calculations
(instead of the 6-flux model, where 2 or 3 scalar equations
much be introduced) and by setting the appropriate bound-
ary equations.

5. Conclusions

The paper examined numerically a turbulent, non-pre-
mixed, natural gas flame with no radiation, with the 6-flux
and the P-1 radiation models. As a step forward to current
practice hi engineering calculations, the work assessed two
computationally low-cost radiation models in a furnace,
with steep temperature gradients. Calculation of the
absorption coefficients for H2O, CO2, CH4 and CO has
been improved by treating them as functions of
temperature.

The results confirmed that the effect of radiation is sig-
nificant on flame temperature and species concentration
calculations. As anticipated, the inclusion of thermal radi-
ation in the combustion simulation improved the agree-
ment between predictions and experimental data, with the
P-1 model yielding more accurate results, in the case con-
sidered. The maximum predicted temperature levels with-
out radiation were higher than those predicted with any
of the two radiation models. The inclusion of radiative heat
transfer reduced the size of the flame region, where maxi-
mum temperatures are located.
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