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a b s t r a c t

This paper presents an evaluation of the weighted-sum-of-gray-gases (WSGG) model in the computation
of the radiative heat transfer in an axisymmetric gas system composed of H2O, CO2 and soot by compar-
ison with line-by-line (LBL) integration. The test cases consider temperature and species concentrations
fields that are representative of a laminar diffusion jet flame of ethylene diluted with H2O. Different
approaches are considered in the application of the WSGG model, including the use of WSGG coefficients
obtained for different ratios between the mole concentrations of H2O and CO2, and the superposition
between the coefficients of H2O/CO2 and soot. The WSGG coefficients for H2O and CO2 are based on
HITEMP2010 database, while for soot they are based on the consideration of linear spectral dependence
of its absorption coefficient. The spatial integration of the radiative transfer equation is carried out with
the discrete ordinates method. The results in the paper show that, although the ratio between the mole
concentrations of H2O and CO2 varies locally in the flame, using WSGG coefficients for a constant ratio,
but equivalent to the global average ratio in the flame, can provide satisfactory solutions in comparison
to the LBL integration. Moreover, the superposition method between the WSGG coefficients of combined
H2O/CO2 and of soot proved accurate considering both moderate and high concentrations of soot. The
paper provides algebraic relations for the temperature and concentration fields, which can be used for
the evaluation of other gas models in future studies.

� 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Thermal radiation is generally the main heat transfer mecha-
nism in combustion processes, due to the formation of participat-
ing species, such as H2O, CO2 and soot, at high temperatures.
Possibly the main challenge in computing the radiative transfer
is accounting for the complex dependence of the spectral absorp-
tion coefficient with the wavenumber. For gases such as H2O and
CO2, the spectrum involves millions of transition lines. Another dif-
ficulty is accounting for variations in the mole concentrations of
the participating species in the flame. For instance, soot is often
contained in a limited portion of the flame, and the ratio between
the mole concentrations of the gaseous species can vary locally due
to their different diffusion rates.

Line-by-line (LBL) calculations can deal with local variations in
the concentration of the participating species by direct combina-

tion of the spectral coefficient of the different species, but the inte-
gration over the entire spectrum can be excessively costly for the
majority of engineering applications. Global gas models, which
cover the entire wavenumber spectrum, require only a fraction of
the computational effort of LBL solutions, but strong variations in
the local thermodynamic state (temperature and concentration
fields) is still a challenge. Thus, there has been a continuous effort
in the improvement of the models. Some of the latest develop-
ments and reviews of global gas models based on k-distributions
can be found in [1–6]. One particular aspect of k-distributions
methods is that it normally requires the establishment of a refer-
ence thermodynamic state when solving non-uniform media,
which can become more critical in presence of steep variations in
the thermodynamic state, as it happens in flames. In [5] and [6],
a formulation that avoids the use of the reference state was pro-
posed in the framework of the SLW and FSK methods, but it was
presented only in terms of variations in the temperature. The
weighted-sum-of-gray-gases (WSGG) model does not make use
of a reference state, since the correlations of the model are
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obtained from a global fitting of gas emittance data, but the model
relies on other simplifications such as the consideration of fixed
ratios between the mole concentrations of H2O and CO2 [7–14].
In one alternative approach [15], the WSGG correlations were
obtained separately for H2O, CO2 and soot; then a superposition
method was applied to solve problems in which their relative con-
centrations varied from point to point. Evaluations of gas models
against LBL solutions are usually presented for one-dimensional
slabs, as in most of the above references. Two-dimensional systems
are considered in [16–18], but since the temperature and concen-
tration fields cannot be directly recovered, their LBL results cannot
be easily used to evaluate other gas models. In [19], a LBL solution
of a 2D enclosure with explicit correlations for the temperature
and H2O/CO2 concentration fields was presented, but soot was
not considered.

The present paper presents a study on the accuracy of the
WSGG model in the solution of the radiative transfer in a 2D
axisymmetric medium representing an ethylene-air laminar diffu-
sion jet flame with soot formation. The temperature and concen-
tration fields of the participating species are presented in terms
of algebraic correlations that fit data generated from a global sim-
ulation of the flame. The correlations provided in this study can be
used to test other gas models. In the present test cases, it is consid-
ered that ethylene fuel is diluted with H2O vapor (50% in volume).
It follows from this that, on a global basis, the mole concentration
ratio of H2O and CO2 in the flue gas is Yw/Yc = 1.5, but in the flame
the ratio is not locally uniform. Different approaches are used for
the application of the WSGG model with regard to the H2O/CO2

mixture, including the combination of results obtained for uniform
concentration ratios of Yw/Yc = 1 and 2 [7], the superposition
method between coefficients of pure H2O and CO2 [15], and using
newly obtainedWSGG coefficients for Yw/Yc = 1.5. Soot is combined
with H2O/CO2 radiation by means of the superposition method
[15]. The WSGG coefficients for H2O and CO2 as well as the LBL
integration are based on the HITEMP2010 database [20]. The spa-
tial integration of the radiative transfer equation is accomplished

with the discrete ordinates method with S6 quadrature [21]. For
laminar flow conditions, the radiation heat transfer is not affected
by turbulence-radiation interactions, which simplifies the evalua-
tion of gas models. At the same time, the steep variations in the
temperature and concentration fields make this a challenging
problem for the evaluation of gas models.

2. Radiative transfer equation in cylindrical coordinates

The radiative transfer equation (RTE) establishes a relation for
the variation of the spectral radiation intensity Ig along a certain
path in the medium. In the framework of the discrete ordinates
method and cylindrical coordinates, the RTE for non-scattering
media is given by:
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where l, 1, and n are the directions, g is the wavenumber, Igb is the
blackbody spectral intensity evaluated at local conditions, and jg,m
is the spectral absorption coefficient of the medium. The above
equation considers only absorption and emission in the medium,
since scattering effects in soot are of minor significance under the
conditions of the present study [22,23]. In Eq. (1), the index m
appears in .jg;m: to consider that the medium can be formed by a
mixture of H2O, CO2 and soot. In this case, it corresponds to:

jg;m ¼ jg;w þ jg;c þ jg;s ð2Þ
where the subscripts w, c and s stand for H2O, CO2 and soot, respec-
tively. The spectral absorption coefficients, jg;w, jg;c , and jg;s, can
vary along the path due to variations in the local temperature
and/or concentrations of the participating species.

Once the RTE is solved, the divergence of the radiative heat flux
r � q!r is calculated as:

Srad ¼ �r � q!r ¼
Z 4p

X¼0

Z þ1

g¼0
ðjg;mIg � jg;mIgbÞdgdX ð3Þ

Nomenclature

a WSGG temperature dependent coefficient, dimension-
less

b polynomial coefficients of the WSGG model, dimension-
less

fv soot volumetric fraction, dimensionless
Ig spectral radiation intensity, W/(m2�cm�1�sr)
Ij j-th partial radiation intensity, W/(m2�sr)
pv partial pressure of absorbing species v, atm
pT total pressure of the gas mixture, atm
qrad radiative heat flux, W/(m2)
Srad radiative heat source, W/(m3)
T temperature, K
Yv mole concentration of absorbing species v, dimension-

less

Greek symbols
b fuel dependent soot constant, dimensionless
c deviation between the WSGG and the LBL solutions, %
f dimensionless axial position, dimensionless
jv,j j-th gray gas absorption coefficient of species v, m�1

jg spectral absorption coefficient, m�1

jp pressure absorption coefficient, m�1�atm�1

jfv volumetric fraction absorption coefficient, m�1

l discrete ordinates method direction, dimensionless
n discrete ordinates method direction, dimensionless
q dimensionless radial position, dimensionless
r Stefan-Boltzmann constant, 5.670 � 10�8 W/(m2�K4)
n discrete ordinates method direction, dimensionless

Subscripts
b blackbody
c carbon dioxide
j j-th WSGG model gray gas
m mixture
s soot
w water vapor
g spectral dependency

Abbreviations
FSK full spectrum k-model
LBL line-by-line integration
RTE radiative transfer equation
SLW spectral line based weighted-sum-of-gray-gases model
WSGG weighted-sum-of-gray-gases model
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